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Summary 

An extracellular a-glucosidase (a-D-glucoside glucohydrolase, EC 3.2.1.20) of 
a thermophile, Bacillus thermoglucosidius KP 1006, was purified about  350- 
fold. The purified enzyme had a specific activity of 164 pmol of p-nitrophenyl- 
a-D-glucopyranoside hydrolyzed per min at 60 ° C and pH 6.8 per mg of protein. 
The molecular weight was estimated at 55 000. The pH and temperature opti- 
ma for activity were 5.0--6.0 and 75 ° C, respectively. Below 40 °C, the activity 
was less than 4.5% of the optimum. The enzyme showed a high specificity for 
a-D-glucopyranoside. The maximal hydrolyzing velocity per substrate dimin- 
ished in the order: phenyl-a-D-glucopyranoside, p-nitrophenyl-~-D-glucopyra- 
noside, isomaltose, methyl-a-D-glycopyranoside. The respective Km values were 
3.0, 0.23, 3.2 and 27 mM. The activity was trace for turanose, and not  detect- 
able for sucrose, trehalose, raffinose, melezitose, maltose, maltotriose, phenyl- 
a-D-maltoside, dextran, dextrin and starch. Tris, p-nitrophenyl-a-D-xylopyrano- 
side, glucose and glucono-5-1actone blocked competit ively the enzyme with re- 
spect to p-nitrophenyl-a-D-giucopyranoside. The Ki values were 0.12, 0.14, 2.2 
and 2.4 mM, respectively. The activity was affected by heavy metal ions, but  in- 
sensitive to EDTA, p-chloromercuribenzoate and iodoacetate. The enzyme was 
stable up to 60°C, and inactivated rapidly at temperatures beyond 72°C. The 
pH range for stability was 4.0--11.0 at 31°C, and 6.0--8.5 at 55.5°C. At 25°C, 
the enzyme failed to be inactivated in 45% ethanol, in 7.2 M urea, and in 0.06% 
sodium dodecyl  sulfate, bu t  the tolerance was extremely reduced at 60°C. 

I n t r o d u c t i o n  

a-Glucosidases (a-D-glucoside glucohydrolase, EC 3.2.1.20) from various ori- 
gins have been extensively studied [1]. A few reports, however, have been pre- 
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sented on bacterial a-glucosidase [2--4]. Also, no work has been performed on 
a-glucosidase of thermophilic microbes. Recently, we have isolated from soil 
samples thermophilic bacteria capable of producing an extracellular a-glucosid- 
ase [5]. The bacteria isolated have been characterized as Bacillus thermogluco- 
sidius sp. n., which is closely related to Bacillus stearothermophilus [5--7]. In 
B. thermoglucosidius KP 1006, a large accumulation of a-glucosidase takes 
place in the cytoplasm during logarithmic growth, a-Glucosidase appears in the 
culture at the mid-point of this period [5]. We have found that the thermophi- 
lic a-glucosidase has an extraordinary high resistance against denaturation [8]. 
In the present communication, purification and properties of this a-glucosidase 
are described. 

Materials and Methods 

Materials. Glucose, maltose, lactose, raffinose, sucrose, methyl-a-D-glucopy- 
ranoside, trehalose, cellobiose, D-(+)-turanose, melezitose, urea, sodium dode- 
cyl sulfate, p-nitrophenyl-a-D-glucopyranoside, p-nitrophenyl-3-D-glucopyrano- 
side, p-nitrophenyl-a-D-galactopyranoside and p-nitrophenol were purchased 
from Nakarai Chemicals, Ltd., Kyoto. p-Chloromercuribenzoate was purchased 
from Daiichi Pure Chemicals, Co. Ltd., Tokyo, DEAE-cellulose from Green 
Cross Industries, Co. Ltd., Osaka, hydroxyapatite, 7-globulin, egg albumin, p- 
nitrophenyl-a-D-mannoside and p-nitrophenyl-3-L-fucopyranoside from 
Seikagaku-kogyo Co. Ltd., Tokyo. Myoglobin, bovine serum albumin and glu- 
cose oxidase were purchased from Sigma Chemical Co., monoiodoacetate from 
E. Merck AG, Darmstadt, isomaltose from Pierce Chemical Co., p-nitrophenyl- 
a-D-xylopyranoside, p-nitrophenyl-3-D-xylopyranoside and p-nitrophenyl-3-D- 
galactopyranoside from Koch-Light Laboratories, and Sephadex G-100 and 
G-200 from Pharmacia. Phenyl-a-D-glucopyranoside, maltotriose and phenyl-a- 
D-maltoside were kindly supplied by Dr. Nobuyuki Suetsugu of this University. 
All other chemicals used were of analytical grade. 

