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Nitrile hydratase (NHase), an excellent biocatalyst, has been widely used for the production of amides, but

the exothermic hydration reaction leads to its rapid inactivation, hindering its industrial applications, which

requires the thermostability of NHase to be enhanced. In this study, employing NHase from Bordetella

petrii DSM 12804 (NHAB) as the object, a computational strategy using synergetic energy and correlated

configuration for redesigning enzymes (SECURE) was proposed to prune the reasonable mutant library and

assemble effective single mutations, thus maximizing the thermostability of NHAB. Among the mutants, the

best variant, A6M/B4M, combined six mutations in its α-subunit (S30T, A71D, A74D, A78R, S81T, and A133P)

and four mutations in its β-subunit (L25F, G27Y, N59P, and A173N), showing an increase in Tm by 13.2 °C,

an 866.0-fold prolonged half-life at 50 °C, and an 11.2% increase in activity. Then, the catalytic efficiency

dramatically increased to 249.5 g L−1 acrylamide in 5 batches compared with that of 166.5 g L−1 by the wild

type in 3 batches. Finally, the synergistic effect on the mutant represented by an overall change in structure

and newly formed intermolecular interactions through dynamic simulations accounted for the enhanced

thermostability. Thus, SECURE was demonstrated to be practical for the redesign of multimeric NHase,

which also provided guidance for computational thermostability engineering of other industrial

biocatalysts.

Introduction

Presently, the application of biocatalysts in the plastic,
chemical and pharmaceutical industries1–3 has significantly
increased. However, native enzymes derived from mesophilic
bacteria are not robust enough to withstand the harsh
conditions of long-term industrial catalysis, such as high
pressure, high temperature and organic solvents.4 Thus, it is
necessary to reshape existing natural enzymes or mine novel
enzymes from extremophiles,5 providing biocatalysts with
excellent thermostability for industrial application.

NHase (EC 4.2.1.84), which can catalyze the hydration of
nitriles into amides, plays a crucial role in enzymatic
processes in the chemical industry.6 For example, the
industrial enzymatic synthesis of acrylamide has reached

several hundred thousand tons per year7 and already
replaced chemical synthesis owing to its environmental
friendliness and easy product recovery with high purity.8

However, the poor thermostability of NHase and the
exothermic hydration reaction (68.99 kJ heat per mol
acrylamide generated)9,10 result in the rapid inactivation of
the unstable NHase, which requires additional cooling
equipment to control the reaction temperature at below 25
°C and leads to large energy consumption costs in industrial
processes.11 Thus, researchers have attempted to redesign
NHase to improve its thermostability and reduce the cost of
biocatalysis.

Strategies, such as protein fragment swapping,12,13

modification of β-subunit terminus, subunit fusion
expression,14 site-directed mutagenesis,15 design of salt-
bridge cyclization peptide tags,16 introduction of molecular
chaperones17 and genome editing,18 have been applied to
modify the thermostability of NHase, resulting in a 1.1–3.9-
fold enhancement. Among them, most studies focused on a
few specific NHases with highly accurate crystal
structure,19,20 such as ptNHase (NHase from Pseudonocardia
thermophila JCM3095) and ppNHase (NHase from
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Pseudomonas putida). The thermostability of the redesigned
ptNHase was enhanced by 3.5-fold21 or showed an increase in
Tm by 3.2 °C,22 while ppNHase showed a 1.4–3.5-fold
enhancement.23 Besides, the reported structural modification
mostly targeted the β-subunit, which is deemed to play a
crucial role in maintaining the thermostability of NHase.24

The mechanism responsible for the enhanced stability is a
decrease in flexibility,25 leading to an activity-stability trade-
off, which may occur in thermally adapted homologous
enzymes.26 This phenomenon also occurred in NHase,
resulting in the inability to maximize the positive effects.27

Moreover, computational design has become an inevitable
trend for the thermostability engineering of proteins.28–30

Various computational tools31–33 based on protein structure
and sequence analysis have been developed for the prediction
of stabilized mutations. However, the hotspot mutations
given by computational tools often contain invalid
mutations,34,35 which still need to be further pruned. Besides,
the multi-point mutations in enzyme sequences are likely to
be more destabilizing or even lead to misfolding and
aggregation of proteins,36–38 indicating that the effective
combination of single-point mutations is significant and
worth investigating.39

