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ABSTRACT 

An isomaltose-hydrolyzing cy-D-glucosidase from the alkalophilic Bacillus 
designated strain F5 was purified to an electrophoretically homogeneous state. The 
molecular weight of the purified glucosidase was 60 000 by SDS-poly(acrylamide) 
gel electrophoresis, and 63 000 by Sephacryl S-200 gel-filtration chromatography. 
The enzyme was most active for isomaltose at pH 6.0-6.5 and 45”, and stable up to 
50” at pH 7.0 and in the range of pH 6.0-9.0 at 50” by lo-min incubation. The 
apparent V,, and K,,, values for isomaltose were 34.5 ~ol.min-l.mg-l of protein, 
and 3.33mM. Panose and isomaltotriose are the best substrates for this enzyme. 
The restricted substrate specificity indicated the assignment of the enzyme to be an 
oligo-1,6-glucosidase (dextrin 6-a-glucanohydrolase; EC 3.2.1. lo), but it was 
suggested that it could be a new type of oligo-1,6-glucosidase on the basis of its 
action on a series of (1+4)-a-malto-oligosaccharides. 

INTRODUCI’ION 

Three types of enzyme hydrolyzing 1,6-a-D-glucosidic linkages are known, 
i.e., (a) oligo-1 ,6-D-glucosidase1-6 [EC 3.2.1. lo] hydrolyzes (l-+6)-a-D-glucosidic 
linkages in isomaltose and dextrins produced from starch and glycogen by alpha 
amylase, (b) amylo-(l+6)-glucosidase7+r [EC 3.2.1.331 endohydrolyzes (l-+6)-~-~- 
glucosidic linkages at points of branching in chains of (1+4)-linked cr-D-glucosyl 
residues, and (c) exo-1,6-a-D-glucosidase g~lo [EC 3.2.1.701 successively hydrolyzes 
D-glucosyl residues from 1,6-cu-D-&cans and derived oligosaccharides. Some kinds 
of cw_D-glucosidase i1-13 [EC 3.2.1.20] also show only a little activity to (1+6)-CX-D- 
glucosidic linkages. 

Previouslyt4, we reported on the characterization of an alkalophilic soil 
bacterium which produces intracellular, isomaltose-hydrolyzing a-D-glucosidase in 
an alkalophilic medium containing 1% of NaHCO,. This crude enzyme showed a 
strict substrate specificity to the (l-6)-cr-D-glucosidic linkage of disaccharides com- 
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posed of D-glucose units. We now deal with the purification procedure and some 
properties of the enzyme of this strain (alkalophilic Bacillus strain F5). 

MATERIALS AND METHODS 

Micro-organism. - An alkalophilic Bacillus strain F5 (FERM P-7497) was 
maintained on an isolation-medium agar slantI and stored at room temperature. 

Materials. - Isomaltose, panose, isomaltitol, maltitol, and maltotriitol were 
obtained from Hayashibara Biochemical Lab., Japan. p-Nitrophenyl a-D-gluco- 
pyranoside (pNPG) was from Sigma. Isopanose was kindly donated by Dr. Y. 
Sakano of Tokyo University of Agriculture and Technology. D-Glucosyl- and 
maltosyl-a-cyclodextrin (CD) were obtained from Prof. S. Hizukuri of Kagoshima 
University. Series of malto-oligosaccharides and pNP-malto-oligosaccharides were 
products of Nihon Shokuhin Kako Co., Japan. A series of isomalto-oligo- 
saccharides was prepared by high performance liquid chromatography (h.p.1.c.) 
from a dextranase digest of dextran 70 (Meito Sangyo Co., Japan). Isomaltotriitol 
and panitol were prepared by reduction of isomaltotriose and panose with NaBII,. 

Commercially available soluble starch was washed twice with distilled water 
and acetone before use. Polypeptone and yeast extract were respectively obtained 
from Nihon Seiyaku Co., Japan, and Difco Lab., U.S.A. 

Glucostat (Worthington) reagent, lysozyme, and deoxyribonuclease (DNase) 
were purchased from Fujisawa Pharm. Ind. Co. (Japan), Seikagaku Kogyo Co. 
(Japan), and Miles Lab. (U.S.A.), respectively. 

