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Abstract: In recent years, the development and application of site-specific immobilization technology
for proteins have undergone significant advances, which avoids the unwanted and random covalent
linkage between the support and active site of protein in the covalent immobilization. Formylglycine
generating enzyme (FGE) can transform the cysteine from a conversed 6-amino-acid sequence CXPXR
into formylglycine with an aldehyde group (also termed as “aldehyde tag”). Based on the frame
of pET-28a, the His-tags were replaced with aldehyde tags. Afterward, a set of plasmids were
constructed for site-specific covalent immobilization, their His-tags were knock out (DH), or were
replaced at different positions: N-terminal (NQ), C-terminal (CQ), or both (DQ) respectively. Three
different enzymes, thermophilic acyl aminopeptidase (EC 3.4.19.1) from Sulfolobus tokodaii (ST0779),
thermophilic dehalogenase (EC 3.8.1.2) from Sulfolobus tokodaii (ST2570), and Lipase A (EC 3.1.1.3)
from Bacillus subtilis (BsLA) were chosen as model enzymes to connect with these plasmid systems.
The results showed that different aldehyde-tagged enzymes can be successfully covalently attached
to different carriers modified with an amino group, proving the universality of the method. The
new immobilized enzyme also presented better thermostability and reutilization than those of the
free enzyme.
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1. Introduction

Enzyme immobilization is an effective method for stabilizing and improving the efficiency of
enzyme utilization. Immobilized enzymes are widely used in biosensors, diagnostics, drug screening,
and other fields due to its excellent green, economical, and sustainable properties [1,2]. In recent years,
many researchers have concentrated on immobilization as an engineering implement to modulate and
improve many of the catalytic properties of enzymes. Therefore, a proper immobilization method
is required to improve diverse enzymatic properties such as stability, reutilization, specificity, and
selectivity [3–5].

Enzyme immobilization can be achieved by methods such as embedding, cross-linking, physical
adsorption, and covalent bonding, according to the nature and application of the enzyme [6,7].
Cross-linking is an irreversible and carrierless immobilization method that exploits the bifunctional
reagent to cross-link the enzyme aggregates (CLEAs) [8]. However, CLEAs cannot be widely used in
many industrial applications as they lack mechanical resistance [9]. Adsorption has the disadvantages
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that enzymes can easily be removed from the carrier due to the weak non-specific forces such as van
der Waals, hydrophobic interactions, and hydrogen bonds [10,11]. Compared with these methods,
covalent bonding provides a strong link between the enzyme and its carrier, inhibiting enzyme loss
into the reaction environment. This method also increases the reutilization, half-life, and thermal
stability of the immobilized enzyme [12,13]. However, conventional covalent immobilization has a
limitation that causes unoriented attachment of the enzyme to the carrier. In addition, the process
of nonspecific reactions may cause denaturation or inactivation during surface immobilization if
the functional group locates in or near the active site of proteins [14–16]. Thus, many studies have
recognized the significance of the selective immobilization of enzymes and site-specific modifications
with an appropriate orientational control on the support surface [17].

One of the advantages of site-specific modification is that a defined covalent bond can be
formed between the protein and the material, which ensures uniform distribution of the proteins
and accessibility of the active center [18]. Furthermore, the reaction conditions are mild, and the
denaturation of proteins is avoided. Therefore, site-specific modification has been used in labeling
and oriented protein immobilization to improve availability in structure-function studies and in the
application of biosensors [19]. The early method of protein modification was to react with an excess
of thiol or amine group reagents by utilizing the reactivity of cysteine and lysine residues to achieve
functionalization of the protein. Transamination [20] and periodate oxidation [21] can introduce
an aldehyde or a ketone moiety at the N-terminal, which are also common chemical methods for
protein modifications. The functional groups of these labels are inert not only in biological media,
but also in proteins or other macromolecules, thus enable chemo-selective reaction. Rush et al. [22]
reported that a formylglycine generating enzyme (FGE) can convert the cysteine from a conversed
sequence CXPXR (aldehyde tag) to a formylglycine with an aldehyde group. Therefore, FGE and
aldehyde tag have emerged as power implements for site-specific protein modification and have
been widely used in many fields [23]. Wang et al. ligated an aldehyde tag into the C terminal of
lipase for covalent immobilization of this enzyme [24]. Carrico et al. introduced aldehyde groups
into recombinant proteins using the 6-amino acid sequence recognized by the FGE for the application
of protein labeling [25]. These studies also provide an effective protocol for the functionalization of
protein at the gene level. Other researchers have reported that they introduced the peptide sequence
recognized by FGE into heterologous proteins for site-specific modification of membrane proteins and
cytoplasmic proteins in mammalian cells [26,27]. In this study, we used this system of introducing an
aldehyde tag into enzymes for site-specific immobilization.

