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Abstract

Beet pulp and potato f£ibre were liquefied and saccharified with a combination of
cellulase from Trichcoderma viride and pectinase from Aspergillus niger. Cell wall

polysaccharides were hydrolysed extensively. The application of & packed column
reactor, connected with a hellew fibre ultrafiltration unit was investigated for
the enzymatic hydrolysis of beet pulp. A high degree of polysaccharide hydrolysis
of spent grain by the action of cellulases was obtained after pretreatment with
sulfuric acid or sodium hydroxyde. Essentially only monomeric sugars were present
in the enzyme digest of the acid pretreated material. Six endoglucanaszes, three
exoglucanases and a R-glucosidaze were purified from a commercial cellulase
preparation of T. viride origin. These enzymes were characterized with respect to
their activities on several cellulosic substrates as well as chemical and physical
properties. The B-glucosidase showed nc cellobiase activity. Random and less
random acting endoglucanases were distinguished. Adsorpticn, kinetic and syner-
gistic behaviours of these enzymes were investigated on crystalline cellulcse. It
was shown that an cptimal ratio of endoglucanase to exoglucanase was needed in
crder to obtain a maximal degree of synergism. This ratic could be related to the
adscrpticn behaviours of the cellulases, suggesting that synergism between ando-
glucanases and exoglucanases takes place in very close cooperation at the surface
of the cellulose particle. From activity experiments on xylan specific and non-
specific glucanases could be demcnstrated. However, the non-specific glucanases

prefer to hydrelyse B-1,4-glucosidic linkages over B-1,4-xylosidic bonds.
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Stellingen

1. Het door Ruy et al. geconstateerde synergisme tussen

niet-geadsorbeerd endo-g-glucanase en door competitieve
adsorptie vrijgekomen exo-f-glucanase geeft geen

informatie over het synergisme in de geadsorbeerde fractie.

Ruy, D.D.Y., Kim, C. and Mandefs, M., Biotechncf. Bioeng. 71983, 26,
488-49¢

2. De constatering van Sprey en Lambert dat het met behulp

van isoelectrisch focusing geisoleerde cellulase-xylanase-—
B-glucosidase bevattende complex van eiwitten homogeen
blijkt te zijn bij herfocusing is het intrappen van een
open deur.

Sprey, B. and Lambert, C., FEMS Microbdiof. Lett, 1983, 18, 217-272

De op basis van activiteit opgegeven opbrengsten van
gezuiverde cellulases zijn niet relevant.

Kittsteinen-tbente, R., Hofelmann, M. and Schreier, P., Food Chem. 1985,
17, 131-142

De door Fujii en Shimizu gebruikte endo~ en exo—pB-
glucanases zijn volstrekt onvoldoende gezuiverd voor het
toetsen van het door deze onderzoekers gebruikte model

dat enzymatische hydrolyse van oplosbare cellulose-
derivaten beschrijft.

Fufié, M. and Shimizu, M., Blotechnol. Bioeng. 1956, 2§, §76-852

Men dient te heseffen dat tijdens de produktie van biet-
suiker, bij onvoldoende controle, de pH en temperatuur
in de diffusietoren vrijwel optimaal kunnen worden voor
g-eliminatieve pectine-afbraak.

De in een Japans patent omschreven toepassing van
cyclodextrine voor de bereiding van poedervormige whiskey
moet worden gezien als een vorm van drankmisbruik.

Jpn. Kekal Tokkyv Koke, JP 57.149.23%
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9.

10.

11.

Er zullen v&&6r de ingebruikneming van bepaalde nieuwe

biotechnologische processen internationale maatregelen
moeten worden genomen om te wvoorkomen dat derde-wereld
landen, zoals na de invoering van het iscmerase-proces

is gebeurd, weer het kind van de rekening zullen worden.

Het verdient aanbeveling het model van Wood dat een
verklaring geeft voor synergisme tijdens enzymatische
hydrolyse van onoplosbaar kristallijn cellulose te
toetsen op de afbraak van natief zetmeel.

Wood, T.M. and McCrae, S8.T., Proc. Bdloconvers. Symp. 1.1.7.,
New Dethi, 1977, pp 111-141

Gezien de milieuvervuilende aktiviteiten en het gebruik
van termen zoals bio-industrie lijkt de agrarische sector
zich steeds verder te ontwikkelen tot een "volwaardige"
industrietak met alle daarbij behorende negatieve
aspecten.

Na de kernramp in Tsjernobyl is eens te meer duidelijk
geworden hoezeer informatieverlening en democratie

gekoppeld zijn.

Indien de vermindering van het begrotingstekort steeds
meer wordt gezocht in bezuinigingen bij het onderwijs,
kan het kabinet binnenkort ook het cellentekort opheffen
door simpelweg tralies te plaatsen voor de ramen van de

dan verlaten studentenflats.

Stellingen behorende hij het proefschrift "The cellulases of

Trdichodenma vinide. Mode of action and application in biomass

conversion" door Gerrit Beldman. Wageningen 25 november 1986.
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1 Introduction

Although only approximatively 0.1-0.3% of the sclar energy,
reaching the earth, is fixed through photosynthesis by green
plants (1), the annual production of organic plant substance
from COp-fixation is enormous and estimated to be about 1011
-1012 tons (2, 3). Utilization of only a fraction of these
materials could, at least partially, help to solve the problems
of food and energy shortage.

Abcout 40% of plant biomass consists of cellulese, the linear
polymer of anhydro-D-glucose units, linked by B(1,4)-glucosidic
bonds (Fig. 1). The degree of polymerization of native cellulose
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Ficure 1. Conformation of the cellulose molecule.

is generally in the order of 10,000, which implies a molecular
mass of 1.5x100 and a chain length of about 5 um (4). The
hydroxylgroups are in equatorial and the hydrogen atoms in the
axial positions. Every other chain unit is rotated 180¢° around
the main axis, which results in an unstrained linear configura-
tion. Bundles of cellulose meoclecules, which are parallel ordered
in native cellulose (5), form elementary fibrils with a
partially crystalline structure caused by intra- and inter-
molecular hydrogen bonds. Aggregates of these fibrils (micro-
fibrils) are the basis of the rigid structure of plant cell
walls, where they are associated with a variety of other
polymers, such as pectin, hemicellulose, lignin and structural
proteins (6).

The plant cell wall consists of a middle lamella, primary
wall and secondary wall. The amount of pectic substances, which
are polygalacturcnides with non-uronide carbohydrates covalently



bound to an unbranched chain of (1,4)a-D-galacturonic acid
units, decreases in this order. The walls of soft, ncn-
differentiated tissues are of the primary type, rich in
hemicellulose and pectin and containing a type of cellulose
which has a lower degree of polymerization and crystallinity
than in the secondary wall (7).

