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Abstract

Nattokinase, the thrombolytically active substance in the health food natto, nevertheless, its lower thermostability
restricts its use in food and pharmaceutical applications. In this study, two heat-resistant variants of nattokinase,
designated 50-109 (M1) and 15-271 (M2), were successfully obtained by introducing a disulfide bonding strategy.
Their half-lives at 55°C were found to be 2.50-fold and 5.17-fold higher, respectively, than that of the wild type.
Furthermore, the specific enzyme activities of the variants, M1 and M2, were also increased by 2.37 and 1.66-fold,
respectively. Meanwhile, the combination of two mutants increased the thermostability of nattokinase by 8.0-fold.
Bioinformatics analyses indicated that the enhanced thermostability of the M1 and M2 variants was due to the
increased rigidity and structural contraction of the overall structure. Finally, the fermentation process of mutant
M1 was optimized to increase the expression of nattokinase. Study provides substantial molecular and theoretical
support for the industrial production and application of nattokinase.
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Introduction

In recent years, the incidence of cardiovascular disease
has increased significantly worldwide, and the search
for effective and safe thrombolytic drugs has become an
important direction in the field of cardiovascular and
cerebrovascular disease research [1]. Nattokinase has
been widely regarded by the scientific community as
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a promising drug for the prevention and treatment of
cardiovascular and cerebrovascular diseases due to its
strong thrombolytic effect and safety since it was discov-
ered in Natto in 1987 [2]. Nevertheless, numerous chal-
lenges persist in the industrial production of nattokinase,
including poor thermostability and low activity. Among
these, the poor thermostability of nattokinase represents
a significant hurdle that must be overcome. Currently,
nattokinase is predominantly marketed as a health prod-
uct in the form of enzyme preparations. However, the
enzymatic drying and granulation process necessitates a
brief period of elevated temperature (170°C), which sig-
nificantly constrains the industrial production and mar-
ket application of nattokinase [3].

Many studies have demonstrated that a number of fac-
tors influence the thermostability of proteins, including
hydrogen bonds and salt bridges, which act in concert
to determine the thermostability of protein molecules
[4]. Disulfide bonds are formed by the oxidation of two
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cysteine residues and can be divided into intramolecular
and intermolecular disulfide bonds according to the posi-
tion of the cysteine residue [5]. Disulfide bond is one of
the most common post-translational modifications in
protein structure. As a covalent bond, disulfide bond has
a dissociation energy of about 60 kcal/mol, much higher
than that of non-covalent bonds such as hydrogen bond,
and plays an important role in the correct folding and
three-dimensional structure stability of proteins [6]. Yang
et al. identified a novel cellulase from the thermophilic
fungus Thielavia arenaria XZ7, which showed remark-
able thermostability at 90°C and 100°C [7]. By studying
disulfide bond deletion mutants, they found that the C12-
C48 disulfide bond is essential for the thermal adaptation
and refolding of the enzyme. The optimum temperature
and Tm values of variant C12S were reduced by 10-15
and 8.2°C, respectively. Zhu et al. rationally designed the
a-amylase of Steamy Steobacterium lipophila, introduced
disulfide bonds into the flexible region, and constructed
a mutant Amysl with improved thermostability, whose
half-life at 90°C was increased by about 40 fold [8].

Rational design represents an efficient and labour-
saving method for molecular modification. It does not
necessitate the construction of a vast mutant library, but
rather, only a small number of direct mutants are con-
structed and screened for the desired mutants [9-12].
Rational design is primarily based on a specific compre-
hension of the structure, function, catalytic mechanism,
and catalytic residues of enzyme molecules [13]. Through
bioinformatics analysis of amino acid sequence, advanced
structure and function of enzyme molecules and targeted
design of mutants, the properties of enzyme molecules
can be efficiently improved [14].

In order to comprehend the fundamental challenge
of inadequate thermostability in nattokinase and its
inability to satisfy the requirements of industrial appli-
cations, we have constructed disulfide bonds in nattoki-
nase through the utilisation of a rational design method,
thereby substantially enhancing its thermostability [15].
Concurrently, molecular dynamics simulations were con-
ducted to elucidate the molecular mechanism underlying
the enhanced thermostability of nattokinase. This theo-
retical underpinnings will facilitate the rational design of
thermostability in analogous enzymes.

Materials and methods

Plasmids, strains, and cultivation conditions

The expression vector was a recombinant plasmid pET-
28a-AprY (kanamycin-resistant) containing the full
nattokinase peptide (rAprY) from Bacillus mojavensis
LY-06. Escherichia coli BL21 (DE3) served as the host
for rAprY expression were carried out in Luria-Bertani
(LB) medium (5 g/L yeast extract, 10 g/L tryptone, 10 g/L
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NaCl, pH 7.0). Isopropyl-beta-D thiogalactopyranoside
(IPTG) induced recombinant protein expression.