Based on the preliminary work, we speculated that the aldehyde tag can be introduced to different
enzymes for site-specific immobilization. To evaluate this strategy, we constructed a set of recombinant
plasmids with an aldehyde tag for the modification of enzymes. Three enzymes were chosen as
models. They were thermophilic acyl aminopeptidase (EC 3.4.19.1) from Sulfolobus tokodaii (ST0779),
thermophilic dehalogenase (EC 3.8.1.2) from Sulfolobus tokodaii (ST2570) [28], and Lipase A (EC 3.1.1.3)
from Bacillus subtilis (BsLA) [29]. Afterward, we covalently linked aldehyde-tagged enzymes to
different amino-modified carriers and characterized several properties. In this research, we tried to
establish a site-specific immobilization system by covalently linking aldehyde-tagged enzymes to
different amino-modified carriers, and explored the universality of this immobilization method.

2. Results and Discussion

2.1. Construction of Recombinant Plasmid with the Aldehyde Tag

There are two His-tags in multi clone sites (MCS) in the plasmid pET-28a (Figure 1a). The first
His-tag of MCS is located between the Nde I and Nco I, and should be removed to avoid affecting the
expression of recombinant proteins. Restriction site Nco I was mutated to restriction site Nde I through
site-directed mutagenesis. Then, the plasmid pET-28a DH was constructed by removing the first
His–tag with the Nde I restriction enzyme and T4 ligase (Figure 1b). Therefore, there was no His-tag at
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the N-terminal of the enzyme. The pET-28a NQ was constructed when the first His-tag was replaced
with the aldehyde tag by the site-directed mutagenesis (Figure 1c). The pET-28a CQ was constructed
when the second His-tag was replaced with the aldehyde tag based on the plasmid 28a DH (Figure 1d).
The pET-28a DQ was constructed when both His-tags were replaced with the aldehyde tags (Figure 1e).

Figure 1. The plasmid maps. (a) pET-28a cloning region; (b) pET-28a DH cloning region; (c) pET-28a
NQ cloning region; (d) pET-28a CQ cloning region; (e) pET28a DQ cloning region.

Generally, the folding and activity of proteins tend to be influenced easily when the exogenous
sequence is inserted and expressed at the N-terminal of the natural enzyme [30]. There was a linker
between the first His-tag and MCS that was composed of the flexibility amino acid, and could decrease
the influence between the exogenous sequence and the natural enzyme [31].
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2.2. Expression and Activity Assay of the Recombinant Proteins

The purpose of new vectors was to establish a standard method for site-specific immobilization,
so some different enzymes were selected as models to construct and express aldehyde-tagged
enzymes to verify the universality of this method. Three model enzymes including thermophilic
acyl aminopeptidase ST0779, thermophilic dichlorination enzyme ST2570, and mesophilic BsLA were
chosen, which all belong to the hydrolase family. We chose these three enzymes as templates for their
different structures and abilities to hydrolyze various substrates. The crystal structure of ST2570 and
BsLA have been resolved, as shown in Figure 2. The monomer of ST2570 contains two domains, a
core domain and a subdomain [32,33]. The core domain has a β-strand surrounded by α-helices, and
the subdomain is composed of α-helices (Figure 2a). The structure of BsLA consists of six β-strands
surrounded by α-helices [34] (Figure 2b). ST0779 has a similar and conservative structure with acyl
aminopeptidase APE1547 from Aeropyrum pernix K1 (Figure 2c), because both of them belong to
the acylamino acid-releasing enzyme. Therefore, we used APE1547 to illustrate the structure of
ST0779 [35,36], which contains two different domains, a catalytic domain and a propeller domain. The
active site is located between the two domains.