The hemicelluloses are a group of peclysaccharides, which
contain pentoses (D-xylose, L-arabinose} and/or hexoses (D-
galactose, D-mannose, D-gluccse) as sugar residues. They do
occur as homoglycans as well as heteroglycans, containing diffe-
rent types of sugar residues (8). In woody plant tissue the
cellulose fibrils are closely associated with lignin, a highly
polydisperse polyphenolic macromolecule of nine-carbon phenyl-
preopane units.

The abundance of cellulose has been and still is a challenge
for many biotechneoclogist to convert this material by the use of
biochemical routes to glucose syrups. The literature on this
field of research is extensively reviewed and deals about the
quality and availibility of biomass (3, 9, 10), pretreatments
and economics (1, 2, 9-12), process considerations (1, 9) and
especially production and mode of action of cellulases (1, 3, 9,
12-21).

Cellulolytic enzymes are produced by a large number of
micro-organisms, including fungi, actinomycetes, gliding
bacteria (myxobacteria} and true bacteria (21). Bacterial
cellulases are often cell-wall bound. Highly active cellulases
are found in the culture media of fungi. Therefore these enzymes
are studied extensively, especially with regard to their ability
to degrade highly ordered crystalline cellulose. Thoroughly
investigated are cellulases from Trichoderma spp. (T. viride, T.
reesei and T. koningii)}, Fusarium solani, Penicillium
funiculecsum, Sporotrichum pulverulentum and Talaramyces
emersonii (for references: see reviews 1-3, 9, 12-21}.

The degradation of cellulose requires the participation of
many enzymes. The first concept to explain the enzymatic
degradation of crystalline cellulose was proposed by Reese et
al. (22). A non-hydrolytic €, enzyme was thought to cause
disaggregation of cellulose chains in crystalline cellulose,
which results in a modified amorphous celullose. In turn, this
cellulose can be attacked by hydrolytic C; enzymes, producing
soluble products.

c cC
Crystalline cellulose—;h-amorphous cellulose—iibsoluble products




In later studies it was found that a highly purified ¢y
component is actually a hydrolytic enzyme, which releases a
cellobiose molecule from the non-reducing chain-end (23, 24).
This enzyme is classified as a cellobiohydrolase (1,4-p-D-glucan
cellobiohydrolase EC 3.2.1.91}, which acts co-operatively with
two other types of enzymes in hydrolysis of native cellulose.
These are: endo-1,4-p-glucanase (endo-1,4-R-D-glucan glucano-
hydrolase, EC 3.2.1.4) and f-glucosidase or cellobiase
(B-D-glucoside glucohydrolase, EC 3.2.1.21}. In some cellulase
systems a glucohydrolase (1,4-R-D-glucan glucohydrolase, EC
3.2.1.74) is present. A model for the degradation of native
cellulose by the action of these enzymes is proposed by Klyosov

exoglucasidase

endoglucanase cellobiohydrolase cellabiase
cellulose — = Gip Gy

G
endoglucanase + cellobiohydrolase |
exoglucosidase

Figure 2, Model according 10 Kiyosov for the breakdown of cetlulose. G, glucose.

Cellobiose can be preduced from cellulose by a seguential
attack of endoglucanase and cellobiohydrolase via cello-
oligosaccharides or by a combined action of these two enzymes
which is thought to take place in very close co-operation at the
surface of crystalline areas of the cellulose fibrils. This
latter route is suggested to be responsible for the synergism,
often observed in mixtures of endeglucanases and cellobichydrol-
ases (21). Cellecbiase hydrolyses cellobicse, which is a strong
inhibitor of both endoglucanase and cellcbichydrolase, to two
glucose units. Direct formation of glucose can be established by
exeglucosidase activity.

In the beginning of 1980 the Commission of the European
Communities started to promote a research programme concerning
the production and thermochemical and biological conversion of
biomass. The main part of the research described in this thesis
was carried out within the framewerk of this programme. The aim
of the study was to apply polysaccharide degrading enzymes in
the conversion of agricultural residues to fermentable sugar
solutions. In this case bioconversion of by-products in the




beet-sugar and potato-starch industries {Chapter 2) as well as
of beer dbrewers' spent grain (Chapter 3) were investigated.
Since cellulose is the main constituent of most plant
biomass, special attention was paid to the mode of action of the
cellulase complex present ih a commercial preparation derived
from Trichoderma viride. Although cellulases from this fungus
have been studied extensively, there is still some debate on
the mode of action of these enzymes on crystalline cellulose (9,
21). In order to investigate the role of the different
cellulases present in the commercial preparation all endo-
glucanase, exoglucanase and B-glucosidase activities were
isolated (Chapter 4). Adsorption and kinetic behaviours of these
purified enzymes as well as the synergism, observed during
comkbined action of endoglucanase and exoglucanase (cellobio-
hydrolase) on crystalline cellulose were studied (Chapter 3 and
6). Finally the non-specific mode of action of some the purified
enzymes on arabino-xylan was investigated (Chapter 7).
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APPLICATION OF CELLULASE AND PECTINASE FROM FUNGAL CRIGIN FOR
THE LIQUEFACTION AND SACCHARIFICATION OF BIOMASS

G. Beldman, F.M. Rombouts, A.G.J. Voragen and W. Pilnik

Department of Food Science, Agricultural University, Wageningen

Commercial cellulase [see 1,4-(1,3;:;1,4)-p-D—-glucan 4-glucano-
hydrolase, EC 3.2.1.4] from Trichoderma viride and pectinase
[poly (1,4-a-D-galacturonide) glycanohydrolase, EC 3.2.1.15]
from Aspergillus niger have been applied to produce fermentation
syrups from sugar-beet pulp and potato fibre. Cellulosic, hemi-
cellulosic and pectic polysaccharides of these substrates were
hydrolysed extensively. Recovery of enzymes has been invest-
igated in a packed-column reactor, connected with a hollow-fibre
ultrafiltration unit. Enzymes appeared to be stable in this type
of reactor, although part of the enzyme activity was lost,
especially by adsorption onto the substrate residue.

INTRODUCTTION

Current agricultural sources of fermentable carbohydrates are
sugar-heet, sugar-cane, corn, wheat, rice, potatoes and
Jerusalem artichokes. In cne way or another these raw materials
must be processed to obtain fermentable sugars: the intracellu-
lar carbohydrate is extracted from the plant cells and, in the
case of starch and inulin, the polysaccharides are hydrolysed to
glucose and fructose, respectively.

The plant cells are surrounded by a structural tissue, the
cell wall, which is built up of a thin primary wall and a
thicker secondary wall with the middle lamella located between
adjacent cells {(1). Cellulcse, hemicellulose, pectin and lignin
are the main constituents of the plant cell wall.

Large quantities of plant cell-wall material become available
as by-products in the beet-sugar and potato-starch industries.
For instance, in the Netherlands 4.7 x 10° tons {dry matter)
of beet pulp and 0.6 x 107 tons (dry matter) of potato fibre
are produced.

