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Abstract 

The [3-glucosidase enzyme is important as the terminal enzyme involved in hydrolysis of cellobiose and short-chain cellodextrins 
generated during enzymatic cellulose degradation. Under controlled reaction conditions the enzyme also displays cello-oligosaccha- 
ride synthesizing ability (based on either the thermodynamic or kinetic approach). We present here the purification of the enzyme 
P-glucosidase (BGL) of Pichia etchellsii from recombinant pBG55 Escherichia coli clone. The kinetic parameters, substrate 
specificity and oligosaccharide synthesizing ability of the purified enzyme are also reported. The purified 200-kDa protein (tetramer 
of 50 kDa) was identified as a broad-substrate-specificity enzyme exhibiting increased temperature and glucose tolerance compared 
to the native yeast enzyme. Temperature directed substrate specificity for aryl fl,l-4 linkage, and B( l-2), j3( l-4), fl( l-6) and 8(2-1) 
linkages in various natural disaccharides was observed. Glycosylation of the enzyme was found to be unimportant for enzyme 
activity. With both cellobiose and glucose, oligosaccharide synthesis was detected. The implications of this information with 
regard to cellulose hydrolysis and oligosaccharide synthesis are discussed. 
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1. Introduction 

The enzyme P-glucosidase (B-D-glucoside glucohydro- 
lase; BGL; EC 3.2.1.21) is common among microbial, 
plant and animal cell systems. The functional specificity 
of the enzyme is dictated by its location in the cell type. 
Its functions include its role in cellulose hydrolysis 
(Bisaria and Mishra, 1989; Kubicek et al., 1993), catabo- 
lism of glycosides of various flavones and anthocyanins 
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and also hydrolysis of l3-hydroxyphenyl [3-D-glucoside 
in plants. The lysosomal BGL in cells of the reticuloen- 
dothelial system in animals is involved in hydrolysis of 
glucosyl ceramides (for review, see Woodward and 
Wiseman, 1982). Recently, the enzyme has also been 
used in reactions involving biosynthesis of short-chain 
cellodextrins (Painbeni et al., 1992; Kuriyama et al., 
1995) and B-mercaptoethyl-glycoside (Dintinger et al., 
1994). The BGLs have been classified into three groups 
on the basis of substrate specificity and these are: (I) 
aryl-BGL, hydrolyzing preferentially aryl P-glucosidic 
linkage as inp-nitrophenyl B-D-glucoside, (2) true cellob- 
iases, capable of hydrolyzing B,l-4 glucosidic linkage in 
cellobiose and short-chain cellodextrins and (3) the 
broad-substrate-specificity BGL. Thermostable and glu- 
cose tolerant enzymes are preferred for use in both 
cellulose bioconversion and oligosaccharide 
biosynthesis. 

The yeast Pichia etchellsii produces a 400-kDa (tetra- 
mer of 100 kDa) B-glucosidase (BGL) enzyme (35% 
w/w glycosylated). The enzyme is thermotolerant and 
exhibits 40% residual activity in the presence of up to 
2% (w/v) glucose. The structural gene fig/u, encoding 
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BGL, was cloned and expressed in Escherichia coli and 
some properties reported of the partially purified enzyme 
(Pandey and Mishra, 1995). Although a number of 
yeast BGLs have been cloned in E. coli, the stable 
expression of a yeast, P. etchellsii, BGL in E. coli was 
demonstrated in our laboratory for the first time. We 
present here kinetic properties and substrate specificity 
of the purified enzyme from re-E. coli. The enzyme 
directed synthesis of cellobiose and some cellodextrins 
with glucose and cellobiose as the substrates is also 
described. 