Figure 2. The structure of model enzyme. (a) The structure of ST2570 (PDB:2W43); (b) the structure of
BsLA (PDB:1I6W); (c) the structure of APE1547 (PDB:1VE6). The red is the N-terminal and the blue is
the C-terminal.

The genes of three model enzymes were inserted into the MCS of different engineered plasmids,
respectively. The recombinant plasmids and pBAD-Mtb-FGE plasmid were co-transformed into E.
coli BL21 (DE3) or E. coli BL21 codon plus (DE3). The model enzymes and formylglycine generating
enzyme (FGE) were co-expressed in the E. coli. Afterward, the FGE converted cysteine from the
conserved sequence LCTPSR of recombinant enzymes to formylglycine, which allowed the enzymes
to carry an aldehyde group at their different terminals (Scheme 1). The expression and activity of
model enzymes with aldehyde tags at N, C, or both were detected (Figure 3). The result shows that
the expression and activity of enzyme with the aldehyde tag at the C-terminal was higher than that
of the N-terminal and the enzyme with aldehyde at both terminals was the lowest in each purified
model enzyme. We inferred that the aldehyde tag at the N-terminal might influence the folding and
expression of proteins. In addition, the cysteines of an aldehyde tag at both terminals easily formed a
disulfide bond with other cysteines of proteins, which might cause the incorrect protein folding.
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Figure 3. The expression level and activity of different enzymes. (a) ST2570; (b) ST0779; (c) BsLA.
Relativity activity (%) is the percentage of the DH activity obtained in the series. The DH activity was
defined as 100% relative activity.
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Scheme 1. The aldehyde tag was introduced in the target protein.

2.3. Identification of Aldehyde Tag

To validate whether the model enzymes had been successfully modified or not by FGE, the
expressed enzymes were reacted with Alexa Fluor 647 C5-aminooxyacetamide (Invitrogen) and were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and florescence
imaging. The Alexa Fluor 647 C5-aminooxyacatmide came with a fluorescent luminescent group that
connected with the aldehyde group. The results show that the enzyme with an aldehyde tag at the
C-terminal showed robust labeling, whereas the enzyme with an aldehyde tag at the N-terminal or both
terminals did not provide a detectable signal (Figure 4). Compared with ST2570 [28], the fluorescence
intensity of ST2570 DQ was much more remarkable than the other two enzymes. We speculate that
the aldehyde tag at the N-terminal is encapsulated inside during the folding of the protein, thus the
aldehyde tag cannot be captured by the fluorescent group. Moreover, the two cysteines of the aldehyde
tag in ST0779DQ or BsLADQ may form the mismatched disulfide bond with other cysteine residues
from the proteins. As for ST2570, there was no cysteine residues in the sequence of ST2570 [32], so
ST2570DQ showed distinct fluorescence intensity.

Figure 4. The aldehyde tagged protein labeled using Alexa Fluor 647. (a) ST0779 with and without an
aldehyde tag; (b) BsLA with and without an aldehyde tag.

