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Interference Effects of Proteolytic Nattokinase 
on Biofilm Formation of Cariogenic Streptococci 
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Streptococcus muωns and S. sobrinus have been well recognized as principal etiological agents in 

human dental caries. We found that proteolytic enzyme nattokinase， which is found in a traditional 

fermented food “Natto" and belongs to the alkaline serine protease family， inhibited the sucrose帽

dependent biofilm formation of cariogenic streptococci. The presence of nattokinase resulted in the 

reduction of water-insoluble glucan， which promotes adhesion to the tooth surface and the aggregation 

of bacterial cells within a biofilm. This finding suggests that the inhibition of biofilm by nattokinase is 

based on its interference with key enzymes in water-insoluble glucan production. We also evaluated 

the e旺ectsof other serine and cysteine proteases on biofilm formation. 

(Received Oug. 21， 2014 ; Accepted Sep. 17， 2014) 
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Dental caries is a very common infectious disease. 

Two species of mutans streptococci， Streptococcus 

mutans and S. sobrinus， are the principal etiologic 

agents of human dental cariesl).2). The pathogenic 

potential of mutans streptococci is attributable to a 

high capacity to produce acids， a high degree of 

acid tolerance， the possession of high-a伍nity

systems for the assimilation of many carbohydrate 

sources， and biofilm-forming abilities. Among these 

attributes， the ability to form plaque biofilm on the 

tooth surface plays an important role in the 

progression of dental caries. Many factors 

responsible for biofilm formation have been reported， 

for example aggregation by salivary agglutinins3
)， 

the presence of extracellular DNA to act as a 

biofilm matrix4
)， cell-surface adhesion')， and others. 

Among these factors， water-insoluble glucan is the 

most clinically relevant. It is synthesized by using 

GtfB引ld GtfC-glucosyltransferases and promotes 

adhesion to tooth surface and aggregation of 

bacterial cells within a biofilm6
). 

A variety of chemical compounds have been 

developed to support mechanical tooth cleaning. 

Among them， organometallic compounds that aim at 

killing bacterial cells， such as chlorhexidine or 

essential oils， are effective in controlling plaque 

biofilm， although the use of these compounds can 

cause disturbances in the balance of the oral 

ecosystem， resulting in possible secondary infections. 

In addition， the appearance and expansion of drug-

resistant bacteria may lead to treatment failure. 

Thus， the e妊'ectivecontrol of plaque biofilm requires 

weakly toxic， inexpensive， non-bactericidal agents. 

Several researchers have recently investigated the 

potential of naturally occurring compounds to 

control plaque biofilm， and a number of foods and 

beverages such as cranberries7
)， co妊'ee8

)， and tea9
) 

have attracted increasing attention in recent years. 

Many of the active compounds in these foods and 

beverages inhibited the growth， metabolism， and 

enzymatic activity. 

In this study， we focus on the proteolytic enzyme 

nattokinase (formerly designated Subtilisin NA T) . 

This enzyme is extracted from natto， a traditional 

fermented soybean food in J apan10
)， and belongs to 

the alkaline serine protease family. More importantly， 

it has potent fibrinolytic activity and has the 

potential to be a new oral thrombolytic medicine. 

Proteolytic enzymes with specificity for molecules 

involved in the adhesion and formation of biofilm 
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have previously been reported for use as anti-

biofilm compoundsωand a number of these 

enzymes have already been licensed for 

commodificatiod'J. However， there is no report on 

the e任ectivenessof nattokinase against cariogenic 

streptococci. In this study， we investigated the 

ability of nattokinase to interfere with the biofilm 

formed by cariogenic streptococci. 

Materials and Methods 

1 . Enzymes 

Six commercially available proteases were used in 

this study: nattokinase ( Wako Pure Chemicals， 

Osaka， ]apan Catalog # 145“08802)， papain (Wako， 

Catalog # 164-00172)， bromelain (Wako， Catalog # 

020 -04262)， proteinase K (Wako， Catalog # 162・

22751)， trypsin (Wako， Catalog #161-24482)， and 

subtilisin carlsberg (Sigma Aldrich， Catalog # P4860). 

Proteases in powder were dissolved in sterile 

distilled water. The protease solutions were 

sterilized via filtration (0.22μm) and suitably diluted 

in distilled water. The protease solutions were 

stored at 4
0

C within 5days or stored at -30
0

C for 

months. 

2. Bacterial strains and culture conditions 

Brain heart infusion (BHI) (Becton Dickinson) 

was used to maintain the bacterial strains. 

Laboratory strains S. mutans UA159， S. mutans GS5， 

S. mutans MT8148， S. sobrinus 6715， and S. sobrinus 

AHT were cultured at 37
0

C with 5% CO，・ Clinically

isolated S. mutans FSM-11ωwas the same as the 

laboratory strains. When required， sucrose (0.25% 

w / v) and/or protease solution was added to the 

medium. 

