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ation of aldehyde ketone
reductase mutants containing nonstandard amino
acids on an epoxy resin via strain-promoted
alkyne–azide cycloaddition†

Huimin Li,a Youcheng Yin,b Anming Wang, *a Ningning Li,a Ru Wang,b Jing Zhang,a

Xinxin Chen,a Xiaolin Pei a and Tian Xie*b

To avoid random chemical linkage and achieve precisely directed immobilization, mutant enzymes were

obtained and immobilized using an incorporated reactive nonstandard amino acid (NSAA). For this

purpose, aldehyde ketone reductase (AKR) was used as a model enzyme, and 110Y, 114Y, 143Y, 162Q

and 189Q were each replaced with p-azido-L-phenylalanine (pAzF). Then, the mutant AKR was coupled

to the functionalized support by strain-promoted alkyne–azide cycloaddition (SPAAC). The effects of the

incorporation number and site of NSAAs on the loading and thermal stability of the immobilized AKR

were examined. The results show that the mutant enzymes presented better specific activity than the

wild type, except for AKR-110Y, and AKR-114Y showed 1.16-fold higher activity than the wild type.

Moreover, the half-life (t1/2) of the five-point immobilized AKR reached 106 h and 45 h, 13 and 7 times

higher than that of the free enzyme at 30 �C and 60 �C, respectively. Comparison of these three types of

enzymes shows that multi-point immobilization provides improved loading and thermal stability and

facilitates one-step purification. We expect this platform to facilitate a fundamental understanding of

precisely oriented and controllable covalent immobilization and enable bio-manufacturing paradigms for

fine chemicals and pharmaceuticals.
1. Introduction

In covalent immobilization, random and unwanted chemical
linkages are difficult to avoid when crosslinkers are used,1

which could result in enzyme conformation changes and
decrease of enzyme activity due to the destroyed and buried
active sites.2 In addition, random chemical linking reactions
oen lead to promiscuous multi-point covalent immobilization.
Panova et al.3 have veried that the temperature dependence of
the rate constant of irreversible thermal inactivation, kin, of
immobilized a-chymotrypsin, is markedly dependent on the
number of covalent bonds between the enzyme and support.
Nevertheless, the number of covalent bonds between the
enzyme and support was estimated from the results of spec-
trophotometric titration of non-reacted amino groups of the
enzyme aer the modication step,4 indicating that this
number would differ from that of the modication reaction. In
addition, it was not possible to control the site where covalent
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linkage occurs on the enzyme surface. Although multi-point
covalent immobilization can enhance the rigidity of the
enzyme, consequently improving the thermal stability of the
immobilized enzyme, this promiscuous multi-point immobili-
zation also reduced enzyme activity5,6 due to the decrease in the
motion of the enzyme.7,8 Thus, uncertainties still exist9,10 as to
how to precisely control the exact number of covalent bonds
between enzyme and support and sites where the linkages
occurs on the enzyme surface with regard to multi-point cova-
lent immobilization. Site-directed mutagenesis seems to be an
elegant and versatile way to control the direction of a protein. It
can immobilize a protein on a support in different directions
and identify areas where it interacts with the support.11

However, the immobilization sites still can't be selected and
random covalent linkage would result in burying or destroying
the active site of the enzyme.

A linkage base on the tag fused to the enzyme protein12 could
efficiently prevent random chemical bonding reactions. Using
this tag, enzyme can be covalently and site-specically attached
on the support surface with enhanced activity and thermal
stability. Unfortunately, fusion of the tag to the enzyme occurs
only at the C-terminus and N-terminus.13–15 However, we were
inspired by the nonstandard amino acids (NSAAs) incorpora-
tion16–19 for site-specic covalent immobilization. Modication
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Scheme of the precise immobilization and one-step purification of AKR depending on incorporation of pAzF and the relative activities
of the immobilized enzyme; (B) three-point AKR mutant.
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View Article Online
by the incorporation of reactive NSAAs can occur to a specic
site to well control enzyme orientation, which resulted from
genetic code expansion using an orthogonal aminoacyl-tRNA
synthetase (aaRS)/tRNA pair to direct the incorporation of
a NSAA into proteins in response to an unassigned codon
(commonly the amber stop codon, UAG) introduced at the
desired site in a gene of interest.20,21 Because of the pre-designed
distal locations from the active site, the enzyme remained active
aer immobilization. Additionally, multi-point immobilization
may be achieved by multi-site mutation.

