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ABSTRACT 

Fibrinolytic enzyme nattokinase was first extracted from a 
traditional Japanese fermented soybean food, Natto.  Edible 
red alga Porphyra dentata shares similar high protein content 
with soybean.  In this study, we successfully purify and char-
acterize nattokinase from the cultural filtrate of P. dentata 
fermented by Bacillus subtilis N1.  The crude enzyme was pu- 
rified by ion-exchange and gel filtration to reach electropho-
retic homogeneity.  The nattokinase, which has a molecular 
weight of 46.5 kDa and an isoelectric point of 8.35, was stable 
from pH 5 to 9 and at temperatures up to 55C, and it showed 
optimum enzyme activity at pH 8 and at 55C.  This enzyme is 
characterized as a serine-protease, and its activity can be 
stimulated by adding CuSO4 or FeCl3.  Our results identified 
the fibrinolytic nattokinase in the cultural filtrate of P. dentata 
fermented by Bacillus subtilis N1 and provided affecting fac-
tors to its fibrinolytic activity. 

I. INTRODUCTION 

Intravascular thrombosis, the formation of blood clots in 
blood vessel, is one of the main causes of cardiovascular dis-
ease (CVD), a major reason for disability and premature death 
worldwide.  Fibrin, the major protein component of blood clots, 

is formed from fibrinogen via the proteolytic action of throm- 
bin.  To avoid thrombosis, a process called fibrinolysis, which 
involves the dissolution of insoluble fibrin clots by the hy-
drolytic action of plasmin, is activated by tissue plasminogen 
activators (Cesarman-Maus and Hajjar, 2005).  If the fibrin 
clots fail to be hydrolyzed because of some disorders, throm- 
bosis can occur and lead to myocardial infarction and other 
CVDs (Meade et al., 1993; Chandler et al., 1997).  Further-
more, tissue-type plasminogen activator (t-PA) (Collen and 
Lijnen, 2004), streptokinase (Reed et al., 1999), and urokinase 
(Duffy, 2002), which are widely used in the treatment of 
thrombosis, can activate plasminogen into active plasmin for 
degrading fibrin.  However, these enzymes are expensive or 
have side effects, prompting scientists to look for safer and 
cheaper alternatives. 

Nattokinase (formerly called subtilisin NAT) is a well- 
studied protease of microbial origin that possesses fibrinolytic 
(anti-clotting) activities (Sumi et al., 1987; Chang et al., 2000; 
Lee et al., 2001; Ko et al., 2004; Paik et al., 2004; Wang et al., 
2009; Yin et al., 2010).  It was first extracted and purified from 
a traditional Japanese soybean-fermented food, natto (Sumi et 
al., 1987), and sources and properties of nattokinase are de-
scribed well by Peng et al. (2005).  It has been shown that 
nattokinase has a greater fibrinolytic activity than plasmin, 
and it supports the body in degrading and dissolving the un-
healthy coagulation of blood (Chang et al., 2000; Suzuki, 2003).  
Moreover, nattokinase hydrolyzes active recombinant pro-
karyotic plasminogen activator inhibitor-1 (PAI-1), indicating 
that fibrin clot lysis by nattokinase also involves the cleavage 
and inactivation of PAI-1 (Urano, 2001).  These findings, 
along with the observation that nattokinase can be absorbed 
across the intestinal tract after oral administration (Sumi et al., 
1990; Fujita et al., 1995), make it a promising anti-clotting 
agent for the prevention and treatment of CVDs.  Furthermore, 
a recent study has revealed that nattokinase can degrade 
amyloid (Hsu et al., 2009), which is believed to be associated 
with various neurodegenerative diseases. 
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The marine red alga Porphyra spp. are widely distributed 
and are traditionally used as food in East Asian countries (Wei 
et al., 2003).  They are attracting attention as a valuable food 
source in Western societies because of their high mineral, 
vitamin, and protein contents (MacArtain et al., 2007; Smith et 
al., 2010).  Antioxidant phenolic compounds, such as rutin, 
catechol, epigallocatechin gallate (EGCG), hesperidin, morin, 
caffeic acid, and catechin, have been identified in Porphyra 
spp. (Yoshie et al., 2000; Yoshie-stark et al., 2003; Kazłowska 
et al., 2010).  Furthermore, P. dentata powder is a folk medi-
cine used for treating various types of allergies (Kimiya et al., 
2008) and inflammatory diseases, such as lymphadenitis and 
bronchitis.  Several ethnopharmacological studies have sur-
veyed various Porphyra spp. and have identified their poten-
tial for treating aging (Zhao et al., 2008), diarrhea, abdominal 
cramps, vomiting (Kim et al., 2006), hypersensitivity (Kimiya 
et al., 2008), acute liver injury (Guo et al., 2007), and cancers 
(Ichihara et al., 1999).  In addition to the high contents of bio-
active compounds in Porphyra spp., the alga is exempt from 
the negativity associated with terrestrial biomass resources, 
which is said to be responsible for the rising food prices.  In 
this study, Bacillus subtilis N1 was grown on a medium con-
taining only P. dentate powder for the production of natto-
kinase.  The nattokinase in the culture filtrate was purified and 
characterized to determine its fibrinolytic activity and bio-
logical properties. 

II. MATERIALS AND METHODS 

1. Source of Porphyra dentata 

Dried P. dentata was purchased from Don-Xie-Chen Manu- 
facturing Factory (Makung city, Penghu Hsien, Taiwan).  The 
dried P. dentata was ground, screened through a mesh (0.42 
m/m) and stored in a descanter for use. 

2. Analytical Chemicals 

All chemicals used in this research were of analytical grade.  
Trichloroacetic acid (TCA) and sodium carbonate were ob-
tained from Merck Chemical Industries, Ltd. (Darmstadt, 
Germany).  Acrylamide, Coomassie Brilliant Blue R 250, fi-
brinogen, inhibitors of iodoacetic acid (IAA), ethylenediamine 
tetraacetic acid (EDTA), N-ethylmaleimide (NEM), phenyl-
methane sulfonyl fluoride (PMSF) and tosylphenylalanine 
chloromethyl ketone (TPCK), resins of CM-Sepharose Fast 
Flow and Sephadex G-50, salts of calcium chloride, copper 
sulfate, ferric chloride, magnesium chloride, potassium chlo-
ride, sodium chloride and zinc chloride, sodium dodecyl sul-
fate (SDS), thrombin, tris (aminomethane) hydrochloride, 
tyrosine, protein markers and protein assay kit were purchased 
from Sigma Chemical Industries, Ltd. (Saint Louis, MO, 
U.S.A.).  PhastGel IEF 3-9, IEF buffer and IEF calibration kit 
were purchased from GE Healthcare Life Sciences, Ltd. 
(Uppsala, Sweden). 