All other chemicals used were of the highest quality available commercially. 
Enzyme assay. - Isomaltose-hydrolyzing a-D-glucosidase activity was deter- 

mined as follows: The reaction mixture, consisting of isomaltose (3.6 mg) in 0.45 
mL of 50mM sodium phosphate (Na-P) buffer (pH 6.8) and 0.05 mL of the enzyme 
solution, was incubated for 10 min at 40”. After terminating the reaction by heating 
for 3 min in a boiling-water bath, the D-glucose formed was determined enzymically 
by the D-&CO%2 oxidase-peroxidase method 15. One unit (U) of the enzyme activity 
is defined as the amount of enzyme that hydrolyzes 1 ~01 of isomaltose per min 
under the conditions just described. 

Determination of protein concentration. - Protein was determined by the 
method of Lowry et al. 16, with bovine serum albumin (Sigma) as the standard. 

Preparation of the crude enzyme. - The alkalophilic Bacillus sp. F5 was 
cultured aerobically, in 7 L of the isolation medium described, under the following 
conditions: temperature, 37”; aeration, 3.5 L per min; and agitation, 2.50 r.p.m. 
After cultivation for 24 h, the cells (184 g wet weight, 21.7 U/g wet cells) were 
harvested by centrifugation at 6OOOg for 20 min at 4”, and then washed twice with 
20mM Na-P buffer (pH 6.8) containing 0.9% of NaCl. The washed cells were 
suspended in 350 mL of the same buffer containing 0.9% of NaCl, and the 
suspension was incubated for 30 min at 40” with lysozyme (1.75 x 106 IU) and 
DNase (1.75 X lo3 IU). The cell debris was removed by centrifugation at 25 OOOg 
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for 30 min at 4”, the clear, supernatant liquor was dialyzed overnight against tap 
water, and the crude glucosidase solution was mixed with 4 volumes of acetone at 
-20”. The precipitate formed was obtained by filtration and dried at room 

temperature in vucuo. This preparation did not show any other related amylolytic 
enzyme activities (such as alpha amylase17, pullulanase18, and isoamylaselg). The 
enzyme also could not hydrolyze D-glucosyl- and maltosyl-a-CD. 

Purification of the enzyme. - Unless otherwise noted, all purification steps 
were done at 4”. 

Step 1. The crude enzyme solution in 20 mL of 50mM Na-P buffer (pH 6.8) 
was applied to a column (2.6 cm i.d. x 65 cm) of DEAE-Toyopearl 650M ion- 
exchange resin equilibrated with 50mM Na-P buffer (pH 6.8), and the column was 
thoroughly washed with the same buffer. The enzyme adsorbed on the resin was 
eluted with a linear gradient of 0-2OOmM NaCl in the same buffer at a flow rate of 
1.0 mL/min. The D-glucosidase was eluted at -130mM NaCl. The fractions con- 
taining D-glucosidase were pooled, and concentrated by ultrafiltration with 
AMICON PM-30. 

Step 2. The concentrated enzyme (5.0 mL) was loaded onto a column (3.2 cm 
i.d. X 85 cm) of Toyopearl HW-55s equilibrated with 50mM Na-P buffer (pH 7.0) 
containing 200mM NaCl. The enzyme was eluted with the same buffer at a flow rate 
of 0.5 rnL/rnin. Fractions (25 mL) showing D-glucosidase activity were collected, 
and concentrated by the same method. The concentrate was dialyzed overnight 
against 50mM Na-P buffer (pH 7.0). 

Step 3. The dialyzate (20 mL) was loaded onto a column (1.6 cm i.d. x 45 
cm) of DEAE-Toyopearl650M resin equilibrated with 50mM Na-P buffer (pH 7.0), 
the column washed with the same buffer, and the enzyme eluted with a linear 
gradient of 0-2OOmM NaCl at a flow rate of 0.6 mWmin, and active fractions (48 
mL) were collected, and concentrated by the usual method. 

Step 4. The concentrate (3 mL) was passed through a column (2.2 cm i.d. x 

87 cm) of Sephacryl S-200 superfine resin equilibrated with 5Om~ Na-P buffer (pH 
7.0) containing 2OOmM NaCl at a flow rate of 0.3 ml/min. Active fractions (18 mL 
were collected, and concentrated by the same method. This enzyme was used for 
the following experiments. 