In this study, a computational strategy (Synergistic Energy
and Correlated Configuration for Redesigning Enzymes,
SECURE) was proposed to prune the potential mutations by
bioinformatics analysis and effectively assemble the
mutations according to their type. To explore the feasibility
of this new strategy, an NHase from Bordetella petrii DSM
12804 (NHAB) was selected as the object to be redesigned for
industrial use. The redesigned mutant A6M/B4M showed an
increase in Tm by 13.2 °C, a prolonged half-life at 50 °C by
866.0-fold, and an 11.2% increase in specific activity, laying
the foundation for the industrial application of A6M/B4M.
The SECURE strategy was proven to have a synergistic effect
on thermostability and catalytic activity, demonstrating its
effectiveness in the engineering of NHase for industrial
applications.

Results and discussion
Computational redesign of NHAB for enhanced
thermostability using SECURE strategy

The SECURE strategy was proposed for modifying
heterogeneous subunit proteins to enhance their
thermostability, which involved two steps (Fig. 1). The

Fig. 1 Schematic representation of the SECURE strategy.
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pruning of the reasonable mutations was step 1. Firstly, a
virtual library with potential stable single-point mutations
was obtained by multiple strategies, and then further
evaluated based on energy change, structural configuration
and dynamic correlation. The unreasonable mutations that
are useless to thermostability or can impair catalytic activity
were eliminated to reduce the workload of the wet
experiments. Based on this, a small and tailored library of
single-point mutants was constructed for characterization. In
step 2, the effective mutants obtained by step 1 were further
assembled to achieve synergistic effects. Considering the
workload of stepwise combination and the negative effects
on superposed mutations, the single mutations were firstly
subclassified by different subunits, and then clustered
according to different mutation types to obtain combinatorial
mutations. Subsequently, the combined mutants were further
evaluated and assembled to obtain the final optimal mutant.

NHAB, which exhibited the highest dry cell weight (DCW)
crude activity of 570.3 U mg−1 toward acrylonitrile using free
cells, but the worst thermostability among the high-activity
strains (Table S1 and Fig. S1 and S2†), was selected as the
target from 19 different NHases expressed by E. coli BL21
(DE3) to verify the feasibility of the SECURE strategy. A
reliable three-dimensional structure (Fig. S3†) of NHAB was
predicted by AlphaFold2.40

Step 1. Pruning. Mutations with potentially enhanced
thermostability were obtained through energy calculations,
phylogenic analysis, and consensus alignment via the
popular web-based tools FIREPROT, PROSS and Clustal
Omega. Firstly, FIREPROT v1.3,33 which combines structural
and evolutionary information for the automated design of
multiple-point thermostable mutants, was applied for
redesigning both subunits of NHAB. The energy mutants and
evolution mutants with relevant data output are shown in
Fig. S4.† Then, the Protein Repair One-Stop Shop (PROSS)
was also used for prediction,41 which selected all the amino
acid mutations that optimized the computed energy of the
protein and constrained by inferred from homologous
sequences. Finally, the amino acid sequence of NHAB was
aligned with that of four stable NHases using Clustal
Omega42 to find the conserved positions in the stable NHases
but different in NHAB (Fig. S5†). Four stable NHases
including NHCTA from thermophilic bacteria
Caldalkalibacillus thermarum,43 NHPT from Pseudonocardia
thermophila,44 NHAM from Aurantimonas manganoxydans and
NHJH from Rhodococcus rhodochrous were reported to be
highly stable in industrial application.45,46 Among the
potential candidates, α-S122V, α-N79D and β-S119P were
predicted by all three methods, and another 15 mutations
were duplicates, and thus the mutant library was comprised
of 95 single-point mutations (Fig. S6†).

To precisely prune the effective mutant library, further
rational evaluation according to the mutation energy change,
configuration in structure and dynamic cross-correlation
matrix (DCCM) were applied to eliminate deleterious
mutations.

