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From the culture supernatant of  a thermophil ic  act inomycete   KP1246, 

which grows at  45°C to 66°C,  two electrophoretical ly homogenous 

p-nitrophenyl-β-D-glucopyranoside (pNPG)-degrading β-glucosidases 

(BGL1, BGL2) were obtained by the combination of  an ion -exchange and 

gel -f i l trat ion chromatography.  The molecular weight ,  Stokes radius,  and 

sedimentation coeff icient of  BGL1 were found to be 51,000,  2.92,  and 4.4S, 

respect ively, which were similar to those of  BGL2 (50,000, 3.06,  and 4.2S, 

respect ively) .  However,  differences were observed in the isoelectric  point 

(pI)  (5.4 for BGL1 and 4.2 for BGL2) and in the optimum pH for act ivity 

(6.6 for BGL1 and 5.5 for BGL2).  The optimum temperature for activity 

was found to be 70°C for BGL1 and 55°C for BGL2.  In the study on the 

retention of  heat resistance af ter 

30 min of  processing,  BGL1 was 

demonstrated to retain 100% of  
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the original  act ivity over a wide range of  pH, from 5.0 to 11.0.  Meanwhile, 

the stabi l ity range of pH was found to be narrower,  i .e . ,  7  to 9.5,  for BGL2. 

For both BGL1 and BGL2, pNPG, as well  as  cellobiose and sal icin,  were 

found to be good substrates .  Neithe r BGL1 nor BGL2 reacted with Avicel ,  

carboxymethylcel lulose  (CM-cellulose) ,  or maltose.  Enzymatic reaction of  

BGL1 was not  at  al l  inhibited by glucose;  however,  in the enzymatic r e-

act ion of  BGL2, glucose acted as a competitive inhibitor ( Ki  = 408 mM). 

Cel lobiose acted as a noncompetit ive inhibitor to BGL1 ( Ki  = 50 mM) and 

showed a s imilar inhibit ion format to BGL2 ( Ki  = 15.6 mM). Addit ion of  2 

mM EDTA, Pb
2 +

,  Fe
2 +

,  Mn
2 +

,  or Mg
2 +

 did not  at all  inhibit  the activity of  

BGL1; however,  these resulted in 26.1%, 2 5.2%, 22.3%, 17.5%, and 10.5% 

inhibit ion of  BGL2 act ivity,  respectively.  pCMB (p-chloro-

mercuribennzoate)  was found to inhibit  BGL1 act ivity by 100%; however, 

the level  of  inhibit ion was only 32.5% for BGL2.  The results  of  this  k i-

net ic study,  which is  the f irst  of  i ts  kind, on the thermophil ic  act inomycete 

T. curvata  suggest that  at least 2 different  types of  heat -resistant BGLs 

function in the f inal  stage of  the cel lulase degradation system of  the 

KP1246 strain and that  the strain can be classif ied as  T. curvata .  

 

Key words:  Thermomonospora curvata ;  Thermobifida fusca ;  glycoside hy-

drolase family;  β-glucosidase ;  cellobiose 

 

Introduction 

In recent  years ,  there is  a concern 

for  the depletion of  fossi l  fuels ,  and 

there is  much expectation for  the 

technology of  convert ing plant  bio -

mass into bioethanol.  Cel lulose is  

the predominant  component  of  plant 

biomass and as  such is  the most  

abundant  organic polymer on ear th  

(1-3) .  Thermomonospora  sp. ,  a 

thermophi lic  actinomycete  can grow 

at  50 –  60°C in defined medium and 

thus is  a  major  degrader  of  cel lulose 

mater ials  in  heated organic mater i -
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als  such as compost  pi les  (4-6) .  The 

enzymatic  hydrolysis  by Thermo-

monospora  sp.  for  the conversion of 

cel lulose to glucose, involves sy n-

ergis t ic  act ivi ty of three types of 

cel lulases  (7 - 11) :  ( i )  endoglu-

canases (EG, EC3.2.1.4) ,  which hy-

drolyze bonds internally in cel lulose 

chains (12,13) , ( i i )  cel lobiohydro-

lases  (CBH, EC3.2.1.91) ,  which act  

preferent ial ly on chain ends and 

progressively cleave off  cel lobiose 

as  the main product  (14,15) ,  and 

( i i i )  β-glucosidase (BGL, EC3.2.  

1.21) ,  also known as  β -D-glucoside 

glucohydrolase  that  is posi t ioned at  

the terminal  phase and acts  as  a  

catalyst  in  the hydrolysis  of  the 

β-glycoside binding in glucose  (4,  

16) .  Therefore,  β-glucosidase  be-

comes important  in  this  process ,  

s ince cellulose needs to be hydr o-

lyzed completely to produce glucose.  

Al though,  kinet ic  model ing of  d e-

tailed data  dealing with Themo-

monospora  sp.  were reported for  

both EG and CBH (17-20)  ,  there has 

not  been well  character ized for  BGL, 

possibly because of  the difficul ty of  

pur ifying BGL from this  monosporic  

thermophi le .   

Strain of  T. curvata  KP1246 

was found to secrete both EG and 

CBH and the f inal  product  of 

KP1246 cellulase system was gl u-

cose (22,  23) .  In the present  s tudy,  

we have focused on detect ion and 

purif icat ion of  two types of  BGLs in 

T. curvata ,  and for  the f irst  t ime 

aimed to present  the kinet ic  param-

eters  of  thermophi lic actinomycete 

BGLs.  

 

Materials  and methods  

Enzyme assay .  BGL act ivi ty was 

determined photometrically at  55℃  

in  a  react ion mixture (1.0 ml)  co n-

taining 30 mM potassium phosphate 

buffer  (PPB, pH 6.8) ,  2  mM p -ni t ro-

phenyl -β -D-glucopyranoside 

(pNPG) and enzyme (21,  22) .  One 

uni t  (U) of enzyme act ivi ty was d e-

f ined as the amount  of  enzyme h y-

drolyzing 1.0 µmol  of  nit rophenyl  

glucoside/min under  the above co n-

di t ions.  When var ious sugars  were 

employed as  substrates ,  e i ther  r e-

ducing power or  glucose formed was 



T.curvata β-glucosidases 

84 

assayed by using dinit rosalicyl ic 

acid (23,  24)  and Glucose C test  ki t  

(Wako Chemicals:  25),  respectively.  

One unit  (U) of enzyme act ivi ty was 

def ined as the amount  of enzyme 

reducing 1.0 µmol  sugars  formed/  

min.  Protein was assayed according 

to the method of  Lowry et  a l  using 

bovine serum albumin as  the s tan d-

ard (26) .  

 

Microbial  strains  and cul ture con-

di t ions.   Stock culture of  T.curvata  

(21)  was subjected to pre -incubat ion 

at  58℃  for 48 h on f ive medium I  

agar  (3.0%, w/v)  plates ,  consist ing 

of  1.0% meat  extract ,  1 .0% peptone, 

0.5% NaCl (pH6.8) .  Cel ls  collected 

from the plates  were suspended in a 

2-l i ter  Er lenmeyer  f lask,  containing 

of  200 ml medium II (pH 6.8) ,  which 

contained 0.3 % K 2HPO 4  ,  0 .1% 

KH2PO4 ,  0 .3% peptone,  0.15% yeast  

extract ,  0 .002% MgSO 4 ・ 7H2O, 

0.005% FeSO4 ・ 7H 2O, 0.005% 

CaCl 2・2H2O, 0.002% MnCl 2・4H2O, 

and 0.001% NaMoO 4 ・ 2H2O and 

shaken at  58℃  for  2 h with twenty 

pieces of glass  beads (3 mm in d i-

ameter)  and at  198 cycles/min (3.4 

cm ampli tude)  with a rotary shaker.  