MG1655, a genomically recoded organism (GRO)22 with
deletion of release factor 1 and reassignment of the UAG
translation function, exhibited improved properties and effi-
ciency for incorporation of NSAAs that expand the chemical
diversity of proteins in vivo.23 Even though containing 30 NSAA
residues for diverse chemistries, Elastin-like polypeptides could
be produced at high yields (�50 mg L�1) and with high accuracy
of incorporation (>95%). NAD(P)H-dependent oxidoreductases
are of great interest from an industrial point of view for its
critical role in the production of many hard-to-synthesize
compounds. This enzyme possess other properties which
make them very attractive alternatives to organic chemical
synthesis, such as stereospecicity, regiospecicity and the
possibility to tailor them to have the appropriate catalytic
property and the desired substrate specicity.24 In the present
work, we aimed to test the feasibility and reliability of precise
multi-point covalent immobilization of aldehyde ketone
reductase (AKR) depending on the NSAAs (Fig. 1A). We expect
that our proposed approach will successfully address the
This journal is © The Royal Society of Chemistry 2020
problems associated with traditional multi-point immobiliza-
tion. The most stable enzyme derivatives are oen produced
through multipoint covalent attachment.25
2. Materials and methods
2.1. Materials

The host strains E. coli DH5 and E. coli BL21(DE3) were
purchased from Stratagene and Novagen. All standard
recombinant DNA products were synthesized or purchased
from Shanghai Generay Biotech Co., Ltd. Antibiotics were
purchased from Sangon Biotech. p-Azide-L-phenylalanine was
purchased from Artis Biotech Co. Ltd. Anhydrotetracycline
hydrochloride (aTc) and dihydro-4,4-dimethyl-2,3-furandione
were obtained from Sigma-Aldrich. NADPH and NADP+ were
purchased from J&K Scientic Ltd. Bicyclo[6.1.0]nonyne (BCN)
was purchased from TCI (Japan). The epoxy resin support was
obtained from Sunresin New Materials Co. Ltd. Which model is
LX-1000EP The protein MARKER is derived from Beijing Solar-
bio Science & Technology Co., Ltd. All other biological reagents
not mentioned above were purchased from Sangon Biotech,
while all other chemical reagents were purchased from Sino-
pharm Chemical Reagent Ltd.
2.2. Site-directed mutagenesis, plasmid construction and
bacterial strains

The plasmid pEVOL-pAzF,26 encoding a p-azide-L-phenylalanine
(pAzF)-specic engineered tyrosyl-tRNA synthetase/amber
suppressor tRNA pair derived from Methanococcus jannaschii
RSC Adv., 2020, 10, 2624–2633 | 2625
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View Article Online
(Plasmid ID:31186), was obtained from Addgene (Cambridge,
MA) and used without further modication. To construct
a bacterial expression vector encoding a C-terminally His�6-
tagged recombinant aldehyde ketone reductase (AKR; NCBI
gene ID: 897867) originating from Thermotoga maritima MSB8
(strain: MSB8), the coding sequence was amplied from pZE21-
GFPaav (plasmid ID: 26643), which was obtained from Addgene.
We replaced the GFP gene by digestion with the restriction
endonucleases Kpn I and Hind III and cloned the akr gene into
pZE21 to obtain pZE21-akr.

