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ABSTRACT 

The substrate specificity and mode of action of the four pure P-D-glucosidase 

enzymes (EC 3.2.1.21) from Sclerotium rolfiii were studied and their contribution 

to cellulolysis is discussed. The enzymes are specific for substrates having the p-D 

configuration. The specificity of the enzymes is not restricted to the p-~-(1-+4) lin- 

kage, as all four P-D-glucosidases hydrolyzed substrates having p-~-(1+6)-, 

(l-3) and -(l-+2) linkages. The enzymes require strictly a D-gluco configuration 

for activity. The /!?-D-glucosidases had no action on highly ordered cellulose, such 

as Avicel, but slowly hydrolyzed disordered cellulose (phosphoric acid-swollen Av- 

icel) and carboxymethylcellulose, and rapidly cellodextrins, removing D-ghCOSe 

residues from the nonreducing end. The pure enzymes behaved rather as exo-p-D- 

glucan glucohydrolase. The K,,, values of all four P-D-glucosidases decreased with 

increase in the chain length of cellodextrins. Cellopentaose was the preferred sub- 

strate for all four enzymes. The major route of D-ghCOSe formation from cellulose 

by hydrolysis with S. rolfsii /3-D-glucosidases proceeds through higher-molecular- 

weight cellodextrins. 

INTRODUrZTION 

In the preceding paper’, the purification, characterization, and study of some 

of the physicochemical properties of four /3-D-glucosidase (P-D-glucoside glucohy- 

drolase, EC 3.2.1.21; BG-I-IV) enzymes from Sderotrium rolfsii, a potential 

source of cellulase enzymes for saccharification of cellulosic materials*-“, have 

been described. The purified BG-III P-D-glucosidase hydrolyzes cellobiose at a 

rate faster than those of the P-D-glucosidase preparations reported from other 

sources7’8. Cellobiose inhibits the action of cellobiohydrolase and endo-D- 

glucanase . , 9-11 Thus cellobiase plays a central role in the metabolism of cellulose. 

The present paper presents data on substrate specificity and mode of action of the 

P-D-glucosidases of S. rolfsii, components of cellulase complex, and their contribu- 
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tion to cellulolysis. The data obtained suggest that higher-molecular-~vei~ht cel- 

lodextrins. and probably insoluble shorter oligosaccharide\ (produced by the ac- 

tion of endo-D-glucanases on cellulose), and not cellohinse (produced by ccl- 

lohiohydrolase and endo-D-glucanases) as is generally believed. art the majot 

route of formation of r>-Elucoce from cellulose by S. ro(l:ui. 

EXPERIMENTAI 

Materials and methocfs. -~ Cellotetraitol and p-nitrophenyl P-r>-cellobiosidr 

were kindly supplied by Dr. K. Wakabayashi. Shinshu Unikersrty. Japan. Cttl- 

lodextrins (Gtc,__,), cetlobiitol. cellopentaitol. laminarahiose. xophorose. and pus- 

tulan were kindly supplied by Dr. E. ‘I‘. Reese (U.S. Army Labordtorirs. U.S A.), 

cellodextrins (Glcj___i) also by Prof, D. A. I. Goring (Pulp and Paper Institute, 
Canada). The following materials were purchased from the suppliers Indicated: 

“Glox” ~-glucose reagent from AR, Kabl Diagnostica. Stockholm; melibiose. (Y.CY- 

trehalose dihydrate. saticin. esculin hydrate, arbutin. phtorldzin, methyl (Y- and ,Q- 

D-glucopyranoside, phenyl cy- and p-D-glucopyranoside. p-mtrophen! I O- and ,B-n- 

glucopyranosidc, o-nitrophenc I ~-l>-glucopyranosi~lc. /I-nitrophen\! ,!&I)-galac- 

topyranoside. carboxymethylcetlul~~se d.s. 0.7. lichrnan and I)-s) tan f larchu-ood) 

from Sigma Chemical Co. (U.S.A.); laminaran and I>-nitrophenyl /3-n- 

xylopyranoside from Koch-Light (U.K.). Collodion bags ncre purchased from 

Sartorius Membran Filter GmbH (Gcittingrn. West Germany). All other chemicals 

used were from commercial sources7,5. 

