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About the Cover 

The cover art shows the structure of Cellulomonas fimi GH10 cellulase/ 
xylanase. The structure displays the 8-fold α/β barrel. E127 (the proton 
donor) and E233 (the nucleophile) are positioned to catalyze the double 
displacement reaction with retention of the anomeric configuration in the 
product. 

The structure is reproduced from "Microbial Strategies for the Depoly-
merization of Glucuronoxylan: Leads to Biotechnological Applicataions 
of Endoxylanases" by James F. Preston, Jason C. Hurlbert, John D. Rice, 
Anuradha Ragunathan, and Franz J. St. John, Chapter 12 in this book. 
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Foreword 
The ACS Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from ACS sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS Books Department 
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Preface 

During the past decade, a radical shift in the way society views 
forestry has occurred. A new paradigm is emerging with an emphasis on 
conservation of natural forestlands and recognition of the inherent value 
of trees as carbon sinks, wildlife habitats, scenic vistas, and recreational 
areas. However, with the growing human population, the world's forests 
are experiencing increasing pressures to meet demands for wood 
products, fuel, and agricultural land. A dichotomy is emerging between 
the need for more wood fiber and the increasing societal pressure to 
preserve our environment. Biotechnology, or more specifically the 
manipulation of biocatalysts, has the potential to significantly improve 
traditional pulp and paper manufacturing processes and to minimize the 
ecological footprint that this industry leaves on our environment. 

The forest products biotechnology scientific community has 
devoted decades of research to elucidate the fundamental microbiology, 
biochemistry, genetic and enzymology of microorganisms as well as 
their extracellular enzymes, while concurrently manipulating these 
biocatalysts to alter lignocellulosic processing in an environmentally 
benign manner. Consequently, new technologies or applications to 
complement traditional pulp and paper manufacture (such as xylanase-
aided biobleaching, direct bleaching with oxidative enzymes, biopulping 
with microorganisms, enzyme-induced modifications to inherent fiber 
morphology, improved paper recycling, enzymatic deinking, mill 
Whitewater remediation, reduction in energy consumption during 
processing, to name but a few) have evolved. Clearly, the number of 
applications in the pulp and paper industry has grown incrementally over 
the past few years and, while some concepts have yet to move beyond 
the laboratory scale, several biotechnology-based approaches have been 
successfully implemented at a commercial scale. 

xi 
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As research in this area has not yet reached its full potential, the 
field of forest products biotechnology remains an expanding, exciting, 
and promising field of study for both research and commercial 
development. Although advances in molecular genetics and engineering 
have already facilitated the generation and production of several 
industrial enzymes, it is likely that this scientific arena will generate 
several new and improved enzyme preparations in the very near future. 
Additionally, the enormous gains currently evident in the field of tree 
biotechnology have the potential to make some very significant short-
and long-term improvements in pulp and paper processing, and opens the 
door to several other potential high-value products and processes. 

The symposium on which this book is based was sponsored by 
the American Chemical Society (ACS) Cellulose and Renewable 
Materials (formerly the Cellulose, Paper, and Textiles Division) at the 
223rd ACS National Meeting in Orlando, Florida, from April 7-11, 
2002. 

Shawn D. Mansfield 
Canada Research Chair 
Department of Wood Science 
Faculty of Forestry 
Vancouver, British Columbia V6T 1Z4 
Canada 

John N. Saddler 
Department of Wood Science 
Faculty of Forestry 
University of British Columbia 
Vancouver, British Columbia V6T 1Z4 
Canada 
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Chapter 1 

Applications of Biotechnology in the Forest Products 
Industry 

Shawn D. Mansfield1 and Ali R. Esteghlalian2 

1Canada Research Chair in Wood and Fibre Quality, Department 
of Wood Science, University of British Columbia, 4030-2424 Main Mall, 

Vancouver, British Columbia V6T 1Z4, Canada 
2Diversa Corporation, 4955 Directors Place, San Diego, CA 92121 

Biotechnology, or more specifically the employment of 
biological agents, such as fungi, bacteria and more exclusively 
extracellular enzymes offers a wide range of potential 
applications, and consequently benefits for the forest products 
industry. B iotechnological manipulations have been shown to 
complement and/or enhance conventional wood processing 
operations, such as pulp and paper manufacture and paper 
recycling, and may provide many economic and environmental 
benefits through waste reduction, energy savings and 
reductions in toxic chemicals released into the enivronment. 
The following review is intended to highlight progress in the 
field over the last decade, and has been compiled to i nclude 
significant fundamental and industrially relevant findings. 
Although extensive, it by no means represent a comprehensive 
review of the plethora of work that has been instrumental in 
developing this scientific research area. 

2 © 2003 American Chemical Society 
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Introduction 

During the past decade, biological agents, such as microorganisms and 
proteins, have been evaluated for a wide range of applications in the forest 
products industry. Modifications to virgin and recycled wood fibre, biobleaching, 
mill effluent remediation, and the production of chemicals and fuels from wood-
derived lignocellulosics are some of the technologies currently under 
investigation and use. Biological treatments, as compared to chemical reagents, 
offer many processing and environmental advantages, such as ease of 
degradation and disposal, as well as reaction by-products that are 
environmentally benign. They also have very low, if any, corrosive or toxic 
properties, which in turn eliminates the need for expensive specialized equipment 
(alloys, polymers, etc.). More importantly, enzyme treatment operations can be 
easily implemented and do not need highly sophisticated technology. With the 
rapid advancement in the industry over the last decade, the price of enzymes has, 
and continues to diminish, hence making these attractive technologies more 
economically viable. Currently, interdisciplinary research in microbiology, 
molecular biology and enzymology is underway to further improve enzyme 
production efficiencies and consequently lower commercial pricing, to optimise 
process parameters and conditions for enzymatic treatment operations, and to 
effectively recover and reuse enzymes. 

This paper provides an overview of how the forest products sector is 
utilising and fostering biotechnological research to produce more value-added 
products from wood residues and enhance the profitability of forest industry. 
These applications are described in three general categories: wood processing, 
paper manufacturing and wood residue utilisation. 

Wood Processing 

Biopulping 

Pulping is the process by which the macroscopic structure of raw wood 
fibre is broken apart, rendering the fibre much more pliable and thereby suitable 
for papermaking. Biopulping is the direct application of fungal cultures onto chip 
piles to enhance both the production yield and processing of the pulp 
manufacture. This application has been directed by the need to alter and/or 
modify two separate target substrates: lignin for mechanical pulp production 
which improves both pulping and bleaching, and the lipophilic extractives to 
limit pitch accumulation during processing {1-20). Globally, mechanical pulping 

 
 c
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processes are rapidly growing primarily because of their high yields, relatively 
low capital investment, and the fact that these processes yield pulps with 
properties advantageous to certain products. However, there are also 
disadvantages, as they generate pulps of lower product strength and require 
greater input of electrical energy during processing. Most importantly, in 
mechanical pulping, pitch problems are often encountered during paper 
manufacture. Colloidal pitch can condense to form larger droplets that are 
subsequently d eposited o n t he p aper machine or found directly on the ensuing 
paper. These pitch deposits can cause large economic losses, from shutdown of 
equipment to contamination of the pulp, as well as the added cost of chemicals 
such as pitch control agents. In addition, the compounds that form pitch (resin 
and free fatty acids, sterols and glycerides released from parenchyma cells and 
resin canals) can represent the primary source of toxicity in totally chlorine-free 
(TCF) mill effluents, and have a severe detrimental effect on the environment. 
The nature and chemical composition of the lipophilic extractives varies from 
mill to mill, and also between pulping and bleaching processes. 

It has been well recognised that many microorganisms, particularly the 
white-rot fungi attack and degrade lignin in wood. One of the first attempts to 
exploit this natural phenomenon and enhance the pulping process was conducted 
in 1975 at STFI, Sweden (21,22). This investigation revealed that the application 
of a cellulase-negative mutant of Phanerochaete chtysosporium onto birch and 
pine wood only slightly delignified the wood, but demonstrated 25-30% less 
energy requirement during refining, and the ensuing pulps gave better strength 
properties than the corresponding controls. Since these incipient discoveries, a 
substantial amount of work has gone into this research area. In 1987, a 
consortium was established at the Forest Products Laboratory in Madison, WI, 
involving the aforementioned institution, universities and several pulp and paper 
companies (23), Comprehensive studies by this collective uncovered other fungal 
species (Ceriporiopsis subcermispora), which generated superior results (5). 
This initiative, after several years of work, conducted a 50-ton outdoor chip pile 
experiment. The results appeared to be very attractive based on an economic 
feasibility study, which has demonstrated savings of more than $40 US per ton, 
and a 30% increase in mill productivity per year (23,24). 

Traditionally, the seasoning of logs or chips is used as a measure to reduce 
pitch. During the storage period some extractives are lost through volatilisation, 
oxidative processes, and enzymatic hydrolysis by microorganisms. Recognition 
that naturally occurring microorganisms could degrade these undesirable wood 
constituents prompted the quest for isolates that could generate significant 
reductions in short periods of time. Work by Farrell et al. (25) revealed that after 
only a 2-week incubation period several strains of Ophiostoma piliferum could 
effectively reduce the extractives content by as much as 50%. This technology 
was developed into commercial scale and has been marketed under Cartapip® 
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97, in which a lyophilized fungal inoculum is applied immediately after chipping 
to reduce the extractive content of wood chips prior to pulping. 

Most recently, the development of a company dedicated to researching, 
establishing and implementing biopulping units (Biopulping International) has be 
conceived from the technologies developed from the Biopulping Consortium. It 
has been shown that this technology can successfully employ biopulping to 
generate chips suitable for sulfite, kraft and biomechanical pulping. 
Furthermore, it has been suggested that improvements include up to 50% 
reductions in kappa following pulping, 15-20% reductions in cooking time, a 
significant reduction in pulping rejects, as well as the generation of superior 
quality dissolving pulp. Occassionally, improvements in yield and bleachability 
are also observed. More information can be obtained at: http://www.ecw.org. 

Debarking 

Hydrolases, including cellulases and hemicellulases, have been successfully 
employed for the retting of non-woody herbaceous fibres such as flax, jute and 
coconut hull for years (26-31). Pectinases have also been shown to participate in 
this process, but other than in the retting process, have been limited in their 
application in the forest products sector. However, recently, pectinases have 
been shown to be an effective aid in debarking wood logs (32). 

Extensive and efficient debarking is required both in mechanical and 
chemical pulping, as even small amounts of bark residue can cause severe 
problems with pulp colour. The cambium layer, an interface between the wood 
and bark, is rich in both pectin and protein. The use of pectinases prior to 
debarking has been investigated to determine their efficacy as a debarking aid 
and/or reduce the energy required for this process (32,33). Research has 
demonstrated, with a commercially available preparation, energy savings as high 
as 80%, as well as substantial savings in raw material by direct application onto 
logs after felling (32). 

Paper Manufacturing 

Fibre Modification 

Fibre modification by definition is the alteration in ultrastructural and/or 
chemistry of wood fibres to improve their papermaking properties. Generally, 

 
 c
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finer fibres (thinner cell wall) are considered more desirable for papermaking 
than coarse fibres, because finer fibres inherently undergo greater collapse 
without the need for chemicals or extensive mechanical processing (refining). It 
has been shown that the specific surface area of bonding can be determined 
solely by the thickness of the fibre wall, which are inversely related (34,35). 
Thus, the development of mechanisms to effectively reduce coarseness (mass per 
unit length of fibre) would be a valuable tool to the papermaking industry, since 
coarseness affects numerous optical (sheet opacity) and mechanical properties 
(relative bonded area) of paper (34-37). 

It has been conclusively demonstrated that low-dose hydrolytic treatments 
can alter the coarseness of pulp fibres by weakening the fibres' natural integrity. 
Consequently, fibres are more susceptible to collapse and exhibit a greater 
degree of conformability during subjection to the mechanical pressures of 
papermaking. It has been suggested that cellulases either "peel off the 
subsequent cell wall layers (38-43) or disrupt the fibres at their weak points, 
hence increasing their swelling capacity and flexibility (44). Therefore, 
alterations in paper properties can be facilitated only at the expense of yield loss, 
as it has been shown that coarseness is proportional to pulp yield (45). Thus, to 
achieve beneficial modifications one must successfully maintain the balance 
between fibre strength, bonding strength and yield loss. 

It has been observed that cellulases cause greater decreases in strength than 
other hydrolytic enzymes, such as xylanases or mannanases (46). Furthermore, it 
has also been shown that even small amounts of contaminating cellulases can 
significantly compromise the beneficial results that xylanase applications can 
offer in prebleaching (47,48). It has also been shown that chemical and 
mechanical pulps respond differently to these treatments, with kraft pulps being 
more susceptible at comparable enzyme loadings (49). To date, it has proven an 
arduous task to adjust all the experimental parameters and find a balance point 
between increased fibre flexibility and fibre degradation. In enzymatic fibre 
modification, achieving this balance is the key to success. 

It has been shown (43,50) that enzymatic treatments (cellulase) of 
softwood-derived kraft pulp could decrease fibre coarseness, while concurrently 
maintaining pulp strength and allowing minimum yield loss. Both unfractionated 
and individual fibre length fractions responded in a similar manner to cellulase 
treatments, resulting in improvement in handsheet density and smoothness, 
increased pulp freeness and reductions in fibre coarseness. However, the 
response of the same fibres to xylanase treatments differed, indicating that fibre 
composition plays a role in determining the efficacy of the treatments. Having 
established the effect of cellulase treatment, enzyme treated coarse fibres were 
combined with the untreated fibres and refined, or alternatively, first refined and 
then recombined with the untreated fibres. This approach resulted in 
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improvements in both the tensile and burst indices with minimal enzyme addition 
and only minimal yield loss (51,52). 

Treatments of Douglas-fir kraft pulp with an enzyme preparation containing 
cellulase and xylanase activities, as well as individual endoglucanase and 
xylanase components were shown to enhance both pulp characteristics and paper 
properties (53). The use of cellulase mono-components greatly reduced both 
yield and strength losses when compared to treatments with the complete 
cellulase preparations. Xylanase treatments enhanced fibre flexibility, resulting in 
denser paper sheets with a lower light scattering coefficient. Although treatments 
with the endoglucanases decreased individual fibre integrity, fibre collapsibility 
was enhanced. In contrast, when the xylanase and endoglucanase preparations 
were used in combination, the action of the xylanase increased fibre accessibility 
to the endoglucanase. The combined action of the two enzymes resulted in 
enhanced bonding, as indicated by as much as 10% increase in burst index over 
the level obtained by xylanase alone (53). 