2. Results and discussion 

2.1. Cloning of P. etchellsii Bglu gene, restriction 
mapping and Southern hybridization 

The partially Sau3AI-digested P. etchellsii chromo- 
somal DNA was initially ligated to BarnHI-digested and 
CIAP (calf intestinal alkaline phosphatase)-treated 
yeast-E. coli shuttle vector YEpl3 (Broach et al., 1979). 
The ligated DNA was transformed into E. coli C600 
and the transformants were plated on Luria-Bertani 
(LB) plates containing 50 ug Ap/ml. The white trans- 
formants were further screened on XGlu indicator plates 
on LB with Ap. Seven BGL-producing blue colonies 
were found among approx. 2000 ApR transformants. 
When cell extracts of these seven colonies, grown on 
0.2% cellobiose-supplemented M9 synthetic medium 
with Casamino acids (Sambrook et al., 1989), were 
assayed for aryl-BGL activity, the range of activity was 
from 5.7 to 54.0 mu/ml with pBG5 transformant dis- 
playing the highest activity (also highest specific activ- 
ity). The plasmid recovery from pBG5, on account of 
the large plasmid size (>25 kb), was poor. Further 
cloning with pUC19 vector and XLl-Blue as the host 
resulted in BGL-producing transformant pBG55. 
Plasmid DNA was isolated from pBG55 and analyzed 
by restriction mapping (Pandey and Mishra, 1995). 

The intragenic Hind111 fragments derived from 
pBG55, when used as probe in Southern hybridization, 
hybridized to a single yeast DNA fragment of about 
5.0 kb (Fig. lB, lane 2). The same probe also hybridized 
to BarnHI-digested pBG5 plasmid DNA and three DNA 
fragments were identified (Fig. lB, lane 6). One was of 
large molecular weight and two of 4.4 kb and 2.5 kb 
each. While the larger fragment (>23.1 kb of h) may be 
due to some undigested plasmid DNA, the smaller 
fragment may arise due to recombination and rearrange- 
ment of a part of the cloned DNA fragment. The large 
sized plasmid DNA was also maintained at lower copy 
number compared to pUC19 derivative pBG55, as con- 
cluded from B-lactamase activity (Pandey and Mishra, 
1995). Instability and rearrangements of the insert DNA 

of this nature have been reported with many YEpl3 
vector derivatives (Broach et al., 1979). 

2.2. BGL purification 

The re-clone pBGSS:XLl-Blue was identified by way 
of expression on XGlu plates. The structural gene con- 
tained on the initial 4.8-kb insert was identified in the 
P. etchellsii by Southern hybridization (Pandey and 
Mishra, 1995). The maximum enzyme activity was 60 
mu/ml obtained on 0.2% cellobiose-supplemented M9 
synthetic medium containing Casamino acids. A sum- 
mary of the purification of the enzyme is given in 
Table 1. The enzyme was purified to 37-fold with a yield 
of about 2%. 

Both on DEAE-Sepharose chromatography with 
O-l M KC1 gradient and Sephacryl S-200 gel filtration 
chromatography, the enzyme eluted as a sharp peak 
between 0.25 and 0.30 M KC1 (Fig. 2). Three other 
proteins eluted in this fraction which were removed by 
Sephacryl S-200 gel filtration chromatography. 
Interestingly, BGL expressed in E. coli exhibited 
different isoelectric properties necessitating the use of 
Tris . Cl, pH 8.0 buffer. The enzyme being negatively 
charged at pH 8.0 bound to DEAE-Sepharose column. 
This was different from the native P. etchellsii BGL 
which bound to the column at pH 7.0. We ascribe this 
property to lack of glycosylation which results in altered 
charge distribution on the enzyme surface. The 
Sephacryl S-200 fractions (central three fractions) 
yielded an enzyme found to be homogeneous by native 
PAGE (Fig. 3A). 

The size of the purified BGL was 200 kDa (Fig. 3A) 
as determined on native PAGE and approx. 50 kDa 
(Fig. 3B) on SDS-PAGE suggesting the enzyme to be 
tetrameric. The property of high molecular weight and 
oligomeric nature exhibited by the P. etchellsii enzyme 
is also shared with the BGLs of Candida pelliculosa 
(Kohchi et al., 1985), C. wickerhamii (Freer, 1985), 
Saccharomyces cerevisiae (Fleming and Duerksen, 
1967), Saccharomycopsis jbuligera (Machida et al., 
1988) and Trichosporon adenovorans (Buettner et al., 
1988). The only exception to this is the BGL from the 
yeast Kluyveromyces fragilis (Raynal et al., 1987) which 
is a single 94-kDa chain polypeptide. The Pichia enzyme 
described here is the first yeast enzyme to be produced 
in and purified from an engineered E. coli strain. The 
large molecular weight of the enzyme suggests multido- 
main structure. Such a structure has been proposed for 
the related group of enzymes, glycosyl transferases, by 
Saxena et al. (1995). 

