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Hen egg white lysozyme encapsulated
in ZIF-8 for performing promiscuous
enzymatic Mannich reaction

Hamid R. Kalhor,1,2,* Zeinab Piraman,1 and Yasaman Fathali1

SUMMARY

Heneggwhite lysozyme (HEWL)wasexploited for the synthesis ofb-amino carbonyl compounds througha
direct and three-componentMannich reaction in aqueous, confirming high chemoselectivity toward imine.
In order to further extend the applications of the enzyme, HEWL was encapsulated using a metal-organic
framework (MOF). The reactivity, stereoselectivity, and reusability of the encapsulated enzyme were
investigated. The reaction was significantly enhanced as compared to the non-encapsulated enzyme. A
mutated version of the enzyme, containing Asp52Ala (D52A), lacking important catalytical residue, has
lost the bacterial site activity against Micrococcus luteus (M. luteus) while the D52A variant displayed an
increased rate of the Mannich reaction, indicating a different catalytical residue involved in the promiscu-
ous reaction. Based on site-directed mutagenesis, molecular docking, and molecular dynamic studies, it
was proposed that p-stacking, H-bond interactions, and the presence of water in the active site may
play crucial roles in the mechanism of the reaction.

INTRODUCTION

In the last few decades, eco-friendly solvents have gainedmore interest in the field of green chemistry with the development of aqueous catal-

ysis.1–3 Exploiting enzymes in organic synthesis has expanded rapidly due to their green and environmental-friendly approach to perform

chemical reactions with high selectivity, mild reaction conditions (e.g., low temperature and neutral pH), and broad substrate specificity.4–6

Catalytic promiscuity, by one of its definitions, is the ability of an enzyme to catalyze its natural reaction, along with one or more alternative

reactions of non-natural substrates.7,8 In many respects, hydrolases are a more commonly used class of enzymes in carbon-carbon bond for-

mation.9 To date, several enzymes belonging to the hydrolase family (EC 3.2) have been used for C-C bond formation in organic synthesis,

including Candida cylindracea (CcL) lipase,10 Candida Antarctica lipase B (CAL-B),11 Porcine Pancreas Lipase (PPL),12,13 porcine pepsin,14

Bovine Pancreatic Lipase (BPL),15 D-aminoacylase,16,17 nuclease p1 from Penicillium citrinum,18,19 and proteases.20–23 The Mannich reaction

is one of the most useful synthetic strategies for the preparation of b-amino carbonyl compounds through C-C bond formation reactions.24

Acquiring precise knowledge about mechanistic aspects of enzyme catalytic promiscuity paves the way for directed evolution and designing

enzymes with increased catalytic activity and rationally controlled substrate specificity and stereoselectivity.25,26 Up to this time, only a few

reports have been published on reactions catalyzed by hen egg white lysozyme (HEWL) (EC 3.2.1.17), and mechanistic studies of these pro-

miscuous reactions have not been scrutinized deeply. The first HEWL-catalyzed promiscuous reaction was aza-Diels-Alder three-component

reaction, and it was proposed a related mechanism based on suggested active sites (D52 and E35) by crystallographic studies.27,30 Second

and third reports were related to the promiscuous C-C coupling reaction for the synthesis of conjugated polyacetylene and 3-indolyl-3-

hydroxy oxindole.31,32 Previously reported enzymaticMannich reactions include lipase fromMucormiehei (MML)33 and lipase B fromCandida

antarctica (CAL-B).34 Furthermore, both acylase from Aspergillus melleus and protease type XIV from Streptomyces griseus (SGP) were em-

ployed in acetonitrile medium for 96 h to carry out the asymmetric Mannich reaction22,35; in all the cases, the reaction time was much longer

and the aldol reaction occurred as a side reaction. Additionally, enzymes have a series of problems including difficult recovery, thermal insta-

bility, and loss of activity in adverse conditions when used as biocatalysts. An effectivemethod to address the above defects would be enzyme

immobilization. The immobilizing can help the reactivity, stability, and recyclability of the enzymebymaintaining the catalytic properties of the

enzyme, improving catalytic properties under a variety of reaction circumstances through attracting substrates near the active site and

enhancing reaction kinetics.36,37 A novel class of nanomaterials called metal-organic frameworks (MOFs), which are made of organic ligands

and metal-containing nodes, have been developed for a broad range of applications such as gas storage, separation, drug delivery, and

immobilization of enzymes and other biomolecules.38 Following enzyme encapsulation, MOFs have gained enormous attention for high sur-

face area, superior chemical, structural stability, and maintaining catalytic activity than alternative immobilization techniques due to their
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regular crystal structure and high stability; in addition, it has been demonstrated that MOFs can have a protective effect for encapsulated

enzymes in adverse circumstances leading to aggregation and unfolding.39–41 In general, there are two types of techniques for immobilizing

enzymes: (1) De novo encapsulation (DNE), in situ encapsulation within the framework, and (2) Post-synthetic encapsulation (PSE), immobi-

lization on the surface or diffusion into the pores; recently, it was demonstrated that the embedding efficiency of in-situ enzyme encapsulation

in MOF could be enhanced in the presence of peptide as a co-ligand, and the stability and recovery activity of the enzyme were also

increased,42 In another report, the post-synthetic encapsulation was used to immobilize catalase on the surface of amino-functionalized

MIL-125-NH2 to enhance activity recovery, pH stability, and thermostability of the enzyme.43 A subclass ofMOFs known as zeolitic imidazolate

frameworks (ZIFs) typically consists of huge cavities connected by small windows.44 In recent years, enzymes encapsulated in ZIFs have been

used in biological applications such as synergistic tumor therapy and chemotherapy.45 In addition, ZIFs are desirable templates for enhancing

enzyme’s activity and stability, carrying out enantioselective enzymatic reactions,46 constructing biosensors,47 and cascade reactions.48 Due

to their biocompatibility,49 gentle synthesis reaction conditions, structural variety, enormous specific surface area, high porosity, and great

water stability, ZIFs have been under the spotlight.50–53 The ZIF was also observed for encapsulation of glucose oxidase into microporous

zeolitic imidazolate framework-8 with 3-mercaptophenylboronic acid, in order to improve affinity and catalytic efficiency compared to free

glucose oxidase.54

In the present work, we have investigated the catalytic application of HEWL in the formation of Mannich adducts via the one-pot three-

component reaction in aqueous media in 9–16 h; moreover, the efficiency of the encapsulated enzyme in a metal-organic framework and its

recyclability for Mannich reaction were investigated. Additionally, we have looked deeper into the mechanism of catalytic promiscuity using

site-directed mutagenesis, molecular docking, and molecular dynamic simulations to clarify the role of the catalytic active site residues.

RESULTS AND DISCUSSION

Biotransformation of C-C bond by hydrolases

In order to assess organic biotransformation using hydrolases two hydrolytic enzymes named protein splicing (intein) and hen egg white lyso-

zymewere examined. A number of canonical C-C formation reactions: aldol condensation,Michael, andMannich reactions were investigated.

As shown in Scheme 1, to our surprise only Mannich reaction was catalyzed by HEWL (EC 3.2.1.17) in high yields. In the three-component

Mannich reaction, an amine (aniline), an aromatic aldehyde (benzaldehyde), and an unmodified ketone (acetone and in some cases cyclohex-

anone) were directly (three substrates simply were added to one vessel simultaneously) and indirectly (the aldehyde and amine weremixed to

form the Schiff base first) used. The reaction products were confirmed using 1H NMR and 13C NMR (see method details and Figures S1–S23).

To investigate the optimal amount of the enzyme in the Mannich reaction, different amounts of HEWL (1, 5, 10, and 20 mg of enzyme) were

used. It turned out that 20 mg of the enzyme was the optimal amount in the shortest reaction time. To gain further insight into the catalytical

Scheme 1. Using HEWL as biocatalyst in C-C coupling reaction

Aldol, Michael, and Mannich reactions catalyzed by HEWL, reaction conditions:

(A) A solution of 3-nitrobenzaldehyde (0.2 mmol), cyclohexanone (0.1 mmol), HEWL (10 mg), and water (1 mL) was stirred at 35�C for 20 h.

(B) A solution of cyclohexanone (0.1 mmol), 2-cyclohexenone (0.1 mmol), HEWL (10 mg), and water (1 mL) was stirred at 35�C for 20 h.