3. Analysis of Proximate Composition of P. dentata 

The proximate composition including moisture, crude 
protein, crude lipid, crude fiber and ash of P. dentata was 
analyzed according to AOAC official methods of analysis 
(AOAC, 1998).  Moisture content was determined using a 
hot-air oven (Sanyo Electric Co., Ltd., Kaizuka, Osaka, Ja-
pan) at 100C for 24 h.  Nitrogen content was measured using 
a Kjeltec TM 2100 (Foss, Sweden) and the crude protein 
content was calculated by multiplying nitrogen content by a 
factor of 6.25.  Crude lipids were extracted using a Soxtex 
System HT 1043 Extraction Unit (Tecator, Sweden) and  
the crude lipid content was determined after oven-drying 
(100C) the extract for 2 h.  Crude fiber content was deter-
mined by filtering with a Fibertec system (Fibertec Inc., 
Scotland).  Ash content was measured by heating the dried 
powder of P. dentata in a Furnace (Risen Instruments Co., 
Ltd., Taiwan) at 550C for 12 h. 

4. Microorganism and Cultivation for Nattokinase  
Production 

B. subtilis N1 was isolated from a commercial natto product 
(Typhula natto, Dounanhiratsukashokuhin Co., Ltd., Nobori- 
betsu, Hokkaido, Japan) by our group.  Its potential for natto-
kinase production was identified by the presence of clear zone 
on the fibrin plate, based on the method described by Ko et al. 
(2004).  This strain was cultivated in tryptic soy broth (TSB, 
Becton, Dickinson and Company, Sparks, MD, USA) at 37C 
for 24 h and added with equal volume of sterile glycerol for 
storage at -80C.  It was sub-cultured twice in TSB at 37C  
for 24 h before the use as an inoculum for the production of 
nattokinase. 

A 5-L-fermentor containing 2 L P. dentata suspension (3%, 
w/v) was inoculated with the culture of B. subtilis N1 to have 
an initial cell density of 106 CFU/mL and fermented at 37C 
with an agitation rate of 150 rpm and an aeration rate of 2.0 
vvm for 48 h.  After centrifugation (9,600 g, 15 min) the 
supernatant was collected and defined as crude enzyme solu-
tion for following experiments. 

5. Enzyme Assay 

The nattokinase activity was determined by measuring its 
fibrinolytic activity, according to the method described by 
Chang et al. (2000) with some modifications.  This assay was 
carried out by incubating the reaction mixture containing 2.5 
mL of 1.2% (w/v) fibrin solution, 2.5 mL of 0.1 M Tris buffer 
(pH 7.8) and 1 mL of suitable diluted crude or purified enzyme 
solution at 37C for 15 min before adding 5 mL of 0.1 M TCA 
to stop reaction.  The reaction mixture was kept at room tem-
perature for 20 min.  After centrifugation (12,000 g, 10 min), 
the supernatant of reaction mixture was collected and meas-
ured for the absorbance at 275 nm.  A standard curve was 
obtained by measuring the absorbance at 275 nm of 0-100 
g/mL tyrosine solution.  One unit of the enzyme activity was 
defined as the amount of enzyme that gave an increase in ab- 
sorbance at 275 nm equivalent to 1 g of tyrosine per minute 
at 37C. 
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6. Enzyme Purification 

The crude enzyme solution was concentrated by vacuum 
evaporation at 40C and filtered by 0.22 m filter membrane 
to remove any bacterial cells.  The concentrated crude enzyme 
solution was loaded onto a CM-Sepharose Fast Flow column 
(1.6  10 cm, bed volume 17 mL).  The column was washed 
with 6 bed volumes of 10 mM Tris buffer (pH 7.4) and eluted 
with a linear gradient of 0 to 0.5 M NaCl in the same buffer at 
a flow rate of 0.2 mL/min.  The fractions with fibrinolytic 
activity were pooled, concentrated and further loaded onto a 
Sephadex G-50 gel filtration column (2.6  90 cm).  The col-
umn was eluted with 10 mM Tris buffer containing 0.5 M 
NaCl (pH 7.4) at a flow rate of 0.4 mL/min.  The fractions 
containing the enzyme activity were combined, dialyzed 
against 50 mM Tris buffer (pH 7.8) and stored until further use.  
The protein concentration was determined by Lowry method 
using bovine serum albumin as the standard (Lowry et al., 
1951). 

7. Molecular Weight (MW) Determination 

The MW of the enzyme was determined by using SDS- 
PAGE and gel filtration chromatography.  The enzyme was 
analyzed by SDS-PAGE with standard protein markers of my-
osin (170 kDa), -galactosidase (130 kDa), phosphorylase B 
(95 kDa), albumin (72 kDa), ovalbumin (43 kDa), carbonic 
anhydrase (34 kDa), myoglobin (26 kDa) and lysozyme (17 
kDa) by using 15% acrylamide gel and the gel was stained 
with Coomassie Brilliant Blue R 250.  The relative mobility 
(Rf) for each protein standard was plotted on a logarithmic 
scale against the corresponding M.W. and a line of best fit was 
drawn for the calculation of the MW of the enzyme.  In addi-
tion, the MW of enzyme was checked by the Sephadex G-50 
gel filtration column (2.6  90 cm) described above using 
bovine serum albumin (BSA, 67 kDa) and RNase (13.7 kDa) 
as standard proteins.  A calibration curve was obtained for the 
calculation of the MW by plotting the fraction number of each 
protein standard against the logarithmic MW of each protein. 