3. Protease activity 

Proteolytic activity was measured based on the 

hydrolysis of azo-casein. An aliquot (O.lmR) of the 

solution and an equal volume of azo-casein solution 

(2mg/mR in 50 mM potassium phosphate buffer， pH 

7.0) were reacted at 37
0

C. The reaction was then 

terminated by the addition of 0.6 mR of 4 % 

trichloroacetic acid solution (w Iv). After centrifugation 

for 10min， the absorbance of the supernatant was 

read at 440 nm. 

4. Biofilm formation and quantification 

Biofilm formation was performed using cells 

grown in the wells of polystyrene 96-well microtiter 

plates (Sumitomo Bakelite， Tokyo， ]apan). Overnight 

cultures were washed once with D/W and were 

adjusted to an OD600 of 0.2 using Mini-photo 518R 

(Taitec， Tokyo， ]apan). Aliquots (20tA) of the 

cultures and 80tA of 2 x BHI with 0.5%sucrose 

were added to individual wells， and the enzymatic 

solution and/or D/W was added up to 200tA. The 
plates were incubated at 37

0

C with 5 % CO2 for 20 

h. After incubation， the plates were washed two 

times with D/W to remove planktonic and loosely 

bound bacteria; and adherent cells were stained 

with safranin for 10min. Biofilm formation was then 

quantified by measuring the OD of the solubilized 

stain at 492nm. The biofilm biomass reduction ratio 

was calculated as follows: 100 -(biofilm biomass 

with protease/biofilm biomass without protease (DI 

W) x 100). 

5. Quantification of saccharide 

To measure water-insoluble glucan， adherence 

cells in the micro-tube were centrifuged at 15，000 

rpm for 10min. The precipitate was dissolved in 1 

N NaOH. The alkali-soluble polysaccharide was then 

precipitated using ethanoL It was washed， dried， 

resuspended and estimated using the phenol-sulfuric 

acid method with glucose as a standard. The water-

insoluble glucan reduction ratio was calculated as 

follows: 100・ (water-insolubleglucan with protease 

Iwater-insoluble glucan without protease (D/W) x 

100). 

6. Growth studies 

The culture tubes were prepared as described 

above and incubated at 37
0

C with 5 % C02; an 

aliquot (400tA) of overnight culture was inoculated 

into 3.6 mR of BHI medium containing a final 

concentration of 1 mg / mR nattokinase. Growth was 

monitored photometrically by measuring the optical 

density (absorbance) at 600 nm. 

Results and Discussion 

To evaluate the interference effects of nattokinase 

on sucrose-dependent biofilm formation， we selected 

multi-strains of S. mutans and S. sobrinus， which are 

common cariogenic streptococci strains. The impact 

of nattokinase on the sucrose-dependent biofilm 

formation of individual cariogenic streptococci was 

calculated as a biofilm reduction ratio (see Materials 

and Methods). As shown in Fig. 1 A and 1 B， 

proteolytic nattokinase resulted in a dose-dependent 

reduction of the biofilm biomass. To further confirm 

whether the decrease in biofilm biomass was due to 

enzyme activity， heat-inactivated nattokinase (90
0

C， 

15min) was used in a biofilm formation assay. 

Heat-inactivated nattokinase had no effect， indicating 
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Cells were grown in BHI medium with sucrose and with/without nattokinase at 37"C. Quantification of the 

biofilm after 20h cultivation was performed using the safranin staining method (see Materials and 

Methods). The data are expressed as means :t standard deviation for at least three independent 

experiments. Fig. 1A: S. mutans UA159. diamonds; S. mutans GS 5. squares; S. muωns MT8148 circles; S. 

mutans FSM-ll. triangles. Fig. 1B: S. sobrinus 6715. diamonds; and S. sobrinus AHT. squares. 

Fig.l 

A600 at the stationary phase between the cultures 

with / without nattokinase， demonstrating that 

nattokinase did not affect the growth of S. muωns 

and S. sobrinus. In addition， nattokinase did not 

affect the growth of S. salivalius， S. mitis， S. gordonii， 

S. sanguinis， which are indigenous 

components of oral microflora (data 

S， oralis， or 

bacteria and 

not shown). 

A major virulence factor of both S. mutans and S. 

sobrinus is their ability to synthesize water-insoluble 

glucan from sucrose. We investigated insoluble 

glucan with/without nattokinase by a phenol-sulfuric 

acid method with glucose as a standard. As shown 

in Table 1， water-insoluble glucan in all of the 

nattokinase enzymatically a妊ected cariogenic 

streptococci (data not shown). Nattokinase effectively 

suppressed the maturation of biofilm in various 

cariogenic strains， whereas the agent ineffectively 

removed mature biofilm (data not shown). 

