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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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change in specific fluidity, A¢Sp(min'1). A protein concen-
tration of 1 ug/ml was used for specific activity measurements.

p-Glucesidase activity. The B-glucosidase assay was perfor-
med by addition of 0.1 ml of enzyme sclution to 0.9 ml of 0.1%
p-nitrophenyl-p-D-glucopyranoside in 0.05 M sodium acetate
buffer, pH 5.0 and incubated for 1 h at 30°C. The reaction was
stopped by addition of 1 ml 0.5 M glvecine buffer, pH 9.0, con-
taining 0.002 M EDTA. The concentration cof p-nitrophenol was
measured at 400 nm, using an absorption coefficient of 13700
M- lem~1, Specific activities were measured using a protein
concentration of 5 ug/ml.

Cellobiase activity. Enzyme fracticns, containing p-glu-
cosidase activity, were screened for cellobiase activity by
incubation of 0.4 ml enzyme solution in 0.1 M sodium acetate pH
5.0, containing 20 wg protein with 0.1 ml 0.2% cellobiose in the
same buffer. After incubation at 30°C for 1 h, the enzymes
were inactivated by placing the tubes in a boiling water bath
for 10 min. Glucose concentration was measured by the hexckinase
method (Beoehringer enzyme kit, Boehringer, Mannheim, ¥FRG).

Activity towards HaPO4-swollen cellulpose. Activity
towards HiPO4-swollen cellulose was measured by addition of
0.1 ml enzyme solution to 0.9 ml 0.55% H3PO4-swollen cellu-
lose in 0.05 M sodium acetate pH 5.0. Incubation took place for
20 h at 30°C. After centrifugation 0.5 ml of the supernatant
was analysed for reducing sugars. Specific activities were
measured at a protein concentraticen of 1 ug/ml.

Column chromatography

Column chromatography was carried out on Bio-Gel P10 (100-200
mesh), Bio-Gel P100 (100-200 mesh), DEAE-Bio-Gel A (Bio-Rad
Laboratories, Richmond, USA) SE-Sephadex C50 (Pharmacia Fine
Chemicals, Uppsala, Sweden) and Avicel crystalline cellulocse.
Eluted fractions were analysed for Avicelase, CM-cellulase and
B-glucosidase acitivities. Protein was detected at 280 nm.
Protein concentrations were measured using the Folin reagent
(17) with bovine serum albumin as the standard. Chromatography
experiments were carried out at 49C. All buffers contained
0.01% NaN3 as preserving agent. Details on the chromategraphic
steps are given under Results.

Sodium deodecyl suplhate/polvacrylamide-gel electrophoresis
Slab-gel electrophoresis on an 11% polyacrylamide gel, using

the discontinuous buffer system of Laemmli (18) was applied to

analyse enzyme purity. Samples were 3.5 times diluted with
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sample buffer, consisting of 0.125 M Tris/HCl, pH 6.8, 2.5%
(w/v) 8DS, 2.5% (v/v) Z2-mercaptoethanol, 25% (v/v) glvcerol and
0.0025% bromphenol bleu and subsequently boiled for 2 min. Gels
were stained for protein with Cocmassie brilliant bleu and for
carbohydrate, using the periodic acid/Schiff reagent (19).
Bovine serum albumin (M; 68000), ovalbumin (M, 45000), and
chymetrypsinogen (M, 25000) were used as standards.

Iscelectric focusing

Analytical thin-layer gel iscelectric focusing was performed
in the pH range 3.5-9.5 on te LKB 2117 Multiphor (LEKB-Produkter
AB, Stockholm, Sweden) using the application note provided by
the manufacturer. The procedure was slightly modified: 0.4 ml
0.004% riboflavin was replaced by 0.4 ml 1% ammonium persulphate
and 50ul N,N,N' N',-tetramethylethylethylendiamine (TEMED).
After electrofocusing the gel was fixed with a sclution contain-
ing 30% methanol/10% trichlorcacetic acid/3.5% sulphosalicylic
acid for 1 h and then with a solution containing 30% methanol/
12% trichloroacetic acid for 2 h. Before staining all the
amphclines were removed by washing with 40% methanol/10% acetic
acid for at least 36 h.

Temperature optimum

Temperatre optima of all purified enzymes were determined by
measuring the formation of reducing sugars from CM-cellulecse at
temperatures ranging from 10° to 909C. Additionally,
temperature optima of enzymes showing B-glucosidase activity
were determined with p-nitrophenyl-p-bD-glucopyranoside and
enzymes showing mainly Avicelase activity were analysed with
Avicel as substrate.

Product analysis on HPLC

In order to identify purified enzymes showing high Avicelase
and low CM-cellulase activity, these proteins were incubated at
a concentration of 10 pg/ml with 1% H4PO4-swollen cellulose
at 30°C in 0.05 M sodium acetate pH 5.0, for 2, 6 and 21 h.
After centrifugation of residual celluleose (10 min, 3000 x g)
the enzymes in the supernatant were inactivated by placing the
tubes in a boiling water bath for 5 min. Products were analysed
by HPLC (Spectra Physics SP 8000) using an Aminex HPX 87P column
and water as the eluent.
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Fig. 1. Flow sheet of the purification of endoglucanases,
exoglucanases and PB-glucosidases from a commercial enzyme
preparation.

RESULTS

Purification studies

The procedure which was applied for fractionation of the
cellulase complex into its endoglucanase, exoglucanase and B-
glucosidase components is shown in Fig. 1. An amount of 10 g
cellulase preparation was dissolved in 30 ml 0.01 M sodium
acetate, pH 5.0, centrifuged 20 min at 50000 X g to remove
solids and desalted on a Bio-Gel P10 column (30 x 250 mm}
equilibrated in the same buffer. All of the cellulase activity
appeared as one peak in the veoid volume (results not shown}.
This peak was pcoled and applied to a DEAE-~Bio-Gel A column,
equilibrated in 0.01 M sodium acetate pH 5.0. The column was
washed with buffer and then eluted with a sodium c¢hloride
gradient in the same buffer (Fig. 2).

Peak II;, containing most of the f-glucosidase and CM-
cellulase activity was pooled, lycphilized, dissolved in a small
volume and applied to a Bio-Gel P100 column, equilibrated in
0.02 M sodium citrate pH 3.5. After elution with the same buffer
three peaks were obtained of which two peaks showed cellulase
activity (Fig. 3).

Peak III) was dialysed and concentrated in 0.01 M sodium
citrate pH 3.5 in an ultrafiltration cell (Diaflo type 50,
Amicon, MA, USA) using the PM 10 membrane. This concentrated
material was applied to a SE-Sephadex C50 column, equilibrated
in 0.01 M sodium citrate pH 3.5. The column was eluted with a
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flat and then a steep sodium citrate gradient (Fig. 4).
Extensive purification of Endo II and Endo III was obtained
after rechromatography on the same SE-Sephadex c¢clumn. All the
four peaks, Endo I, Endo II, Endo III and Exo I, containing
cellulase and B-gluccsidase activity, were dialysed and concen-
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Fig. 2. DEAE-Bio-Gel A chromatography of crude cellulase prep-
aration after desalting on Bio-Gel P10. Fractions from the Bio-
Gel column containing cellulase activity were pooled (140 ml)
and applied to the DEAE-Bic-Gel A cclumn (30 x 200 mm). The
column was washed with 300 mi 0.01 M scodium acetate pH 5.C and
then eluted with a linear gradient of sodium chloride in the
same buffer. The flow rate was 25 ml/h anhd fraction vclume was
5.5 ml. (©) Abscrbance at 280 nm; (¥) Avicelase; (Q) CM-cellu-
lase; {A) P-glucosidase; (—) seodium chloride cencentration.
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Fig. 3. Bio-Gel P100 chromatography of poecl IIy. Pool IIj

from the DEAE-Bio-Gel A column was concentrated to a smail
volume and applied to the Bio-Gel P100 column (20 x 900 mm). The
column was eluted with 0.02 M sodium citrate pH 3.5 with a flow
rate of 25 ml/h. The fraction volume was 5 ml. (O} Absorbance at
280 nm; (x) Avicelase; (p) CM-cellulase; (A} P-glucosidase.

40



o
w

¢

a2

AZHU

g Am

\ *’jﬁ
"R, T N N AN
e Py °

o
{
I3 S Sephadex -
| s Soe
sl 2
Endol Endoll = £ -
- | el 2 5 g
f\ & Wl g i
3 =8 5 =
i J ol 3 2§ ;
Ero Sl Efno
2 =
2 g 3 3 ¢
i [ I I
‘ !n) 4 % 5 o 3
. / \ d Lo
HS W0
T r
: [\ k
g

f
Iy B
ATEE T a—ama

1
b,
w0 200 )
Frachon number

Fig. 4. SE-Sephadex chromatography of pool IIIy. The dialysed
and concentrated pocl III; from the Bio-Gel P100 column was
spplied to the SE-Sephadex coiumn (25 x 300 mm) eguilibrated in
0.01 M sodium citrate, pE 3.5. The column was washed with 200 ml
of the same buffer and then eluted with a linear gradient from
0.01 M toc 0.025 M sodium citrate, pH 3.5, From fraction 150 to
205 the column was washed with 275 ml 0,025 M sodium citrate pH
3.5 and then eluticn was continued with a linear gradient to 0.1
M sodium citrate pH 3.5. The flow rate was 6 ml/h and the frac-
tion voclume was 5 ml. (@) Absorbance at 280 nm; (X) Avicelase;
(@) CM-cellulase; (A) B-glucosidase; [(—) sodium citrate
concentration.
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Fig. 5. SE-Sephadex chromatography of pool III;. The concen-
trated pool IITp from the Bio-Gel P100 column was applied to
the SE-Sephadex column (20 x 200 mm) equilibrated in 0.02 M
sodium citrate pH 3.5. The column was washed with 475 ml of the
same buffer and then eluted with a linear gradient to 0.1 M
sodium citrate pH 3.5. The flow rate was 20 ml/h and fraction
volume was 10 ml. (Q) Absorbance at 280 nm; (X) Avicelase; (@)
CM-cellulase; (—) sodium citrate concentration.
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trated by ultrafiltration in 0.05 M sodium acetate pH 5.0. These
proteins appeared as a single band on SDS/polyacrylamide gel
electrophoresis (Fig. 13). The first two peaks of Fig. 4,
containing cellulase activity (Endo I and Endo II) were typical
endoglucanases showing high specific activity towards CM-cellu-
lose and low activity towards Avicel (Table 1).

The peak referred to as Endo III had low specific activity
towards CM-cellulose and a much higher activity towards Avicel.
This enzyme was able to produce celletriose, cellobiose and
glucose from HyPOg-swollen cellulose (Fig. 14d) and there-
fore identified as an endoglucanase. There was no evidence for
cellotriose production from transglucosidase activity of this
enzyme, because the relative peak areas of G3, Gp and Gp
remained constant in the course of the incubation (analysed
after 2, 6 and 21 h; results not shown).

The last peak of the elution profile of Fig. 4 (Exo I) showed
high aryl-p-glucosidase activity, and also high activity towards
cellobicse, H3jPO4-swollen cellulose and Avicel. HPLC analy-
sis of the products obtained after incubation with H3PO4-
swollen cellulose showed that this enzyme was an exoglucanase,
releasing cellobiose molecules which were hydrolysed by the same

Table 1. Specific activities of endoglucanases, exoglucanases
and B-glucosidase purified from commercial cellulase derived
from Trichoderma viride.

Specific activities were measured at 30°C and pH 5.0 towards
CM-cellulose, Avicel, H3PC4-swollen cellulose, p-nitraphenyl
B-D-Glucopyrancside (pNp-Glec) and cellobicse as substrates. For
experimental details see the text. Abbreviations: n.d., not

detected; -, not determined.
Enzyme Specific activity towards
CM- Avicel H4PO4- p-Np-Glc cello-
cellulose swollen bicse
cellulose
u/mg
Ende I 13.1 0.0130 0.64 n.d. -
Endc II 20.1 C.0068 0.46 n.d. -
Endc III 3.2 0.0156 0.45 n.d. -
Endo IV 9.6 0.,0026 0,33 n.d. -
Endo Vv 14.7 0.0073 0.61 n.d. -
Endo VI 15.8 0.0044 0.386 n.d. -
Exo I 1.8 0.0160 0.63 0.79 0.19
Exo II 0.26 0.0064 0.053 n.d. -
Exo III 0.033 0.0078 0.030 n.d. -
B-Gluc I 0.29 0.0018 0.45 0.40 n.d.
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enzyme to two glucose units (Fig. 1l4a, b, c).

Pool IIT; from the Bio-Gel P100 ceolumn (Fig. 3) was concen-
trated by ultrafiltration and applied to a SE-Sephadex column
(Fig. 5). The column was washed with 0.02 M sodium citrate and
eluted with a sodium citrate gradient. The peak containing
CM-cellulase activity was pooled and dialysed and concentrated
in 0.05 M sodium acetate pH 5.0 by ultrafiltration. The protein
was pure as judged by SDS/pelyacrylamide gel electrophoresis
(Fig. 13). This enzyme was identified as a typical endoglucanase
(Endo IV), having high activity towards CM-cellulose and low
activity towards Avicel (Table 1).

Peak II, from the DEAE-Bio-Gel A column (Fig. 2.) was
rechromatographed on the same column, but this time using a pH
gradient (Fig. 6). The peak III3, containing CM-cellulase
activity, was concentrated by lyophilization and applied to a
Bio~-Gel P100 column, equilibrated in 0.05 M sodium citrate pH
4.0 (Fig. 7). The peak containing CM-cellulase activity (Endo V)
was dialysed and concentrated in 0.05 M sodium acetate, pH 5.0
by ultrafiltration. SDS/polyacrylamide gel electrophoresis of
this protein showed a single band (Fig. 13). The enzyme was
identified as an endoglucanase, with high activity towards CM-
cellulose and low activity towards Avicel (Table 1).

The same pH gradient purification step on DEAE-Bio-Gel A was
used for further purification of proteins in pool II3 from the
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Fig. 6., DEAE-Bia-Gel A chromatagraphy of pool II;. Pool IIj
from the first DEAE-Bio-Gel A column was diluted with water to
the same conductivity asg the starting buffer (0.02 M scdium
acetate pH 5.6} and applied to the DEAE-Bio-Gel A cclumn (30 x
200 mm) eguilibrated in the same buffer. The column was eluted
with a pH gradient in 0.02 M scdium acetate from pH 5.6 to pH
3.8. The flow rate was 25 ml/h and fraction volume was 10 ml.
(©) Absorbance at 280 nm; (%) Avicelase; (@) CM-cellulase.
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Fig. 7. Bio-Gel P100 chromatography of pool TTI3. The
lyophilized pool ITT3 from the DEAE-Bio-Gel A column was
dissolved in a small volume and applied to the Bio-Gel PL00
column {20 x 900 mm) equilibrated in 0.05 M scdium citrate pH
4.0. The column was eluted with the same buffer. The flow rate
was 25 ml/h and fraction volume was 5 ml. (0) Absorbance at 280
am; {®R) Avicelase; (@) CM-cellulase.

first DEAE-Bio-Gel column. Two CM-cellulase peaks and one B-glu-
cosidase peak were obtained after this purification step (Fig.
B). The fist peak was identified as the same material as
fraction III3 (Fig. &; results not shown). Bio-Gel P100 chrom-
atography was used for further purification of pool III,,
containing CM-cellulase activity (Fig. 9), and pocl IITg, con-
taining B-glucosidase activity (Fig. 10).