Analyticul methods. - Reducing sugars, expressed as U-glucose: equivalents. 

were determined by the dinitrosalicylic acid method” or the method of Somogyi” 

and Nelson”. ~-Glucose was determined by the D-glucose oxid;lsc-perc-rxidase 

methodI using *‘Glox” reagent. as described previously’. Filter-papthr- chromatog- 

raphy (Whatman tilter paper No. 1 ) was used for qualitative t’xamlnatlon ot the 

wgar composition of the products of hydroli\ic’ 

E/z~yrne a.s.sa~s. -- Carboxymethylcrilulase (saccharifying and liquifying ac- 

tivities) was determined as described previously’.‘.“. P-I>-Glucosidase activity was 

measured as the amount of ~-glucose released from cellob~nse. or ~+nitrophenol 

from [I-nitrophenyl P-u-glucopyranosid~. For ccllobiase-activity determination, 

the suitably diluted enzyme (0.1 mL) was added to %)mM citrate buffer. pH 4.5 (0.9 

mL) containing th mg cd’ cetlohioseiml. (which is the saturating concentration for- 

the enzyme at 65”). and the mixture incubated for 30 min ai 65“ or at the indicated 

temperature. The reaction was stopped by heating In a boiling-water bath tar 5 

min. With I)-nitrophenyl ,B-&glucopyranoside as substrate, the dssa\ mixture con- 

tained the glycoside (0.9 mL. 3 mg!mL) in 5Ornbt citrate buffer. piI 4.2, and the 

suitably diluted enzyme (0.1 ml ). After incubation for 30 min at OS” (or at indi- 

cated temperature) 2% sodium carbonate ( I ml.) uas added. and the ;tmount ofp- 

nitrophenol released was calculated from the absorbancy index”’ of 18.5 cm’I’~mmol 



Substrate Cotnponentsb 

Cellobiose 

Gentiobiose 
Laminarabiose 

Sophorose 
Sucrose 

Lactose 
Maltose 
Melibiose 
Trehalose 
Arbutin 
Salicin 
Phloridzin 

Esculin hydrate 

Glc-+Glc 

Glc-+Glc 
Glc-+Glc 

Glc+Glc 
Glc+Fru 
Gal+Glc 
Glc+Glc 

GalkGlc 
Glc+Glc 

HydroquinoneAGlc 
Salicyl+Glc 

Phloretin+Glc 
6.7-Dihydroxy 

coumarin-6-yl+Glc 
Methyl 
cu-D-glucopyranoside 
Phenyl 

cr-D-glucopyranoside 
p-Nitrophenyl 

cr-D-glucopyranosideb 
Methyl 

P-D-glucopyranoside 
Phenyl 

P-D-ghtcopyranoside 
o-Nitrophenyl 

/3-D-glucopyranosideb 
p-Nitrophenyl 

P-D-glucopyranosideb 
p-Nitrophenyl 

P-D-cellobioside 
p-Nitrophenyl 

/3-D-galactopyranoside’ 
p-Nitrophenyl 

P-D-xylopyranosideb 
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for nitrophenol at 410 nm. D-Glucose was estimated by the D-glucose oxidase- 

peroxidase method” to assay P-D-glucosidase activity towards cellodextrins and 

other substrates. 