By submitting the amino acid sequences of the AKR enzyme
to SWISS-MODEL Workspace, we obtained a relatively accurate
3D structure model. The template for AKR modelling was the
crystal structure of the novel aldehyde ketone reductase
Tm1743 from T. maritima in complex with NADP+ (PDB ID:
5dan.1; resolution, 2.0 Å) with the highest sequence similarity
(100%) to AKR. We selected several sites, including 110 (Y), 114
(Y), 143 (Y), 162 (Q) and 189 (Q) (N-terminal), of AKR-pZE21, and
site-directed mutagenic PCR was performed with pZE21-akr as
a template to replace codons encoding residues 110, 114, 143,
162, and 189 (N-terminal) with the amber codon (TAG) to obtain
pZE21-akr-114Y (110Y, 143Y, 162Q, 189Q). Multi-point muta-
tion of the target enzyme gene was carried out on the basis of
the successive one-point work. The primers required for
construction of AKR-pZE21 and for AKR sites mutations were
listed in Table S1 and Primers Table S2,† respectively.

BL21 cells were transformed with pZE21-akr for expression,
affording pZE21-akr-BL21 (AKR-WT). As an expression host for
pAzF-incorporated akr-114Y (110Y, 143Y, 162Q, 189Q)-pZE21,
genomically engineered E. coli C321.DA (MG1655), obtained
from Addgene (plasmid ID: 48998),27 was used to co-transform
pEVOL-pAzF and akr-114Y (110Y, 143Y, 162Q, 189Q)-pZE21 to
obtain AKR-114Y (110Y, 143Y, 162Q, 189Q)-pZE21-MG1655.
2.3. Site-specic incorporation of pAzF into AKR-114Y-
pZE21-MG1655 and purication of the recombinant enzyme

AKR-114Y-pZE21-MG1655 cells were inoculated into LB
medium containing 50 g mL�1 ampicillin, 34 g mL�1 chlor-
amphenicol and 100 g mL�1 kanamycin and were cultured at
34 �C in a shaking incubator (220 rpm). When the OD600 of 0.5
was reached, L-(+)-arabinose was added at a nal concentration
of 0.2% (w/v). At an OD600 of 0.6, protein expression was
induced by adding 30 ng mL�1 aTc (anhydrotetracycline
hydrochloride) and pAzF at a nal concentration of 1 mmol
mL�1. AKR-pZE21-BL21 cells were inoculated into LB medium
containing 100 mg mL�1 kanamycin and cultured at 37 �C in
a shaking incubator (220 rpm). When the OD600 was 0.6,
protein expression was induced by the addition of 30 ng mL�1

aTc. All protein expression was conducted by continuous
shaking at 23 �C for 16 h.

Following 16 h of expression, the obtained cells were har-
vested and pelleted by centrifugation at 8000 rpm for 5 min,
resuspended in Tris–HCl buffer (20mmol L�1, pH 7.4) and lysed
by sonication. Soluble and insoluble fractions were also sepa-
rated by centrifugation. The soluble fractions were incubated
with 20 mL of Ni-NTA agarose (Ni Sepharose™ 6 Fast Flow) for 1
2626 | RSC Adv., 2020, 10, 2624–2633
hour at 4 �C within a chromatographic column. The chro-
matographic column was rst washed with washing buffer
containing Tris–HCl buffer (20 mmol L�1, pH 7.4), 300 mmol
L�1 NaCl and 20 mmol L�1 imidazole. Then, the bound protein
was eluted by the same buffer with 250 mmol L�1 imidazole.
The obtained enzyme was further desalted and concentrated by
using an ultraltration tube to obtain a pure enzyme solution in
phosphate buffer (20 mmol L�1, pH 7.0). The relative molecular
mass and expression of the protein were detected by SDS–PAGE
followed by staining with Coomassie brilliant blue R250.
Matrix-assisted laser desorption/ionization time-of-ight mass
spectrometry (MALDI-TOF MS) was performed on a Microex
MALDI-TOF mass spectrometer. The instrument was operated
in positive ion reector mode with an accelerating potential of
+20 kV. The TOF mass was analyzed using pulsed ion extraction
and the spectra were acquired by averaging at least 600 laser
shots. Methanol was used as a matrix, and a few protein
samples were dissolved in 1 mL of methanol solution. The
mixture was then applied onto a clean target plate and air-dried
at room temperature. The acquired data were analyzed using
Microex.

