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A strain of Bacillus natto was isolated from natto and found to have a high yield of nattokinase. The 
aprN and pro-aprN gene fragments, encoding nattokinase from Bacillus natto, were amplified using two 
pair of primers and were expressed in Bacillus subtilis WB800N host cells using the pHT43 plasmid as a 
vector. In this system, the effect of leader peptides on nattokinase activity, revealing that these leader 
peptides mediate the folding function of nattokinase was explored. After optimizing the expression 
conditions (1 mmol/L IPTG inducer at 37°C, pH 7.5, cell culture OD600 of 0.6), maximal nattokinase 
enzymatic activity of  848.52 IU/mL after induction of fermentation for 4 h, was achieved, at which time 
maximal extracellular protein had been produced. The fermentation medium of the engineering strain 
was optimized, and purified nattokinase via salt precipitation and ultrafiltration was isolated. Relative to 
fermentation supernatants, the purification ratio of nattokinase reached 6.63, with a total recovery of 
80%, and a specific enzyme activity of 11507.92 IU/mg. These results indicate that the nattokinase 
overexpression using the pHT43 vector in WB800N cells is an effective means of achieving efficient 
nattokinase production, and the engineered strains constructed herein have great promise as potential 
industrial strains for nattokinase production. 
 
Key words: Nattokinase, aprN gene, Bacillus subtilis WB800N, Fibrinolytic activity, engineered strain, 
fermentation. 

 
 
INTRODUCTION 
 
Sumi et al. (1987) first demonstrated the presence of a 
strong fibrinolytic enzyme in natto which they named 
nattokinase (NK) (Sumi et al., 1987; Sumi et al., 1988). 
Subsequently, researchers from various countries have 
conducted research on nattokinase, determining that the 
open reading frame encoding of the nattokinase gene 
consists of 381 amino acids, of which the 29 N-terminal 
amino acids form a signal peptide, the next 77 constitutes  

a leader peptide, and the following 275 amino acids form 
a mature peptide (Nakamura et al., 1992). Nattokinase is 
an alkaline protease with a molecular weight of about 

27.7 kDa and the protein isoelectric point（PI）of 8.6 

(Fujita et al., 1993).  
In both animal and human studies, NK has exhibited 

significant and potent fibrinolytic and antithrombotic 
activity (Fujita et al., 1995; Nagata et  al.,  2017;  Chen  et  
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al., 2018). NK not only directly dissolves fibrin, but also 
promotes the release of tissue-type plasminogen 
activator (tPA) from cells and catalyzes the release of 
prourokinase from the liver, thereby increasing the 
formation of plasminogen (Dabbagh et al., 2014). In 
clinical trials, oral NK increased tPA, significantly reduced 
ELT, and significantly reduced levels of factor VII and 
factor VIII in human blood, suggesting that NK can be 
used as a fibrinolytic/anticoagulant agent with the 
potential to reduce the risk of thrombosis and CVD in 
humans (Sumi et al., 1990; Hsia et al., 2009; Kurosawa 
et al., 2015). In addition, NK has been found to possess 
antihypertensive (Lee et al., 2015), anti-atherosclerotic, 
lipid-lowering, anticoagulant (Park et al., 2012) and 
neuroprotective effects (Metkar et al., 2017). Recent 
toxicological studies (both in vivo and in vitro) provide 
strong evidence for the safety of NK oral consumption 
(Lampe et al., 2016). Therefore, studies have shown that 
NK is safe, economical, has a long half-life, is easy to 
produce in large quantities, and has a variety of beneficial 
cardiovascular effects, making it a feasible drug for the 
treatment of cardiovascular diseases (Dabbagh et al., 
2014; Ren et al., 2017). 

To enhance nattokinase activity and simplify 
downstream operations, heterologous expression of 
nattokinase has been studied in several microbial 
expression systems, including in Escherichia coli, Pichia 
pastoris, Bacillus subtilis and Lactococcus lactis (Wei et 
al., 2015; Wu et al., 2011). Nattokinase achieves high 
levels of expression in E. coli model systems, but most 
recombinant proteins in them are in the form of inactive 
inclusion bodies (Ni et al., 2016). Although active 
nattokinase can be expressed in recombinant P. pastoris 
and L. lactis, expression is relatively low and product 
purification is difficult (Dabbagh et al., 2014). As a Gram-
positive bacterium, B. subtilis is an attractive host for the 
production of heterologous secreted proteins, as it is non-
pathogenic and capable of secreting functional 
extracellular proteins directly into the culture medium 
(Nishito et al., 2010). 

In this study, we used the pHT43 shuttle plasmid to 
construct two genetically engineered strains of B. subtilis 
WB800N cells, and we then optimized the expression 
conditions of these genetically engineered strains. Finally, 
we established optimal protocols for the downstream 
separation and purification of NK through salt precipitation 
and ultrafiltration. 
 