The purpose of the present work is to investigate the
enzymatic hydrolysis of these materials. Such a process is

8



attractive for two main reasons: first the production of
fermentable sugars from the polysaccharides, and seccond the
disruption of the cell-wall matrix, resulting in liquefaction of
the materials and the release of intracellular carbchydrates.

A large spectrum of polysaccharide-degrading enzymes (cellu-
lases, pectinases, hemicellulases) is needed for the bioconver-
sion of plant material. Enzyme action is restricted by the
accessibility of the substrate. The c¢ellulases especially are
hindered in their action on cellulose by the presence of the
other polysaccharides (and lignin). Combinations of polysaccha-
ride degrading enzymes are known to act synergistically in the
degradation of the cell-wall matrix (2}.

This paper deals with the application of commercial cellu-
lolytic and pectolytic enzymes of fungal corigin to hydrolysis of
beet pulp and potato fibre. A hydrolysis process of beet pulp
which can be operated on a continucus basis, with recovery of
enzymes, was investigated in a ceolumn reactor connected to a
hellow-fibre ultrafiltration unit.

MATERIALS AND METHODS

Bicmass

Pressed and unpressed beet pulp (21.1 and 9.8% dry matter
content, respectively) and potatec fibre (15.9% dry matter
content) were from Dutch factories.

Enzyme preparations

Commercial enzyme preparaticons, Maxazyme CL [cellulase, 1,4-
(1,3;1,4)-p-D-glucan 4-glucanchydrolase, EC 3.2.1.4, from
Trichoderma viride], Rapidase C80 [pectinase, poly(l,4-a
-D-galacturconide) glycanohydrelase, EC 3.2.1.15, from
Aspergillus niger] and Hazyme Rapidase [a-amylase, 1,4-a-D-
glucan glucanohydreolase, EC 3.2.1.1, from Aspergillus niger]
were Kindly provided by Gist-Brocades, Delft, the Netherlands.

Analysis methods

Reducing sugars were measured according to Somogyi (3). The
galacturonide content was estimated using the method of Ahmed
and Labavitch {4). The neutral sugar composition was determined
by gas chromatography after Saeman hydrolysis (5) and derivat-
ization to alditol acetates (6). Soluble neutral sugars were
analysed by HPLC using a Lichrosorb 10 NH; column. Cellulose
determination was done according to the method of Updegraff




{7). The Kjeldahl method was used for protein analyses., Starch
content was measured using the Boehringer enzyme kit
(Boehringer-Mannheim, FRG).

Liquefaction
Enzymic liquefaction of beet pulp (unpressed) and potato fibre

was followd by measurement of consistency changes in a thermo-
statically controlled rotating reaction vessel of a Brabender
Viskograph (Brabender, OHB, Duisburg, FRG), at 409C and 100
rev min‘l, for 4 h. The pulp was ground in a meat-grinder. To
fall within the resistance range capable of being measured by
the instrument, 70 g water had to be added to 100 g pulp.

The pulp was incubated with a combination of cellulase and
pectinase at pH 5.2 and 3.8. The contribution of individual
cellulase and pectinase preparations to changes in consistency
was investigated at pH 3.8. The cellulase concentration was 1.08
mg ml~1l and the pectinase concentration 1.35 mg mi1~l.

Saccharification

Beet pulp (unpressed) and potate fibre were saccharified in a
stirred hatch reactor at 40°C and pH 4.0 for 24 h. The beet
pulp was ground and cellulase and pectinase were added to a
concentration of 2.0 and 2.5 mg ml"l, respectively.

Saccharification of potato fibre was carried out after a
gelatinization pretreatment of the starch (15 min at 85 ©C).
Enzyme concentrations were (mg ml'l): celluase, 2.0; pectin-
ase, 2.5; and a-amylase, 0.5. To prevent microbial growth NaNj
was added to a concentration of 0.01%.

Packed-ceolumn reactor experiments
Saccharification of pressed beet pulp and potato fibre was
studied in a packed-column reactor, connected with a hellow-
fibre ultrafiltration unit (Amicon CH4, H1PS cartridge, 5000 MW
cut-coff). This system (Figure 1) is capable of continuocus
operation, with recovery and re-use of the enzyme. The column
had a volume of 2.56 litre and contained 1850 g pulp which was
brought to pH 4.0 with 10% HCl. An enzyme solution, which gave a
cellulase concentration in the system of 5.68 mg ml~l and a
pectinase concentration of 7.14 mg ml'l, was pumped up into
the column and recirculated. Perceolation pump 1 was operated at
1.01 litre h~l, Column and enzyme vessel were kept at 40°cC.
The ultrafiltration unit was exposed to room temperature.
Enzyme inactivation was studied in the column/hollow-fibre
reactor in the presence and absence of beet pulp. Samples were
assayed for their enzyme activities after removal of the sugars
with Amiccon membrane cones, type CF 25.
10




- H,0
sample
pump 2
coluTn v hollow fiber
reactor ultrafiltration unit
enzyme
vessel ——» product
pump 1

Fig. 1. Experimental set-up for saccharification of beet pulp in
a column/hollow-fibre membrane reactor.

Engyme acitivity assays

Exo-1,4-p-D-glucanase activity in the commercial enzyme pre-
parations was measured by the increase in reducing sugars from
Whatman no. 1 filter paper (filter paper activity, FPA). Pieces
of 2 x 2 cm (33.2 mg) were incubated with different amounts of
enzyme in 6 ml 0.1 M sodium acetate buffer, pH 4.0 at 40°C,
Activity of the amount of enzyme which gave 10% hydrolysis after
2 h incubation was determined using the Nelson-Somogyl method.

Endo-1,4-p-glucanase activity was measured viscometrically
with carboxymethyl cellulose (type Akucell AF 0305, Akzo,
Arnhem, the Netherlands; carboxymethyl cellulase, CMCase activ-
ity) at 30°C according to Almin and Eriksson (8), using a 0.25%
substrate concentration.

Activity on pectin was determined by the same viscometric
method, using 0.25% pectin with a degree of esterification of
38% (Obipectin Ltd, Bischoszell, Switzerland; pectinase
activity), at pH 4.0 and 30°cC.

Residual cellulase activity in the packed-column reactor was
measured on Avicel (Type SF, Serva, Heidelberg, FRG; avicelase
activity), for 20h, at 30°C in 0.05 M sodium acetate buffer,
pH 5.0, using a 0.5% substrate suspension. After centrifugation
the supernatant was analysed for reducing sugars.

Polyvgalacturonase, pectin lyase, pectinesterase and B-D-glu-
cosidase were measured according to Voragen et al. (2) All
activities were expressed in International Units (U) per gram of
enzyme preparation, with the exception of CMCase and pectinase
activities, which are expressed as rate of change in specific
fluidity, Adgp min~l.