The turbid cul tures af ter  f i l trat ion 

through three layers  of  cheese cloth 

were diluted with 0.85% NaCl to 

give an absorbance of 0.50- 0.65 at  

660 nm (1.8 cm l ight  path) .  The 

ten-ml al iquots  of  cel l  suspensions 

obtained above were inoculated to 

twenty 2 -l i ter  Erlenmeyer  f lasks,  

containing 200 ml of  medium II,  

supplemented with 0.5% cellulose 

powder  (Nakalai  Tesque,  K yoto, 

Japan) , and shaken at  58℃  for 5 

days.  

 

Puri f icat ion of  enzyme .   In the 

fol lowing procedures , a l l  operations 

were conducted at  4°C unless  ot h-

erwise specified.  

Step1 Culture supernatant .  The 

cul ture solution after 8 days of  i n-

cubation was fi l tered with  Toyo f i l -

ter paper  No. 1.  The cul ture supe r-

natant  obtained (25 L)  was conce n-

trated at  30°C under  reduced pre s-

sure with a  rotary evaporator.  The 

concentrated supernatant was then 

centr i fuged for 30 min at  10,000 
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rpm at  4°C to obtain a  clear  culture 

supernatant  (volume:  1.7 L) .  

 

Step2 Ammonium sul fate  fraction a-

t ion. Solid ammonium sulfate  was 

added to the culture supernatant  so 

that  the concentrat ion would be 40% 

saturation.  This  was s t ir red for 30 

min,  then lef t  s tanding for  1 h.  To 

the supernatant  obtained af ter  ce n-

t r ifugat ion, ammonium sulfate  was 

added so that  the f inal  concentration 

would be 65% saturation; then, this 

was lef t  s tanding.  After  centr ifuga-

t ion,  the precipitate obtained was 

dissolved in 5 mM PPB, and cen-

t r ifuged again under  the same co n-

di t ions to obtain 163 mL of  clear 

solution.  

 

Step3 Acetone fract ionat ion .  To 

the solut ion obtained in Step 2,  a c-

etone s tored at  minus  30°C was 

added over  10 min while  st ir ring,  so 

that  the final  concentrat ion w ould 

be 50% saturat ion.  This  solut ion 

was lef t  s tanding for  30 min and 

then centri fuged.  Acetone was ad d-

ed to the supernatant  obtained so 

that  the f inal  concentrat ion was 

200% saturation.  This  was left  

s tanding and then centr ifuged.  The 

precipitate  was ai r -dr ied for  3 min 

in a desiccator  and dissolved in 5 

mM PPB (pH 6.8) ;  then,  centri fug a-

t ion was performed and supernatant 

(volume:  88 mL) was obtained.  

 

Step4 Sephadex G-75 gel  column 

chromatography.  Of the total  

volume of  the supernatant  obtained 

in Step 3,  1/2 (44 mL) was appl ied 

to Sephadex G-75 column (4.4 × 

96.8 cm),  which was equi l ibrated 

with 20 mM PPB (pH 6.8) /0.5M 

NaCl/0.02% sodium azide before-

hand.  This  was f ractionated by 15 

mL into each tube at  a  f low rate  of 

75 mL/h to obtain the enzyme a c-

t ivi ty f ractions (tube numbers  36–

51) .  The same procedures  were 

performed for  the remaining supe r-

natant  (44 mL),  and the two act ivi ty 

f ract ions were combined (volume:  

330 mL).  
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Step5 DEAE-Sepharose 

ion-exchange chromatography. 

The solut ion obta ined in Step 4 was 

dialyzed and appl ied to the D E-

AE-Sephadex A-50 column (5.0 × 55 

cm) (f low rate ,  15 mL/h;  fract ion, 

15 mL/tube)  equil ibrated with 20 

mM Tris-HCl buffer (pH 7.5)  be-

forehand.  After  r insing thoroughly 

with the equi l ibrating buffer,  l inear 

gradient  elut ion was conducted with 

1500 mL of  20 mM Tris -HCl (pH 

7.5)  in the mixing chamber  and 1500 

mL of  0.4M NaCl in 20 mM 

Tris-HCl (pH 7.5)  in the reservoir 

chamber.  As shown in Figure 1,  

BGLs were divided into two com-

ponents  (BGL1, 61 mL; BGL2, 142 

mL).  The purif ication s tep herei n-

af ter  was conducted separately for 

the BGL1 and BGL2 fract ions  (de-

signed as  step  5-2) .  

Fig. 1.  Elution profiles of T. curvata  KP1246 β-glucosidase and of  

protein from a DEAE-Sepharose column (Step 5).   The dialyzed 

fraction of Sephadex G-75 eluate (Step4) was applied to D E-

AE-Sepharose column and eluted as  described in Materials and 

Methods. The l inear 0.1 -0.4 M NaCl gradient elu tion was started at  the 

site of fraction 60. The activity (○) is  expressed in U/ml eluate.  The 

A2 8 0  of each fraction (●) was measured as an indication of protein 

content.  Ⅰ ,  BGL1; Ⅱ ,  BGL2.  
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BGL1 fraction . 

 

Step6-1 Phenyl-Sepharose hydro-

phobic chromatography.  Solid 

ammonium sulfate  was added to 61 

mL of  the BGL1 solut ion obtained in 

Step 5 to obtain ammonium sulfate 

precipitate  with a  final  concentr a-

t ion of 75% saturation.  This  was 

dialyzed for  24 h in 5 mM PPB (pH 

6.8) /0.8M (NH 4) 2SO4 /0 .02% sodium 

azide.  After  centr ifugat ion,  the 

clear  supernatant  obtained was a p-

pl ied to the phenyl -Sepharose col-

umn (2 × 30 cm) equi l ibrated with 

the aforement ioned buffer.  The 

fract ion was obtained at  the f low 

rate  of  15 mL/h and 5 mL/tube.  A f-

ter  r insing thoroughly with the same 

buffer,  l inear  gradient  elution was 

conducted with 500 mL of  20  mM 

PPB/0.8M (NH 4) 2SO4  in  the mixing 

chamber  and 500 mL of  20 mM 

PPB/50% ethylene glycol  in the 

reservoir  chamber.  Act ivi ty f ra c-

t ions ( tube numbers 65–85)  were 

retr ieved (volume:  70 mL).  

 

Step7-1 Bio-gel  P-150 gel  column 

chromatography.  For the BGL1 

fract ion obtained in Step 6 -1,  buffer  

exchange and concentrat ion oper a-

t ion were repeated 3 t imes on 

Amicon PM-10 membrane using 10 

mM PPB (pH 6.8) /0.02% sodium 

azide.  This solut ion was dialyzed in 

10 mM PPB (pH 6.8) /0.02% sodium 

azide.  After  centri fugat ion,  2.0 mL 

of  concentrated BGL1 obtained was 

appl ied to the Bio -gel  P-150 column 

(1.9 × 99.5 cm) equi l ibrated with 

the aforement ioned buffer.  The 

fract ion was obtained at  the f low 

rate of 14 mL/h and 2.0 mL/tube. 

Act ivi ty f ractions (tube numbers 

67–90)  were obtained (69 mL).  

 

Step8-1 Bio-gel  P-150 gel  column 

chromatography.  For the BGL1 

act ivity f ract ion obtained in Step 

7-1,  concentration was performed in 

the same manner  as Step 7,  and 2.0 

mL of  enzyme fraction obtained a f-

ter  centri fugation  was appl ied to the 

Bio-gel  P-150 column (1.9 × 99.5 

cm) equi l ibrated with  thebeforehand 

ment ioned buffer.  The fraction was 
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obtained at  the f low rate  of  14 mL/h 

and 2.0 mL/tube. Activi ty f ract ions 

( tube numbers  68–85)  were obtained 

(54 mL).  These f ractions were used 

as  the f inal  BGL1 specimen.  