(C) A solution of 3-nitrobenzaldehyde (0.1 mmol), aniline (0.11 mmol), cyclohexanone (0.17 mmol) HEWL (10 mg), and water (1 mL) was stirred at 35�C for 20 h.
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activity of the biocatalyst, a variety of control experiments were performed using cyclohexanone, 4-methoxybenzaldehyde, and aniline as the

substrates in the reaction (Table 1). In the absence of the enzyme, theMannich adduct was only obtained in 23% yield after 72 h, indicating that

HEWL had a catalytic activity for the reaction (Table 1, entry 6). When BSA, a non-enzyme protein, and an intein, a self-splicing protein, were

used, Mannich products were obtained in trace and 28% yield, respectively (Table 1, entries 2 and 3). These results demonstrated that the

Mannich reaction required some active residues that were present in the structure of HEWL. To answer the question of whether a folded struc-

ture of the enzyme was involved in catalyzing the reaction or not, urea and urea-denatured HEWL were used in the model reaction; both con-

ditions gave 35% yield for theMannich adduct (Table 1, entries 4 and 5), indicating a folded structure of the enzymewas needed for catalyzing

the promiscuous Mannich reaction.

Scope of biotransformation by HEWL

To further look into the scope of the biotransformation, a number of derivatives for benzaldehyde, aromatic, and aliphatic amines were exam-

ined by the action of HEWL (Table 2, entries 1–9). More importantly, the data supports that HEWL was able to bind a wide range of aldehyde

derivatives for making b-amino carbonyl compounds. Furthermore, aromatic amines containing electron-withdrawing groups and aliphatic

amines were also examined in the reaction, and the results showedmoderate to high yields. Generally, aliphatic amines aremore nucleophilic

than aromatic amines; especially the presence of electron-withdrawing substituents on aromatic rings would increase this difference. Indeed,

a higher yield for aliphatic amine was expected; however, the data shown in Table 2 (entries 8 and 9) indicate the opposite. This observation

can be explained due to protein-substrate p-stacking interactions which are more favorable. Similar results were detected in the presence of

cyclohexanone (Table 3).

Diastereo-, enantio-, and chemoselectivity by HEWL

In order to delineate whether the products of the reaction are syn or anti, cyclohexanone was used in place of acetone in a three-component

Mannich reaction (Table 3). The presence of electron-withdrawing or electron-donating groups on aldehyde and arylamines had no significant

impact on diastereoselectivity, indicating thermodynamic control of the diastereoselectiveMannich reaction. To further investigate the enan-

tioselectivity of the HEWL-catalyzed Mannich reaction, some selected Mannich adducts with varying substituents were examined. The HPLC

results demonstrated that the HEWL-catalyzed Mannich reaction produced only racemic mixtures (see Table S1 and Figures S24–S29).

Recyclability of HEWL and structural studies

To illuminate whether the chemical environment of reactions and the recycling of the enzyme for multiple times could have adverse structural

consequences for the enzyme, intrinsic fluorescence andCD spectroscopy weremeasured. As shown in Figure S30A, the wild-type enzyme (in

the absence of any chemical substance) displayed characteristic absorbance peaks at 208 nm and 222 nm for a-helices, in addition to the

Table 1. Control experiments for the HEWL-catalyzed three-component Mannich reaction

Entrya Catalyst Yield (%)c

1b Hen egg white lysozyme (HEWL) 70

2 BSA trace

3 Mycobacterium tuberculosis RecA (Mtu-H37Rv

RecA)

28

4d Denatured HEWL 35

5e urea 35

6f No enzyme 23

aUnless otherwise noted, the reaction conditions were as the followings: Cyclohexanone (0.5 mmol), 4-methoxybenzaldehyde (0.3 mmol), and aniline (0.33 mmol)

were added to a solution of catalyst (20 mg) in deionized water (1mL), and the reaction mixture was stirred at 35�C.
bThe reaction carried out for 16 h.
cThe yield was determined by analysis of crude products.
dHEWL was pre-treated with urea (6 M) at 60�C for 20 h.
eUrea (1mL, 6 M) was used instead of HEWL.
fThe reaction was carried out for 72 h.
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Table 2. Investigation of the substrate scope for HEWL and mutated HEWL-catalyzed Mannich reaction with acetone

Entrya R1 R2 Product Time (h) Yield (%)b Yield (%)c

1 Ph Ph 9 78 88

2 4-ClC6H4 Ph 9 80 89

3 2-ClC6H4 Ph 9 82 ND

4 3-NO2C6H4 Ph 9 78 ND

5 4-OMeC6H4 Ph 9 72 85

6 Ph 4-ClC6H4 9 73 85

7 Ph 3-FC6H4 9 72 ND

8 Ph Sec-butyl 9 52 60

(Continued on next page)
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peaks at 215–218 nm for b-sheets (The secondary structure contents of native HEWLduring three successive recycling is provided in Table S2).

When the enzyme carried out the reaction and subsequently was recovered as explained in method details, its CD absorbance displayed

remarkably similar peaks as the wild-type enzyme. This observation itself demonstrated that the chemical environment of the reaction and

manipulation of the enzyme did not change the secondary structure of the protein. As HEWL was recycled from the reaction for the fourth

time, the secondary structure of the protein was significantly altered. The alteration was mainly due to the loss of anti-parallel b-sheet, but

no conversion to the b-sheet structure was observed; however, based on previous studies, conformational change to b-sheet structure

had been reported as the hallmark of amyloid and aggregation,55 indicating that the enzyme was not aggregated during the recycling. Inter-

estingly, the activity of the recycled enzyme followed exactly the structural changes by CD, explaining the reduction of activity due to the

structural modification. To further look into the overall 3D structure of the enzyme, intrinsic fluorescence was obtained after multiple recycling

of the enzyme (see Figure S30B). Tryptophan intrinsic fluorescence usually decreases as the protein undergoes an unfolding process since the

Trp residues would be exposed to solvent (water). In the case of HEWL enzyme, the opposite observation was taking place due to polar res-

idues (e.g., Cys and Ser) near a tryptophan in the fully folded state.56 As HEWL unfolds the Trp residues would be going away from the polar

residues, and therefore the intrinsic fluorescence would be increased. As shown in Figure S30B, as the recycling number increased, the Trp

fluorescence also amplified, indicating the similar phenomena with the CD absorbance. To further investigate the effect of reusability on the

Table 2. Continued

9 Ph Me 9 50 ND

aReaction conditions: a solution of aldehyde (0.3 mmol), amine (0.33 mmol), acetone (0.5 mmol), HEWL (20 mg) in deionized water (1 mL) was stirred at 35�C for 9

h.
bYields of isolated products.
cMutated HEWL (D52A) was used as biocatalyst; ND: not determined.

Table 3. Investigation of the substrate scope for HEWL-catalyzed Mannich reaction with cyclohexanone

Entrya R1 R2 Product Time (h) Yield (%)b

1 2-ClC6H4 Ph 9 78

2 4-OHC6H4 Ph 16 70

3 4-OMeC6H4 Ph 16 70

aReaction conditions: a solution of aldehyde (0.3 mmol), amine (0.33 mmol), cyclohexanone (0.5 mmol), and 20 mg HEWL in deionized water (1 mL) was stirred at

35�C for 16 h.
bYields of isolated products.
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product yield, the Mannich reaction of 3-nitrobenzaldehyde, aniline, and acetone in the presence of recycled HEWL of each step was carried

out. The results showed that the most enzymatic activity had been lost during the recycling (Figure 1A).

Biological activity of recovered HEWL

To further assess the biological activity of HEWL throughmultiple cycling reactions, the turbidimetric assay was performed. The turbidimetric

assay demonstrated that as the enzyme went through more cycles of reactions its muramidase activity failed dramatically, especially in run 4

(Figure 1B). Considering the enzymatic activity of HEWL after recycling, and the similar trend that was observed for both enzymatic activities of

HEWL and the yield of Mannich product, it can be suggested that the same active site that would be responsible for muramidase activity may

also be involved in the Mannich reaction.

