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Abstract 

Nattokinase is a potent fibrinolytic enzyme produced by Bacillus sutbilis, which 

is one of the most impotant sources of fibrinolytic enzymes. Nattokinase has a dual 

function of hydrolyzing blood thrombin directly and indirectly. It was found to be 

active between pH 6-12 and lose fibrinolytic activity dramatically when pH is lower 

than 5. Currently nattokinase preparations are not pure enough to get rid of the unique 

smell that is repulsive to the non-Japanese. These two reasons severely blocked 

nattokinase to be developed for food and pharmaceutial industial useages as 

supplements and active ingredients. The objective of this study was to isolate the 

bacteria which have ability to produce nattokinase-like fibrinolytic enzyme, purify 

and characterize these enzymes to determine the actual biochemical proteries. An 

industrial compatible anqueous protocol can be applied not only for the purificication 

of nattokinase but also for other fibrinolytic enzymes from Bacillus source was 

estabilished to purify the enzymes to homogeneous. The intrinsic stabilizing factors 

in raw nattokinase fermented broth were also identified in order to make natural 

stable nattokinase preparation for acidic environment. 71 strains belonging to 13 

different genus was determined as the fibrinolytic enzyme producing bacteria. The 

fibrinoytic enzyme produced by Bacillus tequilensis, Bacillus amyloliquefaciens, and 

Bacillus cereus was purified and characterized. One of these three enzymes was 

determined to be a new fibrinolytic enzyme that never be reported. The purification 

protocol established here cotained 3 operation units that including one 

chromatographic separation step followed by membrane polishing after nattokinase 

was extracted with 70% ammonium sulphate from the fermeted broth. The purified 
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nattokinase and other fibrinolytic enzymes showed single band as tested by SDS-

PAGE and already pure enough to determine the N-terminal sequence directly by 

Edman degration. A purification efficiency of 476.1 fold enzymatic activity increase 

with 48.3% recovery was obtained by using this protocol to purity nattokinase at lab 

level. The efficiency was 428.1-fold with 42.6% recovery at industrial compatible 

pilot scale (60-fold amplification). The efficiency was 329.7-fold with 42.7% 

recovery for purification of fibrinolytic enzyme produced by Bacillus tequilensis, 

221.7-fold with the recovery of 32.5% for purification of fibrinolytic enzyme 

produced by Bacillus amyloliquefaciens and 288.5 fold with 38.7% recovery for 

purification of fibrinolytic enzyme produced by Bacillus cereus. The purification fold 

of most current protocols used for nattokinase and other fibrinolyitc enzymes 

purification was lower than 100 and the recovery fall in between 6.28% to 80%. Thus, 

the protocol established in this study has a very high purification efficiency. The 

result of intrinstic stabilizing factor identification shown both starch and levan have 

the stabilizing effect on nattokinase at low pH environment. The stabilizing ability of 

starch is much higher than levan, and was retained even hydrolyzed by amylase. The 

active concentraion range of starch was from 20 and up to 500 µg/ml at the pH range 

of 4-5. 

 

Key words: Nattokinase; Fibrinolytic enzyme; Bacillus; Purification; Stabilizing 

factor 
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Chapter 1 General Introduction and Literature Review 

1.1 Introduction  

 Thrombosis is a kind of disease that is seriously harmful to human health and 

life. According to the statistics of World Health Organization (WHO), there were 17 

million people died of cardiovascular disease (CVD) caused by thrombus each year, 

and in the year of 2005, 30% of the total mortality rate all over the world was caused 

by the heart diseases, typically considered a disease of developed countries and 

closely related to the living standard and life style (Basson, 2008). In China, 

especially in the more developed regions, such as Guangdong province, with the 

advancement of living standard, the excessive protein and lipid uptakes in daily diet, 

the CVD as a consequence has become the first killer over cancer and diabetes (Liu 

& Chen, 2012). Therefore, the research in this area has been keeping as a highly 

unfailing hot topic in the world, and CVD related research results that published in 

the journal of Nature were reached to 47 articles just in the past two years (From 

2014.1to 2015.9), and many countries are currently focusing on the basic research 

and development of therapeutics for associated diseases.  

Generally speaking, CVD is always closely related to the level of thrombus in the 

blood, the greater chance of thrombus formation in vessel, the higher content of 

fibrinogen in plasma (Lipinski & Pretorius, 2013). Numerous epidemiological and 

large prospective studies have shown that the increased fibrinogen level in blood is an 

important risk factor for cardiovascular disease (Kannel et al., 1987; Levenson et al., 

1995; Kaptoge et al., 2012). The research of analyzing the information on fibrinogen 
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levels from 185,892 participants from 40 cohorts over a 10-year span, with the 

purpose of assessing fibrinogen levels in people at intermediate risk for a 

cardiovascular event, accomplished by the Emerging Risk Factors Collaboration 

Coordinating Centre in Cambridge of England, strongly confirmed an association 

between elevated fibrinogen levels and the cardiovascular risk (Kaptoge et al., 2012). 

Interestingly, CVD is also the dominating cause of morbidity and mortality among 

individuals with type 2 diabetes (Kannel & McGee 2002), three decades of 

epidemiologic research from the Framingham study examined 1,314 subjects who 

were initially free of CVD, and the result showed diabetes to be a powerful 

predisposing factor for cardiovascular disease, and the influence of diabetes on 

cardiovascular disease was greatly dependent on the level of fibrinogen, hypertension, 

hypertriglyceridemia and obesity (Kannel et al., 1990). Therefore, the fibrinogen can 

be deemed as one of the critical factors for the two above mentioned severe fatal 

disease, CVD and diabetes. 

Fibrinogen forms fibrin, which is the key structural support and main protein 

component of thrombus by the action of thrombin (EC 3.4.21.5), (Kannel et al., 1987; 

Levenson et al., 1995; Kaptoge et al., 2012), while, the presence of fibrin-like 

material in atherosclerotic plaques has observed over 150 years (Rokitansky, 1852). 

Analysis of the structure of the fibrin clot revealed that if formed from plasma of 

subjects with type 1 diabetes the fibrin clot had a denser structure with smaller 

intrinsic pores (Jörneskog et al., 1996; Nair et al., 1991), whereas the structural 

differences found to occur in the fibrin clot from subjects with type 2 diabetes was 

inferred to confer increased resistance to fibrinolysis and in consequence contribute 
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to the increase in CVD risk in diabetic patients (Dunn et al., 2005). Normally, fibrin 

clots are gradually and completely removed from the sites of vessel wall by the 

fibrinolytic system of blood, however, under certain specific physiological conditions, 

the fibrinolytic effect is inefficient, and fibrin clots will remain deposited and obstruct 

the flow of blood (Astrup, 1956). Ancrod, the thrombin-like enzyme of viper venom, 

could efficiently prevent thrombosis, which is a strong evidence of such situation 

(Liu et al., 2011). In fact, the fibrinolytic system indicates the plasmin-plasminogen 

system existed in blood. Fibrin is lysed by plasmin that is a serine protease activated 

from plasminogen by tissue plasminogen activator (t-PA) in normal situation, and the 

balance of formation and fibrinolysis of fibrin are maintained by the production of t-

PA in biological system. If the level of t-PA is altered as a result from some disorders, 

fibrin cannot be hydrolyzed, and the thrombus will form (Cong et al., 2009). 
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1.2 Thrombolytic Agents 

Currently, the thrombolytic agents available for clinical use can be classified into 

two types according to their mechanisms of dissolving fibrin clots. Firstly, 

plasminogen activators, which can activate plasminogen into plasmin with enzymatic 

activity to degrade fibrin, include t-PA (Collen & Lijnen, 2004), urokinase (Sasaki et 

al., 1985), streptokinase (Medved et al., 1996), staphylokinase (Lijnen et al., 1991; 

Arai et al., 1995), etc. Secondly, plasmin-like fibrinolytic enzymes, which can 

directly and rapidly lyse the fibrin into blood clots, including lumbrokinase produced 

by earthworm (Mihara, H et al., 1991), fibrolase purified from snake venom (Chen et 

al., 1991), etc.  

Tissue plasminogen activator (t-PA) is a serine protease (EC 3.4.21.68) produced 

by endothelial cells that line the blood vessels, with a molecular weight of 68 kDa, 

activated by the level of fibrinogen in blood. It will bind to fibrin and catalyzes the 

plasminogen into plasmin to dissolve the fibrin clots, and it is the major enzyme 

responsible for fibrin thrombolysis. In some cases, fibrin was found to enhance the 

production of t-PA, suggesting that fibrin could activate or induce enzyme production 

as the substrate of t-PA (Chitte & Dey, 2002; Peng & Zhang, 2002). Clinically, t-PA 

is the most common medicine to treat thrombosis, but it was highly forbidden for the 

treatment of hemorrhagic stroke and head trauma due to the bleeding complications, 

meanwhile, the cost of producing t-PA is quite high, which has been the biggest 

problem all the time (Collen D & Lijnen HR, 2004). 

Urokinase (UK) is also called abbokinase and urokinase-type plasminogen 

activator (u-PA), consisting of three protein domains with disulfide bonds, similar 

http://en.wikipedia.org/wiki/Serine_protease
http://en.wikipedia.org/wiki/Enzyme_Commission_number
http://enzyme.expasy.org/EC/3.4.21.68
http://en.wikipedia.org/wiki/Endothelial_cell
http://en.wikipedia.org/wiki/Blood_vessel
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with t-PA, it is also a serine protease (EC 3.4.21.73) and can activate plasminogen 

from inactive form into plasmin, and the activation depends on the physiological 

environment. UK was first isolated from male urine, and now it is realized that UK 

could present in blood stream, extracellular matrix and many other locations of body 

(Sasaki et al., 1985). UK is not only having the ability of thrombolysis, but also found 

to have potential of treating cancer. UK for injection is consisting of two parts with 

the molecular weights of 33 kDa and 54 kDa, respectively, but it also faces the 

problem of high cost of production. 

Streptokinase (SK) is a protease produced by Streptococcus hemolyticus, with the 

molecular weight of 47kD including three protein domains, being classified under EC 

as 3.4.99.22. SK can bind and activate plasminogen into plasmin, and like t-PA, it has 

been approved by FDA for use as clinical medicine for thrombolysis. Different from 

both t-PA and UK, SK is less expensive to produce, but its usage is more limited, 

such as pulmonary embolism is forbidden to treat with SK (Meneveau et al., 1997). 

The three protein domains of SK can not activate the unbound plasminogen 

independently. The treatment will taken effected only under the condition of all 

protein domains work together (Rabijns et al., 1997). 

Staphylokinase (SAK) is an enzyme of 136 amino acids, produced by 

Staphylococcus aureus, with the molecular weight at about 15.5 kD. It is also an 

approved medicine used for thrombolysis in clinical with lowest molecular weight 

among all fibrinolytic enzymes. Similar with t-PA, SAK acts the fibrinolysis 

mechanism by activating plasminogen to form plasmin for the effect of thrombosis. 

The molecular weight is lower than t-PA and UK, being classified under EC as 

http://en.wikipedia.org/wiki/Serine_protease
http://en.wikipedia.org/wiki/Enzyme_Commission_number
http://enzyme.expasy.org/EC/3.4.21.73
http://en.wikipedia.org/wiki/Urine
http://en.wikipedia.org/wiki/Extracellular_matrix
http://en.wikipedia.org/wiki/Thrombolysis
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3.4.99.22. SAK was also found to have the ability of cleaving IgG and complement 

component C3b, inhibiting phagocytosis (Lack, 1948). Except for SAK, all of the 

first type fibrinolytic enzymes have the same limitations of larger molecular weight 

resulting in high risk of immune reaction in clinical application, which indicates SAK 

is a relatively safer thrombus agent. 

Lumbrokinase (LK) produced by Lumbricus rubellus is a plasmin-like 

fibrinolytic enzyme that could dissolved fibrin clot directly, thus was regarded as the 

second type of fibrinolyic enzyme. LK is a general term for six different fibrinolytic 

iso-enzymes, with the molecular weight ranging from 25 to 32 kD (Mihara, 1983). 

LK exists in the intestine, tissue fluid, and intestinal fluid of earthworm, each LK iso-

enzyme is able to dissolve the fibrin clot independently, and the activity of isoenzyme 

C (EC 3.4.21) is stronger than other five enzymes. The cost of LK is much higher 

than t-PA and UK. 

Snake venom fibrolase (FK) is one kind of second type fibrinolytic enzyme 

purified homogeneous from venom of the southern copperhead snake named 

Agkistrodon contortrix. FK is non-glycosylated metalloproteinase that containing 1 

mole of zinc per mole of protein, belongs to adamalysin, the subfamily of snake 

venom metalloproteinases, with the molecular weight of 23 kD, the isoelectric point 

is about pH 6.8, classified under EC 3.4.24.72 (Michael et al., 2001). Snake venom 

FK is not as commonly used in clinical applications as other fibrinolytic enzyme, 

owing to its high costs and controversial toxicity. Although the enzymes mentioned 

above have widely used in thrombolytic treatments, but all available thrombolytic 

agents are suffering from similar significant shortcomings, including large therapeutic 
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reported by Kurosawa (2015) strongly proved that NK shows the enhancing effect on 

fibrinolysis and anti-coagulation via several different pathways simultaneously after 

oral administration, which greatly encourages the development of NK as a treatment 

agent and dietary supplement.  
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121oC for 15 min raised the t-PA activity about 20 times of Hela cells in vitro and 5 

times of human vascular endothelial cells in vitro. This result suggested that NK 

could conserve its function of fibrinolytic ability even after deactivated of its enzyme 

activity, hinting a very stable primary sequence could be the core structure that serves 

somehow in the fibrinolytic process. 

A long-term randomized, placebo-controlled, double-blind, parallel comparison 

human experiment was carried out during May 2007 and March 2008 for the 

evaluation of the lipid-lowering effect of orally administrated nattokinase combined 

with red yeast rice extract in 47 patients with hyper-lipidemia. The significant 

decreases were observed with regard to, triglycerides by 15%, total cholesterol by 

25%, low-density lipoprotein cholesterol by 41%, TC/high-density lipoprotein 

cholesterol ratio by 29.5%, and the increases of HDL-C by 7.5%. These results 

provided evidence in a long-term perspective on the efficacy of NK fibrinolytic 

activity and relatively higher potent effects when combined with red yeast extract 

(Yang et al., 2009). A self-controlled, open-labeled clinical experiment was 

conducted on 47 human subjects who were consent to the treatment. The subjects 

were divided into the groups of healthy volunteer, patients with cardiovascular risk 

factors, and patients undergoing dialysis. Daily oral administration of NK capsule 

including 2,000 fibrinolyisis units was given to all subjects in a 2-month period. A 

significant time dependent decrease of fibrinogen baseline (P = .003), factor VII 

(P<.001), and factor VIII (P <.001) was observed in cardiovascular risk factors group, 

and the plasma levels of the three coagulation factors continuously declined during 

the period of NK intake (Hsia et al., 2009). At the same time, another research 
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composed of 30 patients with primary hypercholesterolemia was carried out with 

subjects treated for 8 weeks by administrating 400 mg (4000FU) NK or placebo twice 

daily combined with low cholesterol diet, and it was found that the total serum 

cholesterol level was decreased by 6.5% at 4 weeks and 6.8% at 8 weeks compared to 

placebo group, and the HCL-C and LDL-C levels were also decreased by 10.85% and 

6.3%, respectively, at 8 weeks. The effect of nattokinase on the profile of serum 

cholesterol can be easily confirmed (Wu et al., 2009). The research conducted by a 

clinical reference laboratory in Oakland with 11 healthy volunteers between the ages 

of 21 and 65 (5 male, 6 female) was done with the detection of the nattokinase level 

in blood using enzyme-linked immunosorbent assay (ELISA). When ingested a dose 

of 2000 FU of nattokinase, the peak serum levels of nattokinase were tested out at 

approximately 13.3 h ± 2.5 h, indicating NK can get into the blood stream after oral 

administration (Michael et al., 2013). The double-blind, placebo-controlled cross-

over experiment of NK intervention effect on 12 healthy young male subjects was 

performed by giving a single-dose of 2,000 FU of NK or placebo to each subject 

aiming to analyze the coagulation/fibrinolytic levels. The result showed D-dimer 

concentrations at 6, and 8 hours, and blood fibrin/fibrinogen degradation products 

elevated significantly after 4 hours of NK administration (p < 0.05, respectively), 

blood antithrombin concentration was higher at 2 and 4 hours (p < 0.05, respectively), 

while Factor VIII activity declined at 4 and 6 hours (p < 0.05, respectively), and the 

activated partial thromboplastin time prolonged significantly at 2 and 4 hours 

following NK administration (p < 0.05 and p < 0.01, respectively). The results 
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suggesting administration of NK could enhance fibrinolysis and anti-coagulation via 

several different pathways simultaneously (Kurosawa, 2015).  
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1.5 Molecular engineering and fibrinolytic enzymes 

For the huge potential of fibrinolysis exhibited by NK, different researchers have 

been focusing on the enzyme modification by molecular and/or protein engineering 

methods in order to obtain modified NK with more stable and higher fibrinolytic 

activity. A method of DNA family shuffling was performed by shuffling three 

homologous genes from Bacillus subtilis natto AS 1.107, Bacillus amyloliquefaciens 

CICC 20164, and Bacillus licheniformis CICC 10092 to generate a mutant library. As 

a result, a desirable mutant enzyme with 16 amino acids substitutions was purified 

and characterized after three rounds of DNA shuffling. The catalytic efficiency of the 

mutant NK was approximately 2.3 times higher than the wild-type NK at kinetic 

measurement (Cai et al. 2011). The site directed mutagenesis method was also used 

for constructing a single mutant and two double mutant enzymes, which expressed in 

Escherichia coli with periplasmic secretion. The kinetic parameters of enzymes and 

fibrinolytic activity showed approximately 2 times higher in catalytic efficiency 

(Kcat/KM) compared with wild-type NK, and there was significant increase of the 

fibrinolytic activity of two mutant enzyme compared with the single-mutant one 

(Weng et al. 2015).  In fact a single mutant modified enzyme with enhanced oxidative 

stability was already obtained and purified to homogeneous as early as in 2009 

(Weng et al., 2009).  

