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ABSTRACT 

An enzyme active against 0-(carboxymethyl)cellulose (CMC) was purified 
from a synthetic medium containing ball-milled cellulose wherein Ruminococcus 
albus had been cultivated for 70 h. After 570-fold purification, a homogeneous 
enzyme was obtained in a yield of 3%. The enzyme degraded CMC (molecular 
weight, 180,000; degree of substitution, 0.6) to a smaller polymer having a 
molecular weight of -20,000, and generated a small proportion of glucose, but 
negligible proportions of such cello-saccharides as cellobiose, celiotriose, cello- 
tetraose, or cellopentaose. The fact that the enzyme could produce water-in~luble 
fragments was discovered by dissolving substrate and products in Cadoxen solution. 
No water-soluble cello-oligomers were detected by thin-layer chromatography after 
degradation of water-insoluble cellulose by the purified enzyme. Therefore, the 
enzyme was classified as an endo-( I-+4)-/3-D-giucanase, 

INTRODUCTION 

Ruminococcu.s albus is found to be a potent anaerobic bacterium as it can 
rapidly solubilize ball-milled cellulose @MC, 80 giL) and convert the hydrolyzate 
within three days into ethanol, acetic acid, cell mass, and such proteins as extra- 
cellular cellulases during batch ~ltivation1~2, in~~t~g that the org~m has an 
effective enzyme system for rapid utilization of cellulose. This led to our interest in 
purifying and characterizing the enzymes involved in soiubilization of cellulosic 
materials during cultivation of R. albus. The preparation of a large volume of 
cellulase-containing culture broth by use of a jar-fermentor2y3 provided a ready 
source for studies on the putative enzymes. In a previous report”, we described the 
purification and characterization of an extracellular cellobiosidase from the culture- 
supernatant liquor of R. albus, and of a fl-D-glucosidaseS from the precipitated 
fraction containing the cell mass and cellulose. Wood and coworker& had 
characterized a crude (~rb~methyl)~lluiase from R. albus SY3 after partial 
pu~cation6. However, details about degradation of cellulose by the highly purified 
enzyme have not yet been publ~hed, 
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We now present a method of obtaining a highly purified enzyme having high 
activity against (carboxymethyl)cellulose (CMC) from a culture-supernatant liquor 
of R. a2bus F-40, together with a description of the properties of the enzyme 
(CMCase). Depolymerization of CMC and pure water-insoluble cellulose (KC 
flock) by the purified cellulase was examined by measuring changes in viscosity. 

EXPERIMENTAL 

Materials and methods. - Pure cellulose (3% suspension of KC flock W-300, 
from Sanyo Kokusaku Pulp Co.) was used, after ball-milling for 3 days, as the main 
source of carbon in the medium. This cellulose suspension was denoted as ball- 
milled cellulose (BMC). An O-(carboxymethyl)cellulose (CMC) having a degree 
of substitution (d.s.) of 0.6 and a molecular weight of 180,000 (CMC-I) was the 
main substrate for CMCase. Other samples, namely, CMC-II (d.s. 0.95, mol. wt. 
180,000), CMC-III (d.s. 1.40, mol. wt. 180.000). and CMC-IV (d.s. 0.75. mol. wt. 
30,000) were also used. All CMC. samples were generously provided by Daiichi 
Kogyo Seiyaku Co. 

All other reagents were commercial products of the highest quality available. 
Bacterial strain and conditions of growrh. - Ruminococcw ulhus F-40, 

isolated from bovine rumen (kindly supplied by Tohoku University), was cultivated 
in a BMC (2.5%)-containing synthetic medium at pH 6.5 and 37” for a chosen 
period. Details of the medium composition and conditions of anaerobic cultivation 
have been described’. 

Analysis. - Cellulose determination in cultwe broth. - The method of 
Minato et aLH was applied for the determination of cellulose in the culture broth. 
Cellulose was freed of bacterial cells by washing the culture mixture (-2 g) with 
0.1% Tween 80 solution (10 mL), and centrifuging at 145g. Precipitated cellulose 
was washed four times for complete separation. The cell-free cellulose (BMC) was 
quantified by means of the anthrone-sulfuric acid reagent after hydrolysis with 60% 
sulfuric acid. Cell dry weights were calculated from the nitrogen content, measured 
with Ncssler reagent after decomposition of the cells in a Kjeldahl flask with’ 98% 
sulfuric acid. 