2.4. Immobilization Efficiency and Activity Recovery Rate

In our previous reports, Jian et al. immobilized ST2570 to SBA-15 modified with amino group [28]
and Lyu et al. immobilized BsLA to Fe3O4 magnetic nanoparticles covered with amino-modified
SiO2 (SiO2-Fe3O4-NP) using this site-specific immobilization method [29]. In order to further confirm
the universality of this method for the immobilization of enzymes, we chose styrene anion exchange
resin (D380) and Fe3O4 magnetic nanoparticles as the immobilized carriers. Ion exchange resins are
materials widely used in immobilization due to their good capabilities such as uniform pore diameter,
porosity, and high surface area [37]. In this context, Fe3O4 magnetic nanoparticles have been used as
the carrier thanks to high surface-volume ratio, their unique magnetic properties, and easy separation
by external magnetic field [38,39]. Therefore, ST0779 was immobilized on SiO2-Fe3O4-NP and ST2570
was immobilized on the styrene anion exchange resin (D380). Then, we measured the properties of
the immobilized enzymes. Table 1 [27] shows that the BsLACQ had the maximum immobilization
efficiency of over 90%, exhibiting the good loading of BsLA on the carrier. However, the activity
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recovery rate of three immobilized enzymes decreased, which indicated that this immobilization
method did not improve enzymic activity. Tables 1 and 2 show that BsLACQ and ST0779CQ had a
higher activity recovery rate than that of NQ or DQ. This is because the aldehyde tag at the N-terminal
may affect the folding of protein during the initiation of protein synthesis. Furthermore, the two
cysteines of the aldehyde tag at both terminals are more likely to mismatch with other cysteines in
the proteins, thereby affecting the covalent attachment of the enzyme to the carrier. However, Table 3
shows that ST2570DQ exhibited higher immobilization efficiency and activity recovery rate than the
others. This is because the sequence of ST2570 does not contain any cysteine residues. Therefore,
the protein cannot form a disulfide bond with the cysteines of the aldehyde tag. It is demonstrated
that different model enzymes with an aldehyde tag that are well covalently linked to different carrier
materials with amino groups by exploiting the site-specific immobilization method.

Table 1. The activity recovery rate and immobilization efficiency of BsLA immobilized by SiO2-Fe3O4-NP [29].

Immobilized Enzyme Activity Recovery Rate (%) Immobilization Efficiency (%)

BsLACQ 68.05 93.72
BsLANQ 22.74 89.94
BsLADQ 51.33 51.33

Table 2. The activity recovery rate and immobilization efficiency of ST0779 immobilized by SiO2-Fe3O4-NP.

Immobilized Enzyme Activity (U/g) Activity Recovery Rate (%) Immobilization Efficiency (%)

ST0779CQ 21.7 86.7 84.6
ST0779NQ 16.8 38.5 82.3
ST0779DQ 11.1 72.9 67.7

Table 3. The activity recovery rate and immobilization efficiency of ST2570 immobilized by resin D380.

Immobilized Enzyme Activity (U/g) Activity Recovery Rate (%) Immobilization Efficiency (%)

ST2570CQ 187.2 40.7 32.7
ST2570NQ 105.6 25.6 13.5
ST2570DQ 168.9 59.9 58.9

2.5. Reutilization of Immobilized Enzyme

Figure 5 shows the recycling of the immobilized enzyme, which was investigated by hydrolyzing
p-nitrophenyl octanoic acid and 2-chloropropionic acid, respectively. The ST2570 immobilized on
resin D380 (Figure 5a) retained 40% activity after eight cycles, and the ST0779 immobilized on
SiO2-Fe3O4-NP (Figure 5c) retained 80% activity after eight cycles. Compared with BsLA immobilized
on SiO2-Fe3O4-NP (Figure 5d) [29] and ST2570 immobilized on SBA-15 (Figure 5b) [28], BsLA and
ST0779 immobilized on SiO2-Fe3O4-NP could maintain higher activity after eight recycles. However,
the activity of ST2570 with resin D380 or SBA-15 as the immobilized carrier decreased significantly
after five cycles. We speculate that when using styrene anion exchange resin D380 or SBA-15 as the
immobilized carrier, it is necessary to wash repeatedly and separate the immobilized enzyme from the
reaction solution by centrifugation after each catalytic reaction. This operation caused the physical
loss of the immobilized enzyme, which was manifested as a decrease in the activity of the enzyme.
However, the enzymes immobilized on SiO2-Fe3O4-NP could be very conveniently collected and
recovered by a magnet from the reaction system [40,41], which was indicated by less loss of enzyme
activity and higher repeated reutilization.
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Figure 5. The reutilization of the immobilized enzyme. (a) The number of reuses of ST2570 immobilized
by resin D380; (b) the number of reuses of ST2570 immobilized by SBA-15 [28]; (c) the number of reuses
of ST0779 immobilized by Fe3O4 covered with SiO2; (d) the number of reuses of BsLA immobilized by
Fe3O4 covered with SiO2 [29].