The other one research direction was focusing on the screening and purification 

of similar enzymes with higher fibrinolytic activity and more safety to human body 

from other microbes, such as Choggokkinase (CK) produced by Bacillus sp., CK11-4 

(Kim et al., 1996), subtilisin DFE produced by Bacillus amyloliquefaciens DC4 (Peng 
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et al., 2003), subtilisin BSF1 produced by Bacillus subtilis A26 ( Rym et al., 2009), 

and subtilisin QK2 from B. subtilis QK02 (Ko et al., 2004), just name a few. Bacterial 

proteases are very important sources for screening thrombolytic dissolving agents. 

Many of them currently have not been used clinically, but bacteria has already 

demonstrated its usages as the promising warehouse for thrombolytic treatment 

agents, due to the abundance of available species, lower production costs, and easier 

to be modified.  

Except bacterial protease, there are some other microorganisms that can produce 

fibrinolysis enzymes. A strong thermostable fibrinolytic enzyme was purified from 

the metabolites of Streptomyces megasporus SD5, a kind of actinomyces isolated 

from the water of a hot spring (Chitte & Dey, 2000). At the same time fibrinolytic 

enzymes were also found to be produced by marine alga Codium latum, Codium 

divaricatum and Codium intricatum (Matsubara et al. 1998, 1999, 2000). Xiao et al 

(2004) found a fibrinolytic enzyme produced by Rhizopus chinensis 12, a typical 

fungus widely distributed in soil. 

The research on gene and enzyme engineering of NK has been carried out for 

some time. As early as 1992, Nakamura reported the complete sequence of 

nattokinase including regulatory segment composed of 1473 bp nucleotides. The gene 

was recombined by vector Puc19, and transformed into receptive bacteria HB101 

Nakamura (1992). The primary structure of NK was successfully predicted according 

to its gene sequence, and the molecular weight of nattokinase was therefore 

calculated to be 27,728 Da, which is lower than t-PA, UK, SK, and LK (Yuki & 

Motai, 1994). A hybrid gene which fused the sequence coding for pro-peptide and 
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1.6 Extraction and purification of nattokinase 

Contrary to the rapid growing in the works of strain engineering and 

corresponding NK preparation, the downstream technology of purification has been 

slow in progressing. Affinity chromatography is the most effective tool used for NK 

purification, but the cost is very expensive comparing with other methods, for lacking 

the feasibility for industrial scaling-up. Consequently, more and more research efforts 

have been allocated to other chromatographic methods as well as regular chemical 

extracted-purification protocols. The early purification method for NK was 

employing multiple salt extraction steps, which ended up with a low enzyme recovery 

and unsatisfying purity (Fujita et al. 1993).  

A method used AOT/isooctane micellar solution as the extractant to purify NK 

from liquid fermentation broth was reported (Liu et al., 2004), where pH, surfactant 

concentration, addition of isopropanol, and contact time, were optimized during the 

purification process, and the recovery of the enzyme activity reached 80% with the 

purification factor of about 2.7, which apparently indicates a very low purity. Yang et 

al. (2006) reported at first time the method of employing the magnetic polymethyl 

methacrylate (PMMA) beads immobilized with p-amino-benzamidine for purifying 

NK from liquid fermentation broth, where the magnetic PMMA beads with a narrow 

size distribution were prepared, followed by functionalizing the beads via 

transesterification by polyethylene glycol. After that, the beads were immobilized to 

an affinity ligand with modified by chloroethylamine. Then the beads were used to 

purify NK directly from the fermentation broth and obtained a recovery and 

purification factor of 85% and 8.7, respectively. This method only need 40 min to 
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finish a batch of purification, however, it is still unsatisfactory in the final enzyme 

purity achieved (Yang et al., 2006).  

A comparison about the effectiveness of purifying NK by hydrophobic 

chromatography, anion-exchange chromatography and cation-exchange 

chromatography showed that the purification factor of all these three columns were 

around 16-17, however, the obtained enzymes still exhibited the problem of 

unsatisfactory purity (Liu, 2008). The method of three phase partitioning (TPP) is a 

relatively recent technique that combines the salting-out by ammonium sulphate with 

the extraction by t-butanol for purifying NK from liquid fermentation broth (Garg & 

Bhaskar, 2014), where the salted out proteins formed an interface between the lower 

aqueous and the upper organic layers, generating a recovery of 129.5% and 

purification factor of 5.6. Obviously, the purification folds of all the methods 

mentioned above were not high enough, resulted in the final products of low purity. 

In general, all these methods were suffered from the similar shortcomings of too 

many purification steps, long operation time, complicated technical involvements, 

and high costs, etc. 
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1.8 The measurement of nattokinase activity 

Specifically measuring the activity of nattokinase is essential for any purification 

or modification works on NK. The activity of NK has to be measured with valid 

method throughout the purification steps for monitoring purpose, and at the final 

stage for product evaluation. Astrup & Mullertz (1952) developed Fibrin plate 

Method to measure the activity of trypsin, which is the oldest and most common 

method for the enzyme activity. Later on this method was specially modified for 

plasmin, and it is also used as a convenient tool for the study of other fibrinolytic 

enzymes. Specifically, this method includes a simulated thrombus artificially formed 

by fibrinogen and thrombin in culture medium in a petri dish. The position of the area 

on the petri dish that has contact with fibrinolytic enzyme will generate a lytic circle, 

which stands for the fibrinolytic activity of the enzyme applied. Usually, a standard 

enzyme such as urokinase is used to create a standard curve in order to compare and 

calculate the activity of the enzyme to be measured by this method in UI/ml. The 

experimental results in the form of lytic circle spots are visible to naked eyes and 

measurable directly for almost all enzymes that applied on the culture medium.  

However, the fibrin plate method is easily affected by some external factors, such 

as incubation time and certain substances in the culture medium, which require 

restrict control for keeping identical conditions in the experiment in order to compare 

the enzyme activities. The serological plate and clot lysis time (CLT) method was 

developed from fibrin plate assay (Xie et al, 2000) for determining the activity of 

nattokinase. Serological plate method was based on the maximum absorbance of 

fibrin at 655 nm in visible light (OD655), and the absorbance intensity is decreasing 
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advantages of simple operation steps, short determination time, high specificity, and 

high sensitivity (Xie et al., 2000), when used for determining NK activity, the 

sensitivity which can reach to as low as 0.1 ng/ml. However, the high cost make it 

less useful for industry, and it does not measure the fibrinolytic activity directly (Xie 

et al., 2000). This method is very specific, hence, the actual protocol for the 

determination has certain variations based on the differences of the enzymes to be 

measured. The relationship between the determined protease activity and the targeted 

fibrinolytic activity should be investigated in further studies (Shi, 2009). The 

determination method for enzyme activity is very important in the research of 

fibrinolytic enzymes, and the accurate measurement of enzymes activity is a vital 

factor for the establishment of valid NK purification protocol and the elucidation of 

NK structure and functions. 
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1.9 Current issues and problems 

The research data available on the fibrinolytic enzymes of bacterial sources, 

except NK, are very limited with only few researches focused on the determination of 

N terminal amino acid residues, which has greatly hindered the progress of the 

investigation on their structural and functional characteristics. A lot of bacterial 

source fibrinolytic enzymes which share a high homogeneous with NK exhibit a quite 

different physical and chemical properties. It is well understood that enzyme 

sequences which agree in more than 50 % of the positions are likely to share the same 

overall folding formats indicating similar physical and chemical properties (Chothia 

and Lesk, 1986). Thus, we believe that most of the differences of reported fibrinolytic 

enzymes were the inaccuracy determination resulted from the low purity of enzyme. 

The main reason for this dilemma is the lacking of efficient purification methods 

for the preparation of adequate fibrinolytic enzymes with purity good enough for the 

analysis. It is highly anticipated that the establishment of efficient purification 

methodology for fibrinolytic enzymes in general can provide the open sesame to a 

wealth of new bacterial source fibrinolytic enzymes. Even though there are well 

documented methods of extraction and purification for NK for research, the current 

nattokinase preparations for commercial purposes, such as those for therapeutic 

medicines and functional foods, suffer heavily from the limitation of low purity. This 

clearly indicates the necessity and urgency of the investigation for establishing 

industrial purification methods without the current shortcomings of too many and 

complicated operation units, long operation time, high production cost. The 

successful commercial purification methods of nattokinase can undoubtedly open and 
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enhance the markets of new drugs and functional foods beneficial to people with 

cardiovascular disease as well as engaging entrepreneurs.  

NK extracted from natto quickly loses its enzymatic activity when pH is lower 

than 5 or temperature is higher than 50°C. It was observed that the stability of NK 

enhanced greatly even in very low pH environment when mixed with haemocyanin, 

gastric mucinous protein, boiled rice extract and broth (Diao et al, 2012). The similar 

enzyme activity enhancement occurred when NK mixed with slimy materials from 

Bacillus subtilis too, where NK remained stabled even at pH 2 to 3 (Zhao, et al., 

2008). When NK still exists in natto or the fermented broth of bacteria, the 

fibrinolytic activity was also able to be detected in low pH environment (Sumi et al., 

1987). At the same time, the mechanisms of NK remains stable and active in natto 

and fermentation broth are unclear. Furthermore, it is not understood why NK when 

carried with natto can remain active after passing through the very acidic 

gastrointestinal tract.  
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1.10 Hypothesis 

NK was produced by Bacillus subtilis, which is a bacteria has high homology 

with many other strains, and the biomass of bacteria in nature is enormous. Thus we 

believed that Bacillus is not the unique bacteria can produce fibrinolytic, there should 

be many other bacteria also have this ability. Using appropriate method could isolate 

these bacteria strains and determined the corresponding fibrinolytic enzymes. 

The principles of enzyme purification chromatographic methods are developed 

based on advantages of structure specificity, surface charges, molecular polarity, and 

molecular sizes in term of molecular weights. Most of the homogeneous enzymes 

with NK share similar characteristics mentioned above, which therefore should 

provide a general and universal adapted purification method applicable to all these 

kinds of fibrinolytic enzymes.  

There should be certain materials existed in the natto or fermented broth 

responsible as intrinsic stabilizers for the stability of NK in low acid conditions. The 

elucidation of the mechanisms of the stability of NK in natto when subjected to high 

acidic condition will be very useful for the development of enzymology, and the 

finding of the ways of stabilizing NK in high acidic environment will be highly 

indispensable for using NK as food supplement for developing dietary and acid 

beverages in food industry. 
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1.11 Objectives 

The first objective of this research is to screen and isolate various bacteria that 

can produce enzymes with fibrinolytic activity, along with the building of a 

purification method that can be adapted as a general tool for most of the NK-like 

fibrinolytic enzymes from bacterial sources. 

The second objective of this research is to establish an environmentally friendly 

aqueous purification protocol for commercial production of nattokinase in large 

volume and low cost, which helps to make natural NK preparation with the quality of 

direct formulation into high acid food products.  

The last objective of this project is to elucidate the mechanisms of NK stability 

by isolating and identifying the intrinsic stabilizing factors responsible for the 

survival of nattokinase in high acid environment, such as that of human stomach. 

 

 

 

 

 

 

 

 

 

 



 28 

1.12 Significance and outcomes 

Bacteria are ubiquitous in nature, and the utmost easiness for accessing them 

makes isolating bacteria not a problem at all, which implies that there should be 

numerous fibrinolytic enzymes of different characteristics being generated by the 

potential huge quantities of species in the environment. Given appropriate and 

generally applicable purification methods for fibrinolytic enzymes, one can easily 

speed up the pace of finding new species as well as the characterization of related 

enzymes, owing to the facts that adequate amount of high purity enzymes are 

indispensable for these work. Therefore, the establishment of relevant purification 

methods is critical for locating the enzymes with more stability and higher activity, in 

addition to structural analysis, and consequently it contributes to the investigation and 

designing of corresponding peptide clinical agents for thrombosis. 

The large-scale aqueous purification protocol established for NK will not only be 

environmentally friendly, but also is suitable for commercial production. Contrary to 

the current nattokinase preparations produced by traditional protein purification 

methods using organic solvents with many unit operations, those generated by this 

newly established method from our research will be free of the unappealing slimy 

texture, strong smell, and sour taste owing to the impurity originally, as well as 

organic solvent residues. In addition to these advantages from the new protocol, the 

large-scale production will reduce the price tag and make it workable to use 

nattokinase in food industry as additive for various products; the greatly enhanced 

purity of nattokinase also make it feasible to work on the development of 

pharmaceutical grade nattokinase for clinical applications. 



 29 

The isolation and determination of intrinsic stabilizing factors of NK will be very 

valuable for the development of various functional foods of high acidity, like yoghurt 

and fruit juices, directly formulated with addition of NK as a natural ingredient. The 

fibrinolytic activity of this enzyme is known to be a promising health promoting 

factor. It would be of both academic and commercial interests to develop a series of 

such products for the food market. The research on the characteristics of the three 

dimensional structure of NK has been approaching a level of complete understanding 

in recent years (Zheng et al., 2005; Yanagisawa et al., 2010), and the determination of 

intrinsic stabilizing factors will certainly be practical and helpful in revealing the 

mechanism of interaction between the factors and nattokinase itself, which will shed 

the light on the elucidation and eventually contribute to the knowledge pool of 

enzymology. 
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Chapter 2 Isolation and Identification of Bacteria Producing 

Fibrinolytic Enzymes and the Phylogenetic Analysis 

of Bacterial Genomic Structures 

2.1 Introduction 

During the past decade, a great number of fibrinolytic enzymes playing major 

roles in the early treatment of myocardial infarction were isolated and extracted from 

bacteria, which mostly sourced out of fermented foods, such as Chinese fermented 

soybean food (douchi) (Wang et al., 2006) and brewing rice wine (Liu et al., 2005), 

Indonesian fermented soybean (tempeh) (Kim et al., 2006), Korean fermented 

soybean sauce (chungkook-jang) (Kim et al., 1996), salty fermented fish (Kim et al., 

1997), and fermented shrimp paste (Mine et al., 2005). This thus makes it very 

natural for people to think that soil must be a good source for this type of bacteria, 

owing to its immensely diversified microorganisms available, which, to a large extent, 

remains unexplored. Usually only 1-10% of all microorganisms of soil origin can be 

isolated in laboratory, while bacteria is normally the dominating microorganisms 

could be isolated and cultured from soil in terms of biomass and diversity (Kennedy 

& Smith, 1995). Techniques from molecular biology have provided a powerful tool 

for analyzing the entire bacterial community in soil. The re-association analysis of 

DNA isolated from the bacteria in pristine soil and marine sediment samples have 

indicated that the bacteria types contained in such environment is in the order of 

10,000, implying more than 1010 bacterial cells could be existed in one gram of soil 

(Torvsik et al., 1996). The research outlined in this chapter was aimed to isolate 
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bacteria being able to produce fibrinolytic enzymes by using culture-dependent 

method combined with molecular techniques from the local soils in the area of 

Zhuhai, Guangdong province, China. 