Polyacrylamide gel electrophoresis. - Polyacrylamide gel electrophoresis 
(PAGE) of the enzyme was carried out by using a pH 8.9 poly(acrylamide) gel and 
a Tris-HCl (pH 8.3) buffer system 20. Purified enzyme (-20 pg) was applied to each 
gel and run at a constant current of 2 mA per tube for 120 min. The gel was then 
stained for proteins with 0.5% Coomassie Brilliant Blue R250 in 7% acetic acid 
solution, and destained with 7% acetic acid and 10% methanol. 

The molecular weight of the enzyme was estimated by the SDS-PAGE 
methodZ1. Molecular weight protein standard kit, phosphorylase b (mol. wt. 
92 500)) bovine serum albumin (66 200), ovalbumin (45 000), carbonic anhydrase 
(31 000), soybean trypsin inhibitor (21 500), and lysozyme (14 400) were obtained 
from BIO-RAD Labs. 
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Isoelectric focusing. - The isoelectric point (~1) of the enzyme protein was 
determined with Servalyt Precotes (Serva, pH range 4-7). The purified enzyme 
solution (5 pL), containing 5 pug of protein, was applied on the sample applicator. 
The gel was prefocused at 5.5 W for 30 min, and then the applicator was removed. 
Focusing was achieved at 5.5 W for 90 min, and the proteins were stained with 
Coomasie Blue. 

The isoelectric focusing calibration kit for p1 determination, containing 
pepsinogen (PI; 2.80), amyloglucosidase (3.50), D-glucose oxidase (4.15), soybean 
trypsin inhibitor (4.5.5), P-lactoglobulin A (5.20), bovine carbonic anhydrase B 
(5.85), and human carbonic anhydrase B (6.55), was obtained from Pharmacia 
Biotechnology International AB. 

RESULTS AND DISCUSSION 

Purification and homogeneity of the enzyme. - The result of the steps of 
purification of isomaltose-hydrolyzing cy-D-glucosidase is summarized in Table I. 
The purified enzyme gave a single band of protein by PAGE, SDS-PAGE, and 
isoelectric focusing (PI, 4.2). In 1OInM Na-P buffer (pH 7.0), the enzyme showed a 
typical absorption spectrum of protein. The ratio of absorption at 280 to that at 260 
nm was -2: 1. This value indicated the absence of nucleic acid. The molecular 
weight was calculated to be 60 000 by SDS-PAGE, and 63 000 by Sephacryl S-200 
chromatography. 

Effect of pH and temperature on activity and stability. - As shown in Fig. 
lA, the D-glucosidase was most active at pH 6.O-fj.5. The stability of the enzyme 
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Fig. 1. Effect of pH (A) and temperature (B) on activity and stability. Symbols: optimum pH (O), pH 
stability (A) and heat stability (m). The enzyme activities at various pH values were determined by the 
standard assay method. Residual activities were measured (A) after incubation at various pH values for 
10 min at SW, and (B) at various temperatures for 10 min at pH 7.0. Buffers used: %hM citrate-sodium 
citrate (pH 4.&6.0), 5Om~ Na,HPO,-NaH,PO, (pH 6.W.O), ~&TIM glycine-NaCl-NaOH (pH 8.0- 
lO.O), and 50m~ Na,HPO,-NaOH (pH ll.(t12.0). 
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TABLE I 

SUMMARY OF PURIFICATION OF ALKALOPHILIC Bacillus sp. F5 OLIGO-1,6-D-GLUCOSIDASE 

Purification skpps Total 
activity 

(V 

Yield 

(%I 

Specific 
activity 
(Ulmg of protein) 

Purification 

All cell mass 
Crude solution enzyme 
Acetone ppt. 
1st DEAE-Toyopearl 
Toyopearl I-W-55s 
2nd DEAE-Toyopearl 
Sephacryl S-200 

4,590 - - - 
2,920 64 - - 

2,400 52 1.2 1 
1,605 35 12.8 11 
1,550 34 24.6 21 
1,120 24 27.9 23 

972 21 34.2 29 

at various pH values was also investigated (see Fig. 1A). The enzyme was stable in 
the pH range of 6.0-9.0 under these conditions. 

The enzyme was most active at 45” (data not given). A solution of the enzyme 

in 50mM Na-P buffer (pH 7.0) was heated for 10 min at various temperatures, and 
the residual activity was measured (see Fig. 1B). The enzyme was stable up to 50”, 
but lost all activity at 60”. 

The puritied enzyme was most active at pH 6.0-6.5, and was stable from pH 
6.0 to 9.0 after incubation for 10 min at 50”. As noted elsewhereUp24, the inner pH 
of the cells of alkalophilic microorganisms is neutral. Accordingly, it is natural that 
the puriEed cY-D-glucosidase is most active under neutral conditions. 