 
MATERIALS AND METHODS   
 

Bacterial strains, plasmids, and reagents 
 

B. subtilis natto and E. coli DH5α are laboratory-preserved strains. 
B. subtilis WB800N and the pHT43 vector were purchased from 
Wuhan Miaoling Biotech. All enzymes used for DNA manipulations 
were purchased from Takara (Dalian). Isopropyl-β-D 
thiogalactopyranoside (IPTG) was obtained from Bio Basic Inc. 
Urokinase standard (1240 IU) was purchased from Beijing Zhongke 
Quality   Biotech.  Fibrinogen  and  thrombin  were  purchased  from  

Tian et al.          489 
 
 
 
Shanghai Yuanye Biotech. 

 
 
Amplification of the nattokinase gene 

 
The reference nattokinase gene sequence from B. subtilis YF038 
(GenBank accession number AY219901) was used to design 
specific primers (Table 1) using the biological software Clone 
Manager, and these primers were synthesized by Sangon Biotech 
(Shanghai). PCR amplification of the gene sequence was carried 
out using genomic DNA from B. subtilis natto as a template. The 
optimized PCR program for amplification of the gene was as 
follows: denaturation at 94°C for 5 min, then 30 cycles of 30 s at 
94°C, 30 s at 55°C, and 1 min at 72°C, followed by a final extension 
for 5 min at 72°C.  

 
 
Construction of engineered bacterial strains 
 
The amplified aprN (containing only the mature NK peptide 
sequence), pro-aprN (containing both the leader and mature NK 
peptide sequence) gene products and the pHT43 plasmid were 
digested using BamH I and Sma I, and were then ligated using T4 
DNA ligase. The ligated pHT43-aprN and pHT43-pro-aprN plasmids 
were then transformed individually into E. coli DH5a cells and 
propagated in the medium supplemented with 100 μg/mL ampicillin 
(Tu et al., 2016; Zhou et al., 2018). The recombinant plasmid DNA 
of pHT43-aprN or pHT43-pro-aprN from single colonies was 
extracted and confirmed by restriction enzyme digestion and 
sequencing. The DNA sequences of these pHT43-aprN and 
pHT43-pro-aprN inserts were analysed by Sangon Biotech 
(Shanghai). 

B. subtilis WB800N cells prepared from glycerol stocks were next 
streaked onto neomycin-containing agar plates and incubated 
overnight at 37°C. Competent WB800N cells were then prepared as 
previously described by Chityala et al. (2015), and the sequence-
verified recombinant pHT43-aprN or pHT43-pro-aprN plasmids 
were introduced into the cells via electroporation (Vojcic et al., 
2012). These electrotransformed cells were quickly added into 500 
μL of resuscitation medium and incubated for 40 min. These cells 
were then added to fresh sterile Luria–Bertani medium (LB) (1 mL) 
and incubated for another 45 min. Cells were the centrifuged at 
3000 rpm for 2 min, and the cell pellets were re-suspended in 100 
μL LB medium and spread over LB agar plates containing 
chloramphenicol, which were then incubated at 37°C overnight. The 
transformed colonies were further selected using a dual-antibiotic 
plate. The recombinant plasmid DNA from single colonies was then 
extracted and confirmed by PCR amplification. The verified 
engineered strains, named WB800N/pHT43-aprN and 
WB800N/pHT43-pro-aprN, were then stored in glycerol at -80°C. 

 
 
Induced expression of engineered nattokinase 

 
Single colonies of WB800N/pHT43-aprN and WB800N/pHT43-pro-
aprN were inoculated in 25 mL LB containing chloramphenicol (5 
μg/mL) and incubated at 37°C, with 200 rpm shanking overnight. 
The pH was maintained at a fixed value of 7.5 during subsequent 
culturing. Fresh LB media (25 mL) was inoculated with this 
overnight culture as a 2% inoculum, and was then incubated at 
37°C with 200 rpm shaking. NK expression in these cells was 
induced using 0.1 mM IPTG after the cell density reached 0.6–0.8 
OD600 (optical density at 600 nm), and cells were then incubated at 
30°C for 24 h. Samples were then collected and centrifuged at 8000 
rpm for 2 min at 4°C, and supernatants were stored at 4°C for 
subsequent SDS-PAGE analysis and determination of NK 
enzymatic activity. 
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Table 1. Primers used for PCR amplification. 
 

Primer  Sequence (5’ to 3’) Restriction site  

aprN-F CGGGATCCATGGCGCAATCTGTTCCTTATGG BamH I 

aprN-R TCCCCCGGGTTATTGTGCAGCTGCTTGTA Sma I 

pro-aprN-F CGGGATCCATGGCCGGAAAAAGCAGTACAGA BamH I 

pro-aprN-R TCCCCCGGGTTATTGTGCAGCTGCTTGTA Sma I 

 
 
 
Determination of the molecular weight of engineered 
nattokinase  
 
SDS-PAGE was performed as previously described (Laemmli et al., 
1970). To evaluate the expression levels of NK in samples, the 
same amount of supernatant from each culture was taken to 
prepare identically diluted loading samples, and these samples 
were run on a gel along with a molecular weight ladder. The 
molecular weight of engineered NK proteins was then determined 
with a standard protein ladder, and the expression levels of this 
protein were semi-quantitatively measured. 
 