TABLE I 

HYDROLYSIS OF GLUCOSIDES BY P-D-GLUCOSIDASES (I-IV) OF s. roljsii” 

Linkage of D-Glucose (pg) liberated by 
D-glycosyl -~ 

group BG-I BG-II BG-III BG-IV 

P-(1+4) 
P-(1+6) 
P-(1+3) 
P-(142) 
cP( l-*2) 

P-(1+4) 
a-(1--*4) 
cr-( l+6) 
a-(1--+1) 

; 
s 

4 

a 

a 

55 
51 
65 

43 
7 

0 
0 
0 
O 

10 
15 

1 

3 

0 

0 

0 

3 

38 

52 

65 

98 105 52 
96 70 48 

140 140 60 
80 110 53 
12 17 8 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

17 14 7 
26 26 14 

1 2 1 

4 

0 

0 

0 

6 

65 

70 

62 

c 

0 

0 

3 

0 

0 

0 

4 

55 

70 

70 

110 

0 

0 

2 

0 

0 

0 

2 

34 

42 

55 

c 

O 

0 

“The reaction mixture contained 20mM substrate (0.5 mL), 5OmM citrate buffer, pH 4.5, (0.4 mL) and 
enzyme (0.1 mL, 0.3 pg). The amount of D-glucose liberated wrthin 30 min at 65” was determined by 
the D-ghCOSC oxidase-peroxidase procedure”. b o- or p-Nitrophenol liberated was measured. ‘Not de- 
termined. 



The purified P-D-glucosidases from S. rolfsiz used in the present experiments 

were pure by the various criteria tested’ and were free of endo-D-gluc‘mase activity 

as determined viscosimetrically’7. The optimum pH for activit) for the four en- 

zyme\ was 3.2 with p-nitrophenyl /?-D-glucopyranoside and -I..’ with cellobiosc as 

substrate. The optimum temperature of the four enzvmes was hX” with p-nit- 

rophenyl B-D-glucopyranokide and 65” with cellodextrins (Glc? .). 

Action of P-I>-~lucr)sidu.rrs on varrozrs D-,!$k’oslrles. ---- Table I summarizes 

the results obtained when various n-glucosides were subjected to enlkmic hydro- 

Icsis. The enzymes can tolerate a wide variety of aglycons, provided the I>-glucosyl 

residue of the substrate has the p configuratirm. Ho&ever. the rate of hydrolysis 

depended on the nature of the aglycon moiety. Replacement ctf ;t rneth>l 1~ a 

phenyl or a nitrophenyl group increased 10 to 31 times the rate of hydrolvsis. ‘The 

B-D-glucosidases hydrolyzed calicin at -l/3- Ii3 the rate of cellobiose. :\rbutin was 

cleaved at d slightly lower rate than salicin. Rarely any activity am detected hlth 

phlorid7in and esculin hydrate. Garlhaldi and C;ibhins’x reported that phloridzin is 

the preferred substrate for a partially purified p-D-glucosidaac from Er~‘hicrr hr- 

tG~~du Y 46. The S. roljsii enzymes possecsed strict specificlty for the D-giwwo con-, 

figuration at C-4 ax both [T-nitrophenyl /3-u-gaIactopyranoside and lactose were not 

hydrolyzed. whereas the purified P-D-glucosidase from Chstricilum thvrmocdl~rm 

hydrolyzed these two P-u-galactosides”‘. All disaccharides containing a /?-D-gluco- 

py~ranosyl group were good substrates for the S. rolfGi enzymes. The specificity of 

III II’ 
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the enzymes was not restricted to the p-D-(1-+4) linkage, as all the four enzymes 

hydrolyzed positional isomers of cellobiose, viz., sophorose [p-D-( l&2)], 

laminarabiose [p-D-( l-+3)], and gentiobiose [p-~-(1+6) linkage]. None of the 

compounds having an a-D-ghtcopyranosy1 group was hydrolyzed. The enzymes 

also did not hydrolyze D-xylosides. Wolter et al. 2o isolated, from Poria placenta, an 

enzyme that acts on (Y- and j3-D-glucopyranosides, (Y- and /3-D-galactopyranosides, 

fi-D-xylopyranosides, carboxymethylcellulose, D-gluco-D-mannan, and D-xylan as 

substrates. The /3-D-glucosidases from Lenzites trahea” and Stachybotrys atra2’ hy- 

drolyzed both D-glucosides and D-xylosides. 