The mutations with free energy ΔΔG given by FIREPROT
of greater than zero were regarded as unfavorable to the
stability of the protein. These mutations were excluded from
the library (Table S2†). Moreover, according to the
configuration of NHAB, 8 mutations that would bring about
steric hindrance to destroy the secondary structure and break
the intermolecular interactions such as salt-bridges were
marked to be filtered out (Fig. 2A). Additionally, the rigidity
index (Ri) presenting a more rigid residue cluster with a
lower value was calculated using CNA47 to filter out
mutations in the rigid regions. Thus, 13 similar mutations
with Ri values lower than −3.5 kcal mol−1 that occurred in the
rigid regions were excluded (Table S2†). Finally, the DCCM
analysis48 was used to explore the fluctuation correlation in
NHAB and the pairwise cross-correlation coefficients (Cij)
representing the degree of correlation were calculated and
colored (Fig. 2C). Regions outside the active site but showing
higher absolute values of Cij to the active sites were reported
to be appropriate targets for stabilizing the mutations.49

Thus, the Cij between the mutation sites and the active sites
(α-Cys112, α-Cys115, α-Ser116, and α-Cys117) (Fig. 2D) was
used to expurgate the mutations whose Cij was between −0.1
and 0.1 (Fig. S7A†). After the rational pruning, a small and
reliable mutant library including 31 single mutations was
screened for further experimental verification and the Cij of
selected mutation sites was also represented (Fig. S7B†).

The catalytic activity and thermostability of both the wild-
type and single-point mutants were determined (Fig. 2E). Most
of the mutants retained the original catalytic activity except for
α-T165S, indicating the effectiveness of the rational evaluation.
The residual activities after incubation at 45 °C for 1 h were
assayed to characterize the thermostability, and 10 effective
mutants exhibited at least a 2-fold increase. Specifically, 5
mutants from the α-subunit, including α-S30T, α-A71D, α-A74D,
α-A78R and α-S81T, maintained a residual activity of 35.6%,
32.8%, 36.9%, 37.2% and 33.6%, respectively, while that
maintained by the wild type was only 15.5%. Unexpectedly, both
the residual activity and initial activity of A133P was 4.8-fold
and 1.2-fold that of the wild type, respectively. The β-G27Y
mutant also exhibited excellent thermostability with 34.9%
residual activity and 135.1% relative initial activity. Besides, the
other three mutants from the β-subunit, i.e., β-L25F, β-N59P
and β-A173N, showed residual activity of 40.8%, 51.5% and
33.5%, which were 2.6-fold, 3.3-fold and 2.1-fold that of the wild
type, respectively. Notably, in these 10 mutants, not only did
their thermostability improve, also their catalytic activity did not
decrease. Accordingly, the trade-off between activity and
thermostability seemed to be broken in these mutants.
However, to obtain the optimal mutant, these single-point
mutations needed to be combined.

Step 2. Assembly. Given that the epistatic effect may cause
total the inactivation of proteins, the single mutations with a
marked enhancement were classified, and then the
unfavorable combinations were eliminated in the assembly
process; meanwhile, the substantive role of each mutation
could be better explained in the combined mutant.
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NHase is a polymer composed of two heterologous
subunits. The α-subunit, where the active center is located, is
usually considered to be important for catalytic activity,50

whereas molecular dynamics simulations show that the
β-subunit acts mainly on the thermostability of NHase.24

Thus, the mutations distributed on the same subunit were
grouped into a broad category initially (Fig. 3A). Within the
same structural domain, the mutations were subdivided into
different groups according to diverse amino acid
substitutions. In the α-subunit, A71D, A74D and A78R were
not only located on the same α-helix (Fig. 3B), but also
replaced the non-polar amino acid alanine with a charged
polar amino acid. Therefore, the A1 mutant was a
combination of A71D, A74D and A78R. Similarly, S30T and
S81T substituted with longer chain amino acids in their

α-helix were assembled as the A2 mutant. Subsequently,
A133P introducing a pyrrole ring was classified as a separate
category, i.e., A3. For the classification of the mutations on
the β-subunit, L25F and G27Y replaced by aromatic amino
acids in the same loop (Fig. 3B) were combined into the B1
mutant. Besides, N59P and A173N were divided into two
categories owing to the different properties of their
substituted amino acids. Intra- and inter-subunit
combinations were also performed. The assembled mutants
exerted a superimposed effect on thermostability (Fig. 3C). In
the case of the A1 mutant, it exhibited a 5.6% increase in
residual activity compared to the best single mutation A78R
(37.6%), which also maintained the initial enzyme activity of
the wild type. The residual activities of A2, containing two
threonine substitutions, and B1, consisting of L25F and