Effects of metal ions and chemical reagents on activity. - Prolonged dialysis 
of the enzyme was carried out against 50m~ HEPES buffer (pH 6.8). The residual 
activities after incubating for 30 min with various metal ions at 37”, or chemical 
reagents at 25”, and dialyzing overnight at 4” against the same buffer were measured 
by the standard assay method. 

Results are expressed as percent residual activity compared with the activity 
in the control. As shown in Table II, the enzyme activity was strongly inhibited by 
such SH-group reagents as monoiodoacetate and p-chloromercuribenzoate 
(pCMB), and by some heavy-metal ions, such as Hg*+, Pb*+, Cu*+, Zn*+, and 
Fe*+. The enzyme activity was slightly inhibited by Co*+ and NaF, but other metal 
ions tested, and ethylenedinitrilotetraacetate (EDTA), scarcely inhibited the 

activity. 
Most Bacillus oligo-1,6-D-glucosidascs reported so far do not have any 

cysteine residues, and they are not inhibited by pCMB (with the exception of the 
enzyme from B. coa@ms). Notably, F5 oligo-1,6-D-glucosidase contains cysteine 
(data not shown). The inhibition of the enzyme activity by such heavy-metal ions 
as Hg*+, Pb*+, Cu2+, Zn*+, Fe*+, and pCMB suggested that a sulfhydryl group 
present in the enzyme protein may contribute to the active site of the enzyme. This 
is one of the points that distinguishes the enzyme of alkalophilic Bacillm F5 from 
those of neutrophilic strains. 
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TABLE II 

EFFECTS OF METAL IONS AND CHEMICAL REAGENTS ON F5 OLIGO-l,6-D-GLUCOSIDASE ACTIVITY” 

Compound 
added 

H#Q 1 
PbCl, 1 
CUCI, 1 
Z&l, 1 
F&l, 1 

COCI, I 
M&l, 1 
BaCI, 1 
M&l, 1 
pCMB 0.1 
ICH,CO,H 1 
NaF 10 
EDTA 10 

0 
0 
0 

10 

87 
95 

99 
100 

0 

23 
76 

92 

OFor experimental conditions, see text. 

Substrate specificity. - The enzyme released D-glucose from panose and iso- 
malto-oligosaccharides (2-6 D-glucose units). Maltooligosaccharides, except malto- 
triose, pNPG and pNP-malto-oligosaccharides, except pNP-maltotriose, were also 
hydrolyzed slightly by the enzyme, but the liberation of n-glucose was confirmed 
when trisaccharide composed of o-glucose units and pNP-maltotriose were used as 
substrates. The enzyme did not release p-nitrophenol from pNP-malto-oligo- 
saccharides larger than pNPG. 

These findings indicate that the enzyme can hydrolyze the compounds by 
liberating a single D-ghJCOSe unit from the nonreducing end of saccharides linked 
by (1+4)-u- or (l-+6)-a-D-glucosidic linkages. Similar findings were obtained with 
a series of sugar alcohols. 

Neither liberation of D-glucose nor increase in reducing power was observed 
when the D-glucosidase was incubated with soluble starch, dextrin, dextran, or 
pullulan. 

TABLE III 

THE KINETIC PARAMETERS OF F5 O~QO-1,6-D-GLUCOSlnAsF FOR VARIOUS SIJBSTRATES 

Substrate K, V 
(mM) ($hnin/m.g of protein) 

V?lUJKl 
ratio 

Msltose 13.3 4.2 0.32 
Maitotriitol 4.0 25.2 6.3 
Isomaltose 3.3 34.5 10.5 
Maltotriose 1.9 29.9 15.7 
Isomaltotriose 1.7 31.8 18.7 
Panitol 1.0 29.0 29.0 
Panose 1.0 33.8 33.8 
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Fig. 2. Lineweaver-Burk plot for the determination of the Michaelis constant for isomaltose. The reac- 
tion rates were determined by the standard assay method at pH 6.8 and 40” with variation of the sub- 
strate concentration. 

The purified enzyme demonstrated simple Michaelis-Menten kinetics with 

isomaltose, isomaltotriose, maltose, maltotriose, panose, maltotriitol, and panitol. 
The K,,, and Vm, (= k,) values (see Table III) were calculated from Lineweaver- 

Burk plots. Fig. 2 shows the Lineweaver-Burk plot for isomaltose as an example. 