Similarly, enzymatic treatment of Subalpine-fir fibres (50) increased 
handsheet density. However, the inherent fibre coarseness of the original pulps 
significantly influenced the magnitude of response to enzymatic treatments. 
While the tensile index of the coarser pulp was improved by treatment with the 
cellulase preparation, a similar trend was not evident with the pulps of lower 
initial coarseness. In contrast, the tensile strengths of all pulps, irrespective of the 
inherent fibre coarseness, were improved by the endoglucanase treatments. In 
contrast, xylanase treatments did not significantly alter the handsheet properties 
of any of the pulps, regardless of the nature of the starting furnish. 

Polysaccharide degrading enzymes of the hemicellulolytic nature 
(xylanases and mannanases) have conventionally been employed in the pulp and 
paper industry as a means to improve the bleachability of kraft fibres, and thus 
reduce the amount of bleaching chemicals required to achieve target brightness 
(54). Recently, a substantial amount of work has been conducted to investigate 
the use of xylanases to alter the response of kraft pulp to refining (55). This 
approach has previously been explored by other workers (56), and more recently 
has shown that the selective removal of xylan from unbleached radiata pine kraft 
pulp yields a furnish that is more easily refined. Both sheet density and tensile 
strength of the pulp developed quicker with PFI refining after less than 0.5% of 
the pulp carbohydrate, by weight, (approximately 5% of the available xylan) was 
enzymatically solubilised. 

Monocomponent cellulases (endoglucanases and cellobiohydrolases) from 
both fungi and bacteria, and their core proteins have recently been compared for 
their affect on kraft pulp (57,58). It was shown that the presence of cellulose 
binding domains (CBDs) in the intact enzymes did not affect their action against 
soluble substrates. However, in the case of insoluble isolated cellulose and 
chemical pulp, the presence of CBD enhanced the enzymatic hydrolysis of 
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cellulosic polysaccharides. The effect of CBDs was more pronounced with 
cellobiohydrolases, hydrolysing mainly crystalline cellulose, than in the 
endoglucanases, which primarily attack the amorphous cellulose. It was therefore 
concluded that the presence of CBDs in intact cellulases, influences the 
accessibility of enzymes to cellulose during saccharification. It was also shown 
that treatment with intact endoglucanases improved beatability of bleached pulp, 
when compared to the corresponding core proteins (catalytic domains), 
suggesting that the presence of CBDs in endoglucanases could result in 
beneficial effects to pulp properties (57). The paper properties derived from C. 
fimi cellobiohydrolase (Cel48A) treated pulp also demonstrated significantly 
improved strength after PFI refining, a result attributed to altered (reduced) 
cellulose crystallininty (58). 

In addition to the extensive amount of work that has investigated 
carbohydrate degrading enzymes for fibre modification, laccase treatment of 
mechanical pulp fibres seems to activate pulp lignin and enhance bonding 
strength in a manner similar to that, which increases auto-adhesion of fibres in 
the manufacture of medium density fibreboard (59). Sheets made from laccase 
treated mechanical pulp have been shown to exhibit superior tensile strength 
through the calendering process (60). Pilot scale treatment of mechanical fibres 
with a laccase enzyme also demonstrated slightly improved paper strength, with 
concurrent reductions in refining energy (61). Similarly, an increase in strength 
properties has also been reported after the treatment of chemithermomechanical 
pulp with manganese peroxidase (62). The potential of using oxidative enzyme 
systems, as well as lipases, clearly warrants further investigation. 

Altering Refining Energy 

Refining, or the development of papermaking fibres, is an energy intensive 
operation. Only a small fraction of the energy spent is consumed during the 
separation and development of the fibres, while the majority is transformed into 
heat. Thus, the development of innovative processes that beneficially reduce 
energy consumption, while maintaining pulp quality is an important objective of 
the pulp and paper industry. 

The biomechanical pulping process, in which wood chips are treated with 
white-rot fungi prior to mechanical pulping, has successfully demonstrated 
reductions in refining energy demands (12) and improvements in pulp properties 
(13), as has been previously discussed (63,64)- However, generally, the 
biopulping process is still considered too slow and difficult for commercial 
application. Furthermore, this application can also be restricted by geographic 
location (i.e. northern climates). A technically more attractive alternative is the 
direct application of concentrated enzyme preparations on chip/pulp furnishes. 
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It has been shown that individual c omponents of the cellulolytic enzyme 
system {i.e. CBH I) can selectively reduce the crystallinity of the cellulose, and 
subsequently produce more amorphous material with a higher affinity for water. 
The retention of water by fibres during the refining process reduces the softening 
temperature of hemicellulose and ligninbetween the fibres and simultaneously 
weakens inter-fibre bonding, consequently improving the separation of fibres 
from one another (65,66). Treatment with CBH I was shown to be able to reduce 
the refining energy demands by 40%, and prompted a pilot-scale investigation, 
where 900 kg of TMP rejects were subjected to CBH I prior to refining. An 
energy saving of 10-15% were obtained during a two-stage secondary refining of 
the rejects, while maintaining both strength and optical properties (65). 

For a number of years it has been suggested that hydrolytic enzymes could 
be used to decrease the energy consumed during the refining of chemical pulps 
(67,68). For example, in 1968 a patent was granted for a process where cellulases 
were applied to kraft pulp fibres to reduce refining time (69). Although similar 
effects were thought to be achievable using xylanase treatments (70), this was 
only recently verified with unbleached kraft pulp using cellulase-free xylanases 
(56,71). The advantage of using xylanase over cellulases is that there is little or 
no loss in intrinsic fibre strength, and only minor changes to handsheet 
properties. Moreover, it was suggested that the beneficial effects seemed to be 
more prominent during low consistency refining, which is more representative of 
mill-scale refining (55). However, the effectiveness of xylanase-aided refining 
varies with pulp type, with fully bleached pulps being less responsive in contrast 
to a high kappa pulp (72). 

Release papers, used as backings to hold sticky labels, are highdensity 
papers made by extensively refining chemical pulp. Mill trials have shown that 
treatment with a commercial cellulase reduces the refining energy required for 
sheet making by 7.5% (73). This cellulase application has been implemented in 
some mills, and its success may be partly due to a greater tolerance for losses in 
fibre strength that are often associated with cellulase treatments. Other product 
grades in this category include high-density papers used in the food industry, 
condenser papers and glassine, the refining of which all have been shown to be 
enhanced by cellulase treatments (74). Cellulase treatment of hardwood pulp has 
also been reported to reduce vessel picking, a problem associated with vessel 
protrusions that are torn out of paper or yield poor ink-fibre contacts (46). 

In addition to using enzymes that alter the cellulose and hemicellulose 
fractions of woody material, research has also targeted other non-structural minor 
components such as proteins, as it has been suggested that some of the cell wall 
proteins (i.e. hydroxyproline-rich glycoproteins, arabinogalactan proteins, and 
glycine- and proline-rich proteins) contribute to the integrity of the microfibrillar 
architecture of the primary cell wall. A recent study (75) evaluated the use of a 
commercial proteinase to modify the refinability, and consequently, the 

 
 c

h0
01

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



10 

papermaking properties of a radiata pine mechanical pulp. The results indicated 
that an inter-stage proteinase treatment could not attain any obvious energy 
savings during secondary refining, however, 10% energy savings were achieved 
when de-structured wood chips were impregnated with proteinase prior to 
primary refining, without any deleterious effects to paper properties. Similarly, a 
laccase preparation was employed in an attempt to alter the refinability of 
mechanical pulp by oxidizing the lignin moieties (61), and demonstrated 
approximately 8% savings in refining energy. Further consideration should be 
given to the use of proteinases and/or laccases for the modification of mechanical 
pulping, particularly their use in combination with carbohydrate-solubilising 
enzymes for improving fibre processing and paper properties. 

Oxidative enzymes have also been evaluated on high yield pulps in other 
studies. For example, a manganese peroxidase preparation isolated from 
Phanerochaete chrysosporium was used to treat an alkaline peroxide pulp 
derived from poplar following secondary refining. The authors (76) demonstrated 
that the manganese peroxide treatment induced both internal and external 
fibrillations to the fibres, and consequently resulted in improvements in pulp 
quality. It was suggested that the enzymatic treatment following secondary 
refining resulted in 25% energy savings during fibre development, and 
maintained or improved the physical properties of the ensuing paper (76). 

Enhancing Drainage and Machine Speed 

Efficient drainage of pulp furnishes on the wire of paper machines is 
desired to maximise machine speed. Since the initial report in 1988 (77), many 
researchers have explored the use of enzymatic treatments for increasing pulp 
freeness. Most of this past work has shown that cellulases, particularly 
endoglucanases, yield the largest increases in freeness (41,78,79). Pilot plant 
trials (42) and mill trials (73,80,81) have since confirmed the improvements to 
machine runnability. Cellulases have also been successfully used in combination 
with drainage-aid polymers to improve drainage properties (82,83). 

Since the presence of fines and highly fibrillated fibres are associated with 
low pulp freeness, several theories have been proposed to explain the freeness 
increases occurring after enzymatic treatments. The enzymatic attack may 
involve a peeling mechanism (41), which removes fibrils and fibre bundles that 
naturally have a high affinity for water, and leaves the fibres less hydrophilic and 
easier to drain. Alternatively, it has been suggested that enzymes act 
preferentially on fines (46) which have a propensity to block up interstices in the 
fibre network. The increase in drainage has also been attributed to the cleaving of 
amorphous cellulose on the surface of fines (84). All of these proposed 
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mechanisms seem plausible, and their relevance may depend on the type of 
furnish. 

During the processing of recycled furnishes, other contaminants may also 
hinder stock drainage. The use of amylase to degrade starch in old corrugated 
containers has been shown to improve the drainage of this recycled furnish, and 
this concept has been successfully tested in a mill (85). The amylase treatment 
has the advantage of avoiding the loss in intrinsic fibre strength that often occurs 
with the application of cellulases. 

Bleaching 

The kraft pulping process successfully removes a large percentage of the 
lignin, and dissolves and degrades the hemicelluloses leaving the cellulose 
relatively intact. However, simultaneously, this process generates chromophoric 
material and recalcitrant lignaceous moieties that need to be removed with 
additional bleaching agents. The removal of these materials is difficult as they 
are physically entrapped in, and covalently bound to, the carbohydrate moieties 
in the pulp matrix (87,88). Biobleaching, the use of microorganisms or their 
extracellular enzymes for the bleaching process, has enabled the pulp and paper 
industry to reduce the use of chlorine-based bleaching chemicals, and 
consequently minimise the adverse environmental impacts of mill effluents. 
Different groups of enzymes, including xylanases, mannanases and oxidative 
enzymes, have been shown to remove or alter chromophoric compounds, and 
increase the brightness of the resulting pulp. 

Xylanases 

The xylan-degrading enzymes, xylanases, can be used as an indirect 
bleaching agent, as they do not directly attack the residual lignin moieties 
associated with the pulp. It has been suggested that the lignin in both wood and 
pulp is covalently bound to the wood hemicellulose (88), and therefore cleavage 
of the accompanying carbohydrate moieties enhances lignin removal. Viikari and 
co-workers (89) first demonstrated that by cleaving these bonds with 
hemicellulolytic enzymes that lignin could effectively be removed from both pine 
and birch kraft pulps. This study reported a 25% reduction in the consumption of 
active chlorine by the application of xylanase, or for the same charge of active 
chlorine charge, more extensive delignification to lower kappa numbers occurred 
when compared to the reference pulps. This groundbreaking investigation paved 
the path for several other successes, where xylanases have been shown to modify 
pulp properties and reduce the chemical requirements for bleaching both 
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softwood and hardwood kraft pulps (90-99). However, the major effects of 
xylanase treatments are only apparent after subsequent bleaching (100), 
indicating that the enzyme works by enhancing the reaction mechanisms of the 
other bleaching chemicals. 

Xylanases have been shown to be more effective on hardwoods, which can 
be attributed to the fact that xylan constitutes over 90% of the hemicellulose in 
hardwood kraft pulps, but only 50% of that in softwood pulp (101). There are 
several theories as to how xylanases aid the bleaching of kraft pulp: one 
hypothesis suggests that the xylanases partially hydrolyse the reprecipitated xylan 
on the pulp without degrading the cellulose portion. As solubilsation of the 
hemicellulose proceeds, a substantial increase in fibre porosity increases the 
accessibility to the remaining lignin molecules, and therefore during subsequent 
bleaching stages more lignin can be extracted from the fibres (102,103). 
Ultimately, reducing the quantities of bleaching chemicals required to obtain the 
desired paper brightness (100,104-115). Another common hypothesis suggests 
that the xylan backbone, which has lignin moieties bound to it via lignin-
carbohydrate complexes (LCC), is hydrolysed by the action of the enzyme and 
made water-soluble. Consequently, the increased solubility allows for enhanced 
diffusion away from the pulp fibres (102,103). 

While several groups have demonstrated success with the inclusion of 
xylanases in the bleaching sequence, others have not met the same success. This 
may be a function of the specificity of the enzymes employed, as it has been 
shown that different hemicellulases, even those produced by the same organism, 
can display different behaviours on pulp fibres (109,116-119). Furthermore, 
these modifications have demonstrated differing results with regards to the 
strength properties of the ensuing pulp and paper, as increases (120), decreases 
(121) and no change in strength (122) have been observed. Presently, there are 
several mills worldwide employing xylanases in their bleaching sequences to 
enhance the bleaching of kraft pulps (48,123). 

Mannanases 

The use of other hemicellulases, such as mannanases, as a prebleaching aid 
has not received the attention that xylanases have. However, this application has 
had limited success (119, 124-127). It is possible that the limited success is due 
to the location of the target substrates. The solubilisation of hemicellulose during 
the chemical pulping process results in altered distribution and content of xylan 
and glucomannans in pulp fibres compared to those found in the native wood. 
Furthermore, it has been shown that in softwood fibres the xylan concentration is 
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generally higher in the outer layers, while the glucomannan is more concentrated 
in the inner layers of the fibres (128). 

Mannanases, as a general rule, exhibit greater specificity with respect to 
their substrate, and it has been shown that their effectiveness is dependent on 
both the degree of substitution as well as the distribution of the substituents 
(129). Furthermore, the hydrolysis of glucomannans has clearly been shown to be 
affected by the glucose:mannose ratio (130). Only a few purified mannanases 
without xylanase activity, such as those from Trichoderma reesei, have been 
reported to significantly increase the bleachability of softwood pulps (131). A 
comprehensive investigation of the prebleaching efficiency of a number of 
mannanases indicated that some mannanases work better than others (125). It has 
also been shown that the effects of mannanase prebleaching is strongly dependent 
on the cooking method and the bleaching sequences employed (125). Although 
both mannanases and xylanases have been shown to improve the bleachability of 
pulps independently, a synergism between the two has also been detected 
(132,133). 