Site-directed mutagenesis and production of nattokinase
variants

Sangon Biotech Co., Ltd. (Shanghai, China) synthesized
the primers (Table S1) mutagenesis with primers X-up
and X-down and TransStart FastPfu Fly PCR Super-
Mix (TransGen Biotech) created mutations in the AprY
gene of plasmid pET-28a-AprY. Following PCR purifica-
tion with DMT enzyme, the products were transformed
into Escherichia coli DH5a competent cells. Kanamycin
selection on LB plates yielded colonies for sequencing
by Shanghai Sangon Biotech Co.,Ltd. (Shanghai, China)
[16].

Bacterial expression and purification of rAprY and its
variants

The method of expression and purification of rAprY
and its variants was based on the previous work of Li et
al. [17]. Escherichia coli BL21 (DE3) cells carrying the
pET-28a-AprY expression vector and its variants were
grown in LB medium containing 50 pg/mL kanamycin at
37°C. Overexpression was induced by adding IPTG to a
final concentration of 0.1 mM when the ODy,, reached
0.7-0.8. Cells were further grown at 16C for 20 h and
harvested by centrifugation. The bacterial pellet was
resuspended by adding lysis buffer (50 mM NaH,PO,,
300 mM NaCl, 10 mM imidazole, 5% glycerol, pH 7.4).
The harvested cells were lysed by sonication and cen-
trifuged to remove cell debris. The resulting suspen-
sion was then centrifuged at 20,000xg for 30 min at 4°C,
and the supernatant was used for subsequent purifica-
tion at 0—4°C. The rAprY and its variants were purified
by column chromatography using the Ni-NTA column
(Invitrogen, Carlsbad, CA, USA). After purification to
homogeneity, the protein concentration was determined
using the Bradford protein assay reagent kit (Beyotime,
Shanghai, China).

Assay of thrombolytic activity

Enzymatic characterization of rAprY and its variants
employed a tetrapeptide substrate method [18]. Purified
nattokinase activity was determined by monitoring the
release of p-nitroaniline (p-NA) from the chromogenic
substrate succinyl-AAPF-pNA (suc-AAPF-pNA). Reac-
tions were conducted in a 96-well plate at 25°C using 200
uL of phosphate-buffered saline (PBS, 8 mM Na,HPO,,
136 mM NacCl, 2 mM KH,PO,, 2.6 mM KCl, pH 7.0-7.2)
supplemented with an appropriate amount of enzyme.
The reaction was initiated by the addition of suc-AAPF-
pNA to a final concentration of 0.25 mM. Continuous
monitoring of p-NA production at 405 nm for 3 min was
achieved using a SpectraMax’ID5 multimode microplate
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reader (Molecular Devices, San Jose, CA, USA). One
unit of enzymatic activity was defined as the amount of
enzyme that catalyzes the production of 1 umol of p-NA
per minute under the specified assay conditions.

The fibrin plate assay, as described by Li et al. [19], was
utilized to assess the thrombolytic activity and thermo-
stability of rAprY variants in their crude form. Briefly, A
solution of 4 mg/mL fibrinogen (prepared in a water bath
at 37°C), 50 U/mL thrombin, and 1% agarose (prepared in
a water bath at 60 °C) was prepared using a sodium bar-
bital buffer (comprising 10.1 g/L barbital sodium, 7.4 g/L
NaCl, 1 g/L gelatin, and a pH of 7.8). A total of 7.5 mL
of the 1% agarose solution was combined with 7.5 mL of
the 4 mg/mL fibrinogen solution and 0.4 mL of the 50 U/
mL thrombin solution. The resulting mixture was then
poured into the plate and left at room temperature for
30 min. A total of 1 pL of the nattokinase crude enzyme
was added to the aforementioned plate, and the diameter
of the transparent circle (mm?) was calculated after cul-
turing at 37 °C for 18 h. The fibrinolytic activity was then
measured using a urokinase standard as a control.

Biochemical characterization of rAprY and its variants

Optimal temperature and pH were determined using the
tetrapeptide substrate method. Purified enzyme solu-
tions were incubated at various temperatures (20-70°C)
and pH values (3—-11) for optimal activity. Citric acid buf-
fer (pH 3.0-5.0), sodium phosphate buffer (pH 6.0-8.0),
and sodium carbonate buffer (pH 9.0-11.0) were used
to maintain the desired pH ranges. Thermostability and
pH stability were assessed by incubating purified wild-
type and mutant enzyme solutions in appropriate buffers
for 4 h at various temperatures or pH values. Residual
enzyme activity was then measured using the tetrapep-
tide substrate method, with the highest activity desig-
nated as 100%. Half-life (t, ,) of the wild-type and mutant
enzymes was determined by incubating the purified
solutions at 55 °C for varying time points (10-60 min).
Untreated enzyme activity served as the 100% reference
point. The number of disulfide bonds in WT and mutant
rAprY variants was determined using Ellman’s method
with sulthydryl detection kits (BestBio, Shanghai, China).