Action of /3-D-gfucosidases on various P-D-gfucans. -- None of the four P-D- 

glucosidase enzymes acted on highly ordered substrates, such as Avicel, but the en- 

zymes slowly hydrolyzed partially disordered substrate such as phosphoric acid- 

swollen cellulose and carboxymethylcellulose (Table II). However, no measurable 

decrease in viscosity of a carboxymethylcellulose solution was observed in the pre- 

sence of the enzymes up to 12 h. Laminaran [p-D-(1+3) linkage] was hydrolyzed 

at a faster rate than pustulan p-~-(1-+6) linkage] by all the four enzymes. Liche- 

nan [p-D-(1-+3) (30%) and p-D-(1+4) (70%) linkages] was hydrolyzed at a rate 

lower than that of pustulan, except by BG-IV which hydrolyzed pustulan and liche- 

nan at about the same rate. Analysis of the reaction products by paper chromatog- 

raphy showed that D-ghCOSe was the only product in each case, and this was con- 

firmed by quantitative analysis by the D-glucose oxidase-peroxidase procedure15; 

no cellobiose was detected. The values of D-ghrcose determined in the P-D-gh_tCan 

hydrolyzates by the D-g1uCOSe oxidase-peroxidase or the Somogyi-Nelson’3,‘4 

method (which gives reducing sugar values) were the same, indicating that D-gluco- 

se was the only product formed. This result suggests a successive cleavage of D- 

glucosyl groups from the nonreducing ends of the P-D-ghicans. 

Hydrolysis of cellodextrins. - The concerted action of exo- and endo-D- 

glucanases on cellulose produces cellooligosaccharides. cellodextrins, and cel- 

lobiose. Some of the P-D-glucosidases described earlier hydrolyze cellobiose as 

well as higher oligomers, but vary considerably in their kinetic behavior. The pure 

fl-D-glucosidase enzymes from S. rolfsii hydrolyzed cellodextrins, and p-nit- 

rophenyl P-D-glucopyranoside and /3-D-cellobioside. The initial rates of hydrolysis 

of cellodextrins up to cellohexaose with time indicated cellopentaose as the prefer- 

red substrate for all the four P-D-glucosidase enzymes from S. rolfsii (Fig. 1). The 

initial rate of hydrolysis of p-nitrophenyl P-D-cellobioside was greater than that of 

p-nitrophenyl P-D-glucopyranoside (Table I). 

Kinetics. - The four enzymes have different K,,, values for p-nitrophenyl p- 

D-glucopyranoside and for cellodextrins (Table III). This and the different rates of 

hydrolysis of cellodextrins with the four enzymes suggest that the four p-D-gluco- 

sidase enzymes from S. rolfsii are isoenzymes and not the results of purification. 

The K,,, values of the four /3-D-glucosidases decreased with increase in the 

chain length of the cellodextrins. The lower K, values for higher-molecular-weight 
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15 30 45 60 15 30 45 60 

MINUTES 

Ftg 1 Hydrolysis ot cellodextrins (cellohe~aosc~ellob~ose. Glc,,-Glc,) by 5 r&n U-tr-alucosrdascs. 

EG- IL7 

(BGI-IV) The standard assay was used: Enzyme BGI (1) 6 ,~g). BGII (il.3 /I&: BG-l\-(l) 3 @a). or 

BG-III (0 1 kg). O.SmM cellodcxtrm. pH -1.5,50”. BSA (0.5 mp/mL). and final volume (I ml.). I)-Gluco- 
SC was estimated by the D-glucow l)uid;lsc-pero~lds~c proccdurc” t(P) Glc-. ( !,) Glc,. I ,I (3Q. (0) 
Glc<. and (A ) Glc,, 