8. Isoelectric Point (pI) Determination 

The pI of the purified nattokinase was investigated by iso-
electric focusing (IEF) on PhastGel IEF 3-9, and compared 
with the pI of each standard protein (phycocyanin, pI 4.45; 
-lactoglobulin B, pI 5.10; bovine carbonic anhydrase, pI 6.00; 
human carbonic anhydrase, pI 6.50; equine myoglobin, pI 7.00; 
human hemoglobin A, pI 7.10; human hemoglobin C, pI 7.50; 
lentil lectin, pI 8.20; cytochrome c, pI 9.60) according to the 
manufacturer’s instructions (PhastSystem user’s manual, GE 
Healthcare).  The relative mobility (Rf) values for the protein 
standards were plotted on a logarithmic scale against the cor-
responding pI and a line of best fit was drawn for the calcula-
tion of the pI of the enzyme. 

9. Effects of pH and Temperature on Enzyme Activity 

The effect of pH on the activity of the purified enzyme was 
determined at 37C and various pH, from 4 to 10.  Various 

buffers at a concentration of 50 mM in the reactions were used 
accordingly: citric acid buffer (pH 5-6), phosphate buffer (pH 
5-7), Tris buffer (pH 7-9), and sodium carbonate (pH 9-12).  
The effect of temperature on the purified enzyme activity was 
determined at the temperature of 20, 30, 37, 45, 55, 65, 75 or 
85C in 50 mM Tris buffer (pH 7.8). 

10. Effects of pH and Temperature on Enzyme Stability 

The effect of pH on the stability of the purified enzyme 
solution was carried out by incubating the enzyme solution at 
37C for 1 hour in the 50 mM various buffers with pH from 4 
to 10, as described above.  The residual fribrinolytic activity 
was analyzed after re-adjustment of the enzyme solution to pH 
7.8 by HCl or NaOH.  The thermal stability of the purified 
enzyme solution was evaluated by measuring the residual 
enzyme activity after incubation of enzyme solution (in 50 
mM Tris buffer, pH 7.8) at various temperatures (20, 30, 37, 
45, 55, 65, 75 and 85C) for 10 to 120 min. 

11. Effects of Metal Ions and Inhibitors on Enzyme  
Activity 

The effects of mono-, di- and trivalent metal ions, and in-
hibitors on the enzyme activity were carried out by pre- 
incubating the enzyme solution with the chemicals of KCl, 
NaCl, MgCl2, CuSO4, CaCl2, ZnCl2 and FeCl3, and the in-
hibitors of IAA, EDTA, NEM, PMSF and TPCK at a concen-
tration of 1 or 5 mM in 50 mM Tris buffer (pH 7.8) at 37C for 
1 hour.  The fibrinolytic activity of the enzyme solution at  
each incubation condition was assayed.  The relative activity 
was expressed as a percentage of the original enzyme activity 
without any effectors. 

12. Statistical Analysis 

Data were analyzed statistically using SPSS Version 12.0 
(SPSS Inc., Chicago, IL, USA).  One-way analysis of variance 
(ANOVA) was used to determine statistical differences between 
sample means, with the level of significance set at p < 0.05 or 
0.01.  Multiple comparisons of means were done by Duncan’s 
or Student’s tests.  All data are expressed as mean  SD. 

III. RESULTS AND DISCUSSION 

1. Proximate Composition of Dried P. dentata and  
Nattokinase Production from P. dentata Suspension 

The proximate composition of dried P. dentata was shown 
in Table 1.  The most abundant 2 components of carbohydrate 
and crude protein in P. dentata were 50.80%  0.45% and 
32.30%  0.22%, respectively.  Dependent on seaweed species, 
their protein contents varied widely, with brown seaweeds 
being lower (3%-15% dry weight) than that of green or red 
seaweeds (10%-47% dry weight) (Nguyen et al., 2011).  The 
protein content (dry weight) of commercial P. dentata used in 
this study was higher than that of red algae of H. japonica and 
H. charoides (18%-19%) (Wong and Cheung, 2000) and other 
Porphyra species (24.11%) (Sanchez-Machado et al., 2004).   
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Table 1. Proximate composition of commercial dried P. 
dentata (g/100g) 

Composition Amount (%) (% based on dry weight)*

Moisture 6.86  0.03 
Crude protein 30.07  0.20 (32.30  0.22) 
Crude lipid 3.96  1.09 (4.25  0.09) 
Crude fiber 3.37  0.32 (3.61  0.35) 
Ash 8.42  0.06 (9.04  0.07) 
Carbohydrate** 47.32  1.34 (50.80  0.45) 
  * Data are expressed as mean  SD (n = 3). 
** 

Calculated by difference (= 100-crude protein-crude lipid-crude 
fiber-ash). 
 
 

 
Fig. 1. Fibrinolytic activity of the culture filtrate of Bacillus subtilis N1.  

Ten microliter of culture filtrate of Bacillus subtilis N1 in TSB at 
37°C for 24 hours were applied to a fibrin plate for observation of 
clear zone.  The commercial TSB medium without inoculum was 
served as the control. 

 
 

The fact of high protein content in P. dentata, similar as that in 
soybean (36%-42% dry weight) (Guillon and Champ, 2002; 
Jeff-Agboola and Oguntuase, 2006), indicates that P. dentata 
may be a promising candidate for nattokinase production since 
B. subtilis natto metabolizes proteins in soybean for the pro-
duction of nattokinase in natto.  The crude lipid, crude fiber 
and ash contents were 4.25%  0.09% 3.61%  0.35% and 
9.04%  0.07%, respectively. In general, seaweeds from red 
algae of Porphyra sp. (Sanchez-Machado et al., 2004), Hyp-
nea japonica and H. charoides (Wong and Cheung, 2000), 
brown algae of Himanthalia elongate and Laminaria ochro-
leuca (Sanchez-Machado et al., 2004) and green algae of  
Ulva lactuca and Caulerpa lentillifera (Ratana-arporn and 
Chirapart, 2006; Nguyen et al., 2011) were rich in minerals 
(19.1%-46.2% dry weight) and carbohydrate/dietary fiber 
(25.1%-55.4% dry weight) but low in lipid (0.29%-1.64% dry 
weight).  The reason that the ash content in commercial P. 
dentata used in this study was much lower than that in referred 
seaweeds mentioned above was probably due to the thoroughly  
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Fig. 2. SDS-PAGE (a) and the molecular weight determination (b) of  

the nattokinase from Bacillus subtilis N1.  Standard proteins: (1) 
myosin (M.W. 170 kDa); (2) β-galactosidase (M.W. 130 kDa); (3) 
phosphorylase B (M.W. 95 kDa); (4) albumin (M.W. 72 kDa); (5) 
glutamate dehydrogenase (M.W. 55 kDa); (6) ovalbumin (M.W. 
43 kDa); (7) carbonic anhydrase (M.W. 34 kDa); (8) myoglobin 
(M.W. 26 kDa) and (9) lysozyme (M.W. 17 kDa). Lane 1: Crude 
enzyme solution; Lane 2: After CM-Sepharose FF ion exchange 
chromatography; Lane 3: After Sephadex G-50 gel filtration 
chromatography. 