Determination of the kinetic parameters

Kinetic parameters (K, and K_,) of rAprY and its vari-
ants were determined using suc-AAPF-pNA as the sub-
strate. The substrate concentration was varied from
0.05 to 4 mM in phosphate-buffered saline (PBS; 8 mM
Na,HPO,, 136 mM NaCl, 2 mM KH,PO,, 2.6 mM KCl,
pH 7.0-7.2) at 25 °C. Michaelis-Menten kinetics were
employed to calculate the parameters using GraphPad
Prism 8 software (San Diego, CA, USA). Data repre-
sent the mean values obtained from three independent
experiments.
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Bioinformatics analysis

The protein sequences of rAprY and its variants were
submitted to the AlphaFold2 workstation, which gener-
ated accurate structural models (https://alphafold.ebi.ac.
uk, accessed on 19 May 2024) [20]. The protein models
were analysed using the PROCHECK module of SAVES
6.0 (https://saves.mbi.ucla.edu/, accessed on 19 May
2024) to generate a Ramachandran plot and assess the
model’s reliability [21]. The AprY primary sequence con-
servation was calculated using the Consurf-DB online
software (https://consurf.tau.ac.il/consurf_index.php,
accessed on 19 May 2024) [22]. Disulfide by design 2.0
software was used to design the disulfide bond of natto-
kinase (http://cptweb.cpt.wayne.edu/DbD2/, accessed on
19 July 2024) [23] The B-factor of modeled protein amino
acid residues was calculated using the Predy Flexy server
(https://www.dsimb.inserm.fr/dsimb_tools/predyflexy/in
dex.html, accessed on 19 May 2024) [24].

Molecular dynamics (MD) simulations were performed
on the protein models using YASARA software [25]. The
initial setup involved hydrogen bond network optimiza-
tion to improve solute stability [26]. Protonation states
of protein residues were adjusted using pKa predictions
for a physiological pH of 8.0. NaCl ions were added to
a final concentration of 0.9% with an appropriate coun-
terion (Na* or CI) to maintain charge neutrality. Steep-
est descent and simulated annealing minimizations were
employed to eliminate steric clashes. The simulations
were then run for 100 ns using the AMBER14 force field
for the solute and the TIP3P water model. A cutoff of 10
A was applied for van der Waals interactions [27]. Long-
range electrostatics were treated with the particle-mesh
Ewald method using a grid spacing of 1.0 nm. Integra-
tion of the equations of motion employed an established
algorithm [28]. Bonded and non-bonded interactions
were computed with a multiple time step scheme of
1.25 fs and 2.5 fs, respectively. The simulations were con-
ducted under NPT ensemble conditions at a temperature
of 328.15 K and a pressure of 1 atm. Analysis of the sol-
ute root mean square deviation (RMSD) as a function of
simulation time indicated an equilibration period of 50
ns, which was excluded from further analysis. Trajectory
analysis was performed using various YASARA utilities:
macro md_run for simulation execution, md_analyze
for calculating radius of gyration (Rg), potential energy,
solvent accessible surface area (SASA), protein second-
ary structure content, and hydrogen bond count, and
md_analyzeres for obtaining root mean square fluctua-
tion (RMSF) values. Protein structure visualization was
achieved using PYMOL software.

Steered molecular dynamics simulation (SMD), which
is used to illustrate how biomolecules respond to exter-
nal mechanical manipulations at the atomic level, mim-
ics the principles of atomic force microscopy (AFM) [29].
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The equations of motion were integrated using a multiple
timestep of 1.25 fs for bonded intraactions and 2.5 fs for
non-bonded interactions at a temperature of 298K and
a pressure of 1 atm (NPT ensemble) using algorithms
previously described in detai. After a 3 ps equilibra-
tion period, a minimum acceleration of 2000 pm/ps*was
applied to all ligand atoms, along with non-bonded forces
every 2.5 fs. The ligand has a mass of 624.24 Daltons, and
using the equation F =mxa, this results in a pulling force
of [2000 x 624.24 x 0.00166] picoNewtons. The pulling
direction was determined as the vector connecting the
centers of mass of the receptor and ligand, and was con-
tinuously updated to account for rotations of the complex
[30]. The simulation continuously updated the maximum
distance between the centers of mass of the receptor and
ligand. If the distance did not increase for 400 simula-
tion steps, the acceleration was increased by 500 pm/
ps®. When the maximum distance grew with a ‘MaxDis-
Speed’ faster than 4000 m/s, the acceleration was scaled
down by a factor of 1-(1-4000/MaxDisSpeed)?, but not
below the initial minimum. This check occurred every 20
simulation steps. The simulation ended when the ligand
had moved 15 A away. The peak pulling force and total
work done were calculated to correlate with the binding
strength.

