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NOTICE

This report is an internal Forintek Canada Corp. ("Forintek") document, for 
release only by permission of Forintek. This distribution does not constitute 
publication. The report is not to be copied for, or circulated to, persons or 
parties other than those agreed to by Forintek. Also, this report is not to 
be cited, in whole or in part, unless prior permission is secured from 
Forintek.
Neither Forintek, nor its members, nor any other persons acting on its behalf, 
make any warranty, express or implied, or assume any legal responsibility or 
liability for the completeness of any information, apparatus, product or 
process disclosed, or represent that the use of the disclosed information 
would not infringe upon privately owned rights. Any reference in this report 
to any specific commercial product, process or service by tradename, 
trademark, manufacturer or otherwise does not necessarily constitute or imply 
its endorsement by Forintek or any of its members.



SUMMARY
The goal of the project was to define and examine by different testing 
procedures, the best commercial cellulase preparations or combination of 
enzymes available in Forintek, to be used in a commercial bioconversion 
process:

The main objectives of this study were to:

a) establish a strategy to be used to compare the commercial cellulase 
preparations

b) determine what factors or properties result in an enzyme preparation 
with better saccharifying ability

c) assess at high substrate concentrations and low enzyme loadings the 
saccharifying ability of commercial cellulase preparations

d) pursue round robin tests for the International Energy Agency
e) determine which cellulolytic components from a thermophilic fungus

(Thielavia terrestris) are the most critical for efficient hydrolysis.

This report consists of six manuscripts accepted or submitted for publication 
and of a preliminary report from the International Energy Agency (IEA).

The first publication: "Comparison of methods for quantifying the hydrolytic
potential of cellulase enzymes" indicates that cellulase mixtures with 
comparable Filter Paper (FP) activity could result in different hydrolytic 
ability depending on the sensitivity of the component enzymes to end-product 
inhibition.

The second paper: "Influence of /3-glucosidase on the Filter Paper activity
and hydrolysis of lignocellulosic substrates" shows that when a sufficiently 
high level of /3-glucosidase is present, the addition of supplementary levels 
of this enzyme did not significantly influence the final units of FP activity 
measured. However, high levels of /3-glucosidase enhance the efficiency of 
batch hydrolysis at high substrate concentrations. Thus, cellulase and /3- 
glucosidases that are more resistant to end product inhibition would greatly 
improve a commercial process.

The third and fourth publications define the best pre- and post-treatment of 
the substrates (aspen and spruce) for efficient hydrolysis of cellulose. The 
use of SC>2 as a catalyst in steam pretreatment of wood, permits the use of 
lower temperature, shorter steaming times and conserves hemicellulose sugar. 
Pretreated aspen wood could be completely hydrolysed to glucose with low 
enzyme concentrations (10 FPU/g). Conversion yields above 95% of theoretical 
were achieved when SOj-treated spruce was sequentially alkali and peroxide 
treated.

The fifth paper determines the saccharifying ability of industrial cellulase 
preparations at high substrate concentrations of pretreated aspen and spruce 
wood. The work clearly demonstrated that at high substrate concentration, 
pretreated aspen was more readily hydrolysable than pretreated spruce wood, 
which appeared to contain inhibitory material detrimental to the cellulase 
system. When supplemented with an excess of /3-glucosidase, all 5 industrial 
cellulase preparations exhibited similar hydrolysis profiles on the pretreated 
substrates.
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The last paper characterizes the enzymes present in the cellulase system of a 
thermophilic fungus Thielavia terrestris 255B. The advantages of thermophilic 
systems are numerous (rapid kinetics, reduced risk of contamination etc.). 
Non-denaturing electrophoresis techniques were used to characterize the 
protein and enzyme profiles obtained during growth on soluble and insoluble 
substrates. The data suggested that large molecular weight proteins were 
present in the cellulase system of T̂ . terrestris 255B and that these various 
components may be organized into high molecular weight complexes.

Finally a preliminary report from the biochemical panel members of the 
International Energy Agency is included. The report summarizes the final 
results of a round robin test for the evaluation of the enzymatic 
digestibility. There was a general good agreement in the cellulose analysis 
and the hydrolysis results from the participating laboratories. The working 
panel members recognized the need to extend these results to other cellulase 
and hemicellulase systems.
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Subject: Assessment of the efficiency of commercial cellulases on steam
pretreated aspen and spruce

Audience: Biotechnologists, wood waste utilization groups, biomass valorization
groups and environmental protection groups

EXTRACELLULAR WOOD DECAY ENZYMES: ASSESSMENT OF THE EFFICIENCY OF COMMERCIAL
CELLULASES
Our long term goal was to achieve a better understanding of the mechanism involved 
in the biodegradation of solid wood substrates, in order to produce fuels or 
chemicals from wood wastes.
The work identified by different testing procedures, the best commercial cellulase 
preparations or combination of enzymes to be used in a commercial process.
We also pursued round robin tests for the International Energy Agency (IEA). This 
International commission has put considerable effort and time into improving 
standard assay procedures.

Objective
To identify and establish by different testing procedures, the best commercial 
cellulase preparations or combination of enzymes to be used in a commercial 
process.

Approach
1) To establish a reproducible cellulase activity assay for comparing the 

cellulolytic potential of different commercial cellulase preparations; 
and to understand the factors or properties that will result in a 
cellulase preparation with better saccharifying ability.

2) To determine the cellulolytic activities of the different commercial 
cellulase preparations by the assay established above.

3) To participate in the round robin test for the IEA commission to 
determine a universal standard assay method to assess enzyme 
hydrolysability.

4) To determine the appropriate enzyme loading/loadings to use in assessing 
pretreatment conditions performed on aspen wood (hardwood) for fast and 
complete hydrolysis.

5) To assess the extent of hydrolysis by different commercial cellulase 
preparations acting on steam pretreated aspen wood and on steam- 
pretreated spruce wood at low (2%) and high (10%) substrate 
concentrations, using three to four enzyme loadings of each enzyme 
preparation.



6 ) To assess which pretreatment conditions, performed on spruce wood 
(softwood), result in the fastest and most complete hydrolysis.

Results
The traditional Filter Paper activity assay, using colorimetric analysis of 
assay products, was modified to use High Power Liquid Chromatography (HPLC) 
analysis. This modification allowed the more rapid screening of a variety of 
cellulase preparations capable of hydrolysing pretreated substrates.
Cellulase preparations with comparable cellulolytic potential could result in 
different degrees of hydrolysis depending on the sensitivity of the component 
enzymes to end-product inhibition.
Above a certain level of /3-glucosidase, the addition of supplementary levels 
of this enzyme did not significantly influence the final units of FP activity 
measured. However, high levels of /3-glucosidase did enhance the efficiency of 
batch hydrolysis of steam pretreated aspen wood at high substrate 
concentrations.
The best pre and post-treatment of lignocellulosic substrates for efficient 
hydrolysis of the cellulose was defined. Pretreated, SO_-impregnated, 
hardwood (aspen) and softwood (spruce) substrates could Be enzymatically 
hydrolysed as readily as commercially available cellulose. At low substrate 
concentrations, pretreated aspen wood could be completely hydrolysed to 
glucose within 48 h when an enzyme loading of 10 FPU/g of cellulose was used. 
If the pretreated spruce wood was treated with hydrogen peroxide, before 
enzymatic conversion, yields exceeded 95% of theoretical.
At 10% substrate concentration, when supplemented to a common level of excess 
/3-glucosidase, the five commercial enzyme preparations hydrolysed pretreated 
aspen to about the same extent, albeit with only minor differences between 
enzyme preparations. The overall yield was much lower in the spruce 
hydrolysis. The enzyme from the Finnish Sugar Co., Spezym, seemed to tolerate 
the inhibitory effect of spruce slightly better than the other 4 enzymes, 
giving the highest hydrolysis yield and slightly faster rates of hydrolysis.
Round robin tests performed by different laboratories for the IEA commission 
showed good agreement of the cellulase assays and hydrolysis results. However 
the data did not fit into the model proposed by Dr. Esterbauer, Graz 
University, Austria. The working panel members recognised the need to extend 
these applications to other cellulase systems and different types of 
substrates.

Implication
This research is predicated on developing a process for converting the 
cellulosic fraction of wood (waste) into sugar. Economics must be favorable, 
now or more probably some time in the future. High enzymatic conversions of 
aspen wood with a commercial enzyme preparation has been achieved. However, 
various pretreatments of the wood are required, together with an excess of the 
enzyme, /3-glucosidase. Similar conversion of spruce wood has been less 
sucessful. End-product or other inhibition of the hydrolytic enzymes remains a



problem. A search for enzymes which are not subject to this inhibition has, 
not as yet, been successful. Continuing research will be facilitated by the 
use of HPLC techniques for assessing substrate conversion.

Ordering informations
A copy of this report is available
from:
Librarian, Forintek Canada Corp. 
800 Montreal Road 
Ottawa, Ontario. K1G 3Z5
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Author(s)
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CELLULASES

Objective
To identify and establish, by different testing procedures, the best 
commercial cellulase preparations or combination of enzymes to be used in a 
commercial process.

Atmroach
1) To establish a reproducible cellulase activity assay for comparing the 

cellulolytic potential of different commercial cellulase preparations; 
and to understand the factors or properties that will result in a 
cellulase preparation with better saccharifying ability.

2) To determine the cellulolytic activities of the different commercial 
cellulase preparations by the assay established above.

3) To participate in the round robin test for the International Energy 
Agency (IEA) commission to determine a universal standard assay method 
to assess enzyme hydrolysability.

4) To determine the appropriate enzyme loading/loadings to use in assessing 
pretreatment conditions performed on aspen wood (hardwood) for fast and 
complete hydrolysis.

5) To assess the extent of hydrolysis by different commercial cellulase 
preparations acting on steam-pretreated aspen wood and on steam- 
pretreated spruce wood at low (2%) and high (10%) substrate 
concentrations, using three to four enzyme loadings of each enzyme 
preparation.

6) To assess which pretreatment conditions, performed on spruce wood 
(softwood), result in the fastest and most complete hydrolysis.

Results
The traditional Filter Paper activity assay, using colorimetric analysis of 
assay products, was modified to use High Power Liquid Chromatography (HPLC) 
analysis. This modification allowed the more rapid screening of a variety of 
cellulase preparations capable of hydrolysing pretreated substrates.
Cellulase preparations with comparable cellulolytic potential could result in 
differing degrees of hydrolysis, depending on the sensitivity of the component 
enzymes to end-product inhibition.
Above a certain level of /3-glucosidase, the addition of supplementary levels 
of this enzyme did not significantly influence the final units of FP activity



measured. However, high levels of /3-glucosidase did enhance the efficiency of 
batch hydrolysis of steam pretreated aspen wood at high substrate 
concentrations.
The best pre and post-treatment of lignocellulosic substrates for efficient 
hydrolysis of the cellulose was defined. Pretreated, SO^—impregnated, 
hardwood (aspen) and softwood (spruce) substrates could be enzymatically 
hydrolysed as readily as commercially available cellulose. At low substrate 
concentrations, pretreated aspen wood could be completely hydrolysed to 
glucose within 48 h when an enzyme loading of 10 FPU/g of cellulose was used. 
If the pretreated spruce wood was treated with hydrogen peroxide, before 
enzymatic conversion, yields exceeded 95% of theoretical.
At 10% substrate concentration, when supplemented to a common level of excess 
/3-glucosidase, the five commercial enzyme preparations hydrolysed pretreated 
aspen to about the same extent, albeit with only minor differences between 
enzyme preparations. The overall yield was much lower in the spruce 
hydrolysis. The enzyme from the Finnish Sugar Co., Spezym, seemed to tolerate 
the inhibitory effect of spruce slightly better than the other 4 enzymes, 
giving the highest hydrolysis yield and slightly faster rates of hydrolysis.
Round robin tests performed by different laboratories for the IEA commission 
showed good agreement of the cellulase assays and hydrolysis results. However 
the data did not fit into the model proposed by Dr. Esterbauer, Graz 
University, Austria. The working panel members recognised the need to extend 
these applications to other cellulase systems and different types of 
substrates.

Implication
This research is predicated on developing a process for converting the 
cellulosic fraction of wood (waste) into sugar. Economics must be favorable, 
now or more probably some time in the future. High enzymatic conversions of 
aspen wood with a commercial enzyme preparation has been achieved. However, 
various pretreatments of the wood are reguired, together with an excess of the 
enzyme, /3-glucosidase. Similar conversion of spruce wood has been less 
sucessful. End-product or other inhibition of the hydrolytic enzymes remains a 
problem. A search for enzymes which are not subject to this inhibition has, 
not as yet, been successful. Continuing research will be facilitated by the 
use of HPLC techniques for assessing substrate conversion.
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Comparison of methods for quantifying
the hydrolytic potential of cellulase enzymes ______

M. Chan, C. Breuil, W. Schwald, and J. N. Saddler
Biotechnology and Chemistry Department, Forintek Canada Corporation, 800 Montreal Road, Ottawa, Canada K1G 3Z5

Summary. The adequacy o f /7-glucosidase activity 
in various cellulase enzyme mixtures was assessed 
by monitoring the accumulation of cellobiose in 
the reaction mixture. The influence of accumu
lated glucose and cellobiose on a filter paper (FP) 
assay indicated the relative susceptibility of the 
different enzyme preparations to end-product in
hibition. An HPLC analysis of the profile of su
gars released also provided a better means of pre
dicting the hydrolytic potential of the various cel
lulase mixtures. An accurate prediction of the hy
drolytic potential o f a cellulase preparation could 
not be based on the conventional FP assay alone. 
The hydrolytic potential of a Celluclast/Novozym 
mixture was superior to that of Trichoderma har- 
zianum even when the latter system was supple
mented with increased concentrations of /1-gluco- 
sidase (Novozym).

Introduction

The complexity of the multi-component cellulase 
system and the physical heterogeneity of the cel- 
lulosic substrates used to assay activity makes it 
very difficult to accurately establish the hydrolytic 
potential of any particular cellulase mixture. The 
wide range o f methods used for measuring cellu
lase activity and the numerous ways of expressing 
enzyme activity have made it extremely difficult 
to quantitatively compare data between laborato
ries. Although not totally satisfactory, the tradi
tional filter paper (FP) assay is still predomi
nantly used by most laboratories. To improve and 
standardize this assay the Commission of the In
ternational Union of Pure and Applied Chemists

Offprint requests to: C. Breuil

(IUPAC) has made a number o f recommenda
tions (Ghose 1987).

We have found this method to be quite effec
tive in comparative round robin tests coordinated 
through the International Energy Agreement 
(IEA). However, we have also found that the col
orimetric assays such as the Nelson-Somogyi (So- 
mogyi 1952) and dinitrosalicylic acid (DNS) 
(Miller 1959) methods used to quantify released 
sugars are not satisfactory, especially when cellu
lase preparations are deficient in /7-glucosidase 
activity. Although HPLC analysis of the released 
sugars provided a more accurate measurement of 
the overall activity of cellulase preparations, it 
still proved extremely difficult to predict the hy
drolytic potential of the various enzyme prepara
tions against a range of cellulosic substrates.

In this work we have looked at how represent
ative the measured FP activities of preparations 
from Trichoderma harzianum E58 and commercial 
cellulases from Novo are of the ability o f the var
ious enzyme mixtures to hydrolyse increasing 
concentrations of steam-treated aspen wood. Al
though end-product inhibition is known to in
fluence the activity of various cellulase mixtures, 
we wanted to assess the effect that accumulated 
sugars, high substrate concentrations and differ
ent /7-glucosidase activities had on the hydrolytic 
potential of cellulase mixtures.

Materials and methods

Enzyme preparations and enzymatic hydrolysis. Trichoderma 
harzianum E58 was obtained from the Forintek Culture Col
lection, Ottawa, Canada and grown on a mixture of cellulosic 
substrates using Vogel’s medium (Montenecourt and Eveleigh 
1977), in a 28-1 New Brunswick fermentor (New Jersey, USA) 
with a working volume of 201. The cellulase preparations were 
obtained by ultrafiltration of the culture filtrates, followed by 
lyophilization. Celluclast L and the cellobiase, Novozym 188,
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were gifts from Novo Lab. (Copenhagen, Denmark). Mixtures 
of the enzyme stocks were used at concentrations specified in 
the text

Enzymatic hydrolysis of the steam-treated substrate was 
performed in SO mM sodium acetate buffer (pH 4.8) contain
ing 0.02% merthiolate (ethylmercurithiosalicylic acid sodium 
salt from Eastman Kodak Co., Rochester, NY, USA) as pre
servative. The 500-ml erlenmeyer flasks (reaction volume: 
200 ml) contained substrates at a concentration of 2% (w/v), 
unless otherwise specified, and various enzyme loadings (filter 
paper units (FPU)/g substrate, dry weight) as specified in the 
text The flasks were stoppered tightly and the reaction mix
tures incubated at 45° C on an orbital shaker at 145 rpm. Sam
ples of enzymatic hydrolysates were withdrawn at predeter
mined times, boiled for 10 min in tightly stoppered test tubes 
to terminate the reaction, and centrifuged at 6000 rpm for 5 
min. The supernatant was subsequently filtered, using 0.45 pm 
nylon membrane filters, and the released sugars were quanti
fied by HPLC.

Assay methods. The FP activity of the various enzyme prepara
tions was measured by incubating 1 ml enzyme and 1 ml 
50 mM acetate buffer (pH 4.8), containing a 1 cm x 6 cm strip 
(or 50 mg) of Whatman No. 1 filter paper (a final concentra
tion of 2.5% FP) at 50° C for 1 h. The reaction was terminated 
by addition of 3 ml dinitrosalicylic acid reagent (DNS) and 
boiling for 5 min. The absorbance was then read at 575 nm 
(Breuil and Saddler 1985; Saddler et al. 1982, 1985). The FP 
activity was estimated in the dilution range where 0.3-0.6 mg/ 
ml assay volume of reducing sugars were detected at the end 
of the 1 h assay. This procedure is called the Forintek method 
in the Results.

The various enzyme preparations were usually assayed by 
the modified IUPAC procedure (Ghose 1987), using the 
method of Schwald et al. (1988a) to assay the liberated sugars. 
The IUPAC method utilized a final concentration of approx. 
3.3%-3.5% FP in the assay. The original method estimated the 
total reducing sugars colorimetrically by DNS (Miller 1959), 
reading the absorbance at 540 nm, while the modified proce
dure used HPLC to analyse the individual sugars produced 
during the assay. In both the IUPAC methods, the FP activity 
was estimated in the dilution range, where 1.33 mg/ml assay 
volume of reducing sugars were detected at the end of the 1 h 
assay. When using DNS, the FP activity units were calculated 
in terms of pmoles of total reducing sugars as glucose equival
ents released by 1 ml enzyme in 1 min. However, where HPLC 
was used, the FP activity units were calculated in terms of total 
pmoles of individual sugars (i.e. pinole of cellobiose plus 
pinole of glucose) released by 1 ml enzyme in 1 min.

For the determination of the /?-glucosidase activity, 1 ml 
of the various enzyme preparations was mixed with either 1 ml 
acetate buffer containing 10 mg salicin (Sigma, S t Louis, Mo) 
or with 1 ml of buffer containing 5 mg cellobiose. The result
ing solutions were incubated at 50° C for 30 min. The reducing 
sugars released from salicin were analysed by DNS (Saddler et 
al. 1985). One International Unit (IU) of^-glucosidase was de
fined as 1 pinole of reducing sugar, as glucose equivalents, re
leased per minute by 1 ml enzyme. When the glucose released 
was quantified using a YSI detector (Industrial Glucose Ana
lyser, Yellow Spring Co., USA), one IU of /?-glucosidase was 
defined as 2 pinoles of glucose released per min by 1 ml en
zyme (Ghose 1987). Assays were always carried out in dupli
cate and equivalent values within 95% confidence limits were 
always obtained.

For HPLC analysis of the sugars released during the FP 
assay, an HPX-87H column (Bio-Rad Labs., Richmond, Calif., 
USA), with 0.01 N H2S04 as eluent, was used. For analysis of

sugars released during the enzymatic hydrolysis of pretreated 
wood substrates, an HPX-87P column (Bio-Rad Labs.) with 
water as eluent was used as the P column gave better resolu
tion of the various sugars released (Schwald et al. 1988b).

Steam pretreatment. Substrates for enzymatic hydrolysis were 
prepared by steam heating aspen wood chips at 240° C for 80 s 
as described previously (Brownell and Saddler 1987 ; Schwald 
et al. 1988b). After steaming, the chips were broken up in a 
blender (2-1 Waring blender) for 1 min to a particle size of 
between 60-100 mesh and washed twice with water, at a 5% 
slurry concentration (SHA-WI; steam-heated aspen wood-wa
ter insolubles). Subsequently, the water-insoluble residues 
were extracted with 0.4% NaOH using the same procedure to 
remove alkali soluble lignin (SHA-WIA; steam-heated aspen 
wood-water and alkali insolubles). Some of the substrate was 
further post-treated with H20 2 (SHA-WIA/H20 2). The final 
composition of the pretreated fractions has been described 
previously (Schwald et al. 1988b). The resulting materials were 
subjected to enzymatic hydrolysis.

Results and Discussion

We had originally identified T. harzianum E58 as 
a potentially useful strain for carrying out the effi
cient hydrolysis of cellulose to glucose because it 
appeared to have a complete cellulase system, in
cluding relatively high /1-glucosidase activity 
(Saddler et al. 1982). To compare the hydrolytic 
potential of various enzyme mixtures which ap
peared to have similar characteristics, we adjusted 
a mixture of the commercial Celluclast and Novo- 
zym enzymes so that it had comparable filter pa
per and ̂ -glucosidase (salicinase) activities to that 
of T. harzianum culture filtrates (Table 1). Al
though analysis of the released sugars by DNS 
gave comparable j9-glucosidase and filter paper 
activities, even the slight differences in methodo
logies between our laboratory and the IUPAC 
procedure resulted in different values. When the 
IUPAC method was followed, similar filter paper 
values were obtained when the released sugars 
were quantified by either DNS or HPLC. Howev
er, significant differences were obtained when the 
/?-glucosidase activities were quantified by these 
two methods. We had previously found (Breuil et 
al. 1986) that ̂ -glucosidase activity determined by 
the salicin assay was not necessarily representa
tive of the enzymes ability to hydrolyse cello
biose.

The hydrolytic potential of the two enzymes 
was next compared using steam-treated aspen 
wood which had been water and alkali extracted 
and subsequently post-treated by H20 2, as the 
substrate (Fig. 1A). We had previously shown that 
this provided a substrate that could be rapidly 
and efficiently hydrolysed (Schwald et al. 1988b). 
Although the two enzyme mixtures had compara-
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Table 1. The filter paper (FP) and /?-glucosidase activities of Trichoderma harzianum E58 and 
Celluclast/Novozym enzyme preparations as measured using the DNS (dinitrosalicylic acid), 
HPLC and YSI (glucose analyser) methods for reducing sugar analysis

Enzyme source*1 Activity IU/g substrate

Colorimetric method (DNS) HPLC YSI

FP FP /?-glucosidase FP /7-gIucosidase
(FCC)* (IUPAC)* (salicin) (cellobiose)

T. harzianum 
Celludast/

25.0 13.5 26.0 11.8 24.4 ~ *—

Novozym 25.0 17.8 24.0 15.6 35.0

• Following the Filter Paper assays described by Forintek Canada Corp. (FCC) and IUPAC: see 
Materials and Methods for details
‘ Enzyme concentrations: T. harzianum—3 mg/ml; Celluclast/Novozym—19/7 mg/ml

ble filter paper and /?-glucosidase activities as as
sessed by the Forintek filter paper and salicin as
says (Table 1), the Celluclast/Novozym mixture 
was able to hydrolyse more than 90% of the cellu
lose after 48 h while, within the same time, the T. 
harzianum cellulase system had hydrolysed less 
than 50% (Fig. 1A). When the amount of cello- 
biose present in the reaction mixture was deter
mined by HPLC (Table 2) considerably more of 
this sugar was detected in the T. harzianum hy
drolysates. This indicated that despite the pre
viously high /?-glucosidase activity observed when 
using salicin as the substrate, the T. harzianum en
zyme mixture was deficient in ̂ -glucosidase activ
ity. As salicinase activity was not representative of 
the enzyme’s ability to hydrolyse cellobiose, this

Fig. i . The percentage theoretical yield of glucose released 
after hydrolysis of 2% steam-heated aspen wood that had been 
water and alkali extracted, then post-treated with H20 2 (SHA- 
WIA/H20 2) using (A) unsupplemented culture filtrates of Tri
choderma harzianum (E58) and the Celluclast/Novozym 
(C/N) mixture at 25 filter paper units (FPU) and 25 /1-glucosi- 
dase units/g of substrate as measured by DNS and (B) T. har
zianum at 15 FPU and 32 /l-glucosidase units/g of substrate 
(E58), T. harzianum +  Novozym at 16 FPU and 36/1-glucosi- 
dase units/g of substrate (E58/N) and Celluclast/Novozym 
(C/N) at 16 FPU and 37 /1-glucosidase units/g of substrate 
(HPLC)

latter substrate was subsequently used to assess 
cellobiase activity.

We next adjusted both enzyme preparations to 
comparable levels of FP (16 FPU/g substrate) and 
/?-glucosidase (36 cellobiase units (CBU)/g sub
strate) activities as assessed by HPLC (Fig. IB). 
When the T. harzianum cellulases were supple
mented with a small amount of /?-glucosidase (4 
CBU/g substrate) as Novozym, the hydrolysis 
profile was very similar to that of the mixture of 
commercial enzymes. In both cases, complete hy
drolysis of the 2% substrate was obtained after 
72 h. Although the /?-glucosidase had no direct ac
tion on the cellulose, (Sternberg et al. 1977) there 
were sufficiently high levels of /?-glucosidase to 
prevent cellobiose accumulating to inhibitory lev
els.

The hydrolytic activity of the enzyme mixture 
was subsequently assessed against increasing sub
strate concentrations of steam-heated aspen wood 
which had been water and alkali extracted (Fig. 
2). Although the filter paper and /?-glucosidase ac
tivities of the two preparations were comparable,

Table 2. Cellobiose detected in the hydrolysates of 2% pre
treated aspen wood (SHA-WIA/H20 2), using T. harzianum 
E58 and Celluclast/Novozym at 25 FP units and 25 /J-glucosi- 
dase (salicin) units per gram substrate

Enzyme source* Cellobiose (mg/ml) detected after var
ious hydrolysis times

7 h 24 h 48 h 72 h 96 h

T. harzianum E58 
Celluclast/

1.4 1.1 0.9 0.8 0.7

Novozym 0.3 0.2 0.1 0.1 0.0

* The concentration of enzyme used was the same as in Table 1. 
SH A-WIA/H20 2 — steam-heated aspen wood water and alkali 
insolubles, post-treated with H20 2
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Cmttue tn t  ♦  N ovozym  7. hmrzimnum ♦ Novoxym

FI*. 2. The percentage theoretical yield of glucose released 
after hydrolysis of 2% ( A - A ) ,  5% ( O - O )  and 8% ( • - • )  
concentrations of steam-heated aspen wood that has been wa
ter and alkali extracted (SHA-WIA) by cellulase mixtures of 
Celluclast+Novozym at 17 FPU/g and T. hanianum + Novo- 
zym at 18 FPU/g of substrate (HPLC)

it was apparent that at higher substrate concentra
tions, the supplemented T. harzianum preparation 
(E58/N) was less efficient than the mixture of 
commercial enzymes. At these relatively high sub
strate concentrations there was sufficient accumu
lation of cellobiose to influence the efficiency of 
the T. harzianum cellulase system, even when the 
supplemented /?-glucosidase from Novozym was 
present.

To assess the influence of accumulated sugars 
on the efficiency of hydrolysis, we looked at the 
effect that the addition of various sugars had on 
the amount of sugars released during the filter pa
per assay. These net values were determined after 
subtraction of the added sugar. When increasing 
concentrations of glucose were added to the un
supplemented Celluclast preparation it had little 
effect on the amount of sugars released (Fig. 3A). 
The observed 6% decrease in activity, when 10 
mg/ml o f glucose was added, agrees with pre
vious observations (Ghose and Kostick 1970; 
Halliwell and Griffin 1973; Mandels et al. 1978) 
that most cellulase mixtures are not greatly in
fluenced by accumulated glucose. When glucose 
was added to the Celluclast/Novozym mixture a 
progressive decrease in glucose production and 
an equivalent increase in cellobiose accumulation 
was observed (Fig. 3B). The higher initial 
amounts of total sugars detected in Fig. 3B, when 
no glucose was added, was a result of the added 
/?-glucosidase increasing the hydrolytic activity of 
the enzyme mixture. It was apparent that the glu
cose inhibition of /9-glucosidase decreased the ef
ficiency of the complete cellulase system.

The addition of cellobiose to the unsupple

mented Celluclast (Fig. 3C) resulted in an in
crease in the glucose detected and an overall de
crease in the cellobiose and total sugars released. 
When cellobiose was added to the Celluclast/No
vozym mixture (Fig. 3D) the hydrolytic activity of 
the enzyme mixture was significantly decreased as 
reflected in the lower glucose and total sugars de
tected. When cellobiose was added at a concen
tration of 4 mg/ml, less than 1 mg/ml was de
tected at the conclusion of the assay. This meant 
that 75% of the added cellobiose was hydrolysed 
by the /?-glucosidase, increasing the total glucose 
concentration to 4.4 mg/ml, a concentration 
which was shown to be inhibitory to the overall 
reaction in Fig. 3B.

We next assessed the inhibitory effect of ad
ded glucose and cellobiose on the hydrolytic ac
tivity o f the T. harzianum E58 cellulase. As the 
culture filtrates o f T. harzianum usually contained 
high levels of ^-glucosidase activity, D-gluconic 
acid lactone (gluconolactone) (2.5 mg/ml) was

SUPPLEMENTED CELLOBIOSE (mflAnL)

Fig. 3. The effect of adding increased concentrations of glu
cose and cellobiose on the sugars released after carrying out a 
standard filter paper assay using (A) Celluclast supplemented 
with glucose, (B) Celluclast/Novozym supplemented with 
glucose, (C) Celluclast supplemented with cellobiose, and (D) 
Celluclast/Novozym supplemented with cellobiose. The cel
lobiose ( •  — • ) ,  glucose ( 0 —0 )  and total sugars released 
( A — A ) were assayed
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added to suppress this activity. Other workers 
(Conchie and Lewy 1957; Ferchak and Pye 1983; 
Shewale and Sadana 1981; Rodionova et al. 1987; 
Reese and Mandels 1960) had previously shown 
that gluconolactone could inhibit /?-glucosidase 
activity without affecting any of the other cellu
lase components. When increasing concentrations 
o f glucose were added to the T. harzianum cellu
lase, supplemented with gluconolactone (Fig. 4B), 
a similar profile to that of the unsupplemented 
Celluclast (Fig. 3A) was obtained. The T. har
zianum cellulase without added gluconolactone 
was inhibited by increasing concentrations of glu
cose (Fig. 4A) with the majority of the released 
sugars detected as cellobiose. When increasing 
concentrations of cellobiose were added to the T. 
harzianum cellulase (Fig. 4C) the hydrolytic activ
ity of the system was greatly reduced as evidenced 
by the significantly lower sugars detected at high 
concentrations of supplemented cellobiose. When 
gluconolactone was added (Fig. 4D), a similar 
profile to that obtained with Celluclast was ob
served (Fig. 3C). However, the T. harzianum cel
lulase was considerably more inhibited at higher 
cellobiose concentrations.

The comparison of the filter paper activities of 
the two cellulase mixtures indicated that the T. 
harzianum cellulase was significantly more in
fluenced by end-product inhibition than the Cel- 
luclast/Novozym mixture. To see if this greater 
sensitivity to end-product inhibition also in
fluenced the enzymes ability to hydrolyse ligno- 
cellulosic substrates, we looked at the amount of 
glucose that accumulated during the hydrolysis of 
the pretreated aspen wood substrates assayed in 
Fig. 2. Even at a 2% substrate concentration there 
was enough glucose released (Table 3) to signifi
cantly inhibit the /?-glucosidase activity o f the 
T. harzianum cellulase mixture. The higher glu-

SUPPLEMENTED CELLOBIOSE (mg/mL)

Fig. 4. The effect of adding increased concentrations of glu
cose and cellobiose on the sugars released after carrying out a 
standard filter paper assay of T. harzianum ES8 cellulase when 
the assay was supplemented with (A) glucose, (B) gluconolac
tone (2.5 mg/ml) and glucose, (C) cellobiose, and (D) glucon
olactone (2.5 mg/ml) and cellobiose. The cellobiose ( •  — • ) ,  
glucose (O — O) and total sugars released (A —A) were as
sayed

cose values obtained at the 5% and 8% substrate 
concentrations must have had a significant in
fluence on reducing the rate and completeness of 
the reactions plotted in Fig. 2.