 
Fibrinolytic activity assay  
 
Engineered NK enzymatic activity was evaluated using the fibrin 
plate method as previously described (Man et al., 2018) with some 
minor adjustments. Urokinase, thrombin, agarose, and fibrinogen 
solutions were all prepared in 10 mmol/L phosphate buffer (pH 7.5). 
5 mL agarose solution (10 g/L), 5 ml fibrinogen solution (2.2 g/L) 
and 100 μL (10 IU) thrombin were all mixed in a 50 mL Erlenmeyer 
flask, and then poured into sterile petri dishes. The solution in the 
plate was left undisturbed for 1 h to form fibrin clots, and then 2 mm 
diameter wells were made in the plate to allow for sample 
application. 1 mL of fermentation broth was centrifuged at 8000 
r/min for 2 min at 4°C, and the supernatant was stored at 4°C for 
analysis of enzymatic activity. To observe fibrinolytic activity, 4 μL 
of this sample solution was carefully dropped into each well, plates 
were incubated at 37°C for 18 h, and the diameter of the fibril 
transparent circle was then measured. Eight different 
concentrations of a urokinase standard solution were diluted to 
prepare a nattokinase activity standard curve, allowing for the 
quantification of the NK fibrinolytic activity. 
 
 
Optimizing fermentation parameters for engineered 
nattokinase expression 
 
A test of fermentation parameters was performed in order to 
maximize engineered nattokinase production. Test parameters, 
which were modulated one by one, included: culture temperatures 
(18, 25, 30, 37, and 40°C), media pH (4, 5, 6, 7, 7.5, 8, 9, 10, 11, 
and 12), IPTG concentrations for induction of NK expression (0.1, 
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 mmol/L) and cell growth 
stage at time of IPTG induction (cell culture OD600  of 0.2, 0.6, 1.0, 
1.4, and 1.8). There was one control sample and three parallel 
replicates in each group of experiments. Each sample was 
measured 3 times on average, and the average value was analyzed 
as statistical data. 
 
 
Isolation and purification of nattokinase 
 
The genetically engineered seed solution was inoculated with 3% 
inoculum into 100 mL of optimized fermentation media (containing 
26.05 g/L peptone,  29.29  g/L  glucose,  1.5  g/L  MgSO4,  0.74  g/L 

CaCl2, 1.5 g / L KH2PO4, 10 g / L NaCl, pH 7.2 ~ 7.5), in a 200 r / 
min, 37°C shaker and grown to a cell density of OD600nm = 0.6, after 
which 1 mM IPTG was added to induce fermentation for 4 h. After 
fermentation, samples were spun at 8000 r/min for 10min to collect 
the fermentation supernatant. Ammonium sulfate was added to the 
supernatant to 30%, and samples were allowed to stand at 4°C 
overnight, followed by centrifugation at 12000 r / min for 20 min to 
remove the supernatant. Ammonium sulfate was then added to a 
60% saturation, after which it was allowed to stand at 4°C 
overnight, followed by spinning at 12000 r / min After 20 min, the 
precipitate was dissolved in 5 mL of 0.04 mol/L pH 8.0 barbital 
sodium-HCl buffer, and the crude enzyme solution was obtained 
after dialysis. 

Appropriate amounts of crude enzyme solution after salting out 
were added to a 30 kDa ultrafiltration centrifuge tube and spun at 
low temperature for 20 min at 8000 r/min. The ultrafiltrate was then 
transferred to a 10 kDa ultrafiltration centrifuge tube and centrifuged 

at 8000 r/min for 20 min. The ultrafiltered solution was stored at 4 ℃ 
and subjected to subsequent analysis.  
 
 
RESULTS 
 

Generation of recombinant plasmids and engineered 
strains 
 

Two sets of DNA fragments encoding the nattokinase 
gene were amplified by PCR from the genomic DNA of B. 
subtilis natto. The single bands in Figure 1 confirmed that 
the PCR products of aprN (828 bp in size) and pro-aprN 
(1059 bp in size) are of the expected size. The pHT43-
aprN and pHT43-pro-aprN recombinant plasmids were 
then extracted from E. coli DH5a cells and verified by 
restriction enzyme digestion using BamH I and Sma I 
(Figure 2), and the DNA sequence of the pHT43-aprN 
and pHT43-pro-aprN inserts were analyzed. The results 
revealed that the DNA sequence of cloned genes were 
identical to that of nattokinase from the precursor B. 
subtilis YF038 strain (GenBank accession number 
AY219901), confirming successful construct generation.  
 