Optimization of the fermentation process of 50-109 (M1)
variant production

The bacterial strains Escherichia coli BL21(DE3),
Escherichia coli Shuffle T7, Escherichia coli Rosetta
gamiB(DE3), Escherichia coli Rosetta(DE3) and Esch-
erichia coli OrigamiB(DE3) were employed as hosts for
the heterologous expression of the M1 variant proteins.
The induced bacterial solution was subjected to soni-
cation, and the resulting supernatant was analysed by
SDS-PAGE. The grey value of the total and target protein
bands produced by SDS-PAGE was determined using Fiji
Image] software. In order to investigate the effect of dif-
ferent single-factor conditions on nattokinase produc-
tion, the enzyme activity of M1 crude enzyme, measured
by the fibrin plate method, was employed as an exami-
nation index for single-factor optimisation experiments.
The optimal results of each round of optimisation were
accumulated and incorporated into the subsequent
round of optimisation. LB medium was used for the opti-
misation of enzyme production conditions, and the fac-
tors examined included fermentation time (14 h, 16 h,
18 h, 20 h, 22 h), fermentation temperature (14°C, 16°C,
18°C, 20°C, 22°C), bottling volume (10%, 20%, 30%, 40%,
50%), initial pH (5, 6, 7, 8, 9), and inoculum volume (0.5%,
1.0%, 1.5%, 2.0%, 2.5%). The optimal fermentation broth
conditions for the production of M1 variants were deter-
mined by orthogonal experiments on the factors that had
a greater influence on rAprY.
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Results and discussion

Rational design of disulfide bonds

Disulfide bonds are covalent bonds that link differ-
ent peptide chains or two cysteine residues in the same
peptide chain and play a role in stabilising the steric
conformation in protein molecules [31]. In this study,
the disulfide bond of nattokinase was designed using
design 2.0 (DbD2) software, and a total of 49 mutant
pairs were obtained (Table 1). On this basis, the num-
ber of candidate mutation sites was compressed to 41 by
removing the mutation sites close to the catalytic active
site (6 A). The B-carbon atoms of the two cysteines that
make up the protein disulfide bond are generally within
4 A of each other and the spacer sequences are gener-
ally greater than 25 amino acid residues, so we used the
rules described above to screen candidate mutants and
shorten the number of mutants to 8 pairs (S49C-K94C,
N123C-A228C, A230C-V270C, A15C-Q271C, F50C-
N109C, K12C-Q271C, T22C-S87C and A85C-A232C).
Considering that the highly conserved amino acid resi-
dues in the protein may have an impact on the catalytic
performance of AprY, the highly conserved candidate
mutation sites were removed and the number of mutants
was reduced to 5 pairs (A230C-V270C, A15C-Q271C,
F50C-N109C, K12C-Q271C and T22C-S87C). Regions
prone to disulfide bond formation tend to have rela-
tively high mobility, i.e. high b-factor and RMSF values
[32]. The B-factor usually reflects the static flexibility
of the protein; a higher B-factor value indicates a more
flexible or unstable structure. As the static flexibility is
closely related to the crystal quality and structural reso-
lution of the protein, the B-factor value will differ even
for different crystal structures of the same protein [33].
Therefore, further analysis of the dynamic flexibility of
nattokinase enzymes is needed to further identify candi-
date mutants capable of forming disulfide bonds. We per-
formed molecular dynamics simulations at 328.15 K for
100 ns using the wild-type AprY obtained from homol-
ogy modelling. The flexible region of AprY was screened
by analysing the RMSF values and four mutants, F50C-
N109C and A15C-Q271C were finally identified (Table 1
and Figure S1). Therefore, two mutants, 50-109 (M1) and
15-271 (M2), were selected for the next study.

Purification and characterization of 50-109 (M1), 15-271
(M2) and 50-109/15-271 (SS) variants

Variants M1 and M2 were constructed by site-specific
mutation. SDS-PAGE analysis showed that the mutant
was successfully expressed in Escherichia coli BL21(DE3)
(Figure S2). The disulfide bond detection kit was used
to verify the formation of disulfide bonds introduced
in the mutants [34]. It can be seen that free thiols were
not detected in both M1 and M2 variants without TCEP
treatment, indicating that both cysteines formed disulfide
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Table 1 Screening results of candidate sites