2.4. Functionalization and characterization of porous resin
support

2.4.1. Preparation of amino-activated epoxy resin support.
Epoxy resin polymer (120 mol epoxy resin, 1 g) was added to the
aqueous reaction solution (3 mL). Then, 2 eq. of lysine (240 mol,
15 mg) was added (glycine and lysine react in parallel), and the
pH of the solution was adjusted to 10 by adding 1mol L�1 NaOH
aqueous. The reaction was carried out at room temperature
overnight. Then, the reaction was removed and centrifuged, the
supernatant was drained with a syringe, and the reaction was
washed 3 times with water and dried in a vacuum oven at 50 �C.

2.4.2. Functionalization of the resin support using BCN.
BCN (100 mol), amino-activated epoxy resin support interme-
diate (100 mol), DCC (N,N0-dicyclohexylcarbodiimide) (120 mol)
and DMAP (4-dimethylaminopyridine) (50 mol) were added to
2 mL of DCM (dichloromethane) and reacted overnight at room
temperature in the dark. Aer the reaction, the resin support
was washed 4 times with an aqueous solution to remove excess
DCC and DMAP. Then, the BCN-functionalized resin was dried
in a vacuum drying oven at 50 �C. Aer drying, the infrared test
was performed.

2.4.3. Characterization of the functionalized resin support.
0.5–1 mg of unmodied epoxy resin, lysine, BCN and BCN-
modied epoxy resin were mixed with KBr in an agate mortar
and ground for 1 min separately to obtain the test sample for
tableting, respectively. The FT-IR spectra of the samples were
recorded using a Thermo Nicolet iS5 FT-IR spectrophotometer
from 4000 to 500 cm�1.

2.5. Precise multi-point immobilization and one-step
purication of the AKR mutants

BCN-functionalized resin support (0.5 g) and 3 mL of pZE21-
AKR114 crude enzyme supernatants of the cell lysates of the
harvested cultured strains were added to 1 mL of phosphate
This journal is © The Royal Society of Chemistry 2020
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buffer (0.02 M, pH 7.0) and incubated at 20 �C with shaking at
160 rpm for 18 h. Then, the immobilized enzyme was washed
twice with 2 M NaCl solution and 0.02 M phosphate buffer (pH
7.0). The azide-targeted protein was coupled to the functional-
ized support by a promoted azide–alkyne cycloaddition and Cu-
free click reaction. The heteroprotein without pAzF could only
be adsorbed into the pores of the support wall and was easily
eluted with 2 M NaCl solution, which resulted in one-step
purication and simultaneous immobilization. The immobi-
lized enzyme was separated by centrifugation and washed with
phosphate buffer (0.01 mol L�1, pH 7.0) until no protein was
detected in the supernatant by Coomassie brilliant blue R250
staining. The amount of enzyme remaining in the supernatant
was examined and measured by a Bradford protein assay kit
(Quick Start™, Bio-Rad, USA)28 to detect the loading of the
immobilized enzyme. The method of measuring the enzyme
concentration is as follows: the protein concentration was
determined using a modied Bradford method protein
concentration determination kit. That is, the absorbance value
was measured at 595 nm and the protein concentration stan-
dard curve was used to calculate the protein concentration
value. The loading efficiency was investigated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE,
12% w/v acrylamide), and the relative intensity of each SDS–
PAGE band was calculated by ImageJ soware.29