 

Engineered nattokinase expression and assessment 
of fibrinolytic activity  
 
As the cloned gene was under the control of lac operon, 
which is induced by IPTG, induction of engineered 
nattokinase expression was evaluated via the 
supplementation of 0.1 mM IPTG in the media of the 
transformed B. subtilis WB800N cells. The IPTG was 
added to the fermentation broth  when  the  culture  OD600  
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Figure 1. Amplification of the nattokinase gene by PCR from the 
genomic DNA of B.subtilis natto. Lane M, DNA maker 10000; Lane 
1-2, aprN fragment of the nattokinase gene; Lane 3-4, pro-aprN 
fragment of the nattokinase gene. 

 
 
 

 
 

Figure 2. Verification of the recombinant pHT43-aprN and pHT43-pro-aprN plasmids by 
restriction enzyme digestion with BamH I and Sma I. Lane M, DNA maker 10000; Lane 1, 
intact pHT43-aprN; Lane 2, digested pHT43-aprN; Lane 3, intact pHT43-pro-aprN; Lane 4, 
digested pHT43-pro-aprN. 
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Figure 3. SDS-PAGE revealing that a 28 kDa protein for in the B.subtilis WB800N cells engineered to express 
nattokinase. Lane M, protein molecular weight standards; Lane 1-2, IPTG-induced WB800N/pHT43-pro-aprN; 
Lane 3, Non-induced WB800N/pHT43-pro-aprN; Lane 4, IPTG-induced WB800N/pHT43-aprN; Lane 5, Non-
induced WB800N/pHT43-aprN; Lane 6, IPTG-induced B.subtilis WB800N/pHT43; Lane 7, Non-induced B.subtilis 
WB800N/pHT43. 

 
 
 
reached 0.6 to 0.8. Extracellular protein produced at 30°C 
within 24 h post-induction was then collected for SDS-
PAGE and for a fibrinolytic activity assay, with B. subtilis 
WB800N cells transformed with an empty pHT43 vector 
as a control. 

The presence of engineered nattokinase protein in 
culture supernatants was first verified by SDS-PAGE 
analysis. A major protein band of approximately 28 kDa, 
similar to the molecular mass of nattokinase from B. 
subtilis natto, was observed in the pHT43-aprN and 
pHT43-pro-aprN samples, while no corresponding band 
was observed in the pHT43 samples (Figure 3), 
indicating that both the  WB800N/pHT43-aprN and 
WB800N/pHT43-pro-aprN strains successfully expressed 
nattokinase. 

Fibrinolytic activity of the engineered nattokinase 
protein was next detected via a fibrin plate-based 
method. Samples from the aprN-expressing cells did 
exhibit any enzymatic activity, while those from the pro-
aprN-expressing cells exhibited robust activity, indicating 
that the WB800N/pHT43-pro-aprN strain successfully 
expressed active nattokinase (Figure 4). The apparent 
difference in enzymatic activity of the nattokinase 
expressed   by the WB800N/pHT43-aprN  and  WB800N/ 

pHT43-pro-aprN strains confirmed that the leader peptide 
sequence of nattokinase may direct the proper folding of 
the protein in order to facilitate normal enzymatic activity. 
 
 
The effect of IPTG concentrations on nattokinase 
activity 
 
IPTG was added to the fermentation flask when the 
WB800N/pHT43-pro-aprN cell density reached 0.6-0.8 
OD600. No effects of different IPTG concentrations on 
cells growth within the first 26 h of fermentation at 30°C 
were observed (Figure 5a). An evaluation of enzymatic 
activity 24 h post-induction with IPTG revealed that 
increasing of the IPTG concentration up to 1.0 mM 
improved the engineered nattokinase production, which 
peaked at 701.59 IU/mL at an IPTG concentration of 1.0 
mM (Figure 5b). These data are similar to a previous 
report in which 1.0 mM of IPTG was found to be optimal 
for inducing the expression of recombinant enzymes, 
such as procerain B and the antimicrobial peptide 
cathelicidin-BF (Nandana et al., 2014). Further increases 
in IPTG concentrations to 1.6 mM resulted in a decrease 
of NK expression to a level of 504.82 IU/mL (Figure 5b). 
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Figure 4. Engineered nattokinase enzymatic activity was evaluated using the fibrin plate method in strains 
induced with 0.1 mM IPTG at 30°C for 24 h, using B. subtilis WB800N cells transformed with an emply 
pHT43 vector as a control. The right one of each pair of samples was induced using IPTG, while the other 
was not. 

 
 
 
This reduction of enzyme yield at higher concentrations 
of IPTG may be attributable to an IPTG-induced 
metabolic burden, as previously suggested (Glick et al., 
1995). Examination of the supernatants from these 
samples by semi-quantitative SDS-PAGE further 
confirmed that the optimal IPTG concentration was 1.0 
mM (Figure 5c). 
 