Candidate site Distance from catalytic Distance of B-carbon atoms Conservation” averageB- aver-
centre between candidate sites factor ageRMSF
@A) (A) A) A)
T255C-L267C 155 43 3 18.2 5.97
A153C-S191C 8.0 4.2 8 16.92 592
L257C-Y263C 159 4.2 1 1843 5.69
R249C-A273C 217 4.2 4 18.76 5.68
A254C-G266C 16.9 44 8 19.72 558
G154Y-G166C 75 55 9 209 551
N155C-F189C 8.5 5.1 9 20.08 5.46
D41C-P210C 16.9 11.8 7 21.24 539
P57C-K94C 15.6 4.2 3 15.26 533
D41C-G80C 180 50 7 16.83 4.81
D32C-G65C 9.9 37 9 13.18 4.79
A169C-A176C 10.7 38 7 18.32 458
N76C-P86C 189 4.2 5 17.8 4.51
V95C-G110C 15.1 52 6 15.78 442
1205C-M222C 38 39 7 14.53 435
S49C-P57C 19.0 4.1 7 17.02 4.27
E156C-T164C 121 38 3 19.51 4.27
A179C-A223C 56 4.2 7 14.95 422
G47C-P57C 9.3 50 5 17.84 414
A73C-A88C 19.0 4.2 7 15.1 411
A200C-A223C 56 49 9 14.15 4.11
V26C-A232C 17.5 4.2 7 14.92 402
L257C-G266C 16.9 44 1 1849 3.98
G70C-A74C 16.3 39 7 12.55 377
S49C-K94C 15.6 39 7 16.18 374
S33C-S62C 12.1 35 7 17.42 355
H39C-L42C 188 4.0 8 14.67 35
V143C-5173C 17.9 4. 1 21.08 34
A151C-T174C 80 43 6 17.37 3.19
A254C-K265C 183 38 8 2091 2.96
G32C-D60C 103 8.1 9 18.36 263
N123C-A228C 94 38 9 12.02 251
A230C-V270C 15.0 4.0 5 12.54 25
A114C-M119C 19.2 4.2 4 17.21 4.25
W241C-Q245C 238 4.0 5 19.22 245
S33C-G65C 9.9 4.8 7 14.8 234
S37C-V44C 19.9 39 1 16.55 231
N181C-V203C 10.1 4.0 5 18.14 231
A85C-A88C 8.5 39 9 14.25 229
G34C-K94C 59 4. 9 15.03 225
A15C-Q271C 17.2 38 1 19.93 223
V165C-G193C 12.5 53 3 1841 222
S37C-Y58C 19.7 39 1 18.39 221
F50C-N109C 17.3 4.0 2 16.48 2.16
$24C-S87C 214 4.2 4 17.12 1.74
A151C-A169C 8.0 4.0 6 18.56 1.19
K12C-Q271C 194 38 5 16.91 0.61
T22C-S87C 214 38 5 17.23 0.59
A85C-A232C 17.2 39 9 15.09 273

*Candidate amino acid residues were assigned a score of 1 to 9 in descending order of conservation
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bonds. After TCEP treatment, one molecule of M1 and
M2 variants contained approximately one thiols (Thiol/
protein (mol/mol): M1, 1.96+0.22; M2, 1.98+0.19),
howerver, no disulfide bond was observed in wild-type
AprY. In order to verify the disulfide bond formation of
the individual variants, 100 ns MD was performed at
298.15 K for M1 and M2, respectively, and the last 20
ns were analysed. The results demonstrated that the dis-
tance between amino acid residues 50 to 109 of the M1
variant exhibited greater stability compared to the wild
type, with a distance less than 4 A, which met the stan-
dard for disulfide bond formation. Conversely, the dis-
tance between the M2 variant and the wild type was less
pronounced than that observed between the M1 variant
and the wild type. However, the average distance of the
M2 variant (4.01 A) was smaller than that of the wild
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type (4.24 A), which also met the criteria for disulfide
bond formation (Figure S3). The optimum pH, pH sta-
bility and optimum temperature of all variants were not
significantly altered (Fig. 1A-C). To assess the stability of
the variants under high temperature conditions, residual
enzyme activity of the pure enzyme of each variant was
quantified following incubation at 55°C for varying peri-
ods. Notably, following incubation at 55°C for one hour,
the M2 variant and SS variant exhibited residual fibri-
nolytic activity in excess of 60%, whereas the wild-type
rAprY exhibited residual activity below 20% (Fig. 1D).
To characterise the changes in the catalytic properties of
each variant, the kinetic parameters of wild-type rAprY
and mutants were determined at 25°C using tetrapeptide
substrates as substrates, and all data were fitted by non-
linear regression equations (Table 2). Taking the pure
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Fig. 1 Enzymatic properties of rAprY and its variants with single-point mutations. (A) Optimum pH; (B) pH stability; (C) Optimum temperature; (D) Half-

life period
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Table 2 Comparison of the enzymatic properties of the wild-type and the single point mutants
M1 M2 SS WT
K, (umol/L) 1.24+0.03 0.61+0.01 0.59+0.02 1.52+0.11
ke (571 229+0.20 1144022 1.11+0.03 375+034
Ky et/ K- 1.65 187 188 25
Specific activity (U/mg) 868.68 608.35 598.52 367.17
half-life (min) 28.7+0.73 59.5+0.32 82+0.57 11.5+0.35
Optimal pH 8 8 8 8
Optimum temperature 55C 55C 55C 55C
B
1000 100
S T s -
£ 800 Z 80
2 2
Z 600 £ o0
z B
§ 4004 __ $ 409 =
g A
& 200 5 504
A g
[~
0= 0 T T
AprY M1 M2 SS rApr’Y Ml M2 SS