Assay of a-glucosidase 
Method 1. p-Nitrophenol released from p-nitrophenyl-a-D-glucopyranoside 

by the action of a-glucosidase was determined photometrically with a Shimazu 
double beam spectrophotometer (model UV-200). This was the method used 
throughout the present investigation, except when the substrate specificity of 
the enzyme was being examined. The reaction mixture (1 ml) in a 1.0-cm light- 
path cell contained: 33.3 mM potassium phosphate (pH 6.8), 2 mM p-nitro- 
phenyl-a-D-glucopyranoside and enzyme solution (0.1 ml). After 0.1 ml of the 
substrate was mixed with 0.9 ml of the complete medium lacked in the sub- 
strate, the reaction proceeded at 60°C for 1--3 min. The increase in absorbance 
at 400 nm due to p-nitrophenol was recorded continuously. The initial reaction 
velocity was assessed from the slope of the record running linearly. 

The following extinction coefficients (M -~ • cm -1) of 400 nm p-nitrophenol 
at pH 6.8 were used to calculate the amount of product yielded: 9600 (30°C) 
[9], 10 000 (35°C), 10 500 (40°C), 11 000 (45°C), 11 500 (50°C), 11 900 
(55°C), 12 400 (60°C), 12 900 (65°C), 13 300 (70°C), 13 800 (75°C), 14 300 
(80°C), and 14 700 (85°C). 
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Method 2. Glucose produced by a-glucosidase from phenyl-a-D-glucopyrano- 
side, methyl~-D-glucopyranoside and the naturally occurring substrates was 
determined by using a Beckman oxygen electrode and glucose oxidase [10,11].  
The electrode detected 02 consumed in glucose oxidation by  glucose oxidase. 
The potential applied between a rhodium cathode and a silver anode via a pola- 
rographic circuit (Beckman 100800 oxygen analyzer) was 0.53 V. a-Glucosid- 
ase reaction was allowed to proceed for 5--60 min at 60°C in the same medium 
as described in Method 1, except  that  it contained the various substrates 
(10 mM) instead of  p-nitrophenyl~-D-glycopyranoside.  The reaction was 
stopped by heating for 3 min at 95 °C. A 0.9-ml aliquot of the medium was 
mixed with 2 ml of  0.9 M Tris • HC1 (pH 7.6), and subsequently equilibrated 
with air at 30°C to allow 02 to dissolve to reach 230 pM in a vessel to which 
the electrode assembly was fitted. To the mixture was added 0.1 ml of glucose 
oxidase (3 mg protein, activity 59.4 units, dissolved in 1.5 M Tris.  HC1, pH 
7.0). The initial velocity of  O2 consumption was obtained from the linear slope 
of  the record. Glucose was estimated from the reciprocal of  the velocity on a 
Lineweaver-Burk plot made with known levels of glucose. 

One unit of a-glucosidase activity was defined as the amount  of  enzyme 
needed for hydrolysis of  1 pmol  p-nitrophenyl~-D-glucopyranoside per min at 
60°C. Protein was estimated by the method of Lowry et al. [12],  or by a turbi- 
dimetry method which was applicable to the crude enzyme preparations in the 
early steps of  the enzyme purification. In the latter procedure, 1 ml of  the sam- 
ple was mixed vigorously with 3 ml of  5% trichloroacetic acid. Protein was esti- 
mated from the absorbance at 660 nm of the suspension, with egg albumin as a 
standard (0.1--5 mg protein/ml). 

Grow th of B. thermoglucosidius KP 1006 
Cells were cultivated at 60°C for 6 h with rota tory shaking (190 cycles/min) 

in 300-ml Erlenmeyer flasks containing 30 ml each of  a medium (pH 7.0), which 
was composed of 1% (w/v) starch, 0.5% peptone,  0.3% meat extract, 0.3% 
yeast extract,  0.3% K2HPO4, 0.1% KH2PO4.10 ml of  the cell suspension was in- 
oculated into 2-1 Erlenmeyer flasks containing 200 ml each of  a growth medi- 
um which had the same nutrients as the inoculum, except  that the concentra- 
tions of  starch, peptone and meat  extract were 0.5, 2.5 and 0.2%, respectively. 
The flasks (25.6 1 culture media) were shaked at 60°C for 48 h, after which the 
media were centrifuged at 0°C for 20 min (8000 X g). The supernatant  fluid 
was used as the starting material for the enzyme purification. 

Results 

Purification of  a-glucosidase 
All operations were carried out  at room temperature,  unless otherwise men- 

tioned. Centrifugation was conducted at 0°C for 20--30 min at 12 000 X g. 
Concentration (Step 1). The culture broth (23 400 ml) was concentrated by  

evaporation at 45°C in vacuo to approximately 1/10 the initial volume, after 
which the resulting sediments were removed by centrifugation. In this step, 
there was no loss of  a-glucosidase activity. 