The peak in Fig. 9 containing CM-cellulase activity (Endo VI}
was concentrated by ultrafiltration and identified as a pure
endoglucanase. A part of the CM-cellulase activity of Endo VI
appeared as a second peak in the purification of the B-gluco-
sidase (Fig. 10). This protein was identified as pure Endo VI.

The B-glucosidase peak of Fig. 10 (B-gluc I) consisted of a
pure enzyme (Fig. 13) with high activity towards p-nitrophenyl-
B=-D-glucopyranoside. However, this enzyme showed no activity
towards cellobiose and only moderate activity against Avicel,
H3PO4-swollen cellulose and CM-cellulose (Table 1). The
enzyme was also active towards xvlan and the p-nitrophenyl
derivatives of R-D-xylose and a-L-arabinose (results not shown).

Peak II, from the first fractionation on the DEAE-Bio-Gel A
column {Fig. 2), containing essentially only Avicelase activity
was concentrated by lyophilization and applied to the Bio-Gel
P100 column (Fig. 11). The peak IIIg, containing most of the
Avicelase activity was subjected to affinity chromatography on
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Avicel cellulose. Two peaks (Exo II and Exo III), containing
Avicelase activity, were eluted from the column by a pH gradient
of 0.1 M potassium phosphate, from pH 6.0 to pH 11.8 (Fig. 12).
The fractions containing protein were immediately neutralized to
pH 7 by addition of 2.5 ml 0.2 M KHyPQy4, dialyzed and con-
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Fig. 8. DEAE-Bio-Gel A chromatography of pool 1II3. Pool IIjg
from the first DEAE-Bio-Gel A column was diluted with water to
the same conductivity as the starting buffer, 0.02 M sodium
acetate pH 5.6, and applied to the DEAE-Bio-Gel A column (30 x
200 mm) equilibrated in the same buffer. The column was eluted
with a pH gradient in 0.02 M sodium acetate from pH 5.6 to pH
3.8. The flow rate was 25 ml/h and fraction ve¢lume was 10 ml.
(©) Abscrbance at 280 nm; (%} Avicelase; (O) CM-cellulase; {(4)
B-glucosidase.
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Fig. 9. Bio-Gel P100 chromatography of pool III4. The
lyophilized pool III4 from the DEAE~Bio-Gel A column was
dissolved in a small volume and applied to the Bico-Gel PLO0
column (20 x 900 mm) eguilibrated in C.05 M sodium citrate pH
4.0. The column was eluted with the same buffer. The flow rate
was 25 ml/h and fraction volume was 5 ml. (o) Absorbance at 280
nm; (%) Avicelase; (B} CM-cellulase; (A) B-glucosidase.
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centrated in 0.05 M sodium acetate by ultrafiltration. Exo II
was eluted from the column at pH 10.3 and Exo III at pH 11.8.
Both Exo II and Exo III gave single bands on gel electrophore-
sis. These enzymes were identified as exoglucanases, having high
specific activity towards Avicel and very low activity towards
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Fig. 1¢. Bic-Gel P100 chromatcgraphy of pocl LIlg. The
lyophilized pool Illg from the DEAE-Bio-Gel A column was
dissolved in a small volume and applied to the Bio-Gel B100
column (20 x %00 mm) equilibrated in 0.05 M sodium citrate pH
4.0. The column was eluted with the same buffer. The flow rate
was 25 ml/h and fraction volume was 5 ml. (Q) Absorbance at 280
nm; () CM-cellulase: (A} B-glucosidase.
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Fig. 11. Bio-Gel P100 chromatography of pocol II4. The
lyophilized pool II4 from the first DEAE-Bio-Gel A column was
dissolved in a small volume and applied to the Bio-Gel P100
column (20 x 900 mm) equilibrated in 0.05 M sodium citrate pH
4.0. The column was eluted with the same buffer. The flow rate
was 25 ml/h and fraction wvolume was 5 ml. (©) Abscrbance at 280
nm; {x) Avicelase; (D) CM-cellulase; (A} P-glucosidase.
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CM-cellulose and HqPO4-swollen cellulose (Table 1). These
enzymes released cellobiose as the only product during incuba-
tion with HyPO4-swollen cellulose (Fig. lde, f).

Degree of randomness of endoglucanases

The ratic of the activity of endoglucanases on CM-cellulose,
measured viscometrically, to the activity on CM-cellulose, mea-
sured by the increase of reducing sugars {i.e.A @Sp/reducing
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Fig. 12. Avicel chromatography of pool IIIg. Pool IIlg was
dialysed by ultrafiltration to 0.1 M potassium/sodium phosphate
pH 6.0 and applied to the Avicel colum (22 x 100 mm), equil-
ibrated in the same buffer. The column was washed with 500 ml
buffer and then eluted with a pH gradient in 0.1 M peotassium/-
sodium phosphate from pH 6.0 to pH 11.8. The flow rate was 50
ml/h and fraction volume was 5 ml. (©) Absorbance at 280 nm; (X)
Avicelase; {0) CM-cellulase.

Table 2. Degree of randocmness in attack on CM-cellulose of endo-
glucanases isolated from Trichoderma viride.

The specific activity on CM~cellulaose of the endoglucanases,
measured viscometrically, was divided by the activity found from
meagurements of reducing power,

Enzyme A¢sp/reducing power
Endo I 1.00
Ende II 0.77
Endo ITI 0.40
Endo IV 0.88
Endo V 0.50
Endo VI 0.49
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Fig. 13. SDS/polyacrylamide gel eclectrophoresis of endoglucan-
ases, exoglucanases and B-glucosidase purified from commercial
cellulase derived from Trichoderma viride. The gel had a final
acrylamide concentration of 11%. Proteins were stained with
Coomassie brilliant blue. Standards: bovine serum albumin (M,
68000), ovalbumin (M, 45000) and chymotrypsincgen (M,

25000).
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Fig. 14. HPLC analysis of products released from HyPO4-

swollen cellulese. Incubation took place in 0.05 M godium
acetate pE 5.0 at 30°C with: Exo I for 2 h (a), & hib), 21 h
(c); Endo TTI for 21 h (d); Exo II for 21 h (e); Bxec IITI for 21
h {£). G1, glucose; Gy, cellobiose; Gj, cellotriose; RI,
refractive index.




power), is an indication of the degree of randomness in cellu-

loese hydrolysis. Essentially two types of endoglucanases could

be distinguished (Table 2). Endo I, Endo II and Endc IV gave a

high quotient and therefore were identified as randomly acting

endoglucanases. Endo III, Endo V and Endo VI were a less-random
type endoglucanases.

Chemical and physical properties

Molecular masses of the purified endoglucanases, exoglucan-
ases and B-glucosidases could be estimated from the results of
the SDS/polyacrylamide gel electrophoresis (Fig. 13). Most of
the purified enzymes had M, in the range 45000 to 76000 (Table
3). Endo IV appeared to be an exceptionally small protein. The
special nature of this enzyme was emphasized by its relatively
high iscelectric point. Moreover, Endo IV was the only enzyme of
all the purified enzymes presented in this paper which could not
be stained by the periodic acid/Schiff reagent. All the other
endoglucanases, exoglucanases and B-glucosidases were identified
as glycoproteins.

The glucanases Endo I, Endo II and Endo III and the glucanase
Exo I, which were cbtained by purification on the first SE-
Sephadex column and which therefore had a relatively high iso-
electric point (pI 5.3-6.9), showed a temperature optimum for
hydrolysis of CM-cellulose at 60°C. This temperatre optimum
was about 10°C higher than the optimal temperature of all the
other endoglucanases, exoglucanases and B-glucosidases, which
were isolated in the other purification steps and have a lower
isoelectric point (pI 2.8 - 4.4). Again there is an exception
for Ende IV, which had a pI of 7.7 and a temperature optimum of
48°C. The temperature optima of the enzymes showing B-glucosid-
ase activity were alsc measured on p-nitrophenyl p-D-gluccside.
There was no significant difference of coptimal temperature when
this substrate was used instead of CM-cellulcse. Replacement of
CM-cellulose by Avicel had almost no influence on the
tenmperature optima of Exo II and Exo III, although the incuba-
tion time with the latter substrate was 20 h instead of 1 h with
CM-cellulose. Although there is no explanation for the correla-
tion between high temperature coptima and high iscelectric
points, the endeglucanase isolated from the thermophilic
bacterium Clostridium thermocellum alsc has the combination of
these two properties (Ng et al. [201]).
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Table 3. Chemical and physical properties of endoglucanases,
exoglucanases and P-glucosidase purified from commercial cellu-

lase derived from Trichoderma viride.

For experimental details see the text. Abbreviations: P,
positive, and N, negative on staining with periodic acid/schiff

reagent;

-, not determined; pI,
p-nitrophenyl B-D-gluceside.

isoelectric point; pNp-Gle,

Enzyme

My

Temp. optimum to-

Glycoe-
protein

Endo I
Endo II
Endo IIIX
Endo IV
Endo V
Endo IV
Exo I
Exo II
Exo III
p-Gluc I

50000
45000
58500
23500
57000
52000
53000
60500
€2000
76000
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DISCUSSION

Endo I, Endo II, Endo IV, Ende V and Endo VI were identified
as typical endoglucanases (1,4-B-D-Glucan glucanchydrolases),
showing high activity towards CM-cellulose. The specific activ-
ities of these enzymes on Avicel were at least 103 times lower
These two properties are generally accepted to distinguish endo-
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glucanases from exoglucanases. Schoemaker et al.[21,22] describe
a low-melecular-mass endcoglucanase II from Pancellase SS, a com-
mercial cellulase from Trichoderma viride, which clearly resem-
bles Endo IV with respect to molecular mass and low carbohydrate
content. The same enzyme was also purified by Fagerstam et al.
[23] from T. viride QM 9414 and identified as a protein with a
high iscelectric point (pI 7.5), which is consistent with our
observations.

Schoemaker reports two other endoglucanases with different
degrees of randomness in their action on CM-cellulose: endcoglu-
canase IITI and endoglucanase IV [21, 22]. The less-random type
of enzyme, referred tc by these authors as endoglucanase I1I was
very similar to Endo V, reported in this paper. Endo V is a
less-random type of hydrolase than Endo I since it gave less
decrease of viscosity compared toc the increase of reducing
sugars during incubation with CM-cellulose. For this reason and
because it has the same molecular mass, Endo T was identified as
the same endoglucanase (endoglucanase 1V), isolated by Schoe-
maker [21, 22].

Endo VI is a glucanase with the same properties as Endo V,
with respect to temperature optimum, carbchydrate content and
degree of randomness in hydrolysis of CM-cellulose. Its
molecular mass is somewhat lower. Endo VI was not described by
Schoemaker [21, 22]. However, Okada [24] purified a less-random
type of endoglucanase (cellulase II-b) from Meicellase, a com-
mercial cellulase from T. viride which is similar to Endo VI.

Until now three different types of B-glucosidase isolated
from T. viride have been reported. Twc of these enzymes are
extracellular and have M, of 47000 [25] and 76000 [26] respect~
ively. Ancther, intracellular B-glucosidase with a M, of
98000, was isclated by Inglin et al. [27]. All of these enzymes
showed aryl-p-D-glucosidase as well as cellobiase activity. Here
we describe a new type of RB-glucosidase (RB-gluc I) which is
active towards p-nitrophenyl B-D-glucoside but is unable to
hydrolyse cellobiose. The enzyme showed a broad substrate
specifcity: it was moderately active towards CM-cellulose,
Avicel and xylan and highly active towards the p-nitrophenvl
derivatives of B-D-glucose and pB-D-xylose.

Fdgerstam et al. [23] isolated three cellobichydrolases: a
major component with a pI of 3.95 and two minor components with
pl 3.80 and 4.15 respectively. Exo III, described in this paper,
resembles the major exocglucanase ccmponent, while Exo II is com-
parable to the minor component of pI 3.80. Exo II and Exo IIT
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showed different adsorption affinities to crystalline cellulose
and could easily be separated by specific desorption with a pH
gradient without significant loss of enzyme activity. The divers-
ity of the cellobiohydrolases was confirmed by Gum et al. [28],
who isoclated three exoglucanases from Meicelase P and cne from
T. viride QM 9123. These authors concluded that the carbochydrate
content is the principal factor which differentiates the cello~
biohydreclase enzymes. However, Nakayama et al. [29] ccncluded
that limited proteolysis may partially be responsible for the
multiplicity of endoglucanases from T. viride. Our results gave
no evidence for any significant proteclysis during enzyme
purification: although the period of time between two subsequent
chromatographic steps in separate isclation experiments was
varied, no distinct differences in elution profiles were
obtained.

Exo II and especially Exo III acted synergistically with the
endoglucanases described in this paper (results tc be published;
Chapter 6). A new type of synergism was demonstrated by
Fiagerstam et ai.[30]. Their results show synergistic action
between the cellobichvdreclase (CBH I) described in [23] and
another cellobiohydrolase (CBH II), active against crystalline
cellulose and which could be resolved into two isc-~enzymes with
pI values of 5.0 and 5.6 respectively. These enzymes produce
cellobiose as the main product when acting on c¢ystalline
cellulose. However, significant amounts of glucose were also
measured. Although these authors give ne further infeormation on
molecular masses and specific activities towards the substrates
which were used in this work, the results strongly suggest that
the CBH II is not only a cellobichydrolase but an excglucanase
identical to Exo I, described in this paper. Exo I is an
enzyme with the same pI value and produces not only cellobiose
from cellulose but also glucose since this enzyme has cellobiase
activity as well. Moreover, the exoglucanase showed a strong
synergistic action with Exo II and Exo III (result to be
published; Chapter 6). Similar exoglucanases were isolated by
Shikata et al. [31] from Cellulase-Onozuka derived from T.
viride and by Wood et al. [32] from Penicillium funiculosum. The
latter found little accumulation of cellobiose after an 18-h
incubation with H3PO4-swollen cellulose and identified this
enzyme as a 1,4-pB-D-glucan glucohydrolase (EC 3.2.1.74).