Fig. 2 (A) Mutations distributed in the secondary structure and the discarded mutations emphasized in red. (B) CNA analysis of NHAB. (C) Dynamic
cross-correlation matrix of NHAB. Regions marked in red are the active center. The darker color represents the greater absolute value of Cij, and
thus a better correlation. (D) Active center of NHAB and the docked substrate acrylonitrile. Catalytic residue in the α-subunit painted in yellow and
the cobalt ions in pink. (E) Determination of relative initial enzyme activity and residual activity of the wild type (WT) and mutants. The dry cell
weight (DCW) crude activity was measured for comparison using a free cell.

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 1
4 

Se
pt

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

0:
36

:2
7 

PM
. 

View Article Online

https://doi.org/10.1039/d3cy01102j


5884 | Catal. Sci. Technol., 2023, 13, 5880–5891 This journal is © The Royal Society of Chemistry 2023

G27Y, showed a similar slight increase. Intra-subunit
assembly also yielded a significant enhancement. Especially,
the A1/A2/A3 and B1/B2/B3 mutants, which combined all
three groups, exhibited a 5.7-fold increase in residual activity
at 45 °C. Moreover, when the incubation temperature was
increased to 50 °C, the inactivation of the enzyme was
apparently significant. The superposed mutants containing
α-A133P or β-N59P still showed considerable residual
activities, while the others were completely deactivated,
demonstrating the crucial importance of proline substitution.
A1/A2/A3 and B1/B2/B3 showed residual activity of 40.1% and
43.5%, while the inter-subunit mutant A6M/B4M (A1/A2/A3/
B1/B2/B3) showed residual activity of 83.0% and 10.8%
increase in catalytic activity, showing the synergy between the
two subunits.

Characterization and catalytic performance of the best
mutant A6M/B4M for amide production

To further explore the synergy between the mutations and
the practical application of the redesigned NHAB, the
mutants and wild type were purified to further investigate
their catalytic activity and thermostability. The expressions of
crude extract and purified enzyme are presented in Fig. S8
and the specific activity of the best mutant A6M/B4M was
1697 U mg−1, which was 1.12-fold that of the wild type (Table
S3†). Besides, the half-life of inactivation at 50 °C was
characterized by measuring the residual activity after a period

of incubation in a water bath. The wild-type NHAB was
rapidly inactivated at 50 °C. Specifically, only 25.2% residual
activity was detected after 3 min, and the activity was
completely lost after 5 min, accounting for the extremely
short half-life of 1 min. Comparatively, A1/A2/A3 and B1/B2/
B3 still had the residual activity of 44.6% and 66.5% after 20
min, respectively. Surprisingly, A6M/B4M retained the
residual activity of 85.4% after 2 h (Fig. 4A). A6M/B4M
exhibited the best thermostability with the longest half-life of
866 min (14.4 h) at 50 °C, which was 866.0-fold longer than
that of the wild type. A1/A2/A3and B1/B2/B3 also had a 30.0-
fold and 46.0-fold improved half-life, respectively. Besides,
the protein melting temperature Tm was also determined to
characterize the thermodynamic stability of NHAB and its
mutants by nano-DSF. The thermal denaturation curves of
these proteins were monitored (Fig. 4B) and A6M/B4M was
validated to be the most thermostable mutant with a Tm of
64.4 °C, which is 13.2 °C higher than that of the wild type
(51.2 °C). Also, the Tm values of A1/A2/A3 and B1/B2/B3 were
55.3 °C and 58.7 °C, respectively. Therefore, both the Tm
values and the inactivation results at 50 °C demonstrated
that mutations on the α- and β-subunit synergistically played
key roles in improving the thermostability of NHAB (Fig. 4C).