Immobilization of HEWL and characterization

As reported previously, the recovery and reusability of HEWL were difficult and inefficient. In addition, HEWL, after three cycles of reaction,

had lost part of its tertiary structure; therefore, encapsulation may aid in folding and recycling the enzyme. To encapsulate HEWL, ZIF-8 was

selected as an encapsulator. HEWL’s structural dimension (ellipsoid radii in pH = 7: a = 2.40, b = 1.31, and c = 1.12 nm) is smaller than ZIF-8’s

cavity (600 nm),57,58 and presumably the pore apertures and diameters of ZIF-8 are smaller than the enzyme, allowing for successful HEWL

encapsulation without HEWL leaking.59 As previously reported, low-Zn2+/2-methylimidazole (2-mIM) ratio (1:4 and 1:8 metal/ligand ratio)

would lead to generate active biocomposites with predominantly sod topology60; thus, HEWL/ZIF-8 biocomposites were synthesized using

1:4 Zn2+/2-mIM concentration under different conditions to improve immobilization.61

Because of the positive surface charge of HEWL, the yield for the synthesis of biocomposite turned out low. To solve this problem, poly-

vinylpyrrolidone (PVP) was used as an assistant for the dispersion and stabilization of the enzyme in water. The PVP-modified HEWL-His/ZIF-8

(abbreviated as PHHZbiocomposite) was produced as explained inmethoddetails. To confirm that theHEWL-His/ZIF-8 has been synthesized

and that the surface adsorption of the enzyme had been removed, the Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction anal-

ysis (XRD), scanning electron microscopy (SEM) and some other analyzes were performed. As shown in Figure 2, the FT-IR spectra indicated

that in the presence of polyvinylpyrrolidone (PVP) as an enzyme stabilizer and encapsulation promoter, the enzyme immobilization was

formed much better than the other immobilization conditions. The FT-IR fingerprint region confirmed the typical ZIF-8 modes, including

the peak at about 420 cm�1 related to the Zn–N stretching mode and the peaks at about 692, 750, 953, and 1306 cm–1 due to out-of-plane

bending and in-plane bending of imidazole aromatic ring, respectively. An absorption peak at about 1600–1712 cm�1, which corresponded to

the C=O stretching in the carboxyl group, belonged to the amide I bond, signifying the presence of HEWL in the biocomposite.62,63 Although

histidine characteristic peaks, in the yellow color spectrum, are not well defined in the HEWL-His/ZIF-8 spectra, the peaks indicate that the

encapsulation efficiency of the enzyme in the presence of L-His is improved. In order to examine whether the enzyme is adsorbed on the sur-

face or immobilized inside the ZIF-8, the surface adsorption of the enzyme on the structure of ZIF-8 in the presence and the absence of PVP

was analyzed using FTIR (Figure 2) and SEM (see Figure S31). The results indicated that the structure of ZIF-8 was completely different from

PHHZ, confirming the immobilization of the enzyme inside the ZIF-8.

The XRD pattern of the pure ZIF-8 and PHHZ is displayed in Figure S32. The diffraction peaks at 2q = 7.4�, 10.4�, 12.8�, 14.7�, 16.5�, 18.1�,
22.1�, 24.5�, 25.7�, and 26.7� for the resulting pure ZIF-8 were compared with previously published data of ZIF-8 crystal in literature. It is clear

that the XRD pattern of PHHZ agrees well with those of ZIF-8. These results also confirm that the immobilization of the enzyme did not affect

the crystallinity of ZIF-8, and that the successful synthesis of the PHHZ has been realized.64

Figure 1. Biological activity of recovered HEWL

(A) Catalytic performance of the reused HEWL after 4 runs on the yield of 4-(3-nitrophenyl)-4-(phenylamino)butan-2-one. Reaction conditions: a solution of

3-nitrobenzaldehyde (0.3 mmol), aniline (0.33 mmol), acetone (0.5 mmol), water (1 mL) HEWL 20 mg, reaction temperature of 35�C and reaction time 9 h.

(B) Turbidimetric assay of recycled HEWL: 0.25 mg/mL ofMicrococcus luteus (M. luteus) cell suspension was incubated with 1 mg/mL of each recycled lysozyme

run. The decrease of turbidity at 450 nm confirmed that the muramidase activity of lysozyme would dramatically decrease after reusing the enzyme 4 times, error

bars indicate standard deviation.
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SEM images were recorded to investigate the morphology of the biocomposites, the size of the prepared PHHZ, and the growth process.

As shown in Figure 3B, HEWL-His/ZIF-8 without further PVP modification, showed ZIF-8-like SOD topology with a particle size of 500 nm-

1.5 mm and some agglomeration which was probably due to the surface enzyme adsorption. Meanwhile, the PHHZ demonstrated a better

SOD topology with slightly larger dimensions and without agglomeration (Figure 3C). The XRD and SEM results showed that the encapsu-

lation of the enzyme inside the ZIF-8 did not change the crystal structure markedly, but it led to an increase in the particle size of the final

biocomposite. Additionally, to further confirm the presence and distribution of HEWL in the biocomposite, the energy-dispersive X-ray spec-

troscopy (EDX) mapping of ZIF-8, HEWL-His/ZIF-8, PHHZ, and adsorbed HEWL on ZIF-8 were performed. As shown in Figures S33–S38, the

percentage of sulfur, which indicates the presence of enzyme in the structure, is increased in the PHHZ. Additionally, the elemental mapping

images demonstrate a good distribution of sulfur, which most likely indicates the low possibility of accumulation of enzyme in the structure.

To further examine the immobilization of enzyme in the ZIF-8 structure, thermogravimetric analysis (TGA) was performed (see Figure S39);

it was demonstrated that in the range of 200–600�C, the mass of PHHZ was significantly reduced while the mass of ZIF-8 almost stayed the

same, emphasizing the presence of HEWL in the structure of ZIF-8. Based on the TGA analysis, the temperature at 320�C was selected for

calcination for 2 h to remove HEWL molecules from the biocomposite without destroying the ZIF-8 structure.65 The SEM images of PHHZ

before and after calcination revealed some small cavities, corresponding to the partial thermal degradation and removal of enzyme

(comparing Figures S31A and S31B), showing that the enzymewas immobilized inside the ZIF-8 structure.When the surface adsorbed enzyme

on the ZIF-8 was calcinated, SEM and FT-IR results showed that surface adsorption generally changed the structure of ZIF-8, confirming that

the structure was not adsorbed on the surface, and after calcination, the structure was completely destroyed (see Figures S31C and S31D).

Efficiency, maximum loading, and activity of immobilized enzyme

As explained in method details, the immobilization efficiency was measured for PHHZ as 73.6% and for the surface adsorbed HEWL as 52%.

The maximum loading was also calculated for the encapsulated enzyme with different amounts of enzyme after 24 h; as shown in Figure S40,

after the washing step, the maximum loading of the enzyme immobilized ZIF-8 had reached 0.3 mg of enzyme/mg of ZIF-8.66

To observe the effect of immobilization on HEWL activity, the lytic activity against M. luteus was measured using UV-Vis spectrophotom-

eter as described in method details.67 As shown in Figure 4, it was realized that the activity of the immobilized enzyme for the native reaction

was very similar to the free enzyme. The little difference in the activity between free and immobilized enzymes was most likely due to the dif-

ficulty of the immobilized enzyme to access sufficient amounts of bacterial cells. As previously reported,42,43 the activity recovery of immobi-

lized HEWL is defined as the ratio of total activity of immobilized HEWL to the total free HEWL activity; therefore, the activity value of 89.5% is

calculated for the immobilized enzyme, this result indicates that the activity of free enzyme in turbidity assay is higher than the immobilized

enzyme.

Furthermore, kinetic parameters of the enzyme were obtained by determining the initial reaction rates with M. luteus, as explained in

method details. As shown in Table S3 and Figure S41, the Km value for immobilized-HEWL was higher and the Vmax value was lower than

free-HEWL, it is possible that the ZIF-8 has mass transfer resistance for M. luteus.68

Furthermore, the encapsulated enzyme was investigated as a biocatalyst for Mannich reactions with electron-donating and -withdrawing

functional groups and aliphatic amine under the same reaction conditions (Table 4), emphasizing that the amount of enzyme immobilized in

Figure 2. FT-IR spectra of different HEWL-biocomposites

FT-IR spectra of pure HEWL, L-His, ZIF-8 crystal, HEWL/ZIF-8, HEWL-His/ZIF-8, PVP-modified HEWL-His/ZIF-8, and adsorbed HEWL on the surface of pre

synthesized-ZIF-8 in the presence and absence of PVP.
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ZIF-8 was calculated as 5.5 mg. In almost all cases, the yield of the product was increased, most likely, because of bringing more substrates

near the active site of the enzyme and enhancing the reaction kinetics, leading to a faster reaction rate. It must be noted that ZIF-8 was unable

to carry out the reaction on its own. The superior folding of the enzyme in ZIF-8, the maintenance of the 3D structure throughout the reaction,

Figure 3. SEM images of composites

(A) ZIF-8.