Endo III showed low activity towards CM-cellulose but from
all purified endoglucanases this enzyme had the highest specific
activity against Avicel. An enzyme with these properties is

52



usually called an exoglucanase. However, from several lines of
evidence presented in this paper we suggest that this enzyme is
clearly an endoglucanase. Firstly, because Endo III released
cellotriose, cellobiose and glucose from HqPO4-swollen
cellulose, which is an indication for its endo-type attack.
Secondly, this endoglucanase showed a synergistic action in
combination with Exo III. Thirdly, no synergism was cbserved
when Endo III was working in concert with an other endoglucanase
(results to be published; Chapter 6). As far as we know, this
enzyme has not been described before in the literature, and a
further characterization will be published in a subsequent
paper.

Compariscn of the three purified exoglucanases with respect
to their activities towards several substrates shows some in-
teresting phenomena. The activity of Exec I against Avicel cellu-
lose is about twice as high, compared to the activities of Exo
II and Exec III, towards this substrate. However, using H3POyu
-swollen cellulose as the substrate Exo I showed 10-20 times
more activity than Exo II and Exc III. These two cellobio-
hydrolases are not able to degrade this soluble, non-crystalline
cellulcse although there are sufficient chain ends available,
since Exo I is highly active towards this substrate.

Exo IT and Exo III have apparently a much higher affinity
towards crystalline cellulose than towards amcrphous cellulose
{(CM-cellulose; H3zPOg~swollen cellulose)}. The low affinity
towards these substrates is neither determined by the availabil-
ity of chain ends, where Exo II and Exo III are supposed to bind
and exert their catalytic action, nor by charge interactions
between enzyme and substrate, because endoglucanases with
different isoelectric points (in the range from pI 3.5 to 6.9)
all show high affinity to these substrates under the experiment-
al conditions (pH 5.0; 30°C). why do Exo II and Exo III only
have such high affinity for crystalline areas, while in these
very regions the enzymes are unable to hydrolyse? One explana-
tien could be that Exo II and Exo III alsc have a non-hydrolytic
activity during degradation of cellulose: the induction of
structural changes in the crystalline regions, resulting in
better accessibility of the cellulose chains to endoglucanases.
This is the well-known Cy, Cy concept of Reese[33]1, recently
supported by the electron microscopic study of Chanzy et al.[34]

Another explanation, which is more in accordance with the
hydrolytic nature of Exo II and Exo III, could be that these
cellobiohydrolases adsorb on the crystalline regions and only
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become active when an endoglucanase generates a new chain end.
The results suggest that the cellobiohydrolase is especially
active on such newly generated chain ends, since substrates with
accessible chain ends {CM-cellulose, H3PO4-swollen cellu-

lose) are scarcely attacked. This means that this enzyme would
have to work in very close cooperation with the endoglucanase,
maybe as an enzyme-enzyme ccomplex on the surface of the
cellulose chains, as suggested by Wood [6]. A detailed study on
the adsorption kinetics of these exoglucanases and endoglucan-
ases will give more insight inte this theory and will be
published in a subsequent paper.

Part of this work was supported by a grant froem the European
Community (contract number ESE-R-03B-NL).
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5 Adsorption and kinetic behaviours of purified
endoglucanases and exoglucanases from
Trichoderma viride
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ADSORPTION AND KINETIC BEHAVIQURS OF PURIFIED ENDOGLUCANASES AND
EXOGLUCANASES FROM TRICHODERMA VIRIDE.

G. Beldman, A.G.J. Voragen, F.M. Rombouts, M.F. Searle-van
Leeuwen and W. Pilnik.

Department of Food Science, Agricultural University, Wageningen

Adsorption on crystalline cellulose of six endoglucanases (Endo
I, I, III, IV, V and VI; 1,4-B-D-glucan glucanohydrolase, EC
3.2.1.4) and two exoglucanases (Exc II and III; 1,4-p-D-glucan
cellcbiochydrolase, EC 3.2.1.92), purified from a commercial
cellulase preparation of Trichoderma viride origin, was studied.
Ende I, III and V adsorbed strongly on Avicel cellulose, while
adsorption of Endo II, IV and VI was much lower. Also, the two
exoglucanases could be divided into one enzyme (Exo III) which
had a high adsorption affinity and another enzyme (Exo II) which
adsorbed only moderately. Adsorption data fitted the Langmuir-
type adsorption isotherm. However, adsorption was only partially
reversible with respect to dilution. No relation could be found
between adsorption affinity and degree of randomness in cellu-
lose hydrolysis, measured as the diversity of released
hydrelytic products. Kinetic measurements indicated that only
part of the adsorbed enzyme molecules are hydreolytically active.

INTRODUCTION

Cellulose is a renewable carbohydrate source and available in
large quantities. Many attempts have been made to utilize this
enormous amount of carbohydrate through enzymatic hydrelysis
into gluccse. Cellulases, capable of hydrolysis of crystalline
cellulose are derived from several fungl (1-5).The extracellular
multi-enzyme system of these micro-organisms is characterized by
three main components: the 1,4-B-D-glucan glucanohydroclase or
endoglucanase (EC 3.2.1.4), the 1,4-B-D-glucan cellobichydrolase
or exXxoglucanase (EC 3.2.1.91) and the pB-D-glucoside gluco-
hydrolase or f-glucosidase (EC 3.2.1.21). The multiplicity of
the enzyme complex and the synergistic action between
endoglucanase and exoglucanase (6) cause many difficulties in

58




studying the mode of action of the complex.

The substrate-enzyme system is heterogeneous and consists of
the water insoluble cellulose and the water soluble enzymes.
This implies that the first step in cellulolysis is binding of
the cellulase enzymes on the surface of the cellulose fibrils.
After hinding of the enzyme molecules the actual catalytic
action, i.e. the hydrolysis of the susceptible glucosidic bonds,
takes place. The physicochemical heterogeneity of the cellulose
introduces another multiplicity, which has large influence on
the adsorption characteristics of the cellulase enzymes, as well
as on the extent of hydrolysis.

Crystallinity of cellulose was shown to be the main parameter
which determines its biodegradability (7, 8). Besides of the
enzyme and cellulose concentration, the amount of adsorbed
cellulase per unit mass of cellulose, depends on the crystall-
inity index and the specific surface area. The adsorption
equilibrium constant, obtained from the Langmuir-type adsoption
isotherm, using a constant cellulose concentration, decreases
with decreasing crystallinity index and the maximum protein
adsorption constant increases with increasing specific surface
area (9, 10). At present all the research carried ocut on
adsorption of cellulase on cellulosic substrates has been done
with the complete culture filtrate (9-14), commercial enzyme
preparations (15) or partially purified and characterized
endoglucanase and excglucanase fracticns (16). Information on
the adsorption of various endoglucanase and exoglucanase
components of these preparations was obtained from activity
measurements on carboxymethylcellulese (endoglucanase) and
filterpaper {exoglucanase) (1l1-14). However, it has been proven
that such assays are unsuitable for calculaticns cof enzyme
guantities (17, 183}.

The work presented in this paper avoids such drawbacks by the
use of highly purified enzymes. The adsorption characteristics
and the reaction kinetic parameters of six endoglucanases and
two exoglucanases, purified from a commercial cellulase prepara-
tion, derived from Trichoderma viride (1%) were determined on
crystalline Avicel cellulose. The adsorption behaviour of endo-
glucanases were compared to their mode of action in cellulose
hydrolysis, especially with respect to the release of scluble
products.
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MATERIALS AND METHODS

Enzymes
Six endoglucanases (Endo I, II, III, IV, V and VI) and two

exoglucanases (Exo II and III) were iscolated from the commercial
cellulase preparation Maxazyme CL (Gist-Brocades, Delft, the
Metherlands) as described before (192). If necessary the enzyme
sclutions were concentrated tc the desired protein concentration
(1-2 mg/ml) by ultrafiltration (Diaflo Type 50, Amicon, Mass.,
USA) using the PM10 membrane.

Adsorption studies

Various amounts of the purified endoglucanases, or exoglucan-
ases and appropriate amounts of (.05 M sodium acetate buffer pH
5.0 were mixed with a fixed amcount of Avicel cellulose (Type SF,
Serva, Heidelberg, F.R.G.) to give a final volume of 0.5 ml. The
enzyme protein concentration varied between 0.1 and 1.0 mg/ml.
The final cellulose concentration was 20 mg/ml. Incubation tock
place for 1 hour at 30°C in 0.05M sodium acetate pH 5.0 with
continuous mixing on a roller drum (New Brunswick Scientific,
Edison, USA). After centrifugation of the cellulose {10 min,
3000 x g), the supernatant was analysed on non-adsorbed protein
using the Folin reagent (20). Cellulase, adsorbed on cellulose
was estimated by substracting the amount of dissolved protein
from the values obtained in a similar experiment without
cellulose.

Reversibility of the adsorption was studied under conditions
of about 50 % saturation. The cellulose was centrifuged off,
foliowed by replacement of two-third of the total volume by
fresh buffer. After resuspending the cellulose, further incuba-
tion took place during 1 and 8 hours, using the same conditions.
The samples were centrifuged again and the free protein
concentration was determined.

Kinetic studies

The reaction mixtures for kinetic studies on Avicel cellulose
consisted of various concentrations of substrate {(11.43 to 920.91
mg/ml) and a fixed enzyme concentration (25ug/ml) in 0.05M
sodium acetate buffer pH 5.0. The final volume was 1 ml.
Incubation took place on a roller drum at 30°C for 20 hours.
After centrifugation aliquots of the reaction mixtures were
taken and analysed for reducing sugars by the method of Nelsocon
and Somogyi (21).
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Hyvdrolysis products analysis

The six endoglucanases were incubated with 2% Avicel cellu-
lose in a final volume of 0.5 ml at 30°C in 0.05 M sodium
acetate buffer for & hours. The enzyme concentration was &0
ug/ml. After centrifugation of the cellulose, aliquots of 0.4
ml were taken from the supernatant, the enzymes were inactivated
by placing the tubes in a beiling water-bath for 5 min. and
evaporated with dry air. The residue was dissolved in 75 ul 0.1
M Pb(NO3); and centrifuged to remove solids. Products in the
supernatant were analysed by HPLC (Spectra Physics SP 8000)
using the Aminex HPX 87P column (300 x 7.8 mm, Bio-Rad Labs,
Richmond Ca, USA)} coupled with a guard column, containing equal
amounts of the ion-exchange resins AG 50W-X4 (H'} and AG3-X4A
(OH”) (Bio Rad labs). The coclumn was operated with water as
eluent at 85°9C and a flow rate of 0.5 ml/min. Detection took
place with an ERMA-ERL 7510 refractive index detector,
thermostated at 40°C.

RESULTS

Adsorption studies

After incubation of various amcunts of purified endoglucanase
or exoglucanase with a fixed amount of Avicel cellulose the free
protein cencentration P (mg/ml) was determined. The gquantity of
adsorbed enzyme was calculated and Pads was defined as the
amount of adsorbed protein divided through the amount of cellu-
lose (mg protein/mg cellulose). From these data the adsorption
isotherms (Pads vs P) were constructed for the endoglucanases
(Fig. 1) and excglucanases (Fig. 2).

On the basis of these isotherms two groups of endoglucanases
could be distinguished. One group, consisting of Endo I, Endo
IIT and Endo V adsorbed strongly on crystalline cellulose, while
another greup of endoglucanases, Endoc II, Ende IV and Endo VI,
adsorbed moderately (Endo II) or only very slightly. From the
two exoglucanases Exc III appeared tc adsorb much stronger than
Exo II.

Adsorption data of the complete cellulase complex are known
to obey the Langmuir-type adsorption isotherm (10, 15, 22, 24}:

K. P
P ads,m
Pads™ P [1]

1 +Kp, P
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where P is the free protein concentration (mg/ml); Pz3g is the
amount of adsorbed protein (mg adsorbed protein/mg cellulose).
Pads,m 1S the maximal amount of adsorbed protein (mg adgorbed
protein/mg cellulose) and Kp is the adsorption eguilibrium
constant (mg/ml)~1l.

304 x

201 {Zi’

Pyqs * 107 Img adsorbed protein/mg collulose )

0 02 04 t6 08 10
P{mg/ml)

Fig. 1. Adscrepticon isctherms cof purified endoglucanases on
avicel crystalline cellulose (20 mg/ml). o, Endo I; @, Endo II;
¥, Endc III;([d, Ende IV; X, Endo V: A, Endo VI.

o

o/

Pags * 163 (mg adsarbed protein./mg cellulase!




Hydrolysis products analysis

The six endoglucahases were incubated with 2% Avicel cellu-
lose in a final volume of 0.5 ml at 30°C in 0.05 M sodium
acetate buffer for 6 hours. The enzyme concentraticn was 60
ug/ml. After centrifugation of the cellulose, aligquots of 0.4
ml were taken from the supernatant, the enzymes were inactivated
by placing the tubes in a boiling water-path for 5 min. and
evaporated with dry air. The residue was dissolved in 75 ul 0.1
M Pb(NO4), and centrifuged to remove solids. Products in the
supernatant were analysed by HPLC (Spectra Physics SP 8000)
using the aminex HPX 87P column (300 X 7.8 mm, Bio-Rad Labs,
Richmond Ca, USA) coupled with a guard column, containing equal
amounts of the icn-exchange resins AG 50W-X4 (%) and AG3-X4A
(OH™} (Bio Rad labs). The column was operated with water as
eluent at 859 and a flow rate of 0.5 ml/min. Detection took
place with an ERMA-ERL 7510 refractive index detector,
thermostated at 40°cC.

RESULTS

Adsorption studies

After incubation of wvarious amounts of purified endoglucanase
or exoglucanase with a fixed amount of Avicel cellulose the free
protein concentration P {mg/ml) was determined. The quantity of
adsorbed enzyme was calculated and Pads was defined as the
amount of adsorbed protein divided through the amocunt of cellu-
lose (mg protein/mg c¢ellulose). From these data the adsorption
isotherms (Py4q¢ vs P) were constructed for the endoglucanases
(Fig. 1} and exoglucanases (Fig. 2).

On the basis of these isotherms two groups of endoglucanases
could be distinguished. One group, consisting of Endo I, Endo
IIT and Endo V adsorbed strongly on crystalline cellulose, while
another group of endoglucanases, Endo II, Ende IV and Endo VI,
adsorbed moderately (Endo II) or only very slightly. From the
two exoglucanases Exo III appeared to adsorb much stronger than
Exo II.

Adsorption data of the complete cellulase complex are known
to obey the Langmuir-type adsorption isotherm (10, 15, 22, 24):

Kn. P
P ads,m

Pags= . P [1]
1 +Kp P
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where P is the free protein concentration (mg/ml); Pzgg is the
amount of adsorbed protein {(mg adsorbed protein/mg cellulose).
Pads,m 1S the maximal amount of adsorbed protein (mg adsorbed
protein/mg cellulose} and Kp is the adsorption equilibrium
constant (mg/ml}~1.

30+ 4

201 vé/

Pyds * 103 (mg adsorbed protein./mg cellulose )

04 06
P {mg/ml)
Fig. 1. Adsorption isotherms of purified endocglucanases on

Avicel crystalline cellulose (20 mg/mli. o, Endo 1; e, Endo 11;
¥, Endo III:[J, Endo IV; X, Endo V; A, Endo VI.