Oxidative Enzymes 

In order to drive their catalytic cycles, oxidative enzymes such as laccases 
require low molecular weight electron carriers (mediators) or a slight pressure of 
oxygen, while manganese peroxidases requires a low and controlled dosage of 
H 20 2 together with Mn 2 + (134,135). Several investigations have conclusively 
demonstrated that the laccase-mediator system (LMS) can effectively facilitate 
the direct removal of lignin from kraft pulp (135-138). Similarly, manganese 
peroxidase (MnP) has also shown significant improvements in biobleaching 
(134), and more recently been shown to work synergistically with hemicellulotic 
enzymes, such as xylanase (139). In contrast to prebleaching with 
hemicellulolytic enzymes, oxidative enzymes require the addition of expensive 
co-factors, which is currently a technological barrier. However, a recent 
investigation has shown that transition metal complexes can be used as co-factors 
to facilitate the catalytic delignification and bleaching of kraft pulps. The 
advantage of these metal complexes over the organic mediators is that they can 
be recycled and reused multiple times, due to their ability to undergo reversible, 
successive electron-exchange reactions without being consumed (140). 

Another class of oxidative enzymes, the oxidoreductases, such as cellobiose 
dehydrogenase (CDH) and cellobiose quinone oxidoreductase (CBQ) have also 
been investigated for their ability to contribute to pulp bleaching (141). These 
enzymes have the ability to reduce quinone, phenoxyradicals, as well as cation 
radicals (142), suggesting that these enzymes could play a role in lignin 
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degradation by preventing re-polymerisation reactions, and consequently reduce 
the amount of bleaching chemicals required to attain target brightness. 
Conversely, these enzyme preparations could potentially be used in combination 
with lignin degrading enzyme, which cause direct depolymerisation, and thus 
prevent the re-polymerisation of the reaction byproducts. 

Whitewater Treatment 

Growing economic and environmental concerns have resulted in a move to 
reduce fresh water utilisation in mechanical pulp and paper mills. This involves 
retaining and reusing process waters, which consequently provides benefits such 
as lower effluent treatment costs, energy savings, and unproved environmental 
performance. However, mills experience major problems when attempting water 
system closure, such as the accumulation of dissolved and colloidal substances 
(DCS). The buildup of DCS can lower paper quality, increase rates of corrosion, 
and reduce paper machine runnability. Consequently, efficient and cost effective 
treatment strategies are required for the removal of these contaminants in order 
for mills to achieve effective water system closure. Unfortunately, existing 
treatment technologies are far from ideal, and as a result, fresh water usage at 
mills continues to remain high. 

Emerging biotechnological treatment strategies have demonstrated that the 
direct employment of enzymes, such as hemicellulases, pectinases, lipases and 
some oxidative enzymes, can successfully target the reduction of dissolved 
compounds accumulating in the mill Whitewater (143-148). H owever, a more 
interesting concept has been to employ fungi, rather than expensive enzymes, to 
effectively remove and/or degrade the Whitewater contaminants (149-151). 
Zhang et ah (152) have conclusively demonstrated that Trametes versicolor 
could successfully act as a biofilter to control DCS buildup, a treatment that 
would require little or no capital or operting cost, and no additional nutrients 
(fungal growth and enzyme secretion has been optimised to grow directly on mill 
Whitewater). These authors have further demonstrated, with purified enzyme 
preparations, that the degradation of the lipophilic extractives found in the 
Whitewater was a result of a combined lipases and laccases effect. Lipases were 
shown to only degrade and remove 50% of the triglycerides, while the laccase 
enzymes were shown to degrade the lipophilic extractives, as well as resin acids 
and lignin-derived materials. It was clearly shown that laccases could initiate 
fatty acid oxidation reactions (153). 
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Recycled Fibre 

Deinking 

Several key factors necessitate the use of safe, efficient means of deinking 
office waste paper. Growing environmental awareness and laws have streamlined 
paper recycling, and these same factors drive the development of 
environmentally benign fibre processing. Basically, the use of industrial enzymes 
for deinking secondary fibres reduces the large amounts of chemicals employed 
in conventional deinking operations, and makes pulp and paper practices more 
environmentally friendly. The use of waste paper in pulp and paper manufacture 
has increased significantly. For example, as early as 1992, it was suggested that 
72% of the furnish for German newsprint production came from waste paper 
(154). 

While success has been achieved using a single homogeneous wastepaper 
source, when two or more sources are combined this application becomes more 
problematic. Some of the variables include toner quality and type, the type and 
amount of sizing, and the presence of other contaminants (155,156). However, 
recent developments using enzyme/surfactant combinations have been 
successfully applied on a variety of wastepapers, such as mixed office, sorted 
white ledger, sorted coloured ledger, computer printout, coated book sections, 
sulphated bleached sections, groundwood sections and ultraviolet printed papers 
in various proportions (157-159). 

There have been published reports of mill-scale trials using enzymatic 
deinking applications, the results from which confirmed the laboratory data 
(160). The improved enzyme/surfactant technologies have facilitated 
investigations using enzyme-enhanced deinking of mixed office wastes (MOW) 
in three industrial-scaled mill trials (161). The results demonstrated both 
increased toner removal and pulp brightness with the application of low levels 
(0.04% dry weight) of a commercially available enzyme preparation in 
combination with a readily available surfactant (0.125% dry weight). The 
enzyme-enhanced deinking trials also displayed improved drainage and 
preserved fibre integrity when compared with the corresponding controls. 
Furthermore, there were no significant differences in the quality and treatability 
of the process water from the trials (161). Further mill scale trials would appear 
to be imminent. 

More recently, it has been shown that enzymatic treatments can also 
improve the deinking capacity of waste paper during magnetic deinking trials, a 
new technology being developed (162). In general, enzymatic deinking results in 
little or no loss in fibre strength (49,163,164). However, the significant 
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hydrolysis of the fines (46,49,165-167) has resulted in a reduction in bondability 
of fibre networks (168-172). Although strength properties have not been 
compromised substantially in many instances, care must be token not to overload 
enzyme to the fibre (49). These authors have demonstrated strength reductions 
with elevated cellulase loadings on different types of primary pulps, and shown 
that the strength properties of recycled pulps with a high content of chemical 
pulp fibres are more drastically reduced compared to secondary fibres consisting 
mainly of mechanical pulps (49). 

Mechanistically, improvements in both dewatering and deinking of the 
various pulps is presumed to be accomplished from the peeling of individual 
fibrils and bundles, which have a high affinity for the surrounding water and ink 
particles (40). It appears that cellulase treatments can release ink particles, both 
bound to the fines and separately from the fibre, thereby enhancing the removal 
of ink by flotation. Therefore, the inclusion of enzymes in these processes results 
in decreased ink counts, allowing for higher brightness values, or alternatively 
decreases in the loading of the deinking chemicals (173). Although it is clear that 
cellulases enhance these processes, the mechanical agitation accompanying the 
enzymatic treatments plays a critical role in the efficiency of ink removal (173-
175). These claims are consistent with similar findings concerning enzymatic 
stone washing of cotton fabrics, which indicated that enzymatic treatments in 
combination with mechanical agitation improve the efficacy of the process (176). 
In textile processes, small fibre ends protruding from the yarn are weakened by 
the action of the enzymes (176), while the concerted mechanical action 
completes the process by releasing the short fibres from the surface of the fabric 
(177). 

Secondary Fibre Processing 

The pulp and paper industry recognises that it is increasingly necessary to 
utilise recovered fibre, although, doing so decreases pulp drainability and 
compromises the strength characteristics of many of the end products. As 
recycled fibres become more widely utilised, especially for high quality paper 
production, the necessity of maintaining desired pulp properties through 
numerous life cycles is of paramount importance. Treatment of recycled fibres 
with commercial cellulases has been shown to reduce the refining energy 
required to achieve specific freeness. At equivalent levels of refining, cellulase 
treated recycled pulp yielded increases in freeness, although average fibre lengths 
were shown to decrease (178). These treatments have indicated that the end 
products of such applications are superior to non-enzymatic treated product 
(/79,180). Mill trials have revealed that the freeness of the refined stock could be 
increased to allow greater incorporation of the recycled fibres into a corrugating 
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medium (80). Other mill trials using recycled kraft fibres and old corrugated 
container pulp have also successfully demonstrated savings in refining energy 
(181). 

Similarly, it has been shown (182) that the treatment of the waste pulp 
component stream with a eellulase, prior to mixing with the other fibre 
constituents of a linerboard furnish, may serve as a means to increase the freeness 
of the entire pulp stock, with minimal yield loss. These treatments also 
demonstrated positive changes in the short span compression strength of the 
resultant linerboard at both 50% and 95% relative humidity, while other strength 
parameters were not adversely affected. Similar modifications were not attained 
by xylanase treatments. 

Monocomponent cellulases have also been recently evaluated (183) for 
their potential to upgrade recycled furnishes. It is well known that the drying 
operation decreases the accessibility of cellulose and hemicellulose due to losses 
in fibre wall porosity. Interestingly, the increased solubilisation of amorphous 
cellulose mediated by endoglucanase treatments (EG I and EG II) improved 
water retention values, and consequently improved drainability. Furthermore, 
combinations of endoglucanases and hemicellulases acted synergistically to 
improve drainage beyond that accomplished by single enzymes alone. In 
contrast, cellobiohydrolase treatments (CBH I) failed to improve fibre drainage, 
and only in combination with hemicellulases were slight positive effects 
observed. Tensile and tear indices were decreased by endoglucanases alone and 
endoglucanases supplemented with hemicellulases, while very little strength loss 
was recorded after CBH I and CBH I/hemicellulase treatment. It was concluded 
that drying and refining have important, but unique effects on recycled fibre 
properties, and enzymatic treatment can substantially improve drainage, but the 
strength losses that accompanied endoglucanases treatment must be addressed. 

Wood Residue Utilisation 

Biotechnological production of chemicals and fuels from lignocellulosic-
derived materials constitutes a substantial reseach effort of the forest and 
agricultural sectors. In a typical bioconversion process, the polysaccharide 
fraction of wood is 'isolated' through pretreatment, delignification and washing, 
and then depolymerised to its monomeric constituents using cellulose-degrading 
enzymes. The ensuing monomeric sugars can then be converted to ethanol or 
other products, such as furfural, lactic acid or other pharmaceuticals, using 
different strains of bacteria and yeast (i.e. Saccharomyces cerevisiae, 
Escherichia coli). Alternatively, these sugars can be used as the basic growth 
nutrients for microorganisms (Trichoderma, Aspergillus, Humicola) for the 
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production of commercial enzymes employed in a wide range of applications in 
the textile, chemical, and pulp and paper industry. 

The conversion of lignocellulosic biomass to ethanol promises to provide an 
environmentally benign alternative fuel that can reduce the consumption of 
petroleum-based gasoline, and improve the quality of urban air. Combustion of 
gasoline in the transportation sector generates significant amounts of greenhouse 
gases, ozone, and volatile organic compounds, all of which have been shown to 
have a discernible impact on global climate and human health. In addition to 
providing a cleaner fuel, the biomass-to-ethanol conversion process offers a 
viable waste management strategy without the problems associated with wood 
waste incineration, landfilling and stockpiling that result in air pollution and 
groundwater contamination (184). 

Both hardwoods and softwoods can potentially be used for bio-ethanol 
production. Short-rotation hardwood trees, such as poplar and willow, have been 
considered as the likely feedstock candidates for bioconversion operations due to 
their fast growth rate and relatively high yields (5-20 dry ton biomass/acre/year). 
The waste residues generated by the vast coniferous forests of Canada, US, and 
Scandinavia are also regarded as renewable sources of feedstock for the 
bioconversion industry (185,186). 

The major steps in a biomass-to-ethanol process include feedstock 
preparation (cleaning and size reduction), pretreatment, enzymatic hydrolysis and 
ethanologenic fermentation. The pretreatment step is an acid or alkali hydrolysis 
process that removes, or otherwise alters, the hemicellulose and lignin fractions 
producing a highly digestible cellulose-rich substrate, and a soluble 
hemicellulose fraction known as the prehydrolysate. The solubilisation of the 
hemicellulose renders the remaining cellulose more porous, and therefore, more 
accessible to cellulolytic enzymes, which depolymerise cellulose to monomeric 
glucose (187). 

The differences in the chemistry of softwoods and hardwoods require 
discrete sets of processing conditions for each type of wood. Guaiacyl lignin, the 
predominant subunit (99%) in softwood lignin, is generally more resistant to 
chemical modification than the syringyl-based lignin found in hardwoods and 
grasses (183). Also, solubilisation of galactoglucomannan, the principal 
hemicellulose in softwoods, produces a mixture of hexoses that can be relatively 
easily metabolised by yeasts, such as Saccharomyces cerevisiae. However, the 
mixed pentose-hexose prehydrolysates resulting from the hydrolysis of hardwood 
hemicelluloses, contains a large percentage of arabinoxylan, which requires the 
use of either two different species or a genetically modified microorganism (i.e. 
Zymomonas mobilis or E. coli) to metabolise both pentose and hexose sugars 
simultaneously (188). 

Pretreatment conditions must be optimised to minimise the formation of 
sugar degradation products, such as furfural or hydroxymethyl furfural, which are 
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known to inhibit the growth and metabolism of microorganisms during 
fermentation (189). Currently, dilute-sulphuric acid hydrolysis and acid-catalysed 
steam explosion are among the most promising pretreatment processes (190) 
being evaluated and considered. Both operations require high temperatures (170-
250 °C), low acid concentrations (1-5% w/w), and short residence times (a few 
seconds to 5 min). Using various acid-catalysed pretreatment regimes, it has been 
shown possible to recovery 80-90% of the carbohydrate (185,190). 

Hydrolysis of cellulose to glucose can be achieved using either inorganic 
acids or cellulolytic enzymes. Despite its relatively slow rate, enzymatic 
hydrolysis has major advantages, as it does not require complex equipment and 
involves no corrosive reagents. Addtionally, unlike acid hydrolysis reactions, the 
enzymatic breakdown of cellulosic polymers to monomeric glucose does not 
cause any sugar degradation. 

Conclusion 

Currently, biotechnology offers a wide range of alternative processes for 
the forest products industry to complement and/or enhance their conventional 
operations, such as xylanase-aided bleaching and enzymatic deinking 
technologies. As research in this area has not yet reached its full potential, the 
field of forest products biotechnology remains an expanding, exciting, and 
promising field of study for both academic research and industrial development. 
Clearly, the forest products industry can potentially take advantage of these 
opportunities to improve the efficiency of pulp and paper processes, reduce the 
adverse environmental impacts of wood utilisation operations, and generate a 
range of new value-added products, which penultimately could aid in the 
economic viability of their enterprises. 

Predictions for Future Applications 

Clearly, biotechnology in the pulp and paper industry is still very active, 
and continuing to make scientific advances. However, these are largely 
fundamental. Additionally, it is apparent that presently research in biopulping 
and bioconversion is making a resurgence, and will likely continue to make 
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inroads into their respective disciplines for the next few years, especially with the 
recent establishment of Biopulping International and the startup of Iogen's 
bioconversion demonstration plant in Ottawa, Canada. 