 
 
washing and soaking treatment of fresh P. dentata with water 
before drying operation.  B. subtilis N1 was shown the poten-
tial to produce nattokinase by creating clear zone on the fibrin 
plate (Fig. 1).  Accordingly, this strain was used in this study 
for the production of nattokinase in P. dentata suspension.  
After culturing B. subtilis N1 in a fermentor containing P. 
dentata suspension (pH 7.0) as the sole substrate at 37°C for 
48 h, the nattokinase activity in the culture filtrate was 987 
U/mL. 

2. Nattokinase Purification 

The crude enzyme solution was purified to electrophoretic 
homogeneity (Fig. 2(a)) by two steps of liquid chromatogra-
phy.  As summarized in Table 2, crude enzyme was first puri-
fied by using an ion-exchange column CM Sepharose Fast 
Flow to obtain a purification fold of 2.7 and a yield of 9.73%.  
The crude enzyme suspension from the 3% (w/v) P. dentata 
fermented solution was highly viscous and might have caused  
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Table 2.  Summary of purification of nattokinase from Bacillus subtilis N1-fermented Porphyra dentata. 

Purification steps Total activity* (U) Total protein (mg) Specific activity (U/mg) Purification (fold) Yield (%) 

Crude enzyme 1,120,000 23,900 46.9 1 100 
CM-Sepharose FF 109,000 870 125 2.67 9.73 
Sephadex G-50 29,100 108 269 5.74 2.6 
* The assay for enzyme activity was carried out with 0.5% fibrin in 50 mM Tris buffer (pH 7.8) at 37C for 15 min.  The reaction was stopped by 
0.1 M trichloroacetic acid.  The supernatant of the reaction mixture was collected after centrifugation (12,000 g, 10 min) and measured for 
the absorbance at 275 nm.  A standard curve was obtained by measuring the absorbance at 275 nm of 0-100 μg/mL tyrosine solution.  One unit 
of the enzyme activity was defined as the amount of enzyme that gave an increase in absorbance at 275 nm equivalent to 1 μg of tyrosine per 
minute at 37°C. 

 
 

Table 3.  The summary of Bacillus-originated nattokinases/fibrinolytic enzymes. 

Enzyme Mol. Wt. and pI Optimum pH and temp Substrate used References 

Fibrinolytic enzyme 20.5 kDa pH 9.4, 40°C Fibrin (Hassanein et al., 2011)

Fibrinolytic enzyme 26 kDa, pI 9.0-9.2 pH 8.0, Fibrin (Huang et al., 2013) 

Nattokinase 27.5 kDa pH 8.5, 50°C Fibrin (Yin et al., 2010) 

Nattokinase 27.7 kDa - Synthetic substrate for plasmin (Sumi et al., 1987) 

Fibrinolytic enzyme 28 kDa pH 9.0, 50°C Synthetic substrate for nattokinse (Mahajan et al., 2011)

Fibrinolytic enzyme 28 kDa, pI 8.0 pH 9.0, 48°C Fibrin (Peng et al., 2003) 

Fibrinolytic enzyme 28.2 kDa pH 10.5, 70°C Synthetic substrate for plasmin (Kim et al., 1996) 

Fibrinolytic enzyme 29 kDa pH 10, 40°C Fibrin (Kim & Choi, 2000) 

Nattokinase 29 kDa pH 8.0, 40°C Fibrinogen clot (Wang et al., 2009) 

Fibrinolytic enzyme 31.5 kDa, pI 8.3 pH 7.8, 55°C Fibrinogen clot (Chang et al., 2000) 

Fibrinolytic enzyme 32.3 kDa pH 7.4, 37°C Fibrinogen clot (Mukherjee et al., 2012)

Fibrinolytic enzyme 44 kDa pH 8.0, 50°C Fibrin (Lee et al., 2001) 

Fibrinolytic enzyme 45 kDa pH 7.0, 60°C Fibrin (Paik et al., 2004) 

Fibrinolytic enzyme 43-46 kDa pH 7.2, 30°C Fibrin (Hua et al., 2008) 

Fibrinolytic enzyme 46.5 kDa, pI 8.35 pH 8.0, 55°C Fibrin In this study 

 
 

insufficient binding of nattokinase to the column, leading a 
relatively low protein yield.  The nattokinase was further pu-
rified by using a gel filtration Sephadex G-50 column to obtain 
a pure nattokinase sample with a purification fold of 5.74 and  
a yield of 2.6% for the following studies of mass and isoelec-
tric point of nattokinase. 