Enzyme assay. - (Carboxymethyl)cellulase (CMCase) activity was 
determined by viscosity changes of CMC-containing reaction mixtures at 37”. 
monitored for 5 min by using a cone-plate type of viscometer (Tokyo Keiki Co.). 
The reaction mixture contained CMC solution (1%) in 50mM potassium phosphate 
buffer (5 mL), pH 6.8, with enzyme solution (1 mL). One unit (U) of enzymic 
activity was defined as the amount of enzyme catalyzing a fluidity increase of CMC 
solution, in one min. of one centipoise-’ (cP--I). as defined by the following 
equation. 

Fluidity = __-.$-_.-_- 
vlscoslty (CP) 



ENDO-~~~4)-~D-~LUCANASE 147 

To evaluate enzyme activity against pure water-insoluble cellulose (KC 
flock), the same viscometric method was employed after a special soiubilization of 
the cellulose by a solvent. KC flock (10%) suspended in 5mM potassium phosphate 
buffer (2.8 mL), pH 6.8, was mixed with enzyme solution (0.2 mL), and incubated 
at 37” for a given time, after which it was boiled for 5 min to inactivate the enzyme. 
After centrifugation for 15 min at -2O,OOOg, the amount of soluble reducing sugar 
(liberated from the cellulose) in the supematant liquor was determined. The 
sedimented cellulose was carefully dried by evaporation, and then dissolved com- 
pletely at -5” in Cadoxen solution (the supematant liquor from 5% of cadmium 
oxide dissolved in 30% aqueous ethylene~~ine solution). The viscosity of this 
mixture was determined by use of a cone-plate viscometer at 37”. 

Protein concentrations were determined either by the absorbance at 280 nm, 
or by the Lowry methodi as modified by Ross and Shatzir . 

Enzyme purification. - The supematant Liquor from the culture broth was 
dialyzed, with a cellophane membrane, against 1,000 vol. of 1Om~ Tris .HCl buffer, 
pH 7.2, containing 1Om~ 2-mercaptoethanol. The dialyzate was loaded onto a 
column (1.5 X 55 cm) of DEAE-Sephadex A-25 (Pharmacia) equilibrated with the 
same buffer. Linear-gradient elution was conducted with 1 L of the buffer 
containing KC1 (0 to 1 .OM; lo-mL fractions), Fractions having h&h activity against 
CMC were pooled, and concentrated by ul~afiltration using a Diaflo membrane 
(Ami~n YM 2) under nitrogen gas. The concentrated fraction with activity was 
passed through a column (2.5 x 100 cm) of Sephacryl S-200 (Pharmacia) with 0.5~ 
KC1 in the phosphate buffer (O.OSM, pH 6.8). Chromatography on a column (1 x 
70 cm} of DEAE-Bio-Gel A (Bio-Rad) was used as the next step. Elution was 
carried out by linear increase in KC1 (0 to 1.0~) in the phosphate buffer. Isoelectric 
focusing with a column (1.6 x 50 cm) was employed as the final procedure by using 
Pharmalyte (Pharmacia) covering the pH range of 2.5-5.0 in a sucrose gradient 
with constant voltage (1450 V) for 72 h at 4”. Sucrose and Pharmaiyte in the purified 
active fractions were replaced with 0.5M KCI in the phosphate buffer by gel 
filtration through a column (1.7 x 60 cm) of Bio-Gel P-100 (Bio-Rad). When 
necessary, uitra~tration was carried out in order to desaft and concentrate the 
enzyme at appropriate steps. 

Po~y~cry~am~egel electrop~~res~ (PAGE). - Analytical disc-ge1 electro- 
phoresis was performed by the method of Davisr2, and gradient slab-gel electro- 
phoresis by the method of Anderson et al. I3 at 4”. Protein was stained by dipping 
the gel in a solution of Coomassie Brilliant Blue (R-250) for 30 min. To detect 
enzyme activity the gel was sliced into 30 pieces, each 3.0 mm in length, at 4”, 
immediately after electrophoresis. Protein was extracted from each piece by im- 
mersing the sliced gel in phosphate buffer (0.4 mL) overnight, after which the en- 
zymic activity was determined. 