There are several potential applications for new and novel enzymes in pulp 
and paper, including: lignin modification (reduction or activation), fibre surface 
modification (strength, forming, sizing and printing), fibre reactivity (glue and 
resins), and tree biotechnology to alter inherent fibre attributes. The enzyme 
preparations required for the aforementioned modifications include a range of 
traditional enzymes, such as cellulases, cellulase monocomponents and 
xylanases, but the future will likely see these enzymes genetically engineered to 
alter their specific activities, binding capacities and reactivities towards target 
substrates. Additionally, enzyme preparations will likely be engineered by 
mixing catalytic and binding domains from a variety of origins, including 
constructs designed to contain multiple binding domains. Another possibility 
includes the development/engineering of "mega enzymes", such as a combined 
cellulase-xylanase-mannanase preparation, which would be extremely large and 
unable to penetrate past the fibre surfaces, and therefore facilitate a true "surface 
modification". Similarly, plant- and microorganism-derived transferases for 
specifically modifying the surface properties of fibres, and making value-added 
products from wood/pulp and paper by-products (i.e. generating extremely high-
value cello-oligosaccharides from waste stream sugars via tranglycosylation) will 
likely emerge in the near future. 

It is fair to say that the future will likely see a shift from the traditional 
enzymes to new classes of enzymes for lignocellulose modification, such as 
expansins, which are involved in a number of aspects of plant development, 
including: longitudinal growth, cell wall flexibility and degradation. Although 
expansins clearly influence the properties of plant cells, no hydrolytic activity has 
been observed. More specifically, this class of enzyme does not demonstrate any 
liberation in reducing sugars or change in viscosity, but does induce 
modifications in ultrastructural flexibility. It has been suggested that expansins 
can bind preferentially at cellulose-hemicellulose interfaces, and have the 
capacity to disrupt inter- and intra-molecular hydrogen bonding. In a similar 
light, the use of cellulose binding domains (CBD) from various organisms, has 
the potential to induce a number of very exciting and promising modifications to 
lignocellulosics (refer to accompanying chapters published in this book). 

In these authors opinion, currently, the area with the greatest amount of 
potential for making short-term significant improvements in the pulp and paper 
industry is the application of tree biotechnology (genetically modified trees). 
However, public acceptance of such modifications will be slow coming, and 
therefore may actually be long-term benefits. 
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Chapter 2 

Lignocellulose Modifying Enzymes for Sustaniable 
Technologies 

Liisa Viikari 

VTT Biotechnology, P.O. Box 1500, FIN-02044 VTT, Finland 

The versatile microbial systems in nature degrade vast 
amounts of biomass into carbon dioxide, and are partially 
responsible for the carbon cycle in the hemisphere. Different 
types of micro-organisms produce a variety of enzymes which 
depolymerize organic polymers and complex compounds into 
small metabolizable molecules that serve as energy and 
nutrient source for these organisms. These enzymes may also 
be useful in industrial processes, where they can be employed 
as isolated biocatalysts to develop environmentally benign 
processes and products. Today, enzymes are increasingly used 
in many sectors, such as feed, textile, pulp and paper, and 
chemical industries. Enzymes have already been shown to be 
efficient and environmentally sustainable tools in reducing the 
consumption of energy and chemicals e.g. in the pulp and 
paper sector, and their importance in biomass conversion 
processes is growing. Understanding the degradative and 
metabolic reactions can also be exploited in several other 
ways; to enhance and monitor the biodegradation of organic 
molecules in the field of environmental biotechnology or, on 
the other hand, to prevent these reactions in the fields of wood 
protection or process hygiene. The cost efficiency of enzyme 
based processes can be improved with the new tools of modern 
biotechnology. 

30 © 2003 American Chemical Society 
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Industrial sustainability can be defined by lower relative consumption of energy 
and raw materials, as well as the reduction or elimination of waste. Modern 
biosciences offer tools which may cause revolutionary changes in traditional 
industries and help fulfill the needs of sustainable technologies. A range of 
biotechnical methods and processes are becoming available and offer the 
prospect of reducing raw material and energy consumption, as well as pollution. 
Biotechnology is considered to be a powerful enabling technology for developing 
cleaner industrial products and processes. Although the perception of 
biotechnology being inherently cleaner is simplistic, biocatalysts offer cleaner 
products and processes because they are non-toxic, more specific and more 
selective than their non-biological competitors. Biotechnology also offers tools 
for increased utilization of renewable raw materials for chemical and energy 
production. The world's fossil fuel reserves are rapidly being depleted and new 
ways of producing chemicals and energy need to be explored. Biotechnology is 
key to developing new, alternative and clean energy and chemical sources for the 
next decades. There are three major drivers of sustainable technology; economic 
competitiveness, government policies which enforce changes in manufacturing 
practises, and public pressure which takes on strategic importance as companies 
seek to improve their environmental performance. Government policies 
enhancing the cleanliness of industrial products and processes may be decisive 
factors in the development and industrial use of biotechnical processes, but to be 
commercialized, they need to be economically competitive. Market forces can 
also provide very powerful incentives for achieving environmental objectives. 
Environmental concerns, such as increasing energy consumption and chlorine 
crisis have been driving forces in identifying biotechnical solutions and for 
developing the technologies needed. This paper summarizes research activities in 
biomass enzymology, revisited from the point of view of environmental drivers. 

THE FIRST ENERGY CRISIS IN 1973 

The first energy crisis began in 1973, after Arab oil-producing states 
embargo oil to the United States. The world consumption of oil rose between 
1965 and 1973, and fell until 1982 when it started to increase again. The 1970's 
energy crisis resulted in growing research activities focussed on developing 
alternative fuels. Also in Finland, a research programme on the enzymatic 
hydrolysis of lignocellulose to sugars, and their further conversion to ethanol 
was initiated. After intensive exploratory research, final mill scale trials on 
enzymatic hydrolysis were carried out in the late 1970s in a sulphite mill, which 
normally produced ethanol from spent sulphite liquor. Meanwhile, the price of 
oil had decreased to a third, and further development of the concept was 
therefore deemed economically unviable. The energy crisis was, however, one of 
the initial driving forces for focusing enzymatic research on the basic and 
applied aspects of polysaccharide degrading enzymes, especially cellulases and 
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hemicellulases. Major part of the cellulase studies have concentrated on secreted 
fungal enzymes, which are also currently used in many industrial applications 
(/). Especially the cellulase system from the filamentous fungus Trichoderma 
reesei has been intensively studied at a molecular level. Genes coding for two 
cellobiohydrolases, five endoglucanases and two P-glucosidases have been 
isolated and characterised from T. reesei. It has been shown that the activities of 
all these three classes of enzymes are needed for efficient hydrolysis of 
crystalline cellulose into glucose. Fungal cellulases (i.e. cellobiohydrolases and 
endoglucanases) have usually a two-domain structure composed of a catalytic 
domain and a cellulose-binding domain (CBD) linked via a heavily glycosylated 
linker peptide (2). Both domains are needed for the efficient hydrolysis of 
insoluble substrates. During the last 10-15 years, the three-dimensional 
structures of these domains have been determined either by X-ray 
crystallography or NMR spectroscopy (3-12), which has enabled the detailed 
structure-function studies of the fungal cellulases and cellulase domains (13-21). 
This growing understanding will ultimately help to improve the performance of 
cellulases in the hydrolytic processes of lignocellulosic materials. 

Research on lignocellulose enzymology also included the identification and 
characterisation of all major hemicellulolytic enzymes participating in the 
hydrolysis of hemicellulosic substrates (22-35). Trichoderma reesei has been 
used as the model organism for the characterization of the enzymatic system of 
lignocellulose degradation. The three dimensional structures of the T reesei 
family 11 xylanases have also been determined (36, 37), as well as those of 
mannanase and acetyl xylan esterase (38, 39). The properties of xylanases of the 
glycosyl hydrolase families 10 and 11 have been recently reviewed (40). Other, 
interesting organisms have also been studied as sources of xylanolytic enzymes, 
potentially capable of acting under extreme conditions (41-46). The production 
of various lignocellulose modifying enzymes has been studied and occasionally 
optimized to enable their production in sufficient amounts for characterization, 
evaluation and testing (47-51). 

Cellulolytic and hemicellulolytic enzymes have been studied for total or 
partial hydrolysis of lignocellulosic materials (52-65). While the total hydrolysis 
seemed to be economically unfavourable, the focus has been in elucidating the 
chemical and practical significance of specific modifications, i.e. partial 
hydrolysis of fibres using tailored or monocomponent enzymes on the fibre-
bound substrates. The detailed mechanisms of enzymatic modifications of 
isolated and fibre-bound carbohydrates have been studied (60, 66-70). 

After the first energy crisis, the aim of hydrolysing cellulose and 
hemicellulose in lignocellulosic residues was to provide building blocks for the 
production of ethanol (52, 71, 72) or chemicals, such as xylonic acid (73) or 
xylitol (74-77). Today, the focus is in understanding and directing the metabolic 
fluxes to achieve more efficient production of the desired metabolite (78, 79). 
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THE CHLORINE CRISIS IN 1985 

Pressure resulting from public awareness is a potential force for changing 
production systems. This was clearly observed especially in Europe when 
dioxins turned the consumers against chlorine bleached pulps. In 1985, the U.S. 
Environmental Protection Agency (EPA) issued its first formal cancer risk 
assessment of dioxins and in 1986, the EPA then proposed controls on dioxin 
emissions from the pulp and paper industry. This study, conducted jointly with 
the American Paper Institute, collected and analyzed wastewater and sludge 
samples from five mills across the country. Dioxins were detected in effluent 
wastewaters at three of the mills, in waste-treatment sludge at all five mills and 
in bleached pulps at four of the mills. Later, it was observed that dioxins can be 
eliminated by using less elemental chlorine and more chlorine dioxide in the first 
bleaching stage. The search for alternative bleaching methods limiting these 
emissions, but still maintaining the high quality pulp, had started. Today, in 
Europe, the majority of pulp is bleached by chlorine dioxide in the ECF 
(Elemental Chlorine Free) process or by using TCF (Totally Chlorine Free) 
bleaching processes, where oxygen, ozone and hydrogen peroxide are used. 

Since the discovery of lignin peroxidase (80) and manganese peroxidase 
(81), direct enzymatic delignification became a worldwide focus of intensive 
research. The key enzymes of the white-rot fungus Phlebia radiata; three lignin 
peroxidases, one Mn-peroxidase and one laccase, were produced, purified, 
characterised and studied in vivo and in vitro (82-86). Laccases were for the first 
time heterologously expressed in Trichoderma (87) and later in Pichia pastoris 
(88). The characterisation of the isolated laccase gene showed homology to the 
plant ascorbate oxidase and to the laccases of Trametes hirsutus and Neurospora 
crassa (83, 89). Interest in more thermo- or alkali stable laccases has resulted in 
isolation of a laccase from Melanocarpus albomyces with unique properties 
(90). The molecular structure of this laccase, containing all four copper atoms 
was recently solved (91). 

The concept of using hemicellulases in bleaching was first introduced in 
1986, and raised interest after the growing dioxin problem (92, 93). Xylanases 
were originally studied to replace or to significantly reduce the consumption of 
chlorine gas. Due to the indirect effect of xylanases on lignin, the method was 
not found efficient enough to replace chlorine chemicals totally. However, in 
chlorine bleaching, a significant average reduction of 25% in active chlorine 
consumption in the first stage or a reduction of about 15% in total chlorine 
consumption was obtained in laboratory and subsequent mill scale trials. As a 
result, the concentration of chlorinated compounds, measured as AOX 
(absorbable organic halogen), in the bleaching effluents was reduced by 15-20% 
(94). Today, xylanases are industrially used both in ECF and TCF sequences. In 
ECF sequences, the enzymatic step is often implemented due to the limitations in 
chlorine dioxide production capacity. The use of enzymes facilitates bleaching to 
higher brightness values when chlorine gas is not used. In TCF sequences, the 
application of an enzymatic step improves brightness, maintains the fibre 
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strength and allows savings in bleaching costs. Presently, about 20 mills in 
Northern America and Scandinavia use enzymes (95). The approximate price of 
xylanase treatment in 2000 was less than 2 USD per ton of pulp. Calculations of 
the economic benefits in an ECF sequence reveal that reductions in the chlorine 
dioxide consumption lead to savings of at least 2 USD per ton of pulp (96). The 
costs of oxygen based chemicals (ozone, peroxide) are even higher and the 
respective savings even more pronounced. Thus, the potential economic benefits 
of enzyme-aided bleaching are significant to the user. 

The effect of xylanases in bleaching is based on the modification of pulp 
surface, and has been shown to result in enhanced extractability of lignin in 
subsequent bleaching stages (97-102). Several alternative and obviously 
concurrent mechanisms seem to be involved in xylanase-aided bleaching (94, 
103, 104). Extensive modification of hemicellulose polymers take place during 
pulping processes; hemicelluloses are solubilized, the side groups are partially 
cleaved off, the majority of the 4-O-methylglucuronic acid side groups are 
converted to hexenuronic acid (105), and part of the solubilized xylan is 
reprecipitated onto the cellulose fibres. Relatively high amounts of xylan and 
lignin have been observed on the fibre surfaces and xylanase treatments have 
been found to uncover surface lignin (102, 104) and increase the pore size 
distribution (106). Swelling was expected to be an important parameter in the 
action of enzymes on fibres (107), but it was found to be affected more by the 
Donnan effect (108). Although glucomannan is the main hemicellulose in 
softwoods, the bulk of glucomannans are dissolved and degraded during kraft 
pulping without significant reprecipitation or relocation. The enhanced 
leachability of lignin in the fibre wall has been suggested to be due to the 
hydrolysis of reprecipitated xylan or to the removal of xylan from the lignin-
carbohydrate complexes (LCC) in fibres. The action of xylanases on both 
reprecipitated and LC-xylan suggests that it is probably not only the type, but 
also the location of the xylan that is important in xylanase-aided bleaching (109, 
110). The role of hexenuronic acid in the effect of xylanase treatments on kappa 
number can be estimated to be relatively small. Hexenuronic acid, containing a 
double bond, gives rise to the consumption of bleaching chemicals and 
permanganate, increasing the apparent kappa number of pulp (111, 112). 