Most of the microorganisms are failed to be pure cultured and isolated, which 

makes their taxonomic status are hard to be identified (Bull & Hardman, 1991), the 

culture and identification of the microorganisms is always evolving. Culture-

dependent method is a regular technique for bacterial identification, where samples 

are serial diluted to certain concentrations that can yield a culture in a petri dish with 

all the colonies growing clearly separated from each other, and each of these colonies 

could be pure culture. Morphological and biochemical identification tests of the 

selected colonies which representing single microbial strain can be performed and 

provided the taxonomic information of the strain. For screening bacteria producing 

fibrinolytic enzymes, selective medium can be used, which employs fibrin 

degradation as the indicator, the bacteria which can degrade the fibrin could be 

considered as the target strains. The selected strains will be followed isolated and 

determined (Rym et al., 2009). The molecular analysis of these fibrinolytic bacteria 

will provide the characteristics of DNA sequence responsible for coding fibrinolytic 

enzymes and generate useful information of NK and other fibrinolytic enzymes by 

comparison of their molecular structural features. The strains with high potential of 

application in fibrinolytic enzymes in further development of thrombolytic agents 

could be isolated and identified by determine the existence of specific molecular 

features that have been identified. 
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Sequence information from nucleic acids and proteins can be used as signal 

molecules for phylogenetic analysis (Zuckerkandl & Pauling, 1965). For the 

comparisons of different biomacromolecular sequences, 16S rRNA nucleotide 

sequence is thought to be the most appropriate signal molecule for phylogenetic 

analysis (Olsen et al., 1994). The 16S rRNA exists in all bacterial cells having similar 

structure and characteristics, and it has the function of evolutionary clock, since its 

sequence variation is able to match evolutionary distance, and it has the oldest gene 

sequences with both conservative and variable regions included. The most important 

feature is that the sequence length of 16S rRNA is about 1,500 bp, it is a molecular 

weight just appropriate for convenient manipulation technically, and it also includes 

enough information for analysis. There are many methods based on the 

polymorphism of 16S rRNA gene banding patterns for analyzing the phylogeny of 

bacteria community from environmental samples, such as Random Amplified 

Polymorphic DNA (RAPD), Restriction Fragment Length Polymorphism, (RFLP), 

Denaturing/Temperature Gradient gel Electrophoresis (DGGE/TGGE), Terminal-

Restriction Fragment Length Polymorphism (T-RFLP), Single Strand Conformation 

Polymorphism (SSCP), and Amplified Ribosomal DNA Restriction Analysis 

(ARDRA).  

In this chapter, the bacteria which have the ability of producing fibrinolytic 

enzymes will be screened and isolated from local soil samples by culture-dependent 

method and selective medium. The DNA sequences of the bacteria were searched 

against NCBI database, and BLAST program is used to perform homology analysis. 

Meanwhile, the taxonomic status and phylogeny of these bacteria will be determined. 
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of the soft was chosen for gap processing. The sampling algorithm Bootstrapping of 

the soft was chosen for confidence evaluation of branch nodes, the sampling times of 

Bootstrap were 1000. 

2.3.8 Fibrin plate assay for fibrinolytic activity 

Ten ml of 0.72% (w/v) fibrinogen solution, 10 ml of 2.35% (w/v) agarose 

solution, and 150 µl of thrombin solution (100 U/ml) were mixed completely in a 9-

cm petri dish, where the thrombin converted fibrinogen to fibrin. On each petri dish 

the fibrin containing layer of culture medium was punched for creating evenly 

distributed holes (4 mm), where on each hole sample of 30 µl bacterial fermentation 

broth was added along with UK as standards, the petri dish was put at room 

temperature for 18 hour, the diameters of the clear zones lysed by fibrinolytic 

enzymes from samples and standards were accurately measured with two 

perpendicular diameters recorded.  

2.3.9 Serological plate assay for fibrinolytic activity 

Fibrinogen of 72 mg was dissolved in 20 ml saline solution, and 150 µl of 

thrombin solution (100 U/ml) were added and well mixed, then transferred the crude 

enzyme solution to 96-well plates, with 180 µl solution per well, and incubated at 

85oC water bath for 30min, after cooled down, added 30 µl bacterial fermentation 

broth to the each well, and measured the OD655 value every half hour for 4 hours. 
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2.3.10 Statistic and data processing 

The fibrinolytic activity values of serological plate assay were the average of 3 

replicates, and the values of fibrin plate assay were the average of 2 repeats. All data 

processed with the Microsoft Excel 2007. 
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2.4 Results 

2.4.1 Isolation of bacteria 

After two-day incubation of the plates inoculated with soil samples at three 

concentrations of 10-4, 10-5, 10-6, it was found out that plate with 10-5 CFU was the 

best concentration treatment generating clearly separated colonies, and therefore 

single colony from the plate was picked up and streaked on a new plate for further 

culturing for the isolation of bacteria with fibrinolytic activity (Figure 2.1). Seventy 

one strains of bacteria from 50 soil samples were identified, and the results are 

summarized in Table 2.1  

 

 

Figure 2.1 Screening and isolation of bacteria producing fibrinolytic enzymes by 

spread plate method.(Left: screening of soil samples; right isolation of bacteria 

producing fibrinolytic enzymes indicated by the clear zones) 
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2.4.2 Bacterial DNA extraction 

The 16S rRNA genes of 71 strains of bacteria were extracted successfully by 

Bacterial genomic DNA extraction kit as shown in Figure 2.2. 

 

 
 

Figure 2.2 Patterns of agarose gel electrophoresis showing the results of partial 

bacterial DNA extraction containing 16S rRNA genes (M indicated the DNA ladder 

marker) 

2.4.3 Bacterial 16S rRNA gene PCR product 

The DNA extracted in previous step (section 2.4.2) was used as template, and 

amplified by primer 27F and 1492R. The Figure 2.3 below showed part of strains of 

bacterial 16S rRNA gene fragments.  
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Figure 2.4 Patterns of agarose gel electrophoresis showing results of partial bacterial 

enzymatic digest products (HspA I) 

 

The result of digested PCR product by the three different restriction enzymes 

were combined and transferred to standard matrix format 0 and 1 by soft NTSYS-pc 

(2.11a). After analysis, the strains having similarity higher than 98% were classified 

into one single RFLP band, and 15 RFPL bands were obtained in total.  

Band 4 was composed of 10 strains of bacteria, and band 5 of 27 strains, band 6 

of 8 strains, band 13 of 8 strains, and the stains of other bands are less than 3.  

2.4.5 Blast 

In each RFLP band pattern there was at least 1 strain of bacteria was picked up 

for sequencing the 16S rRNA gene, and the sequence was assembled to get about 

1,400 bp complete sequence, and blasted in Genbank of NCBI with sequences having 

highest homology were downloaded for analysis (Table 2.1). 
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Table 2.1 Blast result of sequences 

Strains Closest NCBI Ubrary strain 
Access No. of 
closest strain Similarity 

24.2 Paenibacillus alvei strain AUG6  AB377108.1 99% 

3.2 Paenibacillus jamilae strain KCTC 13919 HE981800.1  99% 

5.5 Paenibacillus elgii strain SD17 AY090110.1 99% 

2.1 Pseudomonas monteilii strain SY-A2 JN656162.1 99% 

2.2 Pseudomonas plecoglossicida DQ095915.1 99% 

6.2 Pseudomonas alcaligenes strain R5-429 JQ659778.1 99% 

7.2 Stenotrophomonas maltophilia strain TS51 HQ647282.1 100% 

9.4 Stenotrophomonas sp. U1369-101122-SW177 JQ082152.1 100% 

1.2 Staphylococcus epidermidis strain AceN-1 FJ605382.1 100% 

1.3 Desulfovibrio vulgaris strain RL 16S KC462187.1 99% 

2.3 Elizabethkingia meningoseptica strain Che01 JX067927.1 98% 

3.3 Lysinibacillus xylanilyticus strain TAX5 JX280924.1 99% 

4.1 Bacillus cereus strain 2 HM104638.1 100% 

17.2 Bacillus thuringiensis strain X6 HQ917121.1 100% 

19.1 Bacillus mycoides strain 820 FJ544336.1 98% 

19.2 Bacillus methylotrophicus strain PY1 KC790265.1 99% 

19.3 Bacillus subtilis strain HS4 GU323376.1 100% 

24.1 Bacillus tequilensis strain KM34 JF411313.1 99% 

25.1 Bacillus luciferensis strain F30 JQ579634.1 99% 

27.1 Bacillus vireti strain NBRC 102452 AB681794.1 98% 

5.1 Bacillus pseudomycoides strain GSLS6 JN999842.1 100% 

5.2 Bacillus acidiceler strain TSSAS2-2 GQ284498.1 99% 

10.2 Bacillus thuringiensis strain CP-10 JN628977.1 100% 

8.1 Streptomyces pulveraceus strain B143  EU240417.1 99% 

3.1 Streptomyces tendae strain HBUM174898  EU841626.1 100% 

8.2 Chryseobacterium indologenes strain H2S10 EU221399.1 99% 

11.1 Burkholderia stabilis strain C8 JX010989.1 100% 

16.2 Chromobacterium sp. MZ5  JN653466.1 100% 

16.3 Micrococcus luteus strain PCSB6 HM449702.1 99% 

17.1 Microbacterium resistens strain BC-05407 KC845003.1 99% 
 

 

 



 46 

2.4.6 Phylogenetic analyses of bacteria producing fibrinolytic enzymes. 

According to the blast results from section 2.4.5, the bacteria producing 

fibrinolytic enzymes were divided into 13 different genera: (1) Paenibacillus, (2) 

Pseudomona, (3) Stenotrophomonas, (4) Staphylococcus, (5) Desulfovibrio, (6) 

Elizabethkingia, (7) Lysinibacillus, (8) Bacillus, (9) Streptomyces, (10) 

Chryseobacterium, (11) Burkholderia, (12) Chromobacterium, (13) Micrococcus.  

In the above 13 genera, Bacillus genera was the main community for fibrinolytic 

enzyme producing stains, which included 26 strains of bacteria; the second largest 

community was Streptomyces, including 8 strains; the third was Paenibacillus, 

including 7 strains, followed by Staphylococcus genera including 5 strains, 

Microbacterium genera including 5 strains, Chryseobacterium genera including 4 

strains, and other 7 genera including less than 3 strains of bacteria, respectively.  
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Figure 2.5  The phylogenetic tree of bacteria producing fibrinolytic enzymes 
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2.4.7 Fibrin plate assay for fibrinolytic activity 

Table 2.2 Diameters (mm) of lytic cycle (clear zones) coursed by the isolated strains 

Strains  Soil  
Diameter 
(mm) Strains  Soil  

Diameter 
(mm) Strains  Soil  

Diameter 
(mm) 

1.1 SJ1 1 8.1 SJ8 10 19.5 SJ19 11 

1.2 SJ1 9 8.2 SJ8 10 20.1 SJ20 8 

1.3 SJ1 12 8.3 SJ8 11 20.2 SJ20 8 

1.4 SJ1 8 9.2 SJ9 0 20.3 SJ20 7 

2.1 SJ2 2 9.3 SJ9 11 21.1 PH21 11 

2.2 SJ2 2 9.4 SJ9 10 22.1 PH22 11 

2.3 SJ2 13 9.5 SJ9 12 22.2 PH22 8 

3.1 SJ3 12 10.2 SJ10 7 22.3 PH22 8 

3.2 SJ3 6 11.1 SJ11 3 24.1 PH24 11 

3.3 SJ3 2 11.2 SJ11 1 24.2 PH24 2 

3.4 SJ3 7 12.1 SJ12 2 25.1 PH25 0 

4.1 SJ4 11 12.2 SJ12 2 25.2 PH25 8 

4.2 SJ4 1 12.3 SJ12 5 25.3 PH25 9 

4.3 SJ4 9 12.4 SJ12 1 27.1 PH27 8 

4.4 SJ4 3 14.1 SJ14 13 27.2 PH27 7 

5.4 SJ5 2 15.2 SJ15 9 28.3 PH28 1 

5.1 SJ5 9 16.1 SJ16 10 28.5 PH28 9 

5.2 SJ5 11 16.2 SJ16 2 28.6 PH28 11 

5.3 SJ5 12 16.3 SJ16 7 29.2 PH29 2 

5.6 SJ5 1 17.1 SJ17 14 200U UK Standard 2 

5.7 SJ5 10 17.2 SJ17 9 300U UK Standard 3 

6.1 SJ6 10 18.1 SJ18  400U UK Standard 4 

6.2 SJ6 3 19.1 SJ19 9 500U UK Standard 5 

6.4 SJ6 0 19.2 SJ19 11 1000U UK Standard 9 

7.1 SJ7 16 19.3 SJ19 10    

7.2 SJ7 15 19.4 SJ19 11       
 

Standard enzyme activity curve was established by repeated experiments, the 

results were summarized in Table 2.2 (Repeated experiments data were attached as 

Table 2A1 to 2A3). The value of enzyme activity and clear zone diameter yielded a 

straight line representing the positive relationship between the logarithm of the 

diameter and the logarithm of the enzyme concentration that could be expressed as: 
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Table 2.3 Fibrinolytic enzyme activities of bacteria identified from local soil samples 

(unit: U/ml) 

Strains Activity Strains Activity Strains Activity Strains Activity 

1.1 93.5  5.3 1322  12.1 195.5  20.2 857.5 

1.2 972.5  5.6 93.5  12.2 195.5  20.3 744 

1.3 1322  5.7 1088  12.3 519.5  21.1 1204.5 

1.4 857.5  6.1 1088  12.4 93.5  22.1 1204.5 

2.1 195.5  6.2 301.5  14.1 1439.5  22.2 857.5 

2.2 195.5  6.4 0  15.2 972.5  22.3 857.5 

2.3 1439.5  7.1 1796.5  16.1 1088  24.1 1204.5 

3.1 1322  7.2 1796.5  16.2 195.5  24.2 195.5 

3.2 631  8.1 1088  16.3 744  25.1 0 

3.3 195.5  8.2 1088  17.1 1558  25.2 857.5 

3.4 744  8.3 1204.5  17.2 972.5  25.3 972.5 

4.1 120.5  9.2 0  18.1 0  27.1 857.5 

4.2 93.5  9.3 1204.5  19.1 972.5  27.2 744 

4.3 972.5  9.4 1088  19.2 1204.5  28.3 93.5 

4.4 301.5  9.5 1322  19.3 1088  28.5 972.5 

5.4 195.5  10.2 744  19.4 1204.5  28.6 1204.5 

5.1 972.5  11.1 301.5  19.5 1204.5  29.2 195.5 

5.2 1204.5   11.2 93.5   20.1 857.5       
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Figure 2.7 Fibrinolytic enzyme activity of bacteria fermentation broth (U/ml) 

 

The Figure 2.7 was constructed from Table 2.3, which summarized the 

enzyme activity determination results of every strain, the repeated experiment data 

attached in appendix as Table 2B1 to 2B3 helps the classification of the bacteria 

identified into 3 enzyme activity groups. The first group of bacteria has the enzyme 

activity higher than 1,000 U/ml, and the second between 300 U/ml and 1,000 U/ml, 

and the third lower than 300 U/ml. The first group, enzyme activity > 1,000 U/ml, 

was composed of 9 bacterial strains, which account for 12.6% of the total strains 

identified, with the highest enzyme activity at 1796.5 U/ml from bacteria 7.1 and 7.2. 