TABLE III 

“Kinetic studies were done with the standard assay systems. at 65” and pH 4.5. and varying the substrate 
concentration K,, values were calculated from Lineweaver-Burk plots, which were hnear in all czxs 

‘Assay carned out at 65” and pH 4.3, in the presence of BSA (0.5 mg;ml.l ‘Not determtncd. 
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cellodextrins support the preferred order of attack, except for cellohexaose. When 

the rates of hydrolysis of reduced cellodextrins by BG-III enzyme were compared 

with those of the corresponding unreduced cellodextrins, it was observed that cel- 

lobiitol was almost completely resistant to enzymic hydrolysis. In contrast, cello- 

tetraitol and -pentaitol were hydrolyzed to almost the same extents as those for the 

corresponding unreduced cellodextrins, i.e., as the hydrolysis of the reduced 

oligomer proceeded and reached the cellobiitol stage, the influence of the reduced 

group of the D-glucitol residue became pronounced. Cello-triitol and -hexaitol 

could not be tested as these were not available. Of the reduced cehodextrins, cel- 

lopentaitol was the most favored substrate. The mode of hydrolysis of unreduced 

and reduced cellodextrins revealed that the linkage split was, in each case, that of 

the nonreducing group. 

Effect of temperature on K, and Ki. - It was reported earlier’ that D-ghtCOSe 

causes a competitive inhibition of cellobiose hydrolysis by BG-III enzyme with a K, 

value of 0.55mM. The experiment was conducted for 30 min at 65” in the absence 

of bovine serum albumin (BSA). It has now been observed that when inhibition of 

cellobiase by D-glucose is carried out at 65”, but in the presence of BSA (0.5 mg/ 

mL), the inhibition is noncompetitive and the Ki value, calculated from 

Lineweaver-Burk and Dixon plots, is 0.75mM. When the BG-III P-D-glucosidase 

was heated for 30 min at 65” in the absence of BSA, it lost 60-65” of its activity, but 

only lO-12% in the presence of BSA. It was also observed that the K,,, value for 

cellobiose, when determined at 65” in the presence of BSA, decreased from 5.84 to 

3.65mM when determined in the absence of BSA (Table III). It is probable that de- 

naturation of the enzyme in the absence of BSA caused abberations in the earlier 

kinetic studies. 

For all four enzymes, the inhibition by D-glucose was more marked with cel- 

lobiose (5&670/ ) o as substrate and decreased with the chain length of cellodextrins 

(2940%). Thus, D-glucose accumulation during cellulolysis would suppress more 

the hydrolysis of cellobiose than that of other cellodextrins. 

Products of hydrolysis. - The time course of the formation of hydrolysis 

products from cellodextrins, phosphoric acid-treated Avicel, and laminaran was 

followed by analyzing the digest by paper chromatography at 2, 10, 60, and 480 

min, and 24 h. The first identifiable product of hydrolysis from all these substrates 

was D-glucose. Enzymic removal of D-glucose residues from cellodextrins exclu- 

sively from the ends of the chain would produce no other products as observed for 

the hydrolysis of cello-pentaose (Fig. 2) and -hexaose (not shown) at various incu- 

bation times. From cellopentaose, cellotetraose and D-glucose were detected at 2 

min; cello-tetraose, -triose, and D-glucose at 10 min; and cello-tetraose, -triose, - 

biose and D-ghrCOSe at 60 min. There was a progressive increase in the proportion 

of D-glucose with time. The enzyme ultimately hydrolyzed all the cellodextrins, 

cello-biose to -hexaose, completely to D-glucose. D-Glucose was also the only prod- 

uct detected by paper chromatography of hydrolyzates, by BG-III, of phosphoric 

acid-treated Avicel and laminaran. Thus, the enzymes may be characterized as 
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exo-glucosidases acting by cleavage of D-giucosyi groups from the nonreducing 

ends of the chain of the substrates. 