1



RESULTS

Beet pulp and potato fibre were analysed for their carbo-
hydrate compositions to give an indication of the kinds of
enzymes to use, as well as to give a basis for assessing changes
in sugar composition after enzymatic hydrolysis. The commercial
cellulase and pectinase preparations were screened for their
different enzyme activities. Optimum conditions with respect to
PH and enzyme compositicn for the liguefaction of beet pulp and
potato fibre were measured viscometrically. Pectinase and cellu-
lase were used separately, as well as in combination.

Pelysaccharide hydrolysis limits and sugar yields were
determined in a stirred batch reactor and compared to the
results obtained in a column hollow-fibre reactor, which was
applied to recover enzymes.

Analysis of bhiomass

Table 1 gives the chemical composition of the biomass used in
the present experiments. The main polysaccharides in beet pulp
are cellulose, pectin and a hemicellulose fraction consisting
predominantly of arabinose. There is some residual sucrose left
in the pulp, especially in the unpressed sample.

Potato fibre has a similar composition. L-Arabinose and D-
galactose are the main hemicellulosic sugars. The fibre contains
a considerable amount of starch.

The amount of lignin was not determined, but is known to be
low (2-4%) in similar materials (9).

Table 1. Chemical ccmposition of beet pulp and potato fibre.

Beet pulp
(% of dry matter) Potato fibre
(% of dry
Unpressed Pressed matter)

Cellulose i8.7 18.7 26.0
Pectin 11.7 15.0 15.3
Hemicellulose

Araban 14.4 13.2 3.9

Xylan 0.8 1.2 1.8

Mannan 0.0 0.4 0.3

Galactan 2.9 2.8 7.9
Sucrose 17.3 5.8 0.0
Starch 0.0 0.0 17.1
Protein 5.1 6.0 14.9
Ash 9.0 11.8 5.2
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Table 2. Protein and enzyme levels in commercial cellulase fram

Enzyme preparation

(wgl
Cellulase Pectinase
FPase 39.13 0.0
CMCase? 750.0 344.0
B~D-Glucocsidase 32.4 120.0
Pectin lyase 0.0 50.4
Pectinesterase 0.0 767.0
Polygalacturonase 0.0 421.0
Protein® 337.0 180.0

2 arbitrary units (min™})
b mg g1 enzyme preparation

Activities of commercial enzyme preparations
Exo-1,4-B-D-glucanase (FPase) activity [FPA) was only found
in the cellulase preparation (Table 2}. No pectinase concen-
tration was high encugh to obtain 10% hydrolysis of filter paper
within 2 h. Endo-1,4-f-D-glucanase (CMCase) and B-D-glucosidase
activities were found in both preparations, with the pectinase
preparation having a much higher B-D-glucogidase level. No
pectelytic activity was found in the cellulase preparation.

Liquefaction
Treatment of beet pulp with a ccocmbination of cellulase and

rectinase at pH 5.2 showed an intermittent delay in the
viscosity decrease (Figure 2). After 2 h the process of
liquefaction accelerated, however, and a simultaneous pH shift
from pH 5.2 to 3.8 was cbserved (data not shown}. The decrease
in pH can be explained by assuming a de-esterification of pectin
by pectinesterase action. The pHE effect was confirmed by the
fast initial decrease in viscosity of pulp, which was brought to
PH 3.8 prior to enzyme addition.

Incubation of pulp with cellulase and pectinase separately
showed that the pectinase preparation causes a dramatic
viscosity loss (Figure 2) and that optimum action occurs in an
acidic pH (Figure 3).

Essentially the same results were obtained from liquefaction
experiments with potato fibre: the combination of cellulase and
pectinase induced the fastest decrease in viscosity, but the
pectinase preparation was largely responsible for the effect
(results not shown).
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Fig. 3.

optimum pH for liguefaction cf beet pulp, measured with

viscograph and optimum pH for polygalacturconase. X, Activity on
beet pulp; @, activity on polygalacturonic acid.

For these reasons all other liguefaction and saccharification
experiments were carried out at pH 4.0.

Saccharification

Figure 4 shows the increase in reducing sugars from unpressed
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Fig. 4. Reducing sugar released from beet pulp and potato fibre
during saccharification with cellulase (2.0 mg ml-1l) and
pectinase (2.5 mg ml'l). ¥, Beet pulp; ), potato fibre.

beet pulp and potato fibre as a function of hydrolysis time.
Almost 80% of the total solids of beet pulp were brought into
solution as reducing sugars. Potato fibre gave 60% conversion
of total solids to reducing sugars.

Polysaccharide hydrolysis limits were calculated from the
carbohydrate analysis of the residues. More than 90% of beet
pulp polysaccharides were hydrolysed (Table 3). Polysaccharide
hydrolysis limits of potato fibre were lower for cellulose and
pectin. However, starch and the hemicellulose polymers of L-
arabinose and D-galactose were also extensively hydrolysed.

Table 3. Enzyme hydrolysis limits of main polysaccharides of
beet pulp and potate fibre.

Substrate
(% hydrolysis)

Polysaccharide Beet pulp Potate fibre
Cellulose 91.0¢ 75.0
Pectin 91.0 . 58.0
Hemicellulose
Arabah 93.0 93.0
Galactan 90.0 96.0
Starch .0 99.0
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Table 4. Sugar composition of enzyme digest after incubation of
beet pulp and potato fibre with cellulase and pectinase.

Substrate

(g/g dry weight of substrate)

sugar Beet pulp Potato fibre
D-Glucose 0.38 0.45
D-Fructose Q.16 .00
L-Arabinose 0.17 0.04
D-Galactose 0.02 0.06
Uroni¢ acid 0.15 0.11

HPLC-analysis showed that almost all released sugars were in
monomeric form; no cellobiose could be detected. Sucrose from
beet pulp was inverted to D-glucose and D-fructose. The final
product had a sugar composition as given in Table 4. D-Glucose,
D-fructose, L-arabinose and D-galactose are the main sugar mono-
mers from neutral polysaccharides. Uronic acid is the hydrolysis
product from pectin molecules.

Packed-column reactor experiments.
The cumulative sugar production from pressed beet pulp during

<

~

w
1

A

020
015

0051

0

Cumulative sugar production{g/gT.5.}

30 40 50
Hydrolysis time { h)
Fig. 5. Cumulative sugar production from pressed beet pulp

during enzymatic saccharification in the column/hollow-fibre

membrane reactor, &, D-Glucose; ¥, urcohic acid; ®¥, L-arabinose;
0, D-fructose.
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enzymic treatment in a column/hecllow-fibre membrane reactor is
shown in Figure 5. Hydrolysis was followed for 48 h. Sugars were
measured at the ultrafiltration outlet. Hydrolysis limits for
cellulose and pectin in the column reactor were calculated from
the polysaccharide content of the residue and found to be
similar to those in the batch reactor: cellulose was 89% hydro-
lysed and pectin 95%.