The second group, 300 U/ml < enzyme activity < 1300 U/ml, contains 39 strains, 

accounting for 54.9 % of the total strains identified, implying most of stains identified 

belong to this group. While, the number of bacterial strains with enzyme activity less 

than 300 U/ml was 23, accounting for 32.4% in the total strains.  
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2.4.8 Serological plate assay for fibrinolytic activity 

 
Table 2.4 The changes of absorbance at 655 nm (OD655) with time for serological 

plate assay 
Time 
 
OD655 
Strains  0h 0.5h 1h 1.5h 2h 2.5h 3h 3.5h 4h 

 
 
 
K 

1.1 0.471 0.508 0.511 0.497 0.496 0.48 0.497 0.509 0.494 0 

1.2 0.373 0.365 0.367 0.355 0.347 0.346 0.345 0.345 0.339 0.0085 

1.3 0.449 0.434 0.429 0.421 0.412 0.411 0.405 0.391 0.388 0.0153 

1.4 0.446 0.417 0.376 0.381 0.379 0.379 0.371 0.365 0.362 0.0210 

2.1 0.421 0.467 0.446 0.438 0.439 0.435 0.437 0.481 0.51 0 

2.2 0.527 0.462 0.453 0.464 0.454 0.448 0.458 0.443 0.465 0.0155 

2.3 0.451 0.43 0.433 0.419 0.415 0.388 0.373 0.371 0.366 0.0213 

3.1 0.681 0.463 0.478 0.468 0.466 0.46 0.454 0.443 0.386 0.0738 

3.2 0.476 0.478 0.464 0.462 0.456 0.45 0.456 0.462 0.456 0.0050 

3.3 0.329 0.345 0.334 0.328 0.356 0.356 0.387 0.37 0.371 0 

3.4 0.324 0.309 0.304 0.306 0.299 0.29 0.291 0.289 0.281 0.0108 

4.1 0.355 0.353 0.35 0.343 0.337 0.334 0.332 0.332 0.328 0.0067 

4.2 0.375 0.353 0.345 0.342 0.34 0.334 0.337 0.338 0.334 0.0103 

4.3 0.426 0.415 0.417 0.398 0.382 0.374 0.377 0.391 0.387 0.0097 

4.4 0.404 0.44 0.442 0.464 0.442 0.419 0.454 0.432 0.427 0 

5.4 0.472 0.471 0.464 0.467 0.456 0.469 0.468 0.458 0.47 0.0005 

5.1 0.444 0.439 0.436 0.428 0.421 0.417 0.417 0.42 0.41 0.0085 

5.2 0.313 0.303 0.292 0.29 0.291 0.281 0.282 0.285 0.286 0.0068 

5.3 0.424 0.435 0.397 0.389 0.403 0.396 0.372 0.364 0.351 0.0183 

5.6 0.355 0.334 0.335 0.341 0.35 0.354 0.386 0.373 0.39 0 

5.7 0.443 0.399 0.389 0.388 0.38 0.378 0.37 0.374 0.372 0.0178 

6.1 0.412 0.417 0.401 0.4 0.378 0.371 0.378 0.383 0.385 0.0067 

6.2 0.404 0.43 0.431 0.431 0.438 0.449 0.455 0.518 0.515 0 

6.4 0.517 0.524 0.521 0.508 0.516 0.515 0.527 0.527 0.518 0 

7.1 0.48 0.482 0.476 0.463 0.459 0.443 0.42 0.417 0.414 0.0165 

7.2 0.416 0.409 0.402 0.387 0.388 0.383 0.38 0.38 0.377 0.0097 

8.1 0.298 0.291 0.292 0.292 0.286 0.281 0.276 0.278 0.288 0.0025 

8.2 0.294 0.285 0.281 0.27 0.269 0.277 0.27 0.269 0.263 0.0077 

8.3 0.39 0.377 0.377 0.377 0.374 0.369 0.359 0.358 0.358 0.0080 

9.2 0.425 0.512 0.499 0.495 0.457 0.431 0.431 0.413 0.412 0.0033 

9.3 0.486 0.48 0.471 0.467 0.465 0.459 0.454 0.444 0.438 0.0120 

9.4 0.489 0.499 0.49 0.485 0.479 0.474 0.466 0.463 0.462 0.0067 

9.5 0.607 0.567 0.621 0.592 0.592 0.581 0.553 0.538 0.535 0.0180 

10.2 0.482 0.606 0.526 0.457 0.412 0.455 0.449 0.458 0.448 0.0085 

11.1 0.317 0.272 0.296 0.288 0.29 0.318 0.322 0.309 0.312 0.0013 
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11.2 0.323 0.305 0.284 0.301 0.301 0.313 0.326 0.359 0.356 0 

12.1 0.31 0.304 0.287 0.285 0.282 0.279 0.281 0.285 0.282 0.0070 

12.2 0.432 0.379 0.423 0.437 0.425 0.42 0.396 0.379 0.368 0.0160 

12.3 0.428 0.449 0.446 0.446 0.441 0.435 0.435 0.431 0.431 0 

12.4 0.474 0.467 0.48 0.477 0.473 0.473 0.488 0.489 0.489 0 

14.1 0.5 0.472 0.466 0.456 0.434 0.431 0.437 0.422 0.419 0.0203 

15.2 0.319 0.324 0.321 0.31 0.31 0.31 0.3 0.301 0.302 0.0043 

16.1 0.307 0.303 0.297 0.296 0.29 0.285 0.282 0.282 0.271 0.0090 

16.2 0.436 0.381 0.423 0.444 0.461 0.434 0.474 0.489 0.471 0 

16.3 0.345 0.344 0.338 0.336 0.328 0.32 0.325 0.302 0.302 0.0108 

17.1 0.424 0.39 0.386 0.384 0.383 0.389 0.371 0.368 0.365 0.0148 

17.2 0.406 0.402 0.405 0.4 0.399 0.39 0.401 0.388 0.382 0.0060 

18.1 0.476 0.476 0.46 0.458 0.452 0.447 0.447 0.44 0.4 0.0190 

19.1 0.444 0.426 0.409 0.407 0.402 0.394 0.39 0.365 0.39 0.0135 

19.2 0.34 0.332 0.312 0.305 0.269 0.268 0.228 0.214 0.208 0.0330 

19.3 0.328 0.3 0.281 0.28 0.276 0.273 0.266 0.257 0.256 0.0180 

19.4 0.262 0.252 0.229 0.219 0.213 0.201 0.191 0.197 0.2 0.0155 

19.5 0.38 0.378 0.379 0.352 0.337 0.335 0.339 0.338 0.336 0.0110 

20.1 0.405 0.397 0.37 0.358 0.37 0.371 0.373 0.369 0.363 0.0105 

20.2 0.46 0.44 0.435 0.434 0.436 0.43 0.43 0.431 0.425 0.0088 

20.3 0.519 0.5 0.49 0.491 0.491 0.488 0.483 0.483 0.481 0.0095 

21.1 0.468 0.437 0.435 0.434 0.426 0.422 0.426 0.421 0.422 0.0115 

22.1 0.304 0.301 0.277 0.277 0.274 0.265 0.265 0.266 0.262 0.0105 

22.2 0.362 0.37 0.35 0.327 0.325 0.321 0.319 0.322 0.327 0.0087 

22.3 0.331 0.325 0.303 0.303 0.302 0.3 0.298 0.294 0.285 0.0115 

24.1 0.312 0.308 0.304 0.308 0.306 0.301 0.293 0.288 0.288 0.0060 

24.2 0.378 0.393 0.375 0.364 0.37 0.378 0.383 0.413 0.387 0 

25.1 0.372 0.353 0.358 0.355 0.369 0.351 0.35 0.346 0.344 0.0070 

25.2 0.501 0.479 0.479 0.479 0.474 0.466 0.464 0.463 0.46 0.0103 

25.3 0.471 0.468 0.459 0.458 0.451 0.445 0.435 0.434 0.408 0.0158 

27.1 0.392 0.386 0.381 0.379 0.369 0.361 0.358 0.355 0.352 0.0100 

27.2 0.365 0.361 0.359 0.356 0.348 0.346 0.342 0.341 0.343 0.0055 

28.3 0.327 0.305 0.329 0.328 0.333 0.341 0.323 0.34 0.339 0 

28.5 0.375 0.37 0.364 0.363 0.361 0.36 0.348 0.349 0.348 0.0068 

28.6 0.443 0.418 0.412 0.406 0.4 0.399 0.383 0.382 0.479 0 

29.2 0.378 0.393 0.388 0.396 0.392 0.378 0.38 0.401 0.407 0 

NK 0.534 0.513 0.508 0.501 0.5 0.499 0.499 0.499 0.494 0.0100 

UK/40U 0.365 0.362 0.36 0.352 0.343 0.336 0.335 0.329 0.313 0.0130 

UK/20U 0.298 0.302 0.294 0.291 0.289 0.283 0.276 0.262 0.254 0.0110 

UK/10U 0.329 0.308 0.313 0.301 0.295 0.293 0.29 0.295 0.292 0.0093 

UK/4U 0.334 0.329 0.317 0.317 0.32 0.321 0.319 0.315 0.313 0.0053 

UK/2U 0.37 0.37 0.37 0.371 0.385 0.38 0.376 0.378 0.374 0 

CK 0.474 0.467 0.466 0.465 0.477 0.481 0.48 0.489 0.489 0 
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Where, H is the value of time (unit: hour), OD is the value of OD655(unit: Ab), 

there was a good linear relationship between OD655 and time due to the absorbance 

of serological thrombus will be decreased along with time under the effect of 

fibrinolytic enzyme. Hence, if there is no linear relationship between OD655 and time 

or no decrease of the OD655 value, K will be marked as 0 to present extremely low 

or no fibrinolytic activity. 

 

Activity determined by serological plate

0

0.01
0.02

0.03
0.04

0.05

0.06
0.07

0.08

1.
1

1.
4

2.
3

3.
3

4.
2

5.
4

5.
3

6.
1

7.
1

8.
2

9.
3

10
.2

12
.1

12
.4

16
.1

17
.1

19
.1

19
.4

20
.2

22
.1

24
.1

25
.2

27
.2

28
.6

Strains

K

 
Figure 2.8 Fibrinolytic activity determined by serological plate assay 

 

Table 2.4 is the results of the enzyme activity determined by serological plate 

method, the repeated experiment data attached in appendix as Table 2C1 to 2C3. The 

enzyme activity is better represented by the K value (Table 2.4 & Figure 2.8), where 

K was calculated as the ratio of the reducing amount of OD655 absorbance divided 

by the time interval between starting and ending measurements under the conditions 
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of ideal linear relationship. Normally, K will be calculated as the best linear 

regression coefficient of the linear equation of thrombus absorbance and time. The 

bigger K value indicates a higher enzyme activity. There were 12 strains having K 

value greater than 0.015, accounting for 16.9% of the total strains, and 39 strains 

having K value between 0.005-0.015, accounting for 54.9% of the total strains, and 

similar result was also obtained by fibrin plate method. The number of strains with K 

value smaller than 0.005 was 20, which represents 28.1% of total strains, while the 

percentage of the strains that have lowest activity was 32.4% in the total strains as 

determined by fibrin plate method. 

Generally speaking, results from serological plate method does not highly fit to 

those of the fibrin plate assay, however, the general tendency was consistent, where 

the strains with highest K value representing highest enzyme activity (Table 2.4 & 

Figure 2.8) from serological plate method is also higher as determined by fibrin plate 

method, and the percentage of the three types of strains (with K values as low, 

medium and high) are similar, indicating good reliability of the experimental results. 
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2.5 Discussion  

In recent years, fibrinolytic enzymes have been discovered in many 

microorganisms, such as nattokinase produced by Bacillus subtillsin Var. natto. In 

this study, enzymes having fibrinolytic activity were discovered from 71 strains of 

bacteria. The 16S rRNA gene amplification and RFLP analysis divided those strains 

into 15 band types, on the basis of 16S rRNA gene BLAST search in NCBI, and the 

comparative study with the most similarity sequences. The strains were identified as 

the following 13 genera: (1) Paenibacillus, (2) Pseudomona, (3) Stenotrophomonas, 

(4) Staphylococcus, (5) Desulfovibrio, (6) Elizabethkingia, (7) Lysinibacillus, (8) 

Bacillus, (9) Streptomyces, (10) Chryseobacterium, (11) Burkholderia, (12) 

Chromobacterium, (13) Micrococcus. 

Bacillus genus is thought to be the main community for fibrinolytic enzyme 

producing bacteria, because it includes 26 among 71 strains identified in this study. 

As far back as to 1987, Bacillus subtills natto was discovered to have the ability to 

produce nattokinase (Sumi et al., 1987), and later on other fibrinolytic enzymes 

discovered were also belonging to bacillus genera, especially Bacillus subtills, which 

has been recognized as being safe for humans (DeBoer & Diderichsen, 1991), 

therefore, the bacillus genus is believed to be the most promising reservoir of 

microorganisms for fibrinolytic enzymes that can be developed into the agents for 

thrombus prevention and treatment.  

The genera of Streptomyces and Staphylococcus include 8 and 5 of 71 strains 

respectively. It has been well known that the streptokinase for intravenous 
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administration widely used for thrombosis therapy was produced by Streptomyces 

genus (Medved et al., 1996); Staphylokinase (SAK) produced by Staphylococcus 

genus was also reported and used for many years (Lijnen et al., 1991). Pseudomonas 

genus was found to possess fibrinolytic, thrombolytic and hemolytic activities.            

The fibrinolytic activity of the purified enzyme was 900 U/mg and it has gained 

practical applications in medical industry. Paenibacillus is endophytic bacterium 

usually found in Chinese traditional medicine, having the ability to produce 

fibrinolytic enzymes (Lu et al., 2007; Liu et al., 2010). Stenothrophomonas 

maltophilia bacteraemia has been reported to lyse the old thrombosis around the 

central venous catheter, and according to global fibrinolytic capacity (GFC) test in 

vitro, the fibrinolytic ability of Stenothrophomonas was significantly higher than that 

of the control plasma (p<0.05), but the effect still need to be confirmed (Uckan  et al., 

2007).  

The fibrinolytic activity of the bacteria from Lysinibacillus genus have not been 

reported yet, similar to bacillus, lysinibacillus is also food grade, and can be isolated 

from Cheonggukjang, a Korean fermented soybean food, therefore, the fibrinolytic 

enzymes produced by Lysinibacillus bacteria have been considered to be safe to 

human. Desulfovibrio bacteria are always used for removing sulfate and metal ion 

(Chen et al., 2013), Chromobacterium bacteria are the pigment-producing bacteria, 

Microbacterium is able to eliminate antibiotics, and results from this study is the first 

time to report the four genera mentioned above have fibrinolytic activities. In 

addition to this, there is no report regarding fibrinolytic activity from 

Chryseobacterium, Micrococcus, and Elizabethkingia, while these three genera of 
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bacteria always thought to be pathogenic bacterium. Burkholderia pseudomallei is a 

soil saprophyte typically associated with the highly fatal disease melioidosis 

(Duplessis & Maguire, 2009). Elizabethkingia meningoseptica is a highly antibiotic 

resistant bacillus causing melioidosis, a kind of fatal disease (Silva & Pereira, 2013). 

Chryseobacterium is the bacteria producing Chryseobacterium indologenes, and it is 

a pathogenic bacteria leading to serious meningitis and antibiotic resistance, while the 

fibrinolytic activity of chryseobacterium is particularly strong. 

An interesting phenomenon was found during the identification of these strains, 

salt is the key factor for thrombus formation in vitro, while most of these strains are 

salt resistant bacteria, and the reason for this correlation is clear. Microorganism is 

the most important source for fibrinolytic enzyme. Therefore, further studies in this 

research will be focusing on the identification and determination of the fibrinolytic 

activities of the enzymes from these strains, as well as more similar strains. 