04 10

K"

204

Pads 10° (mg adsorbed protein./mg @liulose)
=3

10

P

o—-—o..—u_..o-—_

0

S—

0 o1 02 03 04

Pimg/ml)
Fig. 2. Adsorptiecn isctherms of purified exoglucanases on Avicel
crystalline cellulose (20 mg/ml). @, Exo II; X, Exo IIL.
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Rearrangement of edq.[1] gives:

P 1 1
= + ~——o0— P (21
Pads Kp. Pads,m Pads,m

A plot of P/Pygs versus P will give a straight line, from
which the adsorption parameters Ppqg m and Ky can be
calculated. Using eq. (2] for the experimental data of adsorp-
tion of the purified endoglucanases and exoglucanases, straight
lines were obtained (Fig. 3, 4, 5), indicating that these data
fit the Langmuir-type adsorption isotherm indeed. Adsorption
parametrers, obtained from these lines are presented in Tabile
I.

Reversibility of adsorption is one of the conditicns which
have to be cbeyed to attach any physical significance to the
adsorption parameters obtained from the Langmuir eq. [1].
Therefore reversibility was investigated by the centrifugatien
of cellulose and replacement of a large part of the supernatant,
containing non-adsorbed protein, by fresh buffer. After

P/ Pygs (mg/ml)

il

0 01 02 03 04 05
P{mg./ml}

Fig. 3. Langmuir-type adsorption plots of Endo I {(0), Endo III
{Y) and Endo V (x).
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resuspending the cellulose and further incubation, the amount of
released protein (APgzgqg) was measured and expressed as
percentage of the amount of protein, which thecoretically could
desorb at full reversibility, using the Langmuir-type isotherm

(Table II).

400+
J A
= 30 /
é\ a
£
- n/
% -]
=] &
& 200+
o
a
a
100+
- - T —e
0 T T T T T T T T T T
0 (174 04 06 08 10
P{mg/ml)

Fig. 4. Langmuir-type adsorption plots of Endo II (@}, Endo IV
D) and Endo VI (A).

)

—~ 50
E
>
£ 10
£
301
a
2
10“ W=
A r— x_._—x—._F-_._
____—x—-’
¢ . . —r T
1] 01 02 ¢3 04
Plmg/ml)

Fig. 5. Langmuir-tvpe adscrption plots of Exo II (0) and Exc III
(X).
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Table I. Adsorption parameters and reaction kinetic parameters
of purified endo- and exoglucanases from Trichoderma viride.

Enzyme Kp Pads,m R Em Vmax
(mg.protein/ (umol/
{mg/ml)~1 mg cellulose) (mg/m1)=1(mg/ml) mg.min}

Endo I 0.88 0.126 0,111 46.3 0.19&
Endo II C.28 0.090 0.025 90.6 0.099
Endc III 11.67 0.026 0.303 14.4 0.085
Endeo IV 2.50 0.0028 0.007 130.7 0.152
Endec V ¢.89 C.1¢5 0.094 64.3 0.133
Endec VI 3.44 ¢.0041 D.014 122.9 0.122
Exo 11 4,96 0.0066 0.037 44.1 0.060
Exo III 6.92 0.063 0.436 12.0 0.019

Table II. Degree of reversibility of adsorption. Amount of
desorbed enzyme protein (4P 4q) at 1 hour desorptien and
calculated values at full reversible reaction; n.d., not

determined.
Enzyme APa4s % reversibility

measured calculated from

Langmuir isctherm

Endo 1 1,10 4.10 27
Endo ITI 2.19 5.086 43
Endo III 1.82 3.15 58
Endo IV n.d. n.d. n.d.
Endo V 0.91 1.99 46
Endo VI n.d. n.d. n.d.
Exc II n.d. n.d. n.d.
Exo IIT 10,39 13.81 75

Adsorption of Ende I,
partially reversible. Even a longer desorption time up to 8

II, III, V and Exo III was

only

hours did not increase the amount of released protein (data not
shown). Exo III gave the highest level of reversibility: 75% of
the amount of protein, which could theoretically desorb at full

reversible reaction, was released. Data on desorption of Endo
IV, VI and Exo II are not given because these enzymes adsorb

only slightly. Therefcre detection of the small amounts of these

enzymes which could desorb was not possible, using the methods

described.
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Because adsorption of at least some of the endoglucanases and
excglucanases is not completely reversible, no physical
significance can be attributed to the Langmuir constants,
calculated from eq.[2] and presented in Table I. Therefore Kp
can not interpreted as an affinity constant of adsorption. 2s a
parameter which describes the degree of interaction between the
enzymes and the cellulose, R was introduced and defined as the
slope of the isotherm at its origin (P=0), where no interaction
between the enzyme mclecules takes place. This slope equals the
inverse intercept of the lines obtained from eq.[2] (Fig. 3, 4,
5), so:

R= Kp + Padg,m [3]

R has the dimension of (mg cellulose/ ml)~'. From Table 1 it
can be seen that the strongest interaction between the
endoglucanases and cellulcse was found for Endo III. Also Endo I
and Ende V showed a relatively large R-value. These latter
enzymes have, in comparison with Endo III, a larger Pads,m¢
which means that more adsorption sites on the cellulose chains
are available. However, in the case of Ende I and Endo V, the
affinity of enzyme to substrate is low and high initial
concentrations of these enzymes are needed to reach saturation.
Small values for R were obtained for Endo I1I, IV and VI.
Although interaction between Endo II and Avicel is rather poor,
relatively many adsoption sites for this enzyme are present on
this type of cellulose (high Pads,m)- For Endo IV and VI,
however, the amount of cellulose which was used in these
experiments was already saturated by these enzymes at a low
protein concentration. Exo III is the most abundant exoglucanase
in the commercial cellulase preparation from which it was
purified (19} and showed an interaction with Avicel which was
much stronger than for Exo II. Also the saturation level of
adsorption for Exo III was about ten times higher than the value
found for Exec II.

Kinetic studies

Hydrolysis kinetics by the endo- and exoglucanases was
studied using Avicel cellulose as the substrate. The kinetic
parameters K and V., were obtained from the Lineweaver-
Burk plots of the experimental data (Fig. 6, 7) and presented in
Table I. For the different endoglucanases the lowest Ky values
were found for those enzymes which have a high initial rate of
adsorption, i.e. Endo I, III and V (Table I). The same observa-
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tion was made for the two exoglucanases. The lower K, of Exo
ITI is attended with the higher wvalue for R.

N
N

1/V {pmol /mg. min)
&
N
N
X

006 -006 -002 0 007 , 00 006 ' 08
175 {mg/ml]”
Fig. 6. Lineweaver-Burk plots of purified endoglucanases using
Avicel crystalline cellulose as the substrate. 0, Endo I;
®, Endo II; ¥, Endo III; 0, Endo IV; x, Endo Vi A, Endo VI.

1204

BN
N
AN

\

12v {pmol/mg.min}™!
g
\\\\:
\
o
\\

8
AN

AN

407

201

00 -00 0 o0 008 012
175 (mg/mi )

Fig. 7. Lineweaver-Burk plots of purified exoglucanases.
0, Exo II; X, Exo III.



Hvdrolysis products analysis

Hydrolysis products from incubations of the endoglucanases
with Avicel cellulese were analysed on HPLC and presented in
Figure 8. Endo I, II, III and IV produced a mixture of gluccse,
cellcbicse and celleotriose. Small amounts of cellotetracse were
found in the reacticn products of Endo IV after a very short
incubation time (1 hour; data not shown). Only glucose and
cellobiose were cbtained from incubations with Endo V and Endo
VI. The presence of transgluccesidase activity could be excluded,
because relative peak areas after 2 and 6 hours of incubation
were comparable (data not shown).

The differences which were cobserved in adscrption behaviours
of the endoglucanases {Fig. 1) did not parallel the diversity in
hydreolytic acticn of these enzymes. From the endoglucanases I,
IIT and Vv which do adsork to a great extent, Endo I and III
produce Gz, G3 and G4, while Endc V produces only G; and
Gj. On the other hand, from the endoglucanases which both
produce only G, and Gp during cellulose hydrolysis, one
(Endo V) adsorbs strongly on its substrate, while the other
enzyme (Fndo VI) does not.

The different degrees of random attack during cellulose
hydrelysis of these endoglucanases results in reaction mixtures

a G, 5 Gy s Gy
Gy
03
Gy
G
Gy f
fd i 0
z ——-——JMU\
@ T T T 1 1 T T T T T T T T T T
-E d G3 e Gy f Gz
g &, Gy
@
&
Gy €]
X 0 25 0 B

etution time (min)
Fig. &. HPLC analysis of products released from Avicel crystall-
ine cellulose by Endo I (a), Endo II (b), Ende III (c), Endc IV
(d), Endo V (e) and Endo VI (f}). Gy, glucase; Gz, cello-
biose; 83, cellotriose.
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with a more or less diverse composition {Gy4, G3, G; and

G1) or in a more homogeneous reaction product containing only
G, and G;. However, it appears that the degree of randomness
is not determined by the adsorption characteristics.

DISCUSSION

Several investigators showed that adsorption of cellulase on
crystalline cellulose is a relatively fast process. Coshima et
al. (15) stated that the equilibrium of adsorpticn of
Trichoderma viride cellulase on pure Avicel cellulose was
reached within 30 minutes at temperatures between 5-50°C., A
contact time of 15 minutes was found to be sufficient to attain
a steady state of adsorption in a mixture of Talaromyces
emersonii cellulase and a number of cellulosic substrates with
different compositions (12). For the experiments described here,
a contact time of 1 hour was used to establish equilibrium.

The results clearly show that the group of purified
endoglucanases, as well as the two exoglucanases, can be divided
into two subclasses of enzymes: those enzymes which do adsorb
strongly {(Endo I, III, VvV, and Exo III) and those which absorb
only slightly or moderately on crystaline cellulose (Endo I1I,
IV, VI and Exc II). The existence of a non-adsorbing endo-
glucanase component in a cellulase complex of T. reesei was also
observed by Ryu et al. {(16). The results in this paper indicate
that such a non-adsorbing endoglucanase component consists
primarily of distinct, specific endoglucanases.

One of the consegquences of such a specific adsorption for the
recovery of the complete cellulase complex after {(incomplete)
cellulose hydrolysis, is that the enzyme composition of the
adsorbed fraction can be completely different from the com-
position of the original complex. This should be considered when
recovery of enzymes is done by adsorption on fresh substrate as
suggested by some authors (11).

Also the reversibility of the adsorption was examined. It
appeared that at least a part of the enzyme mclecules was
irreversibly adsorbed on the cellulose chains, even after pro-
longed desorption time. However, the experimental data of the
adsorption experiments, fortuitously fitted the Langmuir-type
adsorption isotherm (eg.[l]), which makes this eguation useful
for calculations of the amounts of adsorbed cellulase protein,
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at the cellulose concentration (20 mg/ml) used in these
experiments.

This finding was used to evalutate the reaction kinetic
experiments. It can be assumed that at a very high cellulcse
concentration (S— =) all of the available enzyme (Pgy) is
adsorbed to the substrate and the maximal reaction rate (Vpay)
is achieved. It is reasonable to suppose that, going from low to
high substrate concentration an increase of reaction rate
parallels an increase of the amount of adsorbed enzyme. Lee et
al. (10) showed that this was true for adsorption of the
complete cellulase complex of T. reesei. Alsc assuming that the
distribution of the active and possible inactive enzymes remains
unchanged during adsoption, one can expect that, at a certain
cellulose concentration, the part of total available enzyme
which is adsorbed, expressed as Pads/Pav- eguals the ratio
of actual reaction rate and maximal reaction rate (i.e.

V/Vmax) at that specific cellulose concentration. This latter
ratio can be obtained directly from the kinetic experiments,
while egs.[1] makes it possible to calculate the ratio of
adsorbed and available enzyme protein at a substrate
concentration of 20 mg/ml.

It can be concluded from Table III that for most of the
purified endoglucanases and exoglucanases these ratios are not
equivalent. Especially for those enzymes which do adsecrb to a
great extent i.e. Endo I, III, IV and Exo III, it can be
estimated that a large part of the available enzyme is already
adsorbed at this cellulose concentration, while the reaction
rate for these enzymes under these conditions was only a much
smaller part of their V... For instance from Endo I 69% of
the available enzyme protein was adsorbed, but only 31% of the
Vmax was achieved.

Table. III. Part of total avaiblable enzyme which is adscrbed and
part of maximal reaction rate at a cellulose concentraticn of 20

mg/ml.

Enzyme Pads/FPav V/Vgax
Endo I 0.69 0.31
Endo TI 0.33 0.18
Endo III 0.85 0.58
Endo IV 0.12 0.13
Endo V 0.65 0.24
Endo VI 0.21 0.14
Exo II 0.38 0.31
Exce III 0.9¢C 0.63
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An explanation for this discrepancy may be that a part of the
adsorbed enzyme molecules are not bound at their catalytic site.
An other explanation is that these enzymes do indeed adsorb at
their catalytic site, but are not able to express their hydro-
lytic action. It may be possible that the activity of these
enzymes - for instance an endoglucanase - will only find
expression if an other enzvme, in this case an exoglucanase, is
also present. On the other hand part of the excglucanase
activity will only be measured if an endoglucanase molecule
adsorbs at the same spot and creates a new chain-end. This
phenomencon may explain partially the synergism between endo- and
excglucanases.

In a previous study (Chapter 4) we showed that different
degrees of randomness in the attack of cellulose chains by
endoglucanases exist (19). This is expressed as the ratio of the
liquefying activity to the saccharifyving activity. The value of
this ratio was shown to be the highest for Endo I, Endo II and
Endo IV. The results in this paper show that these cellulases
indeed are the most random types of the six endoglucanases which
were purified from Trichoderma viride, because a considerable
amount of celletriose was produces by these enzymes. Low
liquefying/saccharifying values were obtained for Endo V and
Endo VI, which is consistent tc the fact that these enzymes gave
only cellobicose and glucose as hydrolysis product. One could
expect that an enzyme which is tightly adsorbed at its solid
substrate is less mobile and therefore less random in hydreolytic
action than an enzyme which adsorbs only slightly. However, no
such relationship could be observed for the endoglucanases
investigated in this study. Randomness is rather determined by
the fact how the enzyme structurally binds to its substrate,
than by how strongly it binds. The extremely low degree of
randomness in cellulose attack by Endo III (19) is in contrast
with the heterogeneous composition of its hydrolysis product
(G3, Gp and G1). Possibly this can be explained by a
single chain multiple attack mechanism of this enzyme, contrary
to the multiple chain attack of the other endoglucanases.
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NOMENCLATURE

free enzyme {(mg/ml)
adsorbed enzyme {mg/mg cellulose)
available enzyme (mg/mg cellulose)

m maximum adsorbed enzyme (mg/mg cellulose)

' adsorption equilibrium constant (mg/ml)'l
initial rate of adsorption (mg cellulose/ m1)-1
actual reaction rate (umol/mg.min)

maximal reaction rate (umol/mg.min)
Michaelis-Menten constant (mg/ml}
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6 Synergism in cellulose hydrolysis by endoglucanases and
exoglucanases purified from Trichoderma viride
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SYNERGISM IN CELLULOSE HYDROLYSIS BY ENDOGLUCANASES AND EXO-
GLUCANASES PURIFIED FROM TRICHODERMA VIRIDE

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

Department of Food Science, Agricultural University, Wageningen.