First (NHJ2S04 fractionation (Step 2). The supernatant liquid (2310 ml) 
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was supplemented with EDTA (final concn. 5 mM, pH 7.0), and brought with 
stirring to 40% saturation by slow addition of  solid (NH4)2SO4. After the solu- 
tion had been stirred for 2 h, the precipitate was removed by centrifugation 
and discarded. Further (NH4)2SO4 was added to the solution to give a final salt 
concentration of 70%, and then the mixture was stirred for 2 h. The precipitate 
recovered by centrifugation was suspended in 1 mM potassium phosphate (pH 
6.8) containing 1 mM EDTA (referred to as Buffer A), and successively dia- 
lyzed against Buffer A (60 l, five days). This solution was centrifuged to re- 
move the insoluble residues. 

Chromatography on DEAE-cellulose (Step 3). A 500-ml portion of  the dia- 
lyzed material (996 ml) was applied to a DEAE-cellulose column (4.5 × 35.2 
cm) previously equilibrated with Buffer A. After washing with 1 1 of Buffer A, 
the column was given a linear gradient of  NaC1 from 0 to 0.8 M, which was pre- 
pared by placing I 1 of  Buffer A in a mixing chamber and 1 1 of  the same buffer 
containing 0.8 M NaC1 in a reservoir. Fractions of  17.6 ml each were collected 
at a rate of  0.59 ml/min. The active fractions (147--176,  530 ml) were com- 
bined (Fig. 1). This chromatography was repeated once more using the remain- 
der of the dialysate. 

Second (NH4)2S0 4 fractionation (Step 4). The DEAE-cellulose eluate (1150 
ml) was concentrated by evaporation, and then centrifuged to remove the coa- 
gulated protein residues. The (NH4)2SO4 fractionation of  the proteins (in 300 
ml, containing 5 mM EDTA) was performed as described in Step 2. The pre- 
cipitate resulting from 45--70% saturation was dissolved in Buffer A, followed 
by dialysis against the same buffer (2.5 l, 21 h). 

Gel filtration on Sephadex G-200 (Step 5). The dialysate (460 ml) was con- 
centrated at 40°C by evaporation, and subsequently the concentrate (10.1 ml) 
was passed through a Sephadex G-200 column (2.9 × 93 cm). 0.15 M potas- 
sium phosphate (pH 6.8) containing 1 mM EDTA (Buffer B) was utilized for 
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equilibration and elution. 10-ml fractions were collected with a rate of  0.22 
ml/min. Fractions 47--57,  which contained most  of  the enzyme activity, were 
pooled (Fig. 2). 

Chromatography on hydroxyapatite (Step 6). EDTA (final concn. 5 mM) 
was added to the Sephadex G-200 eluate. The solution was saturated to 67% 
with (NH4)2SOa as in Step 2. The residues collected by centrifugation were dis- 
persed in 1 mM potassium phosphate (pH 6.8) (Buffer C), and dialysed against 
the same buffer (7.5 l, 24 h) at 4°C. The 17.5-ml portions of  the dialyzed ma- 
terial (35 ml) were subjected to chromatography on two separate columns of  
hydroxyapatite (3.0 X 8.5 cm) previously equilibrated with Buffer C. After the 
columns had been washed with 290 ml each of  Buffer C, a-glucosidase was 
eluted at a rate of  0.5 ml/3 min with a linear elevation of  the phosphate from 1 
to 50 mM, in which the total volume of the gradient solution was 1 1. 10-ml 
fractions were collected. The active fractions (83--93)  were combined (240 ml 
from the two columns) (Fig. 3). 

Gel filtration on Sephadex G-IO0 (Step 7). The hydroxyapatite eluate was 
concentrated by dialysis against solid sucrose (24 h). The sucrose was removed 
by dialysis against Buffer A (6.5 l, 10 h). A 6-ml aliquot of the concentrate (48 
ml) was placed on a Sephadex G-100 column (1.6 X 99 cm), which had been 
prepared with Buffer B. The elution was performed with this buffer at a rate of  
0.19 ml/2 min, and 2.8-ml fractions were collected. As shown in Fig. 4, a-glu- 
cosidase activity was associated with the second protein peak (fractions 36--  
45). Fractions 39- -42  (11.2 ml), which had higher specific activities of  a-gluco- 
sidase, were combined. When this preparation was stored at - -20 ° C, the activity 
was not  lost for at least 1 year. 
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Pur i f ica t ion  steps To t a l  To ta l  To ta l  Specif ic  Purifi- Yield 
v o l u m e  p ro te in  act iv i ty  act iv i ty  ca t ion  (%) 
(ml)  (mg)  (uni ts)  (uni ts /  (-fold) 

mg  
p ro te in )  

1. Concen t r a t e  2310  30 500 
2. 40 - -70% (NH4)2SO 4 prec ip i ta te  996 5 830 
3. DEAE-cel lu lose  e luate  1150  3 220 
4. 45 - -70% (NH4)2SO 4 p rec ip i t a t e  460  1 360 
5. Sephadex  G-200  eluate  110 763 
6. H y d r o x y a p a t i t e  e luate  240  49 .0  
7. Sephadex  G-100  e lua te  * 11.2 * 1.07 * 

14 500 0 .475  1 100 
11 500 1.97 4.1 79 
10 9 0 0  3.39 7.1 75 

9 300 6.83 14.4 64 
8 480 I I . I  23.4 58 
4 240 86.5 182 29 

176 * 164 345 9.7 

* 1/8 of the  p ro te in  f r o m  Step  6 was pur i f ied in Step 7. Th e  e n z y m e  yield has b e e n  cor rec ted  for  
this change  in a m o u n t ,  bu t  all of  the o t h e r  values ind ica ted  re fe r  to  the a l iquot .  