Separation of fibrinolytic enzymes from microorganisms has been a research 

topic with constant interests, especially for those bacteria that can produce enzymes 

with potential for making drugs or functional food ingredients. In this study, the 

research is focusing on the investigating food grade bacteria. The discovery of 

nattokinase demonstrates that fermented foods can be useful sources for 

microorganisms producing fibrinolytic enzymes (Sambrook et al., 1989; Robb & 

Place, 1995; Jiang et al., 2006). A series of fibrinolytic enzymes were found 

following this direction, such as Choggokkinase (CK) separated from bacteria in 

Korean Chonggok-Jang (Kim et al., 1996), subtilisin DFE from bacteria in Chinese 

Dou-chi (Peng et al., 2002), subtilisin BSF1 from bacteria in fermented soybeans 

http://www.ncbi.nlm.nih.gov/pubmed?term=Duplessis%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19192137
http://www.ncbi.nlm.nih.gov/pubmed?term=Maguire%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=19192137
http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Silva%20PS%5BAuthor%5D&cauthor=true&cauthor_uid=23679162
http://www.ncbi.nlm.nih.gov/pubmed?term=Pereira%20GH%5BAuthor%5D&cauthor=true&cauthor_uid=23679162
http://www.ncbi.nlm.nih.gov/pubmed/23022462
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samples of fermentation broth, because microorganisms would grow on the plate after 

18h incubation, and the enzymes secreted by the new microorganisms could 

exaggerate the true results, which means the real activity of the samples tested should 

be lower than the measured results. While the serological plate method (Xie et al., 

2000) was developed for rapid determination of the enzyme activity of large sample 

size with minimum loading quantities. However, its accuracy and sensitivity are less 

than those of fibrin plate method, since the preparation of artificial thrombi would 

affect the determination of fibrinolytic activity, and the plate should be heated to 

enhance the absorbance (>0.4). The serological plate method is also not suitable for 

samples from fermentation broth, because the broth will greatly interfere with the 

artificial thrombi absorbance.  
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2.6 Conclusions 

Seventy-one strains of bacteria being able to produce fibrinolytic enzymes were 

isolated and identified in this work. The 16S rRNA genes of the strains were 

sequenced in order to identify the taxonomic status and phylogeny of these bacteria, 

and the homology comparison of Bacillus Subtills with these bacteria in 16S rRNA 

genes has been completed. 

Seven bacteria genera among the seventy one strains were identified first time 

by this research to have the ability of producing fibrinolytic enzymes, including 2 

potential new species that have never been reported previously. Some of these 

bacteria have been found to be able to produce the enzymes that have a higher 

fibrinolytic activity than NK.  

The phylogenetic analysis of bacteria producing fibrinolytic enzyme is helpful to 

establish the foundation of molecular characteristics of these kinds of bacteria, and a 

number of obstacles during the developing of clinical thrombolytic agents can be 

overcome by the comparison of the DNA sequences of these enzymes or the 

modification of the NK structure based on the knowledge obtained from the 

comparative study of protein structure characteristics of the new enzymes and 

nattokinase.  
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Data of repeated determinations  

Table 2A1 Diameters (mm) of lytic cycle resulted from the isolated strains (plate 1) 

Strains  Soil  
Diameter  
(mm) Strains Soil 

Diameter  
(mm)  Soil 

Diameter 
 (mm) 

1.1 SJ1 1 8.1 SJ8 10 19.5 SJ19 11 

1.2 SJ1 9 8.2 SJ8 10.5 20.1 SJ20 8 

1.3 SJ1 11 8.3 SJ8 10 20.2 SJ20 8 

1.4 SJ1 8 9.2 SJ9 0 20.3 SJ20 6.5 

2.1 SJ2 2 9.3 SJ9 10 21.1 PH21 10.5 

2.2 SJ2 2 9.4 SJ9 10 22.1 PH22 11 

2.3 SJ2 11 9.5 SJ9 12 22.2 PH22 8 

3.1 SJ3 12 10.2 SJ10 6.5 22.3 PH22 8 

3.2 SJ3 6 11.1 SJ11 3 24.1 PH24 11 

3.3 SJ3 2 11.2 SJ11 1 24.2 PH24 2 

3.4 SJ3 7 12.1 SJ12 1.5 25.1 PH25 0 

4.1 SJ4 10 12.2 SJ12 1.5 25.2 PH25 8 

4.2 SJ4 1 12.3 SJ12 5 25.3 PH25 9 

4.3 SJ4 9.5 12.4 SJ12 1 27.1 PH27 7.5 

4.4 SJ4 2.5 14.1 SJ14 11 27.2 PH27 7 

5.4 SJ5 2 15.2 SJ15 9.5 28.3 PH28 1 

5.1 SJ5 8.5 16.1 SJ16 10.5 28.5 PH28 8 

5.2 SJ5 11 16.2 SJ16 1 28.6 PH28 11 

5.3 SJ5 11 16.3 SJ16 7 29.2 PH29 2 

5.6 SJ5 1 17.1 SJ17 13 200U UK Standard 2 

5.7 SJ5 10 17.2 SJ17 9 300U UK Standard 3 

6.1 SJ6 10 18.1 SJ18  400U UK Standard 4 

6.2 SJ6 3 19.1 SJ19 9 500U UK Standard 5 

6.4 SJ6 0 19.2 SJ19 10.5 1000U UK Standard 9 

7.1 SJ7 15 19.3 SJ19 10    

7.2 SJ7 15 19.4 SJ19 11    
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Table 2A2 Diameters (mm) of lytic cycle resulted from the isolated strains (plate 2) 

Strains Soil 
Diameter 
(mm) Strains Soil 

Diameter 
(mm)  Soil 

Diameter 
(mm) 

1.1 SJ1 1 8.1 SJ8 9.5 19.5 SJ19 10 

1.2 SJ1 9 8.2 SJ8 10 20.1 SJ20 8 

1.3 SJ1 12 8.3 SJ8 11.5 20.2 SJ20 8 

1.4 SJ1 7.5 9.2 SJ9 0 20.3 SJ20 6.5 

2.1 SJ2 1 9.3 SJ9 12 21.1 PH21 11 

2.2 SJ2 2 9.4 SJ9 10 22.1 PH22 10.5 

2.3 SJ2 13 9.5 SJ9 10 22.2 PH22 7.5 

3.1 SJ3 11.5 10.2 SJ10 7 22.3 PH22 7.5 

3.2 SJ3 6 11.1 SJ11 2.5 24.1 PH24 10.5 

3.3 SJ3 1.5 11.2 SJ11 0.5 24.2 PH24 1.5 

3.4 SJ3 7 12.1 SJ12 1.5 25.1 PH25 0 

4.1 SJ4 11 12.2 SJ12 2 25.2 PH25 8 

4.2 SJ4 1 12.3 SJ12 5.5 25.3 PH25 8.5 

4.3 SJ4 9 12.4 SJ12 0.5 27.1 PH27 7.5 

4.4 SJ4 2.5 14.1 SJ14 12 27.2 PH27 6.5 

5.4 SJ5 2 15.2 SJ15 9 28.3 PH28 1 

5.1 SJ5 9.5 16.1 SJ16 9.5 28.5 PH28 8 

5.2 SJ5 10.5 16.2 SJ16 2 28.6 PH28 10.5 

5.3 SJ5 12 16.3 SJ16 7 29.2 PH29 1.5 

5.6 SJ5 0.5 17.1 SJ17 13 200U UK Standard 2 

5.7 SJ5 9 17.2 SJ17 8.5 300U UK Standard 2.5 

6.1 SJ6 10 18.1 SJ18  400U UK Standard 4 

6.2 SJ6 3 19.1 SJ19 9 500U UK Standard 5 

6.4 SJ6 0.5 19.2 SJ19 10.5 1000U UK Standard 9 

7.1 SJ7 16.5 19.3 SJ19 9.5    

7.2 SJ7 13 19.4 SJ19 10    
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Table 2A3 Diameters (mm) of lytic cycle resulted from the isolated strains (plate 3) 

Strains Soil 
Diameter 
(mm) Strains Soil 

Diameter 
(mm)  Soil 

Diameter  
(mm) 

1.1 SJ1 1 8.1 SJ8 10 19.5 SJ19 11 

1.2 SJ1 9.5 8.2 SJ8 10 20.1 SJ20 8 

1.3 SJ1 13 8.3 SJ8 11.5 20.2 SJ20 8 

1.4 SJ1 8 9.2 SJ9 0 20.3 SJ20 7.5 

2.1 SJ2 2 9.3 SJ9 11 21.1 PH21 11 

2.2 SJ2 2 9.4 SJ9 10 22.1 PH22 11 

2.3 SJ2 14 9.5 SJ9 13.5 22.2 PH22 8 

3.1 SJ3 12 10.2 SJ10 7 22.3 PH22 8 

3.2 SJ3 7 11.1 SJ11 3 24.1 PH24 12 

3.3 SJ3 2 11.2 SJ11 1 24.2 PH24 2 

3.4 SJ3 7.5 12.1 SJ12 2.5 25.1 PH25 0 

4.1 SJ4 11 12.2 SJ12 2 25.2 PH25 8 

4.2 SJ4 1 12.3 SJ12 5 25.3 PH25 9.5 

4.3 SJ4 9 12.4 SJ12 1 27.1 PH27 8.5 

4.4 SJ4 3.5 14.1 SJ14 15.5 27.2 PH27 7 

5.4 SJ5 2 15.2 SJ15 9 28.3 PH28 1 

5.1 SJ5 9 16.1 SJ16 10 28.5 PH28 11 

5.2 SJ5 12 16.2 SJ16 2.5 28.6 PH28 11 

5.3 SJ5 12.5 16.3 SJ16 7 29.2 PH29 2 

5.6 SJ5 1 17.1 SJ17 15.5 200U UK Standard 2 

5.7 SJ5 10.5 17.2 SJ17 9 300U UK Standard 3.5 

6.1 SJ6 10 18.1 SJ18  400U UK Standard 4 

6.2 SJ6 3 19.1 SJ19 9 500U UK Standard 5.5 

6.4 SJ6 0 19.2 SJ19 12 1000U UK Standard 9.5 

7.1 SJ7 17 19.3 SJ19 10    

7.2 SJ7 16.5 19.4 SJ19 12    
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Table 2B1 Fibrinolytic enzyme activity of bacteria fermentation broth (unit: U/ml) 

(Test tube 1) 

Strains Activity Strains Activity Strains Activity Strains Activity 

1.1 93.32543  5.3 1204.63  12.1 143.8257  20.2 857.6816 

1.2 972.502  5.6 93.32543  12.2 143.8257  20.3 687.2815 

1.3 1204.63  5.7 1088.178  12.3 519.5069  21.1 1146.311 

1.4 857.6816  6.1 1088.178  12.4 93.32543  22.1 1204.63 

2.1 195.4829  6.2 301.2626  14.1 1204.63  22.2 857.6816 

2.2 195.4829  6.4 0  15.2 1030.238  22.3 857.6816 

2.3 1204.63  7.1 1677.013  16.1 1146.311  24.1 1204.63 

3.1 1321.791  7.2 1677.013  16.2 93.32543  24.2 195.4829 

3.2 631.0357  8.1 1088.178  16.3 743.817  25.1 0 

3.3 195.4829  8.2 1146.311  17.1 1439.605  25.2 857.6816 

3.4 743.817  8.3 1088.178  17.2 972.502  25.3 972.502 

4.1 1088.178  9.2 0  18.1 0  27.1 800.6226 

4.2 93.32543  9.3 1088.178  19.1 972.502  27.2 743.817 

4.3 1030.238  9.4 1088.178  19.2 1146.311  28.3 93.32543 

4.4 248.0177  9.5 1321.791  19.3 1088.178  28.5 857.6816 

5.4 195.4829  10.2 687.2815  19.4 1204.63  28.6 1204.63 

5.1 914.9791  11.1 301.2626  19.5 1204.63  29.2 195.4829 

5.2 1204.63   11.2 93.32543   20.1 857.6816       
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Table 2B2 Fibrinolytic enzyme activity of bacteria fermentation broth (unit: U/ml) 

(Test tube 2) 

Strains Activity Strains Activity Strains Activity Strains Activity 

1.1 93.32543  5.3 1321.791  12.1 143.8257  20.2 857.6816 

1.2 972.502  5.6 44.55447  12.2 195.4829  20.3 687.2815 

1.3 1321.791  5.7 972.502  12.3 575.102  21.1 1204.63 

1.4 800.6226  6.1 1088.178  12.4 44.55447  22.1 1146.311 

2.1 93.32543  6.2 301.2626  14.1 1321.791  22.2 800.6226 

2.2 195.4829  6.4 44.55447  15.2 972.502  22.3 800.6226 

2.3 1439.605  7.1 1856.479  16.1 1030.238  24.1 1146.311 

3.1 1263.125  7.2 1439.605  16.2 195.4829  24.2 143.8257 

3.2 631.0357  8.1 1030.238  16.3 743.817  25.1 0 

3.3 143.8257  8.2 1088.178  17.1 1439.605  25.2 857.6816 

3.4 743.817  8.3 1263.125  17.2 914.9791  25.3 914.9791 

4.1 1204.63  9.2 0  18.1 0  27.1 800.6226 

4.2 93.32543  9.3 1321.791  19.1 972.502  27.2 687.2815 

4.3 972.502  9.4 1088.178  19.2 1146.311  28.3 93.32543 

4.4 248.0177  9.5 1088.178  19.3 1030.238  28.5 857.6816 

5.4 195.4829  10.2 743.817  19.4 1088.178  28.6 1146.311 

5.1 1030.238  11.1 248.0177  19.5 1088.178  29.2 143.8257 

5.2 1146.311   11.2 44.55447   20.1 857.6816      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 67 

 
Table 2B3 Fibrinolytic enzyme activity of bacteria fermentation broth (unit: U/ml) 

(Test tube 3) 

Strains Activity Strains Activity Strains Activity Strains Activity 

1.1 93.32543  5.3 1380.619  12.1 248.0177  20.2 857.6816 

1.2 1030.238  5.6 93.32543  12.2 195.4829  20.3 800.6226 

1.3 1439.605  5.7 1146.311  12.3 519.5069  21.1 1204.63 

1.4 857.6816  6.1 1088.178  12.4 93.32543  22.1 1204.63 

2.1 195.4829  6.2 301.2626  14.1 1736.708  22.2 857.6816 

2.2 195.4829  6.4 0  15.2 972.502  22.3 857.6816 

2.3 1558.026  7.1 1916.549  16.1 1088.178  24.1 1321.791 

3.1 1321.791  7.2 1856.479  16.2 248.0177  24.2 195.4829 

3.2 743.817  8.1 1088.178  16.3 743.817  25.1 0 

3.3 195.4829  8.2 1088.178  17.1 1736.708  25.2 857.6816 

3.4 800.6226  8.3 1263.125  17.2 972.502  25.3 1030.238 

4.1 1204.63  9.2 0  18.1 0  27.1 914.9791 

4.2 93.32543  9.3 1204.63  19.1 972.502  27.2 743.817 

4.3 972.502  9.4 1088.178  19.2 1321.791  28.3 93.32543 

4.4 355.1055  9.5 1498.743  19.3 1088.178  28.5 1204.63 

5.4 195.4829  10.2 743.817  19.4 1321.791  28.6 1204.63 

5.1 972.502  11.1 301.2626  19.5 1204.63  29.2 195.4829 

5.2 1321.791   11.2 93.32543   20.1 857.6816      
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Table 2C1 The changes of absorbance at 655 nm (OD655) with time for      
serological plate assay 