(B–D) HEWL/ZIF-8 in the presence of L-His (B) without, and (C) with PVP modification, and (D) reused catalyst after 7 cycles.

Figure 4. Turbidimetric assay of wild-type lysozyme, PHHZ, and mutant D52A against M. luteus

The absorbance was measured as described in the legend of Figure 1B for the recycled HEWL; error bars indicate standard deviation.

ll
OPEN ACCESS

8 iScience 26, 107807, October 20, 2023

iScience
Article



and the increased accumulation of the substrate near the enzyme appeared to offset the decrease in the amount of enzyme in the reaction

when employing PHHZ instead of free HEWL.

After confirming the catalytic activity of the PHHZ in performing the Mannich reaction, analytical chiral HPLC was used to determine the

enantioselectivity of the Mannich reaction product (in the presence of the PHHZ) and estimate the percentage of racemization occurring dur-

ing the synthesis. The results showed that the synthesis of theMannich reaction product in the presence of the PHHZ, was the same as the free

enzyme, generating almost racemic products and there was little variation in the proportion of R and S products (the screening results are

reported in the supplemental information, Figure S29).

Reusability of PVP-modified HEWL-His/ZIF-8

The PHHZ bio-composite activity was measured 7 cycles (Figure 5). After the completion of each reaction, the encapsulated enzymewas then

recycled by a simple centrifugation and again the same amount of weight was used in the next reaction. The reusability of HEWL was signif-

icantly improved and was enhanced upon encapsulation in the ZIF-8. Additionally, the ZIF-8 was able to play a protective role in the enzyme

activity. PHHZ activity was retained after 6 cycles but in the 7th cycle, the yield decreased dramatically. Figure 3D demonstrates the

morphology of the PHHZ after 7 recovery cycles, indicating that the structure of PHHZ was deformed.

Characterization of hen egg white lysozyme variant (Asp52Ala)

To further look into the mechanism of the HEWL-synthesized beta-amino carbonyl products, site-directed mutagenesis was implemented.

Asp52Ala variant of HEWL lacking the basic catalytic residue in the active site was generated (see Figures S44–S47 and Table S6). The bacte-

ricidal activity of wild-type (recombinant) lysozyme and D52A mutant against gram-positive bacteria (M. luteus) was measured. From the re-

sults of Figure 4, it was deduced that mutant lysozyme was enzymatically inactive toward its natural substrate as the mutant lacked the nucle-

ophilic residue of the active site to create the covalent intermediate.

The ability of wild type and D52A mutant of HEWL to catalyze the Mannich reaction was examined in aqueous media. Interestingly, the

enzymatically inactive Asp52Ala mutant displayed an increased reaction rate when the Mannich reaction was catalyzed as compared to

the wild-type lysozyme (Table 2). In a previously published report, using HEWL to perform Aza-diel-alder reactions, it was suggested that

Table 4. Investigation of the substrate scope for Mannich reaction catalyzed by PHHZ

Entrya R1 R2 Product Time (h) Yield (%)b

1 Ph Ph 9 85

2 4-ClC6H4 Ph 9 85

3 4-OMeC6H4 Ph 9 83

4 Ph Sec-butyl 9 60

aReaction conditions: a solution of aldehyde (0.3 mmol), amine (0.33 mmol), acetone (0.5 mmol), PVP-modified HEWL-His/ZIF-8 (20 mg) in deionized water (1 mL)

was stirred at 35�C for 9 h.
bYields of isolated products.
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under acidic conditions provided by Glu35, an equilibrium between enol form and keto would occur, consequently, Asp52 could act as a

nucleophile and abstract the acidic proton.27 Although our site-directed mutagenesis result indicated that Asp52 interrupted the natural hy-

drolase activity toward the peptidoglycan cell wall, it had no catalytic role in the promiscuous mechanism of the non-natural substrate and

additionally increasedMannich’s reaction rate. Based on crystallographic studies reported in 1996,69 themutant lysozyme has the same struc-

ture as the wild-type lysozyme, indicating that the increase in catalytic efficiency is not due to structural changes caused by the mutation and

new interactions induced by the mutation may be responsible for the higher reactivity.

Computational studies of lysozyme’s promiscuous reaction

In order to elucidate the observed reactivity differences between thewild-type andD52Amutant enzyme, computational studies into the binding

of the substrates in theHEWL active site were performed, showing that reactivity differences could truly arise from the stage of substrate binding.

These results revealed a different strategy for the promiscuous reaction catalyzed by HEWL. As illustrated in Figure S42, aniline, benzaldehyde

and acetone asmodel ligands were docked into the entire surface of HEWL crystallographic structure (PDB: 2EPE), to investigate the ligand-pro-

tein interactions (for details, see Table S4). As reflected in Figure S42, there exist non-covalent interactions such as hydrophobic and p-stacking

interactions through aliphatic residues (Ile98, Ala107, and Asn59) and an aromatic residue (Trp108, Trp63) for aniline and benzaldehyde; more-

over, the presence of hydrogen bonding via main-chain of Gln57 and Asn59 are evident. It may be suggested that following the formation of

protonated Schiff base (highly active), in the binding pocket of the enzyme, acetone as an unmodified ketone by hydrophobic and H-bond in-

teractions undergoes keto-enol tautomerism to stabilize the enolate anion and proceed the Mannich reaction.

To gainmore details on the binding of the enzyme to the non-native substrates, molecular dynamics (MD) simulations were performed. To

analyze the enzyme-substrate complex and its behavior throughout the simulations, RMSD and gyration were calculated for 10 ns (see Fig-

ure S43). The important interactions of HEWLwith the substrate and the intermediate were examined sometimes at the end of the simulations

(Figure 6). The MD snapshot corroborated what docking demonstrated for wild-type HEWL in Figure S42, the H-bond and p-stacking inter-

actions of the substrate through residues lead to the correct placement of starting materials in relation to each other and the formation of

imine (Figures 6A and 6B). Notably as can be seen in Figures 6C and 6D, it is important to mention that the presence of water has a crucial

role in the formation of an enolate anion, because of the abstraction of acidic hydrogen by water molecules. Interestingly, the orientation of

acetone in the mutated enzyme is somewhat different from the wild type (Figure 6D); that is, acetone as a substrate located on the less

crowded side near the Schiff base. This positioning, the presence of Arg112, and some water molecules near acetone (especially the water

molecule that has a hydrogen bond with the Schiff base and Trp62) might better explain the activity of the mutant as compared to the

wild type.

Based on the mutagenesis experiment, molecular docking, and molecular dynamics analyses, a plausible mechanism for the Mannich re-

action performed by HEWL is proposed in Scheme 2. Although numerous studies on the structural and enzymatic characteristics of hen egg

white lysozyme have been reported, its mechanism of catalytic promiscuity has not yet been fully understood. Since the acidity of amino acids

in the active site of the enzyme is moderately low, protonation of nitrogen is more probable than the protonation of oxygen on aldehyde

giving rise to a no aldol side reaction (Scheme 1). On the basis of crystallographic evidence for native HEWL70 in addition to biochemical

and crystallographic studies on Asn59 mutant,71 a hydrogen-bonding platform between enzyme residues (Asp52, Asn46, Asn59, Ser50,

and Asp48) on the anti-parallel b-sheet exists. Studies have demonstrated that Asn59 plays a critical role in the hydrolytic activity, hydrolysis

of the bacterial cell wall, and protein-carbohydrate interaction of HEWL. Indeed, in the mutant Asp52 where the direct interaction between

Asp52 and Asn59 side chains no longer exists, the orientation of Asn59 is affected to provide a binding site for the substrate as a new

hydrogen bonding network.