 

BGL2 fraction 

 

Step6-2 Phenyl-Sepharose hydro-

phobic chromatography. From the 

BGL2 solut ion ret rieved in Step 5 -2  

(142 mL),  the ammonium sulfate 

precipitate  with a  final  concentr a-

t ion of  75% saturat ion was obtained. 

After  performing the same proce-

dures  as  in Step 6 of  BGL1, this 

ammonium sulfate  precipi tate was 

appl ied to phenyl -Sepharose column 

(2 × 30 cm),  and the f raction was 

obtained at  the flow rate  of  15 mL/h 

and 5 mL/tube. Linear  gradient  el u-

t ion was conducted with 500 mL of  

20 mM PPB/0.8M (NH 4) 2SO4  in  the 

mixing chamber  and 500 mL of  20  

mM PPB/50% ethylene glycol  in the 

reservoir  chamber.  Act ivi ty f ra c-

t ions ( tube numbers 60–97)  were 

retr ieved (volume,  111 mL).  

 

Step7-2 Bio-gel  P-150 gel  column 

chromatography.  After  concentra t -

ing with Amicon PM-10 membrane,  

the BGL2 fraction obtained in Step 

6-2  2.2 mL of  the resul t ing solution 

was gel  f i l trated with the Bio -gel  

P-150 column (1.9 × 99.5 cm).  Ac-

t ivi ty f ractions (tube numbers  66 –

91)  were obtained (74 mL).  

 

Step 8-2 DEAE-Sepharose 

ion-exchange chromatography The 

act ivity f ract ion obtained in Step 

7-2 was dialyzed in 20 mM Tris -HCl 

buffer  (pH 7.5)  and appl ied to D E-

AE-Sepharose column (2.0 × 25 cm) 

(f low rate:  15 mL/h,  f raction:  2 

mL/tube)  equi l ibrated with a  20 mM 

Tris-HCl buffer  (pH 7.5)  beforehand. 

After  r insing thoroughly with the 

equi l ibrating buffer,  l inear  gradient 

elution was conducted with 0 –0.2M 

NaCl.   Condit ions were as  follows: 

mixing chamber,  150 mL of  20 mM 

Tris-HCl (pH 7.5) ;  reservoir  cha m-

ber,  150 mL 0.2M NaCl in 20 mM 

Tris-HCl (pH 7.5) .  Eighty -four  mi l -

l i l i ters  of  BGL2 activi ty f raction 

was obtained.   
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Step9-2 Bio-gel  P-150 gel  column 

chromatography.  For the BGL2 

act ivity f raction obtained in Step 

8-2,  concentration and centr ifuga-

t ion was performed with Amicon 

PM-10 membrane.  The obtained s o-

lution (1.9 mL) was gel  f i l trated 

with the Bio-gel  P-150 column (1.9  

× 99.5 cm).  Fif ty -nine mil l i l i ters  of 

act ivity f ract ion was obtained,  and 

this  f ract ion was used as  the final  

BGL2 specimen.  

 

Electrophoresis  and electrofocuss -

ing.   The sodium dodecylsulfate 

polyacrylamide  gel  electrophoresis  

(SDS-PAGE) was run according to 
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the methods of  Laemmli  (27) .  The 

SDS gel  contained 10% acrylamide. 

Electrophoresis  was carried out for  

3h at  25mA/gel  and at  25℃ .  After 

electrophoresis ,  the gels  were 

s tained with Coomassi  br i l l iant  blue 

for  90 min and decolorized with 

25% ethanol /8% acetic  acid.  

Twenty µl  each of  BGL1 or  BGL2 

was applied to native aga rose gel  

wi th a  pH range of  3.5 - 10.0.  The 

carrier ampholytes  employed is 

Ampholine pH3.5-10  (LKB-

ProdukterAB, Sweden).  After 

electrophoresis  at  4℃  for  90 min,  

according to the method  of  Weber 

and Osborn (28) ,  the gel s  were  

s l iced at  2 mm intervals .  Each of  the 

gel  section was homogenized in 500 

µl  of  pure water then lef t  s tanding 

for  10 minutes . The enzyme act ivi ty 

was measured for  100 µl  of  the s u-

pernatant ,  and the pH of  the r e-

maining supernatant was obtained  

(29) .  

 

Analytical  gel  f i l t rat ion  BGLs 

were subjected to gel  f i l t rat ion on a  

Bio-Gel  P-200 column (1.5 x 99.5 

cm) with PBB/0.5 M NaCl/0.02% 

sodium azide,  previously cal ibrated 

with the proteins  of known M r  and 

Stokes radius .  The standards used 

were:  lactate dehydrogenase from 

rabbit  muscle,  bovine  serum albu-

min,  peroxidase from horse radish, 

Fig. 2.   Electrophoresis of pur i-

fied KP1246 BGL1 and BGL2.   

Electrophoresis was performed at  

25℃  for 3 h at  25 mA/gel,  using 

3 µg BGL1 and 5µg BGL2 pro-

teins,  respectively.  Lane M de-

notes Mr weight standards;  lane 

1,  BGL1; lane2, BGL2. The Mr  

weight standards used (from the 

top to the bottom in the figure)  

were myosin (229800),  

β-galactosidase (136800),  phos-

phrylase-b (96100),  bovine se-

rum albumin (72800),  ovalbumin 

(46200),  carbonic anhydrase  

(31300),  trypsin inhibitor 

(26,300) and lysozyme(17800).  
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chicken egg albumin,  beef  pancr e-

at ic  α–chymotrypsinogen,  and hu-

man hemoglobin.  The M r  of  BGLs 

was est imated by the method of 

Andrew (30) ,  and the Stokes radius 

by the method of  Bumett  ( 31) .  

Each s 2 0 , w  of  BGLs was estimated 

by the methods of  Mart in and Ames  

(32) .  The enzymes,  a long with the 

s 2 0 , w  markers ,  were centr i fuged at  

7℃  for  21 h at  36000 rpm in a  Hi -

tachi  65P ult racentri fuge and a 

swing rotor  RPS-50.  The markers  

appl ied were:  lactate  dehydrogenase 

f rom rabbit  muscle,  peroxidase f rom 

horse radish and cytochrome c  f rom 

horse radish  and B. amyloliquefa-

ciens  KP1071 exoα-1 ,4-glucosidase 

(24) .  

 

Activi ty  and stabil i ty dependent  on 

pH.   BGL activi ty was assayed as 

in Mater ials  and methods,  except 

that  cellobiose was used as  the su b-

st rate  and that  pH of  the react ion 

mixture was changed by using 0.05  

ml  of  the fol lowing buffers :  0 .1M 

acetate  (pH1.0-4.1) ,  0 .1M succinate 

(pH3.8-5.5) ,  0 .1M maleate  (pH5.5- 

6.8) ,  0 .1M PPB (pH 6.0-8.5) ,  and 

0.1M glycine–NaOH (pH7.5-12.0) .   

  Ei ther  BGL1 or  BGL2 (2.0 U/ml)  

was mixed with the equal  volume of  

one of  the buffers as  descr ibed 

above.  After  incubat ion for  16 h at  

60 ℃ ,  each of  the mixtures  was 

10-fold di luted with 50 mM PPB 

(pH 6.8) ,  respect ively.  The mixtures 

were determined for  glucosidase 

act ivity,  as  descr ibed above .    

 

Effects  of  metal  ions,  EDTA and 

SH-reagents .  The final  prepara-

t ions of BGL1 and BGL2 were ex-

haustively dialyzed against  10mM 

PPB and diluted up to  100-fold 

with PPB. Respect ive enzyme a c-

t ivi t ies  were assayed as  described 

above,  except  that  the reaction 

mixture contained one of  metal  

ions (as chlorides) and EDTA. 