In order to investigate whether the interference 

of proteolytic nattokinase with biofilm formation 

could be due to a loss of cell viability， the bacterial 

cells were incubated in BHI medium without 

sucrose and with/without nattokinase. The growth 

curves of S. mutans and S. sobrinus in the presence 

of nattokinase are illustrated in Figs. 2 A and 2 B， 

respectively. There was no signi五cantdi妊"erencein 

the prolongation of the lag phase or the maximum 

that 
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Nattokinase was used at the final concentration of 1.0皿IglmR(filled symbols); the control had no agent added 

(open symbols). The data are expressed as means :t standard deviation for two independent experiments. Fig 
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Table 1 Effect of nattokinase on water-insoluble glucan biofilm formation15). The e妊ectivebiofilm inhibition 

production' by nattokinase could be due by in multiple and in 

Nattokinase 

1.0mglml! 

0.5mglml! 

0.1昭ImI!

S. mutans UA159 S. sobrinus AHT 

55.70:t 5.77 

58.09:t 1.32 

24.13土3.26

38.30土1.17

23.78:t 5.28 

1.07:t 1.85 

， The results are given in terms of the water-insoluble glucan 
reduction ratio (%). The data are express巴das means :t 

standard deviation for at least three independent experiments. 

tested strains was greatly reduced by the presence 

of nattokinase at a final concentration of 1mg/mR. 

These results were in good accordance with the 

biofilm inhibition ratio of nattokinase as shown in 

Fig. 1. One of the reasons that the biofilm inhibition 

is induced by protease is believed to be its 

interference with key enzymes in the water-

insoluble glucan production. Water-insoluble glucan 

in S. mutans is synthesized by glucosyltransferases， 

which are encoded by gtfB and gtfC genes and 

found on the cell surface. In fact， the inactivation of 

these genes dramatically impaired the biofilm 

formation ability14). In recent years， naturally 

occurring compounds from food and plants， such as 

tea9
) ， cranberries')， and others， have been shown to 

be potent inhibitors of glucosyltransferase activity 

that result in biofilm reduction. Other than sucrose-

dependent adherence， there are numerous other 

factors in the adhesion to the tooth surface in S. 

mutans as well as extracellular factors related to 

biofilm development. SATO et al. indicated that 

protease derived from oral indigenous bacteria 

degrades S. muωns cell-surface receptors for dextran 

and glucan as well as salivary agglutinins1l). 

Extracellular peptide pheromone-dependent gene 

regulation in S. mutans plays an important role in 

part， to the interference with the factors of biofilm 

formation. 

Nattokinase is a serine司type endo-protease. We 

investigated the e妊ectivenessof other commercially 

available serine-type proteases (trypsin， subtilisin 

carlsberg， and proteinase K) in inhibiting biofilm 

development in S. mutans and S. sobrinus. We 

calculated the individual IC80 protease activity using 

azo-casein methods (see Materials and Methods). As 

shown in Table 2， the IC80 protease activities of the 

four serine proteases were similar to that of 

nattokinase. On the other hand， papain and 

bromelain， which are cysteine-type proteases， did 

not achieve the IC8o， if they achieved it at all， at 

extremely high levels of protease activity， with the 

exception of S. sobrinus AHT. Another finding of 

this study was that serine protease has stronger 

biofilm inhibition than cysteine protease. Serine 

proteases including the subtilisin family are the 

most widely available enzymes for the industrial 

control of biofilm同 but the reasons remain 

unknown. These reasons should be clarified， and 

qualitative information on the purity of the enzymes 

should be obtained. 

The ]apanese traditional fermented food known as 

natto could possess anti-biofilm activity with respect 

to cariogenic streptococci， because natto includes the 

proteolytic enzymes from the bacteria used for 

digesting soybeans. This study is presently a work 

in progress. Natto is a low-cost， easily digested， and 

long-shelf-life food with high nutritive value. The 

results observed in this work may describe a novel 

application of “natto". 
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う蝕原性 StreptococcusmuωnsおよびStreptococcus

sobrinusはスクロースを基質として非水溶性グルカンを

産生し，歯面表面上に強固なバイオフィルムを形成する。

本研究ではセリンプロテアーゼに属するナットウキナー

ゼの抗バイオフィルム効果について検討を行った。 S.

mutansとS.sobrinusのバイオフィルムはナットウキナ

ーゼ 1mg/叫濃度において約80%程度阻害された。この

とき，非水溶性グルカン量の著しい低下が確認された。

以上の結果からナットウキナーゼは非水溶性グルカン合

成酵素に影響しているものと推察された。セリンプロテ

ーゼに属するトリプシン，プロテイナーゼ K，サブチ

リシンはナットウキナーゼと同程度のバイオフィルム抑

制効果を有した。一方，パパインやブロメラインなどの

システインプロテアーゼのバイオフィルム抑制効果はセ

リンプロテアーゼと比較して著しく低下した。

(平成26年8月21日受付，平成26年9月17日受理)
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