Synergistic effects in cellulose hydrolysis between six endo-
glucanases (Endo I, II, III, IV, V and VI) and two exoglucanases
(cellobiohydrolases Exo II and Exo III), which were purified
from a commercial cellulase preparation, derived from
Trichoderma viride were investigated. Especially Exo III acted
strongly synergistically with all endoglucanases. The degree of
synergistic effect was largely dependent upon the initial ratio
of endeglucanase to exoglucanase and maximal at a specific
value, which could gualitatively be related to the adsorption
behaviours of the endoglucanases. Those endoglucanases which
adsorb strongly on crystalline cellulose {(Endo I, III and VI)
needed to be used in smaller amounts to reach maximal degree of
synergism, than Endo II, IV and VI which we have found are to
adsork less. These results indicate that only those
endoglucanase and exoglucanase molecules which are adsorbed on
the cellulose chains as a complex with a specific ratio of both
enzymes are involved in synergistic effects on insocluble
crystalline cellulose.

Probably because of cellobiase activity, another exoglucanase
{Exo 1) showed synergistic action when working in concert with
Exo II and Exo III.

INTRCDUCTION

One of the most intriguing phenomena in cellulose hydrolysis
by the cellulases of several fungi is the synergistic action
between the individual components of these enzyme mixtures. The
enzymes which play a main role in synergism are the endoglucan-
ase [ 1,4-p-D-glucan glucanchydrolase (EC 3.2.1.4)] and the
exoglucanase [1,4-B-D-glucan cellobiohydrolase (EC 3.2.1 .91.)]).
Both types of enzymes were found to exist in multiple forms in
a.9. the culture filtrates of Trichoderma viride (1-3),

Trichoderma Koningii (4, 5), Sporotrichum pulverulentum (6),
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Penicillium funiculosum (7, 8), Fusarium solani (9) and
Talaromyces emersonii (10).

Synergism in cellulose hydrolysis by the cellulase complex of
several of these fungi has been demonstrated by recombination
experiments of the purified endo- and exeglucanases (4, 53). Also
"cross-synergism'" has been observed between the endo- and
exo-acting enzymes from different microbial origins (7 ).
Synergism in the enzymatic degradation of crystalline cellulose
is not simply explained by the sequential attack of endoglucan-
ases and exoglucanases. For instance it was found by wWood et
al.{5) that one of the four endecglucanases from T. Koningii,
which was the most random acting enzyme in cellulose attack, and
therefore expected to create relatively many chain-ends for an
exo-glucanase to act on, showed only very little synergistic
effect when working together with the cellecbiohydrolase from
this fungus. These authors state that the formation of a complex
of endoglucanase and cellobichydrolase on the surface of the
cellulase chain is essential for synergism.

From the mechanistic model described by Ckazaki et al. (11}
it was concluded that the degree of synergistic effect (DSE),
which is defined as the ratic of the observed activity of the
combined endo- and exoglucanase enzymes, to the sum of the
observed individual activities, largely depends on the ratio of
endoglucanase and exoglucanase, as well as on the degree of
polymerization of the substrate. The model was used to predict
synergistic effects, using kinetic data obtained from
incubations with soluble substrates. The value of this model to
predict a degree of synergistic effect (DSE) during hydreclysis
of inscluble c¢rystalline cellulose is questionable.

An explanation for synergism from another point of view was
given by Ryu et al. (12 )}, who studied the sequential adsorpticn
of the endoglucanase and exoglucanase components of T. reesei
and found that synergism was gradually "introduced" intoc the
ncn-adsorbed enzyme fraction by competitive adscrpticon of cne cof
the glucanases. These investigators state that synergism of the
cellulase complex remains undisturbed during adscrption, but
show no data on synergism between cellulases in the adscorbed
fraction. The work was dene with partially purified enzymes,
which still contained several iso-enzymes. In two previous
papers we described the purification and biochemical character-
ization of all endoglucanases and exoglucanases of a commercial
enzyme preparation from T. viride (1), as well as the adsorption
and kinetic behaviours of these enzymes (13). This paper
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presents the results of the recombination experiments with fhese
purified enzymes. The synergistic effects which were observed
could partially be explained in the light of the reported
adsorption behaviours of these cellulases.

MATERIALS AND METHODS

Enzyme preparations

Maxazyme Cl is a commercial cellulase preparation from
Trichoderma viride origin and was provided by Gist-Brocades,
Delft, the Netherlands. From this preparation six endoglucanases
(Endo I, II III, IV, V and VI) and three exoglucanases (Exo I,
Exo II and III) were isolated as described in a previous paper
(1).

Recombination experiments

Endoglucanases in combination with Exo III on Avicel
cellulose. From the endoglucanase preparations (Endo I, II,
111, 1Iv, Vv, VI) a fixed amount of 90 ug enzyme was combined with
an amount of Exo III ranging from 6 to 200ug protein. Incubatien
with 0.5% Avicel cellulose (Type SF, Serva, Heidelberg, F.R.G.)
tock place under continuously mixing on a roller drum during 20
hours at 20°C in 0.05 M sodium acetate buffer. The final
velume was 1 ml. In a parallel experiment the endoglucanases and
Exo ITII were incubated separately using the same conditions as
in the combination experiment. After incubation the cellulose
was centrifuged off (10 min., 3000 X g) and the supernatant was
analysed on released reducing sugars by the method of Nelson
Somogyi (14) as well as on total sugars by the method of Dubois
et al. (15).

Endo IV in combinatien with Exo III on HqPOs-swollen
cellulose. Recombination of Endo IV with Exo ITI was carried
out as described above, using 0.5% H3POy-swollen cellulose
instead of Avicel. The H3PO4-swollen cellulose was prepared
by the method of Wood (16).

Fixed amounts of endoglucanases or Exo I in combination
with Exo IT and Exo III on Avige]l cellulose. Endoglucanases
or Exo I (25 ug) were combined with 25 ug of respectively Exo II
or Exo III. Incubation of the combinations as well as of the
separate enzymes took place during 20 hours at 30°C in a
volume of 1 ml §.05M sodium acetate pH 5.0 with 0.5% Avicel
cellulose, After removal of residual cellulose, the amount of
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reducing sugars in the supernatant was determined.

Endo III in combination with Ende I on Avicel cellulogse.
Endo III was recombined with Ende I, using 90 ug of both
enzymes, and incubated at 30°C with 0.5% Avicel during 20
hours. The final volume was 1 ml 0.05M sodium acetate pH 5.0.
The same incubation was carried out with the separate enzymes.
Products were analysed as described above.

Endoglucanases or Exo III in combination with Maxazyme Cl
on Avicel cellulose. Maxazyme Cl, in a final concentration of
500 pg/ml, was combined with the individual endoglucanases,
respectively Exo III, and incubated at 30°C in 0.05M sodium
acetate buffer pH 5.0. The purified glucanases were used in a
concentration of 77 ug/ml. After incubation during 20 hours the
cellulose was centrifuged and the amount of reducing sugars in
the supernatant was determined and compared to the values
cbtained from separate incubations of Maxazyme Cl and purified
cellulases, using the same conditicns.

RESULTS

Endoglucanases in combination with Exo IIT
Recombination of the purified exoglucanase Exo III and
endoglucanases Endo I, II, III, IV, V and VI resulted in all
cases in a synergistic effect after incubation with Avicel
crystalline cellulose. The degree of synergistic effect (DSE)
could be calculated by comparing the activity of the
combinations to the sum of the activities of the individual
enzymes. By using a fixed concentration of the endoglucanases
and a varying concentraticn of Exo III it was found
that the DSE depends upen the endoglucanase to exoglucanase
ratio.

Figure 1 shows that for all combinaticns of endcglucanhase
with Exo III a maximum DSE was observed at a specific ratio of
these enzyms. The maximal value of DSE was dependent upon the
methods of analysis of the hydrolysis preoducts. Analysis of
released reducing sugars, which gives a value for every
gluceosidic bond which is enzymatically cleaved, resulted in
maximal DSE values varving between 1.60 (Fig. 1C) and 3.45 (Fig.
1E).

Determination of total sugars by the method of Dubeis
represents a solubilization effect of the enzymatic degradation
of cellulose and gives, with the exception of the combination of
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Fig. 1. Degree of synergistic effect (DSE), obtained after
recombination of Exo III with various amounts of Endo I (3),
Endo II (B), Endo III (C), Endo IV (D), Ende V (E) and Endo VI
(F), during hydrolysis of Avicel (A-F) and H3PQ4-swollen
cellulose (D). Products were measured as reducing sugars (RS) as
well as total sugars (TS). A, Avicel, RS; wx,Avicel, TS; O,
H3PO4-swollen cellulose, RS; D’ H3PO4-swollen cellulose, TS




Endo III with Exo III (Fig. 1C} lower maximal DSE values between
1.75 and 2.45. The weight-ratio of endoglucanase to exoglucanase
where maximal DSE cccurs, is given in Table I. Taken into
account the molecular masses of these enzymes (1), also the
molar raties ccoculd he calculated. In our previous study on
adsorption of purified endoglucanases and exoglucanases, we
showed that Endo I, III and V adsorb strongly on Avicel
cellulose. Especilally these enzymes show their maximal DSE at a
much lower endoglucanase to exoglucanase ratico than Endo II, IV
and VI when working in concert with Exo III.

synergistic effects in hydrolysis of amorphous H3PO,-
swollen cellulose was investigated for the combination of Endo
IV and Exo III. From Figure 1D it can be seen that the combina-
tion of these enzymes results in DSE values, which are much
lower than those values obtained in hydrolysis of avicel
cellulose. Also a much broader maximum was cbserved, at a lower

Table I. Initial endoglucanase to Exc III ratios, at which
maximal DSE was observed under the experimental conditions.

Exo III in combination Endo/Exo III
with

mass ratio melar ratioc

Endo I* 1.5 1
Endo IT 1.7 5
Endo III* 2.5 2
Endo IV 5.0 13.
Endo v* 2.0 2
Endo VI 2.7 3

* pdgorb strongly on Avicel cellulose {13).

Table II. DSE-values obtained for the combination of endo-
glucanases and Exo I with Exo II and Exo III using an enzyme
mass ratio of 1.

Enzyme Combination with

Exc II Exo III

Endo I 0
Endc IT 1
Endo ITI 1
Endo IV 1.
Ende Vv 1
Endo VI 1
Exo I 1
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endoglucanase to excoglucanase ratio.

Endoglucanases and Exo I in combination with Exc II and Exo
III. The two cellobiochydrolases Exo II and Exo III, which were
isolated from Maxazyme Cl, were compared with respect to their
capacities tec act synergistically when working together with the
endoglucanases and Exo I on Avicel cellulose (Table II).
DSE-values measured for the combinations of Exo II with these
enzymes were found to be lower than the values cobtained in a
similar experiment using Exc III. Actually no synergism was
found for the combination of Exo II with Endo I and Endo III.
The enzyme concentraticon used in these experiments was 25 ug/ml
for each enzyme (Endc/Exo = 1). At this protein concentration a
combination of an endoglucanase with Exo III exhibited a lower
DSE-value than observed in the previous experiment in which a
protein concentration of 90 uwg/ml was used for both enzymes. Exo
I, which we found to be an enzyme abkle to release cellobiose
from cellulose and subsequently hydrolyse this product to
glucose, worked strongly synergistically with Exo III.

Ende III in combination with Endo I. In a previous paper
(1; Chapter 4) some doubts remained on the endo/exoglucanase
nature of Endo III. In order to investigate whether or not Endo
IITI is a true endoglucanase, the ability of this enzyme to act
synergistically with Endo I was studied. Endo I was shown to be
a true endoglucanase (l). A DSE-value of (.97 was found, indic-
ating that these two enzymes are not abkle to act synergistically
and Endo III cannot be classified as an exoglucanase.

Endoglucanases and Exo III in combination with Maxazyme Cl.
The synergistic effects which could be obtained with a combina-

DSE
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Exo M Ende [ Endoll  Ende ID Endo[¥ Endo¥  Endo¥I
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1
]
i |

02

o
0

Fig. 2. Degree of synergistic effect (DSE), cbtained after
recombination of the original cellulase preparation Maxazyme C1
with purified endoglucanases and Exo IITI.
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tion of two purified cellulases, was also studied in much more
complex mixture of these types of enzymes. Maxazyme Cl, the
original cellulase preparation from which the endo- and exo-
glucanases were purified, was supplemented with the individual
enzymes and investigated on its Avicel hydrolysing capacity, in
comparison with the activities obtained in separate incubations.
Figure 2 shows that endoglucanases II, III, IV, V and VI are
able t¢ increase the activity of the coriginal cellulase
preparation, by acting synergistically with it. The DSE-values
obtained varied between 1.06 for a combination with Endo II to
1.24 when Endo III was combined with Maxazyme CL. Endo I and Exo
111, however, gave a negative synergistic effect when
supplemented to the original cellulase preparation.

DISCUSSION

It is shown that all six endoglucanases (Ende I, II, III, IV,
V¥, VI) which were isclated from the commercial cellulase
preparation Maxazyme Cl, can act synergistically in cellulose
hydrolysis with the cellobiohydrclase Exo III, cbtained from the
same preparaticn. The degree of synergistic effect (DSE) for a
specific combination of endo- and exoglucanase, is at least
dependent upon two main factors: firstly the ratio in which both
enzymes are combined and secondly the nature of the substrate
which is used (in these experiments crystalline Avicel or
amorphous H3POy-swollen cellulose).

The fact that the DSE obtains a maximal value at one specific
endoglucanase to exoglucanase ratio is in good agreement with
the theoretical model of Okazaki (11), who stated that enzymatic
cellulolysis is strongly affected by this ratio, as well as by
the degree of polymerization of the substrate. However, these
authors used their model on the basis of scluble substrates,
assuming homogenecus reaction conditions. When insoluble
crystalline celluleose is used, the reaction is heterogeneous and
another factor is introduced: the selective adsorption
characteristics of the individual endo- and exoglucahases.