3. Determination of Molecular Mass and Isoelectric Point 
of Nattokinase 

The molecular weight of the purified nattokinase was 46.5 
kDa, as estimated by SDS-PAGE (Fig. 2(b)).  This value is 
quite close to the value (46.0 kDa) estimated by gel filtration 
on Sephadex G-50 (data not shown).  This demonstrated that 
this enzyme is a monomeric protein.  The molecular weights 
of some Bacillus-originated nattokinase/fibrinolytic enzymes 
are ranged from 20.5 to 46.5 kDa, as shown in Table 3.  Based 
on molecular weight, it seems that most nattokinase/fibrinolytic 
enzymes produced by B. subtilis or Bacillus species from 
various sources are divided into two categories, one with 
smaller molecular weight of 26-32 kDa (Sumi et al., 1987; 
Kim et al., 1996; Chang et al., 2000; Kim and Choi, 2000; 

Peng et al., 2003; Wang et al., 2009; Yin et al., 2010; Mahajan 
et al., 2011; Huang et al., 2013), and the other with larger 
molecular weight of 43-46 kDa (Lee et al., 2001; Paik et al., 
2004; Hua et al., 2008).  The molecular weight of the natto-
kinase obtained in this study is similar in molecular weight 
with the fibrinolytic enzyme from a Bacillus sp.  that isolated 
from Korean traditional food Chungkookjang (45 kDa), soy-
bean paste (44 kDa) and fermented shrimp paste (43-46 kDa) 
(Lee et al., 2001; Paik et al., 2004; Hua et al., 2008).  The 
isoelectric point (pI) of the nattokinase was estimated to be 
8.35, by using IEF electrophoresis (Fig. 3).  As shown in Table 
3, the pI of some Bacillus-originated nattokinase/fibrinolytic 
enzymes are ranged from 8 to 9.2 (Sumi et al., 1987; Chang  
et al., 2000; Peng et al., 2003; Huang et al., 2013) although  
the fibrinolytic enzyme published by Mukherjee et al. (2012) 
had a relatively low pI of 5.8. 

4. Effects of pH and Temperature on the Activity and  
Stability of the Nattokinase  

The effect of pH on the enzyme activity and stability was 
investigated over a range of from 4 to 10, as represented in  
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Fig. 3. Isoelectrofocusing electrophoresis (a) and the determination of  
pI (b) of the nattokinase from Bacillus subtilis N1.  Standard 
proteins: (1) cytochrome c, pI 9.60; (2) lentil lectin, pI 8.20; (3) 
human hemoglobin C, pI 7.5; (4) human hemoglobin A, pI 7.10; 
(5) equine myoglobin, pI 7.00; (6) human carbonic anhydrase, pI 
6.50; (7) bovine carbonic anhydrase, pI 6.00; (8) β-lactoglobulin  
B, pI 5.10; (9) phycocyanin, pI 4.45.  Lane 1: the purified natto-
kinase.  IEF was carried out on PhastGel IEF 3-9 according to the 
manufacturer manual. 

 
 

Fig. 4.  The optimum pH for enzyme activity at pH 8, and the 
enzyme remained over 90% activity at other tested pH value, 
indicating that this enzyme is active over a wide pH range.  
Similar results have been reported in other studies of serine 
proteases (Seong et al., 2004; Pande et al., 2006).  The pH 
stability of the enzyme was also examined in a pH range of 4 
to 10 by measuring the residual enzyme activity after 1 hour 
incubation at different pH values.  As shown in Fig. 4, the pH 
stability of the nattokinase was stable (over 80% residual 
activity) in a pH range of 5 to 9.  A previous report indicated 
that Subtilisin DJ-4 stayed active at pH 4-11 for 48 hours (Kim 
and Choi, 2000).  However, the activity of nattokinase ob-
tained in this study was completely lost when this enzyme was 
outside the pH range of 5 to 9. 

The effect of temperature on the enzyme activity and sta-
bility was also studied in a range of 20 to 85C at pH 7.8,  
as shown in Fig. 5.  The optimum temperature for enzyme 
activity was approximately at 55C (Fig. 5(a)).  As shown in  
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Fig. 4. Effect of pH on the activity and stability of the nattokinase from 

Bacillus subtilis N1.  The fibrinolytic activity was measured in a 
range of pH 4-10, respectively, in 50 mM citric acid buffer (pH 
5-6), phosphate buffer (pH 5-7), Tris buffer (pH 7-9) and sodium 
carbonate buffer (pH 9-12) at 37°C.  The enzyme stability was 
measured by incubating it at 37°C and various pH values for 1 h 
prior to the determination of remaining fibrinolytic activity in 
Tris buffer at pH 7.8. 

 
 

Temperature (°C)
(a)

20 30 40 50 60 70 80 90

(b)

0 20 40 60 80 100 120

R
el

at
iv

e 
ac

tiv
ity

 (%
)

0

20

40

60

80

100

Enzyme activity
Enzyme stability

Time (min)

R
el

at
iv

e 
ac

tiv
ity

 (%
)

0

20

40

60

80

100

20°C 30°C 37°C 45°C
55°C 65°C 75°C 85°C

 
Fig. 5. Effect of temperature on the activity (a) and stability (b) of the 

nattokinase from Bacillus subtilis N1.  The enzyme activity was 
determined at various temperatures (20, 30, 37, 45, 55, 65, 75 and 
85°C) and pH 7.8 in 50 mM Tris buffer.  The enzyme stability was 
measured by incubating it for 10 min to 120 min at various tem-
peratures and pH 7.8 prior to measuring remaining fibrinolytic 
activity in Tris buffer at pH 7.8. 
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Table 4. Effect of various inhibitors on the fibrinolytic 
activity of nattokinase from Bacillus subtilis N1- 
fermented Porphyra dentate. 

Relative activity* (%) 
Inhibitors** 

1 mM 5 mM 

None A100.00  0.00b,*** A100.00  0.00c 
IAA B109.42  2.74a A151.07  2.79a 
EDTA A84.70  2.13d B28.30  2.11f 
Leupeptin A82.27  2.38d B47.78  2.03e 
NEM B99.00  2.57b A137.51  2.53b 
PMSF A71.40  2.42e B23.56  2.41f 
TPCK A91.11  1.89c B57.18  2.17d 
    * The enzyme was pre-incubated with various inhibitors prior to the 

fibrinolytic enzyme assay.  The results were expressed as percent- 
age (%) relativity to that of none. 

  ** IAA, iodoacetic acid; EDTA, ethylenediamine tetraacetic acid; 
NEM, N-ethylmaleimide; PMSF, phenylmethane sulfonyl fluo-
ride; TPCK, tosylphenylalanine chloromethyl ketone. 

*** Each value represents means  SD (n = 3).  Means with different 
superscript in the same column (a-f) are significantly different by 
Duncan’s multiple range test (p < 0.05).  Means with different 
letters in the same raw (A, B) are significantly different by Stu-
dent’s t test (p < 0.05). 
 