2.3. Kinetic constants 

The dependence of the rate of the enzymatic reaction 
on substrate concentration (for pNPG at 50°C pH 6.5; 
for cellobiose at 35°C pH 7.0) followed Michaelis- 
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Fig. 1. Southern hybridization showing homology between cloned DNA and P. etchellsii chromosomal DNA digested with BarnHI. (A) 1% agarose 
gel electrophoretogram of different DNAs: lanes 1 and 8, phage h DNA digested with HindIII; lane 2, P. etchellsii chromosomal DNA digested 
to completion with BarnHI; lane 3, pBG55 linearized with BarnHI; lane 4, E. coli XLl-Blue chromosomal DNA digested with BumHI; lane 5, 
blank; lane 6, pBG5 digested with BarnHI; lane 7, E. coli C600 chromosomal DNA digested with BarnHI. (B) Hybridization pattern from (A). 
Arrow indicates position of the Pichiu DNA inserted into pBG55. DNAs were blotted onto N Hybond membrane (Schleicher & Schuell). The 
electro-eluted intragenic Hind111 fragments from pBG55 labeled by the nick-translation method in the presence of [c(-32P]dCTP (BARC, Bombay, 
India) served as the probe. Hybridization of the DNA on the membrane with the probe was according to standard protocols (Sambrook et al., 1989). 

Menten kinetics. Double reciprocal plots showed appar- the reported competitive mode of inhibition for all yeast 
ent K,,, values of 0.88 and 200 mM and V,,,,, values of BGLs with Ki values of 3-10 mM, the enzyme from P. 
40.82 mU/mg and 293.3 mU/mg for the hydrolysis of etchellsii exhibited noncompetitive inhibition by glucose 
pNPG and cellobiose, respectively. Thus, BGL displayed with high Ki of 300 mM (Fig. 4). Among the reported 
much higher affinity for aryl-BGL, a property shared BGLs, only the C. wickerhamii enzyme has been reported 
with other yeast BGLs. This is an interesting observation to have a high Ki(olucose) of 230 mM (Freer, 1985). 
considering that the yeasts are likely to encounter cello- Although the kinetics of glucose inhibition has not been 
biose and other cello-oligosaccharides in nature and reported for the BGL of the yeast Debaryomyces han- 
therefore should have higher affinity for such p-linked senii, the extracellular enzyme of this yeast was 70-80% 
substrates, rather than aryl P-glucosidic linkage. The active in the presence of 9% glucose (Rosi et al., 1994). 
ability of BGLs to hydrolyze cello-oligosaccharides This property of tolerance to externally added glucose 
other than cellobiose has not been reported except for is important with relevance to the use of enzyme as 
the C. wickerhamii enzyme (Freer, 1993), which hydro- cellulase supplement in cellulose hydrolysis. The ability 
lyzes cello-oligosaccharides and also ferments these to to withstand high glucose concentration should also 
ethanol. The kinetics of glucose inhibition of the purified prove useful in the enzymatic biosynthesis of cello- 
BGL was performed with pNPG as the substrate. Unlike oligosaccharide from glucose. 

Table 1 
Purification of BGL produced by pBG55:XLl-Blue 

Steps 

Cell free extract (sonicated) 
1% Streptomycin sulfate 
Ammonium sulfate (desalted) 
DEAE-Sepharose chromatography 
Sephacryl S-200 gel filtration 

(column effluent) 

Volume Total activity Total protein Specific activity” Purification Yield 
(ml) (mu) (mg) (mU/mg) fold b (%) 

200 4820 2104 2.3 I 100 
200 4476 1880 2.4 1.04 93 

50 3100 1040 2.98 1.29 69 
10.4 710 25 28.4 12.4 52 

5 100 1.15 86.9 37.8 2.07 

‘Expressed as umol pNPG hydrolyzed/min per mg protein. 
bPurification fold is defined as the ratio of the BGL-specific activity at that step to that in the cell free extract. 
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Fig. 2. DEAE-anion exchange chromatography of ammonium sulfate-precipitated and concentrated proteins from E. coli cell extract. E. coli 
XLl-Blue[pBG55] was grown at 37°C in LB supplemented with 50 ug Ap/ml. Cells were suspended in Na phosphate buffer, pH 7.0 and sonicated 
in Soniprep. Bacterial debris was removed by centrifugation at 12 000 x g for 30 min. One percent streptomycin sulfate was added to remove nucleic 
acids and to the clear supernatant obtained after centrifugation at 6000 x g for 15 min, ammonium sulfate cut-off of 30-90% was given. 
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Fig. 3. Migration of purified BGL in (A) native 12% PAGE; lane 1. 
protein size markers; lane 2, BGL. (B) 0.1% SDS-12% PAGE; lane 1, 
purified protein with a subunit molecular mass of 50 kDa; lane 2, 
molecular mass markers (Bangalore Genei, India). 