~~te~in~~n of mole~~ar weight. - The molecular wei@ of the enzyme 
was estimated by a gradient PAGE method and by gel filtration through a column 
(1.7 x 60 cm) of Bio-Gel P-100 equilibrated with 2OmM phosphate buffer, pH 6.8, 
containing 0.5~ KCI and 1Om~ 2-mercaptoethanol. 
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Fig. 1. Time courses of bacterial cell-growth: cell dry weight (O), remaining amount of BMC (W). and 
CMCase activities in the supernatant liquor (0). in the precipitate (0). and in the whole culture-broth 
(A). when R. albus was cultivated in :i BMC-containing synthetic medium. 

Molecular weights of CMC hydrolyzates were estimated by high-performance 
liquid chromatography (h.p.l.c., Hitachi Co.) with use of a refractive-index 
detector (Japan Analytical Industry Co.) through a gel-permeation column (Delco 
W-550, Hitachi Co.; 0.5 x 350 mm; flow rate, 0.7 mUmin), eluted with 0.2~ KCI. 

Determination of thermal stability, arid optimtd pH NFI~ mcrcaptoethrrnoi wn- 

centrution. - The surface-response method described by Mullen and EnnisI was 
employed for determination of the thermal stability, and optimal pH and 3- 
mercaptoethanol concentration for the purified enzyme. with CMC-1 as the sub- 
strate. Enzymic reactions were carried out for 5 min under chosen conditions in the 
following ranges: PH. 5.6-7.9; temperature, 31.0-54.4”; and 2-mercaptoethanol. 
2.5-46.5rnM. 

RESULTS 

Formation of CM&se during cultivation of R. albus. - The time courses for 
growth (increase in dry-cell weight), remaining amount of BMC. and CMCase 
activities (in the supernatant liquor, in the precipitated fraction. and in the whole 
culture-broth) were determined during cultivation of K. a/bus on BMC (see Fig. I ). 

Almost all of the BMC was solubilized within 70 h. although bacterial cells in- 
creased to a maximum at -30 h and then began to decrease gradually to -85% of 
the maximum amount of cells after 70 h of cultivation. CMC-hydrolyzing activity 
from the precipitated fraction, containing cells and residual cellulose. increased in 
parallel with the increase in cell mass; the activity was the highest at -30 h. During 
this period, the activity in the supernatant liquor was almost negligible. after which 
it increased gradually. At -70 h. the activity in the supernatant liquor was higher 
than that in the precipitate. The activity in whole culture-broth was very close to 
the sum of activities in the supernatant liquor and in the precipitate. These data 

suggest that more than half of the CMCase could be released into the culturc-super- 

natant liquor after cultivation beyond 70 h, although the activity from the 

precipitate decreased slightly. On the basis of these results. the CMCasc-containing 
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TABLE I 

SUMMARY OF PURIFICATION OF CMCasc FROM R. albus 

Purification 
step 

Total Total 
volume activity 

ImL) W) 

Total 
protein 
(4 

Speci& 
activity 
f ulmg) 

Recovery Purification 
of activity (fold) 
(%) 

Crude extract 3040 345 6030 0.057 100 1.1 
Dialyzate 3740 337 5450 0.062 97 1.1 

DEAE-Sephadex A-25 204 85.5 357 0.240 25 4.1 
Sephacryl S-200 65 42.4 37.4 1.08 12 18.6 
DEAE-Bio-Gel A 35 24.2 2.5 9.68 7 170 
Isoelectric focusing 1.7 10.6 0.32 33.1 3 572 

supernatant from the culture broth of R. albus was harvested after 70 h and used 
as the starting material for purification of the enzyme. 

Purification of CM&e. - Chromatography of a CMCase-containing super- 
natant liquor, prepared by centrifugation and dialysis, on a column of DEAE- 
Sephadex A-25 provided one peak activity against CMC, eluted at a KC1 concen- 
tration of 0.18~. The fractions having higher activities were passed through a 
Sephacryl S-200 column as the second step. A single small peak having activity was 
eluted with 0.5~ KC1 in the phosphate buffer in front of the largest (protein) peak 
eluted. Thereafter, the eluate was loaded onto a DEAE Bio-Gel A column. 
Enzyme activity was detected in fractions eluted at 0.35~ KCl; this led to a dramatic 
increase in specific activity. Isoelectric focusing of fractions having enzyme activity 
revealed a sharply symmetrical protein peak coinciding with enzyme activity at a p1 
of 4.3. This protein was homogeneous, as determined by polyacrylamide-disc gel 
electrophoresis in the presence and absence of SDS, with enzyme activity corre- 
sponding to the protein band. This four-step purification procedure yielded a 570- 
fold enrichment of the enzyme (see Table I) in a yield of -0.32 mg. All subsequent 
studies were carried out with this purified enzyme. 