Xylanases seem to be efficient on all types of kraft fibers, whereas the effect 
by mannanases depends on the type of fibers used (97, 113, 114). Usually less 
uniform results have been obtained on sulphite pulps. The effect of xylanases on 
bleachability has in most cases been independent of the origin of the enzyme, 
although modest differences between different xylanases, such as the major 
Trichoderma xylanases (115) have been observed. Comparison of different 
enzymes is complicated because the basic parameters usually vary (enzyme 
dosed based on protein, activity on a certain substrate at a defined pH or 
temperature, different bleaching sequences, etc.). Although differences between 
fungal and bacterial xylanases have been reported, few systematic studies have 
been carried out with comparable methodologies. It has been proposed that 
xylanases from family-11 could be more effective in bleach boosting than the 
family-10 xylanases (116), which is in accordance with previous results obtained 
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with Trichoderma and Aspergillus xylanases. The effects of cellulose and xylan 
binding domain (CBD and XBD) of xylanases on bleaching efficiency have also 
been investigated, but so far neither XBD nor CBD has been reported to have any 
significant role in bleach boosting efficiency (117). Cellulases have neither been 
found to affect the extractability of lignin, with the exception of EG I of T reesei 
which also acts as a xylanase (118). 

Most recently, the revolutionary laccase-mediator concept was shown to 
efficiently delignify with high specificity (119-121). The degree of 
delignification achieved by the laccase-NHA system after alkaline extraction is 
reported to be high, up to 40 % in low-kappa number softwood and hardwood 
kraft pulps (122). In addition, the LMS has been found to be efficient on 
Eucalyptus kraft pulp (123) and in the bleaching of high yield pulp (124). In 
spite of the considerable amount of research carried out on model compounds 
(120, 125, 126), fairly few results have been published on the actual mechanisms 
of the LMS on natural lignin substrates (127). In addition to the metabolite, 3-
hydroxyanthranilate (128) of a white rot fungus, siderophores (129) have been 
shown to act as potential natural mediators in the delignification process in vitro. 
Hydroxamate siderophores, having structural similarities with the synthetic 
mediators, were found to act as mediators in laccase-aided delignification 
processes (130). Combinations of xylanases and LMS have been shown to 
further improve delignification (131). 

SUSTAINABLE PULP AND PAPER MANUFACTURE 
IN THE 1990s 

Mechanical pulps, such as pressurized ground wood (PGW) or 
thermomechanical pulp (TMP) have a high yield (up to 95%) and can be used to 
produce paper with high bulk, good opacity, and excellent printability. The 
drawbacks of these processes are the required high energy intensity and the 
resulting fiber and paper quality with lower strength, higher pitch content, and 
higher color reversion rate as compared to chemical pulps. Energy consumption 
is thus a key issue when developing new technical processes for high yield 
pulping. The demand for improving paper quality has been the main reason for 
the increased specific energy consumption in thermomechanical pulping during 
the last few years. One way of reducing the high energy consumption of 
mechanical pulping is to modify the raw material by biotechnical means prior to 
refining. 

The incorporation of an enzymatic step in the mechanical pulping process 
was found to be successful after a primary refining step, where the accessibility 
of the raw material is improved towards the enzymatic action. A new process 
concept, based on the treatment of coarse mechanical pulp fibers, using 
monocomponent cellulases was developed (132). Experiments with different 
enzymes demonstrated that a minor modification in the cellulose by the T. reesei 
cellobiohydrolase I (CBH I) results in 20 % energy saving in laboratory-scale 
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disk refiner. Interestingly, when an unoptimized eellulase mixture was used, no 
positive effect on energy consumption was detected. Based on the fibrillation 
index analyses, it has been assumed that the action of CBH I possibly results in 
loosening and for unravelling of fiber structure (132). Interestingly, the strength 
properties, i.e. tensile index was even higher for the CBH I treated pulp than for 
the reference, obviously due to the more intensive fibrillation induced by the 
enzymatic treatment. At the pilot scale, using a two-stage secondary refining 
with a low-intensity refiner (wingdefibrator), an energy saving of 10-15 % with 
CBH I was obtained. Lately, the method has been tested at the industrial scale, 
and is under further development. 

Enzymes can also be used for reducing the energy consumption in debarking 
or for removing final bark residues from the wood logs (133). The energy 
consumption in debarking was found to decrease by up to 80% by pectinases, 
acting specifically on the cambial layer between wood and bark. This concept, 
however, has not been further developed due to the growing tendency for 
developing dry debarking processes, where the solubilization of toxic 
compounds into debarking waters is prevented. 

Papermakers are currently searching for options to fulfill the legislative and 
environmental demands to reduce the fresh water usage. One major problem in 
white water mill closure is the accumulation of dissolved and colloid substances 
(DCS) in the process waters. These substances consist mainly of hemicelluloses, 
pectins, dispersed wood resin, lignans, and dissolved lignin. The compositions of 
DCS have a direct impact on the paper machine runnability and paper quality, as 
well as on the need and efficiency of purification processes of white water. The 
composition and structure of extractives, glucomannan, pectin and lignans can be 
modified by suitable enzymes such as lipases, mannanases, pectinases and 
oxidative enzymes (134-139). These minor changes achieved by enzymes may 
result in significant modifications in the behaviour of DCS in white waters, and 
more significantly, may lead to potential improvements in the technical 
parameters (yield, strength and brightness) of pulp and decrease environmental 
loads. 

Recycled fibres are increasingly used in paper manufacturing, although the 
environmental impacts are not self-evident. When aiming at more efficient and 
environmentally friendly deinking processes, enzyme-aided deinking is a 
potential alternative. The application of eellulase and hemicellulase mixtures in 
deinking has been studied in laboratory, pilot and mill scales (140, 141), and 
shown to result in savings of deinking chemicals. The use of enzymes in 
deinking of recovered paper is one of the most promising enzymatic applications 
in the pulp and paper industry and already used in mill scale. Brightness 
reversion, affecting especially the mechanical pulps, has also been the target of 
enzymatic improvement (108, 142). The mechanisms of natural enzymatic 
modification of lignin to prevent the browning reactions have been studied in 
biomimetic approaches (143, 144). 
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The enzymatic modification of papermaking properties; i.e. fibre 
engineering of chemical, mechanical and recycled pulps has been widely studied 
during the last decade. The main ideas have been to enhance the beatability, and 
thus the strength properties of fibres through increased fibrillation or to affect the 
amount of fines in pulp in order to increase the drainage or water retention of 
pulp. The effects of individual cellulases on the properties of unbleached or 
bleached kraft pulp have been studied in detail (145, 146). T.reesei 
cellobiohydrolases (CBH) have been found to have only a modest effect on pulp 
viscosity, whereas endoglucanases (EG), and especially EG II dramatically 
decrease pulp viscosity, and thus the strength properties after refining. In 
Douglas-fir chemical pulp, cellulases and cellulase-hemicellulase mixtures have 
been reported to enhance the beatability of coarse fibers and thus to improve the 
paper properties (147). Enzymes have thus significant potential for improving 
traditional pulp and paper manufacturing processes due to their specificity and 
environmental benefits. 

THE KYOTO PROTOCOL IN 1997 

The Conference on Climate Change (COP3) held in Kyoto in 1997, agreed 
on a protocol which includes each party's quantitative commitment to reduce its 
emissions of greenhouse gases, such as carbon dioxide, by 2010. The protocol 
specifies that the European Union will commit itself to reducing its greenhouse 
gas emissions by 8% of the 1990 level by 2010. As an essential element in 
achieving this goal, industry must reduce energy consumption in order to 
maintain development while helping to meet these targets. Obviously, the energy 
intensive mechanical pulp production is the continuous target for energy saving. 
Recently, the demand to increase the utilization of renewable raw materials for 
the production of chemicals and energy has again focused research towards total 
hydrolysis of lignocellulosic materials. In the transportation sector, biofuels are 
the only option which can reduce the C0 2 emissions by an order of magnitude. A 
recent proposal for a Directive of the European Parliament sets a target of 
substituting 20% of traditional fuels in the road transport sector by 2020. The 
objectives of this action plan are to reduce the European Union's growing 
dependency on external supply of oil, and to contribute to the achievement of the 
EU's greenhouse gas emission reductions as decided in Kyoto. Obviously, the 
improvement of enzymatic hydrolysis of lignocellulosics will become an 
increasingly important research goal. Lignocellulose enzymes will thus play key 
roles in the development of environmentally friendly products and processes also 
in the future, and will contribute to the prevention of the climate change. 
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CONCLUSIONS 

Enzyme technology has already shown its potential for more sustainable 
processing of lignocellulosic raw materials. Advanced production technologies 
enable the production of monocomponent enzymes or tailored mixtures of 
enzymes which have potential applications in enzymatic modification of fibres. 
Protein engineering with high throughput screening systems allows the 
development of catalysts with higher specific activities or improved pH and 
temperature profiles. More efficient cellulolytic enzymes are the key for many 
processes, including partial hydrolysis for refining of mechanical fibres, fibre 
engineering or total hydrolysis of lignocellulosics. In fibre processing, enzymes 
carry out reactions which cannot be achieved by other means. High specificity, 
environment friendliness, and cost savings are currently the driving forces 
behind the development of new applications for lignocellulose processing. 
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Chapter 3 

Lignocellulose Processing with Oxidative Enzymes 

S. Grönqvist, A. Suurnäkki, M-L. Niku-Paavola, K. Kruus, 
J. Buchert, and L. Viikari 

VTT Biotechnology, P.O. Box 1500, FIN-02044 VTT, Finland 

Since the successful introduction of commercial hydrolytic 
enzymes to lignocellulose processing, the next generation of 
oxidative enzymes are now entering the markets. Significant 
progress in molecular biology have enabled us to better 
understand the electron transfer mechanisms in the 
lignocellulosic substrates and improve the production of these 
enzymes at a commercial scale. The most intensively studied 
application is enzyme catalysed delignification, for which 
several concepts have been introduced. Recently, other 
applications, such as oxidative fibre modification or activation 
of lignin to replace traditional adhesives have been actively 
studied. However, in spite of extensive research, the 
underlying mechanisms are still only partially understood. This 
paper reviews recent advances in the application of oxidative 
enzymes for lignocellulose processing. 

Oxidative enzymes have potential in several applications in various 
industrial areas, such as the cosmetic, food, textile, chemical and pulp and paper 
sectors. In lignocellulose processing oxidative enzymes can be used for 
modification of lignin and extractives. The enzymology of lignin modification 
has been the focus of scientists for more than 30 years. Due to the mostly 
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promising results that have been obtained in bleaching and pulping, laccases and 
manganese-dependent peroxidases have been the most extensively studied 
groups of enzymes in this area. The first laccases have been on the market for 
some years, and laccase-based mediated bleaching systems have been developed 
and tested at a pilot-scale. The ability of laccases to oxidize lignin is currently 
being evaluated in the activation of fibre surfaces for bonding, grafting or 
glueing applications. 

Enzymatic modification of fibre bound substrates represents a continuous 
challenge for scientists. Besides the diverse chemical compositions of the major 
components, the fibre cell wall matrix embeds these fractions to produce the 
rigidity and resistance typical of plants. The structures of carbohydrates; 
cellulose and hemicellulose, are chemically well understood, whereas lignin 
forms an undefined structure. In spite of extensive research, the mechanisms of 
enzymatic modification, especially degradation of lignin are not yet fully 
understood. This article reviews the latest achievements in oxidative 
modification of fibre components, while primarily focusing on lignin. 

Oxidative Enzymes 

Research related to lignin biodegradation has resulted in the identification of 
the essential enzymes in lignin degradation including oxidases, peroxidases, 
dehydrogenases and hydrogen peroxide generating enzymes. The only organisms 
capable of efficiently mineralising lignin are basidiomycetous white-rot fungi 
and related litter-decomposing fungi (1). Physiological conditions for lignin 
degradation, as well as secretion patterns of the lignolytic enzymes vary 
substantially among different fungal species (2). The most extensively studied 
lignolytic enzymes for various biotechnical applications include laccases and 
manganese-dependent peroxidases of white-rot fungi. Promising results with 
these enzymes have been obtained in pulp and textile dye bleaching as well as 
fibre modification (3). 

Peroxidases 

Fungal peroxidases participating in lignin biodegradation include lignin 
peroxidase (LiP, E C 1.11.1.14) (4), manganese-dependent peroxidase (MnP, E C 
1.11.1.13) (5) and peroxidases having properties of both L i P and MnP and being 
either manganese-independent peroxidase (MIP) (6), LiP-like (7) or versatile 
peroxidase (8). There are also nonligninolytic fungal peroxidases, which do not 
have the characteristic substrate oxidation sites of either L i P or MnP (9). 
Purified ligninolytic enzymes have been shown to cause limited delignification 
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provided that additives are supplemented; veratryl alcohol and H 20 2 for LiP (10) 
and manganese, H 20 2, organic acids and surfactants for MnP (11, 12). 

Since the discovery of LiP and MnP in Phanerochaete chrysosporium (4, 5) 
these enzymes have been found to be secreted by many white-rot fungi, usually 
in multiple isoenzymes. LiP and MnP are heme-containing glycoproteins using 
hydrogen peroxide as an electron acceptor. LiP oxidizes nonphenolic subunits of 
lignin by a one-electron transfer mechanism resulting in formation of cation 
radicals, which are further decomposed chemically (13). It has been shown by 
various analysis with synthetic lignin and lignin model compounds that LiP is 
responsible for Ca-Cp bond cleavage, ring opening as well as many other 
reactions. 

MnP oxidizes Mn(II) to Mn(III), which organic acids e.g. oxalic, malic, 
lactic, or malonic acid stabilize by chelating. Chelated Mn(III) oxidizes phenolic 
subunits in lignin and forms phenoxy radicals, which may further cleave bonds 
between aromatic rings and the C a carbon atoms (1). Chelated Mn(III) is in 
general a powerful oxidant, which may also oxidize some nonphenolic aromatics 
such as dyes. Mn(III) also creates radicals from the co-oxidants present in the 
medium. Thioyl and peroxyl radicals, formed from thiols and unsaturated fatty 
acids respectively, are highly reactive and mediate oxidation towards 
nonphenolic lignin structures (14, 15). However, Mn(III) is not capable of 
oxidizing recalcitrant nonphenolic units of lignin. The capacity of MnP to 
oxidize lignin is limited because the phenolic structures constitute only 10-15 % 
of all units in lignin (16). However, the research on various white-rot fungi has 
shown that MnP is more common than LiP (2, 17) and that it has an essential 
role in depolymerization of lignin (18). 

In the past few years several crystal structures of peroxidases from different 
sources have been reported. The three-dimensional structures of both LiP (19, 
20) and MnP have been solved (21). Interestingly, the overall folding and the 
secondary structure of peroxidases are highly conserved despite their low 
sequence homology. The structure information, as well as the vast sequence data 
have increased our knowledge of the action of peroxidases on aromatic 
substrates. However, the way these enzymes act towards polymeric lignin is still 
not fully understood. Significant progress in production of recombinant 
peroxidases (22) has recently been obtained. Further enhancement of production 
might also be possible by means of the genomic data of Phanerochaete 
chrysosporium, which has recently been made available (23). 