The results, presented in this paper, show that for
hyvdrolysis of Avicel cellulose the cptimal initial endoglucanase
to exoglucanase ratio is greatly dependent upon the adsorption
behaviours of these enzymes. Endo I, Ende III and Endo V, which
enzymes are known to adsorb strongly on Avicel (13), exhibited
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their maximal synergistic effect with Exeo III (which also
adsorbs strongly on Avicel)} at a much lower initial endo- to
exoglucanase ratio than in those incubations where Endo II, Endo
IV and Endo VI were used. It was shown in our previous work that
these latter endoglucanases adsorb only slightly on Avicel. The
observations can be explained by assuming that only those
cellulases which are adsorbed on the inscluble cellulose chains,
participate in the formation of a complex of endo- and exo-
giucanase, which is responsible for the synergistic effect. In
agreement to the findings of Wood et al. (4}, the activity of an
exoglucanase in this complex can only find expression after the
formation of a new chain-end by the endoglucanase. On the cther
hand the action of an endoglucanase can only be expressed if it
igs immediately followed by the removal of a cellobiose molecule,
as the result of the action of an exogiucanase, in order to
prevent the reformation of the first broken bond.

Endoglucanases such as Endo II, Endo IV and Endo VI need to
be added in a relatively high concentration to create a "driving
force" which is strong enough for the adsorpicon of at least a
part of the available enzyme molecules and the formation of the
endoglucanase-celloblase complex. The results indicate that
maximal DSE cccurs at a specific optimal ratic of adsorbed endo-
glucanases and exoglucanases. It is very likely that the endo-
and exoglucanase need to be present in such a complex ina 1 : 1
ratio, in order to obtain a maximal DSE.

It is clear that this optimum depends more upon the adsorp-
tion characteristics, than upon the hydrolytic nature (specific
activity, degree of randomness, oligosaccharide compositicon of
the product) of the individual enzymes. These latter properties
of the enzymes determine a.o. the different DSE-values at
optimal ratic of the various combinations as well as the
differences between DSE-values obtained by measurement of the
product as reducing sugars {(bond-breaking activity) or total
sugars (solubilization activity) for one specific combination.
The fact that Ende III, in combinaticon with Exo III gives a
relatively low DSE-value at the optimal ratio, may be related to
the low degree of randomness in cellulose attack of this enzyme
(1). We suggested that this enzyme acts according to a single
chain mutiple attack mechanism (13), which is in accordance to
the fact that the DSE-value, measured as bond-breaking activity
and as solubilization activity, differ only slightly for the
combination of this enzyme with Exo III. This may be explained
by the fact that Endo III is more or less restricted toc the same
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cellulose chain in a crystalline matrix and sclubilizaticon
parallels hydrolytic activity. In contrast, the action of the
cther endoglucanases (Endo I, II, IV, V, VI) in contrary, which
jump from chain to chain (multiple-chain attack), will not
always lead to solubilization, because the chain is fixed in a
crystalline matrix. However, it can result in a new chain-end
for an exoglucanase to act on, creating new measurable reducing
end-groups.

The fact that synergism between Endc IV and Exo III on
amorphous H3PO4-swollen cellulose is less striking than on
Avicel is in good agreement with data from the literature (12) .
We also found that DSE on this type of amorphous cellulose was
to a lesser extent determined by the ratio of both enzymes,
which is expressed in a broader maximum (Fig. 1D). Probably more
encounters of one of these enzymes and this type of more or less
soluble substrate lead to the release of a measurable product.
This effect is eonly slightly increased by the addition of the
complementary enzyme. This type of synergism takes place more
often in sclution (soluble synergism) while synergism on Avicel
especially takes place on the crystalline surface {insoluble
synergism).

The endoglucanase nature of Endo III was discussed in our
previocus study (1) since this enzyme exhibited a relatively low
activity towards CM-cellulose and a high activity towards
Avicel, compared with the other endecglucanases. By the observa-
tion that synergism was positive with Exo III and negative in
combination with Endo I, we confirm its endoglucanase nature.

The synergistical action of Exo I with the cellcbiohydrolyses
Exo II and Exo III can at least partially be explained by the
fact that cellcbiose produced by these latter enzymes is
hydrolysed by Exo I to two glucose units giving more reducing
sugars and eliminating possible product inhibition. However, it
may be pessible that synergism between these exoglucanases is
similar to the synergistic action of two cellobichydrolases
described by Fidgerstam and Pettersson (17), although these
authors also found glucose in the enzyme digest, suggesting
similarities to our observations.

Synergism cah alsc be observed after addition of purified
cellulases to a more complex mixture of these enzymes.
Supplementing Maxazyme Cl with the endcglucanases II, III, IV, V
and VI resulted in a higher activity than the sum of activities
obtained in the separate incubations. One can conclude that
Maxazyme Cl is deficient in these endoglucanases. However, this
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effect cannot be generalized since addition of Endo I gave a
negative synergistic effect, indicating again that synergism is
more than simple successive action of endoglucanase and
exoglucanase, but rather related to other properties, such as
adsorption nature, of these enzymes. During hydrolysis of
cellulose by complex mixtures of cellulases, such as culture
filtrates and commercial enzyme preparations, there will he a
competition between the individual enzymes to occupy the
available adsorption sites and to form the endoglucanase/
exXoglucanase complex, menticned above. Taking into account that,
in the case of T. viride, at least eight enzymes with different
adsoption parameters are involved, one can conclude that it is
very difficult to predict the optimal compeosition of an enzyme
mixture in order to obtain maximal synergism.

REFERENCES

1. Beldman, G., Searle-van Leeuwen, M.F., Rombouts, F.M. and
Voragen, A.G6.J., Eur. J. Biochem. 1985, 146, 301-308
2. Schoemaker, S.P. and Brown, R.D., Biochem. Biophys. Acta
1978, 523, 133-146
3. Schoemaker, S.P. and Brown, R.D., Biochem. Biophys. Acta
1978, 523, 147-1s61
4. Wood, T.M. and McCrae, S.I., Proc¢. Bioconvers. Symp. I.I.T.,
New Delhi, 1977, pp 111-141.
5. Wood, T.M. and McCrae, 5.I., Biochem. J. 1978, 171, 61-72
6. Eriksson, K.E. and Pettersson, B., Eur. J. Biochem. 1975,
51, 193-206
7. Woed, T.M., McCrae, S.I. and Macfarlane, C.C., Biochem. J.
1980, 189, 51-65
8. Woed, T.M. and McCrae, S.I., Carbohydr. Res. 1982, 110, 291-
303
9., Wood, T.M. and McCrae, S.I., Carbohydr. Res. 1977, 57, 117-
133
10. McHale, A. and Coughlan, M.P., FEBS-Lett. 1980, 117, 319-322
11. Okazaki, M. and Mco-Young, M., Biotechn. Biceng. 1378, 24,
637-663
12. Ryu, D.D.Y., Kim, C. and Mandels, M., Biotechn. Bioeng.
1984, 26, 488-496
13. Beldman, G., Voragen, A.G.J., Rombouts, F.M., Searle-van
Leeuwen, M.F. and Pilnik, W., accepted for publication in
Biotechn. Bioeng. 1986
14. somogyi, M., J. Biel. Chem. 1952, 195, 19-23
15, Dubois, M., Gilles, K.A., Hamiltion, J.K., Rebers, F.A. and
Smith, F., Anal. Chem. 1956, 28, 350-356
16. Wood, T.M., Bicchem. J. 1971, 121, 353-362
17. Fdgerstam, L.G. and Pettersson, L.G., FEBS Lett. 1980, 153,
113-118

86



7 Specific and non-specific glucanases from Trichoderma

viride

Submitted for publication in Biotechnol. Biceng.

87



SPECIFIC AND NON-SPECIFIC GLUCANASES FROM TRICHODERMA VIRIDE

G. Beldman, A.G.J. Veoragen, F.M. Rombouts, M.F. Searle-van
Leeuwen and W. Pilnik.

Department of Food Science, Agricultural University, Wageningen

Six endoglucanases {Endo I, II, III, IV, V and VI), three exo-
glucanases (Exc I, II and III) and a RB-glucosidase (B-gluc I)
which were isolated from a commercial cellulase preparation of
Trichoderma wviride origin, were examined as to their activities
on xvlan ex oat spelts. Endo I, II and III, as well as Exo II
and III showed nc activity towards xylan and were classified as
specific glucanases. Less specificity was found for the endo-
glucanases Endo IV, V and VI, Exo I and B-gluc I which enzymes
were able te hydrolyse xylan. With respect to product formation
these xylanclytic cellulases fit the classification of xylanases
generally accepted in the literature. Kinetic experiment with
xylan, CM-cellulose and p-nitrophenyl-B-D-glucoside revealed
that Endo 1V, V an VI and Exo I prefer to hydrolyse pB-1,4-D-
glucosidic linkages. B-gluc I showed no clear substrate pre-
ference.

INTRCDUCTION

Many micro-organisms are able to produce a wide variety of
polysaccharide degrading enzymes. Important groups of these
types of enzymes are cellulases and xXylanases, because they can
potentially be employed to utilize two of the most abundant
polysaccharides, respectively cellulose (1-3) and xylan (4-6).
Hydrolases from fungal origin have been studied extensively.
Many authors reported on the purification and characterization
of cellulases (7-14) and xylanases (4, 5, 15-19) from these
sources. Substrate cross-specificity of cellulases and Xylanases
is often observed. For instance small amounts of cellulase
activity were found in homogeneous xylanases, purified from
crude enzyme mixtures obtained from Aspergillus niger (4, 18,
19), Trichoderma viride (15) and Oxiporus sp. (15). On the other
hand homogeneous cellulases from commercial enzyme preparations
derived from Irpex lacteus (9) or Trichoderma viride (8)
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exhibited scme xylanase activity. Iscelectric focussing of a
mixture of endo-1l,4-B-glucanases and ende-1,4-B-xylanases from
Trichoderma reesei showed the possibility to distinguish between
specific xylanases, specific glucanases and non-specific
glucanases, applying a zymeogram method with dyed substrates (5).

There is some debate on the nature of the non-specific
glucanases found in the culture filtrates of Trichoderma. Sprey
and Lambert (20) were able to split a cellulase complex, which
was homogenecus on iscelectric focussing, into several proteins
with different isoelectric points and distinct activities on
CM-cellulose, xylan and 4-methylumbelliferyl-pB-D-glucoside. A
mixture of 6M urea and 1% cctylglucoside was needed to split the
complex. These results indicate that the fungus releases a
tightly bound complex of several hydrolases in order to attack a
multi-compenent substrate of plant cell-wall polysaccharides.
Shikata and Nisizawa (8) also found a cellulase which showed
¥xylanase and P-glucosidase activity. However, these
investigators concluded from a competition experiment, using
CM-cellulose, xylan and p-nitrephenyl-RB-D-glucoside, that these
three substrates react at the same active site of the enzyme.

This conclusion is suppeorted by the fact that both substrates
have an analogous structure. The main chain of xylan consists of
B=-D=-xvlopyranosyl units, which are 1,4-p-linked, comparable to
the B-1,4-linked glucose residues of cellulose. However, xylan
is a more heterocgeneous polvsaccharide and usually branched (5).
Dependent on the source from which it is extracted, xvlan
containes branches with various amounts of L-arabinofuranosyl
and D-Xvlo-, D-gluco-, and D~galactopyranosyl units. Also
D-glucurcnic and 4-0-methyl-D-glucurconic acid residues are
linked to the main chain. Moreover, xvlans from several kinds of
wood are esterified with acetic acid.

In previous reports we described the purification and
characterization of six endoglucanases, three exoglucanases and
a P-glucosidase from Trichoderma viride (7). Alsc the
adsorption and reaction kinetics (21), as well as the
synergistic behaviours (22) of these enzymes were described. The
aim of the present work was to investigate the specific or
non-specific nature of these glucanases, by determination of
their activities towards xylan and several xylo- and arabino-
xylo-oligosaccharides.
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MATERIALS AND METHODS

Enzyme preparations

Six endoglucanases {(Endo I, II, III, IV, V and VI), three
exoglucanases (Exo I, II and ITII) and a RB-glucosidase (B-gluc I)
were purified from Maxazyme CL {Gist-Brocades, Delft, the
Netherlands), a commercial cellulase preparaticon from
Trichoderma viride origin, as previously reported (7).

Substrates

CM-cellulose, type Akucel AF (0305 was from Akzo, Arnhem, the
Netherlands. Xylan eX oat spelts was from Kech-Light, Colnbrook,
Bucks, England. This material was characterized by methylation
analysis as described by Talmadge et al. (23) and had a
composition as presented in Table I. Almost 90% of the sugar
residues are R-D-(1l,4)~linked xylose units, of which about 13%
have single or double branch points.

Enzyme incubations with xvlan
The endoglucanases, exeglucanases and B-glucosidase were

incubated at 30°C in 0.1 M sodium acetate buffer pH 5.0 with 1
mg/ml xXylan. The enzyme concentration was 60 ug/ml in a final
volume of 1 ml. After an incubation time of 3 and 21 hours the
reaction was stopped by addition of 0.1 ml 1.0 M lead nitrate.
The precipitate which was formed at 4-6°C was centrifuged. The
samples which were incubated during 3 hours were concentrated

Table I. Types of linkages present in xylan ex oat spelts (mole

percentages) .

Sugar residue Types of linkages mole %

D-Xylcse c-1 4.0
c-1, 0-4 75.7
o-1, 0-3, 0~-4 9.9
0-1, 0-2, 0-4 1.5
G-1, 0-2, 0-3, O=4 0.6

L-Arabinose 0-1 5,1
0-1, 0-2 1.8
0-1, 0-3 .2
0-1, 0O-5 0.5

D-Glucose 0-1, O-4 0.6

D-Galactose o-1, ©-3, 0-6 0.1

90



three times by evaporation and centrifuged again to remcve
additional precipitate. The clear supernatant was analysed by
HPLC, using a Spectra Physics model SP 8000, equiped with an
Aminex HPX 87P column (300 x 7.8 mm, Bio-Rad Labs, Richmond LA,
USA) as described earlier (21; Chapter 5).

Preparation ¢f ocligomers from xvlan

Xylo~ and arabinoxylo-oligosaccharides were prepared on a
larger scale for the use of peak identification in the
HPLC analysis and as a substrate for further enzyme incubation.
Cellulases, exhibiting xylanase activity, were incubated with
xylan in a volume of 10 mi, using the conditions as mentioned
above. After 21 hours of incubation the enzymes were inactivated
by placing the tubes in a beiling water bath for 5 min.
Insoluble residues were removed by centrifugation and the super-
natant was concentrated ten times by evaporation under vacuum.
The concentrate was fractionated on a Bio-Gel P2 (200-400 mesh,
Bio-Rad Labs) column (100 x 1.0 cm) using degassed distilled
water as eluent. Fractions of 0.52 ml were collected and
analysed for sugars by the phenol-sulphuric acid assay (24).
Peaks were analysed for their sugar compositions by gaschromato-
graphy after hydrelysis in 2 N tri-fluor acetic acid and
derivatization to alditol acetates (25). The chromatografic
behaviours of the mono- and oligosaccharide fractions obtained
from the gel permeation chromatography were also determined by
HPLC.