We had originally wanted to develop an assay 
which would allow us to screen a variety of cellu-

Table 3. The amount of glucose released after hydrolysis of increasing concentrations of pre
treated aspen wood (SHA-WIA) by T. harzianum E58 cellulase and the Celluclast/Novozym mix
ture at comparable filter paper and /5-glucosidase activities

Enzyme Source* Substrate Glucose released (mg/ml)
concentration ---------------------------------------------------------
(%) 6 h 24 h 48 h 72 h 96 h

T. harzianum/Uovozym 2 8.3 15.0 17.8 18.8 18.6
5 16.5 29.2 36.6 40.0 39.1
8 21.9 41.3 53.7 56.1 57.2

Celluclast/Novozym 2 9.2 16.7 19.4 19.2 19.3
5 18.6 33.1 41.0 43.2 47.3
8 23.6 45.7 61.0 63.8 68.3

* Enzyme concentrations: T. harzianum —3 mg/ml; Celluclast/Novozym —19/7 mg/ml 
SHA-WIA —steam-heated aspen wood water and alkali insolubles
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lase mixtures capable of hydrolysing pretreated 
lignocellulosic substrates both quickly and com
pletely. Previously we had found that steam- 
treated aspen wood which had been water and al
kali extracted, and post-treated with H20 2, could 
be readily hydrolysed (Schwald et al. 1988b) and 
could perhaps be used as a model substrate for 
any potential bioconversion process. The work re
ported in this paper indicates that cellulase mix
tures which appeared to have comparable hydro
lytic potential could result in quite different reac
tions depending on the sensitivity of the compo
nent enzymes to end-product inhibition.
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Influence of /3-glucosidase on the Filter Paper activity and 

hydrolysis of lignocellulosic substrates

C. Breuil, M. Chan, M. Gilbert, J.N. Saddler

Biotechnology and Chemistry Department, Forintek Canada Corp. 

800 Montreal Road, Ottawa, Ontario. K1G 3Z5

SUMMARY

When increasing concentrations of fl-glucosidase were added to Novo 

Celluclast no significant increase in filter paper activity was 

obtained, once a relatively low fl-glucosidase level was already 

present. When these same enzyme mixtures were used to carry out long 

term hydrolysis of steam-treated aspenwood the fl-glucosidase content 

had a significant effect, particularly at high substrate 

concentrations. Although high levels of fl-glucosidase enhanced the 

efficiency of hydrolysis, the glucose released at high substrate 

concentrations greatly decreased the rate and completeness of 

hydrolysis. At higher substrate concentrations, resistance to end 

product inhibition was as important to an efficient cellulase mixture 

as the level of filter paper activity.

Key words : /3-glucosidase, filter paper activity, enzymatic 

hydrolysis, lignocellulosic substrates.



INTRODUCTION

The influence that the /3-glucosidase content of a cellulase

preparation has on both the filter paper activity and the enzyme

mixture's ability to hydrolyse various lignocellulosic substrates has
1 2  3 4been reported by several groups ' ' ' . These workers showed that 

although /3-glucosidase was not active on the cellulose itself, the 

addition of this enzyme greatly increased the rate and extent of 

hydrolysis by ensuring the efficient hydrolysis of cellobiose and 

reducing the influence of end-product inhibition.

Previously, we had found that the composition of the sugars released 

during a standard filter paper assay greatly influenced the final 

units of filter paper activity that were reported 5,6. We also found 

that provided there was a sufficiently high level of /3-glucosidase 

originally present, the addition of supplementary levels of this 

enzyme did not significantly influence the final units of filter 

paper activity determined. Although quantification of the released 

sugars by HPLC rather than by colorimetric methods gave more 

representative values, it was apparent that the way in which the 

filter paper activity was expressed did not indicate the true 

hydrolytic potential of the enzyme mixture or provide comparable

values between laboratories.



In the work described in this paper we have continued to look at the 

influence the /3-glucosidase activity has on the units of filter paper 

activity determined and the predictability of this assay in assessing 

the enzyme's ability to hydrolyse various lignocellulosic substrates.

MATERIALS AND METHODS

Celluclast L and Novozym 188 {/3-glucosidase) were gifts from Novo 

Lab. Ltd. (Copenhagen, Denmark). Mixtures of the two enzyme 

preparations were used at concentrations specified in the text. The 

filter paper assay was carried out as described by Chan et al. 5 and 

Schwald et al.6. For the determination of the /3-glucosidase activity 

1 ml of the various enzyme preparations was mixed with 1 ml of 

acetate buffer containing 5 mg cellobiose. The assay was carried out 

at 50°C for 30 minutes and the glucose released was quantified using 

either the YSI detector (Industrial glucose analyzer from Yellow 

Spring Co. USA) or HPLC. One unit of /3-glucosidase was defined as 2 

f/moles of glucose released per minute of 1 ml enzyme.

Aspenwood chips were pre-impregnated with 1.6% S02 and heated for 100

sec at 200°C. The steam heated chips were broken up in a blender,

washed twice with distilled water and extracted with 0.4% sodium

hydroxide. The substrate was further post-treated with H202 (SHA-

WIA/H202) using the procedure described previously 7



RESULTS AND DISCUSSION

Although it is recognized that an assay which is representative of a 

cellulase enzyme mixture's ability to hydrolyse a range of 

lignocellulosic substrates has yet to be established, the filter 

paper assay procedure, proposed by IUPAC using colorimetric methods
Oto quantify reducing sugars , has generally shown good agreement

when round robin comparisons were carried out between various 
9laboratories . However, even when this detailed procedure is carried 

out, using HPLC to quantify reducing sugars, varying units of filter 

paper activity can be determined depending on how the released sugars 

are quantified (Table 1). The unsupplemented Celluclast preparation 

gave the highest filter paper activity when the released sugars were 

calculated in terms of glucose equivalents and a considerably lower 

value was obtained when the activity was calculated as the sum of the 

individual sugars. Once the Celluclast preparation had been 

supplemented with small amounts of /3-glucosidase, the addition of 

increasing concentrations of /3-glucosidase did not significantly 

affect the filter paper units that were determined, although the 

glucose to cellobiose ratio increased with /3-glucosidase addition 

(Table 1).

When the hydrolytic potential of the different enzyme mixtures was 

assayed, using steam-treated aspenwood as the substrate, a quite



different activity profile was obtained (Table 2). Although the 

cellulase mixture containing a Celluclast/Novozym ratio of 1:0.15 was 

calculated to have an equivalent filter paper activity to mixtures 

containing a higher )3-glucosidase content, considerably less of the 

pretreated aspenwood was hydrolysed to glucose and other soluble 

sugars. Analysis by HPLC indicated that considerable amounts of 

cellobiose and cellotriose were present in the hydrolysate. It was 

apparent that the considerable difference in the 94% and 49% 

hydrolysis obtained with the supplemented (1:0.70) and unsupplemented 

Celluclast respectively was not due to the way the released sugars 

were calculated. It is probable that the higher proportion of 

cellobiose present in the hydrolysate resulted in end-product 

inhibition of some of the cellulase components and subsequently 

reduced the hydrolytic potential of the cellulase mixtures.

Therefore to better predict a cellulase mixture's ability to 

hydrolyse a range of cellulosic substrates it would be desirable to 

report the profile of the individual sugars, especially cellobiose, 

released during the filter paper assay.

As the /3-glucosidase content of a cellulase preparation appeared to 

influence both the rate and completeness of hydrolysis, we looked at 

how increasing concentrations of /3-glucosidase affected the 

hydrolysis of steam-treated aspenwood at 2% and 10% substrate 

concentrations (Figure 1). At the 2% substrate concentration



virtually complete hydrolysis was obtained after 72h, when a /3-
^  '

glucosidase concentration of 14.0 IU gm-1 substrate was used (Figure 

1A). A further increase in the /3-glucosidase concentration enhanced 

the initial rate of hydrolysis but did not affect the final values 

obtained. At low /3-glucosidase levels, hydrolysis was incomplete and 

various soluble sugars were present in the hydrolysates.

Increasing /3-glucosidase concentration increased both the rate and 

completeness of hydrolysis when the 10% steam-treated aspenwood was 

used (Figure IB). Over 92% of the substrates was hydrolysed to 

glucose, after a 96h incubation at a filter paper activity of 10 IU 

gm 1 substrate and a /3-glucosidase level of 67 IU gm-1 substrate.

The amount of glucose detected in the hydrolysates decreased with 

decreasing /3-glucosidase concentration. Although equivalent amounts 

of enzyme were added at both the 2% and 10% substrate concentrations, 

in terms of units of enzyme per gram of substrate, considerably 

higher levels of released sugars were present in filtrates from the 

latter substrate concentration. The HPLC profile of the filtrates 

from the 10% substrate indicated that cellobiose was present in all 

of the hydrolysates with its concentration decreasing with increasing 

levels of supplemental /3-glucosidase. Cellotriose was also detected 

when the /3-glucosidase activity was lower than 21 IU gm-1 substrate. 

This seemed to indicate that at high sugar levels, the /3-glucosidase 

itself was probably influenced by end product inhibition.



To try to determine the extent of this inhibition, the /3-glucosidase 

(Novozym) was supplemented with increasing concentrations of glucose 

(Figure 2) in the range that would be expected when cellulosic 

substrates at concentrations from 2%-10% are hydrolysed. At a 

supplementary glucose concentration of 10 mg ml-1 more than 70% of 

the original activity was lost. These results differ from those 

reported by other workers 10,11 who found that Novozym retained high 

activity in the presence of high concentrations of glucose with 90% 

and 34% of the original activity detected when the assays were 

supplemented with 12 mg and 120 mg of glucose per mL respectively.

As these workers had first dialysed the enzyme preparation, to remove 

background sugars, this may have enhanced the enzyme's ability to 

resist end-product inhibition.

Although it is well recognised that the filter paper assay is a 

compromise in that it only gives a general indication of an enzyme 

mixture's ability to hydrolyse various cellulosic substrates, the use 

of HPLC provides a means of determining both the composition and 

concentration of the released sugars and provides a more refined way 

of predicting the hydrolytic potential of a cellulase mixture. ! It is
y

apparent that at higher substrate concentrations, end product 

inhibition can greatly influence the efficiency of hydrolysis. 

Cellulases and /3-glucosidases which are more resistant to end product



inhibition or the use of alternate methods such as continuous or 

semi-continuous hydrolysis, would probably be more important for 

efficient cellulose hydrolysis at high substrate concentrations than 

the use of cellulase mixtures which exhibit high filter paper 
activity.
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TABLE 1

Influence of the /3-glucosidase content of a cellulase mixture on the 
determined filter paper activity, when HPLC is used to quantify the 
released sugars

Celluclast:
Novozym
ratioa

Added
/3-glucosidase 
(IU grn 
substrate)

Filter paper activity (IU gm 1 substrate) 
expressed in terms of:

Glucosg Total Individual sugard
Equiv. sugars0 glucose cellobiose 1

1 : 0.35 30.5 10.9 9.8 8.7 1.1

1 : 0.25 22.1 10.6 9.6 8.6 1.0

1 : 0.15 13.7 10.9 9.1 7.2 1.9

1 : 0.05 4.8 11.3 8.1 4.9 3.2

1.5 : 0.00 0.0 13.9 8.6 3.4 5.3

1 : Celluclast at 10 mg ml-1 or 125 mg gm_* substrate;
0.35 : Novozym at 3.5 mg ml or 44 mg gm substrate.

Equiv. : Glucose equivalents (1 pmole of cellobiose was 
converted into 2 pmoles of glucose).

The sum of all the /imoles of individual sugars detected by 
HPLC.
The mmoles of each individual sugar.



T a b le  2

The influence that the /3-glucosidase content of a cellulase mixture 
has on the hydrolysis of steam treated aspenwood3.

Celluclasg 
: Novozyrn 
ratio

Glucose yield (% of theory) % of cellulose
hydrolysed to

Duration of hydrolysis (h) soluble sugars
___________________________ (after 48h)
12 24 48 * 1

1 : 0.70 60.3 86.1 92.6 94

1 : 0.35 51.6 76.9 89.9 92

1 : 0.25 48.5 71.2 89.2 91

1 : 0.15 42.7 64.4 82.7 87

1 : 0.05 30.9 51.4 67.2 78

1.5 : 0.00 10.1 13.5 20.2 49

A 2% (w/v) concentration of SO- impregnated, steam treated 
aspenwood which was subsequently water and alkali extracted was 
used as the substrate (see Materials and Methods)

1 : Celluclast at 10 mg ml-* or 125 mg gm-1 substrate;
7.0 : Novozyrn at 7.0 mg ml- or 87.5 mg gm- substrate;



LEGENDS

Figure 1 To determine the amount of glucose released from (A) 2% and (B)

10% (w/v) steam treated aspen wood (S02 impregnated, steam treated aspen wood 

which was subsequently water and alkali extracted) when Novo Celluclast (12.5 

mg ml-1) was supplemented with increasing concentrations of /3-glucosidase.

Figure 2 Influence of increasing levels of added glucose on /3-glucosidase

activity, in terms of glucose released, of Novozyme at concentrations (1.25 mg 

ml * and (B) 0.25 mg ml



/3-GLUCOSIDASE (IU/g substrate)

Figure 1 To determine the amount of glucose released from (A) 2% and (B)

10% (w/v) steam treated aspen wood (S02 impregnated, steam treated aspen wood 

which was subsequently water and alkali extracted) when Novo Celluclast (12.5 

mg ml-*) was supplemented with increasing concentrations of /3-glucosidase.
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ABSTRACT

Steam-heating of aspen wood chips improved the enzymatic 
digestibility of the cellulose. Scaling up the reaction vessel from 2 to 
60 L had virtually no influence on the chemical composition and the 
accessibility of the lignocellulosic substrate. Over 85% of the cellulose 
could be hydrolyzed to glucose when an 8% substrate concentration 
was used. The residual content of alkali-insoluble lignin appeared to 
control the digestibility of the cellulose. Increased delignification either 
by prolonged steaming, oxidative posttreatment, or SO2 catalysis im
proved the accessibility of the cellulose. The use of SO2 as a catalyst 
also increased the recovery yield of the wood after steam-heating, 
with more than 70% of the original xylan recovered as monomeric 
xylose. Conversion yields of above 90% were achieved at low levels of 
filter paper activity after a relatively short incubation time. Removal 
of alkali-soluble lignin did not influence digestibility when the enzyme 
concentration was based on the cellulose content of the substrates.

Index Entries: Steam-pretreatment; SC>2-catalysis; enzymatic 
hydrolysis; high substrate concentration; chemical composition (alkali- 
insoluble lignin).

'Author to whom all correspondence and reprint requests should be addressed.
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NOMENCLATURE

For convenience, the following abbreviations will be used in re
ferring to the pretreated substrates.
SHA-WI water-insoluble fraction of steam-heated aspen

wood
SHA-WIA water-and-alkali-insoluble fraction of steam-heated

aspen wood
SHA-WIA/H2O2 water-and-alkali-insoluble fraction of steam-heated 

aspenwood posttreated with hydrogen peroxide
Abbreviations preceded by SO2 indicate, that SO2 had been used as an 
acidic catalyst (e.g., SO2-SHA-WIA means water-and-alkali-insoluble 
fraction of SC>2-catalyzed steam-heated aspen wood).

INTRODUCTION

Lignocellulosic substrates require some form of pretreatment before effi
cient enzymatic hydrolysis of cellulose can take place. Among a number 
of physical and chemical pretreatment options (2-7), steam-pretreatment 
has the advantage of being relatively inexpensive and allowing the partial 
fractionation of the substrate into its cellulose, hemicellulose, and lignin 
components. The cellulose fraction, after such a steam pretreatm ent of 
aspen wood, can be as readily hydrolyzed as commercial substrates such 
as Solka floe.

One of the difficulties in assessing the effectiveness of pretreatment is 
in distinguishing between the actual accessibility of the cellulose, and 
enzyme-related factors such as endproduct inhibition. Although at a 2% 
concentration the cellulose of steam-pretreated aspen wood could be 
completely hydrolyzed within 2 d, at higher concentrations both the rate 
and degree of hydrolysis were reduced substantially even w hen more en
zyme was added.

Many workers (8-17) have studied the influence of substrate-related 
factors such as surface area, lignin association and crystallinity, on the 
enzymatic hydrolysis of cellulose. In this paper a variety of different en
zyme preparations have been compared at various levels of activity to 
determine the influence of enzyme concentration on both the rate and 
completeness of hydrolysis. Various aspects of pretreatm ent and hydroly
sis, which are important to making bioconversion of wood residues to 
glucose an economically viable process, have been considered.

A number of factors, such as, enzyme addition on the basis of cellu
lose content rather than weight of total material, the amount of residual 
alkali-insoluble lignin in pretreated substrates, and the use of SO2 as a 
catalyst during pretreatment, all influence the interpretation of results. 
We have tried to identify the reasons why decreased saccharification yields 
are obtained when substrates are hydrolyzed in a batch fashion at high 
substrate concentrations.
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Steam Pretreatment
Charges of commercial never-dried chips of aspen wood (P o p u l u s  

t r e m u lo id e s )  with moisture contents between 36.0-42.0% (wet-wood basis) 
were used in the steam-treatment with or without addition of 1.6% SO2 
(dry-wood basis) as an acidic catalyst. The chips were steam-treated w ith
out rapid decompression either in a 2-L stainless steel pressure vessel 
using thin-walled stainless steel canisters, as described earlier ( 1 8 )  or in a 
60-L pressure vessel fitted with a basket to hold the material. Both vessels 
were preheated to the desired reaction temperature with saturated steam 
immediately before use. When aspen wood chips were treated in the 60-L 
vessel without SO2 impregnation, the steam temperature was 240°C with 
reaction times from 60 to 140 s. Pretreatments of SCb-impregnated chips 
in the 2-L vessel were carried out at temperatures ranging from 190 to 
220°C with a reaction time of 100 s. In all the experiments, after closing 
the steam inlet valve, the pressure was bled down to atmospheric at a 
controlled rate, without explosion. The steam-heated chips were broken 
up in a blender and extracted twice with distilled water by stirring for 1 h 
at a 5% solids concentration. The water-washed substrates were also simi
larly washed twice with 0.4% sodium hydroxide. In some cases, alkali- 
extracted material was posttreated with hydrogen peroxide, essentially as 
described previously ( 1 9 ) .

Analytical Methods
The apparent Klason lignin contents of the various substrates were 

determined by TAPP1 standard method T222 os-74 for "acid-insoluble" 
lignin. Analysis of "acid-soluble” lignin was essentially carried out ac
cording to TAPPI Useful Method 250.

HPLC, as described earlier ( 2 0 ) ,  was used for chemical characteriza
tion of insoluble fractions resulting from water-washing, extraction with 
dilute alkali, and LLCb-posttreatment by analyzing the sugars in Klason 
lignin filtrates. An HPX-87P column (Bio-Rad Labs) was employed for 
analysis of sugars in enzymatic hydrolysates. An HPX-87H column (Bio- 
Rad) was used to characterize water soluble fractions of steam-heated 
aspen wood ( 2 1 ) .

Enzymatic Hydrolysis
All substrates (unless otherwise specified) were hydrolyzed with a 

Celluclast/Novozym enzyme preparation (NOVO Lab. Inc., USA) in a
0.05 M acetate buffer at pH 4.8. The flasks containing various substrate 
concentrations from 2 to 10% (w/v) were shaken at 140 rpm in an incuba
tor at 45°C. Filter paper activities (FPU) and d-glucosidase activities (CBU) 
were determined using the procedures described previously (22).
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Fig. 1. Effect of enzym e concentration (FPU/g substrate) on enzymatic 
hydrolysis of pretreated aspen wood using various enzyme preparations supple
mented with j3-glucosidase (Novozym) to a constant level of cellobiase activity.

In some experiments, hydrolyses were carried out with enzyme prepa
rations from T r ic h o d e rm a  h a r z ia n u m  ( 9 )  and T .rees i i mutants. The cellulase 
preparations from T .r e e s i i  mutants were obtained as gifts from Genencor 
Inc. (USA), Finnish Sugar Co. Ltd. (Spezyme), and Institut Français du 
Petrole (IFP).

RESULTS AND DISCUSSION

Five different cellulase preparations, as specified above, were compared 
for their ability to hydrolyze steam-pretreated aspen wood. In this com
parison each preparation was supplem ented with a commercial cellobiase 
(Novozym) to a common level of 35 cellobiase U/g of substrate. After 96 h 
at an enzyme loading of 17 FPU/g, all of the enzyme mixtures other than 
that from T. h a r z ia n u m  E58 gave complete hydrolysis of the cellulose (Fig. 
1). Differences among the enzyme mixtures were apparent on reduction 
of the loading to 13 FPU/g, and became more pronounced at 9 FPU/g in 
both rate and completeness of hydrolysis. The Celluclast/Novozym mix
ture, which is readily available to most researchers, gave favorable results, 
and was used to evaluate the different pretreatments described below.

It has previously been shown (23), with a 2-L steam-treatment vessel, 
that explosion is not an essential element of steam-pretreatment to en
hance enzymatic hydrolysis. To ensure that effective pretreatm ent could 
be obtained in a larger vessel, without the need for rapid decompression, 
aspen wood chips were heated with steam at 240°C in a 60-L vessel for 
various times.
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♦ 60L

0 60 100 140 180
s, 240°C (60L vessel) 

STEAMING TIME
. ,Fl,g1- } '  E« ect ° f vessel size (60 and 2-L) on recovery yields fRYl watPr-
l so uble fractions (SHA-WI), water- and alkali-insoluble fractions (SHA-WIA)
and water-soluble fractions (WS) obtained after steam-heating of aspen wood fo 
various times at 240°C. 6 aspen wood for

placecfbv^O f t° h T  ^  w hen.*he time scaIe for th^ 60-L data was dis- p aced by 20 s the recovery-yield curves for the water insolubles and the
vesseV311-??  1 T S° UbleS Were virtually identical for the 60 and 2-L 
vessels. This displacement adjusts for the longer time required to close

o pressurize the larger vessel, during which some preheating of the 
charge occurred. Pressurization of the 60-L vessel required 8 s to 450 psi 
and an additional 10 s to 470 psi, whereas the 2-L vessel required a total of

Applied Biochemistry and Biotechnology
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Table 1
Comparison of the Chemical Composition of SHA-WIA Obtained 

after Steam-Heating at 240°C in Reaction Vessels of Different Sizes"

Reaction vessel 60 L Reaction vessel 2 L

Reaction time,s

% of OD substrate 

TALfc Cell Xylan Reaction time, s

% of OD substrate

TAL» Cell Xylan
60 11.3 85.4 1.6

100 5.3 92.6 0.8
140 3.2 91.9 —

80
120
180

9.0
3.9
2.4

86.6
92.5
91.8

1.7
1.0

^TAL-Total Apparent Lignin (Klason lignin + acid soluble lignin).

Fig. 3. Enzymatic hydrolysis of A) SHA-WIA and B) SHA-WIA/H^O? 
sub^tratT1XtUh^°^CellUklaSt/NlOVOZyrn 3t 30 enzyme concentration of 17.0 FPU/g

fhV? t 7 0  Psi- Bleed-down of pressure required 30 s and 15 s for the 60 and
vesse/w a^In 7 rer Ctl7 ely- P ®  recovery of water solubles from the 60-L
.OW r e c o v e ^ ! d an ^  * *  w “  refleCted in the ■"*>•*
f n  'jl1a? SeS ^ able ^  of the water‘ ar>d alkali-insoluble factions
from the 60-,100-, and 140-s treatments in the 60-L vessel, were similar to

tivdv f T ab led  T '  ^  * "1  l8°u treatm ents in the 2-L vessel, respec- 
livn n rn f 1 also shows that the content of residual alkali-insoluble 
lignin continued to decrease significantly with increasing steaming time 
rom 60 to 140 s in the 60-L vessel. In contrast, the c o m e s p o ^ d in ^ r e a 'e

w a / 6adï  uW Xylan COntent of L6% was negligible after 60 s.
We found that the rate and extent of enzymatic hydrolysis of these 

same alkali-washed products of Table 1, increased with increased time of 
s earning in the 60-L vessel (Fig. 3a). Similar increases have also been ob-
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KLASON LIGNIN CONTENT (% of sample)

tent 3 L  7 ' C°"-elatJ n  between saccharification yield and Klason lignin con- 
2' 24' 48' and 72 h of enzymatic hydrolysis; ♦  •  A ■  SHA-WIA 

O  O A □  SHA-WIA/H2O2, ffl ®  @  g  SO2-SHA-WIA.

tained with the 2-L vessel. Posttreatment of the alkali-washed products of
î f  , 1' vTltî1 H2° 2' further reduced the lignin contents but did not reduce 
the already low xylan contents. The resulting improvement in the hydroly
sis curves is shown in Fig. 3b. J r

The relationship between enzymatic hydrolysis of water- and-alkali- 
washed steamed aspen wood, and the residual contents of alkali-insoluble 
hgnm, is shown m Fig. 4. Approximately straight lines, of glucose yield 
vs alkali-msoluble-lignin content, were obtained at each hydrolysis time. 
Furthermore, the data with and without H 20 2 treatment lay along the

Applied Biochemistry and Biotechnology v  , ?n /?1
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same lines. This relationship strongly indicates that it was the reduction 
in the amount of alkali-insoluble lignin, regardless of how the reduction 
was obtained, that increased enzymatic digestibility. The relationship 
was valid over a range of lignin contents from at least 12-2%. Also in
cluded in Fig. 4 are several points from S 0 2-catalyzed steam treatments. 
Although slightly lower enzyme loadings were used, these points also lie 
close to the same lines.

In a comparable series of steam-treatments with the 2-L vessel and T. 
h a r z ia n u m  enzyme, a wider range of steam-treatment times (20-180 s) was 
used. This extension resulted in correspondingly wider ranges of residual 
contents of both alkali-insoluble lignin (from 15.5 to 0.9%), and xylan 
(from 11.3 to 0.6%). Again, with and without H202-posttreatment, a simi
lar series of straight lines was obtained. In contrast, when the glucose 
yields were plotted against the content of residual xylan, instead of against 
residual lignin, the resulting curves, after H20 2-treatment, lie well above 
those without H20 2-treatment (Fig. 5). The H20 2 curves are also almost 
horizontal over much of the xylan range showing virtually no effect of 
xylan content. They then rise steeply between 1.7 and 0.6% xylan, where 
the accompanying removal of a substantial amount of lignin was appar
ently the cause.

It is concluded that, for water- and-alkali-washed steam-treated aspen 
wood, over the range of residual lignin contents from at least 15-0.9%, 
and of residual xylan contents from 11 to 0.6%, it is the alkali-insoluble 
lignin content and not the xylan content that governs accessibility. It is 
important to recognize that it is not the total lignin content that influences 
the enzymatic hydrolysis. It is only the alkali-insoluble fraction, which 
presumably is more closely associated in the cell wall and restricts swell
ing. Accordingly, removal of the lignin fraction that is soluble in dilute 
alkali does not alter enzymatic hydrolysis of water-washed steam-treated 
aspenwood, provided the enzyme loading per gram of cellulose is the 
same. This conclusion appears to be not entirely in accordance with the 
observation by Chum and coworkers (24). In their study of organosolv 
pulping of poplars, they found that the higher the residual xylan content, 
the smaller was the proportion of fast-hydrolyzable glucans and the lower 
was the ultimate glucan digestibility.

Economic studies (25) have shown that substrate concentration has a 
major impact on process costs. The effect of substrate concentration from 
2 to 8%, with an enzyme loading of 17.6 FPU/g was accordingly examined. 
The substrate used was aspen wood chips, steam-treated in the 60-L vessel 
for 100 s at 240 °C then washed with water and dilute alkali and subse
quently treated with H20 2. The results presented in Fig. 6, show that al
though both hydrolysis rate and yield decreased with increasing substrate 
concentration, high glucose yields were obtained at all concentrations. The 
analyses of the original substrate, and of the insoluble residues remaining 
after saccharification at 5% and 7% concentration, are listed in Table 2. 
These analysis are in agreement with the high yields and provide a mass
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Hydrolysis with

Fig. 5. Correlation between saccharification yield and Xylan content 
after 7, 24, 48, and 72 h of enzymatic hydrolysis; ♦  •  ▲ ■  SHA-WIA, O O  A  □  
SHA-WIA/H2O2.

balance. Only 3.1% and 4.9%, respectively, of the original cellulose remained 
in the residues from hydrolyses at these two substrate concentrations.

Although steam-treated aspen wood could be enzymatically hydrolyzed 
at high substrate concentrations in high yields, considerable decomposi
tion of the hemicellulose-derived products resulted from the relatively 
long steaming time. Mackie et al. (26) have shown that impregnation of 
aspen wood chips with SO2, prior to steam-treatment, catalyzes hydrolysis 
while reducing the relative extent of decomposition of the hemicellulose- 
derived sugars. The effect of steam temperature, during S02-catalyzed 
treatments, was, therefore, examined on recovery yield, fractionation, 
chemical composition, and enzymatic hydrolysis.

Applied Biochemistry and Biotechnology Vol. 20 /21 , 1989
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on en- 
concen-

t  ° ri8inaJ  WO°d “ Uld be “ ■
recovered as monTmZicxvwZa  k C  W" h more than 70% °>«>e *ylan
water-insoluble and of the Hi) U ê<f uent enzymatic hydrolysis of the

^ « a S 3 S S :  

3 S 5 5 ^ « - * i ^ S L “

Table 5 were read f r n m  tv ,a 8 calculated glucose yields listed in

comparisons at equal FPU/g o T ce llu lo sT lab ^ S  a^co d" °^der, t0 obtain 
the water-insoluble fraction and the a ll^ r  able]5 accordingly shows that
calculated hydrolysis-yield profiles at e a c h ^ j ^ ^ S g ;
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Table 3
Recovery Yields and Composition of Water-Soluble Fractions of SCh-Impregnated" Aspen Wood 

after Steam Pretreatment for 100 s at Various Temperatures

Percent of O.D. orig. wood
Reaction
temperature, SO2- SO2-
° c RY* SHA-WI SHA-WIA WS Xylosec Glucosec Acetyl

190 96.4 63.0 46.4 33.4 15.0 1.8 2.8
200 95.2 62.3 41.8 • 32.9 14.2 3.8 2.8
210 89.5 56.9 35.3 32.6 11.8 7.4 3.0
220 86.4 49.9 26.2 36.6 7.6 12.9 3.2

aS02-impregnation: 1.6% SO2 (oven-dry wood basis).
bRY = recovery yield consisting of a water-soluble fraction (WS) and a water-insoluble fraction (SHA-WI). 
^Obtained by HPLC-analysis of the water-soluble fractions.

Schw
ald et al.
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Fig. 7. Comparison of effect of enzym e concentration, when expressed 
as FPU/g of total substrate, on enzymatic hydrolysis of SO2-SHA-WI SCb-SHA 
WIA, and SO2-SHA-WIA/H2O2. ' ' ' ' 2

Table 4
Chemical Composition of Fractions of Steam Pretreated Aspen Wood “ 

and Comparison of Filter Paper Activities (FPU) Expressed/g of Total Substrate 
___________ and /g of Cellulose

FPU/g of substrate

Substrate

SO2-SHA-WI
SO2-SHA-WTA
SO2-SHA-WIA/H2O2

Composition in Percent 15.1 12.3 9.4 6.0
TAL Cell Xylan FPU/g of cellulose

30.3 68.3 0.64 22.1 18.0 13.8 8.8
5.4 92.4 0.67 16.3 13.3 10.2 6.5
2.2 94.6 0.73 16.0 13.0 9.9 6.3

"Water-washed, alkali-washed and fUCb-posttreated fractions of aspen wood were 
basfsTfor 120rs aU lO  C imPregnated chlPs d-6% S 0 2 on an O.D. wood

of cellulose. Table 5 also shows that, on this same basis of comparison, 
H2O2 treatment significantly improved the hydrolysis, especially at thé 
lower enzyme loadings.