SH-reagents  (each 45µM in the f i -

nal  reaction  medium) were 

pre-incubated with BGL1 or  BGL2 

for  30 min at  55℃  in 10 mM PPB 

before the enzyme assay.   

 

Results  and discussion   



T.curvata β-glucosidases 

92 

For BGL1, cul ture supernatant  was 

purif ied through 8 s teps by the fa c-

tor  of  2,186 at  the recovery rate  of  

7.7%, and as  a  resul t ,  1 .0 mg of  

specimen with specif ic  activi ty of  

23.4 U/mg protein was obtained 

(Table 1) .  For  BGL2, the cul ture 

supernatant  was purif ied through 9 

s teps by the factor  of  1,019 with the 

recovery rate  of  3.2%, and as  a  r e-

sul t ,  0.89 mg of  specimen with sp e-

cific  act ivi ty of  10.9 U/mg protein 

was obtained (Table 2) .  A var iety of  

physicochemical  methods were e m-

ployed to determine the s ize and 

charge of  these BGLs. The  M r  of  

BGL1 and BGL2 was est imated to be  

51,000 Da and 50,000Da,  respec-

t ively by SDS-PAGE (Fig.  2) .  No 

carbohydrates  were detected in the 

each enzyme preparat ions by the 

phenol/sulfuric  acid method (33) .  

The relationship between weight -

average M r  and S 2 0 , w  of  the puri f ied 

enzymes was indicative of  
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Fig.  3.   Effects  of  temperature 

on the activity and stabil i ty of  

KP1246 BGL1 and BGL2.  

The activit ies of BGL1 and 

BGL2 were determined as de-

scribed in Materials  and meth-

ods,  except that  the tempera-

ture was changed ( ----).  The 

maximal activity is  taken as  

100%. BGL1 (0.12U/ml) or  

BGL2 (0.18 U/ml)  was incu-

bated for 30 min at  different  

temperatures (   )  in 50  

mM PPB (pH6.8).  The mixture 

was assayed for remaining ac-

t ivity.  The activity observed 

after the incubation at  4℃  is  

indicated as 100%. Ⅰ and ○,  

BGL1;Ⅱ and ●, BGL2.  

Fig.  4.   Effects of pH on the activity (A) and stabil i ty (B) of KP1246 

BGL1 and BGL2.  

In (A),  the activit ies  of BGL1 (○) and BGL2 (●) at  different pHs were 

determined as  described in  “Activity and stabil i ty dependent on 

pH“ in Materials and methods.  The maximal activity is  taken as 100%.  
In (B),  BGL1 or BGL2 was treated for18 h at  25℃  (  ),  or  at  60℃ ,  

as described in “Act ivity and stabil i ty dependent on pH“ in Materials  

and methods.  The mixture was assayed for remaining activity.  The 

activity found  after  the incubation for 18 h at  pH 6.8 and at  4℃  is  

expressed as 100%.Ⅰ and ○, BGL1;Ⅱ and ●, BGL2.  
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homogenei ty and absence of  protein 

aggregates  (Table 3) .  The M r  of  the 

BGLs agreed fair ly wel l  with those 

obtained by Stokes radius , respe c-

t ively (Table 3) .  Together  these r e-

sul ts  indicated that  BGL1 and BGL2, 

respectively was homogeneous and 

was a  s ingle,  monomeric  polype p-

t ide (Table 3,  Fig 2) .  The conside r-

able difference in the pI values of  

these 2 enzymes clear ly indicated 

that  BGL1 and BGL2 could only be 

dis t inguished after separat ion (step 

5)  using DEAE-Sepharose chroma-

tography because of the similari ty 

in their  molecular  proper ties (Fig.  1, 

Tables  1 and 2) .   

BGL1 and BGL2 were  most  

act ive at  70℃ ,  and at  55℃ ,  respec-

t ively (Fig.  3) .  BGL1 exhibi ted 

more s tabil i ty to heat  resistance 

between 55°C and 80℃ .  Opt imum 
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temperature for  the reaction of 

BGL1 was 15°C higher  than that  of 

BGL2, and a  wider  pH range was  

obtained for  BGL1 in regard to heat 

resis tant  temperature (Fig.4) .   The 

temperature opt imum of  act ivi ty of  

BGL1 was at  70°C, which was 

8-10°C higher  than that  of BGL2 

(Fig.  3) .  BGL2 lost  a l l  of the act i v-

i ty at  70°C in 30 min,  whereas 

BGL1 kept  i ts act ivi ty 35% of  the 

or iginal  one.  On the other  hand, 

BGL2 was more resis tant  to  low pH 

range than BGL1 after  incubat ing 

for  18h (Fig.  4) .  Moreover,  BGL2 

tolerates  urea,  ethanol  and SDS 

more s t rongly than BGL1(Fig.  5) .  

Half -l i fe  of  BGL2 for  5h at  55℃was 

depicted 0.05% SDS, 21% ethanol  or 

3.8 M urea,  respect ively.  Each value 

was s l ight ly higher  than that  of  

BGL1, showing that  BGL2 tolerates  

some denaturants  more s trongly than 

BGL1. Moreover,  i t  was found that  

the advantage of  BGL2 is  in the 

lower  suscept ibi l i ty to inhibi t ion by 

heavy metal  ions than that  of  BGL1  

(Table4) .    

The resul ts  together showed 

that  BGL2 was most  thermostable 

and tolerant  of  denaturants  than the 

other β-glucosidases  reported 

among thermoact inomyces  (6,  34) .  

Production of cellooligosacch a-

rides from cellulose was slower 

for thermophilic actinomycete 
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KP1246 in comparison to meso-

phil ic fi lamentous bacteria (35, 

36).  However,  as a result  of this 

study, the Ki  value of glucose to 

BGL2 was found to be high (408 

mM), suggesting that  inhibit ion 

by glucose occurs slowly (Table  

5).  In addit ion, i t  was found that  

inhibit ion by glucose does not 

occur at  al l  for BGL1 (Table  5).  

These results suggest  that  the r-

mophilic actinomycete is  superior  

to mesophilic bacteria from 

Phanerochaete chrysosporium  

(35),  Trichoderma reesei  (36),  

and Fomitopsis palustris  (37,  38) 

in that  the level of production 

inhibit ion by glucose is  not as 

high (21, 22).   

Mesophi lic  fi lamentous bactr ia 

BGL degrades cellooligosaccharides 

or  cellobiose into glucose as  the 

f inal  s tage of  cel lulase complex and 

most  of  BGL were produced outs ide 

the bacter ial  cell .  To investigate 

celobiose degradat ion in the the r-

mophi le ,  kinet ic  parameters  were 

determined using pNPG, cel lobiose 

and other  compounds (Table  5 and 

7) .   The Km and V m a x  or  K i  values 

were determined by the method of 

Dixon (39)  and Lineweaver  and 
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Burk (40) ,  respectively.  The  Km  

value of  BGL to cel lobiose is  around 

a few mil l imoles  (Table 7);  however,  

the inhibit ion constant  ( Ki  value)  of 

cel lobiose to cel lulase is  not  more 

than 100 µM (34) .  Among the su b-

st rates  tested,  the highest  catalyt ic 

eff iciency (Vmax /Km)  and lowest 

Km  values were obtained for  pNPG, 

suggest ing that  BGL1 is  a  typical  

β-glucosidase (Tables 5 and 7) .  Tris 

reagent  inhibited BGL1 in a  typical  

compet i t ive manner,  as  demo n-

strated in Bacil lus  α-glucosidase 

(24) .  On the other  hand,  Tris  inhi b-

i ted BGL2 in a non-compet i t ive 

manner  (Table 5) .  Compared with 

pNPG, cel lobiose was not  only a  

poor  substrate  for  both BGL1 and 

BGL2, but  also acted as  an inhibitor 

of  glucosyl -β -glucoside substrates 

(Table 7) .  Glucose did not  inhibi t  

the glucosyl -β -glucoside hydrolysis  

act ivity of  BGL1, and i t  acted as  a 

poor  inhibitor  BGL2 (Table 6) .  