 

Table 3, the optimum temperature for some Bacillus-originated 
nattokinase/fibrinolytic enzymes are ranged from 30C to as 
high as 70C.  The optimal temperature (55C) of our enzyme 
is the same as that reported by Chang et al. (2000), and quite 
close to 50C reported by Lee et al. (2001), Kimiya et al. 
(2008), and Yin et al. (2010), or close to 60C reported by Paik 
et al. (2004).  Fig. 5(b) showed that the enzyme was relatively 
stable up to 55C but the stability dropped sharply at higher 
temperatures.  The enzyme incubated at 55C for 2 hours 
remained a relative activity of higher than 40% while its rela-
tive activity dropped down to less than 30% at 65C within 20 
min.  Lee et al. (2001) suggested that the fibrinolytic enzyme 
remained thermostable up to 60C. 

5. Effects of Inhibitors and Metal Ions on Enzyme  
Activity 

The effects of various inhibitors on the fibrinolytic activity 
were summarized in Table 4.  The data indicated that enzyme 
activity was inhibited by serine protease inhibitors of PMSF, 
leupeptin and TPCK, where the former at a concentration of  
5 mM showed the strongest inhibitory effect by 76.44%.  Our 
data indicated that the nattokinase obtained in this study is a 
serine protease, which is equivalent to the results of some 
previous reports (Sumi et al., 1987; Kim et al., 1996; Kim and 
Choi, 2000; Ko et al., 2004; Paik et al., 2004; Hua et al., 2008).  
Metal chelating agent EDTA at a concentration of 5 mM 
showed a potent inhibitory effect, indicating the metals that 
involved in enzyme activity or stability are not strongly bound.  
Intriguingly, irreversible cysteine proteinase inhibitors of IAA 
and NEM, which can modified the thiol group of cysteine  

Table 5. Effect of metal ions on the fibrinolytic activity of 
nattokinase from Bacillus subtilis N1-fermented 
Porphyra dentata. 

Relative activity* (%) 
Metal ions 

5 mM 10 mM 

None A100.00  0.00b,** A100.00  0.00c 
K+ A88.75  2.63cd A84.59  2.04d 
Na+ A87.66  2.47cd A86.40  2.19d 
Mg2+ A85.97  2.78cd A86.74  2.69d 
Cu2+ B106.57  2.34a A136.99  2.16a 
Ca2+ A83.76  2.61d A85.68  2.75d 
Zn2+ A90.50  2.48c B85.28  2.15d 
Fe3+ B103.15  2.52a A123.34  2.45b 
  * The enzyme was pre-incubated with various metal ions prior to the 

fibrinolytic enzyme assay.  The results were expressed as percent- 
age (%) relativity to that of none.  

** Each value represents means  SD (n = 3).  Means with different 
superscript in the same column (a-d) are significantly different by 
Duncan’s multiple range test (p < 0.05).  Means with different let-
tersin the same raw (A, B) are significantly different by Student’s  
t test (p < 0.05). 
 
 

residues, could increase enzyme activity in a concentration 
dependent manner; however, the mechanisms are unknown.  
The effects of mono-, di- and trivalent metal ions on the fi-
brinolytic activity are represented in Table 5.  Under the con-
ditions employed to the purified enzymes, K+, Na+, Mg2+, Ca2+, 
Zn2+ ions show some minor inhibitory effect, which might be 
due to the fact that the substitutions or over loadings of metal 
ions K+, Na+, Mg2+, Ca2+, Zn2+ could change enzyme stability 
or activity (Holland et al., 1995).  Cu2+ (or SO4

2-) and Fe3+ ions 
at 10 mM enhanced the activity in a concentration dependent 
manner, with being by 36.99% and 23.34%, respectively, at 10 
mM.  This finding is equivalent to our previous data on the 
inhibitory effect by the metal chelator of EDTA and similar 
result has been reported (Paik et al., 2004).  There have been 
some previous reports indicating that transition metals, such  
as Cu2+, Co2+ and Zi2+, and alkaline metals Ca2+ and Mg2+ 
enhanced enzyme activity (Lee et al., 2001; Paik et al., 2004; 
Hua et al., 2008). 

IV. CONCLUSIONS 

Based on its proximate composition, we first and success-
fully introduced marine crop P. dentata suspension as the sole 
medium constituent for the production of nattokinase in fer-
mentor.  Crude nattokinase with a fibrinolytic activity of 987 
U/mL was obtained by fermenting 3% (w/v) P. dentata sus-
pension with B. subtilis N1 at 37C for 48 hours with con-
trolled aeration and agitation.  Our biological data indicated 
that the nattokinase is a serine protease and its fibrinolytic 
activity can be enhanced by adding CuSO4 and FeCl3 and that 
the enzyme stayed active at as high as 55C and at a broad 
range of pH.  This study not only gives a brand new idea to use 
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Bacillus sp. to ferment environmentally friendly sea alga P. 
dentata for the production of nattokinase but provides a prac-
tical approach in the development of high nutritional, algae- 
based fermented food with fibrinolytic activity. 

ACKNOWLEDGMENTS 

The financial supports from the National Science Council 
of Taiwan, R.O.C. and from Center of Marine Bioenviron-
ment and Biotechnology, National Taiwan Ocean University 
(NTOU-RD-AA-2013-2-02012) are gratefully acknowledged. 

REFERENCES 

AOAC. 1998. Offical methods of analysis of the Association of Official 
Analytical Chemists. Association of Official Analytical Chemists, 
Washington, DC. 

Cesarman-Maus, G. and K. A. Hajjar (2005). Molecular mechanisms of 
fibrinolysis. British Journal of Haematology 129, 307-321. 

Chandler, W. L., M. C. Alessi, M. F. Aillaud, P. Henderson, P. Vague and I. 
Juhan-Vague (1997). Clearance of tissue plasminogen activator (TPA) 
and TPA/plasminogen activator inhibitor type 1 (PAI-1) complex: rela-
tionship to elevated TPA antigen in patients with high PAI-1 activity 
levels. Circulation 96, 761-768. 

Chang, C. T., M. H. Fan, F. C. Kuo and H. Y. Sung (2000). Potent fibrinolytic 
enzyme from a mutant of Bacillus subtilis IMR-NK1. Journal of Agri-
cultural and Food Chemistry 48, 3210-3216. 