The effect of higher concentrations of the insoluble fractions from S 0 2- 
impregnated, steam-heated aspen wood on enzymatic hydrolysis with a 
relatively low enzyme concentration of 10.0 FPU/g cellulose is shown in 
Fig. 8. It can be seen that the rate and completeness of the reaction for 
SO2-SHA-WI and SO2-SHA-WIA substrates at a concentration of 2% are 
virtually identical. This could be expected, since the filter paper activity 
was based on the cellulose content, and the results are in agreement with 
those shown in Table 5. It also confirms that high saccharification yields

Applied Biochemistry and Biotechnology Vol. 20 /21  1989
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Table 5
Effect of Alkali-Washing (SO2-SHA-WIA), and of Alkali-Washing Followed 

by H202-Treatment (SO2-SHA-WI/H2O2) of the Water-Insoluble Fraction 
(SO2-SHA-WI) of S02-Catalyzedfl Steam-Heated*’ Aspen Wood 

on the Enzymatic Hydrolysis at Constant Enzyme Concentration, Expressed/g
Cellulose

FPU/g 
of cellulose

Saccharification yield, % of theoretical

Substrate 6 h 12 h 24 h 48 h 72 h
SO2-SHA-WI 16.3 49.5 71.3 86.4 94.0 97.2

13.3 41.8 59.7 80.2 90.1 95.4
10.2 33.7 48.0 66.0 81.4 89.7

SO2-SHA-WIA 16.3 46.0 63.1 80.0 93.3 99.4
13.3 42.5 58.1 74.7 90.0 98.8
10.2 34.1 46.8 62.6 78.6 89.4
6.5 21.9 31.0 42.8 55.7 66.8

SO2-SHA-WIA/H2O2 16.3 50.3 71.0 89.2 98.7 101.6
13.3 47.9 67.3 88.1 98.5 101.7
10.2 39.2 56.3 80.0 95.2 101.2
6.5 27.7 41.1 57.2 77.0 90.4

“S02-impregnation: 1.6% SO2 (oven-dry wood basis). 
^Steam treatment conditions: 120 s at 210°C.

Fig. 8. Effect of concentration of substrate (SO2-SHA-WI and SO2-SHA- 
WIA) on enzymatic hydrolysis using a mixture of Celluclast/Novozym at an en 
zym e concentration of 10.0 FPU/g of cellulose.

Applied Biochemistry and Biotechnology Vol. 20 /21 , 1989



can be achieved when the alkali-insoluble lignin content (i.e., 2.2% of the 
substrate) is low. However, when the substrate concentration was in
creased to 6 and 10%, both the rate and completeness of hydrolysis of the 
water- and alkali-extracted substrate decreased. Although this would 
seem to add weight to the theory that the lignin is redistributed during 
alkah extraction, it is more likely that the observed drop in saccharification 
yield can be attnbuted to the different cellulose content of the water-in
soluble (64.1 /o) and the water- and alkali-insoluble (94.7%) substrates As 
a result, the glucose concentrations in the batch hydrolysis of SOrSHA-

afte^aa% h h bSwanitially ^ ? her' Whereas the final glucose concentration after a 96 h hydrolysis of the water-insoluble fraction was 60.6 mg/mL the
glucose concentration after hydrolysis of the water- and alkali-insoluble 
fraction was 82.3 mg/mL. It is probable that the factor responsible for de
creasing conversion yields at higher substrate concentration is increasing 
endproduct inhibition, rather than inaccessibility of the substrate to the 
enzyme complex.

It is concluded that under any feasible conditions of steam-treatment 
of aspen wood, which solubilize one-half or more of the original xylan 
content the accessibility of the cellulose is governed primarily by the 
residual content of alkah-insoluble lignin. Prolonged steaming, S 0 2 cata
lysis, and oxidative post-treatments improve accessibility by reducing the 
content of this lignin fraction. Scaleup of vessel size from 2 to 60-L had no 
significant effect on chemical composition or on enzymatic hydrolysis. 
Hydrolysis yields well above 90% were obtained at substrate concentra- 
tions of up to 5 /o. With S 0 2 catalysis, recovery yields of more than 95% 
of the wood were obtained, with more than 70% of the original xylan re
covered as monomeric xylose. Saccharification yields above 9 0 %  of theo- 
re ical were obtained within 48 h, when a filter paper loading of 10 FPU/g
effer nn°Se h  “  6XtraCti° n of soluble !ignin had no significanteffect on subsequent hydrolysis at equal enzyme loading/g of cellulose.
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800 Montreal Road, Ottawa, Ontario, K1G 3Z5, Canada 

I p ^Permanent address: Institute of Radiochemislry, University of Innsbruck

iAtid catalysis, in steam pretreatment of wood for subsequent enzymic hydrolysis, 

iftrtnils the use of lower temperatures and shorter steaming times and conserves 

kraicellulose sugars. In sulphur dioxide-catalyzed steam pretreatment of wood, the 

actual catalyst, sulphuric acid, is rapidly formed in high yield from the S 0 2 in the 

presence of small amounts of air. Steam-treated spmccwood, preimpregnated with S()2, 

n s  hydrolyzed as readily as hardwoods despite the presence of high concentrations of

'knin in water-washed and peroxide-treated fractions. Pretreated sprucewood (2% w/v)
Fcould be completely hydrolysed to glucose within 48 h.
If
1 INTRODUCTION

Natural cellulose is a crystalline polymer associated in a matrix with lignin and 

kemicellulose and as a result is highly resistant to enzymatic attack. Therefore, 

pretreatment is necessary for efficient hydrolysis of the cellulose. Among the various 

physical and chemical options that have been studied, steam pretreatment has been shown 

to be both an effective and economical method of fractionating lignocellulosic substrates 

«to their major components as well as of enhancing the enzymic hydrolysis ofcellulose. 

The high pressure steaming of the moist lignocellulosic substrates results in the partial 

decomposition of some of the hemicellulose components to acids that catalyze the 

depolymerization of the hemicellulose and lignin.

A variety of temperatures, catalysts and retention times have been advocated by 

various groups using steam pretreatment (Su et al., 1980; Saddler & Brownell, 1982). 

The use of an acid catalyst has been shown to enhance the process as it permits the use of 

lower temperatures and shorter steaming times and conserves hemicellulose. Su et al. 

(1980) obtained highest yields of sugar using a two-stage pretreatment. This involved 

prior extraction of the wood with dilute acid at moderate temperatures to hydrolyze,
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selectively, the hemicellulose and some of the amorphous cellulose components in the 

wood. However, they noted that the susceptibility of the cellulose to hydrolysis did not 

increase significantly after hemicellulose removal. Accordingly, they suggested that the 

hemicellulose component does not significantly inhibit the accessibility by the cellulase 

enzymes. They also showed that while the pretreated aspen contained most of the j 

original lignin the majority of the cellulose was readily hydrolyzed. Other worken 

(Andren eta/., 1975; Puls & Deilrichs, 1980) have also shown that lignin content alone 

does not limit enzymic hydrolysis.

We had previously found that SO2 catalysis greatly improved the accessibility lo i 

the cellulose in pretreated aspenwood (Schwald eta/., 1989;Mackie eta/., 1985) as well 

as increasing the yield of the wood recovered (>70% of the original xylan recovered u  

monomeric xylose). Sulphur dioxide is an excellent catalyst. It is easier and faster to 

introduce SO2 gas than dilute sulphuric acid. Moreover, the use of dilute sulphuric add 

results in a greater steam consumption. In the last few years several groups (Mamersà 

Menz, 1984; Clark & Mackie, 1987) have shown that SO2 addition to softwoods 

significantly enhances the enzymic hydrolysis of the cellulose. Relatively high 

concentrations of SO2, ranging front 2.5-18.7%, were used to obtain best yields of jj 

sugar.

We have shown that SO2 is not the actual catalyst and that it was converted into 

sulphuric acid, by either oxidation or disproportionation, during steam treatment 

(Brownell et al., 1988). By using a range of SO2 concentrations, we found that 1 

considerable amount of SO2 was removed from the wood by evaporation, even if the 

wood was initially impregnated with it. It was apparent that the use of SO2, at 

concentrations of 1% or less, would be satisfactory if it was converted to sulphuric add 

in high yield in the wood.

In the work presented in this paper we have studied the effect of variota 

concentrations of SO2 on both the recovery of the various components of 

spruce and on the efficiency of cellulose hydrolysis of various post-treated fractions.

M ATERIALS AND METHODS

Substra te  p reparation

Sulphur dioxide impregnation

Logs from Black Spruce were debarked and chipped in a green condition using 1 

inhouse chipper. S02-impregnation was achieved by passing anhydrous SO2 gas
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c bag containing green chips. The uptake of S 0 2, expressed as a percentage of the 

I dry (OD) wood, was measured by weighing the flattened bag of chips before and 

jS 0 2 addition. SCKimpregnated chips were prepared in portions of 90 g equivalent 

, weight and kept a. 4°C overnight. The bag of impregnated chips a. ambient 

* rature was weighed again prior to use, to check that the amount of S 0 2 taken up 

inot been lost. The chips were then added directly from the plastic bag to the steam

ting canister. 

r .i pretreatment
*  spruce chips with moisture contents between 35-40% (wet wood basis) were used, 

iially, 2.5% S 0 2 (dry wood basis) was added as an acidic catalyst at temperatures 

.ging from 190 to 220°C and a reaction time of 150 sec. The temperature giving the 

j  carbohydrate degradation and highest recovery of monomeric xylose in the water- 

Jubles of the steamed material was used to carry out the steam treatment, using reaction 

bcs ranging from 50 to 250 sec. Once the optimum temperature and time were 

jablished, the spruce chips were impregnated with S 0 2 to give final concentrations 

L ging from 0.5 to 5% (dry wood basis). In the experiments, the pressure in the 

gleaming vessel was bled down to atmospheric at a controlled rate, with no explosion 

|(Bcowne11 & Saddler, 1987). This S 0 2-impregnaled steam-heated spruce was termed

» 2-s h s .

|iiraction with water
The steam-heated spruce was broken up in a blender and extracted twice with distilled 

’n ter by stirring as a 5% slurry for 1 h. The water-insoluble fraction was termed

ISOî -SHS-WI. 

fraction with alkali
The water-insoluble fraction was treated as above using a solution of 0.4% sodium 

hydroxide. This material was termed S 0 2-SHS-WIA. 

fot-treatment with hydrogen peroxide
The water- and alkali-extracted material was post-treated using a 1% (v/v) U20 2 solution. 

Using the reaction conditions described by Gould (1985), the pH value of the mixture 

was adjusted to 11.5. The reaction was carried out in a 2% slurry for 6 h. The material

io obtained was termed S 0 2-SHS-W1A/H20 2.

Analytical methods
Tfc Klason lignin concent, of the varions substrates were detenuined by TAPP1 standard 

' method T222 os-74 for 'acid-insoluble lignin'. No analysis on the 'acid-soluble Itgntn
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was performed for the SC>2-catalysed steam-heated spruce. HPLC (Irick et al., 198S; j 

Schwa Id & Saddler, 1988) was used to analyze the sugars in Klason lignin filtrates for 

chemical characterization of the insoluble fractions resulting from water-washing, 

extraction with dilute alkali and H2C>2-post- treatment. Sugars in enzymic hydrolysates 

were analyzed using an HPX-87P column (Bio-Rad). Components (WS) in the water- 

soluble fractions of the steam-heated spruce were characterized using an HPX-87H 

column (Bio-Rad). ,

Enzvmic hydrolysis |

Substrates (2%, w/v) were hydrolysed using a mixture of Celluclast-Novozym enzyme 

preparations. Both were gifts from Novo Lab. Inc., Copenhagen, Denmark. Hydrolysis 

was performed using 15 FPU/g substrate, with excess cellobiase, in 0.1 M sodium 

acetate buffer, pH 5.0, at 45°C with shaking at 145 rpm. Filter paper activity (FPU) was 

determined using IIPLC (Schwald et al., 1988), incorporating the recommendations ( 

proposed hy the Commission of IUPAC (Ghose, 1987).

Table 1. Recovery yields and composition (as % of original dry wood) of 

water-solubles of 2.5% S02-impregnated spruce after steam pretreatment for 

150 sec at various temperatures, water-washing and extraction with NaOH.

................ Recovery yields...............
Steam Combined3 S 02- S 0 2- WS — Components in water solubles —
Temp°C WI+WS SI1S-WI SIIS-WIA Xylose Glucose Mannose HMF^ F̂

190 94.4 74.6 60.7 29.7 4.72 2.99 7.85 0.26 0.12
200 97.5 65.2 58.5 32.2 4.77 4.73 7.77 0.49 0.25
210 98.5 66.6 50.7 31.9 3.14 7.28 6.48 1.08 0.48

220 89.5 53.1 42.7 36.4 1.80 12.49 4.14 2.03 0.63
230 80.6 42.6 — 38.0 0.88 15.39 2.40 3.13 0.77

a recovery yield consisting of a water-soluble fraction (WS) and a water- 

insoluble fraction (SHS-WI).13 HMF - hydroxymethylfurfural, F - furfural

RESULTS AND D ISC U SSIO N *
We initially wanted to study the effect that treatment temperature, treatment time and SOj,

-loading had on the steam treatment of sprucewood chips. Three series of treatmen»|
were carried out. In the first series (Table I), the temperature was varied from 190V 

230°C, at a constant 2.5% SO2 and constant time of 150 sec. In Tables 2 and

l'aa
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series of treatm
ents

Table 2. Recovery yields and composition (as % o f original dry wood) of water-solubles of 2.5% SC>2-impregnated 

spruce after steam pretreatment at 210°C for various times, water-washing, extraction by NaOH and peroxide post- 

treatment.

................................Recovery Yields..............................................Components in water-solubles.........

Steam
time
(sec)

Combined
WI+WS

S 02-
SHS/WI

s o 2-
SHSAVIA

S 0 2-
SHS/WIA
/H 20 2

WS Xylose Glucose Mannose HMF F

50 95.2 65.2 60.3 56.6 30.0 5.23 3.70 7.56 0.28 0.12

100 92.8 62.3 55.2 51.6 30.4 4.30 5.59 7.51 0.78 0.27

150 91.8 60.8 51.2 45.6 31.5 3.50 7.55 6.99 1.33 0.48

200 88.5 57.2 49.3 45.2 31.3 2.88 9.12 6.21 1.71 0.57

250 88.2 55.7 47.7 44.3 32.4 2.27 11.15 4.98 2.01 0.65

u> nj •— o  o— o o k>
u> u> oo vo as
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treatment was varied from 50-250 sec at a constant 2.5% S 0 2 and constant temperature 

210°C. In Table 4, the S 0 2 was varied from 0.5-7.0% for a constant time of 150 sec 

and constant temperature of 210°C. For each series, as the severity of the treatment was 

increased, the recovery of whole steamed wood and of the fractions that were 

water-insoluble (WI), alkali-washed, water-insoluble (W1A), and the latter substrate 

subsequently treated by I120 2 (\VIA/H20 2), all decreased substantially. Corresponding, 

but smaller increases were obtained in the water-soluble fractions (WS).

Table 3. Chemical composition of the fractions of steamed S 0 2- impregnated 

spruce after water washing, alkali extraction and H20 2 post-treatment, as % 

oven dry material of the fractions.

Steam ......................Glucan................................................
•hue „„ _IT„
(sec) SOt-SHS- S02-SIIS- S 0 2-SIIS- S 02-SHS-

WI WIA WIA-H20 2 WI

50 55.12
100 53.55
150 48.98
200 45.41
250 43.26

59.75
59.40
58.72
54.85
50.02

62.18
64.17
66.50
60.50 
56.68

39.36
41.27
44.93
47.45
51.86

Klason lignin

s o 2-s h s -
WIA

35.21
35.80
37.10
40.16
44.70

S 0 2-SHS-
WIA-HA

30.83 ‘ 
29.37 t 
27.04 
33.26 
35.99

Analysis of the WS fractions showed that the content of glucose monomer 

increased steadily with increased severity until at 230° (Table 1) it amounted to 15.4%of 

the weight o f original wood or 30% of the original cellulose or other glucan. The 

corresponding xylose and mannose contents passed through their maxima under relatively 

mild treatments, when all the hemicellulose had dissolved, then decreased as a result of 

sugar decomposition. The concentrations o f the decomposition products, 

hydroxymethylfurfural (IIMF) and furfural (F), increased with the severity of the 

pretreatment.
Analysis of the WI, WIA and WIA/I120 2 fractions showed that under even the 

mildest treatment conditions most of the xylan and glucomannan, but virtually none of the 

lignin or cellulose, became water-soluble. The Wl-fractions were therefore enriched bt 

cellulose and lignin, as a result of decreasing base weight, although on an original wood

basis these components were only slightly reduced.
With increasing severity of treatment, increasingly large amounts of cellulose J
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I

xame water-soluble (Table 3). Therefore, the cellulose content of the WI decreased, 

loth on a sample-weight and original-wood basis, while the lignin content increased on a 

«tnple-weight basis. Virtually no cellulose and only about 25% of the lignin was 

(moved from the VVI fraction by extraction with alkali. This was in marked contrast to 

The results previously obtained with aspenwood (Mackie el al., 1985; Schwald el a/., 

1989). The resulting WIA fractions still retained relatively high lignin contents, viz. 

fonging from 35-45% on a sample-weight basis (Table 3). However, on an 

Original-wood basis they remained practically constant at about 20%.

S02-SHS-WI SCVSHS-WIA00■
S 2 0 0  s 

25 0  s -

ifs 1' “ 150 s
S| 0

£ p // /m  100 s /0 1
P ? '  * ï !  /
r ’ 5 If y l
I t  ÛJ 50 jj /  50  s u.
g j  y \\ \
g  .K 111 50 s 1/
I f  CO R / 100 s '
S t  0 —  150 sH ' 0 k / 250  s
| ;t 3 [7
!  0 1/ rjgr / j JS :  0 L . j __ 1___1___1 I _ J ___I___I___I J_

6 24 48 72 96 
HOURS

S 02-SHS-WIA/H20
250  s 2 00 s

50 s

6 24 48 72 96 
HOURS

J__ I__ I__ I6 24 48 72 96
HOURS

Fig. 1. Enzymic hydrolysis profiles of steamed SC^-impregnated wood after 

extraction with water (SO2-SHS-WI), extraction with alkali (SO2-SHS-WIA) 

and hydrogen peroxide post-treatment (S02-SHS-WIA/H202).

The accessibility of each of these fractions, at a concentration 2% (w/v), towards 

enzymic hydrolysis was assessed by adding a Cellulclast-Novozym mixture at an enzyme 

loading of 15 FPU/g. We had shown earlier that this provided an excess of enzyme. 

Thus, enzyme concentration could not limit the rate and degree of hydrolysis. In spite of 

the small enrichment in the cellulose content of the WIA fractions over the corresponding 

WI fractions (Table 3), the rate and extent of the enzymic hydrolysis of the WIA fractions 

were all greatly reduced. The greatest reductions, of as much as 75%, were obtained 

with the best WI substrates that had been produced by the most severe steam treatments.
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Subsequent treatment with peroxide provided WIA/H2O2 fractions that were substantially 

better than either the WI or the WIA fractions as substrates for enzymic hydrolysis. It 

was apparent that the II20 2 oxidation had more than overcome the adverse effect of the 

alkali extraction and that the rate and extent of hydrolysis increased with steaming time.

Table 4. Recovery yield and composition (as % o f original dry wood) of 

water-soluble of S 0 2-impregnated spruce at various concentrations of S 0 2l 

after steam treatment at 210°C for 150 sec, water-washing, alkali-extraction 
and H2O2 post-treatment.

Recovery yields —- Components in WS
% Combined SO2-SHS SO2-SHS SOo-SHS WS Xylose GIucos*
so2 WI+WS WI WIA WIA/II2O2
0.5 95.6 65.3 60.7 60.0 30.3 4.42 3.93
1.5 93.8 62.4 55.1 51.6 31.4 3.70 6.73
3.5 91.3 58.6 51.4 41.7 32.7 3.10 9.17
5.0 91.0 57.5 50.6 40.5 33.5 2.68 9.71

The effect of increasing concentrations of SO2 on the composition and enzymatic 

hydrolysis of pretreated spruce was then followed (Tables 4 and 5). When increasing 

concentrations of S 0 2 were used, over 90% of the original material could still be 

recovered even when 5% S 0 2 was used (Table 4). The recovery yield of the fractions 

post treated by H20 2 decreased substantially at S02 concentrations greater than 1.5%.

When the efficiency of the enzymatic hydrolysis was assessed (Table 5) it was 

apparent that the alkali extraction of the water washed spruce again greatly decreased the 

efficiency of hydrolysis. The data in Fig. 2 indicated that both the rate and completeness 

of hydrolysis of the water extracted substrate (S 0 2-SHS-WI) increased with increasing 

S 0 2 addition. However, greater than 95% of the theoretical yield of glucose could be 

obtained after 48 h incubation with the 1.5% S 0 2-Ireated spruce that had been ;j 

subsequently treated with peroxide. Oxidation of the WIA fractions with alkaline H2Q2 

reduced the lignin content without removing any cellulose. The resulting WIA/H2O1 

fractions were substantially better substrates for enzymatic hydrolysis than were either the j 
WI or the WIA fractions. Clearly, the H20 2 oxidation had more than overcome the 
adverse effect of the extraction with alkali. j  I
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j l- Table 5. Chemical analysis and glucose yield from enzymic hydrolysis of the|r
water-washed fraction and the H2O 2 post-treated fraction o f the SO2- 

impregnated spruce steam-treated at 210°C for 150 sec.

«rate

HS-

s o 2 Glucan Klason Glucose Yield (% of theory)

% % lignin % 6h 24h 48h 72h 96h

0.5 55.36 40.97 22.0 34.4 42.0 44.6 47.4

1.5 52.63 43.16 46.5 58.6 62.1 76.5 58.6

3.5 49.62 45.99 55.3 76.5 93.9 96.6 £99.0

5.0 46.83 47.66 59.6 82.6 95.2 99 £99.0

0.5 58.94 35.24 32.3 43.6 55.3 64.5 98.0

1.5 62.70 30.34 42.6 78.2 96.0 £99 • £99.0

3.5 67.00 28.43 47.5 92.4 £99 £99 £99.0

5.0 67.66 29.14 46.1 89.0 £99 £99 £99.0

f '

SO3-SHS-WI
»o

50 -

s o 2-s h s -w ia / h2o
3 72 h r- _______________ _

.6  h

.,72 h 
D48 Ii

. 24 h

I  -
r  % so 2 % so2

Fig. 2 Enzymic hydrolysis profile of pretreated sprucewood, impregnated 
with various concentrations of SO2, after water extraction (SCb-SHS-WI), 
and subsequent alkali extraction and hydrogen peroxide pretreatment 
(SO2-SHS-WIA/H2O2).

t; ; !
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Alkali extraction removed only a portion of the lignin left in the 

material, while further oxidation with hydrogen peroxide still left the 

substantial (30%) amount of lignin. This contrasted with our earlier 

peroxide-treated aspenwood (Schwald et al., 1988), in which almost all < 

could be removed by this oxidative treatment.

The high conversion yields with both water-extracted and 

substrates indicated that pretreated spruce could be hydrolyzed as readily 

provided that SO2 was used as a catalyst. This also provided the high 

hcmiccllulose-dcrivcd sugars, predominantly in the form of monosacchari 

our more recent work has indicated that low concentrations of SO2 are 

conversion to sulphuric acid is more efficient under these conditions a 

escapes from the reactor. In a loose-chip bed sufficient air is present in an 

chips to oxidise an amount of SO2 equivalent to approximately 0.75% 0 

weight and produce more than 1% of sulphuric acid. In steam at 200°C, 

S 0 2 to sulphuric acid was largely complete within the first 20 sec, after 

resulting sulphuric acid catalyzed the necessary hydrolysis, even if all 
removed.

We have shown that S02-impregnated hardwood and softwood 

hydrolyzed as readily as any form of commcrcially-available cellulose, 

work will focus on the enzymic factors that limit the efficient hydrolysis of 1 
pretreated substrates at high substrate concentrations.
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Summary
Enzymatic hydrolysis of S02~impregnated, steam pretreated 

aspen and spruce wood fractions was carried out at 2% and 10% 
substrate concentrations, using 5 commercial cellulase preparations 
supplemented with an excess of a commercial B-glucosidase in order 
to obtain a common level of hydrolytic activity. Pretreated aspen 
wood was found to be more readily hydrolysed than pretreated spruce 
wood which appeared to contain inhibitory material detrimental to 
the cellulase enzymes. All the 5 commercial cellulase preparations 
exhibited similar hydrolysis profiles on the pretreated substrates.

INTRODUCTION
The enzymatic conversion of lignocellulosic substrates into 

sugars requires some form of pretreatment to improve cellulose 
accessibility and digestibility. It is apparent that the most 
effective pretreatment is one in which the substrate is hydrolysed 
fast and completely, using a minimum amount of enzyme. We and 
several other research groups have shown that S02 catalysis greatly 
enhances the accessibility of the cellulose in pretreated 
lignocellulosic substrates (Mamers and Menz 1984; Mackie et al.
1985; Clark and Mackie 1987; Schwald et al. 1989a). We had 
previously shown that SOj-impregnated steam pretreated aspen wood, 
extracted with water and alkali, could be readily hydrolysed 
(Schwald et al. 1989a). We also found that SOj-impregnated spruce 
wood extracted with alkali required a further oxidation step with 
hydrogen peroxide (H202) in order for it to be as readily hydrolysed 
as aspen wood and that the resultant peroxide fraction still 
retained a relatively high lignin content (Schwald et al. 1989b).

One of the difficulties in comparing the saccharification 
effectiveness of different enzyme preparations is the measurement 
and expression of their hydrolytic potential. Although various



assays have been proposed for defining the activities of the 
different components, no consensus has been reached on the use of a 
protocol which is representative of the overall hydrolytic activity 
(Toyama and Ogawa 1977; Bailey 1981; Breuil and Saddler 1985; Ghose 
1987; Schwald et al. 1988a; Chan et al. 1989). This lack of 
uniformity has limited the ability to effectively compare the 
cellulase activities of various enzyme preparations. Our recent work 
indicated that the filter paper activity, although not totally 
satisfactory, could be used to characterise the hydrolytic ability 
of an enzyme preparation, provided a reasonable amount of fi- 
glucosidase was present (Breuil et al. 1990). When insufficient 
levels of fi-glucosidase were present, the final units of filter 
paper activity were considerably lower. Thus, in order to equally 
compare the hydrolytic potential of different enzyme preparations, 
supplemental /3-glucosidase had to be adjusted to a common level to 
ensure that end product inhibition was avoided (Chan et al. 1989).

In this current work, we have compared the hydrolytic 
potential of several industrial cellulase preparations, supplemented 
with /3-glucosidase, when they were added to SOj-impregnated steam 
treated aspen or spruce wood. Analysis of the sugars released using 
HPLC indicated that most of the solubilized cellulose was hydrolysed 
to glucose, with cellobiose also present to a much lesser extent.
The factors that influence the rate and degree of hydrolysis are 
discussed.

MATERIALS AND METHODS
The enzyme preparations were obtained as gifts from Novo Lab 

Inc., Denmark (Celluclast, Novozym), Genencor Inc., U.S.A. 
(Genencor), Finnish Sugar Co. Ltd., Finland (Spezym, Multifect) and 
Institut Français du Pétrole (IFP), France. The filter paper (FPU) 
and B-glucosidase (CBU) activities were determined by the modified



IUPAC (International Union of Pure and Applied Chemistry Commission) 
procedure (Ghose 1987; Chan et al. 1989), using the method of 
Schwald et al. (1988a) to assay the liberated sugars.

The preparation and the hydrolysis of the SOj-impregnated, 
steam pretreated substrates were performed as previously described 
(Schwald et al. 1989a,b). The aspen wood chips were pre-impregnated 
with 1.6% SOj and heated for 120 sec at 210°C, while the spruce wood 
chips were pre-impregnated with 2.5% S02 and heated for 150 sec at 
210°C. For convenience, the following abbreviations were used in 
referring to the pretreated substrates:
SHA-WI water insoluble fraction of the steam pretreated

aspen wood, and SHS-WI for spruce wood;
SHA-WIA water and alkali insoluble fraction of the steam

pretreated aspen wood;
SHA-WIA/HjOj water and alkali insoluble fraction of steam

pretreated aspen wood post-treated with hydrogen 
peroxide (H2C>2), and SHS-WIA/H2o 2 for spruce wood.

RESULTS AND DISCUSSION

In previous work we had identified the pretreatment conditions 
for aspen wood which maximised the recovery of wood sugars as well 
as enhancing the enzymatic hydrolysis of the cellulose-rich residue. 
When we compared the amount of cellulose and lignin present in each 
of the fractions it was apparent that the cellulose content of the 
extracted spruce was considerably lower than the correspondingly 
treated aspen wood (Table 1). Although the alkaline extraction 
significantly reduced the lignin content of the aspen wood, the 
pretreated spruce retained a relatively high lignin content and a 
further post treatment by H202 was required to obtain higher rates



of hydrolysis (Schwald et al. 1989b). We had previously found that 
the cellulose content of the substrate greatly influenced the 
interpretation of the relative activity of the cellulase enzymes 
added (Schwald et al. 1989b). In all of the work reported in this 
paper the enzyme activity is expressed in terms of FPU gm-1 of 
cellulose rather than gm-1 of substrate.

Other workers have previously shown (Sternberg et al. 1977; 
Duff et al. 1987) how higher levels of /3-glucosidase could reduce 
the inhibitory effects of cellobiose and consequently influence the 
efficiency of the overall saccharification process. To assess the 
influence of the /3-glucosidase activity on the hydrolysis of 2% and 
10% concentrations of pretreated aspen wood, increasing 
concentrations of /3-glucosidase were added to a constant 
concentration of cellulase at a level of 10 FPU gm-1 cellulose. At 
low substrate concentrations, adding /3-glucosidase at a 
concentration greater than 14 CBU gm-1 cellulose did not result in a 
substantial increase in the glucose yields. At high substrate 
concentrations, however, glucose yields continued to increase with 
further addition of /3-glucosidase (Table 2). Therefore to reduce the 
influence of end product inhibition, all subsequent work utilised a 
Celluclast preparation which was supplemented with /3-glucosidase 
resulting in a final activity of 35 CBU gm-1 cellulose.

We first wanted to determine the lowest concentration of 
enzyme required to completely hydrolyse a 2% concentration of both 
the pretreated aspen and spruce wood. Although a range of enzyme 
loadings of 10 to 16 FPU gm * cellulose were used, while maintaining 
a uniform level of /3-glucosidase activity, only the hydrolysis 
profiles obtained at the highest and lowest enzyme loadings are 
shown in Figure 1. At enzyme loadings of 10 and 16 FPU gm-1 
cellulose, more than 90% and 96% respectively of all the pretreated 
aspen wood fractions could be hydrolysed to glucose. However, at the 
lower enzyme loading only 34% of the theoretical yield of glucose



was obtained from the water extracted (WI) pretreated spruce 
fraction while at the higher enzyme concentration a 79% yield of 
glucose was obtained after a 72 h incubation. Previously we had 
proposed that during alkali extraction, some of the alkali insoluble 
lignin present in spruce was "coated" onto the cellulose micro
fibrils decreasing the accessibility of the substrate to the 
hydrolytic enzyme. To try to alleviate this possible mechanism we 
subsequently post-treated the water and alkali insoluble spruce 
fraction with H202 to see if we could reduce the lignin content and 
enhance hydrolysis. The rate and extent of hydrolysis of the 
peroxide treated spruce was increased substantially at both enzyme 
loadings despite a relatively high residual amount of lignin still 
present in the substrate (Table 1).

We next determined if the same profile was obtained when 
higher substrate concentrations were used (Figure 2). As the water 
and alkali extracted pretreated aspen wood (SOj-SHA-WIA) had been 
readily hydrolysed at low substrate concentrations, the hydrolysis 
profile at a range of enzyme loadings was compared to that obtained 
with the peroxide treated spruce (S02-SHS-WIA/H202). It was apparent 
that increasing enzyme loadings could significantly increase the 
rate and yield of hydrolysis of the pretreated wood. It is probable 
that the major factor responsible for decreasing yields at high 
substrate concentrations is end product inhibition, despite the 
addition of high levels of /3-glucosidase (35 CBU gm-1 cellulose). 
Analysis by HPLC indicated that in all of the fractions, more than 
95% of the sugar was present as glucose with the remainder 
consisting of cellobiose. More than 90 % of the pretreated aspen 
wood could be hydrolysed to glucose at an enzyme loading of 20 FPU 
gm-1 cellulose. At the same enzyme loading, approximately 65% 
glucose yields were obtained with the pretreated spruce with little 
difference observed between the three enzyme loadings. In this case, 
end product inhibition was obviously not the only factor responsible



for the lower glucose yields, as high glucose values could be 
obtained with aspen wood and higher enzyme loadings did not improve 
the glucose yields from spruce.