Other  substrate bear ing 

β-1,4-l inkage,  such as  lactose,  a lso 

acted as  poor  substrates  (Table 6) .  

Other  sugars  with higher  degree of  

polymerizat ion (DP) of  the glucose 

uni t ,  such as  Avicel  or CM -cel lulose 

were not  hydrolyzed by both BGL1 

and BGL2 (Table 6) .  This  is  typ i-

cal ly observed for  β-glucosidase, 
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which shows an aff ini ty for  ol igo-

sacchar ide substrates with a DP of 

about 2 or  3. Similarly,  gent iobiose 

which contains  β-1,6-l inkage and 

β-1,4-l inkage,  respect ively,  was 

poor  substrate  for  both enzymes  

(Table 6) .  BGL1 and BGL2 exhib-

i ted a  different  behavior  towards 

amygdal in,  which comprises  

β-1,6-l inkage l ike that  in gent iob i-

ose;  amygdal in l ikely acted as  a 

poor  substrate  because of  the be n-

zeneacetoni tr i le  group added to i ts 

s t ructure,  which could lead to poor 

recogni tion of  amygdal in as  a  su b-

st rate .        

Thermophi l ic actinomycete ce l -

lulase complexes reported to date 

were classi fied into EG, CBH, and 

BGL, according to the cel lulose 

degradat ion format  based on the 

substrate  specif ici ty and products .  

However,  as  the informat ion on the 

base sequence of  the cel lulase gene 

is  accumulated, c lassi ficat ion of 

cel lulase by hydrophobic cluster 

analysis  was analyzed (41,  42) ,  and 

elucidation of  the 3D st ructure of 

cel lulase resulted in the classi f ic a-

t ion based on protein s tructure 

(clan)  being establ ished as  the 

higher  classi ficat ion of  the cel lulase 

family (43,  44) .  Though this  is  e s-

tablished for  BGL der ived from 

other  sources,  the method of  cl ass i -

f icat ion where the family name is  

included in the gene name is  not  yet  

appl ied for  thermophi l ic  act inomy-

cetes .  

The order  Thermomonospora  has 

been integrated into 7 groups,  which 

include Thermomonospora curvata  

and Thermobif ida fusca  (45) .  Fur-

thermore,  the whole genet ic  st ruc-

ture of  the type s train B9
T  

of  T. 

curvata  was presented (46) .  Ini t ia l ly,  

we reported that  the separately o b-

tained pectinolyt ic act inomycete 

KP1280 belonged to T. fusca  (47) ;  

however,  as  a  resul t  of  part ia l  

16SrDNA analysis ,  this  was cor-

rected to Thermobifida fusca ,  and as 

a  result  of  fur ther  complete 

16SrDNA analysis ,  i t  was found to 

belong to Thermobif ida sp. ,  which is  

most  closely related to Thermobif i -

da fusca (48) .  In order  to clari fy 

whether KP1246 belongs to the o r-
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der  Thermobif ida  or Thermomono-

spora ,  i t  is  necessary to wait  for  a 

detai led cluster analysis  to be co n-

ducted.  However,  there is  a  need for 

s imilar  integration to be performed 

for  T.  curvata KP1246 in the near 

future.  

As a  resul t  of  this  study,  i t  was 

discovered that  T. curvata KP1246 

is  able  to express  a  complete  cel l u-

lase complex where two types of 

BGL, which have completely di f-

ferent  heat -resis tance propert ies  and 

inhibi t ion format ,  act  to  co mple-

ment  each other,  with only a  s ingle 

bacter ium. A similar  complete  s i n-

gle  cel lulase complex is  proposed 

for  thermophi lic  anaerobe, Clos-

tr idium phytofermentans  (49) ,  and 

for  thermophi l ic act inomycete ( 50);  

however,  i t  i s  expected that  the 

combinat ion of  the closely related 

species  KP1246 (cellulase system)  

and KP1280 (pectinase system) in 

an efficient  manner,  under  aerobic 

and high-temperature condi tions to 

Fig. 5.  Effects of SDS, ethanol and urea on the sta bil i ty of KP1246 

BGL1 and BGL2.  BGL1 (1.2 U/ml) and BGL2 (2.1 U/ml)  were 

incubated for 5 h at  4℃ ( ● ),  or at  25℃ (--● --),  or at  37℃ ( -● - 

● - ● -) or at  60℃  ( ○ ) in 50 mM maleate buffer (pH 6.8).  The 

activit ies of the untreated enzymes are taken as 100%. A ,B,C,  

BGL1; D,E,F, BGL2.  
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enable easier  handling,  wi l l  enable 

the establ ishment  of a  new bioe n-

ergy product ion system from unu sed 

plant  biomass.   

These results  seem to show that  

BGL1 and BGL2 were not  

β-glucosidases ,  but  were bifun c-

t ional  enzymes exhibit ing 

exo-β -(1,3) / (1,6) and endo-β -(1,4)  

act ivity towards β-glucans,  which 

could not be assigned to any exis t -

ing Enzyme Commission  groups 

(51) .  The amino acid sequence 

showed high ident i ty to hypothet ical  

proteins  within the fungal  taxa and 

thus were defined as  GH131,  a  new 

family of  glycoside  hydrolases  (44, 

45) .  Another  candidate  for  BGL1 

and BGL2 was Bacil lus  l ichenase 

(1,3-1,4-β -Glucanases:  EC 3.2.1.73) ,  

which hydrolyzed l inear-β -glucans 

containing β-1,3 and β-1,4 l inkages,  

such as  cereal -β-glucans and l i -

chenan,  with a  s tr ict  c leavage spe c-

i f ic i ty for-β -1,4 glycosidic  bonds on 

3-O -subst i tuted glucosyl  residues 

(51,  52) .  The st ructure–funct ion 

aspects  of  the enzymatic  action of 

bacter ial  1 ,3-1,4-βglucanase (53)  or 

Streptomyces  1 ,3-β -glucanase (54) 

could be appl ied to BGL1 and BGL2.   

Hydrophobic interactions are  co n-

sidered predominant ly responsible 

for  protein thermostabi l i ty,  whereas 

hydrogen-bonding and chargecharge 

interact ions  weakened at  e levated 

temperatures  (55) .  Based on the 

previous data  for  the phenotypic 

character ist ics  of  the st rain  (21, 22) ,  

KP1246 can be classified as  T.  

curvata.   

 

Addendum 

While this manuscript  on 

β-glucosidase derived from KP1246 

st rain was being peer-reviewed by 

referees ,  we were informed that  the 

KP1246 st rain deposi ted at  the 

Graduate School  of Life  and Env i-

ronmental  Sciences, Kyoto Pre-

fectural  Universi ty,  Kyoto  

606-8522 ,  Japan  had been s ter i -

l ized and discarded along with 

KP1244 and KP1245 st rains ,  which 

had been developed around the same 

t ime as  the KP1246 st rain.  This 

happened following our  making a  

request  as  a  developer  to the Kyoto 
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Prefectural  Universi ty for the 

t ransfer  of  these 3 s trai ns .  

 

References  

1)  Lynd, L.R.,  Laser,  M.S.,  

Bransby D.,  Dale,  B.E.,  Da-

vison, B.,  Hamilton, R.,  

Himmel,  M.,  Keller,  M.,  

McMillan,  J .D.,  Sheehan,  J . ,  

and Wyman, C.E. How biotech 

can transform biofuels.  Nat.  

Biotechnol.  26(2),  169-172 

(2008).  

2)  Gladden, J .M., Allgaier ,  M.,  

Miller ,  C.S,  Hazen,  T .C.  Van-

derGheynst ,  J . . .S,  Hugenholtz ,  P. ,  

Simmons,  B.A. ,  and Singer ,  S.W. 