A6M/B4M with prominently enhanced thermostability and
catalytic activity exhibited great application potential. Thus,
the catalytic reactions were carried out at 45 °C to test
practical value of this mutant. It only took 60 min for A6M/
B4M to completely transform 0.85 M acrylonitrile to

Fig. 3 (A) 10 effective single mutations distributed in the structure. (B) Mutations divided by domains and properties of substituted amino acids.
(C) Thermostability of multipoint superposed mutants. The relative initial enzyme activity (blue) and residual enzyme activity detected after
incubation at 45 °C (orange) and 50 °C (yellow) for 1 h are shown in the column chart.

Catalysis Science & TechnologyPaper

Pu
bl

is
he

d 
on

 1
4 

Se
pt

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

0:
36

:2
7 

PM
. 

View Article Online

https://doi.org/10.1039/d3cy01102j


Catal. Sci. Technol., 2023, 13, 5880–5891 | 5885This journal is © The Royal Society of Chemistry 2023

acrylamide. By contrast, the reactions catalyzed by the wild type
were incomplete, with a product yield of 30.7% and the
reaction terminated within 10 min due to the inactivation of
the enzyme (Fig. 4D). Furthermore, the industrial production
process of acrylamide was simulated by fed-batch reaction. The
catalytic performance of the A6M/B4M mutant was significantly
better than that of the wild type (Fig. 4E and F), reaching a
product concentration of 249.5 g L−1 in 5 batches, while the
wild type was unable to continue the reaction after only 3
batches, ending with the concentration of 166.5 g L−1 within 50
min. Moreover, the product tolerance of A6M/B4M and WT
were determined based on their residual activity after
incubation in 300 g L−1 acrylamide solution for 1 h. It was
observed that the wild type lost all its activity, whereas that
retained by A6M/B4M was 38.4% (Table S4†). This is sufficient
evidence that the product tolerance of the mutant was also

improved by the stability modification, thus enabling NHase to
continue the reaction at a high product concentration. The
performance of A6M/B4M obtained through the SECURE
strategy was remarkably improved for industrial application.

Molecular structure analysis of mutations

To reveal the mechanisms for the improvement of the
thermostability, the intermolecular interaction and overall
structural analysis of the A6M/B4M mutant and wild type
were investigated by MD simulations to account for the
stability of whole protein.

Intermolecular interaction analysis. The intermolecular
interactions in A6M/B4M changed significantly owing to the
introduction of other amino acids. In the case of α-A133P
and β-N59P in the loop region, proline with the lowest

Fig. 4 (A) Deactivation curve at 50 °C. (B) Curves of thermal denaturation. (C) Enhancing the thermostability of A6M/B4M by integration of two
subunits presented by both kinetic and thermodynamic stability. (D) Catalytic reaction process catalyzed by WT and A6M/B4M. (E) Fed-batch
reaction for the synthesis of acrylamide using WT. (F) Fed-batch reaction for the synthesis of acrylamide using A6M/B4M.
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conformational entropy of unfolding reduced the flexibility of
the loop to rigidify the protein structure, which was reported
to be a critical factor in the thermostability of the protein
structure.51

Electrostatic interactions comprising hydrogen bonds52

and salt bridges53 were verified to significantly contribute to
the protein stability. The replacement of A71D, A74D, and
A78R located in the α-helix caused changes in the charge
distribution on the α-subunit surface, accompanied with the
formation of a new salt bridge, i.e., Asp74-Arg78 (Fig. 5A).
The occupancy (O–N distance cut-off of 3.2 Å) of this salt
bridge in A6M/B4M reached 74.3% with an average distance

of 3.1 Å, as analyzed by the MD trajectories (Fig. S9†). A173
located in an α-helix of the β-subunit was substituted by
asparagine. The amide group on the side chain shortened
the distance between 173N and nearby amino acids, leading
to the formation of new hydrogen bonds with D49 and N47
in the β-subunit (Fig. 5B). The probability of the existence of
the two newly formed hydrogen bonds was up to 94.8% and
38.6% in the MD simulation (Fig. S9†).