Collen, D. and H. R. Lijnen (2004). Tissue-type plasminogen activator: a 
historical perspective and personal account. Journal of Thrombosis and 
Haemostasis 2, 541-546. 

Duffy, M. J. (2002). Urokinase plasminogen activator and its inhibitor, PAI-1, 
as prognostic markers in breast cancer: from pilot to level 1 evidence 
studies. Clinical Chemistry 48, 1194-1197. 

Fujita, M., K. Hong, Y. Ito, S. Misawa, N. Takeuchi, K. Kariya and S. Ni-
shimuro (1995). Transport of nattokinase across the rat intestinal tract. 
Biological and Pharmaceutical Bulletin 18, 1194-1196. 

Guillon, F. and M. M. J. Champ (2002). Carbohydrate fractions of legumes: 
uses in human nutrition and potential for health. British Journal of Nu-
trition 88, S293-S306. 

Guo, T. T., H. L. Xu, L. X. Zhang, J. P. Zhang, Y. F. Guo, J. W. Gu and P. M. 
He (2007). In vivo protective effect of Porphyra yezoensis polysaccharide 
against carbon tetrachloride induced hepatotoxicity in mice. Regulatory 
Toxicology and Pharmacology 49, 101-106. 

Hassanein, W. A., E. Kotb, N. M. Awny and Y. A. El-Zawahry (2011). Fibri-
nolysis and anticoagulant potential of a metallo protease produced by 
Bacillus subtilis K42. Journal of Biosciences 36, 773-779. 

Holland, D. R., A. C. Hausrath, D. Juers and B. W. Matthews (1995). Struc-
tural analysis of zinc substitutions in the active site of thermolysin. Pro-
tein Science 4, 1955-1965. 

Hsu, R. L., K. T. Lee, J. H. Wang, L. Y. L. Lee and R. P. Y. Chen (2009). 
Amyloid-degrading ability of nattokinase from Bacillus subtilis Natto. 
Journal of Agricultural and Food Chemistry 57, 503-508.  

Hua, Y., B. Jiang, Y. Mine and W. Mu (2008). Purification and characteriza-
tion of a novel fibrinolytic enzyme from Bacillus sp. nov. SK006 isolated 
from an Asian traditional fermented shrimp paste. Journal of Agricultural 
and Food Chemistry 56, 1451-1457.  

Huang, S., S. Pan, G. Chen, S. Huang, Z. Zhang, Y. Li and Z. Liang (2013). 
Biochemical characteristics of a fibrinolytic enzyme purified from ama-
rine bacterium, Bacillus subtilis HQS-3. International Journal of Bio-
logical Macromolecules 62, 124-130.  

Ichihara, T., H. Wanibuchi, T. Taniyama, Y. Okai, Y. Yano, S. Otani, S. Imaoka, 
Y. Funae and S. Fukushima (1999). Inhibition of liver glutathione 
S-transferase placental form-positive foci development in the rat hepa-

tocarcinogenesis by Porphyra tenera (Asakusa-nori). Cancer Letters 141, 
211-218.  

Jeff-Agboola, Y. A. and O. S. Oguntuase (2006). Effect of Bacillus sphaericus 
on Proximate Composition of Soybean (Glycine max) for the Production 
of Soy Iru. Pakistan Journal of Nutrition 5, 606-607.  

Kazłowska, K., T. Hsu, C.-C. Hou, W.-C. Yang and G.-J. Tsai (2010). Anti- 
inflammatory properties of phenolic compounds and crude extract from 
Porphyra dentata. Journal of Ethnopharmacology 128, 123-130.  

Kim, H., M. J. Song and D. Potter (2006). Medicinal efficacy of plants utilized 
as temple food in traditional Korean Buddhism. Journal of Ethnophar-
macology 104, 32-46.  

Kim, S. H. and N. S. Choi (2000). Purification and characterization of sub-
tilisin DJ-4 secreted by Bacillus sp. strain DJ-4 screened from Doen-Jang. 
Bioscience, Biotechnology, and Biochemistry 64, 1722-1725.  

Kim, W., K. Choi, Y. Kim, H. Park, J. Choi, Y. Lee, H. Oh, I. Kwon and S. Lee 
(1996). Purification and characterization of a fibrinolytic enzyme pro-
duced from Bacillus sp. strain CK 11-4 screened from Chungkook-Jang. 
Applied and Environmental Microbiology 62, 2482-2488.  

Kimiya, T., K. Ohtani, S. Satoh, Y. Abe, Y. Ogita, H. Kawakita, H. Hamada, Y. 
Konishi, S. Kubota and A. Tominaga (2008). Inhibitory effects of edible 
marine algae extracts on degranulation of RBL-2H3 cells and mouse 
eosinophils. Fisheries Science 74, 1157-1165.  

Ko, J. H., J. P. Yan, L. Zhu and Y. P. Qi (2004). Identification of two novel 
fibrinolytic enzymes from Bacillus subtilis QK02. Comparative Bio-
chemistry and Physiology C-Toxicology and Pharmacology 137, 65-74.  

Lee, S. K., D. H. Bae, T. J. Kwon, S. B. Lee, H. H. Lee, J. H. Park, S. Heo and 
M. G. Johnson (2001). Purification and characterization of a fibrinolytic 
enzyme from Bacillus sp KDO-13 isolated from soybean paste. Journal of 
Microbiology and Biotechnology 11, 845-852.  

Lowry, O. H., N. J. Rosebrough, A. L. Farr and R. J. Randall (1951). Protein 
measurement with the Folin phenol reagent. Journal of Biological 
Chemistry 193, 265-275.  

MacArtain, P., C. I. R. Gill, M. Brooks, R. Campbell and I. R. Rowland (2007). 
Nutritional value of edible seaweeds. Nutrition Reviews 65, 535-543.  

Mahajan, P. M., S. Nayak and S. S. Lele (2011). Fibrinolytic enzyme from 
newly isolated marine bacterium Bacillus subtilis ICTF-1: Media opti-
mization, purification and characterization. Journal of Bioscience and 
Bioengineering 113, 307-314.  