As pretreated lignocellulosic substrates have been reported to 
contain compounds inhibitory to hydrolysis (Sinitsyn et al. 1982; 
Mes-Hartree and Saddler 1983; Clark and Mackie 1984; Dekker 1988), 
it is probable that the various extraction steps removed any 
inhibitory material from aspen wood and reduced the levels present 
when low substrate concentrations of spruce were used (Schwald et 
al. 1988b, 1989a). However, at high substrate concentrations of 
spruce, enough inhibitory material could have been released during 
hydrolysis or leached from the substrate to influence hydrolysis. To 
try to determine if inhibitors could be readily leached from 
pretreated spruce or if hydrolysis was required to release this 
material, various fractions were added to a routine cellulase assay 
to see if the reported filter paper activity or profile of reducing 
sugars were influenced (Table 3). The acetate buffer routinely used 
in the filter paper assay was used to extract the SOj-SHS-WIA/HjOj 
substrate, concentrated to a volume equivalent to the extracted 
substrate and used as the buffer in the filter paper assay to 
determine the activity of the Celluclast-Novozym. The filter paper 
activity was reduced by 8% with an equivalent reduction in both the 
cellobiose and glucose released.

As it was more likely that any inhibitory material present in 
the pretreated spruce would be released during hydrolysis, the 
hydrolysate from 10% SOj-SHS-WIA/HjOj was concentrated by passage 
through an Amicon Diaflo ultrafiltration cell, with an exclusion 
limit of 500 MW. This removed the sugars released during hydrolysis 
and should have concentrated any high-molecular-weight inhibitors 
present in the hydrolysate. The filter paper activity was reduced by 
15% and the higher proportion of cellobiose present in the 
hydrolysate indicated that the /3-glucosidase activity was also



inhibited.
As it was possible that the inhibitory material present in the 

pretreated substrates was only specific to one component or one 
mixture of cellulases, we next compared the effect of adding the 
five different commercial cellulases to two different pretreated 
substrates. Our earlier work had indicated that cellulase mixtures 
showing comparable filter paper activity could present quite 
different hydrolysis profiles, reflecting the sensitivity of some of 
the components in the enzyme to end product inhibition (Chan et al. 
1989). To ensure that the commercial cellulase preparations could be 
compared on an equitable basis, they were all adjusted to an 
equivalent level of filter paper activity. This primarily involved 
the addition of Novozym to obtain a common level of 40 CBU gm-1 
cellulose as several of the commercial cellulases were highly 
deficient in /3-glucosidase activity.

The glucose yields of the five commercial cellulases after 
hydrolysis of a pretreated aspen wood (S02~SHA-WIA), which could be 
completely hydrolysed at fairly low enzyme loadings, and pretreated 
spruce (SOj-SHS-WIA/HjOj ), which was less readily hydrolysed at high 
substrate concentrations, are shown in Table 4. At an enzyme loading 
of 10 FPU gm-1 cellulose, the Multifect and Spezym hydrolysis 
profiles on aspen wood showed a faster rate of hydrolysis and the 
final glucose yields were 8% higher than the values obtained with 
the other three enzymes. However, when higher enzyme loadings were 
used, the superiority of the former enzymes was not as apparent. The 
hydrolysis profiles obtained from spruce indicated no significant 
difference between the Genencor, Multifect and IFP cellulases with 
lower values obtained with Celluclast and slightly higher values 
with the Spezym. The overall glucose yield after hydrolysis of the 
spruce was markedly lower than the values obtained with aspen wood. 
It appears that all of the cellulase mixtures were inhibited to 
about the same extent with at least 25% of the available cellulose



unhydrolysed after incubation for 96 h at an enzyme loading of 20 
FPU gm_1 cellulose.

It is evident that pretreated spruce contains inhibitory 
material which is released during hydrolysis and appears to be 
inhibitory to a range of cellulases. Although the action of these 
inhibitors and the influence of end product inhibition have an 
impact on the efficiency of hydrolysis, it is likely that the high 
residual lignin content of the pretreated spruce reflects the 
association of the material with the unhydrolysed cellulose and 
therefore limits the accessibility of the cellulases to the residual
substrate.



LEGENDS

Figure 1 Enzymatic hydrolysis of fractions from SOj-impregnated 
steam pretreated aspen wood and spruce wood, at 2% substrate 
concentration using Celluclast-Novozym at 10 and 16 FPU gm-1 
cellulose (fi-glucosidase at 35 CBU gm-1 cellulose).

Figure 2 Enzymatic hydrolysis of 10% pretreated aspen wood (SOj- 
SHA-WIA) and spruce wood (S02~SHS-WIA/H202) using Celluclast-Novozym 
at 10, 15 and 20 FPU gm-1 cellulose (fi-glucosidase at 40 CBU gm-1 
cellulose).
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TABLE 1
Cellulose and Klason lignin content of SOj-impregnated steam 
pretreated, aspen wood (SOj-SHA) and spruce wood (SOj-SHS) with 
water extraction (WI), water and alkali extraction (WIA) and post
treatment with hydrogen peroxide (WIA/H2C>2).

Substrates Cellulose
(%O.D.wood)

Klason lignin 
(%O.D.wood)

so2-sha-wi 62.6 30.3
s o2-sha-wia 85.9 5.4
s o2-sha-w i a/h 2o2 86.6 2.2

s o2-shs-wi 50.2 45.8
S02-SHS-WIA/H202 80.2 15.0

O.D. oven dried



TABLE 2
Effect of increasing amount of /3-glucosidase (Novozym) on 72 hours 
hydrolysis of 2% and 10% steam pretreated aspen wood (SOj-SHA-WIA) 
using a constant level of Celluclast (10 FPU gm-1 cellulose).

B-glucosidase 
CBU gm-1 cellulose

Substrate concentration 

(%)

Glucose yield 
(%)a

65 2 96
10 78

32 2 95
10 70

22 2 92
10 66

14 2 89
10 60

5 2 79
10 49

a - percent of theoretical maximum glucose



TABLE 3
To assess possible inhibition of the filter paper activity of 
Celluclast-Novozym by material present in hydrolysed and un
hydrolysed SOj-impregnated steam pretreated spruce (SOj-SHS-
w i a/h2o2)

Assay was 
supplemented 
with :

FP activity 
FPU ml"1 % control

Hydrolysate Sugars 
(mg ml-1)

Cellobiose Glucose

Buffer alone 7.7 100 0.6 1.5

Buffer used to extract 
S02-SHS-WIA/H202

7.1 92 0.5 1.4

Retentate from ultra- 5.4 85 0.7 0.9
filtered hydrolysate of
so2-shs-w i a/h2o 2



TABLE 4
Comparison of the glucose yields obtained when five commercial 
cellulases preparations were added at increasing enzyme loadings to 
10% steam pretreated aspenwood (SOj-SHS-WIA) and spruce wood (S02~ 
SHS-WIA/H202)a

Percent glucose yield
Enzyme FPU gm-1
system cellulose 24h 48h 72h 96h

SHAd SHSC SHA SHS SHA SHS SHA SHS

Celluclast- 10 34.0 29.0 46.0 40.0 53.5 49.0 61.5 54.7Novozym 15 47.0 33.0 61.0 45.0 69.5 53.0 77.5 60.020 55.0 37.0 71.0 50.0 81.0 57.0 88.0 64.0
Spezym- 10 38.5 30.5 52.0 44.5 59.0 55.0 69.0 61.5Novozym 15 49.0 35.5 63.5 50.0 71.5 59.0 83.0 69.0

20 53.0 39.5 73.5 54.5 81.5 61.5 92.0 74.5
Genencor- 10 37.0 28.0 48.0 43.0 57.0 50.5 61.5 59.0Novozym 15 47.5 33.0 61.5 48.0 71.0 56.5 77.5 65.020 56.0 38.0 72.0 53.0 80.5 62.5 89.0 71.5
Multifect- 10 40.0 28.7 53.0 42.0 61.5 50.0 67.0 58.5Novozym 15 50.0 33.0 65.0 47.0 74.5 57.0 83.0 65.0

20 56.0 37.0 73.5 52.0 84.0 64.0 94.0 72.0
IFP- 10 35.5 29.0 47.0 43.7 60.0 53.5 61.5 58.5
Novozym 15 46.0 32.5 60.0 47.0 73.0 58.0 76.0 64.0

20 54.0 35.7 71.0 50.5 82.0 62.7 86.0 70.0

a Each cellulase preparation was supplemented with Novozym to a
common level of 40 CBU gm-  ̂cellulose 

b SHA = S02~SHA-WIA (pretreated aspen wood)
c SHS = S02“SHS-WIA/H202 (pretreated spruce wood)
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Figure 1 Enzymatic hydrolysis of fractions from S02~impregnated 
steam pretreated aspen wood and spruce wood, at 2% substrate 
concentration using Celluclast-Novozym at 10 and 16 FPU gm”1 
cellulose (fl-glucosidase at 35 CBU gm-1 cellulose).
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Figure 2 Enzymatic hydrolysis of 10% pretreated aspen wood (SOj- 
SHA-WIA) and spruce wood (S02-SHS-WIA/H2O2) using Celluclast-Novozym 
at 10, 15 and 20 FPU gm_1 cellulose (B-glucosidase at 40 CBU gm 
cellulose).
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SUMMARY :

We initiated a study of the cellulases from the thermophilic fungus 
Thielavia terrestris 255B to see how they compared with enzymes derived 
from mesophilic fungi such as Trichoderma. To try to obtain maximum 
production of a complete cellulase system we first grew the fungus on a 
variety of soluble and insoluble substrates. As well as assaying the 
culture filtrates for cellulase activity and protein concentration, the 
enzyme profiles were compared using non-denaturing electrophoretic 
techniques (IEF and native-PAGE). The separation by native-PAGE and IEF 
was followed by activity staining methods to detect endoglucanase and 
xylanase activities. Native-PAGE could not be used to determine 
accurately the Mr of the cellulases because of possible differences in 
mass/charge ratios. Bands with apparent M̂ , values above 200,000 were 
reproducibly detected. This suggested that the various cellulase 
components may be organized into high molecular weight complexes.
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INTRODUCTION:

Cellulose is the most abundant renewable resource*. However, no 
economically viable process yet exists for the direct conversion of 
cellulose to fermentable products. As cellulose has great potential as 
a source of food, fuel and chemical feedstocks, there is still 
considerable need to clarify all aspects involving cellulose hydrolysis. 
Most studies on the enzymatic hydrolysis of cellulose have been 
conducted with cellulases from mesophilic fungi such as Trichoderma and 
Aspergillus. However, the use of thermophilic enzymes is increasing in 
many industrial applications. The advantages of thermophilic systems 
are numerous and include rapid kinetics, reduced risks of contamination, 
enhanced mass transfers and increased effectiveness of enzyme 
recycling . We initiated a study of the Thielavia terrestris 255B 
system because it showed a good combination of high cellulolytic 
activity and thermostability3'4. In this study, we present the 
cellulolytic productivity by terrestris 255B during growth on 
various soluble and insoluble substrates. We also used non-denaturing 
electrophoretic techniques (IEF and native-PAGE) to characterize the 
protein and enzyme profiles obtained during growth on each substrate. 
Using native-PAGE, we showed that proteins with large Mr values are 
present and we have discussed the possibility that they correspond to 
complexes of components with different functionalities.
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Materials and methodss 

Organism and culture conditions:
T. terrestris 255B was obtained from the Forintek culture collection. 

It was grown at 44°C on modified Durand medium as described earlier5, 
using 20 mL of mycelium inoculum to inoculate 200 mL of medium. The 
following carbon sources were used at a 1% concentration; glucose, 
cellobiose, acid-swollen cellulose, Solka Floe BW300 and oat spelt

4xylan. Acid-swollen cellulose was prepared as described earlier , using 
repeated washing with cold water instead of dialysis to remove the 
salts.

Sample preparation:
Samples of 15 mL were collected everyday for a total of six days.

The samples were centrifuged at 8000g for 10 minutes (at 4°C). The 
supernatants were filtered through a Whatman GF/A glass fiber filter and 
NaN^ was added to give a final concentration of 0.02%. For enzymatic 
assays, the samples were desalted on a Biorad Econo-Pac 10DG column 
using 50 mM sodium acetate buffer (pH 4.8) as eluant.

Enzymatic assays:
Protein was determined by the Bradford method using a Bio-Rad Protein 

assay kit according to the manufacturer's instructions using bovine 
gamma globulin as the standard. The various enzymatic assays were 
performed in 50 mM sodium acetate buffer (pH 4.8) except for the 
protease assay which was carried out in 0.1 M Mes buffer (pH 6.5).
Filter paper activity was determined by incubating a Whatman #1 filter 
paper strip of ca. 70 mg in a final volume of 2 mL for 60 minutes at
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65°C. The soluble sugars released during the 60 minutes assay were 
determined by HPLC analysis6.

Cellobiase was determined in a 30 minutes assay at 70°C. The glucose 
released was measured with a YSI glucose analyzer (Model 27, Industrial 
analyzer; Yellow Springs Instr. Co., USA). Xylanase (l,4-/3-D-xylan 
xylanohydrolase, EC 3.2.1.8) and endoglucanase (l,4-(1.3;1.4)-/3-D- 
glucan 4-glucanohydrolase, EC 3.2.1.4) activities were assayed for 30 
minutes at 65°C using 0.5%(W/V) of oat-spelt xylan (Sigma Chemical Co.) 
and carboxymethylcellulose (No. C-4888, Sigma Chemical Co.) 
respectively. Reducing sugars released during incubation were 
quantitated by the 3,5-dinitrosalicylic acid (DNS) method of Miller7. 
Proteolytic activity was determined by incubating 1 mL of appropriately 
diluted enzyme with 10 mg of Hide Powder Azure (Sigma Chemical Co.) for 
60 minutes at 60°C. The reaction was stopped by adding 0.5 mL of 
15%(W/V) trichloroacetic acid and the absorbance at 595nm was read after 
centrifugation of the unhydrolyzed substrate.

Electrophoresis :
For electrophoresis, the samples were concentrated 20-fold using 

Centricon microconcentrators (Amicon, Denver, USA) fitted with a 10000 
MW cut-off membrane. The samples were subjected to native-PAGE using 
the automated "Phastsystem” (Pharmacia, Sweden). The samples (lpl) were 
loaded on a gradient gel (Phastgel 8-25) and the separation was 
performed at a constant current of 10.0 mA for 280 accumulated 
volthours, the temperature of the separation bed being set at 15°C. The 
molecular weight markers used were the Pharmacia high molecular weight
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calibration kit. For IEF the samples were rediluted (5-fold) and loaded 
on a Phastgel IEF 3-9. The separation was performed at a constant 
current of 2.5 mA for 500 accumulated volthours. The pi markers were 
from Pharmacia Broad pi Calibration Kit, pH 3-10. The gels were 
developed by silver staining using the Phastgel Silver kit according to 
the manufacturer's manual (Pharmacia, Sweden).

Enzymatic activities in gels;
Prior to silver staining, the separation gel was layered on a 2% 

agarose gel containing either 0.1% carboxymethylcellulose or 0.1% xylan 
(in 50 mM sodium acetate, pH 4.8) to detect endoglucanase and xylanase

Oactivities respectively . The substrate gels were cast between two 
sheets of GelBond (Pharmacia, Sweden) with the gel sandwiched between 
the hydrophobic and hydrophilic sides of the sheets. In order to obtain 
thin gels of even thickness we used the LKB Ultramould 221720 with a 0.3 
mM spacer. Following the separation by either IEF or native-PAGE, the 
separation gels were briefly washed in sodium acetate buffer and 
overlaid on the substrate gels. The gels were incubated at 65°C for 5- 
10 minutes (IEF) or 10-20 minutes (native-PAGE). After incubation, the 
Bubstrate gels were briefly washed in 1 M NaCl and stained for 30 
minutes (zymogram with native-PAGE) or 60 minutes (zymogram with IEF) in 
0.1% Congo red. After staining, the substrate gels were incubated in 1 
M NaCl until clearing zones were visible. To increase the contrast the 
gels were put in 5%(V/V) acetic acid (the background turns from red to
dark blue).
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Results and discussion:

In order to determine the types of enzymes produced by Thielavia 
terrestris 255B, we first grew the organism on a variety of soluble and 
insoluble substrates that could be expected to induce different profiles 
of enzymes. Growth on both glucose and cellobiose media resulted in low 
levels of protein that increased slowly after two days of growth (figure 
1). As these substrates are soluble and can be transported inside the 
cell it is understandable that minimal secretion of extracellular 
protein occurred. This low level of protein corresponded to the low 
amounts of the different enzyme activities that were obtained when the 
organism was grown on either glucose or cellobiose (figure 2). Low 
levels of activity were always detected after more than two days of 
growth. The release of hydrolytic enzymes after more than two days of 
growth is probably a consequence of autolysis as the slight increase in 
activity always occured at the same time as a decrease in biomass and 
the appearance of proteases.

In order to avoid inhibition of enzyme activity, residual glucose and 
cellobiose were removed by gel filtration prior to measuring cellulase 
activity. All of the filter paper activity was recovered in fractions 3 

to 7 (figure 3), which could be expected for molecules with Mr values in 
excess of 6000. However, most of the material absorbing at 280 nm 
eluted later. This low molecular weight material may contain pigments.

Growth on acid-swollen cellulose gave only low levels of 
endoglucanase and filter paper activities (figure 2). However, 
significant levels of cellobiase activity were obtained. Acid-swollen
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cellulose is very amorphous and the ease of Its hydrolysis to soluble 
products may partially repress the production of cellulases. Highest 
levels of filter paper activity were detected within two days of growth 
on Solka Floe BW300, after which it levelled off (figure 2). However, 
the cellulase components detected after two and six days growth did not 
seem to be the same with approximately 2.5 times more endoglucanase 
activity and 3 times less cellobiase activity detected after six days of 
growth. The decrease in cellobiase activity after two days of growth is

Qpossibly a consequence of inactivation by low pH as the pH of the 
culture dropped to around 4.0, between day 2 and day 3. Although 
samples from both day 2 and 6 showed comparable filter paper activities, 
it is obvious that the two preparations differ in their composition and 
could differ in their ability to carry out long term hydrolysis. In 
addition to the cellulolytic activities, £j. terrestris 255B also 
produced high levels of xylanase activity within three days (figure 2). 
Xylanase production is probably the result of induction by small amounts 
of xylan contaminating the Solka Floe.

When Ti. terrestris 255B was grown on xylan we found that only 
xylanase activity was detected at high levels. Maximum xylanase 
activity was obtained after 3 days growth (figure 2) with the resulting 
decrease in activity probably due to the proteolytic activity (30-35 
U/mL) detected in the culture filtrate.

As well as assaying the culture filtrates for cellulolytic activity 
and protein concentration we also compared the enzyme profiles using 
non-denaturing electrophoretic techniques followed by overlay methods to
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detect endoglucanase and xylanase activities. No protein band could be 
detected in culture filtrates from L. terrestris 255B grown on glucose 
or cellobiose after two days growth (figure 4). After three days, 6 
bands were detected with silver stain. Although the 
carboxymethylcellulose (CMC) overlay did not show any endoglucanase 
activity, the xylan overlay showed one active band from the glucose 
medium and two active bands from the cellobiose medium. However, we 
could not determine if the differences were really due to differential 
induction or to our inability to detect weak bands.

When culture filtrates from terrestris 255B grown on Solka Floe 
were subjected to native-PAGE, proteins of a higher molecular weight 
initially predominated. However, there was an increase in the number of 
active bands at lower molecular weights as the culture got older. This 
evolution from higher molecular weight to lower molecular weight 
proteins is consistent with reports suggesting that proteolytic action 
is partially responsible for the multiplicity of cellulases10. The CMC 
overlay showed that Xi terrestris 255B secreted 2 major endoglucanases 
(Mf of 370,000 and of 130,000) from which the minor bands were possibly 
derived. The endoglucanase band with the higher Mr (370,000) 
corresponded to a light protein band that runs just below the major 
protein band (Mr=405,000) at the top of the gel. We could not determine 
any enzymatic activity for the major protein band (Mr=405,000).

When T;. terrestris 255B was grown on acid-swollen cellulose (figure 
6) the same two major endoglucanase bands obtained after growth on Solka 
Floe were also detected but with less intensity. It is possible that
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the acid-swollen cellulose induces essentially the same enzymes as Solka 
Floe but the faster hydrolysis of the former substrate probably 
partially represses the production of cellulases. Alternately, acid- 
swollen cellulose may induce an incomplete cellulase system as less 
components could be required to hydrolyse an amorphous substrate. The 
smaller amount of bands found with the acid-swollen cellulose when 
compared to Solka Floe supports this view but does not explain how the 
organism could differentiate between the two chemically similar 
substrates.

The protein and enzymes profiles obtained after growth on xylan is 
shown in figure 7. Little clearing was observed with the CMC overlay 
gel while the xylan overlay showed two major clearing bands over the 
first 3 days. Another major band which appeared after this time was 
probably a proteolytic product of one of the original bands. The two 
major xylanase bands obtained on xylan have the same Mr values as those 
obtained after growth on Solka Floe.

Isoelectrofocusing was also used as a non-denaturing separation 
method (figure 8). This technique was found to be more sensitive than 
native-PAGE for both protein and enzymatic detection. For example, 
after three days of growth on glucose, 6 bands were detected by native- 
PAGE while 11 were detected by IEF. After growth on cellobiose, no 
endoglucanase bands could be detected by the CMC overlay on native-PAGE 
but at least 5 active bands could be detected by overlay on an IEF gel. 
It was difficult to resolve the enzymes produced during growth on Solka 
Floe and the large clearing zones obtained are probably due to bands
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that focused closely to each other. The higher sensitivity of IEF is 
probably due to the low concentration of polyacrylamide (5%) in the gel. 
In addition to providing higher sensitivity, IEF also showed that most 
of the proteins in the cellulase system of L. terrestris 255B had acidic 
pis (below 5.0).

The combined use of non-denaturing electrophoretic techniques and
overlay methods enabled us to compare the protein and enzyme profiles
obtained after growth of terrestris 255B on various substrates. We
wanted to determine if large molecular weight complexes were present in
the cellulase system of Tj. terrestris 255B. Other workers had
previously shown that the cellulase components produced by some
anaerobic bacteria are organized into a multi-functional complex11.
However, extracellular cellulases produced by fungi are generally
considered to exist as individual entities and some workers11 have
recommended the use of the term "cellulase system" rather than
"cellulase complex" unless the enzymes are clearly demonstrated to be
part of a complex. In fact, there have been very few reports supporting

12 13the existence of such a complex . Wood et al have suggested that the 
difficulty in obtaining a cellobiohydrolase completely free of 
endoglucanase may be a consequence of the tendency of the two enzymes to 
aggregate together. Whether these aggregates were oriented for maximum 
effect in solubilizing cellulose was not clear. However there are good 
reasons to believe that extracellular cellulases would interact closely 
in order to achieve efficient hydrolysis. This would allow a 
coordinated regulation of the different activities and the ready access 
of the product of one enzyme component to the action of the next enzyme
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component. Complex formation could provide the optimal spatial 
organization of the components for efficient cellulose hydrolysis.

The analysis by native-PAGE of the proteins produced on Solka Floe 
(figure 5) showed that many proteins have Mr values above 200,000 and an 
endoglucanase band was found to have a Mr value of about 370,000. 
However, the migration of a protein in native-PAGE is dependant on the 
mass/charge ratios and the calculated Mr values are reliable only if the 
proteins reach their pore-size limit in a gradient gel. These 
conditions could not be achieved under the experimental conditions used 
and we are cautious about reporting the calculated Mr values as exact. 
Nevertheless, the values obtained with the native-PAGE suggests that 
large molecular weight proteins are present in the cellulase system of 
T. terrestris 255B. Most fungal cellulases are reported to have 
molecular weight below 100 kOa and it is possible that the large 
molecular weight proteins found in the cellulase system of terrestris 
255B are complexes of different enzyme components. However, more work 
is still required to demonstrate that such complexes exist and to 
characterize the interactions between the different cellulase 
components.
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Legend :

FIGURE 1: Determination of extracellular protein in the culture 
filtrates of Thielavia terrestris 255B after growth on glucose (■), 
cellobiose (o )> Solka Floe BW300 ( •  ), acid-swollen cellulose (A ) end 
oat spelt xylan ( A  ) •

FIGURE 2: Determination of FP activity (A), endoglucanase activity (B), 
cellobiase activity (C) and xylanase activity (D) in the culture 
filtrates of Thielavia terrestris 255B after growth on glucose (■), 
cellobiose (O)» Solka Floe BW300 (•), acid-swollen cellulose ( A )  and 
oat spelt xylan ( A  ) •

Figure 3: Gel filtration on Bio-Gel P-6 of the extracellular protein 
obtained after growth of Thielavia terrestris 255B on Solka Floe BW300. 
Fractions were analyzed for absorbance at 280 nm (A) and filter paper 
activity ( •  ) •

Figure 4: Analysis of the extracellular protein by native-PAGE on 
gradient (8-25%) after growth of Thielavia terrestris 255B on glucose or 
cellobiose. Lane 1: MW standards; lanes 2-5: glucose medium; lanes 2- 
4: silver stain after day 1, 4 and 6; lane 5: xylanase zymogram (day 4); 
lanes 6-9: cellobiose medium; lanes 6-8: silver stain after day 1, 4 and 
6; lane 9: xylanase zymogram (day 4).



Figure 5: Analysis by native-PAGE on gradient (8-25%) of the 
extracellular protein obtained after growth of Thielavia terrestris 255B 
on Solka Floe BW300. Lane 1: MW standards; lanes 2-5: silver stain 
After 1, 2, 4 and 6 days; lanes 6-8; endoglucanase zymogram after 2, 4 
and 6 days; lanes 9-10: xylanase zymogram after 2 and 6 days.

Figure 6: Analysis by native-PAGE on gradient (8-25%) of the 
extracellular protein obtained after growth of Thielavia terrestris 255B 
on acid swollen cellulose. Lane 1: MW standards; lanes 2-5: silver stain 
after 1, 3, 4 and 6 days; lanes 6-7: endoglucanase zymogram after 3 and 
6 days; lanes 8-9: xylanase zymogram after 3 and 6 days.

Figure 7: Analysis by native-PAGE on gradient (8-25%) of the 
extracellular protein obtained after growth of Thielavia terrestris 255B 
on oat spelt xylan. Lane 1: MW standards; lanes 2-5: silver stain after 
1, 2, 4 and 6 days; lanes 6-7: endoglucanase zymogram after 2 and 6 
days; lanes 8-9: xylanase zymogram after 2 and 6 days.

Figure 8: Analysis by IEF of the extracellular protein obtained after 
growth of Thielavia terrestris 255B for three days on various 
substrates. Lane 1: pi standards; lanes 2-6: silver stain; lanes 7-10: 
endoglucanase zymogram; lane 2: glucose medium; lanes 3 and 7: 
cellobiose medium; lanes 4 and 8: Solka Floe medium; lanes 5 and 9: 
acid-swollen cellulose medium; lanes 6 and 10: xylan medium.
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Figure fj: Analysis by native-PAGE on gradient (8-25%) of the 
extracellular protein obtained after growth of Thielavia terrestris 255B 
on Solka Floe BW300. Lane Is MW standards, lanes 2-5: Silver stain after 
1, 2, 4 and 6 days, lanes 6-8: endoglucanase zymogram after 2, 4 and 6 
days, lanes 9-10: xylan zymogram after 2 and 6 days.



—^clure w*; Analysis by native-PAGE (8-25%) of the extracellular protein obtained after growth of Thielavia terrestris 255B on acid swollen 
cellulose. Lane Is MW standards, lanes 2-5: Silver stain after 1, 3, 4 
and 6 days, lanes 6-7: endoglucanase zymogram after 3 and 6 days, lanes 8-9: xylan zymogram after 3 and 6 days.



1  2  3

6 6 9

4 4 0

2 3 2

1 4 0

6 7

M

»

Figure *3: Analysis by native-PAGE (8-25%) of the extracellular protein 
obtained after growth of Thielavia terrestris 255B on oat spelt xylan. 
Lane 1: MW standards, lanes 2-5: Silver stain after 1, 2, 4 and 6 days, 
lanes 6-7: endoglucanase activity after 2 and 6 days, lanes 8-9: xylan 
zymogram after 2 and 6 days.
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INTRODUCTION

In March 1983, the Executive Committee of the International 
Energy Agency approved a programme proposed by the Forest Re
search Institute of New Zealand entitled "Pretreatment of Ligno- 
cellulosic Materials", Project CPD-2". Austria, Canada, Sweden, 
the United States and New Zealand were confirmed as the par
ticipants in this project and Dr. Keith Mackie from the Forest 
Research Institute of New Zealand was appointed as project 
leader. Representatives of the participating laboratories and 
several other experts met for the first time on the occasion of 
the "Symposium on the Pretreatment of Lignocellulosic Materials" 
(25-29 March 1985, FRI, Rotorua, New Zealand). The active, 
lively and to some extent controversial discussion clearly 
showed that it was and would be essential for data comparison to 
follow standardized assays . For example, the procedures for 
enzymatic hydrolysis of pretreated materials used in the various 
laboratories differed to such an extent from each other that a 
conclusion regarding optimal pretreatments was not possible. A 
general agreement was finally achieved to develop assay-proto- 
cols in the CPD-2 group for the enzymatic hydrolysis for the 
purpose of making meaningful comparisons between laboratories 

For that a standardized commercially available cellulase 
(Novo Celluclast) and a control substrate (Sigmacell 50) was 
distributed in order to examine the reproducibility of the enzy
matic hydrolysis in the different laboratories. The first assay 
proposal made by the Institute of Biochemistry, University of 
Graz, Austria, has been gradually improved and adapted 
according to the suggestions made by the participating labora
tories. Quick data exchange has been facilitated since all the 
laboratories have been computer-linked by the COSY system (Gulf 
University, Canada). A first report on these "round robin" tests 
was given at the "Second Symposium on the Pretreatment of Ligno
cellulosic Materials held in Graz, Austria (June 23-27,1986) 
and a final report was discussed at the third symposium held at 
the Forintek Canada Corp., Ottawa, Canada (June 12-16, 1988).
We report here the final version of the assay protocols and the 
results obtained by the laboratories participating in this round
robin tests.
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MATERIALS AND METHODS
t

a) Enzymes and control substrate
Novo Industria/s, Denmark, has provided free of charge for the 
round robin test 30kg Celluclast (cellulase) and 3kg Novozym 
(a-glucosidase). The products and batch numbers were: Celluclast 
1.5 L, CCN 3000/84-4 and Novozym 188 DCN 0003/87-11. The enzymes 
were first shipped to the Institute of Biochemistry, University 
of Graz, where they were re-bottled and supplemented with 10 mg 
Thimerosal/litre. Aliquots of 1 kg (Celluclast) and 100 g 
(Novozym 188) were then sent by airmail to the participating 
laboratories. It was recommended to store the enzymes at 4°C.
The Celluclast was a brown liquid with a density of 1.198mg/ml, 
the filter paper activity as determined by several persons in 
our laboratory was 45 ± 3.8 FPU/g liquid. The values found by 
three other laboratories were 48, 57 and 51 FPU/g. The subse
quent protocol is based on the assumption that Celluclast 
contains 45 FPU/g liquid. The Novozym 188 was also a brown 
liquid with a density of 1.188mg/ml, the a-glucosidase activity 
as determined by us was 520 units/g liquid with para-nitrophe- 
nyl glucoside as substrate. Also distributed was to all the 
laboratories a sample of 200 g Sigmacell Type 50, lot number 
74F-0592, catalogue number S-5504. The laboratories were asked 
to hydrolyze Sigmacell 50 with the enzymes provided exactly as 
described below.

b) Time-dependent hydrolysis

Add 2 g Sigmacell 50 (lot no. 74F-0592) or wet material of any 
untreated or pretreated lignocellulosic material equivalent to 2 
g total dry matter in a 250 ml Erlenmeyerflask. Add 90 ml 
citrate-Thimerosal buffer, pH 4.8. Add 10 mlenzyme-mix.
To prepare the enzyme-mix, proceed as follows: Add to a small 
glass vial (we use 20 ml glass vials as used for liquid 
scintillation counting) exactly 0.440 g Celluclast CCN 3000/84-4 
and 0.040 g Novozym 188. Add 9.5 ml 0.05 M citrate-Thimerosal 
buffer. Mix and use within a few hours. Do not use the enzyme- 
mix after longer storage (24 h ) .
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The citrate-Thimerosal buffer is prepared as follows:10.5 g 
citric acid + 3.6 g NaOH bring to 1 litre with distilled 
water and supplement the buffer with 10 mg Thimerosal (Sigma 
Chemicals, No. T5125) per litre. Check the pH and adjust if 
necessary to 4.8.
The final conditions for the hydrolysis are as follows: 
volume ofliquid: 100 ml; Sigmacell 50: 2 g/100 ml liquid; 
Celluclast: 0.440 g/100 ml liquid; Novozym: 0.04 g/100 ml 
liquid; filter paper activity:10 FPU/g Sigmacell 50; B- 
glucosidase activity: 10 units/g Sigmacell 50.
Cover the flask with an aluminum foil or with a Capo test 
tightly, transfer to a horizontal shaker and incubate at 50°C 
at a shaker speed of 200 rpm or less (50-200 rpm). After 6, 24, 
48 and 72 hours withdraw from the flask samples of 2.5 ml taking 
care that the slurry density of the withdrawn sample is the same 
as that of the remainig suspension. Give the withdrawn sample 
in a screw capped tube, close tightly, heat the tube for 10 min 
on a boiling water bath, cool down, centrifuge for 10 min at 
3000 rpm. Determine the concentration of glucose in the clear 
supernatant preferable by HPLC or GC.

c) Enzyme-dependent hydrolysis

To each of the eight 250 ml Erlenmeyer flasks add 2 g Sig
macell 50 or wet material of any untreated or pretreated 
lignocellulosic material equivalent to 2 g total dry matter and 
100 ml citrate-Thimerosal buffer containing the enzyme mix as 
indicated in the table shown below.
Prepare the enzyme-mix as follows:
Bring 22.2 g Celluclast CCN 3000 84/4 and 2.00 g Novozym 188 DCN 
0003 87/11 with citrate-Thimerosal buffer to a final volume of 
50 ml. Add from this 0.5, 1.0, 1.5, 2.5, 3.7, 5.0, 7.5 and 10 ml 
to a 100 ml measuring flask and bring to 100 ml with citrate 
buffer. Mix well and transfer qualitatively to the Erlenmeyer 
flask containing the 2 g Sigmacell. According to our measure
ments the enzyme-mix has the following activities: 20 FPU/ml and 
20 units a-glucosidase/ml.
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flask no. Sigmacell buffer enzyme-mix FPU/g Sigmacell
e ml

1 2 99.5 0.5 5
2 2 99.0 1.0 10
3 2 98.5 1.5 15
4 2 97.5 2.5 25
5 2 96.3 3.7 38
6 2 95.0 5.0 50
7 2 92.5 7.5 75
8 2 90.0 10.0 100

Incubate 24 hours on a rotary shaker at 50°C with 200 rpm or
less (50- 200 rpm) . After the incubation period of 24 hours take
from each flask 2 .5 ml samples, transfer the sample to a tube
equipped with a screw cap, seal tightly, heat for 10 min on a
boiling water bath, centrifuge, determine the glucose
concentration (mg/ml) in the clear supernatant by HPLC of G C .
Calculate Y, the percentage of Sigmacell hydrolyzed in each
flask as follows :

Y _ (glucose mg/ml) x 0.90 x 100
20

Plot 1/Y against the reciprocal values of the enzyme substrate
ratio i.e. (FPU/g Sigmacell)-i and determine 
and the intercept on the ordinate (= Ymax-l) 
according to:

Y Ymax __ E__
K + E

the slope (=K/Ymax)

Y
_K__
Ymax Ymax

E is the enzyme loading in FPU/g 
R is the FPU/g which gives Ymax/2
Ymax is the % of material which could theoretically be 

hydrolyzed at infinite enzyme loading



- 6 -

lab. 1: Tiie dependent hydrolysis of SIGHACELL. Sound Bobin trial 1988/89.