Moreover, L25 and G27 located in a long loop region at
the N-terminus of the β-subunit were substituted by the
aromatic amino acids phenylalanine and tyrosine, leading to
the formation of new aromatic interactions between nearby
residues (Fig. 5C). Y27 formed a new pi-pi interaction with
W29 in the α-helix and the stacked geometry was regarded as
a significant contributor to stabilizing the enzyme
molecule.54

Overall structure analysis. During the 50 ns MD
simulation, the root mean square displacement (RMSD) and
gyration radius (Rg) values, which refer to the dynamic
change of the whole structure during the simulation process,
were calculated (Fig. S10†). The whole simulation reached
stability after 20 ns, and the RMSD and Rg values of A6M/
B4M were slightly lower than that of the wild type, indicating
the stable overall structure and better compactness of the
protein after the mutations.

Optimization of the surface charge is considered to be an
effective strategy for the improvement of protein stability.55

Considering the introduction of three charged amino acids,
the polarity of the α-subunit surface was significantly
enhanced (Fig. 5D). Besides, the analysis of the solvent
accessible surface area (SASA), a method for measuring the
surface area of a protein accessible with the solvent, showed
that there was an obvious increase in the SASA of A6M/B4M
(Fig. 5E), indicating an increase in interaction with the
hydration shell. The surface charge engineering of lipase56

proved that the hydration of the protein surface is a key
factor in improving the stability of the enzyme. Moreover, the
correlation between SASA and protein–water hydrogen bonds
was reported to be positive57 with a correlation coefficient of
over 0.9, accounting for the stability enhancement of A6M/
B4M.

The root mean square fluctuation (RMSF) values by
residue in the wild type and A6M/B4M were compared to
illustrate the flexibility of the region (Fig. 5F). There was no
significant change in the α-subunit except for the unstable
N-terminal. A slight increase in the RMSF values of the
activity-related region (residue 111–118) made up for the
possible loss of enzyme activity caused by the enhanced
stability. In the case of the β-subunit, the introduction of
L25F and G27Y in A6M/B4M allowed the N-terminal (Met1-
Glu28) of the β-subunit (residue 212–239) to become less
flexible with lower RMSF values than the wild type. Ala101-
Arg122 of the β-subunit located in the interface of the two
subunits (residue 312–333) also showed a reduction in RMSF
values, indicating a more rigid structure regulated by the
mutations distributed in both the α- and β-subunit.

Fig. 5 (A) New salt bridge formed on the surface of the α-subunit in
A6M/B4M. Ala74 and Ala78 before substitution are presented by grey
sticks. (B) Hydrogen bond between the newly formed Asn173. Ala173
before mutation is shown in grey sticks. (C) New aromatic interactions
formed by the mutation of L25F and G27Y. Leu25 and Gly27 are shown
in grey sticks. (D) Changes in surface electrostatic charge distribution
caused by mutations. (E) Solvent-accessible surface area (SASA)
comparison during the 50 ns MD simulation. (F) RMSF of the WT and
A6M/B4M computed from MD trajectory.
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Experimental
Strains, plasmids and chemical reagents

The NHase gene from Bordetella petrii DSM 12804 and other
NHase genes were cloned to the pET-30a (+) plasmid
heterologously expressed in E. coli BL21 (DE3). Acrylonitrile
and acrylamide were purchased from Sinopharm Chemical
Reagents. Co., Ltd. and Aladdin Reagent (Shanghai) Co., Ltd.

Construction of single-point mutant library

The three-dimensional structure of NHAB was obtained
through AlphaFold2 (ref. 40) by uploading the protein
sequence as default. The structure with the first score was
selected for redesign. Web-server FIREPROT v1.3 (ref. 33)
(https://loschmidt.chemi.muni.cz/fireprotweb1) and PROSS41

(https://pross.weizmann.ac.il/step/pross-terms/) were carried
out for stabilizing the mutation prediction. By uploading the
PDB file of NHAB and setting the input parameters (Table
S5†), the relevant data output of FIREPROT were given in a
few hours. Besides, the PDB file and amino acid of NHAB
were input to PROSS for redesign. Two subunits were
calculated separately through parameter setting (Table S6†).
Consensus alignment was operated by Clustal Omega42

(https://www.ebi.ac.uk/Tools/msa/clustalo/) using the protein
sequence, a new program using seeded guide trees and HMM
profile-profile techniques to generate alignments between
three or more sequences. Site-directed mutagenesis by a
whole plasmid PCR protocol was used to construct the
mutant library. The primers were designed using the CE
Design V1.04 software and listed in Table S7.† The 50 μL
reaction mixture contained 25 μL PrimeSTAR Max Premix
(2×), 1 μL of each primer and 0.5 μL template DNA. The PCR
reactions were performed using the following thermal cycling
parameters: 1 cycle, 95 °C, 2 min; 35 cycles, 95 °C, 10 s, 57
°C, 20 s, 72 °C, 30 s; 72 °C, 10 min; 4 °C, 10 min.