A summary of the purification of  a-glucosidase is given in Table I. The ho- 
mogeneity of the purified enzyme was judged by disc electrophoresis on poly- 
acrylamide gel [13]. The electrophoresis was done at 2 mA/ tube  (5.3 × 45 
mm, 7.5% gel in Tris • HC1, pH 9.2; 30 pg protein applied/tube) for 3 h at 4°C 
with Tris • glycine buffer (pH 8.3}. It was observed that two protein bands were 
present on the gel, one sharp at 2.8 cm from the start (the front, 4.2 cm) and 
the other  only faint at 3.3 cm. a-Glucosidase activity absolutely coincided with 
the former band. 

Characteristics o f  the purified enzyme 
a-Glucosidase concentration was standardized to 0.173 pg protein/ml of  the 

reaction mixture, except  when otherwise stated. 
Molecular weight. The molecular weight of a-glucosidase was estimated at 

55 000 fro~m its position of  elution from a Sephadex G-200 column (1.6 X 96 
cm), which had been prepared with 0.15 M potassium phosphate (pH 6.8) 
[14].  The gel-filtration was carried out  at a rate of  0.7 ml/min with the same 
buffer  (30 pg protein applied). The column was calibrated with blue dextran, 
myoglobin,  egg albumin, bovine serum albumin and human ~/-globulin. 

Linearity and stoichiometry of  reaction. The initial rate of hydrolysis of  p- 
nitrophenyl-a-D-glucopyranoside was directly proportional to a-glucosidase 
concentration. The reaction proceeded under a linearity during incubation for 
10 min. One mol of  the substrate was quantitatively hydrolyzed to yield one 
mol of  D-glucose for each mol  of  p-nitrophenol liberated. 

Effect o f  metal ions, EDTA and sulfhydryl reagents. The phosphate present 
in a-glucosidase preparation (0.7 ml) was removed by dialysis against 400 vols. 
of 0.2 M H3BO3/KC1/NaOH buffer (pH 7.5 at 23 ° C). Subsequently,  the enzyme 
solution was mixed with 3.6 ml of  the same buffer. A 0.1-ml aliquot (0.285 pg 
protein) was used for determination of  the hydrolyt ic  rate on p-ni t rophenyl~-  
D-glucopyranoside as described in Materials and Methods, except  that the reac- 
tion mixture contained 2 mM heavy metal ions or EDTA in the borate buffer  
(20 mM). a-Glucosidase was completely blocked by Co 2+, Cu 2+, Fe 3+, Pb 2+ and 
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T A B L E  II 

S U B S T R A T E  S P E C I F I C I T I E S  OF  ~ - G L U C O S I D A S E  

The substrates  (10  m M  each ;  p - n i t r o p h e n y l - ~ - D - g l u c o p y r a n o s i d e ,  2 m M )  w e r e  a l lowed to r eac t  w i t h  ~- 

g lucos idase  (10.1 pg  p r o t e i n )  for  10 ra in  at 60 ° C, and deg rees  of  hyd ro ly s i s  w e r e  ca lcu la ted  f r o m  glucose  

f o r m e d .  The  s u b s t r a t e  levels w e r e  va r ied  for  K m and  V d e t e r m i n a t i o n  as fo l lows :  0 .05 - -5  m M  p-n i t ro -  

phenyl -c~-D-glucopyranos ide  ( the  in i t ia l  ve loc i ty  was  d e t e r m i n e d  by  M e t h o d  1 w i t h  0 .143  /ag e n z y m e  pro- 

t e in ) ;  1--5 m M  of  p h e n y l - ~ - n - g l u c o p y r a n o s i d e  (Me thod  2 w i t h  2 .60  pg p r o t e i n ) ;  and  4 - -20  m M  i soma l to se  

or m e t h y l - a - D - g l u c o p y r a n o s i d e  ( M e t h o d  2 w i t h  5.19 ~g p ro te in ) .  

Subs t r a t e  Hydro ly s i s  K m V * 
(%) (raM) 

p - N i t r o p h e n y l - a - D - g l u c o p y r a n o s i d e  100 0 .23  183 

P h e n y l - a - D - g l u c o p y r a n o s i d e  93  3.0 314  

I s o m a l t o s e  54 3.2 53.6 

M e t h y l - a - D - g l u c o p y r a n o s i d e  7.3 27 13.0 

T u r a n o s e  1.6 - -  - -  

* # m o l  of  subs t r a t e  h y d r o l y z e d / m i n / m g  of  p ro te in .  