Fig. 2 Nattokinase activity (A) and thermostability (B) measured using the fibrin plate assay.Samples marked with the plus sign on fibrin plates were

those that had been heat-treated (55°C for 30 min)

enzyme solution and incubating it at 55°C for 10 min to
measure its thermostability, we found that the thermo-
stability of M1, M2 and SS was greatly improved com-
pared with that of the wild type, by 136.6%, 65.7% and
63.0%, respectively; at the same time, the half-lives of M1,
M2 and SS were 28.7 min, 59.5 min and 82.0 min, which
were 2.5, 5.2 and 7.1 times higher than those of the wild
type. Enzymes frequently exhibit a trade-off between sta-
bility and activity, indicating that enhancing one prop-
erty often comes at the expense of the other [35]. In this
study, the specific enzyme activities of the three variants
M1, M2 and SS were increased by 136.59%, 71.13% and
63.01%, respectively, compared with wild-type rAprY,
although their K; did not change significantly. Accord-
ingly, all mutants had lower K, values than the WT. It
is well known that the Km value indicates the affinity
of the substrate for the enzyme, so the increase in spe-
cific enzyme activity of all mutants may be due to their
improved ability to bind to the substrate. Interestingly,
the tetrapeptide substrate assay, which is a common
method for the determination of basic serine proteases,
sometimes shows that the K, and k, value is not fully
proportional to the specific enzyme activity, which may
be related to the assay method.The above results suggest
that the variants obtained in this study were able to over-
come the trade-off between the fibrinolytic activity and
stability of nattokinase, improving the catalytic activity of
nattokinase while improving its thermostability.

The fibrin plate method is affected by incubation
time, plate thickness and temperature, and therefore the

measured data do not accurately reflect nattokinase activ-
ity. However, compared with the tetrapeptide substrate
method, the fibrin plate method can more accurately
mimic the molecular structure of the thrombus, and is
therefore more suitable for the determination of throm-
bolytic activity in vitro [36]. In order to assess the effect
of the introduction of disulfide bonds on nattokinase and
to further understand the practical application scenarios
of the advantageous mutants with enhanced thermosta-
bility in industrial production, we further examined the
activity and thermostability of nattokinase and its vari-
ants based on the tetrapeptide substrate assay by fibrin
plate assay. Initially, the activities of the wild-type rAprY
and its variants were calculated by determining the diam-
eter of the transparent circle using the urokinase stan-
dard as a standard curve. The enzymatic activities of
wild-type rAprY, M1, M2 and SS were 107.9 U/mL,164.4
U/mL, 228.4 U/mL and 163.9 U/mL, respectively, while
after incubation for 30 min at 55°C, The residual enzyme
activities of wild type rAprY, M1, M2 and SS were 39.6%,
82.6%, 54.3% and 81.1% of those without incubation,
respectively (Fig. 2). The results were basically consistent
with those measured by tetrapeptide substrate assay. Pre-
vious studies have demonstrated that there is an activ-
ity-stability trade-off phenomenon for enzymes. This
phenomenon can be observed during enzyme engineer-
ing modifications, whereby the enhancement of enzyme
activity is often accompanied by a decrease in stability
[37]. Our study overcame this drawback, and therefore, it
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is important to investigate the mechanism of activity and
thermostability enhancement of individual variants.

Understanding the mechanism for enhanced catalytic
performance of M1 and M2 variants

AlphaFold2 is an Al system created by DeepMind capa-
ble of predicting the three-dimensional (3D) structures
of proteins based on their amino acid sequences with
atomic-level precision [38]. The results of previous exper-
iments showed that M1 and M2 variants have enhanced
thermostability compared to wild-type rAprY. In order to
deeply investigate the reason for the enhanced thermo-
stability of each variant, this study used the AlphaFold2
online workstation to predict the structure of their pro-
teins by submitting the amino acid sequences of each
variant in the workstation, and the accuracy of the pro-
tein models was verified by using the PROCHECK mod-
ule in SAVES 6.0 (PROCHECK generates Ramachandran
plots indicating the conformations in which the amino
acid residues could theoretically occur) (Figure S4). We
selected protein structures with more than 90% of the
permissive regions in the Ramachandran plots to perform
molecular dynamics simulations (MD) over a period of
100 ns at 328.15 K. In molecular dynamics simulation
analysis, the thermostability of proteins is commonly
characterised by root-mean-square deviation (RMSD),
root-mean-square fluctuation (RMSF), solvent-accessible
surface area (SASA) and radius of gyration (Rg). RMSD
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is an important indicator of molecular dynamics (MD)
and represents the smallest arithmetic square root of the
position of the backbone atoms throughout the entire
motion with respect to the position of the initial struc-
tural backbone atoms [39]. It is an indicator of whether
or not the simulated system is in equilibrium.When the
RMSD value remains stable at a certain stage during the
simulation, it indicates that the simulated system has
reached basic dynamic equilibrium and the data derived
from the simulation are reliable. At the same time, RMSD
is also an important factor to characterise the molecular
rigidity [40]. The results of the MD indicate that the val-
ues stabilise at 1.3—1.5 A after 50 ns, indicating that the
potential and the total energy of the system have reached
a stable state (Fig. 3A). This allows for further analysis of
the other indexes. In order to facilitate subsequent com-
parison, all MD data were analysed using data from 50 ns
onwards.