Enzyme inactivation in this type of reactor was studied in
the presence and absence of beet pulp (Table 5). Residual enzyme
acitvity measured in the absence of beet pulp gives an indica-
tion of the amount of enzyme which is inactivated by temperature
and shear. In the presence of beet pulp the additicnal amount of
enzyme, lost by adsorpion to the substrate, is also measured.
Cellulase activity (avicelase, CMCase) was stable to shear and
heat. Somewhat more pectinase activity was lost under these
circumstances. The additional losses of avicelase and pectinase
activities in the presence of substrate were 31 and 24%,
respectively while B-D-gluceosidase activity seemed to be
stabilized in the presence of substrate.

Treatment of potato fibre in the column reactor gave poor
results. The soft structure of the fibre caused bad flow
characteristics of the column when the enzyme solution was
pumped through.

Tabie 5. Residual enzyme activity in column/hollow-fibre reactor
after 48 h of cperation with or without beet pulp.

Residual activity
(% of original activity}

Absence of Presence of
Enzyme substrate substrate
Avicelase B2.0 50.8
CMCase B80.0 72.0
B-D-Glucosidase 84.6 98.0
FPectinase 66_"7 42.9
DISCUSSION

The results presented in this paper indicate that commercial
polysaccharide-degrading enzymes can be used to convert some
solid plant biomass to fermentable sugar solutions. A combina-
tion of pectolytic and cellulolytic enzymes was able to produce
monomeric sugar solutions from beet pulp and potato fibre.
Cell-wall polysaccharides from beet pulp were extensively
hydrolysed: more than 90% conversion was obtained. Cellulose and
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especially pectin from potato fibre were somewhat more resistant
to enzymatic hydrolysis. The basis for this resistance of potato
fibre is not clear. Lignin may play a slight role, though its
influence must be limited because it is a minor component.
Cellobiose is known to be a strong inhibitor of cellulase. Since
Trichoderma c¢ellulase preparations are mostly deficient in
cellocbiase activity, addition of Aspergillus cellobiase reduces
cellobiose levels and increases glucose content in the digest
(10). This is confirmed by the experiments described in this
paper: by the use of a combination of Trichoderma cellulase and
Aspergillus pectinase with a high RB-D-glucosidase level, no
significant amounts of cellobiocse accumulated during hydrolysis
of beet pulp and potato fibre. Therefore, the lower extent of
cellulose hydrolysis in potato fibre was apparently not caused
by product inhibition. Probably the cellulose fibrils were still
shielded by the pectin molecules which were not degraded by the
pectic enzymes, The low degree of hydrolysis of this pectin may
be caused by its high degree of acetylation (unpublished
results).

There is a synergistic action of cellulases and pectinases in
plant biomass conversion. Consistency measurements of beet pulp
and potato fibre showed that the first step of the process, the
disintegration of the plant cell walls, results in liquefaction
of the material. This process is optimal at pH 3.5-4.0 and is
mainly caused by the polygalacturcnase from the pectolytic
enzyme which has its optimum in the same region, while pectin
lyase has its optimum at pH 6 (1l1). In a second step, the ex-
tensive hydrolysis of the cell wall pelysaccharides, a cellulase
preparation with high activity on crystalline cellulose (FPA)
was needed.

The use of beet pulpr and potato fibre, substrates with low
lignin contents, gave high yields in cellulose hydrolysis (75-
90%). It is known that in material with a high lignin content
much lower cellulose conversions are obtained. Expensive treat-
ments such as ball milling (12), attriter milling (13), com-
pression milling {14), acid and alkaline pretreatment (15),
steam explosion (16} or treatment with organic solvents (17)
have to be used to raise the yield.

Results of the hydrelysis of beet pulp in a packed-column/
hollow-fibre reactor showed the possibilities for a continuous
process. The enzymes are kept in the reactor, the produced
sugars leave the reactor through the ultrafiltration membrane
and substrate is fed continuously e.g. by a cascade of reactors.
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Simple operation of this type of reactor is posible because no
stirring device is needed and a high solid/liquid ratio can be
cbtained. Recovery of enzymes by ultrafiltration appeared to be
attractive because the enzymes were rather resistant to
inactivation under these circumstances. However, part of the
enzyme activity, especially avicelase activity, was lost by
adsorption on the residue. Our results (Chapter 4) and those of
others indicate that adsorbed cellulase can be recovered by a pH
shift (18) to the alkaline region (pH 10) or by the use of
surfactant (19).
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ENZYMATIC HYDROLYSIS OF BEER BREWERS' SPENT GRAIN AND THE
INFLUENCE OF PRETREATMENTS

G. Beldman, J. Hennekam and A.G.J. Voragen

Department of Food Science, Agricultural University, Wageningen

A batch of spent grain was found to contain 15.1% cellulose,
2.0% starch, 24.8% hemicellulose and 2.3% uronic acid on dry
matter. For untreated spent grain, approximately 47% of these
polysaccharides were hydrolysed by a mixture of twc commercial
cellulases.

Hammer milling and Ultra Turrax blending improved enzymatic
hydrolysis by 10%; extrusion at 1709C in a single screw
extruder vielded 18% more sugars.

Incubation for 4 hours at 909C with 0.5 N NaCOH or 0.5 N
H;80,4 greatly improved enzymatic hydrolysis. About 80% of
the polysaccharides were hydrolysed by a combination of chemical
pretreatment and enzymatic hydrolysis. The character of the
produced prolysaccharide fragments varied considerably and was
dependent on whether alkali or acid was used during chemical
pretreatment.

INTRODUCTION

The enzymatic saccharification of plant material has been
shown to be of interest in various fields, such as the produc-
tion of fruit juices (1, 2Z) and the utilization of biomass (3).
A combination of cellulase, pectinase and hemicellulases is
usually used, because of the chemical composition of the matrix
of plant cell walls.

For apples, beet pulp and potate fibre almost a complete
hydrolysis of polysaccharides is obtained by combining cellulase
and pectinase. For non-parenchymatic tissue the situation is
somewhat different: pectin is a minor component and the hemi-
cellulecse content 1s much higher. Enzyme action is restricted by
the lignin barrier and by the high crystallinity of cellulose in
this material. For such materials mechanical, thermal or chemi-
cal pretreatments are necessary to achieve efficient hydrolysis
(4, 5}.
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This paper desgcribes various enzymatic treatments and
chemical and physical pretreatment, using brewers' spent grain
as substrate. Spent grain is the residue of malt and grain which
remains in the mash-kettle after the ligquefied and saccharified
starch has been removed by filtration.

MATERIALS AND METHODS

Samples of spent grain were obtained from the Heineken
Brewery at Zoeterwoude (the Netherlands). Sub-samples were
freeze-dried and hammer milled to particles smaller than 0.5 mm
(dried AsIs), in order to determine their composition. From
other sub-samplegs, Alcchel Insoluble Sclids (AIS) were prepared
by 4 successive extractions with 96% ethanol, at 50°C and
Water Insoluble Sclids (WIS) by 4 successive extractions with
distilled water at 50°C . These samples were also subjected to
the same treatment and analysis of those used for dried AsIs.