Laccases 

Laccases (EC 1.10.3.2) are probably the most commonly occurring 
oxidoreductases in white-rot fungi (24). Most of the isolated and characterised 
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laccases are from fungal origin. Well known laccase producers include 
Trametes, Pleurotus, Coprinus, Myceliophthora, Phlebia, Pycnoporus, 
Rhizoctonia, and Schizophyllum (25). Laccase or laccase-like activity has also 
been demonstrated by plants, some insects and a few bacteria (26). It is well 
recognised that laccases are involved in both polymerisation and de-
polymerisation processes of lignin. The plant origin laccases are reported to have 
an important role in wound response and lignin biosynthesis (27) whereas in 
fungi they are involved in lignin degradation, as well as in several other 
functions including pigmentation, fruiting body formation, sporulation, and 
patogenesis (26, 28). A biological role of laccases in the oxidation of Mn 2 + has 
also recently been proposed (29). 

Laccases belong to the blue multi-copper oxidase family. The catalytic site 
of laccases contains four copper atoms per laccase molecule. The copper atoms 
can be classified into three types: one type 1 Cu, one type 2 Cu, and two type 3 
Cu. The mononuclear site (type 1 Cu) functions as the primary electron acceptor, 
extracting electrons from the substrate. The copper is coordinated by two 
histidine nitrogens and a cysteine sulfur with a highly covalent Cu-S bond giving 
rise to the pronounced blue color of laccases. Type 2 and two type 3 Cu form the 
trinuclear center, where reduction of molecular oxygen takes place. It is not fully 
understood how the electrons are transferred from the mononuclear site to the 
trinuclear site. It has been proposed that the electrons are extracted through a 
conserved Cys-His pathway from the mononuclear site to the trinuclear site (30). 

Laccases catalyze the four-electron reduction of dioxygen to water with four 
concomitant one-electron oxidation of the reducing substrate. The mononuclear 
site functions as a primary electron acceptor whereas the trinuclear center, the 
binding site of the dioxygen, accepts electrons from the mononuclear site. The 
exact nature of the reaction mechanism is still controversial and debated. The 
most widely accepted mechanism is that proposed by Messerschmidt et al. (30). 
Although laccases have been extensively studied, thus far only two crystal 
structures are available, namely the type 2 copper depleted laccase from 
Coprinus cinereus (31) and a recently published laccase from Trametes 
versicolor in four copper form (32). In addition, the crystallisation of laccases 
from Trametes versicolor and Pycnoporus cinnabarinus have been reported 
(33). 

Laccases display a surprisingly broad specificity towards the reducing 
substrate. They catalyse oxidation of a wide variety of aromatics, especially 
phenolic, and inorganic substrates. Simple diphenols like hydroquinone and 
catechol, polyphenols, diamines, and aromatic amines are good substrates for 
most laccases. Since the description of the mediator concept in the early nineties 
(34-36), the range of potential mediator substrates has continued to increase. 
Mediators are small molecular weight compounds, which can be oxidised by 
laccase. The oxidised mediator then oxidises the actual substrate. A typical 
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example of a mediator is hydroxybenzotriazole (HBT), which has been studied 
intensively for delignification together with laccase (37). Laccase alone can only 
oxidise phenolic subunits in lignin. However, when combined with a mediator, 
non-phenolic groups can also be oxidised. Promising results with mediated 
oxidation (Figure 1) have been obtained in pulp delignification. In principle, 
different types of monomers, as well as polymers, can be oxidised by a suitable 
enzyme mediator combination. Because of the broad substrate specificity range 
of laccases, they possess great biotechnological potential. The most intensively 
studied applications for these enzymes include pulp delignification, textile dye 
bleaching, effluent detoxification as well as biopoiymer modification (3). 

Figure 1. A schematic presentation of mediated oxidation by laccase. 

Surface Chemistry Of Pulp Fibres 

Wood fibres are mainly composed of cellulose, hemicellulose, Le. xylan and 
glucomannan, lignin and extractives (38). As oxidative enzymes react with lignin 
both the chemistry and location of the lignin in the pulp fibres is of most 
importance for the enzyme activity. In mechanical pulping no major chemical 
changes in the fibre components occur, whereas during alkaline chemical 
pulping, Le. kraft cooking, about 90 % of lignin is removed from the fibres. The 
larger average pore size of chemical fibres renders them more susceptible to the 
action of macromolecular enzymes. The enzymatic action even in chemical pulps 
is, however, limited to accessible surfaces, i.e. to fines and to the outermost 
surface and accessible pores of long fibres (39). 

In addition to fibres process waters in paper manufacture also contain 
various wood derived compounds, Le. dissolved and colloidal substances (DCS). 
These are also potential substrates for enzymatic oxidation. These wood 
components, such as extractives, carbohydrates and lignin are dissolved and 
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dispersed into the process waters (40, 41) during mechanical pulp production 
and bleaching. In chemical pulping and bleaching wood extractives are extensively 
modified and degraded (38). 

The surface composition of different types of fibres has been analysed by 
ESC A (Electron Spectroscopy for Chemical Analysis). Unbleached softwood 
kraft pulps are reported to have a surface coverage of lignin of about 10-30% 
depending on the pulp kappa number (42). Surface coverage of lignin in 
unbleached hardwood kraft pulp is reported to be about 20 % (43). Partial 
enzymatic removal of xylan results in increased surface coverage of lignin in 
conventional unbleached pine kraft pulps (43). Concentrations of both lignin and 
xylan in primary and secondary fines of unbleached kraft pulps have been 
visualised by mechanical peeling techniques (44). In mechanical pulps about 33 
% of the surfaces are covered by lignin and this surface coverage of lignin is not 
changed in the bleaching due to non-delignifying bleaching (45, 46). As 
oxidative enzymes are particularly active on the fibre surfaces, both mechanical 
and chemical pulps contain potential substrates for oxidation. 

Bleaching Of Chemical Pulp 

Today, bleaching of kraft pulps is mainly carried out with chlorine dioxide, 
hydrogen peroxide, oxygen and ozone in variable sequences. During the search 
for environmentally sound alternatives for chlorine based chemicals, enzymatic 
methods were also developed and commercialised. Enzyme-aided bleaching is 
used today in the pulp and paper industry to improve the bleachability of kraft 
pulps through the action of xylanases or other enzymes affecting the 
extractability of lignin. The effect of xylanase pretreatment on bleachability is, 
however, limited. The most promising direct enzymatic bleaching system is 
based on the use of oxidative enzyme, laccase, together with a mediator directly 
degrading lignin. In addition to laccase, the potential of MnP has been studied in 
chemical pulp bleaching. The effect of oxidative enzymes.on the potential for 
lignin preserving bleaching of mechanical pulps has also been studied (47). 

Laccase-Mediator Concept In Chemical Pulp Bleaching 

In the laccase-mediator concept, the mediator oxidised by laccase enzyme 
acts directly on lignin and results in efficient delignification (Figure 1). In the 
initial study, the common substrate of laccases, ABTS was used as the mediator 
(35). The search for a more suitable mediator resulted in discovery of 1-
hydroxybenzotrizole (HBT) (36). This delignification procedure is commonly 
referred to as the LMS (laccase-mediator-system) or Lignozyme process and it 
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has been demonstrated in pilot scale in totally chlorine free (TCF) bleaching 
sequence (37). A number of other mediators with great structural variety have 
been studied. The most effective mediators in delignification usually contain N -
OH functional groups (48, 49), such as the most promising current mediators, 
violuric acid (VIO) and N-hydroxy-N-phenylacetamide (NHA). The latter 
mediator results in extremely fast delignification with no significant impact on 
cellulose structure (50). The performance of NHA was further improved by 
implementing a slow-release mediator system, based on a precursor of NHA 
(DiAc, N-acetoxy-N-phenylacetamide) (51). The delignification degree of 
laccase-HBT after an alkaline extraction has also been reported to be high, up to 
40 % in low-kappa number softwood and hardwood kraft pulps (52). In high 
kappa number softwood kraft pulps, violuric acid has been reported to be as 
twice as efficient a mediator as both HBT and NHA in the LMS bleaching (53). 
In addition to nitrogen based mediators, inorganic mediators such as transition 
metal complexes or polyoxometalates containing e.g. molybdenium ion have 
recently been successfully tested for laccase-mediator bleaching (54, 55). Until 
now, only one fungal metabolite, 3-hydroxyanthranilate, has been introduced as 
a natural mediator (56). Other potential natural mediators are siderophores, 
which are strong iron chelating agents, have also been studied for lignin 
degradation (57). Several studies on the mechanisms of laccase-mediated 
delignification of pulps have been published (e.g. 58-66). 

The efficiency of laccase-DiAc stage was recently demonstrated in pilot 
scale in an ECF bleaching sequence, LaEpD0EoDi (67). The pilot scale 
bleaching trial with laccase-DiAc stage required 24 % less chlorine dioxide than 
the reference mill sequence (DoEopDiEpD2) without strength loss, suggesting 
that laccase-DiAc stage could be an alternative for oxygen delignification stage 
in ECF bleaching. Optimisation of alkaline extraction stages and further 
development of enzyme suitable for alkaline conditions required in DiAc 
conversion to NHA and high shear forces were, however, found to be 
prerequisites for economical viability of the system. The LMS system has been 
shown to be able to replace either the oxygen delignification or ozone stage, (68-
70). The development of the laccase-mediator concept is presented in Table I. 

In addition to delignification, the effects of LMS on the physical properties 
of pulps have been determined. In high kappa number chemical pulps, both 
laccase-HBT treatment and HBT treatment alone enhanced the handsheet 
densification during PFI refining (71). The use of laccase with NHA and violuric 
acid resulted in similar bonding strength as compared to oxygen delignification, 
but without reduction in viscosity (50). 

The combination of xylanase and laccase-mediator bleaching systems either 
sequentially or simultaneously has been reported to result in additive 
enhancement of bleachability (72-74). The application of LMS system 
employing HBT as mediator with xylanase treatment in one single stage was 
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found to be ineffective, apparently due to the inactivation of xylanase by the 
HBT (72). This inactivating effect of HBT has also been observed towards 
iaccases (49) as HBT radicals undergo chemical reactions with the aromatic 
amino acid side chains of many Iaccases. Studies on new mediators have 
revealed that NHA caused less damage to enzymes (72, 75). In practice, it would 
be beneficial to combine the indirect xylanase treatment with the delignifying 
iaccase-mediator treatment as the target substrates of these treatments are 
different and thus the maximal effect of both treatments could be exploited. 

Table I. Steps in the development of Iaccase-mediator systems 

When Description 
1986 Enzyme-mediator concept (ref. by 37) 
1990, Redox cascade, often in the presence of chelating agents (ref. by 37) 
1991 
1992 Laccase and ABTS as mediator (35) 
1992 Laccase and HBT as mediator (ref. by 37) 
1993, Laccase and mediators containing N-OH, N-oxide, oxime or 
1994 hydroxamic acid-compounds (ref. by 37) 
1994 Pilot plant trial with HBT in TCF sequence, degree of 

delignification > 50% (ref. by 37) 
1997 Laccase and NHA: Lower costs, reduced laccase inhibition, 

biodegradable and higher selectivity (48) 
2000 Slow-release mediator (NHA- DiAc) 

Better cost efficiency, less mediator carryover (51) 
2000 Metal-complex mediator (54) 

Completely reversible mediation, only catalytic amounts of 
mediator needed 

2001 Pilot plant trial with slow- release mediator (NHA- DiAc) in ECF 
sequence, high brightness (88 % ISO) without strength loss (67) 

MnP In Pulp Bleaching 

The use of manganese peroxidase (MnP) has also been studied for bleaching 
of chemical pulps (11, 12, 76-78). In small scale tests, demethoxylation, 
delignification and an increase of about 10 ISO units in brightness after alkaline 
stage has been reported (12, 76, 77). Unlike the Iaccase-mediator system, the 
MnP based system uses a natural mediator, Mn(II). MnP uses hydrogen peroxide 
as the electron acceptor and oxidises chelated Mn(II) to Mn(III). Stable chelated 
Mn(III) can then diffuse to the fibre matrix, which then leads to the formation of 
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phenoxy radicals on the phenolic structures within the lignin. However, the 
nonphenolic lignin structures are not attacked. It has, however, been suggested 
that other reactions, such as peroxidation of lipids (including certain extractives) 
initiated by MnP could also be involved in degradation of both phenolic and 
non-phenolic units in lignin (15). The applicability of MnP in pulp 
delignification on industrial scale is limited mainly due to the strictly controlled 
reaction conditions demanded by MnP, as well as to the obviously high price and 
limited availability of the enzyme. Calculations on the costs of the components 
needed (peroxide, additives, enzyme) have not been published. 

Oxidative Enzymes In Fibre Modification 

The properties of fibre products are determined both by the physical and 
chemical properties of the fibres and the chemical additives used in processing. 
Upgrading of fibre properties is in many cases of great interest. The availability 
of oxidative enzymes such as laccase, capable of radicalising papermaking 
fibres, has raised the idea of an alternative, environmentally sound approach to 
wood fibre upgrading by targeted modification of fibres by enzymatic or chemo-
enzymatic methods (Table II). 

The primary reaction of laccase and other phenoloxidases is the formation 
of phenolic or cationic radicals. The oxidative enzymes initiate radical formation 
in solubilised lignans and colloidal lignin, as well as in fibres that will react 
further without additional enzymatic action (79-82). Due to the high reactivity of 
these radicals (either with each other or with a secondary substrate), reactions 
such as polymerisation, depolymerisation, co-polymerisation and grafting can 
occur. The size of oxidases limits the range of the enzyme on the fibre surface 
(83). Hence, such enzymes can be used to carry out surface specific modification 
of fibres. When more extensive modification is needed, small molecular weight 
mediators can be used together with laccase. 

The ability of laccases to oxidise fibre bound lignin is somewhat unclear. 
The most probable primary substrates are the colloidal and solubilised lignin 
fragments present in pulp suspensions or attached to the fibres. In addition, 
extractives have been proposed to act as mediators in the oxidation reaction (79-
81) Indeed, it has been suggested that the presence of water-soluble extractives 
would be essential for radical formation in fibre bound lignin (81). The activity 
of laccases on lipophilic extractives and hydrophobic lignans has been reported 
in several papers (84-87). 

It has been proposed that the state of lignin in wood fibres determines the 
dominating pathway of oxidation (81). Depending on the chemical and physical 
structure of the lignin polymer, different types of modifications of lignin can take 
place. Laccase treatments have been found to generate two oxidation species in 
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lignin, Le., via oxygen chemically transformed lignin products and initial 
oxidation radicals that have gained stabilisation (81, 88). The radicals formed 
are phenolic and they can be observed directly (80). 