Glycoside hydrolase act ivi t ies  of  

thermophi lic  bacter ial  consortia 

adapted to switchgrass .  Appl .  

Environment .  Microbiol .  77(16) ,  

5804-5812 (2011) .  

3)  Todaka,  N. ,  Nakamura ,  R. ,  

Moriya ,  S. ,  Ohkuma,  M.,  Kudo, 

T. ,  Takahashi ,  H. ,  Ishida ,  N.  

Screening of  optimal  cel lulases 

f rom symbiot ic  prot is ts  of te r-

mites  through expression in the 

secretory pathway of Saccharo-

myces cerevis iae .  Biosci .  Bio-

technol .  Biochem .75(11) ,  2260-

2263 (2011) .  

4)  Hagerdal ,  B.G.R. ,  Harr is ,  H.  and 

Pye,  E.K,  Association o f  be-

ta-glucosidase with intact  cel ls  

of  Thermoactinomyces .  Bio-

technol .  Bioeng . ,  21(3) ,  345-355 

(1979) .  

5)  Wilson,  D.B.  Biochemistry and 

genet ics  of  actinomycete cell u-

lases ,  Crit .  Rev. Biotechnol .  

12(1-2) ,  45-63 (1992).  

6)  Stutzenberger,  F.J .  “Bacterial  

cel lulases” in Microbial  enzymes  

and biotechnology eds.  Fogarty 

WM, and Kel ly CT, Elsevier 

Appl ied Sciences,  London,  New 

York,  pp.37-70 (1990).  

7)  Henssen,  A.  Bei träge zur  Mor-

phologie und Systematik der  

thermophi len Actinomyceten.  

Arch.  Mikrobiol .  26 ,  373-414 

(1957) .  

8)  Goodfellow, M. and Cross ,  T. 

“Classi f ication” In the Biology 

of  Actinomycetes  eds.  Goodfe l-

low M, and Wil l iams ST, Ac a-

demic Press ,  London,  pp7 -164 

http://www.ncbi.nlm.nih.gov/pubmed?term=lynd%20laser%20biofuels%2026%202008
http://www.ncbi.nlm.nih.gov/pubmed?term=lynd%20laser%20biofuels%2026%202008
http://www.ncbi.nlm.nih.gov/pubmed?term=Todaka%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakamura%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Moriya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohkuma%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Kudo%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Kudo%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Takahashi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=Ishida%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22056456
http://www.ncbi.nlm.nih.gov/pubmed?term=todaka%202011%20protists%20cereviciae%20
http://www.ncbi.nlm.nih.gov/pubmed?term=todaka%202011%20protists%20cereviciae%20
http://www.ncbi.nlm.nih.gov/pubmed?term=Harris%20H%5BAuthor%5D&cauthor=true&cauthor_uid=106906
http://www.ncbi.nlm.nih.gov/pubmed?term=Pye%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=106906
http://www.ncbi.nlm.nih.gov/pubmed?term=wilson%20db%2012%2045%201992


T.curvata β-glucosidases 

102 

(1984) .  

9)  Kurup,  V.P.  Character izat ion  of 

some member  of  the genus     

Thermomonospora. Cur.  Micro-

bio l .2,  267-272 (1979) .  

10)  MacCarthy,  A.J .  and Cross ,  T .  A 

taxonomy study of  Thermomon-

ospora  and other  monosporic 

act inomycetes ,  J.  Gen.  Microb i-

ol .  130 ,  5-25 (1984) .  

11)  MacCarthy,  A.J .  Thermomono-

spora and related genera. In  

Will iams ST,  Sharpe ME, Holt  

JG eds.  Bergey’s  Manual  of 

systematic  bacter iology.  Wi l-

l iams and Wilkins ,  Bal t imore,  

Hong Kong,  London,  Sydney,  

pp.  2552-2572 (1989) .  

12)  Lin,  S.B.  and Stutzenberger,  F.J .  

Puri ficat ion and characteriza-

t ion of the major  beta -1,  

4-endoglucanase f rom Ther-

momonospora  curvata.  J.  Appl .  

Bacteriol .  9(4),  447-453 (1995) .  

13)  Manikandan,  K. ,  Jagtap ,  S. ,  Rao,  

M. and Ramakumar,  S.  Crys-

tall ization and prel iminary 

X-ray characterizat ion of  a 

thermo stable  low-molecular--

weight1,  4-β -D-glucan gluca-

nohydrolase f rom an alkal o-

thermophi lic  Thermomonspora  

sp.  Acta Cryst .  F62 ,  385-387 

(2006) .   

14)   Capsi ,  J . ,  Barak,  Y. ,  

Haimovitz . ,  Gi lary,  H. ,  Irwin ,  

D.C. ,  Lamed,  R. ,  Wilson ,  D.B.  

and Bayer ,  E.A.  Thermobif ida 

fusca  exoglucanse Cel6B is 

incompat ible  with the cel l u-

losomal  mode in contrast  to 

endoglucanase Cel6A,  Syst .  

Synth.  Biol . ,4 ,  193-201 (2010) .  

15)   Zhang S,  Barr  BK, Wilson DB, 

Characterizat ion of  a  Ther-

momonospora fusca  exocellu-

lase.  Biochemistry  34(10) ,  

3386-3395 (1995) .   

16)   Bernie ,  R.  and Stutzenberger ,  

F.  Preferent ial  ut i l izat ion of 

cel lobiose by Thermomono-

spora curvata,  Appl .  Environ. 

Microbiol .  53(8) ,  1743-1747 

(1987) .  

17)   Li,  Y. ,  Irwin,  D.C.and Wilson 

DB, Increased crystall ine ce l -

lulose activity via combina-

tions of amino acid changes 

http://www.ncbi.nlm.nih.gov/pubmed/7592138
http://www.ncbi.nlm.nih.gov/pubmed/7592138
http://www.ncbi.nlm.nih.gov/pubmed/7880834


Nagayoshi, Takii and Asano 

103 

 

 

 

in the family 9 catalytic  

domain and family 3c  cellu-

lose binding module of 

Thermobifida fusca cel9a,  

Appl.  Environ. Microbiol .76  

(8),  2582–2588 (2010).  

18)   Jung,  E.D. ,  Lao,  G. ,  Irwin,  D. ,  

Barr ,  B.K. ,  Benjamin ,  A.  and 

Wilson,  D.B.  DNA sequences 

and expression in Streptomyces 

l ividans  of  an exoglucanase 

gene and an endoglucanase gene 

from Thermomonospora fusca .  

Appl .  Environ.  Microbiol .  59(9) ,  

3032 -3043 (1993) .    

19)   Janda,  L. ,  Damborský,  J . ,  Pe-

t r icek,  M.,  Soizek,  J .  and 

Tichý,  P.  Molecular charac-

terizat ion of  the Thermomon-

ospora curvata  aglA gene en-

coding a  thermo tolerant  a l -

pha-1,  4 -glucosidase. J.  App. 

Microbiol .  88(5) ,  773-783 

(2000) .  

20)   Walke ,  L.P. ,  Belair ,  C.D. ,  

Wilson,  D.B.  and Irwin ,  D.C. 

Engineer ing cellulose mixtures 

by varying the mole f ract ion of 

Thermomonospora fusca E5 

and E3,  Trichoderma reesei  

CBH1, and Caldocelum sac-

charolyticum  beta-glucosidase . 

Biotechnol .  Bioeng.  42(9) ,  

1019-1028 (1993) .  

21)   Taki i ,  Y. ,  Sugawara ,  S. ,  

Yamamoto,  T . and Ueno,  N.  

Production and locat ion of 

cel lulose components  in 

Thermomonospora curvata  

KP1246.  Jpn.  J .  Food Chem.  