Some properties of the purified enzyme 
(i) Molecular weight. A molecular weight of 50,000 was estimated by gradient 

slab-PAGE with a similar value obtained by gel filtration through Bio-Gel P-100. 
This value is similar to those for CMCases from C. thermocellum15 and Cel- 
Zuiomonasfimi*6 but is larger than that (mol. wt. 30,000) of partially purified CM- 
Case from R. albus YS3 (ref. 17). 

(ii) Optimal conditions. Maximum enzymic activity was obtained at pH 6.7 in 
the presence of 23.6mM 2-mercaptoethanol, according to surface-response meas- 
urements. 

(iii) Thermal stability. Enzyme incubated at pH 6.8 for 10 min lost almost no 
activity at temperatures below 50”; the activity decreased greatly at temperatures 
higher than 50”. At 70”, negligible activity was seen. When enzyme activity was 
determined at various temperatures by the surface response method already men- 
tioned, the use of a 5 min incubation period led to a value of 44” for “optimal 
temperature”. 
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(iv) Effects of chemical reagents on the activity. Each reagent (lm~) was 
added just before reaction for 5 min at 37” was initiated by the enzyme. Cu?-. 
Zn’+, FeZ+, and Hg” depressed the activity remarkably. Such reducing reagents as 
2-mercaptoethanol, 1.4-dithiothreitoll glutathione. and cysteine . HCI led to slight 
enzyme activation at a concentration of lmbt. Sulfhydryl-reacting reagents @- 
chloromercuribenzoate. N-ethylmaleimide, and iodoacetamide) inhibited the 
activity extensively. This susceptibility to inactivation indicated that the CMCase 
may be a thiol enzyme. Similar effects of these reagents on activity were seen also 
in the cellobiosidase’r and P-glucosidase of R. albrrs”. suggesting that both endo- 
and exo-type cellulases described herein may have some properties in common. 

(v) K, values oj’ CMCase. K, values of the enzyme against CMCs of the 
same molecular weight (180.000), but with d.s. values of 0.60, 0.95. and 1.40. were 
determined to be 0.72. 0.07, and 0.04%, respectively, as determined by 
Lineweaver-Burk plots, showing a marked decrease with increases in d.s. values of 
carboxymethyl groups on cellulose, even though the molecular weights of the 

CMCs were similar. 
Degradation of CA4C by the enzyme. - CMC-degrading activity of the 

purified enzyme was determined by viscometric and dinitrosalicylic acid (DNS) 
methods’“. The reciprocal values of the viscosity of the reaction mixture (the 
enzyme and CMC-I) increased linearly during the initial 30 min of reaction (data 
not shown). Reducing terminals, generated by enzymic cleavage of p-( I-4)-gluco- 
side linkages, were measured by the DNS method (data not shown). The increase 
in reducing terminals was very small, although the numbers rose linearly with in- 
creases in reaction time. Such small values made very difficult the evaluation of 
CMCase activity during purification. Therefore, the fluidity determination method 
was employed. 

CMCs used as substrates had degrees of substitution of 0.60, 0.9.5, and 1.40. 

with molecular weights of -1X0,000. The extents of change of fluidity of reaction 
mixtures were inversely related to the d.s. values (see Fig. 2). This suggests that 
cleavage of the P-D-( l--+4)-glucoside linkage can bc suppressed by carboxymethyl 
groups. CMC-I (d.s. 0.6(1, mol. wt. 180,000) and CMC-II (J.s. 0.05, mol. wt. 
180,000) were extensively hydrolyzed within 30 min by purilicd enzyme as the fluid- 
ity of the reaction mixture increased remarkably (see Fig. 2). In the case of CMC- 
IV (d.s. 0.75; mol. wt. 30,000). the fluidity change was less than 40% of that of 
CMC-II (see Fig. 2), although the d.s. value of CMC-IV (0.75) is smaller than that 
(0.95) of CMC-II. This small change in fluidity may therefore. he due to the lower 
number of cleavable sites in the smaller substrate, but it may not depend on the 
numbers of carboxymethyl groups on the substituted cellulose. 