Our understanding of the role played by ,!3-D-giucosidase in the overall 

metabolism of cellulose is still limited. The reason for this is that few sufficiently 

pure ,!!I-D-giucosidases, fret from contaminating components of the ceiiulase sys- 

tem, have been obtained from active ceiiuiolytic microorganisms. An euo-D- 

giucanase purified from Trichndermu viride culture filtrate was actke as a nit- 

rophenyl P-D-glucosldase. which showed considerable hydrolysis of car- 

boxymethylceliulose also? Wood and McCrae” have purified a nitrophenyi P-D- 

giucosidase, from T. \‘lritle, that contained up to 7% of the culture filtrate’s car- 

t~oxymethyiceilulase. The ix~iatian and purification of four pure i;l-r)-giucosidase 

enzymes from S. rolfsii’ , free from other celiuiolytic ccmponents, has made possi- 

ble a study of their contribution in the overall process of celiuiolysis hy .I. rolfsil. 

The P-I>-glucosidasrs of S. ro@ii have some Ceatures in common with the 

corresponding purified enzymes from other sources7.2J. The enzymes of S. rolfGi, 

Pyricufariu oryxe”. and Aspergillus aculeatu.?’ hydrolyze carhoxymethyiceliuiose 

and phosphoric acid-swollen cellulose slowly. However. the pure P-D-giucosidase 

of Clcxtridium thrrmoceilum does not hydrolyze carboxymethy1ce11ulose”‘. Like 

the K,,, values of the P-D-giucosidase enzymes of S. rolfsii, that of the K,, oi’ the 
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Trichoderma koningii cellobiase is lower, and the reaction velocity of the enzyme 
is higher for the larger-molecular-weight cellodextrins (up to cellopentaose) than 
that for the dimer’. However, the reaction velocity of the /3-D-glucosidase of 
Trichoderma reesei, characterized by Berghem and Pettersson2’, was lower with 
oligomers, such as tetraose (the only one reported), than with cellobiose. 

The pure P-D-glucosidase enzymes of S. rolfsii hydrolyzed cellodextrins 
rapidly and phosphoric acid-swollen cellulose slowly, removing D-glUCOSf2 units suc- 
cessively from the nonreducing end of the substrates. The P-D-glucosidases of S. 
roffsii are, thus, exe+-D-glucan glucohydrolases. An enzyme having the capacity 
to attack long-chain polymers, such as phosphoric acid-treated cellulose, cellodex- 
trins, and carboxymethylcellulose may be classified, according to the definition of 
Resse et a1.28, as an exoglucanase. The /3-D-glucosidases of T. koningii7, P. 
ory.zae25, and Aspergillus nige?9 have been classified as exo-( 1+4)-P-D-ghrcan 
glucohydrolases, and an exo-D-ghtcanase, isolated from Sporotrichum pulverulen- 
turn, had mixed endo-D-glucanase-D-glucosidase activity3a. 

The affinity for the substrates may be a key to the efficacy of the p-D-ghrco- 
sidase. The higher reaction velocities of the four S. rolfsii P-D-glucosidase enzymes 
with higher-molecular-weight cellodextrins as compared to cellobiose, the decrease 
in their K,,, values, and the decrease in their inhibitory effect of D-ghrcose on the 
rate of hydrolysis with the increase in the chain length of cellodextrins indicate that 
higher-molecular-weight cellodextrins, and not cellobiose., are the major route of 
D-glucose formation from cellulose. 

S. rolfsii excretes large amounts of P-D-glucosidase activity in the culture 
broth2. Though the culture broth has also been found to contain cellobiose dehyd- 
rogenase, the activity excreted is quite low 31 Furthermore, the optimum pH is 6.5, . 

whereas that for saccharification and cellobiase activity is 4.5. Cellobiose phos- 
phorylase was not detected in the culture broth. Therefore, the major route of cel- 
lobiose metabolism during saccharification seems to be through the P-D-gtuco- 
sidase degradation and not through oxidation32 or cellodextrins phosphorylase-de- 
gradation33-35. 
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