2.6. Enzymatic activity assay of AKR preparations

AKR activity was determined based on a previous report30 as
follows: 100 L of NADPH solution (2.5 mg mL�1) and 100 L of
dihydro-4,4-dimethyl-2,3-furandione (5 mg mL�1) were trans-
ferred into 0.7 mL of potassium phosphate buffer (KPB;
0.1 mol L�1, pH 7.0). This mixture was rst pre-warmed at 30 �C
for 3 min with shaking at 150 rpm. Then, AKR was added to the
mixture and incubated for 1 min. The whole reaction was
monitored by using the decrease in absorbance at 340 nm as
a measure of the conversion of the cofactor NADPH to NADP+.
One unit of AKR activity is dened as the amount of enzyme
required for conversion of 1 mmol of dihydro-4,4-dimethyl-2,3-
furandione per minute. The method of measuring enzyme
activity is as follows: the reduced coenzyme NADPH has
a special absorption peak at 340 nm, and no other substance
has a signicant absorption peak at 340 nm during the
synthesis of the catalytic substrate. Using the UV spectropho-
tometer, we can judge the consumption and reduction of
NADPH by measuring the change in absorbance.

2.7. Thermal stability of enzyme preparations

To evaluate the thermal stability of AKR, the free and immobi-
lized enzymes were transferred to a reaction medium and
incubated at 30 �C, 40 �C, 50 �C, and 60 �C for different periods
of time. Then, the suspension sample was taken out periodi-
cally, and the remaining activity was determined as described
above. Thermal stability is reported to be the ratio of the
residual activity to the initial activity of immobilized derivatives.
The initial activity of the enzyme preparation was set to 100%.
For the apparent dynamics of thermal stability, the nonlinear
This journal is © The Royal Society of Chemistry 2020
decay model proposed by Sadana and Henley31 was used to
calculate the deactivation rate constant (kD, t

�1) and the half-life
of the enzyme (t1/2, h) (eqn (1) and (2)). The activation energy
(Ea, kJ mol�1) for the thermal denaturation of AKR was also
determined by a plot of ln kD versus 1/T as previously shown by
the linearized Arrhenius equation (eqn (3)) during the immo-
bilization process. The values were calculated from the data t
to a rst-order exponential decay equation as follows:

V ¼ V0e
kDt (1)

t1/2 ¼ 0.693/kD (2)

ln kD ¼
�
� Ea

RT

�
þ ln A (3)

In the activation energy calculation equation, A (t�1) is the
Arrhenius frequency of the collision factor, R is the general gas
constant (8.314 � 10�3 kJ mol�1 K�1), and T (K) is the absolute
temperature.
3. Results and discussion
3.1. Expression and purication of the recombinant AKR
containing p-azide-L-phenylalanine (pAzF)

Generally, amino acid mutation sites are selected away from the
active center and preferably used for covalent immobilization,
in order to protect the protein structure from burying or
blocking the active site of the enzyme.19 The corresponding
bases for the chosen amino acid residue were mutated to the
TAG codon by site-directed mutagenesis. Then, we generated
plasmids pZE21-akr-114Y (110Y, 143Y, 162Q, 189Q), pZE21-akr-
114Y-189Q, pZE21-akr-114Y-143Y-189Q, and pZE21-akr-110Y-
114Y-143Y-162Q-189Q. These plasmids were co-transformed
with pEVOL-pAzF into the fully recoded C321.DA strain
(MG1655)32,33 and inserted azido-phenylalanine to generate
different full-length AKR mutants (Fig. 1A), respectively. The
simulated structures of the three-point AKR mutant is shown in
Fig. 1B and the one-point, two-point, and ve-point mutants are
shown in the ESI (Fig. S1–S3†). The results in Table S3† show
that the highest expression level and activity of the puried
mutant protein (AKR-114Y) were 182 mg L�1 and 1.08 U mg�1,
similar with those of wild-type AKR (AKR-WT). According to the
study, the substrate specicity of the orthogonalMjTyrRS/tRNA is
directed to tyrosine among the natural amino acids.34 We found
three tyrosine sites away from the active center, namely,
AKR110, AKR114, and AKR143, through 3D structural analysis,
and thus, tyrosine at these sites was replaced with the desired
tyrosine analogue, pAzF. Unfortunately, as the introduction of
this NSAA in the non-tyrosine site and increase 25 of the
mutation site number, a slight decrease occurs to the expres-
sion level and activity of enzyme mutants. The insertion of
multiple NSAAs may disturb the native protein structure to
some extent, leading to a slight decrease in enzyme activity.
Further optimization for mutant sites is necessary and expected
to weaken these negative effects.