Meade, T. W., V. Ruddock, Y. Stirling, R. Chakrabarti and G. J. Miller (1993). 
Fibrinolytic activity, clotting factors, and long-term incidence of is-
chaemic heart disease in the Northwick Park Heart Study. Lancet 342, 
1076-1079.  

Mukherjee, A. K., S. K. Rai, R. Thakur, P. Chattopadhyay and S. K. Kar 
(2012). Bafibrinase: A non-toxic, non-hemorrhagic, direct-acting fibri-
nolytic serine protease from Bacillus sp. strain AS-S20-I exhibits in vivo 
anticoagulant activity and thrombolytic potency. Biochimie 94, 1300- 
1308.  

Nguyen, V. T., J. P. Ueng and G. J. Tsai (2011). Proximate Composition, Total 
Phenolic Content, and Antioxidant Activity of Seagrape (Caulerpa len-
tillifera). Journal of Food Science 76, C950-C958.  

Paik, H. D., S. K. Lee, S. Heo, S. Y. Kim, H. H. Lee and T. J. Kwon (2004). 
Purification and characterization of the fibrinolytic enzyme produced by 
Bacillus subtilis KCK-7 from Chungkookjang. Journal of Microbiology 
and Biotechnology 14, 829-835.  

Pande, M., V. K. Dubey, S. C. Yadav and M. V. Jagannadham (2006). A novel 
serine protease cryptolepain from Cryptolepis buchanani: purification 
and biochemical characterization. Journal of Agricultural and Food 
Chemistry 54, 10141-10150.  

Peng, Y., Q. Huang, R. H. Zhang and Y. Z. Zhang (2003). Purification and 
characterization of a fibrinolytic enzyme produced by Bacillus amylo-
liquefaciens DC-4 screened from douchi, a traditional Chinese soybean 
food. Comparative Biochemistry and Physiology, Part B: Biochemistry 
and Molecular Biology 134, 45-52.  

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



248 Journal of Marine Science and Technology, Vol. 23, No. 2 (2015 ) 

 

Ratana-arporn, P. and A. Chirapart (2006). Nutritional Evaluation of Tropical 
Green Seaweeds Caulerpa lentillifera and Ulva reticulata. Kasetsart 
Journal: Natural Science 40, 75-83.  

Reed, G. L., A. K. Houng, L. Liu, B. Parhami-Seren, L. H. Matsueda, S. Wang 
and L. Hedstrom (1999). A catalytic switch and the conversion of strep-
tokinase to a fibrin-targeted plasminogen activator. Proceedings of the 
National Academy of Sciences of the United States of America 96, 
8879-8883.  

Sanchez-Machado, D. I., J. Lopez-Cervantes, J. Lopez-Hernandez and P. 
Paseiro-Losada (2004). Fatty acids, total lipid, protein and ash contents of 
processed edible seaweeds. Food Chemistry 85, 439-444.  

Seong, C. N., J. S. Jo, S. K. Choi, S. W. Kim, S. J. Kim, O. H. Lee, J. M. Han 
and J. C. Yoo (2004). Production, purification, and characterization of a 
novel thermostable serine protease from soil isolate, Streptomyces tendae. 
Biotechnology letters 26, 907-909.  

Smith, J. L., G. Summers and R. Wong (2010). Nutrient and heavy metal 
content of edible seaweeds in New Zealand. New Zealand Journal of 
Crop and Horticultural Science 38, 19-28.  

Sumi, H., H. Hamada, K. Nakanishi and H. Hiratani (1990). Enhancement of 
the fibrinolytic activity in plasma by oral administration of nattokinase. 
Acta Haematologica 84, 139-143.  

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

Suzuki, Y. (2003). Dietary supplementation with fermented soybeans sup-
presses intimal thickening. Nutrition 19, 261-264.  

Urano, T. (2001). The profibrinolytic enzyme subtilisin NAT purified from 
Bacillus subtilis cleaves and inactivates plasminogen activator Inhibitor 
type 1. Journal of Biological Chemistry 276, 24690-24696.  

Wang, C., M. Du, D. Zheng, F. Kong, G. Zu and Y. Feng (2009). Purification 
and characterization of nattokinase from Bacillus subtilis Natto B-12. 
Journal of Agricultural and Food Chemistry 57, 9722-9729.  

Wei, C., W. Li, C. Zhang, M. Van Hulle, R. Cornelis and X. Zhang (2003). 
Safety evaluation of organoarsenical species in edible Porphyra from the 
China Sea. Journal of Agricultural and Food Chemistry 51, 5176-5182.  

Wong, K. H. and P. C. K. Cheung (2000). Nutritional evaluation of some 
subtropical red and green seaweeds - Part I - proximate composition, 
amino acid profiles and some physico-chemical properties. Food Chem-
istry 71, 475-482.  

Yin, L. J., H. H. Lin and S. T. Jiang (2010). Bioproperties of potent nattokinase 
from Bacillus subtilis YJ1. Journal of Agricultural and Food Chemistry 
58, 5737-5742.  

Yoshie, Y., W. Wang, D. Petillo and T. Suzuki (2000). Distribution of cate-
chins in Japanese seaweeds. Fisheries Science 66, 998-1000.  

Yoshie-stark, Y., Y. P. Hsieh and T. Suzuki (2003). Distribution of flavonoids 
and related compounds from seaweeds in Japan. Journal of the Tokyo 
University of Fisheries 89, 1-6.  

Zhao, T., Q. Zhang, H. Qi, X. Liu and Z. Li (2008). Extension of life span and 
improvement of vitality of Drosophila melanogaster by long-term sup-
plementation with different molecular weight polysaccharides from 
Porphyra haitanensis. Pharmacological Research 57, 67-72.  

 


	PURIFICATION AND CHARACTERIZATION OF NATTOKINASE FROM CULTURAL FILTRATE OF RED ALGA PORPHYRA DENTATA FERMENTED BY BACILLUS SUBTILIS N1
	Recommended Citation

	PURIFICATION AND CHARACTERIZATION OF NATTOKINASE FROM CULTURAL FILTRATE OF RED ALGA PORPHYRA DENTATA FERMENTED BY BACILLUS SUBTILIS N1
	Acknowledgements

	untitled