The temperature optimum of the purified enzyme was 
investigated in the range of 30-70°C with pNPG as the 
substrate (Fig. 5). It was found to be marginally shifted 
to 50°C in comparison to the temperature optimum of 
45°C displayed by the partially purified native yeast 
enzyme. At 55”C, rapid inactivation of the BGL 
occurred irrespective of whether it was from E. coZi or 
native yeast. While 25% of the enzyme activity was 
retained for the enzyme from E. coli at a higher temper- 
ature of 60°C the native yeast BGL was totally inacti- 
vated at this temperature. 

2.4. Substrate specljkity 

Enzymatic assays using natural substrates and sub- 
strates containing the nonphysiological chromogenic 
aglycon p-nitrophenol were performed to measure the 
specific activity of E. co/i-expressed BGL. The data in 
Table 2 indicate maximum activity on pNPG at 50°C 
amongst a number of aryl+glucosides investigated. 
Ten- and 20-fold lower activity was obtained on p- 
nitrophenyl$-D-xylopyranoside and p-nitrophenyl-B-D- 
galactopyranoside, respectively. At a lower temperature 
of 35°C some activity was still detected on these 
substrates. 

The synthetic substrate salicin was hydrolyzed as 
nearly efficiently as natural substrate cellobiose. The 
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Fig. 4. Double-reciprocal plot for Ki,olucose, determination with pNPG as the substrate. Initial velocities were measured at 50°C for 10 min in the 
presence of externally added glucose at concentrations of 25 mM (0), 100 mM (A) and 200 mM (0) at substrate concentrations of 0.6-3.0 mM. 
The control experiments performed with no glucose (*) are also shown for comparison. 

12Or 
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Fig. 5. Influence of temperature on purified BGL activity (s), and on the native P. efchellsii partially purified BGL (A). Enzyme activity was 
measured with 4 mM pNPG (in 0.05 M phosphate-citrate buffer, pH 6.5) as substrate at a temperature range of 30&7O”C. The reaction was stopped 
after 10 min with 1 M Na,C03. One unit of BGL was defined as the quantity that releases 1 pmole of pNP per ml in 1 min of reaction mixture 
under defined reaction conditions (Pandey and Mishra, 1995). 

hydrolytic activity was also observed on disaccharides 
with p( l-2), p( l-4), p( l-6) and p(2-1) linkages at 35”C, 
indicating a relatively broad substrate specificity. This 
property is also exhibited by the BGLs encoded by 
cloned genes from Clostridium thermocellum (Romaniec 
et al., 1993), Thermotoga maritima (Gabelsberger et al., 

1993), BGLl from the yeast SaccharomycopsisJibuligera 
(Machida et al., 1988) and C. pelliculosa (Kohchi et al., 
1985). The ability to hydrolyze sucrose is not widespread 
amongst yeast BGLs and the cloned enzyme from P. 
etchellsii exhibits this unusual hydrolysis. At a lower 
temperature of 3.5X, none of these activities were 
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Table 2 
Substrate specificity of purified BGL from the clone pBGSS/J-glu 

Substrate 

p-Nitrophenyl-S-o-galactoside 
p-Nitrophenyl-B-D-glucoside 
p-Nitrophenyl-B-D-xyloside 
Salicin [2-( hydroxymethyl) 

phenyl-S-o-glucoside] 

Enzyme activity” (mu/ml) 

35°C 50°C 

0.8 13.8 
151.6 215.6 

3.9 21.3 
143.5 _ 

Carboxymethyl cellulose 
Cellobiose (Glcpl-4Glc) 
Gentiobiose (Glcpl-6Glc) 
Lactose (GalBl4Glc) 
Sophorose (GlcBl-2Glc) 
Sucrose (Frub2- 1 Glc) 

_ _ 
171.3 _ 
115.7 _ 
143.5 _ 
157.4 _ 
148.1 _ 

“The protein concentration in the assay mixture was 6.0 mg/ml. 
-1 no detectable activity. 

detected. Thus, selection of reaction temperature can 
lead to preferential hydrolysis of aryl B-D-ghrcosides or 
other disaccharides as described earlier. The optimal pH 
for activity of the enzyme on p-nitrophenyl-(3-D-gluco- 
pyranoside as the substrate was pH 6.5 and on cellobiose 
as the substrate was 7.0. 