Zn 2.. Mn 2+, Hg 2*, Ca 2., Ba 2* and Mg 2÷ caused inhibitions of 96.6%, 86.3%, 
37.2%, 13.5% and 11.8%, respectively. Preineubation of a-glueosidase at 60°C 
for 20 min with p-ehloromereuribenzoate or monoiodoaeetate (60 pM) before 
addition of the substrate failed to affect the enzyme activity. 

Substrate specificity. As shown in Table II, a-glueosidase hydrolyzed p-nitro- 
phenyl<~-D-glueopyranoside, phenyl-a-D-glueopyranoside, isomaltose, methyl-a- 
D-glueopyranoside, and turanose. But, the hydrolysis of turanose was only 
trace. Table II gives the Km values and the maximal hydrolysis velocities (V) of 
these substrates at 60 ° C, which were determined by the method of Lineweaver 
and Burk [15]. a-Glueosidase had the highest affinity for p-nitrophenyl-a-D- 
glueopyranoside. Phenyl-a-D-glueopyranoside exhibited the highest V value. The 
following compounds (10 mM) were not substrates of a-glueosidase: sucrose, tre- 
halose, melezitose, phenyl~-D-maltoside, maltotriose, maltose, laeto~se, eellobi- 
ose, raffinose, dextran (1%), starch (1%), dextrin (1%), and the followingp-ni- 
trophenyl glycosides (3 raM); /3-D-glueopyranoside, a- and f3-D-galaetopyrano- 
sides, a-D-mannopyranoside, /3-L-fueopyranoside, and a- and fl-D-xylopyrano- 
sides. 

Inhibitors. Tris and histidine (5 mM) blocked hydrolysis of p-nitrophenyl-~- 
D-glucopyranoside by 79.4% and by 14.8%, respectively. The following amines 
(5 mM) had no effect: aniline, hydrazine hydrate, NH4C1, glyeine, serine and 
benzylamine. The rate of p-nitrophenyl<~-D-glueopyranoside hydrolysis was in- 
fluenced by the following carbohydrates (10 mM); D-glucose, 35.9% inhibition; 
glueono-5-1aetone, 33.8%; glueosamine, 29.6%; isomaltose, 22.7%; glueonate, 
D-galaetose and phenyl-a-D-glueopyranoside, 15.6%; D-xylose, 12.4%; maltotri- 
ose, 10.9%; trehalose, 9.4%; furuetose and mannitol, 7.7%; phenyl-a-D-malto- 
side, D-mannose, D-turanose, and melezitose, 6.3%; lactose, 4.7%; maltose, 
3.0%; methyl-a-D-glueopyranoside, 2.6%; and eellobiose, 0%. Among the p-ni- 
trophenyl compounds tested (3.33 raM), p-nitrophenol and its a-D-xylopyrano- 
side were the most potent inhibitors (46.1% inhibition). The degrees of inhibi- 
tion by other p-nitrophenyl glycosides were: a-D-mannopymnoside, 18.5%;/3- 
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Fig. 5. Inhibition of ~-glucosidase by sucrose. A: Lineweaver-Burk plots obtained at various sucrose levels 

( l ine 1 ,  n o  s u c r o s e ;  l ine 2,  0 . 1 8  M; l ine 3,  0 , 3 6  M; l ine 4, 0 . 5 0  M, l ine 5, 0 . 6 3  M; l ine 6, 0 . 9 0  M). - - A ,  in- 
t e r c e p t  va lue  o n  the  1 / [ S ]  ax is  o f  the  p lo t .  B:  D i x o n  p l o t s  a t  v a r y i n g  c o n c e n t r a t i o n s  o f  p-n i t rophenyl -~-I : ) -  
g l u e o p y r a n o s i d e  (curve  1,  0 . 3 3 3  raM; cu rve  2, 0 . 2 2 2  raM,  curve  3, 0 . 1 5 0  r aM;  cu rve  4,  0 , 1 1 1  raM) .  C: 
Plo t s  o f  [ 1 / ( A K  1 )--1 ] / [  I] vs. [I ] w i t h  suc ro se  (e  e)  a n d  m a l t o s e  (o  o). v, in i t ia l  r e a c t i o n  velo-  
c i t y  (~umol p e r  ra in ) ;  V. m a x i m u m  in i t ia l  ve loc i t y ;  [ S ] ,  p - n i t r o p h e n y l - ~ - D - g l u c o p y r a n o s i d e  c o n c e n t r a t i o n ;  
[ I ] ,  s uc ro s e  c o n c e n t r a t i o n  ( c o n c e n t r a t i o n  o f  m a l t o s e  o r  suc ro se  in C). 