All the obtained puried proteins were analyzed using SDS–
PAGE, and the apparent molecular weight of native AKR was
RSC Adv., 2020, 10, 2624–2633 | 2627
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Fig. 2 (A) SDS–PAGE analysis of wild-type AKR (lane M, protein marker; lane 1, cell lysate; lane 2, cellular soluble fraction; lane 3, cellular
insoluble fraction; lane 4, purified AKR); (B–D) SDS–PAGE analysis of AKR containing pAzF (lane M, protein marker; lanes 1 and 4, cell lysate; lanes
2 and 5, cellular soluble fraction; lanes 3 and 6, cellular insoluble fraction), the arrow points to the expressed AKR mutant.
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View Article Online
approximately 32 190 kDa (Fig. 2A). SDS–PAGE analysis and
enzyme activity assays also showed the high expression of
recombinant proteins and the induction temperature was set
based on our previous work.35 The protein bands for one -point
AKR mutants, such as AKR-114Y, AKR-110Y, AKR-143Y, AKR-
162Q, and AKR-189Q, were all detected at approximately 32
kDa (Fig. 2B). Similarly, bands for multi-point mutant enzymes
were also observed at this location (Fig. 2C and D). Control
expression experiments to examine the NSAAs incorporation,
were carried out without pAzF and no band at approximately 32
kDa was detected. In addition, the results in theMALDI-TOF/MS
analysis spectrum (Fig. 3) show that the molecular weight of the
AKR-114Y mutant is 25 Da more than that of native AKR. The
value was just equal to the molecular weight difference between
pAzF and tyrosine, which further conrmed that pAzF mole-
cules were successfully incorporated into the AKR enzyme
protein.
2628 | RSC Adv., 2020, 10, 2624–2633
3.2. Effect of mutation site of AKR on the precise
immobilization

In the covalent immobilization of AKR mutants, supernatant
from cells lysate were used to achieve one-step purication
because of the biorthogonal strain-promoted alkyne–azide
cycloaddition (SPAAC) click reaction (Fig. 1A). We have
purchased BCN for infrared testing, such as the (C) curve in
Fig. 4. A sharp vibrational peak at �2150 cm�1 was observed,
which we judge to be the characteristic absorption peak of
cyclooctyne. At the same time, in the modied epoxy resin, we
were observed at a sharp vibrational peak at �2150 cm�1. The
amino acid in curve (B) in Fig. 4 is characteristic infrared
absorption of lysine. For the support characterization, a sharp
vibrational peak at �2150 cm�1 was observed (Fig. 4), this peak
is ascribable to the –C^C– stretch, indicating the exposure of
the cyclooctyne group on porous support aer alkynyl-
functionalization using BCN.
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Intact protein MALDI-TOF/MS spectrum of the affinity purified native AKR (A) and AKR-N114Ymutant (B). Inset, major components of
32 169.297 Da and 32 194.985 Da were shown in the (A) and (B), respectively.

Fig. 4 FT-IR spectra of support and small molecules ((A) the original
epoxy resin; (B) lysine; (C) BCN; (D) the alkynylated epoxy resin).