2.5. BGL-directed oligosaccharide biosynthesis 

The oligosaccharide biosynthesis was performed using 
20 mM cellobiose or 20 mM glucose as the substrate 
and a representative HPLC chart of the reaction mixture 
after incubation for 12 h is shown in Fig. 6A and B, 
respectively. The component in each peak was identified 
by comparison with the retention times of authentic 
standards. Fig. 6A shows glucose to be the major pro- 
duct (with RT of 8.9 min with minor shoulder at 9.1 
min) resulting from hydrolysis of cellobiose (RT of 7.09 
min). A third unidentified peak with a retention time of 
5.60 min appeared to be a mixture of G3, G4 and G_5 
(with individual retention times of 6.33, 6.00 and 5.76 
min, respectively) which could not be resolved under 
these separation conditions. A small amount of cellobi- 
ose was synthesized in the reaction mixture when glucose 
was used as the starting substrate (Fig. 6B). A third 
unidentified peak with RT of 5.60 min appeared in this 
reaction mixture also. In TLC analysis of the reaction 
mixtures containing either cellobiose or glucose as the 
starting substrate, spots were detected at the G3, G4, 
G5 positions in addition to cellobiose and glucose 
positions. Studies are underway to resolve the 5.60 min 
peak into individual component peaks and to character- 
ize the products by nuclear magnetic resonance study. 
Although almond BGL has been used to synthesize a 
number of glycoconjugates (Nilsson and Scigelova, 
1994), the reports on its use for oligosaccharide biosyn- 
thesis are fewer. Small amounts of laminaribiose, cellobi- 

Fig. 6. Biosynthesis of oligosaccharides using purified BGL produced 
in E. coli. Biosynthesis was performed at pH 6.0 and a reaction temper- 
ature of 35°C using (A) 20 mM cellobiose and (B) 20 mM glucose. 
HPLC profiles from HPX 87H (Bio-Rad Laboratories, Hercules, CA, 
USA) column (mobile phase 0.005 M H,S04, flow rate 0.6 ml/min 
at 60°C). 

ose, sophorose and some trisaccharide biosynthesis have 
been reported for almond BGL (Ajisaka et al., 1987). 
Cellotriose, cellotetraose and cellopentaose biosynthesis 
from cellobiose has also been reported using Bacillus 
polymyxa BGL (Painbeni et al., 1992) and sesame BGL 
(Kuriyama et al., 1995). 

3. Conclusions 

(1) 

(2) 

(3) 

The /?glu gene of P. etchellsii has been cloned and 
expressed in E. coli using a yeast-E. coli shuttle 
vector and a pUC vector. While the pUC vector 
was maintained at a higher copy number than 
YEpl3, the final levels of intracellular BGL activity 
were similar. 
The native glycosylated BGL (400 kDa; tetramer of 
approx. 100 kDa) was expressed as a 200-kDa (tet- 
ramer of approx. 50 kDa) protein in E. coli and it 
was purified to homogeneity using standard 
techniques. 
The enzyme had a pH optimum of 6.5 for pNPG 
and 7.0 for cellobiose and with the exception of the 
yeast Candida pelliculosa BGL, the pH optimum of 
which was 6.5 (Kohchi et al., 1985), the enzyme 
expressed in E, coli resembled Clostridium thermocel- 
Zum BGL (Romaniec et al., 1993). BGL displayed 
broad substrate specificity cleaving B( 2-l), B( l-2), 
B( l-6) linkages in addition to l3( l-4) linkages. The 
inhibition by glucose was noncompetitive with a 
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(4) 

computed Ki of 300 mM. These are two properties 
unique to the Pichiu enzyme. This property should 
prove valuable for use as cellulase supplementing 
enzyme. 
The enzyme displayed reverse hydrolytic activity 
and can be used for biosynthesis of oligosaccharides 
and other glyco-conjugates. 
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