D-xylopyranoside, 10.9%; ~-L-fucopyranoside, 9.2%; a-D-galactopyranoside, 
3.1%; ~-D-galactopyranoside and/3-D-glucopyranoside, 0%. Glucose, glucono-8- 
lactone, p-ni t rophenyl~-D-xylopyranoside and Tris inhibited a-glucosidase, 
competing with p-nitrophenyl~-D-glucopyranoside.  The respective Ki values 
were 2.2, 2.4, 0.14 and 0.12 mM, obtained by the Lineweaver-Burk method  
[15] and by the Dixon method [16]. 

Effect of sucrose and maltose. The hydrolysis of p-nitrophenyl~-D-glucopy- 
ranoside was affected by sucrose and maltose at their higher levels. As shown in 
Fig. 5A, the Lineweaver-Burk plots at various sucrose concentrations gave 
straight lines, intercepting at a point  on the 1/v axis (v = initial reaction veloci- 
ty). But the Dixon plots became parabolic curves {Fig. 5B). Furthermore,  when 
1/v was replotted against [I] 2 (I, sucrose), the plots obtained were found to 
linear, meeting at a point  in the second quadrant  of graph. Similar results were 
achieved when maltose was used as an inhibitor for a-glucosidase. These find- 
ings demonstrate  a competi t ion between 2 mol of  the antagonist and 1 mol of  
the substrate for the catalytic site. The reactions involved in such a mechanism 
can be represented as: 

E + S ~ ES (K,) (1) 

E + I ~ EI (K2) (2) 

EI + I ¢- EI2 (K3) (3) 

ES -+ E + Products (4) 

where E, S, and I denote  a-glucosidase, p-nitrophenyl~-D-glucopyranoside,  and 
sucrose or maltose, respectively, and K~, K2 and K3 are the respective dissocia- 
tion constants of  Eqns. 1--3. Assuming that Reactions 1--3 are in rapid equilib- 
rium compared to Reaction 4, the reaction velocity can be formulated as fol- 
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l O W S  : 

1 1 + 1 + [ I ]  2 (5) 

where V is the maximal initial velocity. If the intercept on the 1/[S] axis of  the 
Lineweaver-Burk plot is denoted by --A Eqn. 6 can be derived from Eqn. 5: 

~ 1 1 - - 1  [I7;K--~ ~ [I] (6) 
On plotting [1/(AKI)--I]/[I] against [I], a straight line is obtained, cutting at 
--Kj in the [I] axis and at 1/K2 in the [1/(AK~)--I]/[I] axis. K~ corresponds 
to Km of ~-glucosidase for the substrate. As shown in Fig. 5C, the plots for mal- 
tose and sucrose according to Eqn. 6 both gave linear relationships. Respective 
values of K2 and K3 were calculated as 2.33 and 0.14 M with maltose, and 3.13 
and 0.07 M with sucrose. 

Effect of  temperature on activity and stability. As shown in Fig. 6A, the rate 
of p-nitrophenyl-~-D-glucopyranoside hydrolysis was markedly increased by  
temperature elevation, exhibiting a maximum at 75 ° C, but  abruptly dropped at 
the higher temperatures above this point. At 40 °C, the velocity was only 4.5% 
of the maximal value. Arrhenius plots of the initial rates diverged from hneari- 
ty, representing a biphasic curve at 30--75°C {Fig. 6B). The apparent activation 
energies were 28 000 cal/mol at 30--50°C and 5500 cal/mol at 65--75°C. As re- 
vealed in Fig. 6A, a-glucosidase was quite stable at 30--60°C. Indeed, heating 
for 2 h at 60°C caused no loss of  activity. Inactivation developed slowly at tem- 
peratures beyond 60 ° C. The recovery of  the enzyme activity was extremely di- 
minished by exposure to the temperatures above 72°C (Fig. 6A). 

Effect of  pH on activity and stability. Fig. 7 shows that a-glucosidase func- 
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Fig. 6 E f f e c t  o f  t e m p e r a t u r e  o n  s t ab i l i t y  and  ac t iv i t y  o f  ~-g lueos idase  (A) ,  a n d  A r r h e n i u s  p lo t s  o f  the  ini- 
t ia l  r e a c t i o n  veloci t ies  (B). In Fig.  6 A ,  the  ac t iv i ty  o b s e r v e d  a t  6 0 ° C  is e x p r e s s e d  as 100%.  Ac t iv i ty ,  
o o. S t ab i l i t y ,  • e:  0 . 0 5 - m l  e n z y m e  sampl e s  w e r e  h e a t e d  fo r  10  m i n  to  d i f f e r e n t  t e m p e r a -  
tures ,  a f ter  w h i c h  t h e y  w e r e  ch i l l ed  in i ce  w a t e r  and m i x e d  w i t h  0 . 4 5 - m l  p o r t i o n s  o f  co ld  66 .7  m M  po tas -  
s i um p h o s p h a t e  ( p H  6 .8 ) .  The  assay w a s  c o n d u c t e d  w i t h  0 . 1 - m l  a l q i u o t s  ( 0 . 1 7 3  ~g p r o t e i n )  o f  the  d i l u t e d  
mater ia l s .  T, a b s o l u t e  t e m p e r a t u r e ;  v, in i t i a l  r e a c t i o n  ve loc i ty  ( p m o l  p e r  ra in) .  
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Fig. 7. E f fec t  of  pH on  s tabi l i ty  and ac t iv i ty  of  ~-glucosidase.  Stabi l i ty  at  31CC, o o; at  55 .5°C,  
L,,. 0 .05  m l  e n z y m e  so lu t ion  was  mixe d  wi th  an  equa l  v o l u m e  of  the  fo l lowing buf fe rs :  McI lva in ' s  