Analvsis methods

Mocisture and ash were determined by standard methods.
Cellulose was determined according to Updegraff (6), uronic
acids with m-hydroxydiphenyl using the method of Ahmed-Labavitch
(7), starch with an enzymatic test of Boehringer, (Boehringer,
Mannheim, FRG), nitrogen according tc Kjeldahl (8). Sugar
composition was determined by GC-analysis of the alditolacetate
derivates of the sugars (9) (glass column, 3 m X 2 mm i.d., of
3% OV 275 on Chromosorb WAW at 190°C) which were obtained by a
modified Saeman hydrolysis (10) for 4 hours at 100°C in 2.0 N
H7S504.

Enzymatically or chemically solubilized sugars were assayed
after centrifugation of insoluble solids, using the Nelson-
Somogyi method for reducing end groups (11) and the Dubois
method for total sugars (12). Glucose was used as standard.

The inscluble solid content after various treatments was
determined by washing, centrifuging and freeze-drying the
residues and expressed as percentage of the coriginal amount of
dry matter.

Soluble products were analysed by HPLC (Spectra Physics SP
8000, equiped with a Waters R401 refractive index detector),
using the Aminex HPX 87P column (300 x 7.8 mm, Bio-Rad Labs,
Richmond CA, USA). A mixed bed ion-exchanger, containing equal
amounts of the ion-exchange resins AG 50W-X4 (HY} and AG3-X4A
{OH”) (Bio-Rad Labs) was used as precolumn.
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Pretreatments

Physical treatments applied were hammer milling (0.5 mm
sieve), Ultra Turrax blending (for 5 minutes) and extrusion in a
Battenfield single screw extruder at 170°C, using a speed of
45-105 rpm and a 1:3 screw compression ratio. For chemical
treatments 2.5 g freegze-dried spent grain was suspended in 20 ml
sclutions with various concentrations of NaCH or H,S804
(0.01-0.50 N}, incubated at 90°C during 4 hours and
subsequently neutralised to pH 4.85.

Enzymatic treatments

Several commercial enzyme preparations were tested for their
ability to hydrolyse spent grain polysaccharides (Table I).
Suspensions of spent grain (10% w/w, aon dry weight) in 0.1 M
succinate buffer pH 4.85 were incubated with enzymes for 70
hours at 40°C. To inhibit microbial growth 0.01% sodium azide
and 0.2% sodium sulphite were added as preservatives. Physical
pretreated samples were incubated under similar conditions,
using 1% {w/w) RBhm cellulase, supplemented with 1% Rdhm hemi-
cellulase (after hammer milling and Ultra Turrax blending) or 1%
Biocon Biocellulase supplemented with 1% Rohm cellulase (after
eXtrusion). This latter combination of enzymes was also used for
biodegradation of chemically pretreated samples, using the same
reaction conditions.

Table I. Commercial enzyme preparations used for enzymatic
hydrolysis of spent grain.

Enzymes Supplier

Maxazyme CL 2000 Gist Brocades N.V., Delft, the
Netherlands

Cellulase "2230A" Rohm GmibH, Darmstadt, W-Germany

Kemicellulase "EL129-79" " " "

Biocellulase A.C. Biocon Ltd., Cork, Ireland

Cellcbiase "SP188" Novo Industri A/S, Bagsvaerd, Denmark

Pectinase K29 Rapidase, Seclin, France

Cellulase "9108" " " "

RESULTS AND DISCUSSION

Composition 0f spent grain
The wet spent grain consisted of 20.4% dry matter, 19.6% WIS
and 17.6% AIS. The compositions of the dried spent grain is
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Table II. Composition cof spent grain (g/100 g dry matter), after
drving (AsIs), extraction with ethanol (AIS) and extraction with

Hy0 (WIS).

Ceonstituent AsIs AIS WIS
Ash 3.5 3.8 3.1
Protein 23.8 26.5 N.D.
Uronic Acids 2.3 2.5 2.5
Cellulose 15.1 17.9 16.9
Hemicellulose 24.8 30.4 31.1
Starch 2.0 2.3 1.7
Soluble Sugars 3.5 0.0 c.0
Fat + Lignin 25.0 16.6 N.D.

(by difference)

N.D. = not determined

Table III. Sugar composition of spent grains (g/10¢ g dry
matter), after 2.0 N H,804 hydrelysis. Spent grain samples

were obtained after drying (AsIs), extraction with ethanol (AIS)
ahd extraction with H,0 (WIS). values are expressed as the
amcount of anhydro-sugar.

Anhydro-Sugar AsIs AIS WIS
Rhamnose/Fucase 0.0 0.0 0.0
Arabinose 7.6 8.9 8.4
Xylose 15.5 19.8 20,0
Manhose 0.5 0.6 0.4
Galactose 1.2 1.2 1.2
Glucose 18.8 22.5 22.6

presented in Table II. Hemicellulose and cellulose are the main
polysaccharides. The amcunt of pectic substances, expressed as
uronic acids, was low. Starch was only present in minimal
amounts. Table III shows the sugar compositions of the different
samples after complete hydrolysis with 2 N H;504. If the sum

of starch and cellulcose content presented in Table II is
compared with the amount of glucose found by GC-analysis (Table
II1l}, it can be seen that different methods of analysis gave
very similar results.

Enzymatic hydrolysis of untreated spent grain

Table IV shows the solubilization and hydrolyis of poly-
saccharides after incubation of spent grain (AsIs) with several
enzymes or combinations of enzymes. Differences in poly-
saccharide hydrolysis by the various enzyme preparations are
small. Increasing the enzyme concentration from 1% to 2% (w/w,
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Table IV. aAmount of reducing sugars (RS} and total sugars (TS},
released from spent grain by treatment with various enzyme
preparations for 70 hours at 40°C and pH 4.85, as well as
ratio ©of reducing sugars to total sugars and degree of poly-
saccharide hydrolysis.

Enzyme RS TS RS polysaccharide
—_— TS hydrolysis il
(mg/100 mg d.m.) (%)

13*Rohm cellulase 9.7 19.8 0.49 41

2% Rthm cellulase 10.4 21.2 0.49 44

1% Biocon Biocellulase 12.2 19.8 0.62 41

1% Maxazyme 8.4 15.8 0.53 33

1% Rapidase cellulase 11.2 20.9 0.54 414

1% Rohm cellulase +

1% RShm hemicellulase 12.0 21.0 0.57 44
1% Novo cellobiase 10.3 20.8 0.50C 43
1% Biccon Biocellulase 12.3 22.4 0.5% 47

1% Biocon Biocellulase +
1% Rohm hemicellulase 13.1 22.3 0.59 46
1% Rapldase pectinase 13.7 19.8 0.69 41

* w/w based on dry matter
** Total sugars released, as % of polysaccharides present in
spent grain (i.e. 48 mg/100 mg total solids).

on dry matter) resulted in only slightly more soclubilized
sugars. Mixing the cellulase with other enzyme preparations, in-
cluding other cellulases (to overcome possible incomplete enzyme
systems) had only minor effect. On the basis of the amount of
total sugars, which were measured in the scluble fracticn, 47%
of the polysaccharides were hydrolysed by a mixture of R&hm
cellulase and Biocon Biocellulase.