Figure 5. Catalytic recyclability of PHHZ for the Mannich reaction

The PHHZ biocomposite was used for a solution of benzaldehyde, aniline, and acetone as substrates in the model reaction.
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The proposed mechanism for wild-type HEWL catalyzed reaction, based on our results is as follows; first, Trp62 could stabilize the partial

negative charge on the carbonyl functional group of aldehydes via hydrogen bonding. Gln57 located in b-sheet accommodates aniline

through hydrogen bonding from themain-chain oxygen atom. In the neutral solution, the reaction between primary amine and aldehyde pro-

duces the carbinolamines, however, the formation of a Schiff base requires an acidic or basic condition.72 Given that, Trp62 assisted by Gln57

may accelerate the formation of the hemiaminal and prepare a proper environment for subsequent Schiff base protonation (excellent elec-

trophile). Protonation of the Schiff base is preceded by hydrogen bonding employing Trp63. The most important step in the formation of

b-aminoketones is keto-enol tautomerization. Second, the backbone amide of Asn59 could act as an oxyanion hole and stabilize the negative

charge formed on oxygen in the enolate. At the same time, the presence of one water molecule seems to be essential to move forward the

reaction and abstract the hydrogen from ketone. Last, a new carbon-carbon bond is formed and Mannich adduct is released from the oxy-

anion hole. The proposed mechanism is also supported by the results obtained from intrinsic tryptophan fluorescence of recycled HEWL,

which suggested that as the enzyme unfolds and Trp residues move away from the sulfur atom (e.g., Met or Cys) the yields of the Mannich

reaction gradually decrease (see Figure S30B). In the mutated enzyme, p-stacking interactions (benzaldehyde-aniline and benzaldehyde-

Trp63) and hydrogen bonds (between benzaldehyde-Asn59 and aniline-Glu57) play an important role in the stability of the substrates in

the active site. Unlike wild-type HEWL, in the mutated version, Arg112, positioned near acetone, could act as an oxyanion hole by forming

a hydrogen bond and facilitating the formation of enolates. The water molecule, present in the active site of the mutated HEWL, between

acetone and Schiff base, could easily abstract the a hydrogen from ketone and exchange hydrogen with aniline (Figure 6D).

Although a few numbers of biocatalysts have been identified to performMannich reactions, as mentioned in the introduction, none of the

studies has been able to use aliphatic amine as a reaction substrate. As shown in Table S5, the reaction times with other biocatalysts were very

long; the use of organic solvents in most cases, using a large amount of ketone to perform the reaction, and the inability of the enzyme re-

covery are other limitations of the previous works.

Limitations of the study

One of the shortcomings in using HEWL in Mannich reaction might be its lack of stereoselectivity. However, investigating the role of MOF in

stereoselectivity of HEWL in performing the promiscuous reaction could be imperative. Another shortcoming relates to the difficulty of immo-

bilization of recombinant enzymes, in general, inside of ZIF-8. It would be intriguing to examine the immobilization of the mutated enzyme

D52A in performing Mannich reaction.

Conclusions

In the present work, a new mechanistic aspect of the HEWL-catalyzed one-pot three-component Mannich reaction was demonstrated. Not

only does performingMannich reaction byHEWLbenefits frombeing in aqueousmedia and undermild reaction conditions but also lysozyme

Figure 6. Snapshots of randomly positioned of simulations for HEWL complex with substrates and the intermediate

(A and B) Interactions of aniline and benzaldehyde with wild-type HEWL and mutated HEWL.

(C and D) Schiff base and acetone interactions with wild-type HEWL and mutated HEWL respectively. Hydrogen bonds are depicted as dotted lines. The water

molecules are displayed as white and red molecules. All images were generated using PyMOL.
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encapsulated in ZIF-8 improved the yield of the products and recyclability of the enzyme. Simple work-up, a wide range of substrates

including aliphatic amine, and exploiting unmodified ketones are other advantages of the reported strategy as well. Moreover, replacing cat-

alytic Asp52 with an alanine residue increased the reaction rate of the promiscuous Mannich reaction. The proposed mechanism was also

confirmed by molecular docking and molecular dynamic studies28,29.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

Escherichia coli DE3 Iranian Biological Resource Center ATCC 25922

Micrococcus luteus School of Biology, University of Tehran, Iran ATCC 4698

Chemicals, peptides, and recombinant proteins

Zinc nitrate hexahydrate Merck CAS: 10196-18-6

2-Methylimidazole Merck CAS: 693-98-1

L-Histidine Merck CAS: 71-00-1

Polyvinylpyrrolidone Merck CAS: 9003-39-8

Aniline Merck CAS: 62-53-3

4-chloroaniline Merck CAS: 106-47-8
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Sec-butylamine Merck CAS: 13952-84-6
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Benzaldehyde Merck CAS: 100-52-7

4-methoxybenzaldehyde Merck CAS: 123-11-5
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2-chlorobenzaldehyde Merck CAS: 89-98-5
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Hen Egg White Lysozyme BioBasic Product Code: LDB0308

Mutant HEWL (D52A) This work N/A

Ampicillin BioBasic CAS: 69-52-3
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Recombinant DNA

Recombinant HEWL Addgene pET11a-4SS-HEWL

Mutated recombinant HEWL (D52A) This work N/A

Software and algorithms

Origin 2018 Originlab https://www.originlab.com/

AutoDock vina Trott and Olson, 2010)85 https://vina.scripps.edu/downloads/
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Materials availability

Experimental details have been found in the method details.

This study did not generate new unique reagents.

Data and code availability

d data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request. Hamid R.

Kalhor (kalhor@sharif.edu).

METHOD DETAILS

General

All chemicals were purchased fromMerck and used without any further purification. Hen egg white lysozyme (CAS RN: 12650-88-3) and ampi-

cillin sodium salt USP were purchased from Bio Basic (Canada). Isopropyl b-D-1-thiogalactopyranoside (IPTG, >99% purity) was purchased

from Sigma-Aldrich, respectively. NMR spectra were recorded at 500 MHz for proton and at 125 MHz for carbon nuclei on a Bruker (Avance

DRX500) spectrometer in DMSO-d6 or CDCl3 as solvents at room temperature. Chemical shifts are given in d relative to tetramethylsilane

(TMS). SEM image was achieved by utilizing Mira 3 scanning electron microscope. The infrared spectra were measured with a PerkinElmer

Fourier Transform Infrared Spectrophotometer and are reported in wavenumbers using KBr discs (cm�1). X-ray diffraction (PXRD) data

were collected on an XPert Pro MPD (2–100 q).

HEWL activity and structure

General procedure for the aldol addition, michael addition, and three-component mannich reaction catalyzed by HEWL

The Mannich reaction was initiated by adding 20 mg HEWL dissolved in deionized water (1mL) to a mixture of aldehyde (0.3 mmol),

amine (0.33 mmol) and acetone (0.5 mmol) in a test tube containing a magnetic stirring bar. The suspension was stirred at 35�C for

9 h and the progress of the reaction was monitored by thin-layer chromatography (TLC). After completion of the reaction, HEWL

was precipitated by adding four times the sample volume of acetone to the reaction mixture, and the solution was then filtered

off. The organic layer was dried over Na2SO4 and the organic solvent was removed in vacuo. The crude product was purified by pre-

parative thin-layer chromatography (PTLC) from Merck silica gel 60 PF252 on 20*20 plates using a mixture of n-hexane/EtOAc (3:1) as

eluent. The desired b-amino carbonyl products were gained in 50–82% yields (Table 2). To perform the aldol reaction a mixture of

3-nitrobenzaldehyde (0.2 mmol), cyclohexanone (0.1 mmol), and HEWL (10 mg) in deionized water (1 mL) was stirred at 35�C for

20 h. The reaction progress was monitored by TLC. Michael addition was carried out in a test tube containing cyclohexanone

(0.1 mmol) and HEWL (10 mg) in deionized water (1 mL) while 2-cyclohexenone (0.1 mmol) was slowly added to the mixture. The result-

ing mixture was stirred at 35�C for 20 h and the reaction was monitored by TLC. An alternative Mannich reaction comprising cyclohex-

anone (0.5 mmol), aldehyde (0.3 mmol), and amine (0.33 mmol) was successively added to a solution of HEWL (20 mg) in deionized

water (1 mL) placed in a test tube and stirred at 35�C for about 16 h. After completion, the reaction was quenched by adding 4 times

the sample volume of acetone to the reaction mixture and filtering off the enzyme. The filtrate was dried with Na2SO4 and then concen-

trated under reduced pressure to afford the crude product. The residual crude product was purified by preparative thin-layer chroma-

tography and crystallized from ethanol.

Acetone precipitation of HEWL

For separating the enzyme from the reaction mixture, four times the sample volume of acetone was pre-cooled at 20�C and added slowly to

the reaction mixture. The resulting mixture, was then incubated at 0�C–4�C and after 2 h the suspension was centrifuged and precipitant was

filtered off the supernatant.