2.6. The Thermostability of Immobilized Enzyme

Figure 6 indicates the thermostability of the free and immobilized enzymes with aldehyde tags.
The thermostability of the immobilized ST2570 (Figure 6a) and ST0779 (Figure 6c) were investigated
at 90 ◦C and 85 ◦C. The initial activity was defined as 100% activity. Compared with our previous
reports (Figure 6b,d), the activity of all of the free enzymes decreased sharply after 30 min. However,
the thermostability of the immobilized enzymes has been significantly improved, which retained
approximately 90% activity after 1 h. This suggests that immobilization of enzymes inhibits the
aggregation of molecules after heat treatment, thus preventing the denaturation of model enzymes.
Furthermore, the rigid structure of the enzyme can, to some extent, be improved by limiting the
flexibility of protein structure with this immobilization method, thus the heat resistance of the enzyme
can be enhanced.
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Figure 6. The thermostability of free and immobilized enzyme. (a) The thermostability of free and
immobilized ST2570 by resin D380 at 90 ◦C; (b) the thermostability of free and immobilized ST2570 by
SBA-15 at 90 ◦C [28]; (c) the thermostability of free and immobilized ST0779 by Fe3O4 at 85 ◦C; (d) the
thermostability of free and immobilized BsLA by Fe3O4 at 50 ◦C [29].

3. Materials and Methods

3.1. Materials

The acyl aminopeptidase (EC 3.4.19.1) ST0779 and dehalogenase (EC 3.8.1.2) ST2570 were cloned
from thermophilic archaea Sulfolobus tokodaii (cells of strain 7 T JCM 10545 were obtained from
Biological Resource Center, National Institute of Technology and Evaluation, Tokyo, Japan). The
Lipase A (EC 3.1.1.3) was cloned from Bacillus subtilis (BsLA). The plasmid pET-28a was bought from
Novagen Company (Madisom, WI, USA). The pET-28a-derived plasmids with target proteins were
constructed by our laboratory. The primers were synthetized by Sangon Biotech Company (Shanghai,
China). Chemicals and other materials used for the expression and purification of all proteins were
purchased from Takara Company (Beijing, China), BioTeke Company (Beijing, China), and Sigma
Company (St. Louis, MO, USA). The pBAD-Mtb-FGE plasmid was obtained from a nonprofit plasmid
repository (AddGene, Cambridge, mass, MA, USA). The amine functionalized support was styrene
anion exchange resin (D380) purchased from The Chemical Plant of NanKai University (Tianjin, China).
The magnetic nanomaterial Fe3O4 covered with SiO2 modified with the amine group was purchased
from Beisile (Tianjin, China).
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3.2. Construction and Transformation of the Recombinant Plasmid with the Aldehyde Tag

The plasmid pET-28a is often used to express recombinant protein in the laboratory. The primers
were designed to replace the His-tag of the plasmid with an aldehyde tag at different locations. Table 4
shows the primers for the site-directed mutagenesis polymerase chain reaction (PCR). The plasmids
with the aldehyde tag were constructed by site-directed mutagenesis. PCR products were detected by
0.8% agarose gel electrophoresis.

Table 4. The detail of site directed mutagenesis primer.