b u f f e r  (pH 3 .0- -8 .5 ) ,  0.2 M Na2CO~/NaHCO 3 ( p H  9 .0 - -10 .5 ) ,  R inger ' s  b u f f e r  (pH 11 .0 - -12 .0 ) .  A f t e r  incu-  
ba t ion  for  16 h at  31°C or  13 h a t  55 .5°C,  the so lu t ion  was  mix ed  wi th  0.4 ml  of  cold 66.7 m M  phos-  
pha t e  ( p H  6.8) .  0 .1 -ml  por t ions  (0 .173  pg p ro te in )  were  assayed for  the  act iv i ty  r ecovered .  The  ac t iv i ty  
f o u n d  at  p H  7.0 be fo re  i n c u b a t i o n  is t a k e n  as 100%. Act iv i ty ,  e s ;  i n c u b a t i o n  was  for  5 m in  a t  
60°C  in the same m e d i u m  as descr ibed  in the  text ,  e x c e p t  t h a t  the p H  was  a l te red  b y  using 0.4 ml  of  the 
above  buf fe rs .  At  the end of  i ncuba t ion ,  to  the  m e d i u m  were  added  1.5 ml  of 66.7 m M  p h o s p h a t e  b u f f e r  
( pH  6.8) ,  a f te r  w h i c h  pH and abso rbanee  increase  at 400  n m  were  measu red .  A m o u n t s  of  p - n i t r o p h e n o l  
were  d e t e r m i n e d  using its p h o t o m e t r i c  t i t r a t ion  curve  a t  400  n m  (pK a = 7.0 a t  25'~C). The  da t a  are ex- 
pressed as pe rcen tages  against  the  act iv i ty  at  p H  5.5. 

Fig. 8. Effec ts  of e t h a n o l  (A),  u r ea  (B) and s o d i u m  d o d e c y l  sulfa te  (SDS) (C) on s tabi l i ty  of a-glucosidase .  
Stabi l i ty :  at 25°C,  o o; at  60°C,  • s. The  e n z y m e  was  t r e a t ed  w i th  var ious  c o n c e n t r a t i o n s  of  
the  reagen ts  for  5 h a t  25°C  or at  60°C.  A t  the  end of  i nc uba t i o n ,  the  e n z y m e  solu t ions  (0.2 ml.  1.73 #g 
p ro te in )  con ta in ing  e t hano l  or  SDS were  d i lu ted  w i t h  0.8 ml  each  of  66.7 m M  po ta s s ium p h o s p h a t e  ( p H  
6.8).  The  e n z y m e  solut ions  (0.5 ml ,  0 .865  t~g p ro t e in  in 60 m M  phospha te ,  p H  6.8)  con ta in ing  u rea  were  
used  undi lu ted .  0 .1-ml  a l iquots  f r o m  these so lu t ions  were  used for  assay of the ac t iv i ty  r ecovered .  The  ac- 
t ivi ty found  in the absence  of  the reagen ts  is t a ke n  as 100%. 

tioned optimally at pH 5.0--6.0,  when p-nitrophenyl-a-D-glucopyranoside was 
used as a substrate. The activity fell suddenly at pH values below 5.0, but gra- 
dually above pH 6.0. The half-maximal activity was achieved at pH 4.3 and 7.6. 
a-Glucosidase was stable at 31°C over a wide pH range between 5.0 and 11.0,  
whereas the pH range became narrowed to 6.0--8.5 at 55.5°C (Fig. 7). An 
about  15% activation in the activity resulted, when a-glucosidase was treated in 
pH 8 . 0 - 1 1 . 0  at 31°C. 