Laboratory
(page)

Saiples
sent
on

Besults
received
on Glucose

(g/1)

6
dev.
(X)

Hydrolysis tiie (k)
24

Glucose dev. Glucose
(g/1) (X) (g/1)

48
dev.
(X)

Glucose
(g/1)

72
dev.
(X)

UnivGraz (12) 25.2.88 6.2 -1.6 10.3 -1.9 11.6 -8.7 13.5 -4.3
Targonski (23) 17.5.88 25.10.88 6.3 0.0 10.3* -1.9 11.9 -6.3 12.6 -10.6
TO Graz (25) 18.2.88 6.9 9.5 10.4 -1.0 12.5 1.6 13.8 2.1
Forintek **(27) 10.2.88 26.4.88 6.4 1.6 11.1 5.7 13.7 7.9 15.0 6.4
Lund (33) 10.2.88 23.3.88 5.2+ 8.7 -17.1 10.7 -15.7 12.0 -14.9
FBI HZ (34) 10.2.88 5.5.88 6.1 -3.2 10.4 -1.0 13.2 3.9 14.7 4.3
Boo Toung **(45) 24.2.88 2.5.88 6.2 -1.6 10.7 1.9 12.6 0.8 14.5 2.8
Gretblein (49) 24.2.88 6.6.88 6.3 0.0 10.3 -1.9 12.3 -1.6 13.1 -7.1
CSIBO (56) 24.2.88 27.5.88 7.0 10.5 12.1 15.5 14.7 15.7 16.5 17.0
SEBI (58) 24.2.88 31.5.88 6.1 -3.2 10.4 -1.0 12.2 -4.0 13.2 -6.4
Iogen Corp.(61) 
Pourquie (IBP) 10.2.88

13.7.89 
no results

6.1 -3.2 11.1 5.7 14.3 12.6 16.0 13.5

Eveleigh 24.2.88 
Overend 29.2.88 
Paice 24.2.88 
Puls 24.2.88 
Nayian 24.2.88 
Vallander 10.2.88 
Poutanen 16.12.88 
Bc.Ginnis 28.11.88 
Biely 28.11.88 
Varela (CICELPA) 23.1.89

■ean »alue i standard deviation 6.3 + 0.4 10.5 + 0.9 12.7 + 1.2 14.1 + 1.4

■ean
dev.

X

-4.1
-4.7
2.0
5.4

-15.9
1.0
1.0
-2.7
14.7
-3.7
7.2

dev. : deviation fro* lean, * 21 = h tiie of incubation, ** : results include cellobiose, + : 4 h tiie of incubation
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Tab. 2: Inzyne dependent hydrolysis of SIGHACILL. Sound Bobin trial 1988/89.

Laboratory Glucose released (g/1) 

FPO/g
Taaz

l I/Tiaz r
5 10 15 25 38 50 75 100 GIncan

OnivGras 7.6 9.6 10.5 11.6 12.4 12.9 13.2 14.2 61.3 0.068 0.994
■ 8.9 10.9 11.7 12.6 13.3 13.5 13.6 13.8 63.9 0.0471 0.999

Targonski 8.9 11.6 13.4 14.0 14.3 14.7 15.1 15.4 72.4 0.0548 1.000

TO Gras 8.0 10.4 10.9 11.7 12.3 12.5 12.9 13.2 60.6 0.0550 0.996

Forintek 9.0 10.7 11.6 12.5 12.8 13.0 13.2 13.3 62.4 0.0430 0.997

FBI HZ 8.7 11.6 12.5 13.2 13.5 13.7 13.8 14.0 64.4 0.0354 0.997

Hoo Young 9.2 10.9 11.6 12.7 13.4 13.4 13.8 13.6 63.7 0.044 0.995

Grethlein 7.9 9.5 10.5 11.2 11.7 12.5 12.8 13.5 60.2 0.0578 0.987

SE6I 8.4 11.2 11.7 12.9 13.2 13.3 13.5 14.4 65.5 0.054 0.991

aean value 8.5 10.7 11.6 12.5 13.0 13.3 13.5 13.9 64.3 0.0510
t standard dev. 0.6 0.8 0.9 0.9 0.8 0.7 0.7 0.7 3.7 0.0097
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Tab.3: Tine and enzyne dependent hydrolysis of SPBDCE HOOD. Bound Bobin trial 1989.

Laboratory
(page)

data
reported

on
6

Glucose
(1/1)

dev.
(X)

Hydrolysis tiie (b)
24 48 

Glucose dev. Glucose
(i/1) (X) (1/1)

dev.
(X)

72
Glucose
(1/1)

dev.
(X)

lean
deviation

(X)

OnivGraz (16) 5.4.89 6.9 3.0 13.7 3.8 17.4 2.1 17.6 -2.2 1.7

Forintek (29) 28.3.89 6.1 -9.0 13.5 2.3 16.6 -2.6 17.1 -5.0 3.2

Hoo Young (47) 23.5.89 7.7 14.9 12.7 -3.8 15.9 -6.7 17.7 -5.0 -0.2

Grethlein (49) 30.6.89 7.0 4.5 12.2 -7.6 16.4 -3.8 16.7 -7.2 -3.5

Iogen Corp.(61) 13.7.89 5.7 ■-14.9 13.9 5.3 18.9 10.9 21.3 18.3 4.9

lean value i standard deviation 6.7 i 0.8 13.2 t 0.8 17.0 i 1.2 18.0 i 1.9

Laboratory

5 10

Glucose released (g/1) 

FPO/g
15 25 38 50 75 100

Ynax
X

K/Yiax r

OnivGraz 9.8 14.5 17.5 17.1 18.7 18.7 18.8 18.8 94.9 0.0568 0.974

Forintek 9.5 13.6 15.3 15.9 16.3 16.3 16.3 16.4 81.4 0.0553 0.971

Hoo Young 7.9 11.5 13.8 15.2 16.9 18.0 18.2 17.9 89.3 0.0794 0.997

Grethlein 8.0 12.5 14.7 16.1 17.1 16.9 17.1 16.8 88.3 0.0655 0.979

Iogen Corp. 8.1 12.4 15.1 18.2 19.7 20.9 22.0 21.6 110.9 0.0947 0.998

■ean 8.7 12.9 15.3 16.5 17.7 18.2 18.5 18.3 93.0 0.0703
t standard 0.9 1.2 1.4 1.2 1.4 1.8 2.2 2.1 10.0 0.0166

deviation
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Tab.4: Ti«e and enzyie dependend hydrolysis of BSPEN HOOD. Bound Bobin trial 1989.

Laboratory data Hydrolysis tiie (b)
reported
on

6
Glucose
(1/1)

dev.
(X)

24
Glucose
(6/1)

dev.
(X)

48
Glucose
(g/1)

dev.
(X)

72
Glucose
(6/1)

dev.
(X)

■ean
deviation

(X)

OnivGraz (16) 5.4.89 8.1 5.2 14.9 6.4 18.0 2.3 20.4 7.0 5.2

Forintek (29) 31.1.89 7.0 -9.1 14.9 6.4 18.2 3.4 19.0 0.5 0.3

Hoo Young (47) 23.5.89 8.5 10.4 13.4 -4.3 16.2 -8.0 17.3 -8.5 -2.6

Grethlein (49) 30.6.89 8.0 3.9 13.4 -4.3 16.8 -4.5 17.7 -6.5 -2.9

Iogen Corp.(61) 13.7.89 6.7 -13.0 13.5 - 3.6 18.6 5.7 20.0 5.8 -1.3

■ean value i standard deviation 7.7 t 0.8 14.0 t 0.8 17.6 t 1.0 18.9 t 1.4

Laboratory Glucose released (g/1)

5 10
FPO/g

15 25 38 50 75 100
Yiax.

Ï
1/
Yiax.

r

OnivGraz 8.8 14.7 19.0 20.5 2.08 21.4 21.3 21.5 118.8 0.0571 0.973

Forintek 9.3 15.1 18.7 19.8 20.2 20.3 20.3 20.5 109.7 0.0678 0.969

Hoo Young 8.0 14.4 16.4 18.1 19.7 19.9 20.5 20.5 96.2 0.0522 0.998

Grethlein 7.9 13.2 17.0 18.8 19.1 19.3 18.8 19.4 105.8 0.0763 0.972

Iogen Corp. 7.7 12.9 15.7 20.5 22.3 22.6 22.4 23.6 128.3 0.1052 0.995

■ean value 8.3 14.1 17.4 19.5 20.4 20.7 20.7 21.1 111.8 0.0717
f standard 0.7 1.0 1.5 1.1 1.3 1.3 1.4 1.6 12.3 0.0209

deviation
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Tab. 5: Tiie dependent and enzyie dependent hydrolysis of SIGMACELL. 

First Sound Eobin trial during 1985/86.

Laboratory Saiples Results Hydrolysis ti»e (h) Pafe
distributed received 24 (22*) 48 (46*) 72 (70*)

on on Glucose
(g/1)

dev.
(X)

Glucose
(g/1)

dev.
(X)

Glucose
(g/1)

dev.
(X)

DnivGraz July 85 15.3.86 9.8* 6.5 11.7* 9.3 12.7* 2.4 19

F8I ■ 6.3.86 9.0* -2.2 10.7* 0.0 12.0* -3.2 35

Forintek « 15.3.86 8.0 -13.0 8.9* -16.8 - 19

Pourquie (IFP) « 20.3.86 9.9 7.6 11.5 7.5 12.6 1.6 66

•ean value i standard deviation 9.2 i 0.9 10.7 t 1.3 12.4 t 0.4

Laboratory Glucose released (g/1)

FP0/g Tiaz I/Yaax r

5 10 15 20 25 38 50 75 100 t

OnivGraz 6.6+ 9.8+ 10.2+ - 11.6+ 12.2+ 12.2+ 12.8+ 12.9+ 62.8 0.0842 0.997

FBI HZ 6.8+ 8.8+ 9.8+ - 11.1+ 12.6+ - 13.4+ 13.8+ 63.0 0.0868 0.994

Pourquie 7.5 9.9 - 11.1 - 12.4 - - 13.1 61.3 0.0667 0.997

aean 7.0 9.5 16.0 11.1 11.4 12.4 12.2 13.2 13.3 62.4 0.0792
t standard 0.5 0.6 0.2 0.5 1.0 0.0110
deviation

+ : incubation ti»e
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Tab.6: Tiae dependent hydrolysis of PIMPS BADIATA and PQPLA8 MOOD.

First Round Robin trial daring 1986/87.

PIMPS RADIATA

Laboratory data
reported
on

6
Glucose
(g/1)

Hydrolysis tiae (b)
24 48

Glucose Glucose 
(g/1) (g/1)

72
Glacose
(g/1)

Page

OnivGraz 20.1.87 5.4 8.7 9.6 9.9 20

FRI MZ 28.11.86 4.2 7.6 8.6 8.6 39

Lund 27.4.87 5.2 8.4 9.1 9.0 33

•ean value tstandard deviation 4,9 i 0.6 8.2 t 0.6 9.1 t 0.5 9.0 t 0.7

PIMPS RADIATA 

Laboratory data
reported
on

6
Glucose
(g/1)

Hydrolysis tiae (h)
24 48

Glucose Glucose 
(g/1) (g/1)

72
Glucose
(8/1)

Page

PnivGraz 21.5.86 2.0 5.2 7.4 9.0 21

FRI MZ 28.11.86 5.7 9.0 10.3 11.4 39

POPLAR HOOD
-

Laboratory data Hydrolysis tiae (h)
reported 6 24 48 72 Page

on Glacose Glucose Glucose Glucose
(g/1) (g/1) (g/1) (g/1)

FRI MZ 7.4.86 5.0 9.5 10.7 11.5 43



cpd/assay #123, from univgraz, 9032 chars, Thu Feb 25 02:37:13

TITLE: ROUND ROBIN TEST. GENERAL
On February 10, 1988 we have sent 1 kg Celluclast CCN 3000 84-4 
and 200 g Novozym 188 by airmail to Grohmann, Mackie (Clark), 
Pourquie, Overend, Zacchi, Grethlein, Breuil (Saddler) and Vallander (Swedfor).
From Tom Milne I received on February 18 via Cosy the updated 
list of the laboratories which agreed at the Denver meeting to 
participate at the round Robin test. These laboratories (or 
people) are listed below, "yes" indicates that the 
Celluclast/Novozym or the previously distributed Sigmacell 50 
lot No. 74F-0592 should be in their hands. "No" indicates that 
according to our file these people have not yet received the 
materials. We will send to them this week the enzymes or the Sigmacell respectively.

Celluclast/Novozym Sigroacell

Clark a) yes ye6Dekker no yesEsterbauer yes yesEverleigh no noGrohmann yes noGrethlein no yesHahn-Hagerdahl b) yes yesMoo-Young no noOverend yes noPaice no noPourquie yes yesPule no yesSaddler c) yes yesWayman no no
a) mailing was adressed to Mackieb) mailing was adressed to Zacchic) mailing was adressed to Breuil
We have added to the Celluclast and also to the Novozym 10 mg 
Thiroerosal per litre as biocide, since Karl Grohmann said that 
he thinks that the enzymes are a bit contaminated by 
microorganisms. Since Thimerosal is also added in the standard 
assay, there will be no additional problems.
If you receive the enzyme, please store it in the refrigerator 
(4-8 oC), according to our experience no loss of activity occurs over several months.

A. STANDARD ASSAY FOR TIME DEPENDENCY OF HYDROLYSIS:
Add 2 g Sigmacell 50 (lot No. 74F-0592) in a 250 ml Erlenmeyer 
flask. Add 90 ml citrate-Thimerosal buffer, pH 4.8 ( preparation 
of the citrate-Thimerosal buffer: 10.5 g citric acid + 3.6 g 
NaOH + 1 1  H20 dest + 10 mg Thimerosal). Shake by hand to 
distribute the Sigmacell.Add 10 ml enzyme-mix;
To prepare the enzyme-mix proceed as follows: Add to a small 
glass vial (we use 20 ml glass vials as used for liquid 
szintillation counting) exactly 0.440 g Celluclast CCN 3000 84-4 
and 0.040 g Novozym 188. Add 9.5 ml 0.05 M citrate-Thimerosal 
buffer. Mix and use within a few hours. Do not use the enzyme 
mix after longer storage (24 h). Celluclast CCN 3000 and Novozym 
188 must be those distributed from Graz during February 1988!
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Final conditions are as follows:
volume of liquid 100 ml
Sigmacell 50 2g/100ml liquid
Celluclast 0.440g/100 ml liquid
Novozym: 0.04g/100 ml liquid
Cover the flask with an aluminum foil or with a Capo test 
tighgtly. Transfer to a horizontal shaker and incubate at 50 oC 
at shaker speed 200 rpm. After 6, 24, 48 and 72 hours withdraw 
from the flask samples of 2.5 ml taking care that the slurry 
density of the withdrawn sample is the same as that of the 
remaining suspension. Give the withdrawn sample in a screw 
capped tube, close tightly, heat the tube 10 min on a boiling 
waterbath, cool down, centrifuge 10 min at 3000 rpm. Determine 
the concentration of glucose in the clear supernatant preferable 
by HPLC or GC. Report the values by letter or via Cosy to H. 
Esterbauer.
The results from Graz are as follows: 

time Glucose* (mg/ml)
6 6.2
24 10.3
48 11.6
72 13.5

*)Glucose determined by HPLC with HPX 87 P column. Calibration 
by a chromatogram of a glucose standard with 10 mg/ml

peak height sample
glucose ( mg/ml ) =------------------  x 10

peak height standard
The glucose standard was '-D-Glucose, anhydrous, analytical 
grade from Serva (No. 22700).
Notes :
a) The hydrolysis is considerable lower under unshaked

conditions, we found for example the following differences:
time shaker, 200rpm

glucose
unshaked

mg/ml
6 6.2 2.9q0.14
24 10.3 7.6q0.05
48 11.6 9.9q0.05
72 13.5 10.9q0.0

Therefore if we want to have comparable results use shaker. 
Probably no difference is between slow and fast shaking.
b) Please report exactly how you have determined the glucose 

and which standard glucose you have used.
c) 0.44 g Celluclast corresponds according to our measurements 

20 FPU, 0.04 g Novozym 188 corresponds to 20 units 
a-glucosidase, in terms of FPU therefore the condition are 10 
FPU/g Sigmacell and 10 units a-glucosidase/g Sigmacell.
Since the problem with the FPU are known, it is really 
important that Celluclast and Novozym is used for the 
standard assay on a gram basis as described above.
If Karl Grohmann has finalized the standard protein assay, we 
can base the hydrolysis data of Celluclast on protein.

d) In no case we have found in the assay Cellobiose, if you 
find cellobiose please report this.



14 -

B. STANDARD ASSAY FOR ENZYME DEPENDENCY OF HYDROLYSIS:

Prepare enzyme mix as follows:
22.2 g Celluclast CCN 3000 + 2.00 g Novozym 188, bring with 
citrate-Thimerosal buffer to a final volume of 50 ml Add in 8 
Erlenmeyer flasks (250 ml) 2 g Sigmacell 74F-0592, add the given 
volume of enzyme-mix to a 100 ml measuring flask and fill up 
to 100 ml with citrate-Thimerosal buffer. Mix well and transfer 
quantitatively to the 250 ml flask containing the Sigmacell
flask No. Sigmacell buffer enzyme-mix

g ml ml FPU/g Sigmacell

1
2
3
4
5
6
7
8

2 99.5 0.5
2 99.0 1.0
2 98.5 1.5
2 97.5 2.5
2 96.3 3.7
2 95.0 5.0
2 92.5 7.5
2 90.0 10.0

5
10
15
25
38
50
75

100

Incubate 24 hours on a rotary shaker at 50 oC with 200 rpm 
After the 24 hours incubation take from each flask 2.5 ml 
samples, transfer the sample to a tube equipped with a screw 
cap, seal tightly, heat for 10 min on a boiling water bath, 
centrifuge, determine the glucose in the clear supernatant by HPLC or GC.

a) Calculate Y, the percentage of Sigmacell hydrolysed in each 
flask as follows:

(glucose mg/ml)x0.90
y ----------------------------------------------------- x 100

20

b) The percentage of Sigmacell hydrolyse as function of the 
enzyme loading follows the following equation:

Ymax . E
K + E

Ymax = percentage of Sigmacell which can maximally be hydrolysed 
after 24 hours

E = FPU/g Sigmacell (ranges from 5 to 100 FPU/g Sigmacell) 
instead of FPU/g one could of course also use in this 
equation mg protei/g Sigmacell, if the protein content can 
be more exactly estimated than FPU - see Karl Grohmanns 
efforts.

Plot 1/Y against g/FPU acc. to 
1 K 1 1
Y Ymax E Ymax
Determine the constants Ymax and K/Ymax and the correlation 
coefficients. Report the results to H. Esterbauer or Karl 
Grohmann via Cosy.



c) The results from UNIV Graz for this standard assay are asfollows:

flask
No.

E
FPU/g glucose 

mg/ml
Y
X

1/Y 1/E
g/FPU

1 5 7.56 34.1 0.0294 0.202 10 9.62 43.3 0.0231 0.103 15 10.52 47.3 0.0210 0.0674 25 11.63 52.3 0.0191 0.0405 38 12.40 55.8 0.0179 0.0266 50 12.85 57.8 0.0173 0.0207 75 13.24 59.6 0.0168 0.0138 100 14.16 63.7 0.0157 0.010

These experiments were performed with Sigmacell lot No. 
74F-0592, but with the old Celluclast and Novozym enzymes. The 
experiments with the new Celluclast,Novozym are in progress and 
we will report the UNIV Graz results via Cosy in the next days.

Linear regression analysis gave for our experiments (i.e. the
data in the above table):
Ymax = 61.3 X 
K/Ymax = 0.0680 
r2 = 0.994

Hermann, Wolfgang, Marianne

Cf'ci Z  f,‘ ( :f.  r *  . C '

Read : say
TITLE: ROUND ROBIN TEST 
Enter text. End with '.<CR>'
Results from UNIV GRAZ for the enzyme dependent hydrolysis of 
Sigmacell 50 (compare assay No. 123).

The experiments were performed with Sigmacell lot No. 74F-0592, 
Celluclast CCN 3000 84-4 and Novozym 188 as distributed by H. 
Esterbauer as the new standard substrate and enzymes.

flask No. E 
FPU/g

Glucose
mg/ml

Y
%

1/Y 1/E
g/FPU

1 5 8.9 40.1 0.0249 0.2000
2 10 10.9 49.1 0.0204 0.1000
3 15 11.7 52.7 0.0190 0.0667
4 25 12.6 56.7 0.0176 0.0400
5 38 13.3 59.9 0.0167 0.0263
6 50 13.5 60.8 0.0164 0.0200
7 75 13.6 61.2 0.0163 0.0133
8 100 13.8 62.1 0.0161 0.0100

Linear regression analysis gave for our experiments the 
following results:
r = 0.999
a = 0.0471
Ymax = 64.1 X
Add/action: add
Adding message ... Message 128 added.



Cf>(tlassay
F e s u l t s  f r o m  U N I V G R A Z  f o r  t h e  h y d r o l y s i s  o f  A S P E N W O O D  a n d  
S P R U C E W O O D ,  p r e t r e a t e d  a t  F O R I N T E K .

A. T i m e  d e p e n d e n t  h y d r o l y s i s  o f  a s p e n w o o d

T h e  m o i s t u r e  c o n t e n t  o f  t h e  a s p e n  w a s  d e t e r m i n e d  as 7 6 . 6 6  %
( a v e r a g e d  f r o m  7 6 . 6 3  a n d  7 6 . 6 9 ) .
T h e  h y d r o l y s i s  w a s  d o n e  a c c o r d i n g  t o  S t a n d a r d  A s s a y  f o r  t i m e  
d e p e n d e n c y  o f  h y d r o l y s i s .  T h e  h y d r o l y s a t e  w a s  c o l l e c t e d  a t  6, 
24, 48 a n d  72 hr. T h e  h y d r o l y s a t e  w a s  b o i l e d  f o r  10 m i n . ,
c e n t r i f u g e d a n d  a n a l y s e d  o n  t h e H P L C  u s i n g  H P X - 8 7 P  c o l u m n  a t
0. 6 m l / m i n . *

T i m e C e l l o b i o s e G l u c o s e X y l o s e
(hr. ) ( m g / m l ) ( m g / m l ) ( m g / m l )

6 1 0 . 6 0 8 . 1 8 _
2 0 . 6 9 7 . 8 0 -
3 0 . 6 0 8 . 1 8

24 1 0 . 5 1 1 5 . 1 5 +
2 0 . 5 5 1 4 . 5 4 4-

3 0 . 4 6 1 5 . 0 6 4-

48 1 0 . 1 0 1 8 . 2 4 4-

2 0 . 2 5 1 7 . 6 5 4-

3 0 . 1 9 1 8 . 1 0 4-

72 1 - 2 0 . 8 6 4-

3 - 2 0 . 0 1 4-

B. E n z y m e  d e p e n d e n t  h y d r o l y s i s o f  a s p e n w o o d

No. Wt. o f  V o l .  of 
s u b s t r a t e  b u f f e r  

g ml

Vol. o f  F P O / g  C e l l o b .  G l u c o s e  X y l o s e  
e n z y m e  s u b s t r a t e  m g / m l  mg/ml mg/ml 

ml

i 8 . 5 7 9 2 . 9 0 . 5 5 0 . 2 7 8 . 7 5 4-
2 8 . 5 7 9 2 . 4 1.0 10 0 . 5 5 1 4 . 7 4 4-
3 8 . 5 7 9 1 . 9 1.5 15 0 . 4 6 1 9 . 0 1 4-
4 8 . 5 7 9 0 . 9 2 . 5 25 - 2 0 . 5 4 4-
5 8 . 5 7 8 9 . 7 3.7 3 7 . 5 - 2 0 . 7 8 4-
6 8 . 5 7 8 8 . 4 5 . 0 50 - 2 1 . 4 4 4-
7 8 . 5 7 8 5 . 9 7 . 5 75 - 2 1 . 2 5 4-
8 8 . 5 7 8 3 . 4 1 0 . 0 100 — 2 1 . 5 4 4-

No . E n z y m e G l u c o s e Y l/Y 1/E
F P U / g m g / m l (g G l u c a n / 1 0 0  g g / F P U

a t r o s u b s t r a t e )

l 5 8 . 7 5 3 9 . 3 8 0 . 0 2 5 4 0 . 2 0 0 0
2 10 1 4 . 7 4 6 6 . 3 3 0 . 0 1 5 1 0 . 1 0 0 0
3 15 1 9 . 0 1 8 5 . 5 5 0 . 0 1 1 7 0 . 0 6 6 7
4 25 2 0 . 5 4 9 2 . 4 3 0 . 0 1 0 8 0 , 0 4 0 0
5 3 7 . 5 2 0 . 7 8 9 3 . 5 1 0 . 0 1 0 7 0 . 0 2 6 7
6 50 21 . 44 9 6 . 4 8 0 . 0 1 0 4 0 . 0 2 0 0
7 75 2 1 . 2 5 9 5 . 6 3 0 . 0 1 0 5 0 . 0 1 3 3
8 100 2 1 . 5 4 9 6 . 9 3 0 . 0 1 0 3 0 . 0 1 0 0

L i n e a r  r e g r e s s i o n  a n a l y s i s  g a v e  f o r  o u r  e x p e r i m e n t s  
f o l l o w i n g  r e s u l t s :  r = 0 . 9 7

a = 0 . 0 7 8 9  
Y m a x . = 119 %

t h e



C. Time dependent hydrolysis of sprucewood
The moisture content of sprucewood was determined as 82.19 % (averaged from 82.22 and 82.17 %) .
T i m e  C e l l o b i o s e  G l u c o s e  X y l o s e
(h r -) ( m g / m l )  (mg/ml ) (mg/ml)

6 1 0.99 6.952 1.03 6.91 _
3 1.03 6.86 -

24 1 0.56 13.70 +2 0.56 13.79 +3 0.60 13.61 +
48 1 0.18 17.33 +2 0. 18 17.57 +3 0.18 17.31 +
72 1 - 17.25 +2 - 17.58 +3 ~ 17.97 +

D. Enzyme dependent hydrolysis of sprucewood
No. Wt. of Vol. of Vol. of FPU/g Cellob. Glucose Xylosesubstrate buffer enzyme substrate mg/ml mg/ml mg/mlg ml ml

1 11.23 90.3 0.5 5 0.49 9.842 11.23 89.8 1.0 10 0.36 14.543 11.23 89.3 1.5 15 - 17.484 11.23 88.3 2.5 25 - 17.115 11.23 87. 1 3.7 37.5 - 18.70 +6 11.23 85.8 5.0 50 - 18.70 +7 11.23 83.3 7.5 75 _ 18.79 +8 11.23 80.8 10.0 100 ~ 18.79 +

N o. Enzyme Glucose Y 1/Y 1/EFPU/g mg/ml (g Glucan/100 g g/FPUatro substrate)

1 5 9.84 44.28 0.0226 0.2000
2 10 14.54 65.43 0.0153 0. 1000
3 15 17.48 78.66 0.0127 0.0667
4 25 17.11 77.00 0.0130 0.0400
5 37.5 18.70 84. 15 0.0119 0.0267
6 50 18.70 84 . 15 0.0119 0.0200
7 75 18.79 84.56 0.0118 0.0133
8 100 18.79 84.56 0.0118 0.0100
Linear regression analysis gave for our experiments the 
following results: r = 0.97

a - 0.0105 
Ymax. = 95 %

E. Chemical Composition of O.D. Samples
Aspen Spruce

Ash 0.09 %
Cyclohexane/Ethanol-extract 
Water-extract 3.17 %
Glucan 1) 91.38 %
Xylan +
Lignin 2.32 %

2.55 % 
1.16% 

6.00 % 
69.99 %
+

17.18 X
1) Carbohydrate Analysis performed by HPLC, Biorad HPX 87P 
column, 0.6 mL/min, 85 C
2) Acid Insoluble Residue



1) T h e  d a t a  o b t a i n e d  b y  b o t h  l a b o r a t o r i e s  w i t h  t h e  s t a n d a r d  
a s s a y  a g r e e  e x t r e m e l y  g o o d .  W e  c a n  t h e r e f o r e  c o n c l u d e  t h a t

t h e  p r o p o s e d  s t a n d a r d  a s s a y  is r e p r o d u c i b l e  a t  l e a s t  in t w o  
l a b o r a t o r i e s . W e  h o p e  t o  o b t a i n  l e t t e r s  f r o m  o t h e r

l a b o r a t o r i e s  too.

2) T h e  s h i p p i n g  o f  t h e  p r e t r e a t e d  m a t e r i a l  in a f o r m  as a l r e a d y  
p r o p o s e d  at t h e  m e e t i n g  in R o t o r u a  i.e. w e t  w i t h  T h i m e r o s a l  
as b i o c i d e  is s u i t a b l e  f o r  d i s t r i b u t i n g  p r e t r e a t e d  m a t e r i a l s .

3) S o m e  p r o b l e m s  s e e m  t o  a r i s e  if t h e  d a t a  o f  t h e  e n z y m e  
d e p e n d e n t  h y d r o l y s i s  a r e  t r e a t e d  a c c o r d i n g  t o  t h e  p r o p o s e d  
e q u a t i o n  Y = Y m a x . x E / K + E  in c a s e s  w h e r e  Y m a x .  = 100 %.

T h e  p r e t r e a t e d  a s p e n w o o d  c o n t a i n s  a c c o r d i n g  t o  o u r  a n a l y s i s  
91 % G l u c a n  a n d  t h i s  G l u c a n  is q u a n t i t a t i v e l y  c o n v e r t e d  t o  

G l u c o s e  if e n z y m e  d e p e n d e n t  h y d r o l y s i s  is p e r f o r m e d  u n d e r  
s t a n d a r d  c o n d i t i o n s  as p r o p o s e d  f o r  24 hr.