Name Primer Sequence (5’ to 3’)

28aDH up AGATATCATATGGGCAGCAGCCAT
28aDH down CTGCCCATATGATATCTCCTTCTTAAAG

28aNQ up CAGCCTTTGTACTCCTTCTCGCAGCAGCGGCCTGG
28aNQ down TGCTGCGAGAAGGAGTACAAAGGCTGCTGCCCATGG

28aCQ up CGAGCACTATGTACACCAAGTCGGTAATCCGGCTGCTAAC

28aCQ down CGGATTACCGACTTGGTGTACATAGTGCTCGAGTGCGGCC

3.3. Expression and Purification of the Recombinant Proteins in E. coli

The recombinant enzymes were co-expressed by E. coli BL21 codon plus (DE3) cells or E. coli BL21
(DE3) cell with the pBAD–Mtb–FGE plasmid and incubated in LB media with kanamycin, ampicillin,
and chloramphenicol, and were shaken at 37 ◦C up to an optical density at 600 nm (OD600) up to 0.8. The
expression of FGE was induced with 0.2% L-arabinose and incubated at 37 ◦C for 30 min. Afterward,
the enzymes with the aldehyde tag were induced with 0.5 mM isopropyl β-D-thiogalactoside (IPTG)
and were incubated at 16 ◦C for 12 h.

The induced cells were collected by centrifugation at 4000 rpm for 30 min at 4 ◦C. The cells of
ST0779 [42], ST2570, and BsLA were resuspended, respectively, in 10 volumes of 50 mM Tris-HCl
buffer (pH 8.0), 50 mM sodium phosphate buffer (pH 6.0), and 50 mM sodium phosphate buffer (pH
7.0). The cells were sonicated until the bacterial solution was no longer viscous. The sonicated bacteria
solution was centrifuged at 12,000 rpm for 20 min at 4 ◦C, and the supernatants were retained. The
supernatants of ST0779 and ST2570 were incubated at 70 ◦C for 30 min to remove the contaminated
protein by heat treatment. Discarded deformed protein precipitates by centrifugation at 10,000 rpm for
20 min at 4 ◦C, retaining the supernatants. The supernatant of BsLA was added to a 45% ammonium
sulfate solution to remove impure proteins and the supernatant was collected by centrifugation at
10,000 rpm for 20 min at 4 ◦C.

3.4. Examination of the Genetically Encoded Aldehyde Tag Using Reporter Labeling

Fluorescent labeling reactions were performed by treating 10 µg of the target protein with 300 µM
aminooxy dye (Alexa Fluor 647 C5-aminooxyacetamide, Invitrogen, Carlsbad, CA, USA) in labeling
buffer (100 mM PB pH 6.0, 1% sodium dodecyl sulfate) at 37 ◦C for 2 h. Reaction mixtures were separated
by SDS-PAGE, and fluorescence was detected collected by Odyssey Infrared Imaging Systems.

3.5. Enzyme Assay

The activity of ST0779 was determined in a 1 mL reaction system: based on the hydrolysis of
p-nitrophenyl octanoic acid (p-NPC), the mixture was composed of 0.2 mM substrate and 0.2 mg
enzyme in the Tris-HCl buffer (50 mM, pH 8.0). The enzyme reaction mixture was incubated at 70 ◦C
for 2 min, and the p-nitrophenol product was quantified spectrophotometrically at 420 nm. One unit
was defined as the amount of enzyme that produced 1 µmol of p-nitrophenol per min.

The activity of BsLA was detected in 1 mL volume containing 10 mM p-NPC, 20 mM phosphate
buffer (pH 8.0), and rational enzyme solution at 42 ◦C. This assay was performed by measuring the
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increase in the absorbance at 420 nm produced by the release of p-nitrophenol. One lipase activity unit
was defined as the amount of enzyme required to liberate 1 µmol of p-nitrophenol per minute [19].

The activity of ST2570 was determined in 3 mL reaction system: 50 mM Gly-NaOH buffer (pH 9.5)
and 1 mM (S) 2-chloropropionic acid. The reaction mixture was incubated at 70 ◦C for 5 min, and 30
µg enzyme (ST2570) was added for further incubation at 70 ◦C for 5 min and shaken at 110 rpm. The
reaction was terminated by adding 50 µL of 1 M sulfuric acid. After cooling, the system was treated
with 2 mL of 6% ammonium ferric sulfate solution and 1 mL of 0.4% mercury thiocyanate solution to
produce the color reaction. The OD460 value of each sample was measured by a spectrophotometer.
Enzyme activity unit was defined as the amount of enzyme required to produce 1 µmol of chloride
per min.