Culture and expression

The recombinant E. coli cells were first cultured for 6–8 h at
37 °C in 5 mL Luria-Bertani (LB) medium supplemented with
50 μg mL−1 kanamycin, and then transformed in the flask (50
mL LB) at 37 °C until the OD600 reached 0.8. cells were
induced at 18 °C for 16 h by the addition of cobalt chloride
(CoCl2, 0.4 mM) and isopropyl-β-D-thiogalactopyranoside
(IPTG, 0.5 mM). The cultured bacteria were centrifuged at
4000 rpm for 10 min. The supernatant was discarded, while
the precipitation was washed twice with deionized water.

Purification and SDS-PAGE of NHAB and mutants

The collected cells were resuspended in Ni-50-native buffer
(50 mM sodium phosphate, containing 300 mM NaCl, 50
mM imidazole, pH 7.5) and disrupted by ultrasonication in
an ice bath, followed by centrifugation at 12000 rpm for 30
min to discard the cell debris. The supernatant was passed
through a 0.45 μm membrane filter and loaded on an Ni-NTA
column (Thermo Scientific, USA) pre-equilibrated with Ni-50-

native buffer, and the proteins were eluted by an increasing
gradient of imidazole (from 50 to 500 mM). The purities of
the collected fractions were analyzed by SDS-PAGE. The
fractions containing the pure target protein were gathered
and desalted by ultrafiltration. The purified proteins were
concentrated and stored in 20% (v/v) glycerol at −80 °C for
further use.

The expression and purification of the enzyme were
analyzed by prefabricated protein gel (SurePAGE™, Bis-Tris,
10 × 8, 8–16%, GenScript USA Inc.). The gel was stained with
Coomassie Brilliant Blue G-250. The protein concentration
was determined using the Bradford Protein Assay Kit (Quick
Start™, Bio-Rad, USA).

Enzymatic assay

The NHase activity was assayed at 28 °C in a 500 μL reaction
system, as follows: 425 μL acrylonitrile water solution (50 g
L−1) and 50 μL free cell or pure enzyme. After 5 min, 25 μL
HCl water solution (4 mol L−1) was added to terminate the
reaction. The cell-precipitation in the reaction mixture was
removed by centrifugation for 3 min at 12000 rpm, and the
supernatant was mixed with the same volume of acetamide
water solution (20 g L−1) for gas chromatography (GC)
analysis.

The GC (GC950) was equipped with a Porapak Q column
(OD of 3 mm × ID of 2 mm × 2 m) with the following
conditions: column temperature, 210 °C; injection and
detection temperature, 250 °C; and nitrogen flow rate, 60 mL
min−1. The retention time of each substance is shown in Fig.
S11.† One unit of NHase activity (U) was defined as the
amount of enzyme required to catalyze the formation of 1
μmol acrylamide per minute.

Thermal denaturation analysis

For thermostability assessment, enzyme solutions were
soaked in a water bath at 45 °C for 1 h, and the samples were
taken to determine the residual enzyme activity. The residual
activity of NHAB and the mutants was determined by
preincubating the enzyme solutions at 45 °C or 50 °C in a
water bath for different durations. The half-life was defined
as the time when the residual activity retained 50% of the
original activity at the measured temperature. The
deactivation kinetics of NHAB was fitted to the equation ln(E/
E0) = −kd × t and the half-life was calculated using the
equation t1/2 = ln(2)/kd.

The melting temperature (Tm) was defined as the
temperature when half of the protein was unfolded. Nano-
DSF (Prometheus NT.48) was used to measure the changes in
intrinsic fluorescence when the protein unfolded during
thermal treatment. The concentration of the enzyme
solutions was controlled at 1 mg mL−1.