T h i s  s h o w s  t h a t  t h e  p r e t r e a t m e n t  d o n e  at F o r i n t e k  is 
e x t r e m e l y  g o o d .  If Y m a x .  w i t h  t h i 6  m a t e r i a l  is c a l c u l a t e d  
f r o m  t h e  l i n e a r i z e d  e q u a t i o n ,  t h e  r e s u l t e d  v a l u e  is 119 % 
w i t h  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.97. C a l c u l a t i o n  o f  n o n  
l i n e a r  a n a l y s i s  g i v e s  a v a l u e  o f  107 X w i t h  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  o f  0.97. W e  a r e  n o t  s u r e  w h a t  t h i s  m e a n s .  It 
c o u l d  be, t h a t  t h e  s i m p l e  e q u a t i o n  d o e s  n o t  f u l l y  d e s c r i b e  
the e n z y m e  d e p e n d e n t  h y d r o l y s i s ,  in p a r t i c u l a r  n o t ,  if t h e 
h y d r o l y s i s  y i e l d  is n e a r l y  100 %, a l r e a d y  a t  l o w e r  e n z y m e
l o a d i n g .  On t h e  o t h e r  h a n d  it is o n l y  a q u e s t i o n  o f  a c c u r a c y  
o f  a n a l y s i s  o f  t h e  G l u c o s e  p r e s e n t  in t h e  h y d r o l y s i s  m i x t u r e .
W e  t h i n k  t h a t  t h i s  s h o u l d  b e  d i s c u s s e d  a t  t h e  n e x t  IEA 
m e e t i n g  in S w e d e n .

T h e  f o l l o w i n g  t a b l e  s u m m a r i z e s  a g a i n  t h e  Y m a x .  v a l u e s  a n d  t h e  K 
v a l u e s  i.e. t h e  F P U / g  w h i c h  g i v e  h a l f  m a x i m a l  d i g e s t i o n .

a) V a l u e s  o b t a i n e d  b y  l i n e a r  r e g r e s s i o n  a n a l y s i s

Comments to our results and the results reported by Forintek

Y m a x . K
S p r u c e  95 %  5 . 4
A s p e n  1 1 9  % 6 . 8

b) V a l u e s  o b t a i n e d  b y  n o n  l i n e a r  r e g r e s s i o n  a n a l y s i s

Y m a x .  K
S p r u c e  91 %  4 . 2
A s p e n  108 % 6.1

It w a s  a l s o  a g r e e d  a t  t h e  O t t a w a  m e e t i n g  t h a t  U N I V G R A Z  w i l l  
s e n d  to v a r i o u s  l a b o r a t o r i e s  p r e t r e a t e d  w h e a t  s t r a w  as m a t e r i a l  
f o r  t e s t i n g  t h e  s t a n d a r d  h y d r o l y s i s  p r o c e d u r e .  O n e  y e a r  a g o  we 
h a v e  a l r e a d y  s e n t  p r e t r e a t e d  w h e a t  s t r a w  t o  t h e  F o r e s t  r e s e a r c h  
i n s t i t u t e  a n d  t o  S E R I .  In o u r  f i l e s  w e  c o u l d  n o t  f i n d  a n y  d a t a  
r e p o r t e d  to u s  by t h i s  l a b o r a t o r i e s .  W e  w o u l d  b e  w i l l i n g  t o  s e n d  
a g a i n  p r e t r e a t e d  w h e a t  s t r a w  p r o v i d e d  t h a t  it d o e s  n o t  l a n d  in 
t h e  g a r b a g e  t h a t  it is in f a c t  u s e d  w i t h i n  t h e  a g r e e d  p r o g r a m .  
S o  p l e a s e ,  if y o u  a r e  i n t e r e s t e d  in th a t ,  g i v e  a m e s s a g e  in 
c o s y  .



TITLE: Sigmace11 50 saccharification

Comparison of SI6MACELL 50 sachharification results obtained 
from FORINTEK, FORRESNZ and UNIVGRAZ using NOVO-enzynes.

Conditions: 21 Sigmacell 50, 10 FPU/g, 10 IU beta-glucosldase/g, 
200 rpm, 50 degr. centigrade. Details see letter 
from Herman Esterbauer to all, appendix 2.

1 of hydrolysis

cpd/assay *89, from univgraz, 3982 chars, Sat Mar 15 0S;05:36 1988

time (h ) UNIVGRAZ FORRESNZ FORINTEK

7 — — 23
22 44.1 40.3 —
24 — — 36
48 52.7 49.1 —
48 — — 40
70 57.2 54.2 —
92 — 58.8 —
98 80.8 — —

J.Saddler thinks that the lower values he obtained migth be due 
to some degradation of the NOVO-enzyme during transport from 
Graz to Canada. Looking in our records we can find the following 
delivering days for the NOVO-enzyme and arrival days(according 
COSY-messages ).

deliverd in Graz arrived in duration (days)

JULY 8 SOLARRES JULY 24 17
JULY 8 FORRESNZ JULY 23 16
JULY 8 AGRRESNZ JULY 31 24
NOVEMBER 28 FORINTEK DECEMBER 20 23

(before X-mas )

If the enzyme was partly destroyed on the way, the same should 
happened with the enzymes sent to New Zealand and SOLARRES. 
Therefore again, we hope that someone else will test the enzyme 
(FORRESNZ have done it ! ! I ) to clear this point. The enzyme 
sent to Forintek was from the same batch, which was distributed 
to all other 1aborator les. The enzyme was stored in our lab at 
-4. degr.Ce 1sius. An other possibility for the low digestabi1ity 
obtained at FORINTEK could be a variation in Sigmacell. Therefore 
we will also distribute Sigmacell from our own batch.
FORRESNZ also tested as proposed (see appendix 3 of our letter) 
the effect of dosage (5 to 100 FPU/g) on the 22 h hydrolysis- 
value (X of hydrolysis) of 21 Sigmacell 50. As we said a double 
reciprocal plot of X hydrolysis versus FPU/g will give a straigth 
line the intercept of the ordinate giving the maximal hydrolysis 
of Sigmacell obtainable at extreme high enzyme dosage. Very much 
to our satisfaction there is an excellent agreement between the 
results of both laboratories.

X of hydrolysis at 22 h
FPU/G UNIVGRAZ FORRESNZ

5 29.7 30.8
10 44.1 39.6
15 45.8 44.3
25 52.2 49.8
37.5 54.9 56.9
50 54.9 —

75 57.6 60.4
100 58.1 61.9

equation Y” .0159 + .0842»X Y“ .01586 + ,08G75«X

maximum of
digestion GZ.8 X 83.04 X

Again we hope that other laboratories are confirming this results.

Hermann & Walter



TITLE- Standard-Assay 
1, Sigmacell 50
If you remember at the meeting in Graz I have reported on the 
result of the standard assay with ZX Sigmacell 50. The assay 
was performed by UNIVGRAZ, FRI, INSTFP and Forintek, The 
reproducibility was all in all pretty good (see page 188 of 
Keith's report. The mean value +/- standard deviation for the 
4 labs were as follows

time (h) mg glucose/ml

cpdVassay «84, from univgraz, 4645 chars, Tue Jan 20 03:25:1? 198^

■70 • 9.13
46 11.20
70 12.30

+ /- 0.57 < + /- 6.2:0 
+ /- 0.55 ( + /- 4 .97.) 
+/- 0.45 <+/- 3.6%)

The values for mg glucose/ml were highest at UNIVGRAZ and 
lowest at Forintek, see example for 46 h hydrolysis time: 

UNIVGRAZ 11.9 mg glucose/ml
.More.,

INSTFP 11.5
FRI 10.7
Forintek 8.5 "

ie assay was now repeated again by FRI and UNIVGRAZ, using 
the Celluclast and Novozym distributed.The conditions were 
as follows :
2 g Sigmacell 50 (as received)
100 ml 0.05 M citrate buffer pH 4.8 containing 4 mg Thimerosal 
0.44 g Celluclast CCN 3000 85-4 
0.04 g Novozym 188 84-12 
50 0, 200 rpm shaker speed.
We prepare the samples as follows give 2 g Sigmacell in the 
flask, add 90 ml buffer and then add 10 ml enzyme solution, The 
enzyme solution is prepared by adding 4,4 g Celluclast + 0.4 g 
Novozym to 0.05 M citrate buffer pH 4.8 containing Thimerosal 
in a final volume of 100 m l . Glucose is estimated by HPLC after 
6, 24, 48 and 72 h,
Here are the results from FRI and UNIVGRAZ, both labs have made 
the assay in replicate (that is three flasks in Graz, 2 flasks 
at FRI).
,More..
time g glucose/100 ml

h UNIVGRAZ mean FRI mean
6 0.61, 0.62, 0.65 0.63 0.61, 0.59 0.60

24 1.02, 1.04, 1.07 1.04 0.91, 0.88 0.90
48 1.21, 1.23, 1.24 1.23 1.03, 1.04 1.03
72 1.33, 1.35, 1.35 1.35 1.14, 1.14 1 . 14
It seems there is a general trend that the glucose values found 
at FRI are about 10 - 15% lower than those found at UNIVGRAZ.
I think this could be due to different batches of Sigmacell 50.
We have therefore ordered now a sample of 20 kg Sigmacell 50 

with the same lot number and will distribute it in February 1987 
to all laboratories willing to perform the standard assay.

2. F'inus rad i at a
FRI has distributed in August 1986 water insoluble fibres (WIF) 
front preptreated P. radiata, The pretreatment was 215 C, 3 min with 
2.5% S02 impregnation. The sample was washed with Thimerosal con
taining water and the WIF were shipped in the wet state.
FRI reported for the WIF an 00 content of 23.39% (n=3). We havwe 
found on our sample an 0D content of 23.7X (n=3) which is in very 
close agreement with FRI. The material was hydrolyzed with the 
standard assay as described for Sigmacell. We took 8.44 g WIF 
(equivalent to 2.Q& g 0D) + 83.6 ml 0.05 M citrate buffer pH 4.8 
+ 10 ml buffer containing 0,44 g Celluclast and 0.04 g Novozym. 
Incubate at 50 C, 200 rpm, estimate glucose by HPLC. Both, FRI 
and UNIVGRAZ, made the analysis in triplicate, i.e. 3 flasks. The 
results are as follows:
time
I. UNIVGRAZ

Qmean
glucose/100 ml 

FRI mean

6 0.54, 0.54, 0.54 0,54 0.43, 0.43, 0.42 0.43
24 0.88, 0.86, 0.87 0.87 0.75, 0.77, 0.76 0.76
48 0.97, 0.95, 0.95 0.96 0.84, 0.88, 0.86 0.86
72 1.00, 0.97, 1.01 0.9? 0.86, 0.88, 0.84 0.86

ilWlV UiNi

0.ÎL 
0,f 
0,9* 
0 *0



•' other sample of P. radiata pretreated in the same way (215 C,
3 min, 2,5Z 502) was already distributed on February 7, 1986 and 
analyzed. If these previous analyses are compared with the 
analyses of the new batch of P. radiata the following data result 
(given are only the values found after 72 h hydrolysis).

9UNIVGRAZ
glucose/100 g WIF 

FRI
P. radiata 
from Feb,7, 1986 

ERROR IJ7
46.0
43. 36.9

c f&CnJL J U & )

P radiata from 
August 1986 49.5 43

CONCLUSION
th, FRI and UNIVORAZ agree that the assay is reproducible in 

their own labs. However, the reproducibility between the two labs 
is not satisfactory. FRI always find lower glucose values. I think 
that this has to do with HPLC calibration or sampling. I do hope 
that others have also analyzed the P. radiate sent by FRI and 
I am eager to obrtain the results.

Hermann

M

Pinus radiata was pretreated at FORRESNZ with 2.55 % SO-2,
Z2£ degree Ce*l sius, 3 min. The pretreated material was 
washed and a fraction of the WIF together with a sample 
of the startina material was sent to UNIUGRAZ.
a) Composition of the startina material (see table)
b) Composition of the WIF. The fcllowina values were 

obtained in Gras <mean+/-standard deviation, 3 analyses), 
in brackets are the values reported to us by FORRESN^.
Our sucar values are not corrected by hvdrlyses loss factor.

a/100a WIF

Qlucan 49.58 +/- .75 [51.10]
xylan traces [ 0 ]
mannan 0 [ 0 ]
1iqnin 37.38 +/- .10 [44.41]
ash .17
cvclohexane/EtOH extr. 10.83 +/- .18
hot water extract 1.78 +/- . 23

c) Enzymatic diaestabi1ity of the WIF according to our
proposed assay.
2 a WIF/100ml citrate buffer pH 4.8, 0.44 a Celluc last 
(= 20 FPU). 0.04 a Novozym (= 20 IU), shaking.

h Glucose (ma/ml ) a/100a WIF

6 1.93 9.65
2.12 10.6

24 5.34 25.70
5.15 28.80

48 7.50 38.0
7.20 36.0

nn ■ u 9.20 46.0
8.79 43.95



The diaestabi1iiv of UIIF therefore is 81.4 +/'- 6.33 S. 
Therefore excellent aareement.

) FORRESNZ reported us a WIF yield of 53.83 +/- 2.62 % of 
oven dry startinG material.
Based on this the WIF yield and our analyses the followin 
table was compiled.
Included in the table are the FORRESNZ results and a 
theoretical calculation based on the mean plucan value
o f Fmus r a d ia te  obtained from the f i e l d  t e s t .

Mass balance of steam exploded Pinus radiate.

All values refer to 100 ko oven dry startino material. 
Analytical data and encvme dioestabi1itv are from FORRESNZ 
and UNIUSRAZ.

g/100 o oven dry material

• FORRESNZ • UNIUGRAZ • FIELD -TEST
Startina material • •
61 u c a n 43.31 * 47.09

«
+/- 3.2 * 48.90 + /- 2.7Mannan 10.71 » 9.13 +/- .07 # 11.50 4/- .43Galactan 2.89 * 0.69 +/- .12 * 3.22 + /- .22Xylan 5.27 • 3.16 + /- .05 • 6.40 +/- 1.3Lianin 28.16 • 28.30 + /- .39 •Acid sol.Lianin 0 • n.e. «

Cvclohexane/EtOH extr. n. e. • 1.29 +/- .12 ♦Hot water extr. n . e. « 5.36 ♦/- .44 *Ash .31 « .33 +/- .05 •
2) Pretreatment with 2.55 X SO-2. 225 deor.C., 3 min . washing 

Yield of water insoluble fibre (UIF) * 59.89 +/-1.5B k.o/100 ko
G lucan 30.63 +/- .89 • 29.75 + /- .45 #
Mannan 0 • 0 •
Galactan 0 * 0 »
Xylan 0 • 0 •
Lianin 25.59 +/-1 .11 • 22.38 + /- .45 »
Acid sol.Lianin .57 +/- .12 • n.e. •
Cyclohex./EtOH extr. n.e. • 6.54 + /- .11 •
Hot water extr. n. e . * 1.06 +/- . 12 •
Ash n.e. « .17 •
total WIF 59.89 +/-1 ..55 • 59.89 + /-1,.56 •
Solubles 30.32 +/-1.,19 » 30.32 + /-1,.19 •
Los s(i ncl.SO-2 ) 12.34 • 12.34 •

3) Enzymatic hydrolyse» of UIF. 72 h
Oioestabilit.
of UIF in X 82.02 +/-6.39 • 81.40 + /- 2.6 • n.e. (82.02X)Glucose 27.63 +/-2.15 • 26.64 +/- .85 • 27.62Mannose 0 • 0 •
Galactose 0 • 0 •
Xylose 0 * 0 *
total solubles(?) 30.7 » 26.64 •
insolubles ?*5 *)C Ji. • » 36.92 •

4/ Glucan -- ' 61ucose » # X «
57.80 +/- 4.5 « 51.40 +/- 1.6 * 51.4 (  ÇQ . }Mannan -- • Mannose * *

0 ♦ 0 «
Galactan - Ga iactose * •

0 • 0 «
Xylan --- ; kvlose 0 * 0 •

H.W.M. UNIUGRAZ



Lublin, 25«10.1988

Prof. Dr. Reman isterbauer 
Institut fur Biochemia 
Universitat Graz 
SchubertstraBe 1 
A-8010 Graz/ Austria

Dear Sir,
I enclose the results of the round robin test on enzymatic 

hvdrolysis from my research with the permit ior publication.
I could not send these results earlier , because oi trouble with
HPLC analysis.

j'ay I express once more the heartiest thanks for the hospita
lity offered to myself. I am very happy to have had the opportu
nity to meet you as well as other prominent scientists during 
mv visit in Graz, '.'ay I also take this opportunity for asking 
vou to convey my best regards to your coworkers.

I.Iy stay in Graz was very usefull for me and have improved 
our the collaboration. Row, I am preparing the paper about 
pretreatment wheat straw for SSP process, by steaming with acid 
impregnation. I will enclose the typescript for you in the next 
letter. I would greatly appreciate receving your papers which 
appeared recently.

I am looking forward to hearing from you and remain with

Yours sincerely 

Doc. Dr. /ft* Targohski

best wishes
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SJAÎIDAfiD PROCEDURE FOR THE ROUND ROBIN TROT ON ENZYMATIC HYDROLYSIS. 

3. The results i'rom A.A.Lublin are as follows

time Glucose / mg/ml /

6

21
•48
72

6,3

10,3
11,9
1 2 ,6

Glucose determined by HPLC with Lichrosorb NH2 column.
Calibration by a chromatogram of glucose /  Merck /

with 10 mg/mlrShaker speed 150 rpm .

C. ATA-.DaRD A OoA L -?0R JSTZYDIiS DRPRNDRiJOY OR HYDROLYSIS :
c/ The result;s from a . A.Lublin are us follows

fl-sk No. S Glucose Y 1/Y 1/E
mg/ml /

>0 g/FPU

1 5 8,9 40,0 0,023 0,2

2 10 11,6 52,2 0,01 >)2 0,1

b 15 13,4 60,3 0,0166 0,0667
4 23 14,0 63,0 0,01369 0,0400

5 38 14,3 64,1 0 ,0 13 0 6 0,0263
6 50 14,7 66,1 0,0151 0,0200

7 75 15,1 67,9 0,0147 0,0133
3 100 15,4 69,3 0,0144 0,0100

Linear regression analysis gave for our experiments the following 
results : 
r = 1,00 
a = 0,03^8 
Yma;c = 72,4 '•/<>



TU Graz : April, 19R8

STANDARD-VERFAHREN FUR DEN ROUND RORIN TEST DER ENZYMATISCHEN HYDROLYSE

A. Material:

1. ) Siqmacell 50, lot Nr. 74F-0592

2. ) Celluclast CCN 3000/ 84-4

3. ) Novozym 1RR, DCN 0003/ R7-11

4. ) Citrat-Thimerosal-Puffer pH = 4,R
10,5 g Citronensre.

+ 3,6 q NaOH (ca. 1R Stück Plàtzchen) mit H„0 deion. auf 1 1 auffüllen 
und erqànzt den Puffer mit 10 mg ThimerosaI/1. 
pH-Wert kontrollieren und wenn notwendig auf 4,R berichtigen.

B. STANDARD VERSUCH FUR DIE HYDROLYSE IN ABHÀNGIGKEIT VON DER ZEIT:

2 g Sigmacell 50 in einem 250 ml-EK mit 90 ml Citrat-Thimerosal-Puffer ver- 
setzen. Hinzufüqen von 10 ml Enzymmischung.
Zur Herstellung der Enzymmischung ist wie folgt vorzugehen:
In ein kleines qlasernes Flàschchen (wir versendeten ein 20 ml Flaschchen) 
werden exakt 0,440 q Celluclast und 0,040 g Novozym einqewoqen und 9,5 ml 
Citrat-Thimerosal-Puffer (0,05 M) zuqeqeben, mischen und innerhalb weniger 
Stunoen verwenden. Enzymmischung nach làngerer Lagerung (24 h) nicht mehr 
verwenden.

F.ndqiiltige voraussetzunqen sind folgende:

Flüssiqkeitsvolumen 100 ml
Siomacell 50 2 q/100 ml Flüssigkeit
Celluclast 0,440 g/100 ml Flüssigkeit
Novozym 0,040 q/10O ml "

Anmerkung: Einwaaqe der Enzyme: 0,440 q Celluclast
+ 0,045 q Novozym

Endvolumen von 10O ml nicht qeqeben, da zuweniq Enzvmmix (keine 
10 ml);

0,0044 g Celluclast/ml Endlosunq;

Der Kolben wird mit Alu-Folie Oder eine Alu-Kappe dicht verschlossen.
Auf einem Horizontalschüttler bei 50 °C inkubiert und bei 200 upm oder weniqer 
(50 - 200 upm) qeschüttelt.
Nach 6, 24, 4R und 72 h Probe ziehen, je 2,5 ml, wobei darauf qeachtet werden 
muB, daJ3 die aufqeschlemmte Dichte der abqezogenen. Probe die qleiche ist, wie 
die der übnqgebliebenen Suspension.
Die abqezoqene Probe qibt man in ein verschlieBbares Rohrchen, dicht schlieSend, 
erhitzt sie 10 min. in einem kochendem Wasserbad, kühlt ab, zentrifuqiert 10 min. 
bei 3000 upm.
Bestimmen der Glukosekonzentration der reinen, überstehenden Flüssiqkeit mit 
HP LC.

Anmerkung: Bei dem von uns verwendeten Schiittler keine qenaue Bestirrmung der 
Umdrehunqszahl moqlich, jedoch îm Bereich zwischen 50 und 200 upm.

Probenahmen und Resultate:

Zeit Glukose (mg/ml)

6 fi, RR
24 10,41
4R 12,51
72 13,75



Glukosebestirrrnunq am HPLC mit Sauresàule. Eichung durch ein Chromatogramm 
von einem Glukosestandard von MERCK mit 5 mg/ml!

Glukose (mg/ml) = Hdhe des Probenpeaks x 5Hdhe des SDT-peaks 

Anmerkung: Spuren von Cellobiose vorhanden.

C. STANDARD VERSUCH FUR DIE ENZYMATISCHE ABHÀNGIGKEIT DER HYDROLYSE

Zu jeden der 250 ml EK werden 2 q Siqmacell 50 und 100 ml Citratpuffer 
zuqeqeben, wobei der Puffer die in der Tabelle anqeqebene Enz.vmmenqe ent- 
halt.

H e r s t e l le n  d e r  Enz.ym m ischung w ie  f o l g t :
22,2 q Celluclast plus 2,00 q Novoz.ym mit Citrat-Thimerosal-Puffer auf ein 
Endvolumen von 50 ml auffüllen.
0,5/1,0/1,5/2,5/3,R/5,0/7,5 und 10 ml werden in einem MaBkolben mit Citrat- 
Thimerosal-Puffer auf lOO ml aufqefiillt. Gut gemischt und quantitativ in die 
EK überführt, sodaB je 2 q Siqmacell enthalten ist.

Kolben
Nr.

Siqmacell
<fl>

Puffer
(ml )

Enzynmix 
(ml )

FPU/q Siqmacell

1 2 99,5 0,5 5
2 2 99,0 1,0 10
3 2 9R,5 1,5 15
4 2 97,5 2,5 20
5 2 96,2 3,R 3R
6 2 95,0 5,0 50
7 2 92,5 7,5 75
R 2 90,0 10,0 100

Inkubation 24 h auf einem rotierenden Schüttler bie 50 °C mit 200 upm Oder
weniqer (50 - 200 upm). Nach den 24 h Inkubation nirrmt man von jedem der
EK 2,5 ml Probe, iiberführt sie in ein dicht verschlieRbares Rohrchen, er-
hitzt 10 min im kochendem Wasserbad , zentrifuqiert und bestimmt die Glukose
im klaren Mberstand am HPLC.

a) Kalkulation von Y, der Prozentgehalt von hydrolisiertem Siamacell in
jedem Kolben wie folqt:

w (Glukose (mo/ml) >; o,go 100' - 20

Resultate fur diese Standard Versuche sind folqende:

Kolben E 
Nr. FPlJ/o

Glukose 
(ma/ml)

Y
%

1/Y Hdhe Glycerinpeak 
(RI 64)

1 5 R,02 36,09 0,0277 0,3
2 10 10,43 46,94 0,0213 0,7
3 15 10,91 49,10 0,0204 1,1
4 25 11,71 52,70 0,0190 1,85
5 3R 12,30 55,35 0.01R1 2,R5
6 50 12,51 56,30 0,017R 3, R5
7 75 
R 100

12,94
13,21

5R,23
59,45

0,0172 
0,016R

5,RO
7,75



cpd/assay #133, from forintek, 4780 chars, Tue Apr 26 16:14:48 
There is/are comment(s) on this message.

Title : Round Robin Test

Greetings from the capital of Canada, Ottawa, home of the 1988 
IEA general meeting in June. The snow has finally given way to 
the drizzles of April shower accompanied by the warm breath of 
spring. Hoping that we are not the last to report on the Round 
Robin Test, here are the data from Forintek for the standard 
assays using Sigmacell 50 (74F-0592), Celluclast CCN 3000 84-4 
and Novozym 188, following the standard procedures from H. 
Esterbauer.

A. Standard assay for time dependency of hydrolysis:

Hydrolysis Net sugars released from 2% Sigmacell(mg/ml)
time at 200 rpm at 0 rpm
(hr) cellobiose glucose cellobiose glucose

6 0 .335 6.022 0.366 2.852
24 0 .204 10.910 0.205 6.826
48 0 .130 13.591 0.170 9.396
72 0 .000 15.007 0.000 10.697

B. Standard assay :for enzyme dependency of hydrolysis:

Flask E Net sugars (mg/ml) Y 1/Y 1/E
no. FPU/g CBU/g Cellobiose glucose %

Hydrolysis

1 10.8 6.0 0.386 8.990 40.5 0.0247 0.0926

2 18.5 10.0 0.238 10.710 48.2 0.0207 0.0540

3 27.0 15.5 0.151 11.551 52.0 0.0192 0.0370

4 46.2 24.5 0.161 12.542 56.4 0.0177 0.0216

5 69.8 37.0 0.060 12.801 57.6 0.0174 0.0143

6 88.1 48.0 0.000 12.970 58.4 0.0171 0.0113

7 142.3 75.0 0.000 13.213 59.5 0.0168 0.0070

8 181.3 100.0 0.000 13.262 59.7 0.0167 0.0055

-All the hydrolysis data was averaged from duplicates.
-Net sugars meant that the background sugars in the enzyme

mixture (ie. at 0 hr. hydrolysis time) has been subtracted.

-% sigmacell hydrolysed was calculated according to the standard 
procedures from H. Esterbauer, using glucose only.

1988



The sugars from hydrolysis were determined by HPLC with HPX 87P 
column, using anhydrous D-glucose (from Fisher) and cellobiose 
(from Sigma) as our standards. Linear regression analysis of the

data in Part B gave Ymax = 62.4%
a = 0.091 
r = 0.997

The enzyme mixtures used in Part A and B were prepared exactly as 
outlined in the standard procedures and the FP and cellobiase 
activities were determined by the IUPAC methods.

For Part A :
Celluclast at 0.44 g plus Novozym at 0.04 g per 100 ml, giving 
the hydrolysis mixture 19.0 FPU/g substrate and 10.4 CBU/g 
substrate.

For Part B :
Celluclast at 22.2 g plus Novozym at 2.0 g per 50 ml, giving the 
stock enzyme mixture 39.1 FPU/ml and 20.0 CBU/ml. (OR 87.9 FPU/g 
celluclast and 500 CBU/g Novozym)

When the Celluclast was made up in the sane concentration as in 
part B, but with no Novozym added, the FP activity was assayed as
27.4 FPU/ml or 61.7 FPU/g celluclast. The protein was at 120.8 
mg/g of Celluclast. C dtloCnM -
However, there were no changes in the activity of the Novozym 
when it was made up alone and in the same concentration as in 
part B, and the protein was determined as 84.8 mg/g Novozym.

The protein standard was BSA received from K. Grohmann and the 
method used was from the article, "A modification of the Lowry 
method for detecting protein in media containing lignocellulosic 
substrates”, by L.Tan, M.Chan and J.Saddler, in Biotech. Lett., 
vol.6, no.3, 1984.

As you may have noticed, our FPU were about twice as high as the 
values from Univ Graz, eventhough we followed exactly as the 
method detailed in IUPAC publication, "Measurement of Cellulase 
activities", by T.R. Ghose, in Pure & Appl. Chem., Vol.59, No.2, 
pp. 257-268, 1987. We would appreciate if someone could explain 
the discrepencies. In addition, we have verified our FP 
activities by analysing the FP assay by HPLC instead of by DNS 
(using the same assay conditions as recommanded by IUPAC), ie., 
we consider the cellobiose released from the FP assay as linkage 
breakage or as 1 glucose equivalent, which is the same as 
quantitating by the reducing end groups.

Hope to hear from someone soon!

Colette/Maria



Forintek
Canada
Corp.

800 chemin Montréal Road. Ottawa. Ontario K1G 3Z5 Téléphone (613) 744-0963 Télex 053-3606

Eastern Region 
Région de l’Est

January 9, 1989.

TO: All Participante of IEA entitled "Biotechnology for Conversion of
Lignocellulosice"

FROM: J.N. Saddler
I an sorry for taking b o  long to get these substrates to you, Harold Brownell 
and Todd Smaridge have prepared and analyzed the substrates. This information 
is attached.
The proposal at the Ottawa meeting was that we use this material to compare 
each group's ability to hydrolyze a common pretreated substrate. The 
information that Herman Esterbauer has collated on the COSY network with 
regard to the enzyme assay should be used.
Colette Breuil and Maria Chan in our group will present their results over 
COSY by the end of January. Could those groups who cannot link via COSY 
please let me know their FAX or TELEX numbers.
Hopefully we can compile the data by the time we have our next meeting in 
September 1988.

January 9, 1989.

TO: IEA participants
FROM: T. Smaridge/Dr. H. Brownell (Forintek)

Dear Participant,
As proposed at last summer's IEA meeting here at Forintek Canada Corp., we 
have enclosed two substrates for enzymatic hydrolysis testing, namely a 
hardwood (P. tremuloides) and softwood (Black Spruce).
Enclosed you will find two sealed containers each containing approximately 
30.0 g (O.D. equiv. wt) of material. We suggest that a moisture content 
determination be made on each substrate prior to hydrolysis, as there may be 
some slight loss in moisture incurred during shipping.
Container #1; contains approx. 30.0 g (O.D.equiv. wt.) - % MC ■ 76.76 (wet 
basis) - of our 1.6% SOz pre-impregnated, steam heated, water and alkali 
washed ABpenwood.
Container #2: contains approx. 30.0 g (O.D. equiv. wt.) - % MC 82.39 (wet
basis 1 - of our 2.5% SO: pre-impregnated, steam heated, water and alkali 
washed and Hydrogen Peroxide treated Spruce wood.
Also Included is information on both substrates regarding their recovery 
yields and chemical compositions.
X am sorry we are so late in sending the samples. Please let me know via COSY 
whether your analysis of the samples agrees with the figures we sent you.