 
Effect of temperature on nattokinase activity 
 
The yield of NK from the WB800N/pHT43-pro-aprN cells 
was investigated at a range of different incubation 
temperatures from 18 to 40°C. The engineered 
nattokinase production at these temperatures ranged 
from 46.78-848.52 IU/mL. It was found that enzyme  yield 

rose with increases in incubation temperature, up to a 
maximal enzyme production (848.52 IU/mL) that was 
achieved at 37°C. Further increases in temperature up to 
40°C decreased the enzyme production to a level of 
691.23 IU/mL (Figure 6a). These results were consistent 
with a previous finding that 37°C is an optimal 
temperature for the production of nattokinase from B. 
subtilis WB800 (Nguyen et al., 2013). In addition, different 
temperatures have a significant effect on cell growth, and 
consistent with this, it was found that cells grew more 
slowly at temperatures below 25°C (Figure 6b). 
 
 
The kinetics of nattokinase production 
 

In order to investigate  the  kinetics  of  NK  production  in  



494          Afr. J. Microbiol. Res. 
 
 
 

 
 

Figure 5. The effect of different IPTG concentrations on WB800N/pHT43-
pro-aprN cell growth (a), on nattokinase activity in WB800N/pHT43-pro-aprN 
cells induced with IPTG for 24 h (b), and on nattokinase production 
(analyzed by semi-quantitative SDS-PAGE) in WB800N/pHT43-pro-aprN 
cells induced with IPTG for 24 h (c). All samples were cultured at 30°C.. 
Lane M, protein molecular weight standards; Lane 1-9 , cell samples 
induced with IPTG concentrations of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 
1.6 mM in that order.  

 

 

 



Tian et al.          495 
 
 
 

 
 

Figure 6. Effect of temperature on nattokinase activity changes (a) and on 
cell growth dynamics (b) of WB800N/pHT43-pro-aprN cells within 8 h after 
induction with IPTG. 

 
 
 
WB800N/pHT43-pro-aprN cells, changes in the NK activity 
over the course of fermentation time were assessed. As 
shown in Figure 7a, NK activity increased rapidly with 
fermentation time within the first 4 h after IPTG induction 
before plateauing for the next 4 h. At 4 h post induction 
with an IPTG concentration of 1.0 mM, the NK expression 
level (as quantified based on enzyme activity per unit of 
biomass) reached a maximum of 835.83 IU/mL. 
Extracellular protein from different fermentation time 
points by semi-quantitative SDS-PAGE analysis, maximal 
NK production within 4 h of induction was further 
assessed (Figure 7b). Further examination of kinetics data 

revealed that NK production was associated with cell 
growth only during this first 4 h after induction, and as 
such these cultures could be harvested before entering 
into the stationary phase of growth while still ensuring 
maximal NK production.  
 
 
Effect of growth phase at time of induction on 
nattokinase activity 
 
To test whether the cell growth phase at time of IPTG 
induction has any effect on engineered nattokinase activity  
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Figure 7. (a) Changes in nattokinase activity/production at 37°C in 
WB800N/pHT43-pro-aprN cells over a fermentation period of 8 h following 1.0 
mmol/L IPTG induction by IPTG, with a corresponding growth curve. (b) 

Semi-quantitative SDS-PAGE analysis of nattokinase production at 37 ℃ in 
WB800N/pHT43-pro-aprN cells at different fermentation time points after 
induction with 1.0 mmol/L IPTG. Lane M, protein molecular weight standards; 
Lane 1-8, cell samples from 1 to 8 h post-induction at 1 h intervals. 

 
 
 
in WB800N/pHT43-pro-aprN cells, IPTG induction was 
carried out at different cell densities reflecting different 
cell growth phases. Initially, 2% of the seed solution 
culture was inoculated into fresh media, and then IPTG 
(1.0 mM) was added at selected cell densities (0.2–1.8 
OD600) followed by measurement of enzyme expression 4 
h post-induction. When the IPTG induction was carried 
out from a lower cell density phase to a higher one, the 
expression of the engineered protein increased, 
achieving a maximal induction of 835.39 IU/mL at a 0.6 
OD600, after which the yield decreased (Figure 8). This 
finding indicated that early in the logarithmic phase of cell 
growth, the addition of IPTG can promote the expression 
of  NK,  while  later  in  the  logarithmic  phase  of  growth 

IPTG-induced expression gradually decreased. These 
data indicated that the optimal cell growth phase for IPTG 
induction of nattokinase expression in these engineered 
strains is early in the logarithmic phase of cell growth, 
consistent with a report regarding the production of the 
antimicrobial peptide cathelicidin-BF expressed in 
engineered B. subtilis WB800N cells (Luan et al., 2014).  
 