Degradation products of CMC-I generated by CMCase after a given reaction 
time were permeated through a h.p.1.c. column for estimation of the molecular 
weight. A typical chromatographic pattern of CMC-I without addition of enzyme 
revealed a broad peak (retention time, 14.1 min) with a shoulder (retention time, 
21.6 min). followed by a sharp peak (retention time. 24.8 min) (see Fig. 3~). The 
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Fig. 2. Time courses of relative viscosity changes of CMC-I (0), CMC-II (x), CMC-III (0). and CMC- 
IV (m) solutions following hydrolysis by CMCase from R. albus at pH 6.8 and 37”. (d.s. = degree of 
polymerization.) 

broad main peak having the shoulder was CMC-I; the later sharp peak was that of 
salt in the sample. The retention times of the broad main peak increased with 
longer enzymic reaction times (see Fig. 3-B). After 1 h, one sharply symmetrical 
peak having retention time at 21.0 min was observed. Further incubation neither 
prolonged the retention time of this peak further nor changed the chromatographic 
pattern, indicating that the material with the retention time of 21.0 min was the 
final product (see Fig. 3-C). The molecular weight of this final product was 
estimated by use of the retention time. To evaluate the molecular weight of the 
CMC hydrolyzates, the retention times of CMCs-I and -IV were determined by the 
same h.p.1.c. method. The molecular weights of CMCs-I and -IV were estimated to 
be 180,000 and 30,000, respectively, by using a viscosity-molecular weight equa- 
tion19. With the calibration curve drawn with CMCs-I and -IV, the molecular 
weight of the final product from CMC-I was roughly estimated to be -20,000. 

, 8 ’ . l 

0 10 20 30 
Retention timetmin) 

Fig. 3. Gel permeation chromatograms of the products of degradation of CMC-I by purified CMCase. 
Reactions were carried out for (A) 0, (B) 30, and (C) 120 min at 37” and pH 6.8. 
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Fig. 4. Time course of the activity of the guriiied CM&se against pure insoiubte cc~iulose (KC flock) 
at 37” and pH 6.8. The activity was evatuated by the decrease in viscosity of the mixture of Cadoxen and 
the cellulose that had been degraded with the enzyme for 2 h. 

5 6 7 8 9 10 

PH 
Fig. 5. Optimal pH for the cellulolytic activity of the purified enzyme against pure water-insoluble 
cellulose (KC flock) at 37”. The activity was evaluated by the decrease in viscosity of the mixture of 
Cadoxen and the cellulose that had been degraded with the enzyme for 2 h with (A) wztatc. (e) 
phosphate, or (C)f Tris’ HCI buffer. 

Detection of ~~w-~~le~a~a~-weig~t hydrolyzates of S&K+ and pure, water-in- 
s~~~~Ie ~e~~~Iose (KC flock). - Purified CMCasc was incubated with f% CMC 
solution or 10% KC-flock suspension for 1 h at 37”. Thereafter, the whole CMC- 
enzyme mixture was used to detect reducing sugar by the Somogyi method”‘. 
Because this method generated a lot of precipitate from the CMC-enzyme mixture. 
the suspension was filtered. Soluble reducing sugars in the filtrate were found to be 
negligible by the GoIorimetric method. Reducing sugars in the supernatant liquor of 
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the KC flock-enzyme mixture were undetectable by the Somogyi method after 1 h 
of reaction. Thin-layer chromatography5 was employed to detect glucose and such 
saccharides as cellobiose, ccllotriose, cellotetraose, and cellopentaose, but none 
was found in the reaction mixture. However, by using a glucose-detecting enzymic 
system (“Glucostat”, Fujisawa Pharmaceutical Co.), a small proportion (83 PM) of 
glucose was detected after 2 h of reaction in the reaction mixture containing CMC-I 

(46/N. 
Hydrolysis of pure water-insoluble cellulose (KCflock) by the enzyme. - KC 

flock was incubated with the purified enzyme at 37” for a given period and there- 
after isolated from the mixture and solubilized with Cadoxen solution. The viscosity 
of the enzyme-treated KC flock-Cadoxen mixtures showed an inverse correlation 
with the reaction time (see Fig. 4). The optimal pH (see Fig. 5) for enzyme activity 
against KC flock, by the method already described, was very similar to the value 
obtained when CMC was used as the substrate. 