Research and Development lor the Forest Industries of Canada / Recherches et Développement pour les Industries Forestières du Canada



Steam
Treatment

Recovery Yields 
% original dry wood

WI WIA w i a/h2o2 WS

Aspen 200°, 100s 
1.6* S02

62.29 41.85 — 32.94

Spruce 210°, 150s 
2.5* S02

66.62 50.66 46.74 31.86

WI * Water Insoluble
WIA « Water Insoluble Alkali Washed
WIA/H202 » Water Insoluble Alkali Washed and Hydrogen Peroxide Treated

Chemical Composition of O.D. 
Samples

SHA-WIA SHA-WIA/H.
Aspen Spruce

Klason1
lignin

3.84 23.23

Clucan2 93.32 73.25

Xylan <1.0 <1.0
1 Klason Lignin Determined by TAPPI Standard Method (T222 os-74)
* Carbohydrate Analysis performed on Klason Lignin Hydrolysates by HPLC, 
Biorad HPX 87H column 0.6 mL/min, 70°C, 0.01 N H2S04
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cpd/assay #146, from forintek, 3170 chars, Tue Mar 28 13:13:28 1989
Title: Round Robin Test 
Dear Dr. Esterbauer,
Hope you have a wonderful Easter! At last we are able to report the data 
from the Time dependent and Enzyme dependent hydrolysis of steamed 
spruce^ The spruce hydrolysates tend to build up the pressure of the 
HPX-BYF column. We have to regenerate and recondition the column twice 
before the whole.lot of hydrolysates were analysed. We wonder if you have 
encountered similar problem. The hydrolysis conditions for the hydrolysis 
of spruce was the same as outlined in our last Cosy message, Assay #145. 
The moisture content of the spruce sample at the time of the experiment 
was determined as 82.32% (averaged from 82.34 and 82.30 %). All the data 
presented were corrected for the background sugar at 0 hr.
A. Time dependent hydrolysis:
Time 
(hr. )

Cellobiose 
(mg/ml)

Glucose
(mg/ml)

Xylose
(mg/ml)

6 1 1. 166 6.145 —

2 1.111 6.053 —

3 1 . 166 6.037 —

24 1 0.660 13.547 0.019
2 0.666 13.467 0.020
3 0.666 13.493 0.028

48 1 — 16.609 0.039
2 — 16.730 0.029
3 — 16.534 —

72 1 — 17.162 0.187
2 — 17.022 —

3 — 16.962 —

B. Enzyme dependent hydrolysis:
No. Wt. of 

substrate 
(gm)

Vol.of
buffer
(ml)

Vol.of
enzyme
(ml)

FPU/gm
substrate

Net sugars
Cellobiose Glucose 
(mg/ml) (mg/ml)

1 11.312 90.2 0.5 5.34 0.888 9.474
2 11.312 89.7 1.0 10.69 0.610 13.613
3 11 312 89.2 1.5 16.03 0.388 15.260
4 11.312 88.2 2.5 26.72 0.133 15.903
5 11.312 87.0 3.7 39.55 — 16.314
6 11.312 85.7 5.0 53.45 — 16.269
7 11.312 85.9 7.5 80. 17 — 16.272
8 11.312 83.4 10.0 106.90 — 16.338
We did not obtain a linear relationship between the reciprocal of percent 
hydrolysis and the reciprocal of enzyme dosage. Hence, we only reported 
the raw data from the hydrolysis and consult you for advise on how to 
express the different values and to do the double reciprocal plot. We 
really would like to hear your comment soon! Thank you.
Jack/Colette/Maria.

cpd/as6ay #145, from forintek, 4529 chars, Tue Jan 31 11:48:29 1989
Title: Round Robin Test 
Dear Dr. Esterbauer,
As you did not reply our last message concerning the protocol of doing the 
Round Robin Test on the pretreated substrate, we assumed that there were no 
changes since 1986. The following is the result of the Time dependent and 
Enzyme dependent hydrolysis of pretreated aspen. We are experiencing some 
difficulties in analysing the spruce samples on the HPLC. Once we have the 
problem resolved, the result will be sent to you immediately via Cosy.



The moisture content of the aspen was determined as 76.57* (averaged from 
76.50 and 76.65 *). The weight of wet substrate equivalent to 2 gm oven driec 
material was calculated as 8.536 gm, which contained 6.536 gm of moisture. 
Therefore, the volume of citrate-Thimerosal added was reduced to 83.5 ml 
instead of 90 ml, and together with the 10 ml of Celluclast-Novozym, the tot; 
reaction volume was 100 ml. The enzyme mixture containing 4.402 gm Cellucla6i 
|.nd 0.401 gm Novozym was made up in 100 ml volumetrically and 10 ml was 
Tipetted to each hydrolysis flask. Hydrolysis was carried out in 250 ml 
Erlenmyer flask covered with two layers of heavy duty aluminiun foil at 50oC 
and 200 rpro. The hydrolysate was collected at 2.5 ml homogenous aliqouts at f 
24, 48 and 72 hr. The hydrolysate was boiled in tightly screw-capped bottle 
for 10 min., centrifuged and filtered prior to analysis on the HPLC using HP) 
87P column at 0.6 ml/min. The elution profile of the aspen samples: 10.45 mir 
unknown, 10.72 min. cellobiose, 12.95 min. glucose, 14.06 min. xylose. As the 
enzyme mixture contain small amount of glucose, the data presented were 
corrected for the background sugar at 0 hr.

A. Time dependent hydrolysis:

Time Cellobiose Glucose Xylose(hr. ) (mg/ml) (mg/ml) (mg/ml)
6 1 1.165 7.028 0.0572 1.164 7.108 0.0423 1.166 6.982 0.04424 1 0.831 14.911 0.1302 0.832 14.936 0.1483 0.832 14.939 0.15048 1 0.277 18.182 0.1872 0.277 18.284 0.1853 0.277 18.223 0.18472 1 0.166 19.121 0.1852 0.166 18.872 0.1843 0.166 18.898 0.186

B. Enzyme dependent hydrolysis:
The following data was obtained from single flask hydrolysis for each enzyme 
concentration. The volume of citrate-Thimerosal added to each flask has been 
adjusted to accommodate the moisture in the substrate and the different volum 
of enzyme used in each flask. The enzyme mixture used here was made up of 
44.405 gm Celluclast and 4.010 gm Novozym in 100 ml citrate-Thimerosal
vqlumetrically The activity of Celluclast alone at 44.405 gm/100 ml was 
determined as 21.38 FPU/ml by the IUPAC method. This was usfd to calculate th. 
FPU for each flask. The cellobiose values were converted and added onto the 
glucose values prior to the calculation of percent hydrolysis using the 
percent glucan in the pretreated aspen. However, when the double reciprocal 
plot of the percent hydrolysis and enzyme dosage was plotted, a non linear 
relationship was observed. Hence, we decided not to report the data from the 
plot as yet, but to consult you for advise on how to express the different 
values and to do the plot first. The following is just the raw data from the 
hydrolysis. We hope to hear from you real soon!

No. Wt. of 
substrate 

(gm)
Vol.of
buffer
(ml)

Vol.of
enzyme
(ml)

FPU/gm
substrate

Net
Cellobiose
(mg/ml)

sugars
Glucose
(mg/ml)

1 8.536 92.9 0.5 5.34 0.611 9.3202 8.536 92.4 1.0 10.69 0.821 15.1393 8.536 91.9 1.5 16.03 0.499 18.7294 8.536 90.9 2.5 26.72 0.166 19.8415 8.536 89.7 3.7 39.55 0.099 20.2256 8.536 88.4 5.0 53.45 0.000 20.3068.536 85.9 7.5 80.17 0.000 20.318
• 8.536 83.4 10.0 106.9 0.000 20.514

Thank you.
Jack, Colette, Maria



cpd/assay #90, from univlund, 1087 chars, Wed Apr 22 05:02:40 1987
TITLE: Standard assay - Pinus radiata 
Hello everybody in the CPD—world.
The temperature in Lund is now above zero C and we are coming out of 
our hibernating-den. We will try to be on Cosy regularly from now on.
Sigmacell has arrived hero too. Thar s.
We have not yet made anything with it but we have made two hydrolysis 
runs with the pinus radiata. The hydrolysis were done exactly as described 
in mess 84 except for the shaking speed. We had about 150 strokes/min 
which was the maximum speed at which our flasks still remained in the
bath. Our results are as follows :

Time, h 9 9 lucose/100 mlrun 1 run 2 mean

6 0.54 0.50 0.52
24 0.66 0.83 0.84
48 o . 94 0. 69 0.91
72 0.89 0.91 0.90

We hope Hermann can draw some conclusions from this'7
Greetings / Guido (and all the others in Lund)
Mo more unread messages in this topic 
Hit RETURN;:- for next active conf/topic.
Read :
Joining next active topic.
Joining conference 'cpd', topic 'admin'. 1 new message(s). 
Read :

Read:129
cpd/assay #129, from univlund, 1196 chars, Wed Mar 23 08:14:43 
1988
TITLE: Round Robin test
We have done the hydrolysis of sigmacell 50 according to the 
"Esterbauer-procedure (assay #123) with the following 
exceptions :

Two runs were performed with a shaker at 140 rpm. (The 
maximum 6peed we could use with our shaker. At higher speed 
we had problems keeping the flasks in the shaker.)
Two other runs were performed with stirring at about 120 rpm.

The glucose was determined by HPLC with a HPX 87P column. 
Calibration was done with D-glucose, anhydrous, 99.8% from Kebo 
No 1.7369-5 (6 mg/ml).
The samples were diluted 1+1.
Here are the results in mg/ml:

Shaker Stirrer
Time Run 1 Run 2 Mean Run 1 Run 2 Mean
4 5.3 5.1 5.2 4.4 4.7 4.6
24 8.6 8.7 8.7 8.7 9.0 8.9
48 10.8 10.6 10.7 11.1 11.5 11.3
72 12.3 11.7 12.0 12.6 12.8 12.7

The first sample in each run was taken out at 4h instead of 6h
due to some missunderstanding. (4h was used in the old
procedure.
Greetings from Lund. 
Guido



cpd/aEsay #136, from forraenz, 3187 chars, Thu May 5 19:38:59 1988
TITLE: ROUND ROBIN TESTPART A: STANDARD ASSAY FOR TIME DEPENDENCY OF HYDROLYSIS
The standard procedure, described by Esterbauer et al in the Graz proceedings, «as followed. Differences from the procedure 
as described in Assay #123 are as follows:
1. 2.lg sigmacel! 50 (lot no. 74F-0592) was used.(equivalent to 2 g dry i.e. the dry content ofsigmacell in our hands was 95.43% - oven dried 

at 104 C over night)
2. Enzyme mix: 2.2194g Celluclast 1.5L CCN 3000/84-4 (Feb 1988)

0.2123g Novozym 188 DCN0003 87/11 (Feb 1988)
weighed into volumetric flask and made up to 50 mL with 
0.05M citrate buffer. 10 mL of this mix added to flasks 
containing 2.1g 6igmacell and 90g 0.05M citrate buffer.

3. Flasks covered with Parafilm and incubated at 50 C and 
150 rpm.

4. Sampled 5 mL and boiled 5 min at 6h, 24h, 48h and 72h.
5. Concentration of glucose determined by HPLC 2 x HPX87P 

columns using the glycerol in the celluclast as internal 
standard. (Ref Assay #114)Standards used for HPLC: D-Gluco6e, BDH AnalaR dried
over P205 at high vacuum 
Glycerol, Ajax UNIVAR 99.5 w/v

RESULTS
Hydrolysis

time
Glucosereleased

average of results
(hr) A

(mg/mL)
B C

A, B & C A & B

6 6.2 6.1 5.9 6.1 6.2
24 11.3 9.6 10.4 11.3
48 14.0 14.0 11.5 13.2 14.0
72 15.5 15.6 13.0 14.7 15.6

Note: A, B & C were replicates performed at same time.
Replicate C appears to be the odd one out???

************************************************************** 
PART B: STANDARD-ASSAY—FOR-JÎNZYME DEPENDENCY OF HYDROLYSIS
1. /Weighed out 2.1g Sigmacell 5 ^  ( equivalent to 2. Og dry) 
(Vinto 250 mL conical flasks

2. added-appropriate weigfiT*of buffer from table (Assay #123),
chilled

3. added appropriate volume of enzyme mix from table 
enzyme mix: 22.2093g Celluclast2.0004g Novozymmade up to final volume of 50 mL with buffer

4. incubated 24h at 50 C on shaker at 150 rpmNote: temperature of water bath increased to 50 C in last
2-3 hrs.

5. 5 mL sample boiled 10 min, centrifuged, frozen until ready 
to analyze by hplc as above

RESULTS
flask no. EFPU/g

Glucose*
mg/mL

Y
% 1/Y 1/Eg/FPU

1 5 8.7 + 39.2 0.0255 0.2
2 10 11.6 52.2 0.0192 0.1
3 15 12.5 56.2 0.0178 0.067
4 25 13.2 59.4 0.0168 0.04
5 38 13.5 60.8 0.0165 0.026
6 50 13.7 61.6 0.0162 0.02
7 75 13.8 62.1 0.0161 0.013
8 100 14.0 63.0 0.0159 0.01

* The enzyme mix contains 7.3 mg glucose/mL. The amount
of glucose contributed by 
from these results.

the enzyme has been subtracted
+ this point not included in regression

r2 = 0.997 
Ymax = 64. 
K/Ymax = 0
Tom Clark

X
0354
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Me I'; 3 Ï51244 
Frc-m: f  i r r f j i i :
Date: Thu, & Mar 86 22:5o:32 EST 
To: univgraz
Message-Id: imemo.5 i 244 ;
Subject - c  p  d / a 5 5 a y

1c Dr, Esterbauer,

In response to your letter dated January 1986, here are results 
h o t  off the computers. n comprehensive report will be sent when 
completed. The three mice are looking forward to the meeting
i n Gr a z .

Cheers. Ken Ulong

-----------materials-----------

Cel lue last L (CCN 3000 35/4) 57 FPU/g
NûvOPvM 183 (DCN 0081 84/12 ) 693 U/g

ace 1 1 50 (82E-0100 > dry content 94.94%
Siam

--------- resu 1 ts-----------
defined specific activity of Celluclast = 45 FPU/g (your result) 

numbers in parenthesis is % difference from your result

> 1 y 5 1 5 t i iïi 6 %  h y d r o l y s i s

v h  /

18 FPU/g 25 FPU/g

n n 40 .3 ( -4 > 5 2 .3  (+2)

4G 49. 1 ( -4 ) 61 .6  (+4)
f  1 ) 5 4 .2 / ' b o . 0 t + (  /

n “i□ !_ 58 .8 < 02 ; 7 4 .7  V + 1 8 )

FPU'g % h y d r o l y s i s  in  22 h

5 38.6 ( + j  )
10 39.6 ! -10 )
15 44 .3 ( - 3  )
25 49 .8 (05 >
37 .5 56 .9 t +4 )
75

CO ( +5 )
103 61 .9 ( +7 )

double reciprocal plot: y = 0.01586 + 0.08675*

Yma » 63 .0 4 (+ 0 .4  )
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To Walter and Hermann

As promised, here is the completed report on the first set of 
comparisons concerning the standardization of cellulase assays. Bon 
a pe t i t .

Hydrolysis of Sigmacell 50 by Mixtures of
Ce 11uclas t and Novozym

Materials and methods

Celluclast L (CCN 3000 85/4): 57 FPU/g
Novozym 188 (DCN 0001 84/12): 690 IU/g
Sigmacell 50 (80F-0100): dry content 94.94Z
buffer: 50 mM citrate pH 4.8 (10 mg/L thimerosal)
incubation: 50 C water bath with agitation at 200 rpm
sugar analysis: HPLC with HPX 87P columns

(internal standard: glycerol in Celluclast)

Two grams dry weight of Sigmacell were weighed into 250 mL 
Erlenmeyer flasks. The enzymes were weighed directly into a 
second set of flasks and diluted with their corresponding weight 
of buffer (using the weights perscribed in appendix 3). The 
chilled enzyme solutions were mixed with the substrate and a zero 
time sample was collected. Subsequently, the reactions were 
incubated at 50 C and 5 mL aliquots were taken at each sampling 
time. The samples were analyzed for glucose and net hydrolysis 
was reported as percent of theoretically available glucose 
(Sigmacell 50 asssumed to be a pure glucan). Two sets of 
experiments were performed:

(i) hydrolyses were carried out with 10 FPU and 25 FPU 
Celluclast (UNIVGRAZ measurement of FPU) per gram Sigmacell and 
sampled over 94 h.

(ii) 22 h hydrolyses were carried out using various 
quantities of enzymes.

Results

The measured filter paper activity of Celluclast and 
celloblase activity of Novozym differ substantially from UNIVGRAZ 
measurements. UNIVGRAZ measurements (i.e. 45 FPU/g Celluclast) 
are adopted in this report to simplify comparison of hydrolysis 
results which are summarized on the enclosed tables and figures.

In general, our data agrees with UNIVGRAZ data. The percent 
deviation ranged from “ 11 to +9 (Tables 1 and 2) with a mean 
absolute percent deviation of 5.4. These deviations are not 
unreasonable especially when considering that the two 
corresponding data points on Table 1 and 2 have percent 
deviations of 2 and 5. The data suggest that UNIVGRAZ is getting



-  37 -
Page 3

relatively higher hydrolysis with low FPU/g substrate and 
relatively lower hydrolysis with high FPU/g (Figures 1 and 2). 
Nevertheless, our measure for Ymax agreed extremely well with the 
UNIVGRAZ result. The double reciprocal plot used to obtain Ymax 
nearly superimposed onto the UNIVGRAZ plot (Figure 3).

Discussion

The difference between our two determinations of filter 
paper activity in Celluclast is disconcerting. If this 
variability is seen among the various labs, the question that 
must be raised is the validity of using FP assays to quantify 
enzyme in the standard cellulase assay. The sources for this 
variability may include differences in handling the standard FP 
assay, in filter paper batches and in dénaturation of certain 
cellulase components. A method to side-step this problem would 
be the double reciprocal plot analysis to determine Ymax. Since 
Ymax is the hydrolysis achieved by an infinite quantity of 
enzyme, the enzyme could be quantified by any method. The 
deemphasis of the FP assay would also eliminate the use of two 
standard' substrates for the standard cellulase assay. Of 

course, the different labs must agree that the maximum hydrolysis 
achievable in a time period, say 24 h, can be a standard 
description of any enzyme preparation. A disadvantage of this 
double reciprocal analysis is the high quantity of materials 
consumed.

Page 4

Table 1. The time course of Sigmacell 50 hydrolysis by 
mixtures Celluclast and Novozym giving 10 FPU and 25 
FPU per gram substrate.

hydrolysis percent hydrolysis
time --------------------------
(h) 10 FPU/g 25 FPU/g

22 39.9 '(-9) 51 .8 (-0.7)
46 48.4 i(-8) 61.0 ( + 3)
70 53.7 i(-6) 68.2 ( + 6)
94 58.2 -(-4) 74.1 ( + 9)

* number in parenthesis is percent deviation from 
the corresponding result from UNIVGRAZ

Jev'C. l & [
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F.S. E46 WOOD TECHNOLOGY DIVISION
FOREST RESEARCH INSTITUTE 

Private Bag , Rotorua , New Zealand

IN YOUR REPLY
please quote  ref :

FS 59/16 
KM:RO

7 February 1986

Prof. Herman Esterbauer 
Institut fur Biochemie 
Universitat Graz 
Schubertstrasse 1 
A-8010 Graz 
AUSTRIA

Dear Herman

Things have caught up with me a little as a result of my recent two 
week vacation and I hope any delays from this end have not caused you 
any inconvenience.

The water insoluble fibre (WIF) obtained from P. radiata was air freighted 
to you today as requested in your letter of 13 January. The data on 
this substrate is enclosed on a separate sheet. You should note that:

• c-iTa The material was prepared under controlled conditions in pr steam 
explosion apparatus. We have not fully analysed the material but 
six repeats of this pretreatment (the "centrepoint conditions 
for a parametric design sequence) give good reproduceability 
see the enclosed data.

b We have kept a portion of this material (ID 2/1/56-7), which has 
not been treated with thimerisol in the wash water, for future 
analysis should it be required.

c The substrate (chips!) used in the preparation of this material 
were the control chips used in our main study for which the six 
centrepoint repeats are reported. An analysis of this material 
is included here.

We cannot send you 3 kg of the control chips that we have in the frozen 
state for our steam explosion work. This is simply because we do not
have sufficient stocks to allow this. Variations in P_._radia ta are
however known to be only minor here in NZ and I am arranging for a fresh 
batch of chips to be collected and sent to you as soon as possible.
These chips will be fumigated with methyl bromide and air freighted 
in the green condition.

TPIPC.RAMS A N D  CABLES • 'F R E A IR A ’ R O T O R U A . : TELEPHONE 47$ 899
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Answers to your other queries will have been sent via COSY by the time 
you receive this letter.

Regards for now.

Yours sincerely

Keith Mackie 
for Director

Enel

S team Exploded Pinus Radia ta 

- for Univgraz

Shot ID 2/1/56-7

Conditions: 2.55% SO2
215°C 
3 minutes

)) "centerpoint"
)

Yield of SEW-WI or WIF
OD content of WIF

59.13% 
25.63%

NOTE: (1) 35 mg (10 ppm) Thimerisol added to second water wash
Amount of thimerisol retained in WIF is unknown.

Data for runs 15-20 in Table 3 shows error limits for 
steam exploder operation and analyses. All runs (15 20) 
were run at centerpoint conditions.

(2)



WOOD TECHNOLOGY DIVISION
FOREST RESEARCH INSTITUTE

Private Bag , Rotorua , New Zealand

IN YOUR REPLY 
PLEASE QUOTE REF :

FS 59/16 
KM:DMH

28 November 1986

Dear Colleague
STANDARD PRETREATED PINUS RADIATA SUBSTRATE
In August we distributed a sample of pretreated Pinus radiata (steam 
exploded at 215°C, 3 minutes with 2.5% S02 impregnation). The sample, 
which has been water washed and preserved with thimerosal. is a standard 
which may be used for testing the standard enzymatic assay or for enzyme 
adsorption/recycling work.
Enclosed are the results of the standard enzymatic assay as performed 
here in our laboratory on this substrate. We have found the assay to be 
highly reproducible and hope that you are able to confirm this using the 
Celluclast CCN 3000 85-4 that you have in your possession already.
We would welcome any comments or suggestions and hope that any assays you 
can carry out can be forwarded to Herman Esterbauer for collation.
As the Christmas period is almost upon us, I would like to pass on best 
wishes from Tom, Paul, and the rest of us here in Rotorua. Let us hope 
1987 will bring many happy hours of co-operation!

Kind regards
9

Keith Mackie
Project Leader, IEA/FE/CPD-2

Enel.

TELEGRAMS AND CABLES ; 'FRESTRA' ROTORUA , N.Z. ; TELEX NZ21080 ; TELEPHONE -475 899
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cpd/assay #70, from forresnz, 33B3 chars, Mon Apr 7 15:54:05 1S3G

TITLE-- merman/' waiter

We ere currently examining the poplar wood water insoluble fibre that 
you recently sent us. using the standard assay procedure prescribed 
be Univgrai <10 FFU.g, NO shaking ' our resident chmese-canuck 
'hen Wong, ex. Forintek) has obtained the following data-'

Gh
24h
4Sh 
72 h

74.0% 
83. 3 % 
3 3.3%

(515 of your WIF gave the foi lowing data•

Klason lignin —, -, f. »/
i— % □ D /©

Glucose □3.97% )
Xylose 
:. .

1 r~ < 0/1 . 3 4 /• ) monomeric, corrected

Mannose 1.32% )

In our own wort we have defined digestibility as the yield of glucose at 
72h hydrolysis as a percentage of potential glucose in WIF at time 0.
Hence, using our own method to date (20 FFU/g, shaking) comparison of 
the two substrates

le pinus radiata ''2.55% 502, 3 min, 215 C) 
polar wood (Univgra: procedure> 

the comparative digestibility data is as below

Poplar wood WIF P.Radiata WIF

5 h 71.0%
c *4 n S i • c '•
43h 34.5%
72h 36.6%

>.x Due to an in-house reason the exact numbers here are not available for 
this cokmparison presented here. The results are obvious however.

.More..

These data would indicate that the WIF’s are of equai digestibility under 
the test conditions used. (Note that at 20 FFu/g and with shaking the 

* digestibilities reported ar%, predictably, higher than for the Univgraz
prescript ion. We are currently generating the p.rad WIF data under U m v g  
conditions in order to complete the comparison. )

The hammer milledi?) poplar wood substrate arrived safe and sound but 
prior to pretreating the material we would like to mate sure that the 
objectives are agreed upon. Note the following- 1

(1) to apply pretreatment conditions (time, temp, +-S02< determined as 
being optimal for pinus radiata - and to then assess digestibility and 
analytical data.

O 0 .3%
„ * r- •/□4 .D /#
>, >2



<2/ to apply conditions considered to be APPROPRIATE for a hardwood. 
Question? What are there conditions?
Here at FRI we have optimised time temp and SCZ for the softwood pinus 
radiata but have NOT done this for a hardwood e.g. poplarwood.
While at Forintek Harold and I looted at aspenwood and scanned some 
appropriate time, temp S02 conditions but this was not a tim

e optimisation
.More. .
study. When using conditions of 2 minutes, i.5% 502, 210 C on aspenwood 
a well treated substrate is obtained in terms of hlmlce 11ulose removal 
and enzymatic digestibility of the WIF . Applying identical conditions 
to poplar (robusta) here in New Zealand does NOT give satisfactory 
results. The robusta is under treated - reflecting the rather peculiar 
characteristics of aspenwood. Note that in all cases I have been referring 
to conditions for green substrates.

Another point that I would like you to comment on is what parameter we 
should be optimising7 There are several

♦digestibility of the WIF
♦hemiceliulose solubilisation and survival
♦total carbohydrate re.eased le the sum of water soluble carbohydrate 
plus enrymatically released carbohydrates .

We have found, for example, that digestibility of the WIF continues to 
increase even under treatment conditions that are grossly excessive in 
terms of total carbohydrate survival. Thus optimising WIF digestibility 
alone is inadequate. For our own work with softwoods we have used the 
.More..

last of the three listed above. Do you agree7

I have discussed the above data/substrates in the GPD mode to let everybody
know what is going on and to hopefully draw further relevant comment
from those who are listening. Any comments from anybody would be welcomed.

P.S. Herman/Walter-' I realise you are constrained by industrial agreement 
but can you please let us know the time, temperature regime you have 
used to prepare the WIF that you sent to N Z . Also, was the substrate 
air dry or green7
No more unread messages in this topic 
Hit <RETURN> for next active conf/topic.
Read ■

Joining next active topic.
Joining conference 'cpd', topic ’admin'. 1 new message1-' s ).
Read ■
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Industrial Biotechnology Centre

Prof. M. Moo-Young, PhD, PEng, Director 
Dept, of Chemical Engineering 
University of Waterloo 
Waterloo, Ontario 
Canada N2L 3G1

Phone (519) 888-4006 Telex 069-55259 

Fax (519) 888-4521

May 2, 1988

Professor H. Esterbauer 
Institut fur Biochemie 
Universitat Graz 
Schubertstr. 1 
A-8010 Graz, Austria
Dear Professor Esterbauer:

For your information, I enclose the results of the first phase of our Round 
Robin Tests as agreed at the recent SERI-based meeting. You are free to use 
these results provided that due acknowledgement is given to us as their source.

Best regards,

MMY:pp
Enel.

Murray Moo-Young
Professor of Chemical Engineering 
and IBC Director

c.c.: K. Grohmann



Results of Round Robin Tests for Biomass "Enzymatic Hydrolysis" Project 
M. Moo-Young, University of Waterloo (April, 1988)

Conditions as recommended by Esterbauer

(1) "Standard Assay for Time Dependency of Hydrolysis"

Time
(h)

Glucose
(mg/mL)

Cellobiose
(mg/mL)

6 5.7 .51
24 10.3 .33
48 12.6 trace
72 14.5 4>

(2) "Standard Assay for Enzyme Dependency of Hydrolysis"

E
(FPU/g)

Glucose
(mg/mL)

Y%

5 9.2 41.4
10 10.9 49.1
15 11.6 52.2
25 12.7 57.2
38 13.4 60.3
50 13.4 60.3
75 13.8 62.1

100 13.6 61.2

r - 0.995

K/Y - 0.044 max

Y - 63.7% max



H/ -

I  ^  Industrial Biotechnology Centre

Prof. M. Moo-Young, PhD, PEng, Director 
Dept, of Chemical Engineering 
University of Waterloo 
Waterloo, Ontario 
Canada N2L 3G1

Phone (519) 888-4006 Telex 069-55259

May 23, 1989

Professor H. Esterbauer 
Institut fur Biochemie 
Universitat Graz 
Schubertr. 1 
A-8010 Graz, Austria
Dear Professor Esterbauer:

This is further to our communication of May 2, 1988.
I am enclosing the results of a second Round Robin test for 

the evaluation of the Enzymatic Digestibility on the two latest 
samples, namely a hardwood (Populus tremeloides) and softwood 
(Black spruce).

As before, we would appreciate acknowledgement of the source 
of these results should they be used. We would also appreciate 
receiving copies of your own results and the entire Round Robin 
Group, if possible.

Best regards,

MMY:pp Murray Moo-Young
Enel. Professor of Chemical Engineering 

and IBC Director
c.c. : K. Grohmann

B. Hahn-Hagerdal
J. Saddler
R. Legge

:BO is a Constituent Unit of the Guelph-Waterloo Biotech Research Consortium



R esu lts o f  Round Robin Toots fo r  l i o o u i  

"Knsymatio H ydrolysis" P rojset

N. Moo-Young, u n iv a rsity  o f  Waterloo (May 19S9)

I. Chemical Composition of O.D. sawples

Aspen Spruce
Lignin” 3.95% 22.79%
Carbohydrates2’ 92.4% 77.1%

1) Klasson Lignin determined by TAPPI Method
2) Carbohydrates determined by Phenol Method (Dubois et al. Anal. Chem 

26, 350 (1956)).

II. Enzymatic Digestibility
(1) "Standard Assay for Time Dependency of Hydrolysis"

Conditions as recommended by Esterbauer. Shaker speed 200 rpm 
Glucose determined by HPLC with HPX-87P column. Glucose Standard- J.T. Baker, N.J., U.S.A.

(la) Aspen

(lb) Spruce

Time
(h)

Glucose(■g/ml) Cellobiose(■g/mi)
6 8.45 .67

24 13.4 .36
48 16.2 0
72 17.3 0

6 7.65 .77
24 12.7 .46
48 15.9 0
72 17.1 0

(2) "Standard Assay for Enzyme Dependency of Hydrolysis'

E Glucose Y
(FPU/g) (mg/ml) %
5* 7.98* 35.9*
10 14.44 65.0
15 16.39 73.7
25 18.09 81.4
38 19.71 88.7
50 19.90 89.6
75 20.53 92.4
100 20.50 92.3

r = 0.998 
K/y^, = 0.0522 
y» k = 96.15
* These numbers do not fit the pattern and were not included 
in the calculation of parameters

(2b) Spruce E Glucose Y
(FPU/g) (mg/ml) %
5 7.91 36.90
10 11.45 51.51
15 13.81 62.18
25 15.18 68.32
38 16.85 75.82
50 17.96 80.82
75 18.21 81.94
100 17.89 80.52

r = 0.997 
K/y^ = 0.0794
Y«, = «9-3



June 30, 1989 ULJJami 11-a- -i----«-----» »«» «wKTmjjm) DKHKVmOIOgy MOulll
3900 Collins Road 
P.O. Box 27609  
Lansing, Ml 48909 
517/337-3181

Dr. Hermann Esterbaurer 
Institute o f Biochemistry 
University o f Graz 
Schuberstr. 1 
A-8010 Graz, Austria

Dear Hermann:

I have enclosed the results o f David Thompson from our laboratory for the hydrolysis of 
pretreated Asperwood and Sprucewood, sent to us by the workers at Forintek. We 
followed the protocols in the paper called "The Results o f a Round Robin Test for the 
Evaluation o f Enzymatic Digestibility."

The results are given in the enclosed tables. Note, we used multiple injections o f each 
sample in the HPLC and used the Biorad HPX-87H column. Thus, we are reporting the 
mean sugar concentration ±  one standard deviation. Since there was a small amount of 
cellobiose in all samples, we based our yield calculation on the glucose equivalent of 
glucose plus cellobiose.

Since I will be at the September meeting in Lund, I will be anxious to see how these 
results compare with the other laboratories.

I noticed in your paper, mentioned above, that you show no data reported for our lab 
(No.8) in Table 2. Since I have this data, I have enclosed it for your interest, even though 
it may be too late for the paper. The values for Ymax and K are 59.1% and 3.46 
respectively, with r = 0.987.