Functionalization Of Fbres By Oxidative Enzymes 

The ability of oxidative enzymes to create long-living radicals to fibre 
surfaces can also be exploited as such or after further functionalisation of fibres 
with specific chemical components. The chemical changes caused by the 
enzymatic modification may include macro-scale modifications caused by 
radical-initiated polymerisation or depolymerisation reactions (Table II). Thus, it 
can be envisioned that the presence of surface lignin in mechanical and lignin-
rich chemical pulp fibres offers possibilities for producing tailor-made or 
completely novel paper and board products. 

Laccase catalysed radical coupling of compounds to lignin has been mostly 
carried out with defined substrates (89-96). Mai and Hiitterman (91) suggest that 
organic peroxides are needed to start the copolymerisation of acrylamide with 
lignin oxidised by laccase. Success in grafting low molecular weight compounds 
to surface lignin activated by laccase has also been reported. According to 
Chandra and Ragauskas (97), laccase facilitates the coupling of phenolic acids to 
fibre surfaces. Lund et al (95) reported attempts to graft phenolic monomers 
onto softwood kraft pulp. They (95) questioned, however, whether laccase is 
actually bound to the lignin in fibres. As consequence of laccase activation, 
increases in sheets strength have been reported (98). Improvement in wet 
strength of kraft pulp fibres with laccase in the presence of lignin rich extractives 
has also been reported (99). 

Adhesion Of Fibres By Oxidative Enzymes 

In conventional production of lignocellulose based composites, such as fibre 
or particle boards, synthetic adhesives are used in combination with hot pressing. 
Alternative enzymatic methods may allow the production of particle and 
fibreboards with less or even totally without hazardous adhesives, such as urea-
formaldehyde, phenol-formaldehyde or isocyanide. Laccase catalysed bonding 
can be achieved by activation of additional lignin by the oxidative enzyme (two 
component system) or by the enzymatic activation of the lignin present in fibres 
(one component system). Besides Iaccases, peroxidases have been studied for 
activation of lignin (100, 101). In their first experiments, Haars and Huttermann 
(102) used the two component system where laccase treated lignosulphonate was 
used as an additive to bond wood fibres. In later experiments Haars and 
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Table II. Fibre modification with oxidative enzymes 

Aim Description 
Modification 
of pulp 
properties 

Activation of 
wood fibres 

Bonding of 
wood fibres 

Bonding of 
model 
compounds to 
lignin 

Generation of bonding strength on woody fibres by enzymatic 
phenol polymerisation with dehydrogenases (107) 

Modification of chemical and mechanical pulp fibres by 
laccase (108) 
Detection of laccase induced modification by luminescence 
spectroscopy (109) 
Studies on oxidative species generated in the lignin of wood 
fibres by a laccase catalysed treatment (81) 
Effect of cellulase, laccase and proteinase on papermaking 
properties of mechanical pulp fibres (110) 
Peroxidase treatment of pulp led to enhanced beating (111) 
Improved wet strength of paper material by the combined 
action of laccase and mediator (99, 112) 
Laccase treatment of mechanical pulp improves refining 
efficiency (113) 
Enzymatic activation of middle lamella lignin of wood fibres 
as means for the production of binder-free fibre boards (114) 
Spectroscopic properties of oxidation species generated in 
lignin of wood fibres (81) 
Activation of lignin leads to copolymerisation with 
carbohydrates (115) 
Activity of laccase on TMP (116) 
The use of peroxidases and hydrogen peroxide in bonding of particle 
boards was suggested in 1972 (106) 
The use of laccase as radical donor in bonding of fibre boards was 
suggested in 1996(106) 
Enzymatic activation of middle lamella lignin of wood fibres as 
means for the production of binder-free fibre boards (114) 
Enhanced autoadhession of fibres by laccase (80, 105) 
Lignocellulose-derived adhesive for bonding of wood boards (117) 
Influence of extractives on enzymatic catalysed bonding (79) 
Properties of fibreboards obtained by peroxidase catalysed reaction 
(101) 
Phenol oxidising enzymes in production of fiberboards (118) 
Enzymatic activation of lignin leads to copolymerisation with 
carbohydrates (115) 
Bonding of MDF boards and lineboards (119) 
Method to manufacture fibreboards (120) 
Copolymerisation of lignin with low-molecular weight compounds 
(96) 
Copolymerisation of phenolic compounds to lignin (95) 

 
 c
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Table II continues. Fibre modification with oxidative enzymes 

Aim Description 

Studies of the reactions of activated lignin and nucleophiles (90) 
Peroxides in enzymatic copolymerisation of lignin with acrylates (91) 
Effect of ions in the enzymatically induced synthesis of lignin graft 
copolymers (121) 
Copolymers from lignin and acryl compounds (92, 93) 
Oxidative coupling of water-soluble phenols with lignin (94) 

Bonding of Precipitation of laccase polymerised vanillic acid, cathecol, mimosa 
model tannin and tannin acid dehydrogenatively to TMP (122) 
compounds to 
fibre bound Grafting of N-contaning phenolic monomers onto softwood pulp (95) 
lignin 

Bonding of 4-hydrohyphenol acetic acid to fibres (97) 

coworkers (spent sulphite liquor was used with laccase for particle board and 
wood laminate production (103). Kraft lignin, as well as concentrated process 
water from thermomechanical pulp (TMP) refining have also been studied for 
additives in glueing experiments using Trametes hirsuta laccase to prepare 
particle boards and M D F boards (104). Tensile strength measurements from the 
test fibre boards showed clearly that laccase treatment was comparable to a 
process where a synthetic reference adhesive, urea formaldehyde resins, was 
used. Fibreboards with better modulus of rupture and elasticity have generally 
been reported (105). 

In the one component system, enzymatic activation of surface lignin has 
been exploited to enhance the adhesion between fibres through activation of 
surface lignin in production of binderless fibreboards (88, 89, 105, 106). The use 
of both laccases and peroxidases in the activation has been reported (101, 105). 
The improved bonding is thought to be due to physical changes on the fibre 
surface caused by the phenoxy radicals (105). Although the mechanism is not 
completely understood, it presumably involves direct oxidation of fibre surface 
lignin and the parallel radicalization of solubilized or colloidal lignin (80). These 
radicals will react further without enzymatic action. During hot pressing, fibre to 
fibre bondings are formed between radicals and other reactive groups situated on 
separate fibres (105). 

 
 c
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Oxidative Enzymes In The Hydrolysis Of Lignocellulose 

The interest in replacing fossil fuels with biofuels derived from 
lignocellulosic raw materials is increasing due to the worldwide concern about 
green house gases. The enzymatic hydrolysis of lignocellulosic materials has 
been studied in detail since the 1950's and significant advances in basic and 
applied enzymology have been achieved. The molecular structures, catalytic 
mechanisms and substrate specificities of major cellulases have been elucidated 
in detail. However, the heterogenous nature of the lignocellulosic matrice makes 
it difficult to understand the interactions of enzymes and their substrates, 
containing also lignin and hemicellulose. The accessibility of the substrate plays 
a key role in hydrolysis and is improved by using different pretreatment 
techniques (123). The role of residual hemicellulose and lignin as limiting 
factors in enzymatic hydrolysis has recently been reviewed in detail (124). The 
exact role of lignin in limiting hydrolysis, however, has been difficult to define. 
According to Mooney et al. (125), one of the most remarkable restrictions is the 
effect of lignin on fibre swelling and its resulting influence on the accessibility of 
cellulose. Obviously, the removal of both lignin and hemicellulose would leave 
the cellulose more accessible to contact with cellulases. Lignin is, however, 
thought to influence cellulase accessibility to cellulose in more ways than just 
acting as a barrier to prevent the enzymes from effectively binding to cellulose. 
Thus, it has been shown that the increase in pore volume observed after lignin 
removal corresponds to the increased accessibility of the substrate (126, 127). 
Lignin is also thought to negatively influence the hydrolysis reaction by 
irreversibly adsorbing the cellulase enzymes, thus preventing their action (128, 
129). It has been observed that the extent to which lignin adsorbs cellulases, 
depends on the nature of the lignin (130). Therefore, lignin may be a rate 
limiting factor in the hydrolysis of cellulose. 

In the present steam pretreatment technology, lignin is not dissolved from 
the fibrous material and may comprise up to 40% of the raw material. In 
comparative studies, lignin has been extracted to verify its role in hydrolysis 
(125). Although it may not be feasible to extract lignin during the pretreatment 
phase, the role of partial lignin removal during the hydrolysis of cellulose is 
interesting. The compatibility of enzymatic lignin degradation with cellulose 
hydrolysis has been studied using the laccase-mediator system on steam-
pretreated softwood. Thus, it was observed that the degree of hydrolysis was 
improved significantly by combining the two enzymatic treatments (131). The 
inhibitory effects of the LMS system on cellulase activity decreased slightly the 
effect. Therefore, the slow-release medior was also tested. The mechanism was 
expected to be based on removal of lignin fragments with sterical hindrance, 
modification of fibre surfaces improving cellulase desorption and eventually 
decreasing the inhibitory effect of aromatic compounds on cellulases. 
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Chapter 4 

Biografting of Celestine Blue onto a High Kappa 
Kraft Pulp 

Richard P. Chandra1, Francois Wolfaardt2, 
and Arthur J. Ragauskas1 

1Institute of Paper Science and Technology, 500 10th Street NW, 
Atlanta, GA 30318 

2Sappi Forest Products Technology Centre, P.O. Box 3252, 
Springs 1560, South Africa 

Laccase was applied to high kappa (60) kraft pulps in 
combination with a phenolic cationic compound (celestine 
blue) before and after pulp refining. Nitrogen content and zeta 
potential indicated the attachment of celestine blue to the pulp 
fibers. Laccase and celestine blue treatment before refining 
and treatment with laccase alone on prerefined pulp resulted in 
tensile strength increases of 10-15%. The results here indicate 
the potential of laccase-facilitated grafting technology to 
modify high lignin content pulps to improve their performance 
in paper products. 

66 © 2003 American Chemical Society 
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Introduction 

Researchers in industry are continually searching for methods and materials 
to improve the efficiency and cost effectiveness of their processes. In recent 
years, laccase has been investigated for diverse applications such as hair dyeing, 
textile dyeing, leather tanning, and detergent additives. Laccase 
(benzenediol:oxygen oxidoreductase) enzymes are useful in a wide range of 
applications because of their ability to oxidize many compounds, including 
phenols, aminophenols, polyphenols, polyamines, certain inorganic ions, and 
aryl diamine compounds (1). In the pulp and paper industry, laccase has been 
investigated mainly for its ability to delignify kraft pulps to facilitate subsequent 
bleaching processes. Bourbonnais and Paice (2) described the application of 
laccase to both phenolic and non-phenolic lignin compounds. These researchers 
revealed that laccase was unable to catalyze the oxidation of non-phenolic lignin 
model compounds in the absence of another compound (ABTS-2,2-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid ). The compound used to aid laccase was 
called a "mediator." The laccase-mediator combination was also shown to 
possess the ability to depolymerize lignin within kraft pulps (Paice 1989). The 
delignification of kraft pulps with laccase has been termed "biobleaching." 
Subsequent studies with the laccase-mediator system (LMS) focused on 
application to kraft pulps and lignin preparations (3,4, 5). 

Overall, the many studies evaluating the effects of the LMS on kraft pulps 
have revealed that the LMS degrades lignin to facilitate subsequent chemical 
bleaching sequences. The role of the mediator compound was not completely 
understood; however, it was speculated that in addition to facilitating the 
oxidation of nonphenolic compounds, the mediator also enabled laccase to 
oxidize the lignin within the fiber wall (3). In the absence of mediators, laccase 
polymerizes lignin preparations (6). Second and third-generation mediators 
include HBT (1-hydroxybenzotriazole), NHAA (N-hydroxyacetanilide), and 
violuric acid (3,4,5,7,8). Chakar and Ragauskas (9) have thoroughly 
investigated the chemistry behind LMS delignification. Unfortunately, although 
much is now known regarding the mechanisms behind laccase-mediator 
delignification, this technology has not yet been applied on an industrial scale. 
Presently, the most significant stumbling blocks that have hindered the 
commercial application of this technology include the price and instability of 
mediators. 

With the difficulties associated with implementing industrial-scale 
biobleaching technology, research efforts have shifted toward employing 
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lacccase's robust oxidizing capabilities to improve other facets of pulp and paper 
processing. In alignment with these efforts, the polymerizing ability of laccase 
has been exploited to modify pulp to improve paper strength. Since laccase 
reacts with phenolic moieties contained primarily in the lignin fraction of pulp, 
highly lignified pulps such as mechanical and linerboard-grade kraft pulps have 
been t argeted f or 1 accase a pplication t o i mprove p ulp p roperties. F elby e t al. 
(10) have been forerunners in this area. With their work on the application of 
laccase to beech (Fagus sylvatica) fibers, Felby et al. were able to show that 
laccase was capable of oxidizing pulp fibers to improve strength properties of 
the resulting MDF (medium density fiberboard). These laccase-induced strength 
benefits were attributed to free-radical initiated bonds formed by laccase reacting 
with lignin at the fiber surface. Hassingboe et al. (11) later showed that laccase 
was able to oxidize colloidal lignin to "mediate" the oxidation of the lignin in 
beech fibers, resulting in improved pulp properties. Viikari (12) et al. and later 
Wong and Mansfield (13), also found that pretreatment of mechanical pulps with 
laccase resulted in increases in paper strength. Another avenue for improving 
pulp properties with laccases would be to employ the polymerizing ability of 
laccase to chemically attach a separate constituent to pulp. 

Yamaguchi et al. (14,15) utilized laccase to polymerize various phenolic 
compounds to form dehydrogenative polymers (DHP). The DHP was 
subsequently coupled to thermomechanical pulp (TMP) with peroxidase for the 
formation of paperboard. After hot pressing for board formation, the ply-bond 
strength of the paperboard produced from DHP-coupled TMP increased twofold. 
Yamaguchi et al. also found an increase in paper tensile strength after laccase 
pretreatment of thermomechanical pulps (TMP) with subsequent combination 
with a vanillic acid DHP. The reaction was also performed with milled wood 
lignin (MWL); the molecular weight of the MWL increased after combination 
with the DHP. These authors rationalized their results as a chemical bonding 
between the lignin and the DHP facilitated by laccase during the laccase 
pretreatment of the TMP. Unfortunately, the nature of the chemical alteration of 
the surfaces of the treated fibers was not investigated. 

Recently, Chandra and Ragauskas investigated the application of laccase in 
the polymerization of phenolic compounds to high kappa kraft pulps. This work 
was the first to explore laccase's ability to simultaneously react with monomeric 
4-hydroxybenzoic acid and high kappa kraft pulps in an aqueous system, 
resulting in the attachment of these compounds to the pulp. It was shown that 
laccase in combination with 4-hydroxybenzoic acid could increase the 
carboxylic acid group content by 100% with a concomitant increase in kappa 

 
 c
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number (16). This work was followed by studies elucidating the effects of the 
grafting treatment on paper physical properties (17) and the surface material 
isolated from the kraft pulps (18). Along the same lines as these previous 
studies, the present study describes the application of laccase and a cationic 
phenolic compound to high kappa kraft pulps. P ulps were treated before and 
after refining. The effects on both pulp properties and paper physical properties 
were evaluated. 