Circular dichroism (CD) spectropolarimetry

CD spectra of recycled HEWL for 4 consecutive runs were recorded at a final concentration of 0.2 mg/mL from 190 to 260 nm (far-UV) using

1mmpath quartz cell at room temperature. Experiments were performed on a 215 Aviv spectropolarimeter (USA); the baseline was corrected

with deionized water. The percentages of secondary structure elements (helix, b-sheet, b-turn, and loop) were predicted using CDNN 2.1

software.

Intrinsic fluorescence measurements

Fluorescence of RecycledHEWL samples with a concentration of 0.125mg/mLwasmeasured after exciting at 295 nm and recording the emis-

sion from 300 to 400 nm using Fl-win lab photomultiplier LS 50 (PerkinElmer) spectrofluorometer. This experiment was used to investigate Trp

intrinsic fluorescence.
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Bacterial strains and plasmids

Thegeneencodingheneggwhite lysozyme inanexpression vector pET11awithanN-terminalmethioninewas used.E. coliDH5a andBL21 (DE3)

were used as host cells in DNA manipulation.Micrococcus luteus ATCC 4698 was obtained from the School of Biology, University of Tehran.

Turbidimetric lysozyme assay

The lysis of Gram-positive bacteria Micrococcus luteus (Micrococcus lysodeikticus) was determined based on the turbidimetric method. A

suspension ofM. luteus (0.25 mg/mL) in 1.9 mL 0.05 M phosphate buffer at pH 7.0 was prepared and 100 mL of renatured lysozyme was trans-

ferred to the aforementioned buffer and then a decrease in absorbancewasmeasured every 2min for a total time period of 20min and 10-min

intervals for the next 40 min at 450 nm using UNICO 2150-UV spectrophotometer. The reaction was carried out at 25�C.

Characterization of the Mannich products

4-(4-methoxyphenyl)-4-(phenylamino)butan-2-one (b1). White solid; 1H NMR (500 MHz, DMSO-d6): d 7.3(d, J = 8.7, 2H), 6.9(t, J = 7.5,

2H), 6.8(d, J = 8.7, 2H), 6.5(d, J = 8.45, 2H), 6.45(t, J = 7.25, 1H), 6.1 (br, 1H), 4.75 (m, 1H), 3.69 (s, 3H), 2.77 (dd, 2H), 2.1 (s, 3H) ppm; 13CNMR (125

MHz, DMSO-d6): d 206.74, 158.47, 148.23, 136.11, 129.13, 127.99,116.3, 114.13, 113.42, 55.41, 52.64, 51.89, 30.53 ppm; The enantiomeric

excess was determined by HPLC (Daicel Chiralpak AD-H, hexane/isopropanol = 85:15, flow rate 0.8 mL/min, l = 254 nm), tR = 10.800 (minor),

13.767 (major).

4-(3-nitrophenyl)-4-(phenylamino)butan-2-one (b2). Yellow solid; 1H NMR (500 MHz, DMSO-d6): d 8.32 (s, 1H), 8.05(d, J = 8.15, 1H),

7.89(d, J = 7.6, 1H), 7.60(t, J = 7.85, 1H), 7.02(t, J = 7.4, 2H), 6.56(d, J = 8.5, 2H), 6.50(t, J = 7.95, 1H), 6.36 (br, 1H), 5.02 (m,1H), 2.87 (dd,

2H) 2.14 (s, 1H) ppm; 13C NMR (125 MHz, DMSO-d6) d: 198.59, 148.79, 141.09, 136.88, 134.56, 130.91, 130.11, 125.05, 123.49, 60.60, 47.99,

28.02 ppm.

4-(2-chlorophenyl)-4-(phenylamino)butan-2-one (b3). White solid; 1H NMR (500 MHz, CDCl3): d 7.48 (m, 1H), 7.46 (m, 1H), 7.29 (m, 2H),

7.12(t, J = 7.8, 2H), 6.71(t, J = 7.15, 1H), 6.51(d, J = 8.15, 2H), 5.23 (m, 1H), 4.72 (s, 1H), 3.04 (dd, 2H), 2.20 (s, 3H) ppm; 13CNMR (125MHz, CDCl3)

d: 207.34, 146.30, 139.09, 132.36, 129.86, 129.17, 128.57, 127.78, 127.42, 118.03, 113.57, 51.56, 48.92, 30.17 ppm; The enantiomeric excess was

determined by HPLC (Daicel Chiralpak AD-H, hexane/isopropanol = 90:10, flow rate 1 mL/min, l = 254 nm), tR = 8.850 (minor), 9.917 (major).

4-(4-chlorophenyl)-4-(phenylamino)butan-2-one (b4). Yellow solid; 1HNMR (500MHz, DMSO-d6): d 7.49(d, J = 8.45, 2H), 7.35(d, J = 8.45,

2H), 7.00(t, J = 8.25, 2H), 6.51 (d, J = 7.85, 2H), 6.47(t, J = 6.7, 1H), 6.2 (br, 1H), 4.86 (m, 1H), 2.93 (dd, 1H), 2.76 (dd, 1H), 2.12 (s, 3H) ppm; 13C

NMR (125 MHz, DMSO-d6): d 206.36, 147.97, 143.44, 131.61, 129.21, 128.89, 128.70, 116.56, 113.39, 52.53, 51.48, 30.46 ppm.

4-Phenyl-4-(phenylamino)butan-2-one (b5). White solid; 1H NMR (500 MHz, CDCl3): d 7.41(d, J = 7.6, 2H), 7.35(t, J = 7.3, 2H), 7.27(d, J =

9.1, 1H), 7.13(t, J = 7.6, 2H), 6.72(t, J = 6.85, 1H), 6.59(d, J = 8.3, 2H), 4.88(t, J = 6.5, 1H), 2.96(d, J = 6.5, 2H), 2.11 (s, 3H) ppm; 13CNMR (125MHz,

CDCl3): d 206.79, 146.96, 142.33, 129.13, 128.80, 127.35, 126.26, 117.92, 113.76, 52.52, 51.29, 30.73 ppm; The enantiomeric excess was deter-

mined by HPLC (Daicel Chiralpak AD-H, hexane/isopropanol = 90:10, flow rate 1 mL/min, l = 254 nm), tR = 13.100 (minor), 15.300 (major).

4-(sec-butylamino)-4-phenylbutan-2-one (b6). Yellow solid; 1HNMR (500MHz, DMSO-d6): d 7.38 (m, 4H), 7.23 (dd, 1H), 5.84 (br, 1H), 2.65

(m, 3H), 2.46 (m, 2H), 2.13(d, J = 8, 1H), 1.99 (s, 3H), 1.62 (s, 1H), 1.24 (s, 3H), 0.88(d, J = , 1H) ppm; 13C NMR (125 MHz, DMSO-d6): d 198.40,

128.93, 127.34, 127.03, 125.93,55.78, 43.95, 38.59, 24.32, 9.28 ppm; The enantiomeric excess was determined by HPLC (Daicel Chiralpak AD-H,

hexane/isopropanol = 90:10, flow rate 1 mL/min, l = 254 nm), tR = 10.483 (minor), 10.900 (major).

4-((3-fluorophenyl)amino)-4-phenylbutan-2-one (b7). Yellow solid; 1H NMR (500 MHz, DMSO-d6): d 7.40 (d, J = 7.5, 2H), 7.30 (t, J = 7.65,

2H), 7.21 (t, J = 7.3, 1H), 6.99 (q, J = 7.8, 1H), 6.55 (d, J = 7.75, 1H), 6.35 (d, J = 7.65, 1H), 6.22 (t, J = 8.15, 1H), 2.90 (dd, 2H), 2.12 (s, 3H) ppm; 13C

NMR (125 MHz, DMSO-d6): d 207.52, 150.10, 143.57, 130.62, 129.51, 128.93, 128.82, 127.45, 126.78, 110.58, 109.62, 53.08, 51.31, 30.51 ppm.

4-((4-chlorophenyl)amino)-4-phenylbutan-2-one (b8). Yellow solid; 1H NMR (500 MHz, DMSO-d6): d 7.37 (d, J = 7.05, 2H), 7.30 (t, J = 7,

2H), 7.20 (t, J = 6.9, 1H), 7.01 (d,J = 7.95, 2H), 6.52 (d, J = 7.95, 2H), 6.38 (br,1H), 4.80 (m, 1H), 2.85 (dd, 2H), 2.12 (s,3H) ppm; 13CNMR (125MHz,

DMSO-d6): d 199.37, 143.89, 128.87, 128.82, 126.87, 119.22, 114.68, 107.89, 105.89, 53.21, 51.65, 30.06 ppm.