After averaging the RMSD values for the last 50 ns of
the M1 and M2 variant we found that compared to the
wild type, the M1 and M2 variants RMSD decreased sig-
nificantly (29.81% and 11.9% compared to the wild type
rAprY, respectively), indicating a significant increase in
the rigidity of the mutant; Correspondingly, Rg, SASA
values and the number of solute-solvent hydrogen bonds
were reduced in variants M1 and M2, suggesting that
the overall tighter structure of variants M1 and M2 is
an important factor in their improved thermostability
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(Fig. 3B-C and Table S2). Secondary structure calcula-
tions for variants M1 and M2 showed that although the
secondary structure composition of each variant was
essentially unchanged compared to wild-type rAprY,
their dihedral angle potential energy changed signifi-
cantly compared to wild-type rAprY (Table S2). The
results indicated that although the tertiary structure of
the each variant remained largely unaltered, the change
in dihedral angle potential energy suggested that the
internal interactions of the M1 and M2 variants protein
had undergone a transformation, which might be a cru-
cial factor in the enhancement of thermostability of the
M1 and M2 variants.

The stability of proteins not only depends on the over-
all structure, but the increase of local structural rigidity
also plays an important role in maintaining the stabil-
ity of protein structure [41]. The RMSF value represents
the fluctuation amplitude of a single amino acid residue
from its original position at a specific equilibrium time
point within the simulation system. Consequently, RMSF
can be employed to reflect the change in local amino
acid stability. It is generally accepted that a lower RMSF
value indicates a reduction in flexibility and an increase
in thermostability in this region [42]. The RMSF of the
region encompassing the two mutation sites (amino
acid residues 109 and 48-55) in varirant M1 exhibited
a slight decline, suggesting that the rigidity of the local
structure of the mutation site augmented following the
mutation (Fig. 3D). This may be one of the contributing
factors to the enhanced thermostability. For the M1 vari-
ant, it is noteworthy that a notable reduction in RMSF
was observed in the region encompassing amino acid
residues 72 to 77, 170 to 174, which is situated within
the Ca* binding site region of nattokinase (Fig. 3D). The
Ca?* binding site of nattokinase has been demonstrated
to be associated with its thermostability. Consequently,
we postulated that the augmented rigidity of the Ca®*
binding site region may facilitate Ca** binding to the
protein, which in turn enhances stability [43]. The amino
acid residues 208-218 located in the outer region of the
catalytic pocket of rAprY, and the increased rigidity of
variants M1 in this region can ensure that the nattoki-
nase binding pocket retains its normal conformation at
high temperature (Fig. 3D). In contrast to the M1 vari-
ant, the M2 variant exhibited a reduction in RMSF in the
96—102 loop region, with the exception of the 174 amino
acid residue (Fig. 3D). It has been reported that nattoki-
nase variants S78T and Y217K, which exhibit increased
stability, have reduced RMSF around position 100 [44]; In
contrast, the nattokinase M4 mutant, which also exhib-
its increased stability and activity, has increased RMSF at
positions 95-105 under high temperature. These results
indicate that the 96—102 loop region of nattokinase plays
an important role in the catalytic activity of nattokinase.
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To explain the mechanism underlying the enhanced
fibrinolytic activity of the nattokinase M1 and M2 vari-
ants compared with the wild type, MD of variant and
wild-type rAprY at 298.15 K for 100 ns were investigated.
Although the RMSF of M1 was largely unchanged com-
pared to the wild-type M2 variant, a significant change
in the secondary structure composition of the Ser221
region (active centre) was observed in both variants 50
ns (50 to 100 ns) after MD reached stabilisation. This
observation is indicative of the more stable secondary
structure exhibited by M1 and M2 (Fig. 4A, Figure S5).
Correspondingly, the volume and specific surface area of
the M1 and M2 mutant active centres increased accord-
ingly, and the docking result showed that the distances
of Ser221 residues from wild-type rAprY, M1 and M2 to
the substrate peptide bond carbonyl carbon are 4.8 A,
3.8 A and 3.4 A, respectively (Table S3 and Figure S6). In
conclusion, it can be hypothesised that the M1 and M2
mutations may indirectly impact the active centre con-
formation, which in turn exerts an influence on their
catalytic activity. Steered dynamics simulation verified
the above conjecture: The analysis of Steered kinetic sim-
ulations of the tetrapeptide substrates with nattokinase
revealed that the ligand binds more tightly to the active
centre sites of variants M1 and M2 than to the wild-type
rApr. This is evidenced by a more stable hydrophobic
interaction of amino acid residue 221 with the substrate
compared to the wild-type rAprY, suggesting that the
active site of variant M1 and M2 better interacts with
the tetrapeptide substrate and thus improves enzymatic
efficiency (Fig. 4B). The MD results of each mutant after
docking with the substrate also corroborate the afore-
mentioned conclusion, as evidenced by a 30% increase in
the number of hydrogen bonds formed by the interaction
of the ligand with the surrounding receptor in mutants
M1 and M2 relative to the wild-type rAprY, and a consid-
erable rise in the number of hydrogen bonds formed by
the interaction of each atom in the ligand of the mutant
complexes with the surrounding receptor.