  0 h 0.5 h  1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h K 

1.1 0.467 0.505 0.513 0.493 0.499 0.476 0.497 0.505 0.498 0 

1.2 0.375 0.369 0.373 0.359 0.347 0.347 0.341 0.347 0.336 0.0098 

1.3 0.455 0.433 0.431 0.422 0.411 0.419 0.413 0.397 0.391 0.0160 

1.4 0.449 0.419 0.382 0.381 0.379 0.383 0.378 0.361 0.363 0.0215 

2.1 0.421 0.463 0.444 0.441 0.432 0.437 0.438 0.479 0.511 0 

2.2 0.53 0.464 0.451 0.468 0.452 0.449 0.438 0.441 0.459 0.0178 

2.3 0.455 0.426 0.433 0.421 0.419 0.387 0.375 0.375 0.368 0.0218 

3.1 0.681 0.462 0.475 0.466 0.465 0.458 0.454 0.446 0.387 0.0735 

3.2 0.482 0.476 0.462 0.459 0.458 0.444 0.457 0.462 0.456 0.0065 

3.3 0.322 0.345 0.334 0.333 0.355 0.358 0.387 0.366 0.371 0 

3.4 0.322 0.309 0.302 0.305 0.302 0.283 0.289 0.291 0.284 0.0095 

4.1 0.355 0.351 0.344 0.341 0.337 0.334 0.329 0.334 0.328 0.0068 

4.2 0.371 0.351 0.345 0.341 0.338 0.334 0.336 0.338 0.332 0.0098 

4.3 0.426 0.413 0.415 0.398 0.382 0.374 0.377 0.389 0.376 0.0125 

4.4 0.401 0.432 0.443 0.464 0.442 0.415 0.449 0.423 0.427 0 

5.4 0.471 0.464 0.461 0.469 0.454 0.469 0.468 0.456 0.468 0.0008 

5.1 0.445 0.442 0.437 0.432 0.41 0.417 0.419 0.4 0.409 0.0090 

5.2 0.315 0.303 0.29 0.213 0.288 0.289 0.28 0.285 0.286 0.0073 

5.3 0.425 0.438 0.394 0.391 0.399 0.393 0.371 0.364 0.351 0.0185 

5.6 0.357 0.339 0.336 0.336 0.348 0.377 0.382 0.373 0.383 0 

5.7 0.439 0.399 0.393 0.388 0.371 0.378 0.357 0.373 0.372 0.0168 

6.1 0.411 0.417 0.401 0.406 0.378 0.371 0.378 0.38 0.382 0.0073 

6.2 0.402 0.433 0.413 0.431 0.438 0.449 0.455 0.519 0.515 0 

6.4 0.516 0.526 0.518 0.509 0.516 0.515 0.527 0.529 0.522 0 

7.1 0.488 0.484 0.478 0.466 0.459 0.443 0.421 0.416 0.408 0.0200 

7.2 0.414 0.408 0.402 0.387 0.367 0.383 0.375 0.373 0.377 0.0093 

8.1 0.296 0.286 0.285 0.294 0.283 0.279 0.276 0.278 0.289 0.0018 

8.2 0.294 0.28 0.281 0.264 0.273 0.28 0.271 0.269 0.261 0.0083 

8.3 0.399 0.38 0.377 0.377 0.374 0.371 0.359 0.368 0.358 0.0103 

9.2 0.424 0.519 0.501 0.487 0.457 0.428 0.431 0.413 0.409 0.0038 

9.3 0.486 0.471 0.468 0.466 0.463 0.459 0.454 0.444 0.438 0.0120 

9.4 0.489 0.505 0.489 0.482 0.482 0.474 0.466 0.465 0.461 0.0070 

9.5 0.606 0.567 0.616 0.589 0.589 0.579 0.555 0.541 0.535 0.0178 

10.2 0.475 0.606 0.526 0.458 0.414 0.454 0.449 0.458 0.448 0.0068 

11.1 0.314 0.272 0.292 0.288 0.283 0.325 0.316 0.309 0.309 0.0013 

11.2 0.311 0.311 0.284 0.293 0.301 0.313 0.326 0.359 0.356 0 

12.1 0.313 0.305 0.296 0.287 0.269 0.279 0.281 0.302 0.282 0.0078 

12.2 0.429 0.377 0.429 0.436 0.425 0.408 0.396 0.379 0.368 0.0153 
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12.3 0.429 0.449 0.446 0.446 0.441 0.438 0.435 0.427 0.435 0 

12.4 0.469 0.473 0.48 0.476 0.477 0.469 0.488 0.492 0.489 0 

14.1 0.494 0.47 0.466 0.46 0.434 0.431 0.437 0.422 0.421 0.0183 

15.2 0.321 0.322 0.318 0.301 0.31 0.312 0.291 0.295 0.302 0.0048 

16.1 0.31 0.302 0.303 0.296 0.282 0.286 0.279 0.282 0.267 0.0108 

16.2 0.437 0.381 0.424 0.444 0.463 0.44 0.472 0.491 0.469 0 

16.3 0.342 0.339 0.338 0.336 0.328 0.322 0.326 0.302 0.302 0.01 

17.1 0.422 0.391 0.386 0.384 0.381 0.399 0.369 0.368 0.365 0.0143 

17.2 0.408 0.406 0.399 0.401 0.401 0.387 0.401 0.385 0.382 0.0065 

18.1 0.476 0.475 0.457 0.458 0.452 0.447 0.447 0.437 0.389 0.0218 

19.1 0.438 0.424 0.411 0.407 0.399 0.391 0.382 0.362 0.386 0.0130 

19.2 0.333 0.336 0.312 0.301 0.272 0.27 0.227 0.211 0.208 0.0313 

19.3 0.329 0.299 0.278 0.272 0.273 0.273 0.266 0.257 0.252 0.0193 

19.4 0.253 0.252 0.23 0.219 0.215 0.199 0.191 0.202 0.198 0.0138 

19.5 0.367 0.378 0.373 0.352 0.337 0.335 0.339 0.336 0.334 0.0083 

20.1 0.403 0.4 0.369 0.358 0.365 0.371 0.369 0.369 0.363 0.0100 

20.2 0.455 0.437 0.435 0.436 0.436 0.432 0.418 0.428 0.423 0.0080 

20.3 0.523 0.498 0.49 0.491 0.486 0.488 0.483 0.481 0.476 0.0118 

21.1 0.473 0.434 0.437 0.434 0.426 0.421 0.422 0.418 0.423 0.0125 

22.1 0.301 0.298 0.275 0.274 0.27 0.263 0.262 0.266 0.262 0.0098 

22.2 0.355 0.366 0.35 0.325 0.333 0.321 0.319 0.322 0.325 0.0075 

22.3 0.328 0.33 0.303 0.298 0.302 0.311 0.298 0.292 0.285 0.0108 

24.1 0.312 0.313 0.304 0.309 0.306 0.301 0.288 0.29 0.288 0.0060 

24.2 0.378 0.393 0.385 0.364 0.352 0.378 0.384 0.409 0.385 0 

25.1 0.358 0.348 0.356 0.352 0.372 0.351 0.351 0.346 0.344 0.0035 

25.2 0.501 0.486 0.479 0.482 0.472 0.466 0.461 0.463 0.458 0.0108 

25.3 0.469 0.466 0.459 0.458 0.447 0.444 0.437 0.434 0.409 0.0150 

27.1 0.389 0.387 0.375 0.37 0.369 0.359 0.358 0.355 0.344 0.0113 

27.2 0.361 0.37 0.359 0.355 0.34 0.346 0.342 0.341 0.343 0.0045 

28.3 0.328 0.302 0.328 0.328 0.324 0.33 0.323 0.334 0.339 0 

28.5 0.371 0.366 0.364 0.362 0.361 0.363 0.348 0.349 0.352 0.0048 

28.6 0.439 0.418 0.416 0.404 0.393 0.399 0.383 0.376 0.477 0 

29.2 0.369 0.393 0.388 0.398 0.392 0.378 0.376 0.401 0.407 0 

NK 0.536 0.513 0.508 0.485 0.493 0.499 0.499 0.499 0.492 0.0110 

UK/40U 0.36 0.363 0.358 0.352 0.343 0.336 0.335 0.329 0.3083 0.0129 

UK/20U 0.296 0.3 0.297 0.276 0.291 0.282 0.274 0.262 0.254 0.0105 

UK/10U 0.332 0.311 0.313 0.301 0.289 0.287 0.283 0.292 0.294 0.0095 

UK/4U 0.334 0.328 0.321 0.314 0.312 0.319 0.319 0.311 0.311 0.0058 

UK/2U 0.369 0.363 0.368 0.371 0.385 0.38 0.374 0.378 0.375 0 

CK 0.473 0.468 0.466 0.463 0.477 0.479 0.473 0.489 0.489 0 
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Table 2C2 The changes of absorbance at 655 nm (OD655) with time for      

serological plate assay 

  0 h 0.5 h  1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h K 

1.1 0.477 0.51 0.508 0.499 0.491 0.476 0.497 0.514 0.492 0 

1.2 0.373 0.362 0.357 0.347 0.347 0.349 0.347 0.344 0.344 0.0073 

1.3 0.445 0.436 0.425 0.418 0.411 0.405 0.401 0.381 0.388 0.0143 

1.4 0.444 0.413 0.372 0.379 0.379 0.385 0.367 0.366 0.36 0.0210 

2.1 0.42 0.469 0.448 0.437 0.444 0.434 0.435 0.481 0.506 0 

2.2 0.525 0.458 0.452 0.462 0.455 0.447 0.468 0.444 0.469 0.0140 

2.3 0.446 0.432 0.433 0.418 0.411 0.388 0.372 0.377 0.363 0.0208 

3.1 0.681 0.463 0.481 0.467 0.468 0.461 0.456 0.442 0.383 0.0745 

3.2 0.473 0.478 0.466 0.464 0.459 0.455 0.455 0.462 0.455 0.0045 

3.3 0.329 0.344 0.336 0.329 0.355 0.355 0.388 0.373 0.381 0 

3.4 0.322 0.309 0.301 0.308 0.298 0.299 0.299 0.288 0.288 0.0085 

4.1 0.359 0.357 0.349 0.349 0.338 0.335 0.333 0.333 0.329 0.0075 

4.2 0.377 0.349 0.341 0.344 0.343 0.335 0.336 0.338 0.334 0.0108 

4.3 0.436 0.414 0.418 0.399 0.381 0.375 0.379 0.392 0.398 0.0095 

4.4 0.409 0.447 0.444 0.465 0.443 0.425 0.454 0.436 0.427 0 

5.4 0.471 0.475 0.465 0.466 0.457 0.469 468 0.459 0.471 0 

5.1 0.446 0.434 0.433 0.419 0.424 0.411 0.415 0.431 0.411 0.0088 

5.2 0.312 0.301 0.295 0.298 0.293 0.275 0.282 0.285 0.286 0.0065 

5.3 0.428 0.431 0.399 0.388 0.404 0.398 0.372 0.364 0.351 0.0193 

5.6 0.356 0.332 0.338 0.344 0.351 0.335 0.388 0.371 0.393 0 

5.7 0.449 0.398 0.387 0.387 0.388 0.379 0.377 0.374 0.373 0.0190 

6.1 0.411 0.417 0.401 0.411 0.378 0.371 0.378 0.383 0.386 0.0063 

6.2 0.408 0.428 0.435 0.431 0.438 0.448 0.455 0.517 0.515 0 

6.4 0.516 0.525 0.522 0.509 0.515 0.515 0.528 0.525 0.516 0 

7.1 0.478 0.481 0.479 0.461 0.459 0.441 0.416 0.418 0.42 0.0145 

7.2 0.415 0.409 0.402 0.389 0.399 0.382 0.388 0.383 0.377 0.0095 

8.1 0.299 0.299 0.295 0.291 0.288 0.282 0.276 0.278 0.287 0.0030 

8.2 0.293 0.288 0.283 0.277 0.266 0.275 0.268 0.269 0.265 0.0070 

8.3 0.392 0.375 0.377 0.375 0.375 0.365 0.359 0.355 0.358 0.0085 

9.2 0.424 0.509 0.499 0.499 0.457 0.433 0.433 0.414 0.413 0.0028 

9.3 0.488 0.488 0.473 0.466 0.466 0.459 0.454 0.444 0.438 0.0125 

9.4 0.489 0.496 0.492 0.488 0.477 0.474 0.467 0.462 0.463 0.0065 

9.5 0.609 0.568 0.622 0.595 0.593 0.581 0.553 0.535 0.535 0.0185 

10.2 0.488 0.606 0.525 0.447 0.411 0.456 0.449 0.459 0.449 0.0098 

11.1 0.318 0.27 0.298 0.288 0.298 0.311 0.331 0.309 0.312 0.0015 

11.2 0.329 0.301 0.283 0.308 0.301 0.313 0.325 0.358 0.358 0 
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12.1 0.311 0.306 0.277 0.283 0.288 0.278 0.281 0.277 0.282 0.0073 

12.2 0.433 0.388 0.411 0.437 0.424 0.441 0.395 0.378 0.368 0.0163 

12.3 0.426 0.449 0.445 0.445 0.441 0.433 0.434 0.433 0.419 0.0018 

12.4 0.476 0.465 0.481 0.478 0.471 0.435 0.488 0.488 0.489 0 

14.1 0.505 0.477 0.466 0.454 0.439 0.431 0.437 0.422 0.418 0.0218 

15.2 0.318 0.325 0.322 0.319 0.311 0.309 0.311 0.303 0.302 0.0040 

16.1 0.306 0.301 0.289 0.295 0.299 0.284 0.284 0.282 0.272 0.0085 

16.2 0.433 0.381 0.419 0.444 0.46 0.431 0.475 0.488 0.477 0 

16.3 0.346 0.344 0.338 0.336 0.329 0.322 0.323 0.302 0.302 0.0110 

17.1 0.422 0.395 0.385 0.389 0.384 0.379 0.373 0.368 0.366 0.0140 

17.2 0.409 0.401 0.414 0.411 0.398 0.391 0.401 0.389 0.382 0.0068 

18.1 0.477 0.475 0.464 0.457 0.452 0.447 0.448 0.441 0.411 0.0165 

19.1 0.448 0.427 0.408 0.407 0.404 0.397 0.399 0.365 0.391 0.0143 

19.2 0.349 0.331 0.313 0.309 0.268 0.266 0.228 0.215 0.208 0.0353 

19.3 0.326 0.303 0.289 0.288 0.277 0.274 0.267 0.257 0.257 0.0173 

19.4 0.268 0.252 0.222 0.218 0.211 0.201 0.192 0.198 0.220 0.0120 

19.5 0.388 0.378 0.381 0.352 0.339 0.336 0.339 0.339 0.336 0.0130 

20.1 0.406 0.396 0.375 0.359 0.375 0.371 0.377 0.369 0.363 0.0108 

20.2 0.467 0.441 0.434 0.432 0.436 0.43 0.441 0.433 0.426 0.0103 

20.3 0.518 0.501 0.491 0.499 0.499 0.489 0.481 0.484 0.488 0.0075 

21.1 0.466 0.438 0.432 0.434 0.427 0.422 0.429 0.422 0.419 0.0118 

22.1 0.305 0.306 0.277 0.279 0.277 0.267 0.266 0.266 0.262 0.0108 

22.2 0.366 0.377 0.351 0.328 0.321 0.321 0.319 0.321 0.328 0.0095 

22.3 0.333 0.324 0.303 0.31 0.301 0.289 0.297 0.295 0.286 0.0118 

24.1 0.311 0.306 0.304 0.306 0.306 0.302 0.295 0.286 0.288 0.0058 

24.2 0.377 0.395 0.371 0.364 0.377 0.378 0.382 0.413 0.388 0 

25.1 0.379 0.355 0.359 0.357 0.366 0.351 0.355 0.337 0.344 0.0088 

25.2 0.503 0.476 0.478 0.477 0.479 0.467 0.464 0.463 0.464 0.0098 

25.3 0.477 0.469 0.455 0.458 0.454 0.445 0.433 0.434 0.407 0.0175 

27.1 0.393 0.388 0.388 0.389 0.368 0.363 0.359 0.358 0.352 0.0103 

27.2 0.367 0.355 0.358 0.355 0.351 0.346 0.343 0.347 0.343 0.0060 

28.3 0.328 0.304 0.329 0.329 0.336 0.352 0.323 0.347 0.339 0 

28.5 0.377 0.377 0.366 0.366 0.361 0.363 0.348 0.349 0.346 0.0078 

28.6 0.444 0.419 0.408 0.408 0.408 0.398 0.383 0.388 0.478 0 

29.2 0.377 0.394 0.389 0.395 0.391 0.377 0.387 0.401 0.407 0 

NK 0.535 0.515 0.508 0.509 0.507 0.499 0.498 0.499 0.494 0.0103 

UK/40U 0.368 0.366 0.361 0.351 0.344 0.333 0.335 0.327 0.312 0.0140 

UK/20U 0.299 0.305 0.292 0.299 0.288 0.284 0.277 0.263 0.255 0.0110 

UK/10U 0.327 0.307 0.313 0.301 0.298 0.299 0.293 0.298 0.291 0.0090 

UK/4U 0.336 0.328 0.319 0.318 0.331 0.321 0.318 0.315 0.317 0.0048 

UK/2U 0.376 0.376 0.365 0.371 0.386 0.38 0.377 0.378 0.373 0.0008 

CK 0.478 0.469 0.469 0.466 0.477 0.483 0.488 0.489 0.488 0 
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Table 2C3 The changes of absorbance at 655 nm (OD655) with time for      