Enzyme incubations with oligosaccharides

Purified oligosaccharides cobtained from the degradation
product of xylan with Endo IV were re-incubated with those
cellulases, which were found to be active on xylan. Incubation
took place with an oligosaccharide concentration of 1.3 mg/ml
and an enzyme concentration of 30 png/ml, during 20 hours at
309 in 0.1 M sodium acetate buffer pH 5.0. Inactivation,
sample preparation and HPLC analysis was carried out as
described above.

Kinetic experiments

Reaction kinetic parameters of the purified cellulases were
determined on CM-cellulose for Endeo I, II, III, IV, V and VI and
on xylan and p-nitrophenyl-p-D-glucoside (pNp-Gluc) for those
enzymes, which were shown to be active on these types of sub-
strates. The incubation with CM-cellulose tocok place at 309C
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in 0.05 M sodium acetate buffer pH 5.0 using several substrate
concentrations between 1.3 and 8.0 mg/ml and an enzyme con-
centration of 1 ug/ml. The reaction mixtures for kinetic studies
on xylan consisted of various concentrations of substrate,
ranging from 1.9 tc 15.4 mg/ml and an enzyme concentration of 2
wg/ml in 0.1 M sodium acetate pH 5.0. The incubaticon took place
at 30°C. After the desired reaction times, aliquots of the
reaction mixtures were taken and analysed for reducing sugars by
the method of Nelson and Somogyi (26). The samples were centri-
fuged before reading absorbance at 520 nm. Incubation with
pNp-Gluc was done under the same conditions with a substrate
concentration between 0.03 and 30 mg/ml. The concentration of
p-nitrophenol was measured after 1 hour at 400 nm, using the
absorption coefficient of 13700 M lcm-1.

RESULTS

Enzyme incubations with xylan

From the ten glucanases, purified by us from a commercial
cellulase preparation derived from Trichoderma viride (7) only
five enzymes showed activity towards xylan (Table II}. Even
after prolonged incubation (21 hours) with Endo I, Endo II, Endo
III, Exo II and Exc III no degradation products from xylan could
be observed by HPLC. From Figure 1 it can be seen that Endo IV
released mainly xylcobicse (X;) and xylotriose (¥X3) from xylan.
The ratio of these oligesaccharides remained about equal after a
longer incubation period.

The identification of the oligomer peaks was done with
standards, obtained from gel permeation chromatography on
Bic-Gel P2 (see next paragraph). More diversity of hydrolysis
products was observed after incubation of xylan with Endo V.
Although X5 was the main preduct, also xylese (X1), X3 and
xylotetraose (X,) were detected. The larger oligomer was not
found after 21 hours of incubation. On short term Endo VI
produced a mixture of Xq, X2, X3 and X4, however this enzyme was
alsec able to degrade these cligomers to monomeric xylose, which
was found as the only product after prolonged incubation. Since
xylan ex cat spelts contains also a small amount of p-D-(1,4)-
linked glucose (Table I), which can be c¢leaved off by these
enzymes, some glucose (@) was found in almost all hydrolysates.
Besides G, and X, an amount of arabinose (3;) was released
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Table II. Activity of cellulases from Trichoderma viride on
xylan. P, positive; N, negative.

Enzyme Activity

Ende T

Endo II
Ende III
Endo IV
Enda V

Endo VI
Exo I

Exo 1I
Exo III
B-gluc I

wEZ2ZornddZ =

from the polymeric substrate by Exo I. With the exception of a
small amount of G1, X1 and X2, B-gluc I produced xylese as the
only hydrelysis product.

Preparation of oligomers from xylan

Gel permeation chromatoegraphy on Bio-Gel P2 was used to
prepare xylo- and arabinoxyio-oligomers from xylan. These
oligomers were produced for two reasons: firstly as standards
for peak identificaticon in HPLC analysis and secondly as
substrates for further enzymatic conversion. Figure 2 shows the
chromatograms of the digests of xylans with those cellulases
which were shown to be active on this substrate, i.e. Endo IV,
Endo V, Endo VI, Exo I and B-gluc I. The elution profiles are in
good agreement with the results presented in Figure 1, however,
since Bio-Gel P2 separates these saccharides only on the basis
of molecular mass differences and because xylan is a hetero-
geneous substrate, the peaks are not necessarily homogeneous.

Therefore samples of the peaks were further characterized
with respect to the sugar compositions as well as by HPLC
analysis of the oligomers. The results are summarized in Table
IIT and some typical chromatograms are given in Figure 3., The
dimer and trimer fractions obtained from the digestion of xylan
with Endo IV, Endc V, Endo VI and Exo I, consisted of pure
xylose and gave single peaks by HPLC analysis at retention times
of respectively 15.05 {Figs. 3A, and 3B, ) and 13.35 min.
(Figs. 3A; and 3B3}. Therefore these peaks were identified as X%
and X3. The pentamer peaks from the Bio-Gel P2 chromatocgraphy of
xylan digests with Endo IV, Endo V and Endo VI consisted of
xylose and arabinose in a ratio of 4 : 1 and gave single peaks
at a retentioen time of 10.73 min., when subjected to HPLC
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Bio-Gel P2 chreomatography of products released from
xylan by Endo IV (A), Ende V (B), Endo VI (C)}, Exec I (D) and

Pe, pentamer; Hx, hexamer.

trimer; Te, tetramer;

Table III. Sugar compesition and identification of olige-
saccharides from P2-gelpermeation chromatochraphy, obtained
after incubation of xylan with =several cellulases, purified frem
Trichoderma viride. SC, Sugar composition of the peaks froem

P2-column; X, 100% xylose; X:A,
residues; RT, Retention time on HPLC analysis; OC, Olige-
saccharide compositicn of the peaks from P2-column.

ratio of xylose to arabincse

Enzyme Dimer Trimer Tetramer Pentamer Hexamer
Ende IV SC X X X:A=4:1 X:A=5:1
RT 15.05 13.3% 10.62 10.18
oC X3 X3 Ky Aq X5A1
Endo V 5C X X X:a=4:1 X:A=5:1
RT 15.05 13.35 10.73 10.15
aC Xo X3 Xy 2 X58
Endo VI SC X K:A=4:1 XtA=5:1
RT 15.05 10.73 10.20
oC X Xg B Hg Ay
Exo I 5C X X H:A=2:1 X:a=4:1
RT 14.98 13.42 10.73 10.26
oC X X3 KAy + Xg Ay +
%34 KAy
p-gluc I SC X X:A=6:1 X:iA=6:1 X:A=5:1 X:A=5:1
RT 10.26 14.%8 12.07 13.35 12.07 11.32 10.9C 10.08
oc Xz X2 KAy X3 X4 XK3hy  HgAq o X5M
X,

E]
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analysis (Fig. 3Ag). This hetero-oligosaccharide could be
identified as X4A,. The corresponding hexamer fractions of these
digests gave a xylose to arabinose ratio of 5 on sugar analysis
and single peaks at a retention time of 10.15 min. after HPLC
{Fig. 3Ag). These peaks were therefore classified as Xgaq.

Although the penta- and hexamer peaks found after separation
of the Exo I digest on the PZ2-column gave also single peaks
after rechromatography on the HPLC column (Figs. 3B; and 3Bg),
the sugar composition was an indication of heterogeneity. A
xylose to arabinose ratio of 3 was found in the pentamer peak
showing that in addition to X A4;, a certain amount of a compound
with a higher arabinose content, probably X3A; was present in
this fraction. The hexamer peak gave a Xylose to arabinose ratioc
of 4, which made us to conclude that it was a mixture of Xgig
and ¥X4A>. The resolution of the Aminex HPX 87P ceclumn, however,
may not be good enough to separate these saccharides.

Different cligosaccharides with equal molecular masses could
also be demonstrated in the pP-gluc I hydrolysate. The dimer
fraction consisted of pure xylose and could be separated into
two peaks on the HPLC column (Fig. 3C2). One of these peaks
corresponded with the "normal" B~D-(1, 4)-linked xylobiose,
while the other peak at retention time of 10.26 min. probably
represented the B-D-(1,3)- or B-D-{1,2)-linked iscmer. The
Xylose tc arabinose ratio of 6 in the trimer fraction and the
two peaks in the HPLC chromatogram showed that this fraction
consisted of X, and X,A,. From similar points of evidence the
conclusion could bhe drawn that also the tetramer and pentamer
fractions were heterogeneous and consisted of respectively
X3Aq+X4 and XgAtr+X¥s.

Enzyme incubations with oligosaccharides

Oligosaccharides Xz, X3, X3A1 and X5Aq, which were isoclated
from the xylan digest of Endo IV were reincubated with the
xvlanolytic cellulases. The compositions of the degradaticn
products are presented in Figure 4. As could be expected these
oligosaccharides were not further degraded by Endec IV. Endo V
was not active on X;. However, X3 was converted to a wide range
of xylo-ocligosaccharides, demonstrating transferase activity of
this enzyme. The X431 and X5A saccharides were not, or only
very scarcely attacked by this enzyme. Endo VI appeared to bhe
active on the short-chain saccharides: X; and X3 were largely
degraded to the monomer. This enzyme was not active on ¥ 2, but
from X, Ay some xylose was released. The main peak of x5A1 with a
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retention time of 10.73 min. shifted to 10.55 min., demonstrat-
ing the formation of X4Aq,. Exo I showed a xylanase activity
similar tc Endc V: X; was not degraded but X3 could be attacked
by this enzyme. The formation of some Xjdisplayed its transfer-
ase activity. Although Exo I liberated A from polymeric xylan,
surprisingly no such activity was found towards the oligomers
XyAq and XgAq. B~gluc I was highly active towards, the xylo- as
well as arabinoxylo-cligesaccharides, liberating xylose as
hydrolysis product. Because resolution of the separation of
oligomers was not high enough, the shoulder con the X3Aq peak
(Fig. 4E3} could not unambiguously be identified as X33q.

Kinetic experiments

In order to investigate the specificity of the xylanclytie
cellulases for xylan hydrolysis, the kinetic parameters of these
enzymes were determined using xXylan, as well as CM-cellulose as
substrates. This latter substrate was choosen because it is,
like xylan, more or less soluble. Since CM-cellulose is an
unsuitable substrate for exoglucanase and B-glucosidase activity
measurements, p-nitrophenyl-f-D-glucopyranoside (pNp-Gluc) was
used to determine the kinetic values of Exo I and f-gluc I. The
value of K was expressed as the (anhydro)-glycosidic
substrate concentration (mM). Koat was calculated from Vpge,
using the molecular masses of the enzymes as determined
previously (7). Table IV shows that Endo IV, V and VI strongly
prefer CM-cellulose over xylan. Compared with CM-cellulose, a
much higher concentration of xylan is needed in order to
saturate these enzymes to attain maximal reaction rates. Endo IV
was 70 times more specific for CM-cellulose than for xylan,
mainly determined by differences in K ;+. Endo V and Endo VI
were respectively 20 and 17 times more specific for CM-cellulose.

Comparison of kinetic values of Exo I and B-gluc I o©on xylan
and pNp-Gluc¢ are difficult to make, because of the different
natures of these substrates. However, Exo I has a very low K
value for pNp-Gluc and was 665 times more specific for this
latter substrate than for xylan, indicating its preference for
8-D-glucosidic linkages. P-gluc I did not show such a strong
substrate preference. The relatively much larger K, of B-gluc
I for pNp-Gluc, as well as its activity towards cellulose and
xylan demonstrate the non-specific nature of this enzyme.
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Tabel IV. Kinetic parameters Ky (mM glycosidic bonds), Vpax
(pmol mg.min~l), Koae (sec™l) and Kgpe/Xp (m~! sec”™)

of purified cellulases from Irichodermg viride. plp-Gluc,
p-nitrophenyl B-D-glucopyranoside; -, not active; P, Positive
but not determined.

Enzyme Parameter Substrate
CM-cellulocse Xylan pNp~Gluc
Endo I Kin 23.7 - -
Vmax 22.8
Kcat 19.0
Keat/Km 0.80
Endo IT Ky 45,3 - -
Vinax 42.6
Koat 32.0
Keat/Km 0.71
Endo IIT K 2.8 - -
Vinax 3.6
Keat 3.5
Kcathm 1.25
Endo IV K 25.2 106.1 -
Vmax 13.5 0.69
Keat 5.3 0.3
Koat /En 0.21 0.003
Endo Vv K 46.1 153.0 -
Viax 28.8 4.63
Keat 27.4 4.4
Kcat"le 0.59 0.029
Endo VI 51.0 149.2 -
Vinax 31.6 5.41
Keat 27.4 4.7
Koat /¥m 0.54 0.032
Exc I Ko P 15.2 0.11
Vhax 0.49 2.17
Kcat 0.4 1.9
Kcat /En 0.026 17.3
Exo II E - -
Exo III P -
f-gluc I K, P 5.7 21.7
Vhax 0.58 6.79
Keat 0.7 8.6
Keat /¥m 0.027 0.4
DISCUSSION

The cellulase complex of Trichoderma viride, which was
previously shown to contain at least six endecglucanases, three
exoglucanases and a f-glucosidase {7) could be subdivided into
specific glucanases and non-specific glucanases. Endo I, Endo II
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and Endo III, as well as Exec II and Exc III were not active on
xylan, even after a prolonged incubation time. Therefore these
cellulases were classified as specific glucanases. The nature of
the other endoglucanases (Endo IV, Endo V and Endo VI),
exoglucanase (Exo I) and B-glucesidase (RB-gluc I) were less
specific because these enzymes showed also activity towards
Xylan.

According to several authors (4, 5, 27) the group of xylan
degrading enzymes can be divided into B-xylosidases, which
produce zylose from short xylooligosaccharides, exo-p-xylanases,
which are active on xylan and longer xylo-oligosaccharides and
liberate xylose from the non-reducing end and endo-3-xylanases,
which attack xyvlan more or less at random. This last group can
be subdivided into endoxylanases which attack both long and
short xylo-oligosaccharides and those which only hydrolyse
longer chains. Alsc several highly purified xylanase prepara-
tions appear to be capable of cleaving (1,3)-a-L-arabino-
furancsyl branch points from xylan. The results presented in
this paper show that the purified xylanolytic cellulases fit
this classification. Endo IV produced mainly X5, X3, ¥4A; and
XgAq from xylan and was not able to release L-arabinose. Small
xylo-oligosaccharides were not attacked. This enzyme acted
endo-wise and preferred xvlan or long xylo-oligosaccharides.

Endo V and Endo VI were also endoenzymes with respect to
their xylanase activity producing a wide variety of cligo-
saccharides from xylan. However, these enzymes were also able to
attack smaller xylo-oligosaccharides. The smallest oligo-
saccharide which could serve as substrate for Endo V was Xj.
This endo-acting enzyme showed transferase activity with X4 as
substrate, which resulted in the formation of oligosaccharides
ranging from X; to Xg. Similar trans-xylosidase activity was
also found for an endoxyvlanase isolated from Bacillus pumilus
(28). Endo VI could hydrolyse xylobiose as the smallest
saccharide, however its activity was only moderate compared with
the activity of f-gluc I towards this substrate. With respect to
its xylan-degrading properties, this latter enzyme is therefore
classified as a P-xylosidase.