The reaction was done under the standard assay conditions by varying the substrate 

concentration. As shown in Table III, almost the same K,,, values were observed 

with trisaccharides composed of D-glucose units, including panitol. Among them, 

panose and panitol were the best substrates for this enzyme. 

Kinetic parameters also show the characteristic features of this enzyme. 

Almost the same values of K,,, and K, were observed with trisaccharides composed 

of D-glucose units (without maltotriitol) whether the reducing end of them was free 

or had been reduced. 

Some natural and synthetic saccharides that act as poor substrates for this 

enzyme act also as inhibitors whose inhibition types are somewhat varied. 

The purified enzyme has action patterns similar to those of other oligo-1,6-o- 

glucosidase on several synthetic substrates and a series of isomalto-oligo- 

saccharides, however, the hydrolysis rates of trisaccharides composed of D-glucose 

units, including panitol and maltotriitol, are very different from those of oligo-1,6- 

D-glucosidase of s. mitis 1, L. bifidus*, hog intestinal mucosa3, B. thermo- 

glucosidiw“, B. cereus5, and B. coagulans 6. The data show that the alkalophilic 

&c&s oligo-1,6-D-glucosidase has the highest affinity to trisaccharides composed 
of D-glucose units, with the exception of isopanose. This is also a point that may be 
used to characterize the enzyme of alkalophilic Bacillus F5. 

Inhibition by sugar alcohols and malto-oligosaccharides. - Inhibition types 

and kinetic constants for some saccharides that were not hydrolyzed well by the 

D-glucosidase were investigated (see Table IV). 

A series of pNP-malto-oligosaccharides and isomaltitol competitively 
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TABLE IV 

INHIBITION OF THE ENZYME ACTIVITY BY SUGAR ALCOHOLS AND MALTO-OLIGOSACCHARIDES 

pNP-maltose 
pNP-maltotriose 
IsomaItitoI 
pNP-maltotetraose 
pNP-maltopentaose 
Maltitol 
Maltose 
Maltotetraose 

3.8 
6.2 
6.6 

15 
18 
22 
32 
35 

‘N. noncompetitive inhibition; C, competitive inhibition. 

inhibited the enzyme ativity, and maltose, maltotetraose, and maltitol inhibited 
noncompetitively. Among them, pNP-maltose (Ki = 3.&nM), pNP-maltotriose 
(6.2mM), and isomaltitol (6.6m~) were relatively strong inhibitors toward the 
action of the D-glucosidase. 

Kinetics of the simultaneous hydrolysis of panose and maltotriose. - An 
experiment in which the two substrates panose and maltotriose were simultaneously 
present was conducted in order to investigate whether this D-glucosidasc hydrolyzes 
two substrates at the same catalytic site. Should this be the case, the following 
relationship would hold. 

s (mM) 

Fig. 3. Plot of Y vs. s for mixed substrates. The concentration of maltotriose was Exed at Lomb, and the 
concentration of panose was varied from 0 to 5mM. Values of K, and V,,, used to calculate the theoret- 
ical values of he initial rate were, respectively, 1.9mM and 29.9 ~mol/min/mg of protein for maltotriosc, 
and l.Om~ and 33.8 ~moUmin/mg of protein for panose. Symbols: 0, observed; solid line, calculated 
from the single-site model; dotted line, calculated from the two-site model. 
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v* [Al --v,[Bl 
’ = KA (1 + [B]IKa) + [A] + Fa (1 + [Al/K,) + [B] 

in which A and B represent panose and maltotriose, [A] and [B] are the substrate 
concentrations of A and B, KA and KB are the Michaelis constant, K,, for substrate 
A and B, VA and V, are the maximum velocity, V,,, for A and B, respectively, 
and v is the initial rate of the formation of D-glUCOSe. Some typical plots of initial 
rate v against s (concentration of panose from 0 to 5mM) obtained for the mixed 
substrate solution at a fixed concentration of maltotriose (10mM) are shown in Fig. 
3. The observed intial rates almost coincided with the v values calculated from Eq. 
1. 

The result of this experiment strongly supports the view that this enzyme can 
hydrolyze glucosidic linkages of both linear and branched malto-trisaccharides at 
the same catalytic site in the special surroundings made by the shape and structure 
of the substrate and the enzyme. 
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