HPLC analysis showed that, besides of some oligomers, glucose
was the main monomeric sugar found in the digest of this
combination of enzymes (Fig. lA). Re-incubation of the residue
of enzyme treated spent grain (after removal of the soluble
sugars) with fresh enzyme resulted in only minimal additional
polysaccharide hydrolysis. Only 5% of the pentosans and 19% of
the glucans of this residue were hydrolysed. These results
indicate that the incomplete hydrolysis is mainly caused by the
structural features of the unattacked cell wall fragments and
not by product inhibition.

Physical pretreatment
Compared with untreated spent grain, both hammer milling and
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Ultra Turrax blending, which transform the macro-structure of
gpent grain to small fragments, yielded about 10% more total
sugars after enzymic treatment. These sugars were derived
equally from cellulose and hemicellulose hydrolysis. This
indicates that the overall susceptibility to enzymatic hydro-
lysis was somewhat improved by these treatments which, however,
did not affect the micro-structural features such as
crystallinity and specific surface area of cellulose, known to
have more influence on the degradibility (13, 14). The micro-
structure can be affected by the efficient but expensive ball
milling treatment, preferably with simultaneocus enzymatic
hydrolysis (15).

Extrusion resulted in 18% additional soluble sugars, mainly
because cellulose hydrolysis was increased (results not shown).

Chemical pretreatment

As can be seen fom Table V, NaOH treatment resulted in the
release of less scluble sugars from spent grain (35% for 0.5 N
NaOH) than the H,S0, treatment (66% for 0.5 N H2504). In compar-
ison with the H2504 treatment, NaOH only slightly hydrolysed the
extracted polysaccharides, resulting in a low ratio of reducing
sugars to total sugars. Solubilization of non-sugar components
was substantial in the sample treated with NaCH. From the
material treated with 0.5 N NaOH only 38% of the original total
sclids remained as inscluble. However, at NaOH or H2504

Table V. Amount of reducing sugars (RS8) to total sugars (TS)
released from spent grain by NaOH and H;S04 treatment, as
wellas the ratic of reducing sugars to total sugars, amount of
insoluble residual dry matter and degree of peclysaccharide

hydrolysis.
Treatment RS 15 Inscluble RS Polysaccharide
residue TS hydrolysis *
(mg/100 mg d.m.) {%)
HaO 0.4 2.0 96.5 0.0 0
NaCH 0.50 N 1.5 17.0 38.4 0.09 35
C.1C N 0.4 6.4 87.6 0.06 13
0.01 N 0.4 2.0 94.2 0.20 4
Hy504 0.5C N 14.86 31.0 59.2 0.46 66
0.10 N 4.8 13.9 79.5 0.35 29
0.01 N 0.6 z2.9 89.0 0.21 6

* calculated as in Table IV
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concentrations below 0.1 N scarcely any solubilization was
effected, neither of sugar nor of non-sugar components.

HPLC-analysis of sugars obtained after H580, treatment showed
that arabinosyl linkages of spent grain are highly susceptible
to acid hydrolysis, because at lower H5S(y concentration mainly
arabinose was released as monomer (Fig. 1B). At higher H, 50,
concentration next to arabinose also xylose and several
oligomers were produced (Fig. 1C). Under these conditions almost
nc glucose was released. This suggests that cellulose was not
hydrolysed by this acid treatment.

In the soluble fraction of the alkali treated material only
larger cligomers and no monomers were found (results not shown).

Enzymatic hydrolysis of chemically pretreated samples

Enzymatic hydrolysis of NaOH pretreated spent grain resulted
in an amount cof solubilized total sugars, which was about equal
to the amount of total sugars found in the digest of the H_SO
rretreated material (Table VI). Compared with the results
obtained when no treatment was applied, both chemical pretreat-
ments doubled enzymatic hydrolysis of polysaccharides. However,
the nature of the solubilized sugars differed considerably. The
amount of reducing sugars obtained from the acid pretreated
spent grain was much higher than the value found after enzymic
conversion of the NaOH pretreated material, indicating that the
hydrolysis products from the first treatment were almost
completely in monomeric form.

4

Table VI. Amcunt of reducing sugars (RS) and total sugars (TS),
released from chemically pretreated spent grain by a combination
of Biocellulase and Rthm cellulase, as well as the ratio of
reducing sugars to total sugars, amount cf inscluble residual
dry matter and degree of polysaccharide hydrolysis.

Treatment RS TS Insoluble RS Polysaccharide
residue TS hydrolysis *

(mg,/100 mg d.m.} (%)
H,O + enzyme 12.4 22.0 76.6 0.56 46
NaOH 0.S0N}+ enzyvme 20.0 37.8 35.4 0.52 79
0.10N 15.8 26.8 61.5 0.59 56
0.C1N 13.4 22.8 74.8 0.59 47
H,S0,40.50K |+ enzyme 34.2 40.4 47.7 0.85 85
0.10N 20.2 28.0 68.0 0.72 58
0.01N 12.8 22.4 70.1 0.57 47

* palculated as in Table IV.
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This was confirmed by HPLC analysis of the soluble products
in both digests. Actually conly the monomers glucose, xylose and
arabinose and almost no oligomers were obtained as hydrolysis
products of the acid pretreated sample (Fig. 1D}. Essentially no
cellobiose was detected. This implies that the combination of
cellulases which were used are not deficient in cellobiase
activity and possible product inhibition by cellobiose could be
prevented. In the enzymic product of the 0.5 N NaCOH pretreated
material only 51% of the total peak area was found to be monomer
and 29% as larger oligomers, appearing in the '"void" of the
chromatogram (Fig. 1E). It is not clear why these latter
oligomers are not further hydrolysed by the enzymes to smaller
products. It may be that these cligomers are heteroglycans which
are only degraded by a special enzyme, for instance an
arabinofuranosidase, lacking in the enzyme preparations which
were used. Presumably these oligomers are {at least partially)
hydrolysed during HpSO, pretreatment and are therefore not
detected in the enzyme digest of this material. The relatively
small "void" peak in the chromatogram of the product of 0.5 N
H,804 treatment alone (Fig. 1C) confirms this possibility.
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THE CELLULASE OF TRICHODERMA VIRIDE
Purification, characterization and comparison of all detectable
endoglucanases, exoglucanases and B-glucosidases