Fermentation process optimisation to enhance the yield of
M1 variant

The utilisation of Escherichia coli engineering strains
for the expression of heterologous proteins with diverse
functions offers several advantages, including a trans-
parent genetic background, straightforward techni-
cal manipulation, simple culture conditions, and the
potential for large-scale cultivation [45]. Accordingly, a
comparison was conducted to assess the impact of five
Escherichia coli engineering strains, namely Escherichia
coli BL21 (DE3), Escherichia coli SHuffle T7, Escherichia
coli Rosetta gamiB (DE3), Escherichia coli Rosetta (DE3),
and Escherichia coli OrigamiB (DE3), on the expres-
sion of mutant M1. In the absence of any substantial
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alterations in cell concentration, the recombinant vari-
ant M1 exhibited the most pronounced intensity ratio
of target bands and the highest activity of crude enzyme.
This finding suggests that the Escherichia coli SHuffle

T7 strain is particularly conducive to the heterologous
expression of the combined variant M1 (Fig. 5A and
Figure S7). This may be attributed to the fact that the
expression of the genome-integrated DsbC gene of the
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Escherichia coli SHuffle T7 strain facilitates the correct
folding of the protein [46].

The heterologous expression of nattokinase in Esch-
erichia coli is characterised by low expression levels and
susceptibility to inclusion body formation [47]. Conse-
quently, we conducted a sequential optimisation of the
fermentation conditions (induction time, pH, bottling
volume, induction temperature, inoculum volume) of

the M1 variant in Escherichia coli SHuftle T7. The induc-
tion time was identified as a key determinant of soluble
protein expression [48]. Our single factor experiment,
which varied the induction time, demonstrated that 18 h
represented the optimal induction time for the M1 vari-
ant, with an expression level of 289.27 U/mL. The pH of
the fermentation broth had a significant impact on the
metabolism and enzyme expression in Escherichia coli
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Table 3 Experimental results and analysis of L9 (34) orthogonal
experiments for nattokinase production

Test Number Factor Enzyme activity (U/mL)
ABCD

1 T 1 1 1 297.7

2 2 2 2 1 3171

3 3 3 3 1 3272

4 4 3 1 2 3255

5 5 1 2 2 3269

6 6 2 3 2 356.3

7 7 2 1 3 2971

8 8 3 2 3 311.2

9 9 1 3 3 341.6

K1 K1 306.767 321.77 32207

K2 K2 31843 32807 32350

K3 K3 34170 31707 32133

R R 3493 11.00 217

[49]. The M1 variant expression was further elevated to
453.34 U/mL when the pH was 7. A single factor experi-
ment was conducted to determine the optimal volume of
bacterial solution to be bottled. The results indicated that
a volume of 30% of the total bottling volume resulted in
optimal expression, with a value of 309.54 U/mL. In light
of these findings, further investigation was conducted
to examine the influence of induction temperature and
inoculum volume on the expression of the M1 variant.
The expression of the M1 variant at a concentration of
311.26 U/mL and 327.55 U/mL was achieved simultane-
ously under the conditions of an induction temperature
of 20 °C and a 2% inoculum quantity.

In light of the aforementioned outcomes, the following
variables were selected for the orthogonal array experi-
ment: bottling volume, pH, induction temperature and
induction time (Table S4). The statistical analysis of the
fermentation data was conducted using Minitab 16. The
results indicated that pH was the most significant factor,
followed by bottling volume, induction temperature and
induction time (Table 3). The optimal concentrations of
bottling volume, pH, induction temperature and induc-
tion time for high-level nattokinase production were
determined to be 20%, 7, 20 °C and 18 h, respectively.
Under this fermentation condition, the optimal enzyme
yield was 356.3 U/mL, which was 2.16 times higher than
that before optimization.

Conlusion

In this study, an effective strategy to improve the catalytic
performance of nattokinase was explored. For the M1
mutant with improved enzyme activity and thermal sta-
bility, the host strain with the highest protein production
was selected, and single factor optimization and orthogo-
nal experiments were performed to obtain the optimal
fermentation conditions. These results have important
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guiding significance for the large-scale production of nat-
tokinase, and have potential industrial production and
application value. This provides a new oral dosage form
for the use of nattokinase, and its combination with other
drugs may provide a new oral dosage form for the treat-
ment of thrombophilia or cardiovascular diseases.
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