 
Effect of media pH on enzyme activity 
 
The optimal pH for nattokinase expression in 
WB800N/pHT43-pro-aprN cells was determined to be 
7.5, and at  this  pH  the  NK  enzyme  activity  reached  a  
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Figure 8. Effect of cell growth stage at time of induction (as 
determined by OD600) on nattokinase activity in 
WB800N/pHT43-pro-aprN cells induced with IPTG for 4 h 
at 37°C. 

 
 
 

 
 

Figure 9. Effect of media pH on nattokinase activity change (solid 
line) and on cell growth curve (dotted line) of WB800N/pHT43-pro-
aprN cells induced with IPTG for 4 h at 37°C. 

 
 
 
maximum of 839.17 IU/mL. When the pH was less than 6 
or greater than 9, the cell density and the NK enzyme 
activity decreased dramatically (Figure 9). 
 
 
Isolation and purification of nattokinase 
 
Compared with the fermentation supernatant, the 
purification ratio of nattokinase reached 6.63 and the total 
recovery was 80% (Table 2). The heteroproteins in the 
fermentation broth were initially removed via salt 
precipitation,   and   then   nattokinase  was  isolated  and 

purified via ultrafiltration. An SDS-PAGE analysis 
revealed that the molecular weight of a single band was 
about 28 kDa. The purified nattokinase was detected via 
fibrinolytic plate assay and the results showed good 
fibrinolytic activity. As such, nattokinase with a high 
degree of recovery can be obtained via salt precipitation 
and ultrafiltration. 
 
 
DISCUSSION 
 
In this study, aprN and pro-aprN encoding  nattokinase  in  
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Table 2. Separation and purification results of nattokinase. 
 

Purification step Protein/mg 
Total 

activity/IU 
Specific activity 

(IU/mg) 
Degree of 

purification 
Recovery 

rate 

Fermentation liquid 122.95 213472 1736.25 - 100 

Precipitation with ammonium sulfate 56.17 201859.12 3593.72 2.07 94.56 

Ultrafiltration 14.84 170777.6 11507.92 6.63 80 

 
 
 
Bacillus natto using novel primers was amplified. Two 
engineered cell lines using the pHT43 plasmid vector, 
which was expressed in Bacillus subtilis was constructed 
WB800N allowing us to assess enzymatic activity and 
optimize culture conditions. Although the leader peptide is 
not part of the functional domain of the NK protein and 
does not contribute to protein function, it does contribute 
to the formation of an active 3D structure (Jia et al., 
2010). Yabuta et al. (2001) studied the refolding pathway 
of B. subtilis protease E in vitro, demonstrating that the 
leader peptide confers correct folding information for the 
domain during the folding process. Studies have also 
shown that specific interactions between the leader 
peptide and the B. subtilis protease domain are important 
for precursor folding (Weng et al, 2009; Sone et al, 2005). 
As nattokinase is a serine protease produced by B. 
subtilis, these studies further provide insights into NK 
folding. In this study, engineered strains expressing NK 
leader peptide sequences yielded NK protein with high 
enzymatic activity, while engineered strains expressing 
only the mature peptide without the leader sequence 
produced inactive NK protein, consistent with previous 
studies on the importance of leader peptides.  

Man et al. (2018) constructed a B. subtilis MX-6 strain 
expressing nattokinase to maximize nattokinase 
production 72 h after induction of fermentation, achieving 
a clear zone diameter on the plasminogen-free fibrin 
plate of 21.60 mm. Guan et al. (2016) constructed a B. 
subtilis strain expressing nattokinase by optimizing the 
gene promoter, achieving maximal nattokinase production 
36 h after induction of fermentation. Several studies have 
found that nattokinase production can reach a maximum 
after 24 h of fermentation. Unlike in these previous 
studies, in the present study the engineered bacterial 
strains which we produced achieved maximal nattokinase 
production just 4 h after induction and initiation of 
fermentation, with a maximum crude enzymatic activity 
as high as 848.52 IU/mL, representing a clear 
improvement in industrialization efficiency. SDS-PAGE 
based analyses indicated that our engineered strains also 
produce relatively low levels of heteroprotein species, 
which will reduce the need for downstream purification 
processing and will therefore reduce the cost of industrial 
NK production. We were able to determine that optimal 
culture conditions for NK production with this bacterial 
expression system were as follows: media pH at 7.5, 1 
mmol/L IPTG induction for 4 h, and fermentation at  37°C, 

achieving a maximum crude enzyme activity yield of 
848.52 IU/mL. These results indicate that overexpression 
of the pHT43 vector may be an effective and useful 
strategy for NK production, while the host strain WB800N 
demonstrates high efficiency and high purity of NK 
secretion.  

In follow-up experiments, the fermentation medium of 
the engineering strain and isolated and purified 
nattokinase via salt precipitation and ultrafiltration was 
optimized. Compared with fermentation supernatants, the 
purification ratio of nattokinase reached 6.63, with a total 
recovery of 80%, and a specific enzyme activity of 
11507.92 IU/mg. In summary, the engineered strains 
constructed in this study have great promise as potential 
strains useful for industrial-scale NK production. Further 
efforts to optimize and improve NK production are 
ongoing, with the goal of further improving protein yields 
and lowering the cost of the industrial production of 
nattokinase.  
 