4-(methylamino)-4-phenylbutan-2-one (b9). Colorless solid; 1HNMR (500MHz, DMSO-d6): d 7.27 (t, J = 7.27, 2H), 6.99 (t, J = 6.9, 3H), 6.36

(m, 1H), 2.86 (s, 2H), 2.06 (s, 1H), 1.90 (s, 1H), 0.79 (s, 1H) ppm; 13C NMR (125 MHz, DMSO-d6): d 191.81, 130.45, 128.96, 128.85, 128.39, 50.20,

42.39, 33.64, 27.35 ppm.

2-((4-hydroxyphenyl)(phenylamino)methyl)cyclohexan-1-one (b10). Yellow solid; Colorless solid; 1H NMR (500 MHz, DMSO-d6): d 9.69

(s, 1H), 7.67 (d, J = 8.5, 2H), 7.36 (d, J = 3.45, 2H), 7.31 (s, 1H), 6.82 (d, J = 8.5, 2H), 6.78 (d, J = 8.2, 2H) 2.77 (m, 2H), 2.41 (t, J = , 2H), 1.83 (m, 3H),

1.70 (m, 3H) ppm.
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2-((2-chlorophenyl)(phenylamino)methyl)cyclohexan-1-one (b11). Yellow solid; 1HNMR (500MHz, CDCl3): d 7.58 (d, J = 7.5, 1H), 7.35 (d,

J = 7.35, 1H), 7.28 (s, 1H), 7.18 (t, J = 7.19, 1H), 7.15 (d, J = 7.16, 1H), 7.10 (t, J = 7.1, 1H), 6.65 (t, J = 6.65, 1H), 6.52 (d, J = 6.5, 1H), 4.91 (d, J = 4.9,

1H), 2.95 (m, 1H), 2.38 (m, 2H), 2.10 (m, 4H), 1.79 (m, 2H) ppm; 13C NMR (125 MHz, CDCl3): d 212.99, 133.33, 129.29, 129.21, 128.98, 128.23,

127.07, 117.52, 113.34, 55.37, 43.46, 42.86, 32.70, 28.12, 24.81 ppm.

2-((4-methoxyphenyl)(phenylamino)methyl)cyclohexan-1-one (b12). Yellow solid; 1H NMR (500 MHz, DMSO-d6): d 7.52 (t, J = 8.7, 1H),

7.47 (d, J = 8.7, 1H), 7.42 (d, J = 8.75, 2H), 7.37 (d, J = 8.7, 1H), 6.95 (t, J = 8.8, 3H), 6.83 (d, J = 8.8, 1H), 3.86 (s, 3H), 2.95 (m, 1H), 2.87 (m, 2H), 2.62

(m, 1H), 2.52 (m, 2H), 1.94 (m, 4H), 1.81 (m, 2H) ppm; 13CNMR (125MHz, CDCl3): d 214.15, 159.93, 135.8, 134.44, 132.26, 131.43, 130.48, 113.86,

113.52, 55.31, 40.16, 28.99, 26.55, 23.85, 23.28 ppm; The enantiomeric excess was determined by HPLC (Daicel Chiralpak AD-H, hexane/iso-

propanol = 80:20, flow rate 1 mL/min, l = 254 nm), tR = 4.533 (minor), 27.217 (major).

Synthesis and characterization of biocomposites

Preparation of ZIF-8 nanocrystals

ZIF-8 nanocrystals were synthesized according to reporting literature.59 Briefly, a solution of Zn(NO3)2.6H2O (1.2 mmol) in 20 mL water was

added dropwise into a solution of 2-methylimidazole (4.8 mmol) in 20 mL water under stirring. After stirring at room temperature for 24 h,

ZIF-8 was formed, then separated by centrifugation at 13000 rpm for 3 min and washed with water three times. The collected white powder

was dried in the oven at 60�C overnight.

Synthesis of HEWL-His/ZIF-8 crystals

1.2mmol L-His was dissolved in 16mL deionizedwater. 250 mL of triethyl amine (TEA) was then added into theHis solution and stirred for 5min

2.4 mmol Zn(NO3)2.6H2O and 8.4 mmol 2-methylimidazole (2-mIM) were dissolved in 40 mL and 24 mL water, respectively. To prepare the

ZIF-8 precursor solution, 2-mIM solution was first mixed and stirred with His solution for 15 min (solution A), and 40 mg of HEWL (1 mg/

mL) was added to Zn(NO3)2.6H2O solution (solution B), followed solution B was added dropwise to the solution A. The solution was stirred

for 24 h. The product was collected by centrifugation at 13000 rpm for 3 min and repeatedly washed 3 times to remove the adsorbed protein.

The collected white powder was dried at room temperature and kept at 4�C in the refrigerator.73

Synthesis of PVP-modified HEWL encapsulated in ZIF-8

1.2 mmol L-His was dissolved in 16 mL deionized water. 250 mL of TEA was then added into the His solution and stirred for 5 min 8.4 mmol

2-mIM was dissolved in 24 mL water and stirred with His solution for 15 min (solution A). 2.4 mmol Zn(NO3)2.6H2O was dissolved in 40 mL

water, subsequently, 500 mL fromHEWL solution (50mgHEWL in 15mg/mLwater solution of Polyvinylpyrrolidone (PVP) as started with Zheng

Liu and his coworkers in 2014 and repeated in 2018 by Zhonghua Zhu research group65,74) was added to zinc nitrate solution (solution C).

Eventually, solution C was added dropwise to the solution A. The solution was stirred for 24 h. The product was collected by centrifugation

at 13000 rpm for 3 min and repeatedly washed 3 times to remove the adsorbed protein. The collected white powder was dried at room tem-

perature and kept in 4�C in the refrigerator.

Thermal gravimetric analysis (TGA)

TGA was performed using Mettler Toledo (TGA-DSC 1) as thermal gravimetric analyzer with a heating rate of 20�C/min from 40�C to 600�C
under nitrogen environment with a flow rate of 50 mL/min75

Immobilization efficiencies of enzymes in ZIF-8 and maximum loading

Encapsulation efficiency factor, which measures the ratio of the enzyme content embedded in the biocomposite to the initial amount of

enzyme (Equation 1), was used to quantify the enzyme concentration that was encapsulated in ZIF-8.

Encapsulation efficiency ð%Þ = ððm � CVÞ =mÞ100 (Equation 1)

By measuring the initial enzyme amount (m (mg)), volume of supernatant (V (mL)), and enzyme concentration in supernatant (C (mg/mL))

using a standard Bradford Assay.76

The maximum loading was achieved by different concentration of HEWL from 0.05 to 5 mg/mL, reaching saturated loading of enzyme in

ZIF-8 within 24 h. The PHHZ with different concentrations of HEWL was synthesized as described above in ‘‘synthesis of PVP-modified HEWL

encapsulated in ZIF-8’’, after separating the PHHZ from the solution, the concentration of theHEWL in the solutionwasmeasured usingUV-Vis

spectrophotometer, and then the concentrated of enzyme loaded in the ZIF-8 was calculated. Themaximum loadingwas calculated based on

the milligram of encapsulated enzyme per milligram of ZIF-8 produced.
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Kinetic analysis

The maximal velocity (Vmax) and the Michaelis constant (Km) were estimated for the free-HEWL and immobilized-HEWL (PHHZ) with lyophi-

lizedMicrococcus lysodeikticus (0.02–0.5 mg/mL) as substrate in 10min. Assays were carried out in triplicate and lytic activity wasmeasured as

the decrease in turbidity at OD450 nm using UNICO 2150-UV spectrophotometer. Lineweaver-Burk plots was used for the experimental data

calculation.77

Determining the amount of enzyme encapsulated in the ZIF-8

20 mg of PHHZ was weighted and after further washing with water, it was digested with acetic acid, then the enzyme loading amount was

measured by Bradford assay at 595 nm using UNICO 2150-UV spectrophotometer.78

HEWL mutation and expression

Site-directed mutagenesis and construction of HEWL mutant proteins

Site-directed mutagenesis was carried out according to the method of Lei Zheng (2004).79 one 27-base synthetic primer (see Table S6) was

used in separate experiments to alter the catalytic aspartic acid 52 to alanine. The nucleotide sequence of the mutant protein was confirmed

by DNA sequencing (see Figure S44). The expression plasmids of the wild-type and mutant lysozyme were termed pET11a-Wt and pET11a-

D52A; the linear plasmidmapof the pET11a-4SS-HEWL (Addgene) has shown in Figure S45. Agarose gel electrophoresis of native andmutant

lysozyme have shown in Figures S46A and S46B, respectively.