serological plate assay 

  0 h 0.5 h  1 h 1.5 h 2 h 2.5 h 3 h 3.5 h 4 h K 

1.1 0.469 0.509 0.512 0.499 0.498 0.476 0.497 0.508 0.492 0 

1.2 0.371 0.364 0.371 0.359 0.347 0.349 0.347 0.344 0.337 0.0085 

1.3 0.447 0.433 0.431 0.423 0.414 0.405 0.401 0.395 0.385 0.0155 

1.4 0.445 0.419 0.374 0.383 0.379 0.385 0.368 0.368 0.363 0.0205 

2.1 0.422 0.469 0.446 0.436 0.441 0.434 0.438 0.483 0.513 0 

2.2 0.526 0.464 0.456 0.462 0.455 0.447 0.468 0.444 0.467 0.0148 

2.3 0.452 0.432 0.433 0.418 0.416 0.388 0.372 0.361 0.369 0.0208 

3.1 0.681 0.464 0.478 0.469 0.465 0.461 0.452 0.441 0.388 0.0733 

3.2 0.473 0.478 0.466 0.463 0.451 0.451 0.456 0.462 0.456 0.0043 

3.3 0.336 0.345 0.332 0.322 0.358 0.355 0.387 0.371 0.36 0 

3.4 0.328 0.309 0.309 0.305 0.297 0.288 0.285 0.288 0.268 0.0150 

4.1 0.351 0.351 0.357 0.339 0.337 0.335 0.334 0.329 0.328 0.0058 

4.2 0.377 0.359 0.349 0.341 0.339 0.333 0.339 0.337 0.336 0.0103 

4.3 0.416 0.418 0.418 0.398 0.383 0.374 0.375 0.392 0.387 0.0073 

4.4 0.402 0.441 0.439 0.463 0.441 0.417 0.459 0.437 0.427 0 

5.4 0.474 0.474 0.466 0.466 0.457 0.469 0.468 0.459 0.471 0.0008 

5.1 0.441 0.441 0.438 0.429 0.429 0.423 0.417 0.429 0.41 0.0078 

5.2 0.312 0.305 0.291 0.219 0.292 0.279 0.284 0.285 0.286 0.0065 

5.3 0.419 0.436 0.398 0.388 0.406 0.397 0.373 0.363 0.352 0.0168 

5.6 0.352 0.331 0.331 0.343 0.351 0.35 0.388 0.375 0.394 0 

5.7 0.441 0.399 0.387 0.389 0.381 0.378 0.376 0.375 0.371 0.0175 

6.1 0.414 0.417 0.401 0.383 0.377 0.371 0.378 0.386 0.387 0.0068 

6.2 0.406 0.429 0.445 0.431 0.438 0.45 0.456 0.518 0.514 0 

6.4 0.519 0.521 0.523 0.506 0.517 0.515 0.527 0.527 0.516 0.0008 

7.1 0.474 0.481 0.471 0.462 0.459 0.445 0.423 0.418 0.414 0.0150 

7.2 0.419 0.409 0.401 0.385 0.398 0.384 0.377 0.384 0.377 0.0105 

8.1 0.299 0.218 0.296 0.291 0.287 0.282 0.276 0.277 0.288 0.0028 

8.2 0.295 0.287 0.279 0.269 0.268 0.276 0.271 0.269 0.263 0.0080 

8.3 0.378 0.376 0.376 0.379 0.373 0.371 0.358 0.351 0.358 0.0050 

9.2 0.427 0.507 0.497 0.499 0.457 0.432 0.429 0.412 0.414 0.0033 

9.3 0.484 0.481 0.472 0.469 0.466 0.459 0.454 0.445 0.439 0.0113 

9.4 0.489 0.496 0.489 0.485 0.478 0.473 0.465 0.462 0.462 0.0068 

9.5 0.606 0.566 0.625 0.592 0.594 0.583 0.551 0.538 0.535 0.0178 

10.2 0.483 0.606 0.527 0.466 0.411 0.455 0.449 0.458 0.448 0.0088 

11.1 0.319 0.274 0.298 0.288 0.289 0.318 0.319 0.308 0.315 0.0010 

11.2 0.329 0.303 0.285 0.302 0.301 0.313 0.327 0.359 0.354 0 
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12.1 0.306 0.301 0.288 0.285 0.289 0.279 0.281 0.276 0.281 0.0063 

12.2 0.434 0.372 0.429 0.437 0.426 0.411 0.396 0.379 0.367 0.0168 

12.3 0.429 0.448 0.446 0.446 0.441 0.434 0.436 0.433 0.439 0 

12.4 0.477 0.463 0.479 0.477 0.471 0.435 0.489 0.487 0.489 0 

14.1 0.501 0.469 0.467 0.454 0.429 0.431 0.437 0.422 0.418 0.0208 

15.2 0.318 0.325 0.323 0.31 0.309 0.309 0.298 0.305 0.302 0.0040 

16.1 0.305 0.306 0.299 0.297 0.289 0.285 0.283 0.281 0.274 0.0078 

16.2 0.438 0.381 0.426 0.445 0.46 0.431 0.475 0.488 0.467 0 

16.3 0.347 0.349 0.337 0.336 0.327 0.316 0.326 0.301 0.302 0.0113 

17.1 0.428 0.384 0.387 0.379 0.384 0.389 0.371 0.368 0.364 0.0160 

17.2 0.401 0.399 0.401 0.388 0.398 0.392 0.401 0.391 0.381 0.0050 

18.1 0.475 0.478 0.459 0.459 0.452 0.447 0.447 0.442 0.401 0.0185 

19.1 0.46 0.427 0.408 0.407 0.403 0.394 0.389 0.368 0.393 0.0168 

19.2 0.338 0.329 0.311 0.305 0.267 0.268 0.228 0.216 0.208 0.0325 

19.3 0.329 0.298 0.279 0.28 0.278 0.272 0.265 0.257 0.259 0.0175 

19.4 0.265 0.251 0.235 0.219 0.213 0.203 0.191 0.191 0.2 0.0163 

19.5 0.385 0.378 0.383 0.352 0.335 0.335 0.339 0.339 0.338 0.0118 

20.1 0.406 0.395 0.366 0.357 0.37 0.371 0.373 0.369 0.363 0.0108 

20.2 0.458 0.442 0.435 0.434 0.436 0.428 0.431 0.432 0.426 0.0080 

20.3 0.516 0.501 0.489 0.483 0.488 0.487 0.485 0.484 0.479 0.0093 

21.1 0.465 0.439 0.436 0.434 0.425 0.423 0.427 0.423 0.424 0.0103 

22.1 0.306 0.299 0.279 0.278 0.275 0.265 0.267 0.266 0.263 0.0108 

22.2 0.365 0.367 0.35 0.328 0.321 0.321 0.319 0.323 0.328 0.0093 

22.3 0.332 0.321 0.303 0.301 0.302 0.3 0.299 0.295 0.284 0.012 

24.1 0.313 0.305 0.303 0.309 0.306 0.301 0.296 0.288 0.288 0.0063 

24.2 0.378 0.391 0.369 0.363 0.381 0.377 0.383 0.417 0.388 0 

25.1 0.379 0.356 0.359 0.356 0.369 0.351 0.345 0.356 0.345 0.0085 

25.2 0.549 0.475 0.479 0.478 0.471 0.465 0.467 0.463 0.458 0.0228 

25.3 0.467 0.469 0.463 0.458 0.453 0.446 0.435 0.434 0.408 0.0148 

27.1 0.394 0.383 0.38 0.378 0.369 0.361 0.358 0.352 0.36 0.0085 

27.2 0.367 0.358 0.359 0.358 0.353 0.346 0.431 0.335 0.343 0.0060 

28.3 0.325 0.309 0.33 0.327 0.339 0.341 0.323 0.338 0.339 0 

28.5 0.377 0.367 0.362 0.361 0.362 0.354 0.349 0.349 0.346 0.0078 

28.6 0.446 0.418 0.412 0.406 0.399 0.399 0.383 0.382 0.481 0 

29.2 0.387 0.392 0.387 0.395 0.393 0.379 0.377 0.401 0.406 0 

NK 0.531 0.511 0.507 0.508 0.5 0.498 0.501 0.498 0.496 0.0088 

UK/40U 0.367 0.356 0.361 0.353 0.343 0.339 0.335 0.331 0.319 0.0120 

UK/20U 0.299 0.301 0.293 0.298 0.288 0.283 0.277 0.261 0.254 0.0113 

UK/10U 0.328 0.306 0.313 0.301 0.298 0.293 0.294 0.295 0.291 0.0093 

UK/4U 0.332 0.331 0.311 0.319 0.317 0.323 0.319 0.319 0.311 0.0053 

UK/2U 0.365 0.371 0.377 0.372 0.384 0.381 0.377 0.377 0.374 0 

CK 0.471 0.464 0.463 0.466 0.477 0.481 0.479 0.489 0.489 0 
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Chapter 3 Establishment of NK Industrial Compatible Aqueous 

Purification Techniques and Their Application in Identification 

of New Fibrinolytic Enzyme Produced by Bacillus 

3.1 Introduction 

The pure NK prepared for research purpose is white powder without smell, 

however, current commercial NK dietary preparations usually not pure enough to get 

rid of the unique smell that is repulsive to most of the non-Japanese people. In the 

case of NK purification, a great part of work was focused on identification and 

determination of biochemical properties of NK-like fibrinolytic enzymes at primary 

purification normally with low purify and analytical scale level (Peng et al., 2005). A 

series of NK-like enzymes were purified from various kinds of microorganisms in 

recent years, all these enzymes exhibit the activity of degrading the fibrin in blood 

directly and indirectly (Sugimoto et al., 2007; Hua et al., 2008; Deng et al., 2010). 

The research of NK-like fibrinolytic enzymes shows that most of these enzymes have 

high homology at amino acids sequences but usually different in iso-electric point, 

stable pH range, stable temperature range, and many other chemical and physical 

properties (Sumi et al, 1987; Peng et al., 2005; Ko et al., 2004).  

Many different methods were involved for the determination of corresponding 

biochemical properties. Generally, BCA, Lowry and Bradford assays are used most 

frequently for determining the total protein content. BCA assay is a method 

developed for determining protein concentrations in the presence of thiol reagents 

with high sensitivity and simple procedure, which allows the assay of solution of 
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proteins that have been stabilized by the addition of thiol reagents (Hill & Straka 

1988). The Lowry protein assay is a sensitive procedure with unsatisfactory 

specificity, the samples which interference by sucrose, glycerol, Tris-HCl, Tricine, 

EDTA and containing carrier ampholytes could be eliminated and assayed 

(Bensadoun & Weinstein 1976).The Bradford assay is particularly suitable to samples 

with a high lipid content that may interfere with the Lowry assay (Bradford, 1976). 

Enzyme purity is most often estimated by SDS-PAGE method. Many phage proteins 

can be separated by disk-electrophoresis in sodium dodecyl sulphate (SDS) at high 

solution with the capability of SDS to break down proteins into their individual 

polypeptide chains. The proteins will be separated according to their molecular 

weight. Thus, it was used for indicating the purity of the enzyme samples (Laemmli, 

1970). Alternatively, isoelectric focusing, capillary electrophoresis, reversed phase 

chromatography or mass spectrometry also may be used for the determination of 

enzyme purity (Neuhoff et al., 1988; Cohen & Karger 1987; Cottrell & London 1999).  

Peptide mass fingerprint (PMF) and amino acids sequence determination are 

most important parts in enzyme identification and characterization. Generally, mass 

spectrometry is the method normally used in PMF, the molecular weight of the 

enzyme itself is insufficiently to discriminating, this resulting in most approaches rely 

on proteolysis with trypsin and analysis of the digested peptides (Blackstock & Weir, 

1999). Matrix assisted laser desorption ionization time of flight (MALDI-TOF) is the 

most often used method for PMF with high accuracy and low detection limit (better 

than 10 ppm) (Henzel et al., 1993). Both MALDI-TOF and electro-spray method 

could detect the peptides at very low level and are suitable for automation, the 
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Figure 3.1  Schematic diagram of Edman degradation principle 

 
 

To ensure the accuracy of enzyme characterization, the enzyme used for 

determination was usually requested for high purity, which consequently led to the 

low recovery and low yield to all NK and related fibrinolytic enzymes. The current 

purification protocols mainly used are the combination of many steps including 

organic solvent fractionation, salting out and several of chromatographic techniques. 

The drawbacks of these methods are time consuming, too many operation units, low 

selectivity, low activity recovery and low productivity. These together contribute to a 

high production cost of NK, and more important is the lack of corresponding 

industrial-compatible large scale purification technology to support the development 

of NK commercial applications. Current inefficient NK purification techniques have 
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blocked the development of high quality NK formulated for functional foods and 

clinical useage (Shi et al., 2008; Guo & Zhang 2006). 

Generally, the chromatography methods used for enzyme purification could be 

divided into affinity chromatography (AC), ion exchange chromatography (IEX), 

hydrophobic chromatography (HIC), gel filtration (GF), and reverse phase 

chromatography (RPC), according to their respective properties. AC separates 

enzymes on the basis of a reversible interaction between the enzyme and its specific 

ligand coupled to a chromatography matrix with high selectivity, high resolution, and 

high capacity. Desorption is performed specifically using a competitive ligand, or 

non-specifically, by changing the pH, ionic strength and polarity of the mobile phase, 

can be used whenever a suitable ligand is available for the enzymes of interest. IEX 

separates enzymes on the basis of reversible interaction between a charged enzyme 

and an oppositely charged chromatographic medium. Enzymes bind when they are 

loaded onto a column and elute out after altering the buffer conditions by increasing 

salt concentrations or changing pH. HIC separation is based on the reversible 

interaction between enzyme and the hydrophobic surface of the chromatographic 

medium. The interaction will be decreased by low ionic strength buffer which makes 

HIC is particularly ideal for used after salting out or elution in high salt during IEX. 

GF separates enzymes on the basis of differences in molecular size. The technique is 

only can be used in purification when sample volumes have been reduced due to 

sample volume significantly influences speed and resolution in gel filtration and the 

high volume of sample and column will lead to high back pressure with the risk of the 

collapsed chromatography medium. RPC separates enzymes with differing 
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hydrophobicity based on their reversible interaction with the hydrophobic surface of a 

chromatographic medium. Samples bind when they are loaded onto a column and 

eluted by altering the mobile phase conditions. The binding is usually very strong and 

requires the use of organic solvents and other additives (ion pairing agents) due to the 

nature of matrices. Hence elution is normally performed by increasing the organic 

solvent concentration.  

When scaling up a purification process, it is important to consider all aspects, 

sample extraction, clarification, column loading capacity, equilibration flow rate, 

washing, elution and cleaning, verify that the high resolution achieved from the 

laboratory scale polishing step is maintained when applying preparative sample 

volumes to large scale columns.  However, the most challenged is the problems 

related to solubility, structural integrity and biological activity can be maximum 

remained after purification. Frequently, AC is the first, and the only, step required for 

purification and preparation of enzyme when there is an immunospecific interaction 

exists. AC separated enzymes with high solution and high capacity is sufficient to 

achieve the level of purity and quantity of product required. Nevertheless, AC has a 

very high cost when packed at industrial compatible level and is inappropriate for the 

separation of natural enzymes such as the purification of NK from its fermented broth. 

If AC cannot be used, or a higher demand was required, alternative techniques need 

to be combined into a multi-step purification strategy. Under this kind of condition, a 

purification strategy of capture, intermediate purification and polishing was usually 

applied. This strategy is quite fit for the large level purification at pharmaceutical 

industry and research laboratory as the figure 3.2 shows.  
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Correct sample preparation is the most important step for any purification step. 