G. Beldman, M.F. Searle-van Leeuwen, F.M. Rombouts and a&.G.J.
Voragen

Department of Food Science, Agricultural University, Wageningen

Six endoglucanases (Endo I; II; III; IV; V; VI), three exogluc-
anases (Exo I; II; III1) and a RB-glucosidase (Pp-gluc I) were iso-
lated from a commercial cellulase preparation derived from
Trichoderma viride, using gel filtration on Bio-Gel, anion ex-
change on DEAE-Bio-Gel A, cation exchange on SE-Sephadex and
affinity chromatography on crystalline cellulose. Melecular
masses were determined by polyacrylamide gel electrophoresis.
Oone group of endoglucanases (Endo I, Endo II and Endo IV) with
My of 50000, 4500C and 23500 were more random in their attack
on carboxymethylcellulose than another group (Endo III, Endo V
and Endo VI) showing M, of 58000, 57000 and 53000 respective-
ly. Endo III was identified as a new type of endoglucanase with
relatively high activity on crystalline cellulose and mederate
activtity on carboxymethylcellulose, Exc IT and Exo III with

M. of 60500 and 62000 respectively showed distinct adscrpticn
affinities on a column of crystalline cellulose and could be
eluted by a pH gradient to alkaline regicns. These enzymes were
cellobichydrolases as judged by high-pressure liquid chromato-
graphy of the products obtained from incubation with H3PO4-
swollen cellulose. It was concluded that these exoglucanases are
primarily active on newly generated chain ends. Exo I was essen-
tially another type of exoglucanase which in the first instance
was able to split off a cellobiose molecule from a chain end and
then hydrolyse this mclecule in a second step to two glucose
units. p-Gluc I was a new type of aryl-f-D-glucosidase which had
no activity on cellobiose. The enzyme had a M, of 76000 and

was moderately active on CM-cellulose, crystalline cellulose and
xylan and highly active on p~-nitrophenyl-p-D-glucose and p-
nitrophenvl-B-D-xylose.

Abbreviations. HPLC, high-pressure liguid chromatography;
SDS, sodium dedecyl sulphate.
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Enzymes. 1,4-B-D-Glucan glucanohydrclase (EC 3.2.1.4})}; 1,4-p-
D-glucan cellobiohydrolase (EC 3.,2.1.91}; B-D-gluccside glucohy-
drolase or fB-glucosidase (EC 3.2.1.21); 1,4-p-D-glucan glucohy-
drolase (EC 3.2.1.74).

INTRODUCTION

Much attention is paid to the enzymatic hydrolysis of cellu-
lose because it is a renewable carbon source and available in
large quantities. Cellulases from fungal origin are known toc be
most powerful in cellulose hydrolysis. Cellulase preparations
are derived, among other, from Trichoderma reesei (1, 2),
Trichoderma viride (3), Trichoderma koningii (4} and Sporotri-
chum pulverulentum (5). These microcorganisms produce a multi-
component enzyme system, including the 1,4-Rf-D-glucan glucano-
hydrolase (endoglucanase; EC 3.2.1.4), 1,4-B-D-glucan cellobio-
hydrolase (exoglucanase; EC 3.2.1.91) and B-D-glucoside glucc-
hydrolase RB-glucosidase; EC 3.2.21). A combination of these
three types of enzymes is necessary for the complete hyvdrolysis
of crystalline cellulose. Endoglucanase and exoglucanase are
known to act synergistically in cellulose hydrolysis (6), while
B-glucosidase is needed for removal of cellobiose, a strong
inhibiter of both endecglucanase and exoglucanase (7). However,
the debate on the mechanism of cellulose hydrolysis still
continues. The diversity of endcglucanases, exoglucanases and
B-glucosidases from fungal origin is emphasized by many review
reports on this subject (7-13). Comparative studies are
difficult and sometimes confusing since several species with
different strains are used by various investigators and
characterization is done using different criteria.

The first step in a study on the mode of action of cellulases
is the isolation of substantial amounts of all enzymes of the
complex. The purpose of the present work was the integral
fractionation of a commercial cellulase preparation derived from
Trichocderma viride and the characterization of all endoglucan-
ases, exoglucanases and PB-glucosidases which could be detected
and purified, with respect to meclecular mass, isoelectric point,
glycoprotein nature, temperature optimum, degree of randomness
in CM-cellulose hydrolysis and specific activity on several
types of cellulose.

A new type of endoglucanase with relatively high activity on
crystalline cellulose was isclated. We purified an arvl-p-D-
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glucosidase, nct reported before in the literature, which is
able to act on p-nitrophenyl-R-D-glucoside but lacks the ability
to hydrolyse cellcbiose.

Affinity chromatography on crystalline cellulose was used for
the separation of two different cellobiohydrolases. Hydrolysis
preducts of these exoglucanases were analysed by HPLC and
compared to the hydrolysis products of another type of exo-
glucanase, isclated from the same enzyme preparation. The mode
of action of the cellulase complex, with respect to the role of
these exoglucanases, is discussed.

MATERIALS AND METHODS

Enzyme preparation

Maxazyme Cl, a commercial cellulase preparation from Tricho-
derma viride origin, was kindly previded by Gist-Brocades
(Delft, The Netherlands).

Enzyme assays

Enzyme activities were measured towards Avicel (type SF,
Serva, Heidelberg, FRG; Avicelase activity}, CM-cellulese (type
Akucell AF 0305, Akzo, Arnhem, The Netherlands; CM-cellulase
activity), p-nitrophenyl-f-D-glucopyranoside (Koch-Light,
Colnbrook, Bucks, England; B-glucosidase activity), cellobiocse
(BDH Chemicals Ltd, Pocle, England) and H3PO4-swollen cellu-
lose which was obtained by the method described by wWood (14).
All activities were expressed in Internaticnal Units (U) ml=1.

Avicelase activity. The reaction mixture for Avicelase
activity measurement consisted of 0.5 ml 1% Avicel suspension in
0.05 M sodium acetate buffer, pH 5.0 and 0.5 ml of enzyme
solution. Incubation took place in a shaking incubator at 30°cC
for 20 h. After centrifugation 0.5 ml was taken and analysed for
reducing sugars by the method of Nelson Somogyi (15). Specific
activites were measured at a protein concentratien of 25 ug/ml.

CM~-cellulase activity. CM-cellulase activity was measured
in a mixture containing 0.4 ml of a 0.5% CM-cellulose solution
in 0.05 M sodium acetate, pH 5.0 and 0.1 ml of enzyme solution.
After incubation at 30°9C for 1 h, the reaction was stopped and
reducing sugars were measured by addition of the Nelson Somogyi
reagent. Samples were centrifuged before reading absorbance at
520 nm. CM-cellulase activity was also measured viscometrically
at 30°C according to Almin and Eriksson (16), using a 0.25%
substrate concentration. Activity was expressed as rate of
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