With best personal regards,

Hans E. Grethlein 
Senior Scientist

HEG: jp

cc: Dr. John Saddler



RESULTS:

A. Enzyme - Dependent Hydrolysis (EDH)

Cellulose B-Glucosidase 
Sample FPU u

Substrate No. (g substrate) (g substrate)

Aspen A1 5.000 5.000
" A2 10.00 10.00

A3 15.00 15.00

A4 25.01 25.01

A5 37.01 37.01
» A6 50.00 50.00
•• A7 74.99 74.99
" A8 100.0 100.0

Spruce B1 5.000 5.000
» B2 9 993 9.993
•• B3 14.99 14.99
" B4 25.00 25.00

B5 36.97 36.97
B6 49.99 49.99

- B7 74.% 74.96
- B8 100.0 100.0

Cone. (me/tnLl

Glucose 
@  24 hr

Cellobiose 
@  24 hr

Corrected
Glucose
(mg/mL)

7.91 ± 0.07 0.63 ±0.16 8.57 ±0.18
13.23 ± 0.08 0.71 ± 0.10 13.98 ± 0.13
16.98 ±0.11 0.61 ± 0.04 17.62 ± 0.12
18.76 ± 0.32 0.20 ± 0.04 18.97 ± 0.32
19.10 ± 0.03 0.18 ± 0.00 19.29 ± 0.03
19.26 ± 0.23 0.22 ± 0.05 19.49 ± 0.24
18.84 ± 0.50 0.21 ± 0.00 19.06 ± 0.50
19.43 ± 0.02 0.30 ± 0.09 19.75 ± 0.10

7.96 ± 0.38 0.75 ± 0.06 8.75 ± 0.39
12.46 ± 0.00 0.81 ± 0.11 13.31 ± 0.12
14.67 ± 0.38 0.60 ± 0.12 15.30 ± 0.40
16.08 ± 0.18 0.27 ± 0.02 16.36 ± 0.18
17.05 ± 0.11 0.20 ± 0.00 17.26 ±0.11
16.93 ± 0.03 0.17 ± 0.00 17.11 ± 0.03
17.05 ± 0.00 0.18 ± 0.00 17.24 ± 0.00
16.83 ± 0.48 0.19 ± 0.01 17.25 ± 0.48

B. Time-Dependent Hydrolysis (TDH)

Substrate Designation Cellulase (FPU/g B-glucosidase
substrate (U/g substrate)

Aspen A 9.907 9.998
Spruce B 9.910 10.00

(1) Aspen (A):

'Vood Corrected Yield %
Dry Time Sample Cone. (me/mL) Glucose Based on
Wt. (hr) No. Glucose Cellobiose (mg/mL) Wood

2.0005 g 6 A6 7.96 ± 0.06 0.96 ± 0.02 8.97 ± 0.06 40.26
24 A 24 13.37* 0.635* 14.04* 63.02
48 A48 16.81 ± 0.32 0.35 ± 0.07 17.18 ± 0.33 77.12
72 A72 17.66 ± 0.01 0.46 ±0.13 18.14 ± 0.14 81.43

* only one concentration measurement (poor baseline)

(2) Spruce (B):

Wood Corrected Yield %
Dry Time Sample Cone. (me/mL) Glucose Based on
A't. (hr) No. Glucose Cellobiose (mg/mL) Wood

2.0000 g 6 B6 6.96* 0.95* 7.96* 35.82
24 B24 12.24 ± 0.57 0.58 ± 0.03 12.85 ± 0.57 57.83
48 B48 16.35 ± 0.12 0.39 ± 0.06 16.76 ± 0.14 75.42
72 B72 16.69 ± 0.14 0.36 ± 0.17 17.07 ± 0.23 76.82

* only one concentration measurement (poor baseline)



Yield Calculations: (EDH)

A. Aspen: 93.32% Glucan Y = Yield as defined in Std. Procedure
C 0 = Cone. Glucose

Y(%) Yield Based on:

Sample C N N  3000 Novo zym 188 Corrected Q, Reported Initial
(FPU ( U (mg Potential Substrate

g wood) g wood) mL) Glucan Mass

rtl 5.00 5.00 8.57 41.3 38.6
A2 10.00 10.00 13.98 67.4 62.9
A3 15.00 15.00 17.62 85.0 79.3
A4 25.01 25.01 18.97 91.5 85.4
A5 37.01 37.01 19.29 93.1 86.8
A6 50.00 50.00 19.49 94.0 87.7
A7 74.99 74.99 19.06 91.9 85.8
A8 100.0 100.0 19.75 95.2 88.9

B. Spruce: 73.25% Glucan

Y(%) Yield Based on:

Sample C N N  3000 Novo zym 188 Corrected C 0 Reported Initial
(FPU ( U (mg Potential Substrate

g wood) g wood) mL) Glucan Mass

B1 5.000 5.000 8.75 53.8 39.4
B2 9.993 9.993 13.31 81.7 59.9
B3 14.99 14.99 15.30 94.0 68.8
B4 25.00 25.00 16.36 100.5 73.6
B5 36.97 36.97 17.26 106.0 77.6
B6 49.99 49.99 17.11 105.1 77.0
B7 74.96 74.96 17.24 105.8 77.5
B8 100.0 100.0 17.25 106.0 77.7

B. Spruce:

JL Y JÆL J H - (1/Y)

5.000 39.4 0.2 0.025381 .02443

9.993 59.9 0.10007 0.016694 .01788

14.99 68.8 0.066711 0.014535 .01569

25.00 73.6 0.04 0.013587 .01394

36.97 77.6 0.027049 0.012887 .01309

49.99 77.0 0.020004 0.012987 .01263

74.96 77.5 0.013340 0.012903 .01219

100.0 77.7 0.01 0.012870 .01198

Results:

slope = 0.065541 

intercept = 0.011321 

r = 0.97959

Gives Ymax = 88.33 Spruce 

K = 5.789



Determination of K and Ymax: (ED H ) (Uses Yield Based on Initial Substrate Mass)

1 = K  1 + 1
Y = Ymax E Ymax

A. Aspen:

E Y J Æ L J T L 0/Y)

5.000 38.6 0.2 0.025907 .02469

10.00 62.9 0.1 0.015898 .01707

15.00 79.3 0.066667 0.012610 .01453

25.01 85.4 0.039984 0.011710 .01249

37.01 86.8 0.027020 0.011521 .01151

50.00 87.7 0.02 0.011403 .0109

74.99 85.8 0.013335 0.011655 .01046

100.0 88.9 0.01 0.011249 .0102

Results:

slope = 0.076254 

intercept = 0.0094474 

r = 0.97207

Gives Ymax = 105.8 Aspen

K  = 8.071 l/
Y
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Memo #199960
From: hgreth@cosy.uogue1ph 
Date: Mon, 6 Jun 8 S 15:31:06 EDT 
To: univgrazêcosy.uoguelph 
Ce: hgreth@cosy.uogue1ph, 
hgrethâcosy.uogue1 ph 

Message-Id: memo.199960@cosy.uogue1ph>
Sub.i ec t : ASSAY

HERMANN, We report the results of the standard enzymatic assay
to be shared with others at the meeting in Ottawa.
substrate Siqmacell 50 (74f—0592)
enzymes: Cel lulast ccn 300 84/4 (received 2/88)

Novczym 158 (received 2/88)
procedure : your letter of April 6,1988 based on
cCOSY assay 123 and 128
Time, hr sample # 1 # 2 #3 #4 average

6 6.15 6 . 2 1 6.44 6.39 6.3
24 10.56 10.44 10.09 10.15 10.31
43 1 2 . 2 1 2 . 6 12.3 1 2 . 2 12.3
72 13.1 13.1 13.1 13.1 13.1

the above results were 0 b t a in ed by HPLC with a column similar
to Piorad HPX —85 which is prov ided by Interaction Chemicals Inc
Mountain !iew Cal
A second :et of ana 1 -si s are reported be 1ow on the same samples
using the glucose anai yzer of Yel low Springs I ns trumen t Co based
on the g 1 <irose 0 ioase method

Time «= Q C O 5.9 5.9
24 .10.1 10.0 9.6 1 0 . 0 9.93
43 12.3 12.4 12.4 1 2 . 2 12.3
72 13.0 1 2 . 8 12.9 13.2 13.0

These data compare favorably with the results from your lab.
I am sorry to miss the meeting in Ottawa, but I will be m  New
York to my son's wedding. If your are going to stay some time
in the J5, p 1 e a = e i s 1 1 me a f ter j une 19 at MBI • MSU Phone
"• u tii il e r s a re 517 '33"-3131 at MBI and 517/3491796 at ho

Même # 1 ^0 0 7 5
From: haret.h@cosv . ucquelph 
Date: Mon, 6 Jun 8 8 lo:34:07 EDT 
To: nr. 1 qrs z'Ic d s v .ucquelph 
-7c : hq r et h\?cos > . uogue l ph ,
1 or 1 r'. t- ~Jr '* 'Z OS V . ..'OC ue 1 ph.
r.qr<- * h**- osy . uogue 1 P'K 

8 u h j ec t : a s s a y

I'ear Hermann ,
I just sent you a message on Cosy but I did not get it edited 
correct 1 y .

So I will try again. We report the results of the enzymatic 
hydrolysis with the procedure.

Substre. te : Siqmacell 50 ( 74F-0592 •
En z vmes :

Cel lu last CCN 300'-» 84/4 (received 2/88)
Novczym 188 (received 2 /8 8 )

Method as given in your letter of April 6.1988 based on Cosy 
#123,123
The glucose is determined by HPLC with a column by Interaction 
Chemicals Inc. of Mountain View Cal. which similar to the Biorad 
column HFX-85.
A second set 
Springs Inst.

of analysis are reported by us ing the Yellow

glucose anan 1 yze r which is based on the glucose oxidase method
The two sets 
first.

of r u 1 1 s are lis ted below With the HPLC method

Time, hr Re*pi 1C ate ** j #2 #7 #4 Average
£ 6 .15 6 . 2 1 6.44 6 .39 6.30
24 10.56 10.44 10.09 10.15 10.31
43 1 2 . 2 0 12.60 12.30 1 2 . 2 0 12.30
72 13.10 13.10 13.10 13.10 13.10

5 . « 5.3 ^ . 0 5.9 5.9



C S I R O
AUSTRALIA

Division of Biotechnology 
Ian W ark Laboratory

Bayview Avenue. Clayton Postal Address: Pnvate Bag 10. Clayton. Vic 3168 
Telephone: (03) 542 2244. Telex: AA 35675. Fax: (03) 543 6613.

RFHD: am 
Enel :

27th May 1988

Professor H. Esterbauer, 
Institut fur Biochemie, 
Universitat Graz, 
Schubertstrasse 1, 
A-8010, Graz,
Austria.

Dear Hermann,

Be: round-robin tests: cellulose hydrolysis
Please find enclosed my results for the enzymatic hydrolysis of Sigmacell 50.

Glucose was determined by the glucose oxidase method and by the Nelson method 
for reducing sugars. I do not have access to a HPLC, and so, unfortunately, 
I could not measure the hydrolysis sugars by the HPLC methods. My results 
should be of interest in comparing the colorimetric method with the HPLC 
method. I hope this information is useful.

With best wishes.

Yours sincerely,

Dr. Robert F. H. Dekker
Principal Research Scientist

P .S .  I hope you receive this letter before the Ottawa meeting.

R e s e a r c h A d v a n c i n g A u s t r a l i a



ic hydrolysis of cellulose

Substrate :

Enzymes :

Enzymic digests:

Enzyme mix
3.96g Celluclast ♦ 0.36g Novozym 188 ♦ 85.5 mL citrate buffer (pH 4.8),
10 mL of the enzyme mixture was pipetted into a 250 mL Erlenmeyer flask 
containing 90 mL citrate buffer and 2g Sigmacell 50.

The contents were incubated at 50#C whilst shaking (150-200 rpm).

Samples ( 2 - 5  mL) were removed at 6h, 24h, 48h and 72h, heated (100*C/10 min) 
and then centrifuged (3000 rpm/10 min).

Assay for Glucose
Glucose was measured by the glucose oxidase method as modified by Dekker (J. 
Sci. Fd. Agric. 22 (1971) 441, J. Gen. Microbiol. 127 (1981) 177, Biotechnol. 
Bioeng., 098 6 7  1438).

Enzymic hydrolyzates (0.2 mL aliquots) were diluted (to 10 mL in a 10 mL 
Volumetric flask) with water, and portions (0.5 mL) removed for assay of 
glucose (and reducing sugars). Conditions for glucose assay included an 
incubation period of 10 min at 50*C.

A calibration curve for glucose was determined under identical conditions. A 
standard glucose solution of 1 mM (180pg/mL) was used for this purpose.

A line of best fit for the calibration curve is given by y ■ -0.0011 ♦ 
0.0025715x, and is based on 28 assays (n * 28). The correlation coefficient 
was r * 0.9993. The l/slope value is 388.87 pg/mL/A^Q,

Reducing sugars
Total reducing sugars were measured by the Nelson method (J. Biol. Chem. 153 
(1944) 376). Glucose was used as the standard. A calibration curve yielded 
the following data:

y * 0.0054 ♦ 0.00193x, n * 19 and r * 0.9986. l/slope value was 518.13 
Mg/mL/Â 2Q*
Cellulase hydrolysis
Eight replicate flasks for enzymatic hydrolysis of cellulose were set up as 
described above. At each time interval a 2.5 mL sample was removed and 
treated as described above. Each hydrolyzate sample was diluted in duplicate 
and each diluted sample was assayed in duplicate for glucose and reducing 
sugars.

Sigmacell 50 
(2g/100 mL)

Celluclast CCN 3000 
Novozym 188

As per Esterbauer protocol

Kesults

Tiae of 
hydrolysis 

(h)
Glucose
(ag/aL)

■educing 
sugars (mg/mL)

6 6.96 * 0.19* 6.84 è 0.13*

24 12.13 t 0.23 11.66 t 0.22

48 14.70 ± 0.31 14.11 ± 0.23

72 16.49 ± 0.35 15.02 t 0.20

± value represents the standard deviation 

* 50-fold dilution, 1 mL taken for assay

*



Solar Energy Research Institute

1617 Cole Boulevard 
Golden. Colorado 80401 
(303) 231-1000

May 31, 1988

Dr. Herman Esterbauer 
Institute of Biochemistry 
University of Graz 
Schubertstr. 1 
A-8010 GRAZ 
Austria

Dear Dr. Esterbauer:

The standard assays on time dependency of cellulose hydrolysis, and enzyme 
dependency of cellulose hydrolysis using the recommended methods are complete. 
In these assays Sigmacell 50 (lot No. 74F-0592), Cellulase enzyme (Celluclast 
CCN 3000 84-4) and Novozym 188 were used. The results are as follows:

A) Time Dependency of Hydrolysis: The results are shown in Figure 1, and Table 
1. The data was best fitted and the final best fit result is: Y - 2.93 ln(T)+ 
0.728 in which Y represents the sugar concentration as g/1 and T represents 
time as hours (FIG.l).

B) Enzyme Dependency of Hydrolysis: The results are shown in Figure 2, and 
Table 2. The data was best fitted on linear scale as 1/Y vs. 1/E in which Y is 
Yield and E is FPU/g Sigmacell. The result of best fit is 1/Y - 0.05412(1/E) + 
0.01527. The values of Ymax, K, correlation coef., and standard deviation are: 
Ymax -65.49, K- 3.544, K/Ymax- 0.054, Corr. Coef.- 0.9918, and Standard 
deviation- 4.19E-4.

C) Protein Analysis of Celluclast and Novozym: The enzymes used in above 
mentioned assays were analyzed for protein content. The stock solution (1 
mg/ml) of Bovin (Albumin lot# 16F-0212) was used as standard. Each of the 
enzyme samples was diluted 100X by adding 1 gm of enzyme into 99 gm of 
distilled water. From diluted enzymes 0.05, 0.1, and 0.25 ml was used in the 
assay. The results are:

Celluclast: 131.55 mg protein/gm enzyme.
Novozym: 139.3 mg protein/gm enzyme.
The standard curve is shown in Figure 3.

Note: The sugar content of samples was measured by Glucose Analyzer Model 27 
of YSI (Yellow Springs Instrument, Ohio, USA).

Sincerely Yours,

Biotechnology Research Branch

A D'wison of Midwest Research tnsrn ite
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Table 1: Time Dependency o-f Hydrolysis.

T i me 
(hr s )

Glucose released 
( q / 1 )

0
3.9

6 6. 1
12 7.5
24 1 0.4
36 11.5
48 12.2
72 13.2

120 14.5

Table 2: Enzyme Dependency o-f Hydrolysis.

FI ask # Glucose released Yield 1/Y 1 / E
< g /1 ) (7.)

1 8.4 37.80 . 0265 . 20
11.2 50.40 . 0198 . 10

yt 11.7 52.65 . 0190 . 067
4 , 12. 9 58.05 .0172 . 040
5 13.2 59.40 .01684 . 0263
6 13.3 59.85 . 01671 . 020
7 13.5 60. 75 .01646 . 0133
8 14.4 64.80 .01543 .010
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---  - 0.05412 (— g—  ) + 0.01527
Y
Correlation coef. - 0.9918 

Standard deviation - 4.19 E-4

^ ■ .054, Ymax * 65.49, K * 3.544
Ymax

Figure 3

Figure 2
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cpd/analytical 1*98, from ehogan, 9792 chars, Thu Jul 13 13:26:69 1989

TITLE:
May 12, 1989

Mr. Ed Hogan
Bioenergy Programs
Energy, Mines and Resources
460 O'Connor Street
6th Floor
Ottawa, Ontario
K1A 0E4

Dear Ed,

Enclosed please find two notes. The first describes the results 
of the IEA testing of pretreated lignocellulosics by Barbara 
Fryzuk at Iogen. The second is some discussion of Dr.
Esterbauer's hydrolysis model. We would like to use these papers 
to open up some discussion on the COSY
network, but because we do not have a Modem I thought you should see 
these anyway.

I look forward to your comments.

Sincerely,

IOGEN CORPORATION

Jeff Tolan
Senior Research Scientist

Enc.
JT/lb

COMMENTS ON THE SIGMACELL HYDROLYSIS MODEL OF 
SATTLER, ESTERBAUER, GLATTER, AND STEINER

The purpose of this note is to share our impressions of the Sigmacell 
hydrolysis model with IEA participants and thereby stimulate 
discussion.

The paper "The Effect of Enzyme Concentration on the Rate of the 
Hydrolysis of Cellulose", by W. Sattler, H. Esterbauer, 0. Glatter, and 
W. Steiner (accepted for publication, Biotechnology and Bioengineering, 
August 10, 1988) presents a model of the hydrolysis of Sigmacell by 
cellulase enzymes. The model provides a very good empirical fit to the 
data. However, we feel that several questions should be cleared up 
before we depend on the model to explain the mechanisms of hydrolysis.
.More..

As we understand it, the model contains two parts; an enzyme dependent 
part :

Y/Yroax E
K + E

( 1 )



Final Results of a Round Robin Test 
for the Evaluation of 

the Enzymatic Digestibility

Hermann Esterbaueri, Wolfgang Kreineri, Walter Steiner2 and 
Wolfgang Sattler1

1 Institute of Biochemistry, University of Graz,
Schubertstr. 1, A-8010 Graz, Austria 
2Institute of Biotechnology and Waste Treatment, Technical 
University of Graz, Schloegelgasse 9, A-8010 Graz, Austria

IEA / BIOENERGY AGREEMENT



and a time dependent part that models the hydrolysis process as a first 
order reaction on two distinct fractions of the cellulose:

- Ymax/Co = 1 - (Ca/Co)e-kat - (Cb/Co)e-kbt
'(2)

Equations (1) and (2) are combined to form the hydrolysis model:

Y/Co = (1 - Ca/Coe-kat - Cb/Coe-kbt) E (3)
K + E

According to this model, reaction rates fall throughout the hydrolysis 
because, as the hydrolysis proceeds, there is less and less of the 
easily hydrolyzed cellulose, and more and more of the difficult to 
hydrolyze cellulose.

One conclusion that Sattler, et.al. make from this model is that 
changes in the substrate fully explain the fall in hydrolysis rates. A 
corollary to this conclusion is that enzyme inactivation and enzyme 
inhibition are not important parts of hydrolysis. If these enzyme 
properties were important in the kinetics of hydrolysis, then Sattler, 
et.al.'s interpretation of their model would have to be wrong. We 
decided to try a few simple experiments to test this idea.

First, consider two Sigmacell hydrolyses set up under identical 
conditions. The first is run for a period of 100 hours, while the 
second is run for 46 hours, then boiled to inactivate all the enzyme, 
cooled back down to 50oC, and finally redosed with the identical amount 
of enzyme as present initially. Our understanding of Sattler, et.al.'s 
model is that it would predict the two hydrolyses to continue after 46 
hr at identical rates. Surprisingly, the one with the "fresh" enzyme 
proceeds at roughly twice the rate of the other. We then decided to 
check how much "fresh" enzyme was needed after 46 hours to match the 
glucose production in the control flask. We found that only 30% of the
initial enzyme had to be added to the boiled flask for it to produce as
much glucose as the control We are uncertain as to how these results 
might be reconciled with Sattler, et.al.'s model.

The simplest explanation seems to be that 70% of the enzyme has been 
inactivated after 46 hours. Unfortunately, this implies that the "two 
phase" nature of Sigmacell postulated by Sattler, et.al. may be either 
overstated or illusory. After checking to assure ourselves that 
boiling does not enhance Sigmacell hydrolysis, we are left with no 
simple explanations and look forward to the comments of the group.

On a second point, we decided to check how well the model fits
hydrolysis results at low dosages. It seems to do a good job down to
at least 2 IU/gm. We note, however, that according to both the model 
and that data, the easy-to-hydrolyze fraction of the cellulose appears 
to fall with enzyme dosage. The table below illustrates these results:

Dosage (FPU/g) Easily Hydrolyzed (%)

Model Data
2 15 15
5 27 27

10 35 40
25 43 45

We would be interested to know if anyone has a good explanation of why
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the easy-to-hydrolyze fraction of the cellulose seems to depend on the 
dosage of cellulase enzyme. Does the enzyme somehow change the 
cellulose?

Finally, we though it would be interesting to use the excellent data of 
Sattler, et.al. to test an entirely different type of model; one in 
which the substrate is assumed to be uniform and the enzyme goes 
through a two phase decay over time. The enzyme activity would then be 
given by:

Ea = Eo(ale-kat + a2e-kbt) (4)

where Ea = Enzyme activity
al and a2 = Constants
Eo = Initial enzyme activity

The rate of cellulose conversion might then be taken to be proportional 
to the amount of active enzyme:

where

d(Y/Co) = riEa 
dt

Y/Co(t=o)=o

ri = Proportionality constant

Integration of Equation (5) gives:

Y/Co = ri ot Eadt

which yields Equation (2), with:

Ca/Co = rial/ka
Cb/Co = ria2/kb

(5)

( 6 )

It would seem, therefore, that the equations of Sattler, et.al. can be 
successfully explained by an enzyme inactivation mechanism.

Under these circumstances, it would seem to us to be premature to 
conclude that the model of Sattler, et.al. offers anything more than a 
useful fit to the data for dilute Sigmacell hydrolysis.

IEA Round Robin Testing of Cellulosic Substrates

Iogen Corporation

A. Sigmacell
The Sigmacell “time-dependent" hydrolysis was performed in triplicate, 
as per Esterbauer, et.al. (1989). The results of these hydrolyses (2% 
IEA Sigmacell 50, 10 FPU/g cellulose, 10 units beta-glucosidase/g 
.More..
cellulose) are listed below and are within the range of IEA hydrolysis 
results from the 1988 Round-Robin Test.



Sigmacell Hydrolysis 
Glucose (mg/ml)

Time (hr) Run 1 Run 2 Run 3 IEA Range

0 0.22 0.14 0. 17
6 5.70 6.70 5.80 5.2-7.0

24 10.80 11. 15 11.20 8.7-12.1
48 13.60 14.00 15.30 10.7-14.7
72 15.80 15.850 16.40 12.0-16.5

B. Aspen and Spruce
Pretreated Aspen and Spruce supplied by T. Smaridge of Forintek was 
hydrolyzed as per Esterbauer, et.al. (1989). The enzymes were from the 
IEA Novo stock, also supplied by T. Smaridge. Substrate concentrations 
were designed to contain 2 g cellulose per 100 g batch hydrolysis. The 
key properties of the substrates are listed below:
.More..

Substrate Solids Content (%) Cellulosel (%)

Aspen 24.94 89.62
Spruce 19.07 83.66

1 by Holocellulose Assay

The results of the "Time-Dependent" hydrolyses were as follows:

Glucose (g/L)
Time (hr) Aspen Spruce

0 0. 18 0.16
6 6.74 5.73

24 13.47 13.86
48 18.57 18.87
72 20.03 21.34

The results of the "Enzyme- Dependent" hydrolyses were as follows

Enzyme (IU/g) Glucose at 24 hr (g/L) Glucose Yield (%)
Aspen Spruce Aspen Spruce

5 7.71 8 . 05 34.0 35.4
10 12.91 12 .40 56.9 54.5
15 15.70 15 . 10 69.2 66.4
25 20.53 18 . 19 90.5 80.0
38 22.30 19 .72 98.3 86.7
50 22.60 20 .90 99.6 91.9
75 22.44 22 . 04 98.9 96.9
100 23.64 21 .58 104.2 94.9

In some of the runs, cellobiose and xylose were observed at 
concentrations of up to 1 g/L and 0.1 g/L, respectively. The glucose 
yields were calculated based on glucose concentrations at 100% 
conversion of 22.69 g/L and 22.74 g/L for Aspen and Spruce, 
respectively. The maximum concentrations take into account the 
hydration of cellulose to form glucose and the presence of insoluble 
noncellulosics.
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The Ymax and K values were determined as per Esterbauer, et.al. (1989).

Substrate Ymax (%) K (IU/g)

Aspen 128.3 13.5
Spruce 110.9 10.5

These Ymax values are obviously physically unrealistic and indicate 
that the hydrolysis model of Esterbauer, et.al., breaks down at high 
dosages for these substrates.

References

Esterbauer, H., W. Steiner, and W. Sattler (1989). The Results of a 
.More..
Round Robin Test for the Evaluation of Enzymatic Digestibility. 
Submitted for publication, Biomass.



Repuûiique Française

March 20, 1986

I n s t i t u t
F r a n ç a i s
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P é t r o l e

national U l  749.02 .14

in te rna tiona l +  33 1 749.02 .14

v  V 1 'à Ü U
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JP/CP

DIRECTION DE RECHERCHE 
BIOTECHNOLOGIE ET ENVIRONNEMENT

Prof. Dr. H. ESTERBAUER 
INSTITUT FUR BIOCHEMIE 
UNIVERSITAT GRAZ 
Schubertstrasse 1 
A-8010 GRAZ 
Autriche

Dear Hermann,

Please find enclosed :

• Appendix 1 : results of 2 % Sigmacell hydrolysis, performed at IFP,
using either Novo or IFP cellulases. The procedure given 
in your letter 8/1/86, appendix 3, was thoroughly follo
wed except for sampling times and FPU/g dosages.

• Appendix 2 : informal results on hydrolysis of 9 % pretreated wheat
straw and corn stover, following the same Graz procedure.

Results are not expressed in % hydrolysis but in g/1 of sugar 
production due to enzymatic hydrolysis, in order not to take into 
account the error on the theoretical value of cellulose content in 
pretreated samples (in the kind of pretreatment that was used, all the 
C5 and part of the Cg are solubilized at the pretreatment stage).

I hope that all the results you are collecting, will provide a 
good basis for a useful discussion at the next Graz meeting.

Regards,

Institut Français du Pétrole
Q
1 et 4. avenue de Bois-Préau 
Q 9  R u p i I M a l m a i ç n n

Télex : IFP A 203050 F
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2 X Sigaacell hydrolysis by Novo enzymes

FPU/g | Hydrolyse
h

1
I Glucose 
1 mg/ml
1

Glucan % GlucanI1 
x 10*^

(FPU/g)*1

24
1
| 7.5 33.6 2.98 0.2

5 48 | 8.6 38.8 2.58 0.2
76 | 9.9 44.4 2.25 0.2

24 9.9 44.8 2.23 0.1
10 48 I 11.5 51.9 1.92 0.1

76 I 12.6 56.6 1.76 0.1

24 | 11.1 49.9 2 0.05
20 48 I 13.1 58.8 1.7 0.05

76 I 14.9 67.2 1.48 0.05

24 12.4 56 1.78 0.025
40 48 I 14.3 64.2 1.55 0.025

76 | 16.6 74.9 1.33 0.025

24 I 13.1 58.9 1.7 0.01
100 43 I 15.7 70.9 1.41 0.01

76 I 17.6
1

79.1 1.26 0.01

* Glucose estimated by HPLC : mean values of two independant samples (no 
cellobiose was found).

2 t Signacell hydrolysis by IFP enzymes

FPU/g | Hydrolyse
h

I Glucose 
j mg/ml
1

Glucan % Glucan"1 
x lO*^

(FPU/g)*1

24
1
| 7.3 33.06 3.02 0.2

5 48 1 10 45 2.22 0.2
72 | 11.5 51.9 1.92 0.2

24
1
| 9.9 44.5 2.25 0.1

10 I 48 I 12.2 55.1 1.81 0.1
72 I 13.9 65.8 1.52 0.1

24 I 11.5 51.06 1.93 0.05
20 48 | 14.2 64.19 1.55 0.05

72 1 16.6 71.73 1.34 0.05

24 12.7 57.25 1.74 0.025
40 | 48 | 15.7 70.54 1.42 0.025

72 I 17.5 78.69 1.27 0.025

24 I 14.7 66.44 1.5 0.01
100 | 48 | 16.5 74.41 1.34 0.01

72 ! 18.8
1

84.77 1.18 0.01

* Glucose and cellobiose estimated by HPLC.

2 X Sigmacell hydrolysis

1
1 Hydrolysis time

_1
| Ymax,

1
1 Ymax Corrélation

1
1

h 1 (X) 1
1

1
1

%

1
1 24

1
| 0.0163

1
1 61.3 0.9972

Novo-Enzyme 1 48 | 0.0138 1 72.6 0.9971
1
1

76 I 0.0122
1

1
1

82 0.9991

1
1 24

1
| 0.0150

1
1 66.7 0.9959

IFP-Enzyme 1 48 I 0.0131 1 76.3 0.9978
1
1

72 | 0.0115
1

1
1

86.9 0.9986

Y are computed values of the intercept of the computed regression live (1/Y = 
a W E  + 1/Y_. ) with the Y axis.maX



9 X pretreated wheat straw hydrolysis by IFP enzyaes 9 X pretreated com stover hydrolysis by IFP enzyaes

FPU/g
r

Hydro lys is  | 
h |

1

C, sugars 
mg/ml

1
1
1
1

1
1
1
1

FPU/g
— r

H yd ro lys is  | 
h

1

C, sugars 
6mg/ml

5
1

4 1 12.8
1
1

1
1 5

1
4.5  | 10.9

10 4 17.3 1 1 10 4.5 | 16.6
20 4 1 23.6 1 1 20 4.5 | 24.1
40 4 1 31.7 1 1 40 4.5 25.5
80 4 1 37.3 1 1 80 4.5 32.3

5 8.5 18.2 1
1
1 5

1
8 11.5

10 8.5 | 26.4 1 1 10 8 1 17.6
20 8.5  | 32.7 1 1 20 8 1 27.6
40 8.5  | 39.2 1 1 40 8 1 31.3
80 8.5  | 39.8 1 1 80 8 33.2

5 25 27.9
1
1

1
1 5

!
24 19

10 25 1 39.6 1 1 10 24 27.6
20 25 | 43.6 1 1 20 24 32
40 25 | 43.3 1 1 40 24 34.9
80 25 |

1
43.6 1

1
1
1

80 24 |
1

35.6

*  Glucose and c e l lo b io s e  est imated by HPLC. *  Glucose and ce l lo b io s e  est imated by HPLC

9 X pretreated corn stover hydrolysis

Hydrolysis time 
h

PSmax
1/9

-1

4.5
1
I 0.0281

1
1 35.5

1
1 0.9962

8 | 0.0241 i 41.5 1 0.9959
24 I 0.0251

1
1
1

39.8 1
1

0.9908

PSmax
fl/1

C o r ré la t io n

9 X pretreated wheat straw hydrolysis

Hydrolysis time 
h

PSmax
i / g

-i

4
1
I 0.0265

1
1 37.7

1
1 0.9881

8.5 | 0.0222 1 45 1 0.9985
25 | 0.0205

1
1
1

48.8 1
1

0.9538

PSmax
9/1

C o r ré la t io n

PS : t o t a l  produced sugars expressed in  glucose u n i t s .
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Table 2. The 22 h hydrolysis of Signacell 50 
various nlxtures of Celluclast and Novozym.

FPU/g substrate percent hyd ro1 y s i s *

5 30.2 ( + 2)
10 39.3 (-11 )
15 43.9 (-4)
25 49.4 (-5)
37.5 56.4 (+3)
75 59.8 ( + 4)

100 61.4 ( + 6)

* nuaber In parenthesis Is the percent deviation 
froa the corresponding result froa UN1VGRAZ

double reciprocal plot

1/Zhyd - 0.0160 + 0.0883 g/FPU

(Rsquared * 98.3)

Yaax - 62.5Z hydrolysis (-0.4)

Figure 2. Twenty-two hour hydrolysis of 
2% Sigmacell 50 by mixtures of Celluclast 
and Novozym

by Figure 1. Hydrolysis ra te  of 27, Sigmacell 50 
in mixtures of Celluclast and Novozym giving 
10 FPU and 25 FPU per gram substrate

TIME (h)

• re su lts  from  FOBSKSNZ In solid lino 
and  those from  UNIVGR4Z in  dashed lin e

Figure 3. Double reciprocal plot of 
figure 2

INVERSE FPU/g

* re su lts  from  F0B8SSXZ In solid  line  
and  Uxoee from  UNIVGBAZ in  du ixed  line

* reoulto from  FORBBSNZ in  solid lino 
and U looo from  UNIYGB12 in  daohod line