Expression of mutant lysozyme in E. Coli

The expression vectors were transformed into BL21 (DE3) competent cells according to the calcium chloride method.80 A single colony from

the transformation plate was inoculated in 5 mL of LB broth medium containing 100 mg/mL ampicillin (filter-sterilized) and was shaken at

200 rpm for 16 h at 37�C. cultures were induced with 1 mM IPTG at an OD600 of about 0.4–0.8 and grown for an additional 3 h before harvest-

ing. The cell lysate was prepared by an ultrasonic pulse (TOPSONICS, UP-2000) in buffer containing 50 mM Na3PO4, 300 mM NaCl, 10 mM

imidazole, 0.5% tween 20, pH 8 for 10 s 40 times in an ice-water bath. Cell lysates were then centrifuged at 8000 g for 10 min. The resulting

pellets (inclusion bodies) were solubilized in 8 M urea. To confirm the overproduction of the desired enzyme SDS-PAGE analysis was carried

out. Renaturation of inactive hen egg white lysozyme was performed according to the method of Mine, S (1997).81

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed under reducing condition (5% b-mercaptoethanol) using a 4% acrylamide stacking gel and 20% separating gel

containing 2% SDS, 0.01 bromophenol blue, 60 mM Tris-HCl (pH 6.8) and 10% glycerol in slab gels and stained with Coomassie brilliant

blue R-250 (CBB) according to the method of Laemmli.82 The SDS-PAGE analysis of wild-type and D52A lysozyme has shown in

Figures S47A and S47B, respectively.

Renaturation of reduced hen egg-white lysozyme

Renaturation of reduced hen egg white lysozyme both native and mutants was performed as stated by Ueda (1990)83 and slight modification

was reported by Mine, S (1997). Denatured HEWL pellets were dissolved in 500 mL of 8 M urea and to prepare the solution for subsequent

reduction, the mixture was degassed. 5 mL of b-mercaptoethanol was added to the solution and then the solution was incubated at 40�C
for 2 h under a nitrogen atmosphere (reduced solution). 16.2 mg of oxidized glutathione (GSSG) dissolved in 100 mL of 8 M urea was added

to the reduced solution (redox solution). At the same time, 19.8 mL of the 0.1 M Tris–HCl buffer containing 1 mM EDTA pH 8.0 and 0.695 mM

GSSGwas preincubated at 40�C (renaturation buffer). Renaturation of the reduced hen egg-white lysozyme was initiated by adding 200 mL of

redox solution to the renaturation buffer while the solution was stirred. The recovery of the lytic activity was monitored according to the liter-

ature (Ibrahim 1996).84 The decrease in turbidity of 1.9 mL of M.luteus cell suspension (0.25 mg/mL) in 50 mM sodium phosphate buffer (pH

6.2) following the addition of 100 mL of renaturation mixture was measured at 450 nm.

Computational study

Molecular docking studies

AutoDock Vina (Trott andOlson, 2010)85 was used in this study. Illustrations generated using PyMOL andOpenBabel (O’Boyle et al., 2011)86 as

molecular format conversion software was employed to prepare ligand for docking. Receptor preparation and defining the optimal grid box

were achieved using AutoDock Tools version 1.5.6. (Morris et al., 2009).87 PRODRG 2.x online server was used to create energy minimized 3D

structure of ligands.88 The crystal structure of HEWL was retrieved from RCSB Protein DataBank (PDB: 2EPE). All water molecules were

removed from the crystal structure. The AutoDock-base blind docking approach was employed to search the entire protein surface. The

missing hydrogen atomswere added to the receptor file and after the addition of charges to ligand and receptor PDB files, the PDBQT format

was generated for both input files. The grid sizes along the X, Y, and Z axes were fixed to 92 90 116 with a spacing of 0.375 Å and the grid box

was centered at the coordinates of x 2.015, y 57.252 and z 0.433 of the crystal structure of HEWL. The docking analysis was conducted by

AutoDock Vina.
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MD simulations

At a physiological pHof 7.4, theGROMOS87/GROMOS96 force field has been used for all simulations. Each systemwas situated in themiddle

of a cubic box that was at least 1.0 nm away from the center. The box containing protein was solvated with pre-equilibrated SPC water mol-

ecules, and sufficient number of Cl� or Na+ ions were replaced to water molecules to neutralize the system. Energy was minimized using 100

PS equilibration in the constant-volume, constant temperature ensemble (NVT) and the constant-pressure, constant temerature ensemble

(NPT) with temperature and pressure coupling set to 300 K and 1.0 bar, respectively, using the steepest descent integrator with an emtol value

of 10 kJ/(mol nm). For each system, an unrestricted MD simulation was performed at 300 K. Energy, coordinates, and velocities were stored

every 1.0 ps for equilibrations and 10.0 ps forMD in all steps with an integration time of 2 fs. The cutoff value for both equilibration andMDwas

set to 1.2 nm, and all bonds were constrained using the Lincs algorithm61 and van der Waals interactions using a Verlet cutoff method up-

dated every 20 fs. For long-range electrostatics, a Fourier spacing value of 0.16 was utilized with the PMEmethod56. Parrinello-Rahman55 and

V-rescale62 methods were used for the coupling of pressure and temperature, respectively. MD simulations were run for 10 ns in total.

ll
OPEN ACCESS

iScience 26, 107807, October 20, 2023 21

iScience
Article


	ISCI107807_proof_v26i10.pdf
	Hen egg white lysozyme encapsulated in ZIF-8 for performing promiscuous enzymatic Mannich reaction
	Introduction
	Results and discussion
	Biotransformation of C-C bond by hydrolases
	Scope of biotransformation by HEWL
	Diastereo-, enantio-, and chemoselectivity by HEWL
	Recyclability of HEWL and structural studies
	Biological activity of recovered HEWL
	Immobilization of HEWL and characterization
	Efficiency, maximum loading, and activity of immobilized enzyme
	Reusability of PVP-modified HEWL-His/ZIF-8
	Characterization of hen egg white lysozyme variant (Asp52Ala)
	Computational studies of lysozyme’s promiscuous reaction
	Limitations of the study
	Conclusions

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	General
	HEWL activity and structure
	General procedure for the aldol addition, michael addition, and three-component mannich reaction catalyzed by HEWL
	Acetone precipitation of HEWL
	Circular dichroism (CD) spectropolarimetry
	Intrinsic fluorescence measurements
	Bacterial strains and plasmids
	Turbidimetric lysozyme assay
	Characterization of the Mannich products
	4-(4-methoxyphenyl)-4-(phenylamino)butan-2-one (β1)
	4-(3-nitrophenyl)-4-(phenylamino)butan-2-one (β2)
	4-(2-chlorophenyl)-4-(phenylamino)butan-2-one (β3)
	4-(4-chlorophenyl)-4-(phenylamino)butan-2-one (β4)
	4-Phenyl-4-(phenylamino)butan-2-one (β5)
	4-(sec-butylamino)-4-phenylbutan-2-one (β6)
	4-((3-fluorophenyl)amino)-4-phenylbutan-2-one (β7)
	4-((4-chlorophenyl)amino)-4-phenylbutan-2-one (β8)
	4-(methylamino)-4-phenylbutan-2-one (β9)
	2-((4-hydroxyphenyl)(phenylamino)methyl)cyclohexan-1-one (β10)
	2-((2-chlorophenyl)(phenylamino)methyl)cyclohexan-1-one (β11)
	2-((4-methoxyphenyl)(phenylamino)methyl)cyclohexan-1-one (β12)


	Synthesis and characterization of biocomposites
	Preparation of ZIF-8 nanocrystals
	Synthesis of HEWL-His/ZIF-8 crystals
	Synthesis of PVP-modified HEWL encapsulated in ZIF-8
	Thermal gravimetric analysis (TGA)
	Immobilization efficiencies of enzymes in ZIF-8 and maximum loading
	Kinetic analysis
	Determining the amount of enzyme encapsulated in the ZIF-8

	HEWL mutation and expression
	Site-directed mutagenesis and construction of HEWL mutant proteins
	Expression of mutant lysozyme in E. Coli
	Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
	Renaturation of reduced hen egg-white lysozyme

	Computational study
	Molecular docking studies
	MD simulations