Fig. 5 (A) SDS–PAGE photograph of the purified AKR mutants (lane M,
protein marker; lane 1, purified AKR-110Y; lane 2, purified AKR-114Y;
lane 3, purified AKR-143Y; lane 4, purified AKR-162Q, lane 5, purified
AKR-189Q, lane 6, purified AKR-N114Y-189Q, lane 7, purified AKR-
N114Y-189Q-143Y, lane 8, purified AKR-N114Y-189Q-143Y-110Y-
162Q); (B) the relative activities of the immobilized enzyme mutants.
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This bioorthogonal SPAAC,36,37 was used as chemical coupling
reaction for site-specic immobilization was also biocompatible
for use in imaging studies in living organisms.38 No cytotoxic
Cu(I) salts were used in this click coupling reaction, which
improved the biocompatibility and bioorthogonality of the azide–
alkyne cycloaddition. Using structural analysis of AKR for the rst
time, we chose a mutant site in the other side of active site to
stabilize the enzyme structure and activity. Aer the precise
immobilization, the full activity of the immobilized AKRmutants
remained close to or even higher than that of the wild type, and
the specic activity of immobilized AKR114 relative to free
AKR114 is 116% (Fig. 5B). As shown in Fig. 5B, no decrease in
activity was observed aer the precise covalent immobilization,
indicating that the chosen mutation sites were appropriate and
efficient, and the structure of enzyme was clearly undisturbed.
Furthermore, to test the activity difference between multi-point
and one-point immobilization, the enzyme mutants, ranging
from one-point to ve-point mutants, were covalently attached to
support. The results in Fig. 4B show that no marked uctuation
was observed in the relative activities of the immobilized enzyme
mutants as the mutation site number increased, which indicated
the feasibility of the choice of mutant sites and the efficiency of
the precise multi-point covalent immobilization depending on
the incorporation of NSAAs.
This journal is © The Royal Society of Chemistry 2020
3.3. One-step purication and immobilization of AKR using
cell lysate

To examine whether the amino acid used to modify the resin
support affects enzyme loading during immobilization, SDS–
PAGE of the supernatant and elution from the whole process
RSC Adv., 2020, 10, 2624–2633 | 2629
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Fig. 6 The relative emission intensity of each fraction and effect of immobilization time on the immobilization loading rate. The relative emission
intensity was calculated using ImageJ software ((A) one-point immobilization; (B) three-point immobilization; (C) five-point immobilization; (A–
C) lane 1, pre-immobilization crude enzyme; lane 2, supernatant from immobilization; lane 3, elution of first time from the immobilized enzyme
using 2MNaCl aqueous; lane 4, elution of second time from the immobilized enzyme using 2MNaCl aqueous. Three groups, lanes 2–4; 5–7; 8–
10; were for the resin modified using lysine, glutamate, glycine, respectively). (D) Effect of click reaction time on the immobilization loading rate
(%) of immobilized AKR mutants.
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was carried out to analyze the protein content by using
ImageJ.39,40 We use the SDS–PAGE gray analysis method to
detect the protein concentration. We use a known protein
concentration as a standard for a relative emission intensity of
100%. The value ratio is the relative emission intensity of the
protein concentration of the other bands. According to the
soware-based analysis, nearly 30% pure enzyme recovery was
achieved by one-point immobilization (Fig. 6A and S4†). At the
same time, highly efficient enzyme immobilization was ach-
ieved by the lysine-modied resin. Using this support, the
multi-point immobilization (Fig. 6B, three-point; Fig. 6C, ve-
point) of enzyme mutant presents a purication yield of about
50% and 60%, respectively (Fig. 6, S5 and S6†). For the goal of
the ideal choice for multi-point coupling of a biocatalyst onto
a support surface,41 we precisely controlled the number of
chemical bonds between enzyme and support rst time. This
accurate and reasonable immobilization protects the active site
of enzyme from undesired covalent linkage and can be
combined with one-step purication by site-specic Cu-free
click reaction to effectively simplify the tedious protein
purication.
2630 | RSC Adv., 2020, 10, 2624–2633
Fig. 6D shows the effect of the click reaction time on the
immobilization loading rate (%) of the immobilized AKR
mutants. The results show that the covalent bonds of the epoxy
resin reached saturation aer 24 h, and slight cleavage of the
covalent bonds was observed aer 24 h. At the same time,
through modication of the resin using different amino acids,
we found that the effect of lysine on enzyme immobilization is
better than that of glycine and glutamic acid. The isoelectric
points of the three amino acids, namely, lysine, glycine and
glutamic acid, were 9.74, 5.97 and 3.22, respectively. Under
alkaline conditions, lysine is more difficult to protonate than
glycine and glutamic acid, which implies that amino groups are
readily exposed to the support and easily react with the epoxy
groups. Upon reacting with the epoxy group, the bare amino
group can open the epoxy ring under basic conditions to
complete the group modication.