5(2) ,  206-210 (1998).  

22)   Takii ,  Y.  and Kuriyama,  N.  

Puri ficat ion and character iza-

t ion of  two extracel lular  ce l -

lulases  f rom Thermomonospo-

ra curvata  KP1246. J.  Biol .  

Macromol .  0(1) ,  17-20 (2000) .  

23)  Taki i ,  Y. ,  Daimon,  K. ,  Suzuki ,  

Y.  Cloning and expression of 

a  thermo stable  exo-alpha-1,  

4-glucosidase gene from Ba-

ci l lus  s tearothermophi lus  

ATCC12016 in Escherichia  

col i .  Appl .  Microbiol .  Bio-

technol .  38(2) ,  243-247 

(1992) .  

24)  Suzuki ,  Y. ,  Yonezawa,  K. ,  Hat-

tor i ,  M. and Taki i ,  Y.  As-

http://www.ncbi.nlm.nih.gov/pubmed?term=Takii%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=1369146
http://www.ncbi.nlm.nih.gov/pubmed?term=Daimon%20K%5BAuthor%5D&cauthor=true&cauthor_uid=1369146
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=1369146
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=1369146
http://www.ncbi.nlm.nih.gov/pubmed?term=takii%201992%20bacillus%20cloning
http://www.ncbi.nlm.nih.gov/pubmed?term=takii%201992%20bacillus%20cloning
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=1555585
http://www.ncbi.nlm.nih.gov/pubmed?term=Yonezawa%20K%5BAuthor%5D&cauthor=true&cauthor_uid=1555585
http://www.ncbi.nlm.nih.gov/pubmed?term=Hattori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1555585
http://www.ncbi.nlm.nih.gov/pubmed?term=Hattori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1555585
http://www.ncbi.nlm.nih.gov/pubmed?term=Takii%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=1555585


T.curvata β-glucosidases 

104 

signment  of  Baci l lus  ther-

moamylol iquefaciens  KP1071 

alpha-glucosidase I  to  an 

exo-alpha-1,  4 -glucosidase, 

and i ts  s t r iking s imi lari ty to 

bacil lary ol igo-1,  6 -glucosi -

dases  in N-terminal  sequence 

and in s t ructural  parameters 

calculated from the amino acid 

composi t ion. Eur.  J .  Biochem .  

205(1) ,  249-256 (1992) .   

25)  Luchsinger,  W.W. and Cornesky 

R.A.  Reducing power by the 

dinit rosalicycl ic  acid method. 

Anal .  Biochem.  4 ,  346-347 

(1962) .  

26)  Lowry,  O.H. ,  Rosebrough,  N.J . ,  

Farr,  A.  L.  and Randal l ,  R.  J .  

Protein measurement  with the 

Fol in phenol reagent .  J.  Biol .  

Chem.  193 ,  265-275 (1951) 

27)  Laemmli ,  U.K. Cleavage of  

s t ructural  proteins  dur ing the 

assembly of  the head of  bact e-

r iophage T4.  Nature  227(5259) , 

680-685(1970)   

28)  Weber ,  K.  and Osborn,  M. The 

reliabil i ty of  molecular  weight 

determinat ions by dodecyl  sul-

fate-polyacrylamide gel  e lec-

t rophoresis .   J.  Biol .  Chem .  244 ,  

4406-4412 (1969) .   

29)  Wrigley,  C.W. Analyt ical  frac-

t ionat ion of  plant  and animal  

proteins  by gel  e lectrofocus-

sing.  J .  chromatogr .  36 ,  362-

365 (1968) .  

30)  Andrews,  P.  Estimat ion of  the 

molecular  weights  of  proteins 

by Sephadex gel -f i l trat ion.  Bi-

ochem.  J .  91 ,  222-233 (1984) .  

31)  Burnet t ,  D. ,  Wood,  S .M. and 

Bradwell ,  A.R.  Estimat ion of  the 

s tokes  radi i  of  serum proteins  for 

a  s tudy of  protein movement  

f rom blood to amniot ic  f luid. 

Biochim. Biophys.  Acta - Protein 

Structure 427(1) ,  231-237 (1976)  

32)  Martin ,  R.G.  and Ames,  B.N.  A 

method for  determining the 

sedimentation behavior  of  e n-

zymes:  appl ication to protein 

mixtures .  J. Biol .  Chem .  236 ,  

1372-1379 (1961) 

33)  Dubois ,M.,  Gil les,  K. ,  Hamil ton , 

J .K. ,  Rebers,  P.A.and Smith ,  F. 

A colorimetr ic  method for  the 

determinat ion of  sugars .  Nature  

http://www.ncbi.nlm.nih.gov/pubmed?term=MARTIN%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=13767412
http://www.ncbi.nlm.nih.gov/pubmed?term=AMES%20BN%5BAuthor%5D&cauthor=true&cauthor_uid=13767412
http://www.ncbi.nlm.nih.gov/pubmed?term=martin%20ames%20sedimentation
http://www.ncbi.nlm.nih.gov/pubmed?term=DUBOIS%20M%5BAuthor%5D&cauthor=true&cauthor_uid=14875032
http://www.ncbi.nlm.nih.gov/pubmed?term=GILLES%20K%5BAuthor%5D&cauthor=true&cauthor_uid=14875032
http://www.ncbi.nlm.nih.gov/pubmed?term=HAMILTON%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=14875032
http://www.ncbi.nlm.nih.gov/pubmed?term=HAMILTON%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=14875032
http://www.ncbi.nlm.nih.gov/pubmed?term=REBERS%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=14875032
http://www.ncbi.nlm.nih.gov/pubmed?term=SMITH%20F%5BAuthor%5D&cauthor=true&cauthor_uid=14875032


Nagayoshi, Takii and Asano 

105 

 

 

 

168(4265) ,  161-167 (1951) .  

34)  Sternberg,  D. ,  Vijayakumar,  P.  

and Reese,  E.T.  β-Glucosidase:  

microbial  product ion and effect  

on enzymatic  hydrolysis  of 

cel lulose.  Can.  J .  Microbiol .  23 ,  

139-147 (1977) .  

35)  Igarashi ,  K. ,  Samej ima,  M. and 

Eriksson,  K.E.  Cel lobiose de-

hydrogenase enhances Phan-

erochaete chrysosporium  cello-

biohydrolase I  act ivity by r e -

l ieving product  inhibit ion.  Eur.  J .  

iochem. 253(1) ,  101-106 (1998) 

36)  Rahman,  Z. ,  Shi ida, Y. ,  Fu-

rukawa,  T. ,  Suzuki ,  Y. ,  Okada, 

H. ,  Ogasawara,  W. and Morikawa, 

Y.  Appl ication of  Trichoderma 

reesei  celluase and xylanase  

promoters  through homologous  

recombination  for enhanced 

product ion of  extracellular 

β-glucosidase I.  Biosc i .  Bio-

technol .  Biochem . ,  73(5),  

1083-1089 (2009) .   

37)  Yoon, J .J . ,  Kim, K.Y. and Cha, 

C.J .  Puri ficat ion and character i -

zat ion of thermo stable  be-

ta-glucosidase from the 

brown-rot  basidomycete Fom-

i topsis  palustr is  grown on mi-

crocrystall ine cel lulose,  J.  Mi-

crobiol .  46(1) ,  51-55 (2008) .  

38)   Okamoto,  K. ,  Sugi ta ,  Y. ,  

Nishikori ,  N. ,  Nit ta ,  Y.  and 

Yanase,  H.  Character izat ion of 

two acidic  β -glucosidases and 

ethanol  fermentat ion in the 

brown rot  fungus Fomitopsis 

palustr is .  Enzyme Microb. 

Technol .  48(4-5) ,  359-364 

(2011) .  

39)  Dixon,  M. The determination of 

enzyme inhibi tor  constants .  