Remove the specific impurities and gross impurities such as cell debris, lipids, 

polysaccharide, the bulk protein and any unwanted small molecular as much as 

possible prior to purification is the main task of this step. Centrifugation and filtration 

are the common techniques for sample clarification from any source, salting our 

precipitation, organic solvent precipitation are the standard used in removal of gross 

impurities. The objective in the capture phase is to isolate, concentrate and stabilize 

the target enzyme. The product should be concentrated and transferred under the 

conditions that will conserve enzyme activity. AC, IEX and HIC offers high 

selectivity, high resolution, and usually high capacity for the enzyme, more 

importantly that is also have the effect of concentrate the enzyme, hence is ideal for 

the capture or intermediate steps in a purification, RPC also is suitable for capture 

step, but the organic solvent required will contained the environment and the residue 

organic solvent in final product will also increase the risk level of the enzyme used 

for food objective. The objective of intermediate purification phase the objective is to 

remove most of the bulk impurities, such as other proteins and nucleic acids, and 

viruses, so the technique used in this period is same with capture phase as mentioned 

above. In the polishing phase, most impurities have been removed except for trace 

amounts or closely related substances, so the objective of this phase is remove any 

remaining trace impurities to achieve the final purities requested. GF separation is 

usually used in polishing step due to the extreme high resolution. AC is also the 

common method in polishing step. However, GF could be only used in the situation 

of very low volume of sample due to exist of dilution effect to the enzyme and the 
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high back pressure along with column volume also restricted the sample volume that 

GF could be processed. This indicated GF could not be used in the large level 

purification. 

 
Figure 3.2 Stagey for enzyme purification method scaling up 

 

In this chapter, the fibrinolytic enzyme produced by Bacillus subtilis, Bacillus 

amyloliquefaciens and Bacillus Bacillus cereus was chosen as the model enzyme to 

build an aqueous, environmental friendly purification protocol in order to achieve the 

purification purpose of producing these three enzyme at high purity and low cost. The 

protocol obtained from these three enzymes purification could be equally applicable 

with minor modifications to the purification of NK-like fibrinolytic enzymes sourced 

from Bacillus genus bacteria due to the high homogeneity of this kind of fibrnilolytic 

enzymes. Besides, the protocol should also be scaled up easily. All steps involved 

could be scaling up for producing large amount NK in high purity for industrial 

application. The product purified with this protocol will be free of the sharp smell and 
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taste, as well as organic solvent residues, which consequently makes it safe and 

suitable to be used as a food additive or pharmaceutical agent in different kinds of 

products.  
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The Q HP column was previously equilibrated with 30 mM Na2CO3/NaHCO3 

(buffer A1, pH 9.5) for 17 column volume (CV). The enzyme was firstly eluted by 

buffer A1 for 5 CV, then the absorbed proteins were eluted out with a linear gradient 

of buffer B1 (buffer A1 containing 1 M NaCl) for 3 CV, at last, washing the column 

with 100% buffer B1 for 5 CV.  

The DEAE and CM column was previously equilibrated with 20 mM Tris  (buffer 

A2, pH 7.7) for 17 CV, the enzyme was firstly eluted by buffer A2 for 5 CV, then the 

absorbed proteins were eluted with a linear gradient of buffer B2 (buffer A2 

containing 1 M NaCl) for 3 CV, at last, washing the column with 100% buffer B2 for 

5 CV.  

The SP column was previously equilibrated with 50 mM phosphate buffer (buffer 

A3, pH 6.7) for 17 CV, the enzyme was firstly eluted by buffer A3 for 5 CV, then the 

absorbed proteins were eluted with a linear gradient of buffer B3 (buffer A3 

containing 1 M NaCl) for 3 CV, at last, washing the column with 100% buffer B3 for 

5 CV.  

The Phenyl FF and Butyl FF column was previously equilibrated with 20 mM 

Tris buffer containing 1.5 mol/L (NH4)2SO4 (buffer A4, pH 7.7) for 17 column 

volume (CV), the enzyme was firstly eluted by buffer A4 for 5 CV, then the 

absorbed proteins were eluted with a linear gradient of 20 mM Tris buffer (buffer 

B4 pH 7.7) for 3 CV, at last, washing the column with 100% buffer B4 for 5 CV.  

All steps were performed at a flow rate of 2 ml/min under room temperature. 

The fractions with enzyme activity were collected and concentrated the volume by 

lyophilization to 1 ml, the resulted enzyme solution was subjected to a Sepharcryal-
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(Separation gel: 12%, stacking gel: 5%) by using a Bio-rad system (Bio-Rad, USA). 

Electrophoresis was performed under 80 V for 0.5 h at stacking gel and 120 V for 1 h 

at separation gel under room temperature. The molecular markers used were 

phosphorylase B (97.4 kDa), bovine serum albumin (66.2 kDa), chicken egg 

ovalbumin (45 KDa), glyceraldehyde-3-P dehydrogenase (36 kDa), bovine carbonic 

anhydrase (29 kDa), and bovine trypsinogen (24 kDa). 

3.3.2 Optimization of the purification protocol 

3.3.2.1 Optimization of sample preparation 

The sample preparation was performed as 3.3.1.2, and the enzyme precipitation 

dissolved in 20 ml DI water.  

The enzyme solution was taken 2 ml to dialyze against buffer A1 

Na2CO3/NaHCO3 (30 Mm, pH 8.9) for 24 h.  

The enzyme solution was taken 2 ml to dialyze against buffer A2 

Na2CO3/NaHCO3 (30 Mm, pH 9.1) for 24 h.  

The enzyme solution was taken 2 ml to dialyze against buffer A3 

Na2CO3/NaHCO3 (30 Mm, pH 9.2) for 24 h.  

The enzyme solution was taken 2 ml to dialyze against buffer A4 

Na2CO3/NaHCO3 (30 Mm, pH 9.3) for 24 h.  

The enzyme solution was taken 2 ml to dialyze against buffer A5 

Na2CO3/NaHCO3 (30 Mm, pH 9.4) for 24 h.  

The molecular weight of dialysis membrane is 10,000 Da. 
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The samples was applied to a Q HP column (1.6 cm * 2.5 cm) respectively 

equilibrated by buffer A1, A2, A3, A4, and A5, eluted the column as the conditions of 

step 3.3.1.5 described. 

3.3.2.2 Optimization of the loading capacity  

 The sample prepared as the condition optimized by 3.3.2.1 was applied to the Q 

HP column (1.6 cm * 2.5 cm), the loading capacity was respectively 1.5 ml (LC1), 2 

ml (LC2), 2.5 ml (LC3), 3 ml (LC4) and 3.5 ml (LC5), eluted the column as step 

3.3.1.5 described. 

3.3.2.3 Optimization of the flow rate  

The sample was applied to the Q HP column (1.6 cm * 2.5 cm) as the loading 

capacity was optimized by step 3.3.2.2, the column eluted as step described while 

with the flow rate respectively 1.5 ml (F1), 2 ml (F2), 2.5 ml (F3), 3 ml (F4) and 3.5 ml 

(F5) 

3.3.2.4 Optimization effect evaluation  

The enzyme purity, purification recovery and purification fold were used for 

optimization effect evaluation.  

The protein concentration was determined by BCA method using bovine serum 

albumin as standard (Smith et al., 1985). The enzyme concentration was determined 

by measuring the absorbance at 280 nm. 
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3.3.3 Amplification of the purification protocol 

3.3.3.1 Crude enzyme solution extraction 

The enzyme extraction was as same as the method 3.3.1.2 described while with 

large scale compatible level. 200 g fermented soybeans was immersed into 2 L 

distilled water and keep stirring for 0.5 h, the clear supernatant that has removed 

bacteria was concentrated by Quick Stand Bench-top ultra filtration system (GE 

Healthcare) using 10,000 MW cutoff membrane to 750 ml. 389.25 g (NH4)2SO4 (75%) 

was added to the final solution to precipitate NK from the enzyme solution. 

3.3.3.2 Preparation and clarification of the sample 

The precipitation salting out from the crude enzyme solution prepared by step 

3.2.3.1 was dissolved into 150 ml Na2CO3/NaHCO3 (30 mM pH 9.1), the residual 

(NH4)2SO4, existed in sample was removed by Quick Stand Bench-top ultra filtration 

system (GE Healthcare) using 1000 MW cutoff membrane, 1 L Na2CO3/NaHCO3 (30 

mM pH 9.5) was added into the sample three times, the volume of sample was ultra 

filtrated to 150 ml finally.   

3.3.3.3 Four-fold amplification of the purification protocol 

Four pre-packed Q anion exchange columns (GE Health, Sweden) with size as 

1.6*2.5 cm were connected in series, the loading capacity and elution condition were 

based on the optimization result of 3.3.2 
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3.3.3.4 Sixty fold amplification of the purification protocol 

The empty column XK50-30 (50*30 cm) was used for preparing the industrial 

compatible level Q HP anion exchange column which volume is 300 ml. Two pieces 

of the column were screw onto the thermostat jacket, and the built-in sealing rings 

were wetted with DDI water. Then, one end of the chromatographic glass tube was 

slided in through the built-in sealing ring and the thermostat jacket after with the 

built-in sealing ring of the other end piece. The adapter was pulled out 40 ml double 

distilled (DDI) water was then pulled into the glass tube. The medium was changed 

containing buffer from 20% ethanol into DDI water, vacuum degassing 30 min to 

remove bubbles, after stand for 0.5 h, carefully pull into the medium into the column 

glass tube and sedimentation at natural flow rate. After the liquid level was dropped 

to same with medium, added DDI water at flow rate of 5 ml/min, then screwed down 

the adapter and tightened the sealing ring. After washed for 10 CV DDI water, 

equilibrated the column with 30 mM Na3CO3/NaHCO3 for 20 CV, the loading 

capacity and elution condition were based on the optimization result of section 3.3.2. 

3.3.3.5 Purity Test and Sodium Dodecyl Sulfate-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE). 

The final enzyme solution was applied to a Sepharcryal-100 gel filtration 

column (1.6 cm * 60 cm) pre-equilibrated and eluted with Na3CO3/NaHCO3 (30 mM 

pH 9.5), the elution peak was collected for purity analysis. 

SDS-PAGE was performed using a Bio-Rad system based on the method 

described by Laemmli (1970). 
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3.3.4 Enzyme Activity Assay  

The enzyme activity was determined by fibrin plate method described by Asturp 

et al (1952). Ten milliliters of 0.72% (w/v) fibrinogen solution, 10 ml of 2.35% (w/v) 

agarose solution and 150 µl of thrombin solution (100 U/ml) were mixed well in a 9-

cm Petri dish, where the thrombin converted fibrinogen to fibrin. Holes were punched 

in the fibrin plate, 30 µl enzyme solution was added into the hole, urokinase was used 

as the standard, the mixture in the Petri dish was placed at room temperature for 18 h, 

accurately determined the diameter of clear zones, the results of two perpendicular 

diameters were recorded to calculate the enzyme activity.  

3.3.5 Determination of Protein Concentration.  

Protein concentration was determined by BCA method as step 3.3.2.4 described. 

3.3.6 Purify other NK like fibrinolytic enzyme from Bacillus genera bacteria use 

the method developed 

The fibrinolytic enzyme produced by Bacillus tequilensis, Bacillus 

amyloliquefaciens, and Bacillus cereus was purified from their solid fermentation 

product to test the generality of this method at purification of fibrinolytic enzyme 

produce by Bacillus genera bacteria, 3 different bacteria were inoculated into the 

solid medium described in 3.3.1.1 and cultured at same condition. Then purified the 

fibrinolytic enzyme by the optimized method described in 3.3.2 
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internally using trypsin autolysis products and/or calibrated externally by a set of 

peptide standards. Peak lists were created from raw data using flexAnalysis software 

(Bruker, German, Version 2.0) with the SNAP peak detection algorithm. The 

obtained peaks of the peptide were searched against the peptide mass fingerprinting 

search program proFound (http://prowl.rockefeller.edu/prowl-cgi/profound.exe) in 

database NCBI. Peptide tolerance was set at 1 Da.  

3.3.8 N-Terminal Amino Acid Sequence Analysis 

The new fibrinolytic enzyme identified by step 3.3.7 was subjected to SDS-

PAGE and then electro-transferred onto polyvinylidene difluoride membrane (PVDF). 

Proteins were stained with Coomassie blue R-250 after electrophoresis. N-terminal 

amino acid sequences were analyzed by Edman degradation (24) and performed by 

using a PPSQ-33A Automatic protein and peptide sequencer (SHIMADZU). 

3.3.9 Biochemical properties of enzymes characterization 

3.3.9.1 Effect of pH 

The effects of pH on fibrinolytic enzyme were determined by fibrin plate 

method. The optimal pH was determined by measuring the activity of purified 

fibrinolytic enzyme at pH 3.0-11.0 (pH 3.0 using 20 mM citrate buffer, pH 4.0-5.0 

using 50 mM acetate buffer, pH 6.0-7.0 using 30 mM sodium phosphate buffer, pH 

8.0 using 50 mM Tris buffer and pH 9.0-11.0 using 30 mM sodium carbonate buffer) 

under 45 oC. The pH stability was determined by incubating fibrinolytic enzyme in 

various buffers with pH 3.0-11.0 at 45oC for 0.5 h, 3 h, and 12 h. The residual activity 

was determined according to Chang et al. (2000). 

http://prowl.rockefeller.edu/prowl-cgi/profound.exe
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3.4 Results 

3.4.1 The establishment of the purification protocol 

3.4.1.1 Extraction of the fibrinolytic enzyme 

There are 9 fractions exhibiting fibrinolytic activity during the purification of 

extraction phase. Two activated fractions obtained from the purification by Q column, 

the retention volume of first one was from 8 ml to 23 ml (Q1), and second one was 

from 31 ml to 38 ml (Q2). 

Two activated fractions obtained from purification by DEAE FF column, the 

retention volume of first one was from 5 ml to 22 ml (DEAE1), second one from was 

35 ml to 42 ml (DEAE2) 

Two fractions obtained from purification by CM FF column, the retention 

volume of first one was from 6 ml to 22 ml (CM1), and second one was 35 ml to 42 

ml (CM2) 

One activated fraction obtained from purification by SP FF column, the retention 

volume was from 37 ml to 44 ml (SP1)  

One activated fraction obtained from purification by Phenyl FF column, the 

retention volume was from 32 ml to 52 ml (SP1)  

One activated fraction obtained from purification by Butyl FF column, the 

retention volume was from 34 ml to 49 ml (SP1)  

The elution profile was shown in figure 3.3 
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Figure 3.3 Elution profile of NK extraction 

All fractions was concentrated and subjected to a Sepharcryal-100 gel filtration 

column to test the purity, as the figure 3.4 showed, the activated fraction Q1 

containing three independent peaks, the retention volume was from 32 ml to 38 ml, 

65 ml to 75 ml, 83 ml to 93 ml, according to the exclusion ability of Sepharcryal-100 

provided by manufacturer, the corresponding molecular weight is correspondingly 

about 70 kDa, 25 kDa and 12 kDa, the activity test results showed the fibrinolytic 

fraction was in 65 ml to 75 ml range, the corresponding molecular weight was 

consistent with the molecular weight of NK (27.7 kDa) 

There are no independent peaks separated from other 8 activated fractions, 

indicating that NK still mixed together with other compounds. 

 



 97 

 
 

Figure 3.4 The purity test of activated fractions obtained by capture 

3.4.1.2 Purification of the fibrinolytic enzyme 

According the result of 3.4.1.1, Q HP column was chosen for the purification of 

NK. The activated fractions Q1 and Q2 was concentrated and combined together, the 

buffer pH was adjusted to 9.2 to reduce the column bound ability to NK, and NK was 

collected at the pass through part. The retention volume was 8 ml to 23 ml. The result 

was shown as figure 3.5  
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Figure 3.5 Elution profile of intermediate purification of NK 

 

As the figure 3.6 shows, the activated fractions obtained by the purification still 

containing 3 independent peaks, the results was similar with purification results of 

capture purification 
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Figure 3.6 Purity test of nattokinase by Sephcryal-100 column 

 

3.4.1.3 Polishing of the fibrinolytic enzyme 

The molecular weight of peak 1 is far away from peak 2, so we choose ultra-

filtration as the polishing method for NK purification, after 3 times ultra-filtrated by 

25 k Da membrane, the activated fractions were collected and concentrated, the 

concentrated enzyme was subjected to SDS-PAGE to test the purity. As the figure 3.7 

shows, a single band can be observed at the gel, indicating the purity of NK is very 

high. 
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