 

CONFLICT OF INTERESTS 
 

The authors have not declared any conflict of interests. 
  
 
ACKNOWLEDGMENTS 
 

This study was supported by the key projects of Nature 
Science Foundation of Hubei, China (2013CFA101). 
 
 
REFERENCES 
 
Chen HJ, Eileen MG, Nina R, Sara L, Najah N, Fatima SK (2018). 

Nattokinase: A Promising Alternative in Prevention and Treatment of 
Cardiovascular Diseases. Biomarker Insights 13:117727191878513-.  

Chityala S, Venkata DV, Ahmad J, Prakasham RS (2015). High yield 
expression of novel glutaminase freel-asparaginase II 
ofPectobacterium carotovorumMTCC 1428 in Bacillus 
subtilisWB800N. Bioprocess and Biosystems Engineering 
38(11):2271-2284.  

Dabbagh F, Negahdaripour M, Berenjian A, Behfar A, Mohammadi F, 
Zamani M (2014). Nattokinase: production and application. Applied 
Microbiology and Biotechnology 98(22):9199-9206.  

Fujita M, Nomura K, Hong K, Ito Y, Asada A, Nishimuro S(1993). 
Purification and Characterization of a Strong Fibrinolytic Enzyme 
(Nattokinase) in the Vegetable Cheese Natto, a Popular Soybean 
Fermented Food in Japan. Biochemical and Biophysical Research 
Communications 197(3):0-1347.  

Fujita M, Hong K, Ito Y, Fujii R, Kariya K, Nishimuro S (1995). 
Thrombolytic    Effect   of   Nattokinase   on   a   Chemically   Induced  



 
 
 
 

Thrombosis Model in Rat. Biological and Pharmaceutical Bulletin 
18(10):1387-1391.  

Glick BR(1995). Metabolic Load and Heterologous Gene Expression. 
Biotechnology Advances 13(2):247-261.  

Guan C, Cui W, Cheng J, Zhou L, Liu Z, Zhou Z(2016). Development of 
an efficient autoinducible expression system by promoter engineering 
in Bacillus subtilis. Microbial Cell Factories 15(1):66.  

Hsia CH, Shen MC, Lin JS, Wen YK, Yang NC (2009). Nattokinase 
decrease plasma levels of fibrinogen, factor VII, and factor VIII in 
human subjects. Nutrition Research 29(3):190-196.  

Jia Y, Liu H, Bao W, Weng M, Chen W, Cai Y(2010). Functional analysis 
of propeptide as an intramolecular chaperone for in vivo folding of 
subtilis in nattokinase. Febs Letters 584(23):4789-4796.  

Kurosawa Y, Nirengi S, Homma T, Esaki K, Ohta M, Clark JF (2015). A 
single-dose of oral nattokinase potentiates thrombolysis and anti-
coagulation profiles. Scientific Reports 5:11601.  

Lee BH, Lai YS, Wu SC (2015). Antioxidation, angiotensin converting 
enzyme inhibition activity, nattokinase, and antihypertension of 
Bacillus subtilis (natto)-fermented pigeon pea. Journal of Food and 
Drug Analysis 23(4):750-757.  

Lampe BJ, English JC (2016). Toxicological assessment of nattokinase 
derived from Bacillus subtilis var. natto. Food and Chemical 
Toxicology An International Journal Published for the British Industrial 
Biological Research Association 88:87-99.  

Laemmli UK (1970). Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227:680-685.  

Luan C, Zhang HW, Song DG, Xie YG, Feng G, Wang YZ (2014). 
Expressing antimicrobial peptide cathelicidin-BF in Bacillus subtilis 
using SUMO technology. Applied Microbiology and Biotechnology 
98(8):3651-3658.  

Metkar SK, Girigoswami A, Murugesan R, Girigoswami K (2017). In vitro 
and in vivo insulin amyloid degradation mediated by 
Serratiopeptidase. Materials Science and Engineering 70(1):728-735.  

Man LL, Xiang DJ, Zhang CL (2018). Strain Screening from Traditional 
Fermented Soybean Foods and Induction of Nattokinase Production 
in Bacillus subtilis MX-6. Probiotics and Antimicrobial Proteins 
11(1):283-294.  

Nagata C, Wada K, Tamura T, Konishi K, Goto Y, Koda S (2017). 
Dietary soy and natto intake and cardiovascular disease mortality in 
Japanese adults: the Takayama study. The American Journal of 
Clinical Nutrition 105(2):426-431.    

Nakamura T, Yamagata Y, Ichishima E (1992). Nucleotide Sequence of 
the Subtilis in NAT Gene, aprN, of Bacillus subtilis (natto). Bioscience 
Biotechnology and Biochemistry 56(11):1869-1871.    