Biochem. J .  55 ,  170-171 

(1953) .  

40)  Lineweaver ,  H. and Burk,  D.  The 

determinat ion of enzyme diss o-

ciation constants .  J. Am. Chem. 

Soc .  56(3) ,  658-666 (1934) .  

41)  Henrissat ,  B. ,  Claeyssens ,  M., 

Tomme, P. ,  Lemesle ,  L.  and 

Mornon,  J .P.  Cel lulase famil ies 

revealed by hydrophobic cluster 

analysis .  Gene  81 ,  83-95 (1989) .   

42)  Henrissat ,  B.  A classif ication of 

glycosyl  hydrolases based on 

amino acid sequence similar i t ies .  

http://www.ncbi.nlm.nih.gov/pubmed?term=Okamoto%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22112950
http://www.ncbi.nlm.nih.gov/pubmed?term=Sugita%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22112950
http://www.ncbi.nlm.nih.gov/pubmed?term=Nishikori%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22112950
http://www.ncbi.nlm.nih.gov/pubmed?term=Nitta%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22112950
http://www.ncbi.nlm.nih.gov/pubmed?term=Yanase%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22112950
http://www.ncbi.nlm.nih.gov/pubmed?term=okamoto%2048%20359%202010
http://www.ncbi.nlm.nih.gov/pubmed?term=okamoto%2048%20359%202010


T.curvata β-glucosidases 

106 

Biochem. J .  280 ,  309-316 

(1991) .   

43)  Henrissat ,  B.  and A.  Bairoch, 

New famil ies  in the classi fic a-

t ion of  glycosyl  hydrolases 

based on amino acid sequence 

s imilar i t ies .  Biochem. J .  293 ,  

781-788 (1993) .   

44)  Henrissat ,  B. ,  Teer i ,T.T. and 

Warren,  R.  A.  J .   A scheme for 

designating enzymes  that  hy-

drolyze  the polysacchar ides in 

the cell  wal ls of plants .  FEBS 

Let t .  425 ,  352-354 (1998) .   

45)  Zhang,  Z. ,  Wang,  Y.  and Ruan,J .  

Reclassi ficat ion of  Thermomon-

ospora and Microte traspora.  Int .  

J .  Sys .  Bacteriol .  48 ,  411-422 

(1998) .  

46)  Chertkov,  O. ,  Sikorski ,  J . ,  Nola , 

M.,  Lapidus ,  A. ,  Lucas ,  S. ,  Rio,  

T .G.D.,  Tice ,  H. ,  Cheng,  .JF.,  

Goodwin,  L. ,  Pi t luck,  S. ,  Liolios,  

K. ,  Ivanova,  N. ,  Mavromatis ,  K. ,  

Mikhai lova ,  N. ,  Ovchinnikova ,  

G. ,  Pat i ,  A. ,  Chen,  A. ,  

Palaniappan , K. ,  Ol ivier ,  D.,  

Djao,  O.D.N.,  Land,  M.,  Hauser ,  

L. ,  ,  Y.-J ,  Jeffries ,  C.D. ,  Brett in,  

T . ,  Han,  C. ,  Detter ,  J .C. ,  Rohde, 

M.,  Göker ,  M., Woyke,  T . ,  Bris-

tow, J . ,  Eisen,  J .A. ,  Markowitz ,  

V. ,  Hugenhol tz ,  P. ,  Hans-Peter ,  

Klenk,  H-P,  and Kyrpides ,  N.C. 

Complete  genome sequence of 

Thermomonospora curvata  type 

s t rain (B9
T
) ,  Standards in Ge-

nomic Sciences .  4 ,  13-22 (2011) .   

47)  Taki i ,  Y. ,  Ueno,  N. ,  Kimura ,  M.,  

and Kumabuchi ,  Product ion of  a 

thermostable pectinolyt ic  en-

zyme from Thermomonospora 

fusca  KP1280.  Jpn. J .  Food 

Chem .  6(2) ,  111-117 (1999) .  

48)  Takii ,  Y. ,  Inoue,  Y. ,  Nagayoshi ,  

E. ,  Nishimura,  S. ,  Tazato,  N. ,  

and Omura,  S.  (Unpubl ished 

resul ts)  

49)  Tolonen, A.C,  Chi laka ,  A.C.and 

Church,  G.M. Targeted gene in-

act ivation in Clostridium phy-

tofermentans  shows that  cel lu-

lose degradation requires  the 

family 9 hydrolase Cphy3367.  

Mol Microbiol .  74(6) ,  1300-1313 

(2009) 

50)  Wilson,  D.B.  The f irs t  evidence 

that  a  single cellulase can be 

http://www.ncbi.nlm.nih.gov/pubmed?term=Tolonen%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=19775243
http://www.ncbi.nlm.nih.gov/pubmed?term=Chilaka%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=19775243
http://www.ncbi.nlm.nih.gov/pubmed?term=Church%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=19775243
http://www.ncbi.nlm.nih.gov/pubmed/19775243


Nagayoshi, Takii and Asano 

107 

 

 

 

essent ial  for cel lulose degrad a-

t ion in a  cel lulolyt ic  microo r-

ganism, Mol.  Microbiol .  74(69) ,  

1287-1288 (2009) .   

51)  Lafond,  M.,  Navarro,  D. ,  Haon,  

M.,  Coutur ier,  M.,  Berrin,  J .G. 

Characterizat ion of  a  broad spe-

cifici ty beta -glucanase act ing on 

beta-(1,3) /beta-(1,4) /beta -(1,6)  

glucans that  defines a  new gl y-

coside hydrolase family.  Appl . 

Enviro.  Microbiol .  78(24):  

8540-8546 (2012) .   

52)  Planas,  A.  Bacter ial  1 ,3-1,4-

beta-glucanases:  s t ructure, 

function and protein engineer ing. 

Biochim Biophys Acta .  543(2) ,  

361-382 (2000) .  

53)  Gaiser,  O.J . ,  Piotukh,  K. ,  Pon-

nuswamy, M.N.,  Planas ,  A. ,  

Borr iss ,  R.  and Heinemann,  U.  

Structural  basis  for  the substrate 

specif ici ty of  a  Baci l lus  1,3-

1,4 -glucanase.  J Mol  Biol .  

357(4) ,  1211-1225 (2006) .  

54)  Hong,  T.Y. ,  Cheng,  C.W.,  Huang,  

J .W. and Meng ,M. Isolation and 

biochemical characterizat ion of 

an endo-1,3- -glucanase f rom 

Streptomyces s ioyaensis  con-

taining a  C-terminal  family 6  

carbohydrate -binding module 

that  binds to 1,3- -glucan.  Mi-

crobiology 148(Pt4) ,  11511159 

(2002) .  

55)   Alber,  T.  Mutational  effects  on 

protein stabi l i ty.   Ann.  Rev. 

Biochem .  58 ,  765-798 (1989) .     

 

 

Communicated by Ueno Yoshie  

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lafond%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Navarro%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Haon%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Haon%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Couturier%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Berrin%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=23023747
http://www.ncbi.nlm.nih.gov/pubmed/23023747
http://www.ncbi.nlm.nih.gov/pubmed/23023747
http://www.ncbi.nlm.nih.gov/pubmed?term=Planas%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11150614
http://www.ncbi.nlm.nih.gov/pubmed/11150614
http://www.ncbi.nlm.nih.gov/pubmed/16483609
http://www.ncbi.nlm.nih.gov/pubmed?term=Hong%20TY%5BAuthor%5D&cauthor=true&cauthor_uid=11932459
http://www.ncbi.nlm.nih.gov/pubmed?term=Cheng%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=11932459
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=11932459
http://www.ncbi.nlm.nih.gov/pubmed?term=Huang%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=11932459
http://www.ncbi.nlm.nih.gov/pubmed?term=Meng%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11932459