Product tolerance determination

The collected cells were immersed in 300 g L−1 acrylamide
solution at 28 °C for 1 h, and then washed with phosphate
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buffer (0.25 M, pH 7.5) to remove the residual acrylamide.
The cells collected by centrifugation were diluted and used
for the enzyme activity assay. The activity of the cells without
acrylamide immersion was defined as 100%.

Catalytic reaction and fed-batch hydration

The catalytic reaction was carried out at 45 °C, and the 50
mL reaction system consisted of 0.85 M acrylonitrile
substrate and 5 mL enzyme solution. Every 5 min, 100 μL
reaction sample was taken to mix with 900 μL 2% HCl water
solution. Then, the cell-precipitation was removed by
centrifugation, and the concentration of acrylamide in the
supernatant was measured by GC analysis.

The fed-batch hydration was started with wet cells with a
total enzyme activity of 50 000 U at 20 °C. Then, 8 g
acrylonitrile substrate was added to a 200 mL reaction system
in a batch. The next batch of substrate was added after
detecting the complete reaction of the substrate by gas
chromatography.

Molecular dynamic simulations and interaction analysis

Based on the 3D structure of the wild type predicted by
AlphaFold2, the structure of mutants was obtained through
DS (Discovery Studio 2.5). Molecular dynamics (MD)
simulations were carried out using Gromacs with the Amber-
99 force field. A box was set up and added with water, and
then neutralized by adding Na+. Energy minimization, 50-ps
of NVT, 50-ps of NPT, and 50-ns classical MD simulations
were performed on both the wild type and A6M/B4M variant.

The analysis of the root-mean square deviation (RMSD),
gyration radius (Rg) and solvent accessible surface area (SASA)
was performed using Gromacs. Also, the last 25-ns
trajectories were used for analysis of the root-mean square
fluctuation (RMSF) calculated for each residue of protein.
Also, the polarity of the surface was calculated by PyMOL
2.4.0 using the partial charge sum function.

The interaction analysis including salt bridges and
hydrogen bonds was carried out with the Visual Molecular
Dynamics (VMD 1.9.3) program. A salt bridge is considered
to be formed if the distance between any of the oxygen atoms
of acidic residues and the nitrogen atoms of basic residues
are within the cut-off distance of 4 Å in at least one frame.
The distance of the hydrogen bonds in the MD simulations
trajectories was also calculated.

The last-20 ns trajectory from MD simulation was saved
and converted to a dcd file type using VMD for further
DCCMs analysis. The pdb and dcd files were input to
Bio3D,58,59 and the Cα atoms were selected for calculating
the correlation coefficients (Cij).

48 Finally, the dynamics
correlation matrices were visualized using Origin 2023b.

Conclusions

In this study, the two-step SECURE strategy involving the
pruning and assembly of mutations that improve

thermostability was proposed. The reliability of SECURE was
verified in the redesign of NHAB to dramatically improve its
thermostability. Ten beneficial mutations were screened from
the pruned mutant library, consisting of S30T, A71D, A74D,
A78R, S81T and A133P in the α-subunit and L25F, G27Y,
N59P and A173N in the β-subunit. The best mutant A6M/
B4M exhibited an increase in Tm by 13.2 °C and 866.0-fold
extended half-life at 50 °C, together with a co-improvement
in catalytic activity. The great potential for industrial
application of this mutant was verified in the fed-batch
biocatalytic process for the production of acrylamide. The
intermolecular interaction analysis was carried out to clarify
the internal mechanism of each mutation. The newly formed
salt bridges, hydrogen bonds and aromatic interactions were
found to contribute to the stability of A6M/B4M. Besides, the
overall structural changes such as the surface electrostatic
charge distribution, SASA and RMSF analysis of the dynamic
simulation accounted for the synergistic effect of multiple-
point mutations. In conclusion, the SECURE strategy
proposed herein was demonstrated for the first time to be
user-friendly and successfully applied in the redesign of a
multi-subunit NHase, which no longer limits the
thermostability engineering of NHase to the β-subunit, and
the overall redesign of the multimeric protein maximized the
thermostability accompanied by an increase in catalytic
activity through effective assembly. Meanwhile, the SECURE
strategy provides technology for the rational design of high-
performance industrial biocatalysts.
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