Ni H, Guo PC, Jiang WL, Fan XM, Luo XY, Li HH (2016). Expression of 
nattokinase in Escherichia coli and renaturation of its inclusion body. 
Journal of Biotechnology:S0168165616302905.  

Nishito Y, Osana Y, Hachiya T, Popendorf K, Toyoda A, Fujiyama A 
(2010). Whole genome assembly of a natto production strain Bacillus 
subtilis natto from very short read data. BMC Genomics 11(1):243-0.  

Nakagawa M, Ueyama M, Tsuruta H, Uno T, Kanamaru K, Mikami B 
(2010). Functional Analysis of the Cucumisin Propeptide as a Potent 
Inhibitor of Its Mature Enzyme. Journal of Biological Chemistry 
285(39):29797-29807.  

Nandana V, Singh S, Singh AN, Dubey VK (2014). Procerain B, a 
cysteine protease from Calotropis procera, requires N-terminus pro-
region for activity: cDNA cloning and expression with pro-sequence. 
Protein Expression and Purification 103:16-22.  

Tian et al.          499 
 
 
 
Nguyen TT, Quyen TD, Le HT (2013). Cloning and enhancing 

production of a detergent- and organic-solvent-resistant nattokinase 
from Bacillus subtilis VTCC-DVN-12-01 by using an eight-protease-
gene-deficient Bacillus subtilis WB800. Microbial Cell Factories 
12(1):1-11.  

Park KJ, Kang JI, Kim TS, Yeo IH (2012). The Antithrombotic and 
Fibrinolytic Effect of Natto in Hypercholesterolemia Rats. Preventive 
Nutrition and Food Science 17(1):78-82.  

Peng Y, Yang X, Zhang Y (2005). Microbial fibrinolytic enzymes: An 
overview of source, production, properties, and thrombolytic activity 
in vivo. Applied Microbiology and Biotechnology 69(2):126-132.  

Ren N, Chen H, Li Y, McGowan E, Lin Y (2017). A clinical study on the 
effect of nattokinase on carotid artery atherosclerosis and 
hyperlipidaemia. Chinese Medical Journal 97(26):2038-2042.  

Sone M, Falzon LM (2005). The role of tryptophan residues in the 
autoprocessing of prosubtilisin E. BBA - Proteins and Proteomics 
1749(1):15-22. 

Sumi H, Hamada H, Tsushima H, Mihara H, Muraki H(1987). A novel 
fibrinolytic enzyme (nattokinase) in the vegetable cheese Natto; a 
typical and popular soybean food in the Japanese diet. Experientia 
43(10):1110-1111.     

Sumi H, Hamada H, Tsushima H, Mihara H(1988). 155 A novel strong 
fibrinolytic enzyme (Nattokinase) in the vegetable cheese “NATTO”. 
Fibrinolysis 2(1):67.  

Sumi H, Hamada H, Nakanishi K, Hiratani H(1990). Enhancement of the 
Fibrinolytic Activity in Plasma by Oral Administration of Nattokinases. 
Acta Haematologica 84(3):139-143.  

Tu Q, Yin J, Fu J, Herrmann J, Li Y, Yin Y(2016). Room temperature 
electrocompetent bacterial cells improve DNA transformation and 
recombineering efficiency. Scientific Reports 6:24648.  

Vojcic L, Despotovic D, Martinez R, Maurer KH, Schwaneberg U (2012). 
An efficient transformation method for Bacillus subtilis DB104. 
Applied Microbiology and Biotechnology 94(2):487-493.  

Wei X, Zhou Y, Chen J, Cai D, Wang D, Qi G (2015). Efficient 
expression of nattokinase in Bacillus licheniformis: host strain 
construction and signal peptide optimization. Journal of Industrial 
Microbiology and Biotechnology 42(2):287-295.  

Wu SM, Feng C, Zhong J, Huan LD (2011). Enhanced production of 
recombinant nattokinase in Bacillus subtilis by promoter optimization. 
World Journal of Microbiology and Biotechnology 27(1):99-106.  

Weng M, Zheng Z, Bao W, Cai Y, Yin Y, Zou G (2009). Enhancement of 
oxidative stability of the subtilisin nattokinase by site-directed 
mutagenesis expressed in Escherichia coli. BBA - Proteins and 
Proteomics 1794(11):1566-1572.  

Yabuta Y, Takagi H, Inouye M (2001). Folding pathway mediated by an 
intramolecular chaperone: propeptide release modulates activation 
precision of pro-subtilisin. Journal of Biological Chemistry 
276(48):44427-44434. 

Zhou J, Li X, Xia J, Wen Y, Zhou J, Yu Z (2018). The role of temperature 
and bivalent ions in preparing competent Escherichia coli. 3 Biotech 
8(5):222. 

 
 
 
 
 
 
 

  
 
 
 
 
 