Effects o f  ethanol, urea, and sodium dodecyl sulfate on stability. As shown 
in Fig. 8, a-glucosidase was fairly stable at 25°C in 45% ethanol, in 7.2 M urea, 
and in 0.06% sodium dodecyl sulfate. Storage of the enzyme in 10 -40% etha- 
nol or in 0.01--0.05% sodium dodecyl sulfate brought about an increase by 
14--17% or by 2--6% in the enzyme activity recovered (Fig. 8, A and C). But, 
such an activation was not observed with urea (Fig. 8B). a-Glucosidase was con- 
spicuously labile at 60 ° C, and received a complete inactivation in 15% ethanol, 
in 3.6 M urea, and in 0.05% sodium dodecyl sulfate. The enzyme was stable at 
60°C in 0.5% ethanol, and in 2 M urea. 
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Discussion 

An a-glucosidase of  Bacillus thermoglucosidius, which is responsible for hy- 
drolysis of p-nitrophenyl~-D-glucopyranoside, has been highly purified from 
culture filtrate. The enzyme is able to hydrolyze,  in addition to this chromo- 
genic substrate, phenyl- and methyl-a-D-glucopyranosides. But, among the nat- 
urally occurring saccharides tested, isomaltose is only an effective substrate for 
the purified a-glucosidase. The enzyme fails to cleave the a-l , l - l inkage of tre- 
halose, a-l,2-1inkages of sucrose and melezitose, or a-l,4-1inkages of maltose, 
maltotriose, dextrin and starch, The a-l,3-1inkage of turanose is attacked very 
slightly, but  the same linkage in melezitose is not  attacked at all. Although the 
a-l,6-1inkage of isomaltose is split, dextran is not  acted upon by the a-gluco- 
sidase. The a-glucosidase of  B. thermoglucosidius strongly resembles an isomal- 
tase isolated from a strain of Saccharomyces cerevisiae in its substrate specifici- 
ty [17,18]. Although a-glucosidases purified from the cell-free extracts of  Pseu- 
domonas sp. [2], Saccharomyces italicus [9,19], and S. cerevisiae [20] can uti- 
lize as substrate p-nitrophenyl~-D-glucopyranoside, these enzymes are differen- 
tiated from the B. thermoglucosidius enzyme by their abilities effectively to 
hydrolyze maltose and a number  of  disaccharides. 

The molecular weight of  a-glucosidase of B. thermoglucosidius is quite simi- 
lar to that  of  the isomaltase ofS.  cerevisiae (Mr = 50 000) [18]. The former en- 
zyme functions optimally at pH 5.5, the latter enzymes at pH 6.8. Both en- 
zymes are strongly inhibited by heavy metal ions [17,18]. However, the B. 
thermoglucosidius enzyme is not  affected by thiol reagents such as p-chloro- 
mercuribenzoate, but the isomaltase is irreversibly blocked by this reagent 
[18]. Tris is strongly inhibitory for the B. thermoglucosidius a-glucosidase and 
the S. cerevisiae isomaltase, as has been commonly  observed with other  a-gluco- 
sidases from various origins [3,9,17,18,21--24]. 

The hydrolysis of  p-nitrophenyl-a-D-glucopyranoside by the action of a-glu- 
cosidase of B. thermoglucosidius is prevented by the reaction products, glucose 
and p-nitrophenol. The inhibition by glucose is competitive with the substrate. 
But, the inhibition caused by p-nitrophenol has been found to appear abruptly 
at higher concentrations of the inhibitor than about 0.2 mM [25]. The recipro- 
cal plots of  the initial reaction velocities against the p-nitrophenol levels give 
sharply parabolic curves, which suggests multiple binding of  p-nitrophenol to 
the enzyme. An elimination of C6 from glucose in p-nitrophenyl~-D-glucopyra- 
noside produces a potent  competitive inhibitor, p-nitrophenyl-a-D-xylopyrano- 
side. The enzyme has a low affinity for maltose and sucrose, which is like the 
isomaltose of  S. cerevisiae [18]. Binding of  two molecules of  these weak inhibi- 
tors to the catalytic site of  the B. thermoglucosidius a-glucosidase is demon- 
strated in the present study. 

-Glucosidase of B. thermoglucosidius functions well at extraordinarily high- 
er temperatures than isomaltase of S. cerevisiae. A maximal activation of  the a- 
glucosidase is achieved at 75°C. However, the activity of this enzyme is negligi- 
ble at temperatures below 40 ° C, at which the isomaltase exhibits its activity 
[17,18]. The a-glucosidase is fairly stable below 60°C, while the isomaltase is 
96% inactivated by being kept at 52.5°C for only 15 min [17]. Arapid inactiva- 
tion of the B. thermoglucosidius enzyme occursabove  72°C. The S. cerevisiae 
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isomaltase is stable between pH 6.2 and 7.5 at 30°C [18],  while the ~-glucosid- 
ase of  B. thermoglucosidius is stable at pH 4.0--11.0 at 31°C. The pH range for 
stability of  the a-glucosidase becomes narrowed to pH 6.0--9.0 at 55.5°C, 
which is wider than the pH range at 30 ° C of  the isomaltase. The a-glucosidase 
is not denatured at 25°C in high concentrations of ethanol (45%), urea (7.2 M) 
and sodium dodecyl sulfate (0.06%). But, such a high tolerance towards these 
reagents is conspicuously reduced at 60 ° C. These observations suggest that the 
B. thermoglucosidius a-glucosidase takes a rigid protein conformation at tem- 
peratures around 25°C, which confers resistance against denaturation induced 
by the above reagents. 
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