3.4. Thermal stability of the AKR preparations

The thermal stability of AKR preparations surges as the
increase of the number of mutation sites and chemical bonds
between enzyme and support (Fig. 7). In ve-point
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Thermal stability of AKR enzyme preparations ((A) 30 �C; (B) 40 �C; (C) 50 �C; (D) 60 �C). FP-IM-AKR refers to five-point immobilized AKR,
TP-IM-AKR refers to three-point immobilized AKR, OP-IM-AKR refers to one-point immobilized AKR, and WT-IM-AKR refers to the wild-type
immobilized AKR.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 3
/1

6/
20

26
 7

:5
6:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
immobilization, more than 70% of the initial activity
remained even aer 24 h at 70 �C, however, free AKR lost
almost of its activity aer the same time period. The thermal
stability of the enzyme preparations was consistent with their
deactivation rate constant and half-life (t1/2) values. The half-
life (t1/2) of the ve-point immobilized enzyme reached 106
and 45 h, 13 and 7 times higher than that of the free enzyme at
30 �C and 60 �C, respectively (ESI, Table S4†). A long half-life
increased the possibility of industrial application at that
temperature.42 On the one hand, as the number of immobili-
zation sites increased, the half-life of the enzyme activity
increased gradually, and the denaturation rate constant
decreased, which further proves that the stability of the
immobilized enzyme is related to the number of covalent
bonds between the enzyme and support. During the heating
process, the activation energy of denaturation (Ea) is the
energy required to denature the enzyme preparation (irre-
versible conformational change); thus, a high value of this
parameter is a strong indication of high thermal stability of
the enzyme preparation.43 The results (ESI, Table S5†) indicate
that as the number of mutation and immobilization sites
increased, the activation energy of the denaturation gradually
increased, which may be attributed to the high structural
This journal is © The Royal Society of Chemistry 2020
rigidity. The insertion of multiple pAzF residues can increase
the collision probability of azides and alkynes, leading to
improved covalent binding of the enzyme to the support which
would restrict the motion of the enzyme and increase the
rigidity.
4. Conclusions

In summary, we have developed a precise multi-point immo-
bilization and one-step purication method by using a bio-
orthogonal copper-free click reaction for covalent enzyme
immobilization based on NSAA insertion. By this method, we
can effectively control the orientation for immobilization and
tune the number of covalent bonds between the enzyme and
support based on protein structure analysis and site mutation.
Additionally, the enzyme mutants did not lose their activities,
and the ve-point immobilized enzyme presented heavily
enhanced thermal stability due to accurate chemical linking
and protection of the active site during covalent immobiliza-
tion. This method can potentially be applied to a variety of
enzymes, and the range of bioorthogonal reactions can be
further expanded to prepare the efficient biocatalyst and
perform catalytic applications under various conditions.
RSC Adv., 2020, 10, 2624–2633 | 2631
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List of abbreviations
AKR
2632 | RSC Adv.,
Aldehyde ketone reductase

pAzF
 p-Azido-L-phenylalanine

SPAAC
 Strain-promoted alkyne–azide cycloaddition

NSAAs
 Nonstandard amino acids

BCN
 Bicyclo[6.1.0]nonyne

MG1655
 C321.DA

aTc
 Anhydrotetracycline hydrochloride

DCC
 N,N0-Dicyclohexylcarbodiimide

DMAP
 4-Dimethylaminopyridine

DCM
 Dichloromethane

KPB
 Potassium phosphate buffer

FP-IM-AKR
 Five-point immobilized AKR

TP-IM-AKR
 Three-point immobilized AKR

OP-IM-AKR
 One-point immobilized AKR

WT-IM-AKR
 Wild-type immobilized AKR
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