3.6. Covalent Immobilization

The amino-functionalized resin D380 (5 mg) was washed with 30 mL of phosphate buffer (50
mM, pH 7.0), and was incubated with ST2570 protein solvent at 16 ◦C for 6 h with shaking at 120 rpm.
The formed Schiff bases were reduced by using NaCNBH3. The immobilized enzyme was washed
three times with 1 M NaCl solution and phosphate buffer. The enzyme without an aldehyde tag and
non-covalent immobilized enzyme were easily eluted using a 1 M NaCl solution. The immobilized
enzyme was separated by using centrifugation at 12,000 rpm for 10 min and was washed with
phosphate buffer until no enzyme activity could be detected in the supernatant. The amount of protein
in the supernatant was measured using the Braford assay. The activity of immobilized enzyme was
detected by the method mentioned in Section 3.5.

The amino-functionalized Fe3O4 magnetic nanoparticles covered with SiO2 (5 mg) was washed
with deionized water and Tris-HCl buffer (pH 8.0). The carrier nanoparticles in the ST0779 solution
were mixed and shaken at 10 ◦C for 6 h and were reduced with 2% (w/w) NaCNBH3 for 1 h. The
immobilized enzyme was collected by a magnet and washed with 1 M NaCl, saturated (NH4)2SO4,
and deionized water. The supernatant was used to determine the efficiency of immobilization using an
BCA Protein Assay Kit. The activity of immobilized enzyme was detected by the method mentioned
in Section 3.5.

Immobilization efficiency = (the concentration of initial enzyme− the concentration of immobilized
enzyme)/the concentration of initial enzyme × 100%

Activity recovery rate = the activity of immobilized enzyme/the activity of initial enzyme × 100%

3.7. The Reutilization and Thermostability of Immobilized Enzyme

The immobilized enzyme was collected after each reaction, washed twice with deionized water,
and utilized in the next cycle. One cycle reaction of immobilized ST2570 and ST0779 was 5 min and 2
min, respectively. The recycling stability of the immobilized enzyme was evaluated by measuring
the relative hydrolyzing activity. The initial activity of the immobilized enzyme was defined as 100%
relative activity.

The thermostability of immobilized ST2570 and ST0779 were incubated at 90 ◦C and 85 ◦C,
respectively. All samples were incubated in a heat block with a heat cover. A sample was taken every
30 min until the relative activity of free enzyme was less than 10%. The activities of the immobilized
and free ST2570, ST0779, and BsLA were assayed by the hydrolysis of 2-chloropropionic acid and
p-nitrophenyl propionic acid.

4. Conclusions

In summary, we established an aldehyde-tagged enzyme expression system for one-step covalent
and site-specific immobilization. The study showed that three aldehyde-tagged enzymes were
successfully immobilized on different amino functionalized supports, and the highest immobilization
efficiency of the model enzyme was over 90%, which indicated the universality of the site-specific
immobilization. In addition, the reutilization of the immobilized enzyme was higher than that of the



Catalysts 2020, 10, 410 12 of 14

free enzyme, which verified that the covalent immobilization would prevent the enzyme release into
the reaction solution compared with other methods [43]. This is beneficial for the efficient recovery
and reuse of enzymes, which also increases the possibility of application in a continuous fixed-bed
operation [44,45]. Fe3O4 magnetic nanoparticles were considered to be an ideal immobilization carrier
when compared with others in this study because of its excellent reutilization. The thermostability
of the immobilized enzyme increased approximately 3-fold than that of the free enzyme, which
indicated that covalent immobilization efficiently improved the stability of the enzyme. These results
display that this expression system and immobilization method may become a potential protocol for
industrial application.
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