DISCUSSION 

In a cellulose-containing culture-broth, CMCase activity from R. albus 
appeared in the precipitated fraction (cell mass and cellulose), and changed in 
parallel with changes in cell mass, indicating that the enzyme is either cell- or 
cellulose-bound. If the enzyme is cellulose-bound, the activity in the precipitated 
fraction should decrease with decreases in residual cellulose. However, the 
decrease in CMCase activity in the precipitated fraction was not significant, even 
after an extensive decrease in residual cellulose (see Fig. l), suggesting that this 
enzyme is essentially cell-bound. The existence of cell-bound CMCases from R. 
albus and other rumen anaerobes21 was reported in the presence of phenyl- 
propanoic acid22,23 and grass24, respectively. The latter enzymes became cell-free in 
the absence of the compounds described. According to Wood and Wilson”, cell- 
free CMCase from R. albus may be a monomeric form released from the cell-wall- 
bound enzyme, suggesting that cell-free CMCase harvested from the culture-super- 
natant liquor is the same as that located in the cell-bound form. 

The purified enzyme degraded CMC-I to a smaller polymer with a molecular 
weight of 20,000 as the main component and also digested pure water-insoluble 
cellulose (KC flock) to compounds insoluble in water in the absence of Cadoxen. 
The molecular weights of the water-insoluble products could not be determined, as 
we know of no way in which to evaluate the sizes thereof after fractionation in the 
presence of Cadoxen. However, the hydrolyzates must be p-D-(144)~glucoside- 
linked cello-oligosaccharides having a chain longer than that of cellopentaose, 
which is water-soluble. Moreover, no water-soluble product such as glucose, cello- 
biose, cellotriose, cellotetraose, or cellopentaose or any such carboxymethylated 
product was detected in thin-layer chromatograms of the hydrolyzates from either 
substrate (KC flock or CMC-I). From these results, the present enzyme is identified 
as an endo-1,4-p-glucanase. 
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This enzyme is very different from the CMCase or endo-ll-t4f-P-D-gluca- 

nases purified from a Clostridium sp. and other fungi, because the latter can pro- 
duce, from CMC and pure water-insoluble cellulose, large proportions of com- 
pounds that are soluble in water. The production of saccharides (G, and G,) was 
also found with the endo-{l-+4)-@-D-glucanase formed by E. coli after cloning the 
Clostridium geneIs. These cloning experiments revealed that the C/osrridium strain 
can produce several kinds of endo-( f-+4)-/3-D-glucanase, making difficult the iden- 
tification and definition of endo-type enzymes. This difficulty has been well known 
in cases of the enzymes from T, virid6 F.2h. Fortunately, only one endo-( 1-+4)-@-D- 
gtucanase was isolated from the culture broth of R. &us throughout the purifica- 
tion procedure employed in the present report suggesting that only one type of 
endoceilulasc may be produced by the organisms. The simplicity of the cchulolytic 
enzyme system of R. &us, compared with that of C’ius~ridiurn sp. and Tricodmma 
sp., may be due to the circumstance that K. a/bus is cultivated only under strictly 
anaerobic conditions. such as in animal rumen. rather than the conditions in a com- 
post, where clostridia or fungi can grow well under changeable circumstances. 
Therefore, R. ~&US may not need different types of ClMCases for adaptation to its 
specific milieu. 

The decreases in viscosity of pure celfulose dissolved in Cadoxcn after 
enzymic reaction with the purified endo-~1~4)-~-I~-gIucanase suggested the cIeav- 
age of water-insoluble cellulose to afford water-insoluble fragments without any 
synergistic reaction of a C, component as a swelling factor. as suggested by Reese 
et al. 77 and LeatherwoodZs. 

As already discussed the present enzyme is a typical cndo-type of cclluh~e 
having a thiol functional group. This may be the first report describing the highly 
purified endo type of enzyme from R. albus, which mainly degrades water-insoluble 
cellulose to water-insoluble fragments. The enzyme seems to be somewhat different 
from the endo-(l-4)-P-D-giucanase reported by Wood and Wilsonr7, which 
releases large proportions of cellotriose and percentages of ccltotetraose from 
&PO,-swollen cellulose. 
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T. Kuwahara, Y. Taniguchi, T. Fukuoka, and K. Nagashima. This work was 
supported in part by a Grant-in-aid for Energy Research (No. 6004SOSS) from the 
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