Xvlose, but no L-arabinose was liberated from ¥XgA1 and Xsaq,
indicating that at least a considerable part of the L-arabinosyl
branches in these oligosaccharides were attached tc the non-
terminal D-xylopyranosyl residues. One of the uncommon degrada-
tion products of xylan after incubation with f-gluc I was
8-D-(1,3} or B-0-(1,2)-linked xylobiose. The appearance of this
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cligosaccharide makes it likely that besides of L-arabinosyl
branches alsc D-xylosyl branches exist in xylan ex oat spelts.
This result is in agreement with the methylation analysis of
the substrate, presented in Table I.

Exo I was found to be the only enzyme purified by us, which
was able to release L-arabincse from xylan. This enzyme
hydrolysed xylan by an endo-wise mechanism comparable to Endo V.
Xvlotricse was the smallest oligosaccharide on which activity
was observed. Xylotetraose was formed as the result of
trans-xylosidase activity of this enzyme. Surprisingly no
L-arabinose was liberated from ¥; Ay or XsA; by Exc I. Probably
the enzyme neceds a longer sequence of D-xylopyrancsyl residues
to bring the catalytic site for arabinofuranosidase activity
into the vicinity of the branch point.

The results from kinetic measurements showed that the non-
specific glucanases Endo IV, Endo V, Endo VI and Exo I strongly
prefer B-1,4-D-glucosidic bonds over B-1,4-D-xylosidic linkages.
It may be possible that these enzymes are similar to the
non-specific cellulase isolated by Shikata and Nisizawa (8) who
showed that CM-celliuloge, xylan and p-nitrophenyl RB-D-gluccside
are hydrolysed at the same active site of the enzyme. The
products of cellulose hydrolysis by Endc IV are glucose {(Gq),
cellobiose (G2) and cellotriose (GB) (21), while X5 and Xp; are
the main products from xylose. Similar product differences were
observed for Endo V, Endo VI and Exoc I. The enzymes produce G2
and Gl from cellulose while X3, X; and X4 are found in the xylan
hydrolysates of these enzymes. If hydrolysis of both substrates
takes place at the same catalytic site, formation of different
cligomers can only be explained by different interactions of
xylan and cellulose with the binding subsites of the enzyme,
caused by structural differences of these substrates.

The nature of B-gluc I is not quite defined, because it
showed no clear substrate preference. It may be possible that
B-gluc I, although electrophoretically homogeneocus, is a complex
of saccharidases, which can only be separated under strong
denaturating conditions, as described by Sprey and Lambert (20).
Its fairly high molecular mass of 76000, as determined by SDS-
gel electrophoresis (7) could allow for this possibility.

NOMENCLATURE
Kn Michaelis-Menten constant (mM)
Vnax maximal reaction rate (umol/mg.min)
Keat molar activity (sec™1)
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Summary

The aim of the work presented in this thesis was to apply
cellulases from Trichoderma viride for the bioconversion of
agricultrual residues, as well as to study the mode of action of
the cellulase complex of this fungus. These aims are specified
in Chapter 1.

Chapter 2 describes the results obtained after treatment of
beet pulp and potato fibre with cellulases from T. viride and
pectinase derived from Aspergillus niger. It appeared that poly-
galacturcnase from the pectinase preparation was largely
responsible for the disintegration (liquefaction) of these
materials. Addition of cellulases increased the rate of lique-
faction. A combination of these enzymes was able to hydrolyse
the cell wall polysaccharides of these substrates extensively.
Enzymatic hydrolysis of beet pulp could conviently be carried
out in a packed-column reactor which was perccolated with an
enzyme solution and from which the products were collected
through an ultrafiltration membrane. The enzymes appeared tc be
stable in this type of reactor and could essentially he reused.
Part of the enzyme activity was lost by adsorption onto the
substrate residue.

The relatively high amount of lignin, present in spent grain
{the residue of malt, after liquefaction and saccharification of
the starch} makes the polysaccharides in this material resistant
to attack of hydrolases. In Chapter 3 the effect of some
physical and chemical pretreatments on the enzymatic hydrolysis
of spent grain is described. Physical pretreatments which
transform only the macro-structure of the substrate improved the
enzymatic hydrelysis only slightly. However, pretreatment with
sulphuric acid or sodium hydroxide (0.5 N) doubled the degree of
polysaccharide degradation after enzymic treatment. The mono-
and oligosaccharide composition of the digest was depedent on
the pretreatment method. Predominantly monosaccharides were
detected in the enzymic product of the acid pretreated spent
grain. On the other hand a large amount of oligosaccharides was
present in the digest of the alkali pretreated material.

In order to investigate the mode of action of the cellulase
complex, all detectable endoglucanase, exoglucanase and B-gluce-
sidase activities were isolated from a commercial cellulase
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preparation, derived from T. viride (Chapter 4). Six
endoglucanases (Endo I; II; III; IV: V; VI), three exoglucanases
(Exo I; I1II; III) and a 8-glucosidase (B-gluc I) were isolated
and characterized with respect to their activities on several
substrates and some chemical and physical properties. The endo-
glucanases Endo I, II and IV were more random in their attack on
carhoxymethyl cellulose than the other endoglucanases. The exo-
glucanases produced cellcbiose from HyPO4-swollen cellulose,
however, only Exo I was also able to hydrolyse this product to
glucose. B-Gluc I was highly active towards p-nitrophenyl-p-D-
glucose but not towards cellobiose.

The adsorption behaviours of the purified endoglucanases and
exoglucanases on crystalline cellulese are described in Chapter
5. Endo I, III and V adsorbed much stronger on this type of
cellulose than the other endoglucanases. With respect to this
behaviour also the exoglucanases were subdivided: Exo III
adsorbed strongly and Exo II only moderately. Adsorption was
only partially reversikle. Kinetic measurements indicated that a
part of the adsorbed enzyme molecules are not active., It is
suppesed that these enzymes (for instance an endoglucanase)
express their hydrolytic activity only when an other enzyme
(i.e. an exoglucanase) is alsoc present. This might explain the
synergism, often observed during cooperative hydrolysis of
crystalline cellulose by endoglucanases and exoglucanases.

A more detailed investigation on synergism is described in
Chapter 6. It appeared that the degree of synergistic effect was
largely dependent on the initial ratic of endoglucanase to
exoglucanase and maximal at a specific value. The stronger an
endoglucanase adsorbs at its substrate, the less is needed of
this enzyme to reach a maximal degree of synergism, when working
in concert with an exoglucanase.

The specific and non-specific nature of the purified glucan-
ases with regard to their activity on xylan and cellulosic
substrates is presented in Chapter 7. Endo I, II and III as well
as Exo II and III could be classified as specific glucanases.
Ende IV, V, VI and Exec I were able to degrade xylan, however
these enzymes clearly preferred to hydrolyse B-1,4-glucosidic
linages. B-Gluc I showed no clear substrate preference.
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Samenvatting

Koolhydraten komen op de wereld in overvloed voor en kunnen
gebruikt worden voor de preoductie van levensmiddelen of als
grondstof voor de chemische of fermentatie-industrie. Helaas is
de natieve verschijningsvorm van de meeste van deze stoffen niet
zodanig dat gebruik direct mogelijk is. Zo moet bijvoorbeeld zet-
meel (het polymeer van a-D-glucose), dat in een semi-kristallijne
vorm als korrels in de natuur aanwezig is, eerst door een hitte-
behandeling worden ontsloten en vervolgens met enzymen worden
vervloeid en versuikerd om een fermenteerbare suikercplossing te
verkrijgen. Ongeveeer 40 % van de totale plantaardige biomassa op
aarde bestaat uit een ander polymeer van glucocse, namelijk
cellulose. Echter in deze stof zijn de glucose-eenheden via een
B-(1,4)-glucosidische verbinding gekoppeld, waardcor de ketens
een structuur krijgen die sterke onderlinge interactie,
kristallijn van aard, mogelijk maakt. Met behulp van cellulases
zou cellulcose benut kunnen worden, door omzetting tot glucose.
Het werk beschreven in dit proefschrift had tot doel commerciéle
cellulases, afkomstig van de schimmel Trichoderma viride te
gebruiken voor de hiologische omzetting van enkele plantaardige
residuen en daarnaast het werkingsmechanisme van het gebruikte
cellulase-complex te bestuderen. Deze doelstellingen zijn nader
uitgewerkt in hoofdstuk 1.

Hoofdstuk 2 beschrijft de resultaten die werden verkregen bij
behandeling van bietenpulp en aardappelvezel met cellulase
afkomstig van T. viride en pectinase geproduceerd door Aspergil-
lus niger. Het bleek dat het enzyme polygalacturcnase, aanwezig
in het pectinase preparaat, verantwoordelijk was voor een snelle
desintegratie (vervloeiing) van het materiaal. Dit effect kon
worden versterkt door toevoeging van cellulases. Een combinatie
van beide enzympreparaten was in staat de celwandpolysachariden
van de gencemde substraten verregaand te hydrolyseren.
Bietenpulp kon op een eenvoudige manier enzymatisch omgezet wor-
den door gebruik te maken van een met substraat gepakte kolom,
waardoor een enzymoplossing werd gepompt en waaruit het product
door een ultrafiltratiemembraan werd verwijderd. De enzymen
bleven stabiel in een dergelijk systeem en zouden in principe
opnieuw gebruikt kunnen worden. Een gedeelte van de activiteit
ging verloren door adsorptie aan substraat residue.
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Bierbostel, het residue van mout na vervloeling en versuike-
ring van het zetmeel, bevat relatief veel lignine, dat een
barriere vormt voor de polysacharide-afbrekende enzymen. In
hoofdstuk 3 wordt beschreven wat het effect van enkele
mechanische en chemische voorbehandelingen is op de enzymatische
afbreekbaarheid van bierbostel. Mechanische voorbehandelingen,
die alleen de macro-structuur veranderen bleken de enzymatische
polysacharide~afbraak slechts in geringe mate positief te
beinvliceden. Daarentegen kon deor voorbehandeling met zwavelzuur
of natronloog en nabehandeling met een combinatie van cellulases
de polysacharide-afbraak worden verdubbeld. De mono- en oligo-
sacharidesamenstelling van het verkregen product was sterk af-
hankelijk van de gebruikte voorbehandeling. In het enzymatische
product van het met zuur voorbehandelde materiaal werden voor-
namelijk monosachariden gevonden, terwijl na alkalische voor-
behandeling nog veel oligosachariden werden aangetoond.

Om het werkingsmechanisme van het cellulasecomplex nader te
kunnen bestuderen is het een eerste vereiste de beschikking te
hebben over gezuiverde en goed omschreven cellulases. Een
procedure om alle meetbare endoglucanase-, exoglucanase- en
B-glucosidase=-activiteiten te zuiveren uit een mengsel van
cellulases, aanwezig in een commercieel enzympreparaat afkomstig
van T. viride, staat beschreven in hoofdstuk 4. Er konden zes
endoglucanases (Endo I; II; III; IV; V; VI), drie exoglucanases
(Exo I; II; III) en een B-glucosidase (B-gluc I) worden geiso-
leerd. Deze enzymen werden nader gekarakteriseerd met betrekking
tot hun activiteit op diverse substraten en enkele chemische en
fysische eigenschappen. De manier waarop de endoglucanases Endo
I, II en IV carboxymethylcellulose hydrolyseren is meer wille-
keurig van aard dan de overige endoglucanases. De drie exogluca-
nases bleken cellcbiose te produceren van fosforzuur-gezwollen
cellulose, maar alleen Exo I was in staat dit product verder te
hydrelyseren tot twee glucose eenheden. B-Gluc I, dat zeer
actief was op p-nitrophenyl-p-D-glucoside, was daarentegen niet
actief op cellobiose. In dit hoofdstuk wordt tevens ingegaan op
de rol die de cellobiohydrclases (Exo II en III) spelen tijdens
de afbraak wvan kristallijn cellulose. De resultaten suggereren
dat de cellobiohydrolases met name actief zijn op nieuw gegene-
reerde ketenuiteinden.

Het adsorptiegedrag van de diverse gezuiverde endoglucanases
en exoglucanases ten opzichte van kristallijn cellulose was
verschillend van aard. Uit de resultaten, vermeld in hecofdstuk
5, bleek dat de endoglucanases Endo I, III en V sterk
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adsorbeerden aan dit type cellulose, in tegenstelling tot een
andere groep endoglucanases, bestaande uit Ende II, IV en VI,
die slechts zeer matig adsorbeerden. Eenzelfde onderscheid kon
gemaakt worden voor cellcbiohydrolases Exo IT en Exo II, waarvan
Exo III duidelijk sterker adsorbeerde. De adsorptie was slechts
gedeeltelijk reversibel. Kinetische experimenten gaven een
aanwijzing dat een gedeelte van de geadsorbeerde enzymmolekulen
niet in staat zijn hun hydrolytische eigenshap tot expressie te
brengen. Mogelijkerwijs komt de activiteit van deze enzymen
(bijvoorbeeld een endoglucanase) alleen dan tot uiting als een
ander enzym (in dit geval een exoglucanases) ook aanwezig is in
de directe omgeving. Dit zou een verklaring kunnen zijn voor het
synergistisch effect dat over het algemeen optreedt als een
endoglucanase en exoglucanase gezamenlijk inwerken op
kristallijn cellulose.

Nader onderzoek naar het synergisme tussen endoglucanases en
exoglucanases staat beschreven in hoofdstuk 6. De mate van
svhergistisch effect bleek sterk af te hangen van de initiele
verhouding waarin beide enzymen gebruikt werden en was maximaal
bij een bepaalde waarde. Naarmate een endoglucanase beter
adsorbeert bleek er relatief minder van dit enzym toegevoegd
hcoceven te worden om het maximale synergistische effect met een
excglucanase te bhereiken.

In hoofdstuk 7 wordt de activiteit van de gezuiverde cellula-
ses ten opzichte van xylaan beschreven. Endo I, II en III, maar
ock Exo II en III vertoonden geen activiteit op xylaan en werden
geclassificeerd als specifieke glucanases. Endo IV, V en VI
alsmede ExXo I en P-gluc I bleken minder specifiek van aard en
waren in staat xylaan te hydrolyseren volgens een patroon dat
overeenkomt met het hydrolytische karakter van specifieke xyla-
nases. Kinetische experimenten met verschillende substraten
toonden aan dat de niet-specifieke endoglucanases en exogluca-
nase Exo I bij voorkeur 8-1,4-glucosidische verbindingen
hydrolyseren. Het geisoleerde P-glucosidase had een minder
specifieke substraatvoorkeur.
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