Materials and Methods 

Pulp. Softwood kraft pulp with high lignin content (kappa number 60) was 
obtained from a commercial mill located in the southeastern USA. The pulp was 
screened to remove fines and shives and then fluffed. Acetone-soluble 
compounds were removed from the pulp by extraction for 24 h. Each batch (-70 
g dry weight) of extracted pulp was washed with 12 L of deionized water. The 
pulp was again fluffed, and samples (30.0 g dry basis) were weighed into heat-
resistant pouches. 

Laccase. Laccase was donated by Novozymes, Raleigh, NC. The laccase was 
Novo NS51002 isolated from Trametes villosa. The activity of laccase was 
measured by monitoring the rate of oxidation of syringaldazine (19). The change 
in Asionm of 0.001 per minute per mL of enzyme solution in a 100-mM potassium 
phosphate buffer (2.20 mL) and 0.216 mM syringaldazine inmethanol (0.300 
mL) was set to one unit (U) of activity. This test was done at 23°C and pH 4.5. 

Pulp Treatment. The pH of the pulp was adjusted to 4.5 and the grafting 
treatment consisted of 200 mg celestine blue (Cel B.) (Aldrich Chemical 
Company, Milwaukee, Wisconsin) (Figure 1) with 5.00 mL of laccase (8.54 x 
106 U/g pulp). The pulp consistency was adjusted to 15.0% and mixed 
thoroughly. All treatments were incubated in a water bath at 45.0°C for 120 
min. Symbols used in the graphs are shown in Table 1. Treatments performed 
before pulp refining are denoted in figures as "before refining" and treatments 
applied on pre-refined pulps are denoted as "after refining." The reactions were 
ceased by washing each sample with 12 L of deionized water and extracting 
residual dye with methanol for 24 h. Methanol was removed by washing with 
8.0 L of water. The reactions with laccase + celestine blue (Lac+Cel B) were 
repeated three times for refined and unrefined pulp to calculate a least significant 
difference (LSD) value using the students t-value. For nitrogen content and zeta-
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potential analysis, the results are the average of two determinations and the 
standard-deviations are expressed in the figures. 

HO NCH 2 CH 3 

C H 2 C H 3 

C I 

Figure 1: The structure of celestine blue used in grafting experiments 

Table 1: Treatment Regime Applied to High Kappa Kraft Pulp Fibers 

Treatment Symbol 

Control Control 

Laccase + Pulp Lac 

Celestine Blue + Pulp Cel B 

Laccase + Celestine Blue + Lac + Cel B 

Refining. All pulps were converted to the calcium (Ca2+) form according to 
Scallan (20). In brief, samples were suspended at 1% esc and the pH was 
adjusted to 2.75 with 0.1 N H 2S0 4. After stirring for 30 min, the samples were 
washed extensively with deionized water. Samples were resuspended in water at 
1% esc, and the pH was adjusted to 10 with Ca(OH)2. After stirring for 30 min, 
the pulps were washed extensively. Treated pulps and controls were refined 
according to TAPPI Standard T 248 om-85. Handsheets were formed according 
to TAPPI Standard T 205 om-88. 

 
 c
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Pulp Testing. After refining and grafting, 24.0 g of pulp was used to prepare 18 
handsheets a ccording t o T APPIM ethod T 3 05. O ne s heet o f e ach replicated 
treatment was used to determine the influence of the treatment on kappa number 
according to TAPPI Method T 236. The sheets were conditioned for 24 h before 
measuring the weight and thickness of sheets to calculate the basis weight. 
Tensile strength, tearing resistance, bursting strength, and z-directional tensile 
strength (ZDT) were determined for five handsheets of each treatment according 
to TAPPI Methods T 494, T 414, T 403, and T 541, respectively. Handsheets 
were sent to Atlantic Microlab Inc. (Norcross, GA) for determination of nitrogen 
content by combustion followed by elemental analysis. The remaining 6.0 g of 
pulp was used to determine the surface charge of treated fibers by measuring the 
zeta potential of the pulp. 

Zeta Potential. Zeta potential was measured on a Mutek SZP04. All pulp 
samples were pH-adjusted to 4.5 at a 1% esc prior to measurement. Samples 
were suspended in deionized water at 1% esc. 

Results and Discussion 

Enzymes such as cellulases, hemicellulases, oxidoreductases, and pectinases 
have been frequently studied for potential application in pulp fiber modification. 
Two examples include work by Oksanen et al. (21), who applied both 
hemicellulases and cellulases to kraft pulp fibers and found that cellulases 
increased density of paper sheets made from these fibers, and Mansfield et al. 
(22), who have shown that cellulase can be used to increase the tensile strength 
of paper sheets made from Douglas-fir (Pseudotsuga menziesii) kraft pulps. 
With the exception of a few studies (10,12,13), and our previous work (16), the 
use of oxidoreductase enzymes for fiber modification has not been as extensively 
explored. In the present study, an attempt was made to graft a water-soluble 
cationic phenolic compound (celestine blue) to high kappa kraft pulps with the 
aid of laccase. The first set of pulp samples were treated before refining, and the 
second set of pulp samples were treated after refining. After treatments, all 
samples were extracted with methanol to differentiate absorbed celestine blue 
from laccase-grafted celestine blue. Methanol was effective in removing the 
celestine blue from the pulp. It should be noted that celestine blue changed color 
from blue to a deep red upon reaction with laccase. The pulp and paper strength 
properties resulting from all treatments, including kappa number, nitrogen 
content, and zeta potential, was characterized. 
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In previous work, we have used the kappa number measurements to 
compare pulps that have undergone grafting treatment to control samples (16). 
This method was effective in demonstrating the increase in the aromatic fraction 
of the pulp with the grafting of phenolic compounds (23). The results of kappa 
number measurement are shown in Figure 2. The kappa number of the samples 
treated after refining was lower than those treated before refining. This is most 
likely due to the loss of fines material in the samples that were treated after 
refining. The fines material isolated after refining of kraft pulps has been shown 
to contain a high proportion of lignin (24). In both the samples treated before 
and after refining, there was no significant change in kappa number with the 
Lac+Cel B treatment. This was a surprising result; however, upon examining the 
kappa number test and the experimental conditions employed here, the most 
plausible explanation for the result would be the low dosage of celestine blue 
applied. One hundred milligrams (100 mg) of celestine blue was applied to 
facilitate complete dissolution in the reaction. According to the definition of 
kappa number, the percentage of lignin in a pulp sample can be approximated by 
kappa number x 0.15. In the case of the pulp used here, a kappa number of 60 
would have approximately 9% lignin content resulting in 2.7 g of lignin in a 30-g 
pulp sample (23). With a 100% grafting of celestine blue to the fibers, the total 
titratable material in the kappa test would increase to 2.7 g + 0.100 g = 2.8 g. A 
2.8-g value of titratable material in the pulp would result in a kappa number of 
62. Indeed, with such a small increase in kappa number, the test itself may not 
possess the sensitivity to demonstrate the grafting of celestine blue to the fibers. 
Therefore, nitrogen content was used to attempt to evaluate the ability of laccase 
to incorporate celestine blue into the pulp samples. 

Since celestine blue contains a nitrogen group (Figure 1), nitrogen content 
measurement was a logical method for quantifying the amount of celestine blue 
incorporated into the pulp. As shown in Figure 3, nitrogen content of samples 
treated with the combination of laccase and celestine blue (Lac+Cel.B) before 
refining had the most prominent increase in nitrogen content. This was an 
encouraging result; however, the samples treated with Cel.B alone also showed 
slight increases in N content. This was most likely due to an inefficient removal 
of Cel. B during methanol extraction. S ince refining pulps prior to treatment 
was expected to create a greater amount of surface area for reaction with laccase 
and celestine blue, it was surprising that the Lac+Cel B samples treated after 
refining did not show an increase in N content. Since the samples treated before 
refining showed the most pronounced change in nitrogen content, these samples 
were subjected to zeta-potential analysis. 

 
 c
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•Treatment Before Refining 

• Treatment After Refining 

Control Cel.B Lac Lac+Cel 
B 

Figure 2: Kappa Number Results of Samples Treated with Laccase+Celestine 
Blue Before Refining and After Refining 
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•Treatment Before 
Refining 

•Treatment After 
Refining 

Figure 3: Nitrogen Results of Samples Treated with Laccase+Celestine Blue 
Before Refining and After Refining 

Zeta-potential analysis has been frequently applied for the evaluation of the 
effects of wet-end additives that alter surface charge properties of pulps to alter 
their papermaking properties. Zeta potential involves measuring the charge 
balance at the boundary layer that surrounds a particle in an aqueous medium. 
Zeta-potential measurement results are shown in Figure 4. Samples possessed an 
overwhelming negative charge due to the natural negative charges imparted by 

 
 c

h0
04

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



74 

cellulose, hemicellulose, and lignin (20). Samples treated with Lac+Cel B 
displayed a tendency to be less negatively charged than the control samples. The 
results of zeta-potential testing for the Lac+Cel B samples is indicative of 
laccase-facilitated attachment of celestine blue to the fiber surface. In this study 
it was hoped that an increase in cationic charges at the fiber surface would result 
in an increase in fiber bonding and paper strength. This effect would be similar 
to cationic wet-end additives employed during the papermaking process (25). 

Control Lac 

•After refining 
• Before refining 

Figure 4: Zeta-potential Results of Samples Treated with Laccase+Celestine 
Blue Before Refining 

Paper strength properties were measured on the pulps treated before and 
after refining. Properties tested include apparent density, burst, tensile, z-
direction tensile, and tear. As shown in Figure 5, samples treated before refining 
had higher density values than samples treated after refining. This is most likely 
due to the loss of fines material with the samples treated after refining. These 
results demonstrate the importance of fines for filling in the open spaces between 
fibers during formation to increase the overall density of the paper sheet 
structure. Another effect of removing fines in the samples treated in this work is 
the removal of surface lignin (24). The high amount of surface lignin (24,26) 
present in kraft pulps would render them more amenable to grafting treatments 
with laccase. In the work described here, removal of lignin at the fiber surface 
via refining (24) may result in an ineffective grafting treatment with laccase and 
celestine blue. Accordingly, the treatment with laccase+Cel B applied after 
refining was ineffective while the treatment before refining was effective in 

 
 c
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increasing density. Another interesting result was the increase in apparent 
density observed with laccase applied to the pulp after refining. The 
performance enhancements imparted by reaction with laccase and laccase 
celestine blue were evaluated further by burst, tensile, ZDT, and tear tests. 

The results of both burst and tensile (Figures 6 and 7) were very similar to 
those obtained in apparent density measurements. Laccase treatment after 

0.60 

0.00 

•Treatment Before 
Refining 

•Treatment After 
Refining 

Control Cel.B Lac Lac + Cel 
B 

Figure 5: Apparent Density Results of Samples Treated with Laccase^Celestine 
Blue Before Refining and After Refining 

•Treatment Before 
Refining 

•Treatment After 
Refining 

Control Cel.B Lac Lac+Cell 

Figure 6: Burst Test Results of Samples Treated with Laccase^Celestine Blue 
Before Refining and After Refining 
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refining increased the tensile and burst strength of the pulp compared to the other 
postrefining treatments. This result may be due to the refining treatment creating 
an increase in surface area, thereby increasing the accessibility of the fiber to 
reaction with laccase. Laccase reaction with fibers is similar to the result 
obtained by Viikari et al. and others (12,27). 

55 
_ 50 
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z 

jf 40 

£ 35 

1 30-1 
H 25-1 

20 M i . 
•Treatment Before Refining 
•Treatment After Refining 

Control Cel.B Lac Lac+Cel 
B 

Figure 7: Tensile Testing Results of Samples Treated with Laccase^ Celestine 
Blue Before Refining and After Refining 

The z-direction tensile test has been shown to be an effective measure of 
internal bond strength for paper and paperboard (28). This test measures paper 
strength in the cross direction. The results of z-directional tensile strength are 
shown in Figure 8. Similar to the other tests, laccase treatment with celestine 
blue before refining resulted in increases in ZDT. Laccase treatment after 
refining also results in a sharp increase in ZDT close to the value of the samples 
treated with Lac+Cel.B before refining. Tear-testing results showed no 
significant change among the samples. 

Yamaguchi et al. (14,15) utilized laccase to polymerize various phenolic 
compounds to form dehydrogenative polymers (DHP). The DHPs were 
subsequently coupled to thermomechanical pulp (TMP) in the presence of 
peroxidase for subsequent formation of paper by hot pressing. Huttermann et al. 
(29) combined kraft lignin "activated" with laccase with spruce sulfite pulp with 
subsequent sheet formation and press drying. The resulting paper sheets in both 
the work of Yamaguchi et al. (14,15) and Huttermann (29) had enhanced paper 
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O Treatment Before Refining 
• Treatment After Refining 

Control Cel.B Lac Lac+Cel 
B 

Figure 8: Z-direction Tensile Results of Samples Treated with 
Laccase+Celestine Blue Before Refining and After Refining 

30 

•Treatment Before Refining 
• Treatment After Refining 

Figure 9: Tear-Test Results of Samples Treated with Laccase+Celestine Blue 
Before Refining and After Refining 

strength properties. Unfortunately, it is difficult to compare the results obtained 
here to those of Yamaguchi et al. and Huttermann, since the sheets in the present 
study were not formed by heating. Felby et al. (10) treated a ferulated 
arabinoxylan adduct with laccase in the presence of beech TMP fibers resulting 
in tensile strength increases. These authors rationalized their results by 
hypothesizing that laccase attached the ferulic acid portion of the adduct to the 
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lignin on the fiber while the arabinoxylan served to fill gaps in the fiber network 
to increase tensile strength. With all of these previous studies, it is apparent that 
laccase is capable of either coupling lignin or phenolic compounds to pulp fibers 
or reacting with the fibers themselves. The present study demonstrated both 
beneficial effects as laccase reacted with the prerefined pulp to increase paper 
strength, and laccase reacted with celestine blue to increase the strength of pulps 
treated before refining. 

Conclusions 

The work here displays the potential for laccase to be employed as a catalyst 
for grafting a variety of compounds to pulp fibers. With further development, 
laccase-facilitated grafting of compounds to pulp fibers can be used as a tool for 
tailoring the properties of high lignin content pulps to suit particular end-uses to 
expand the range of application for these products. 
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Chapter 5 

Treatment of Pulp and Paper Industry Process 
Waters with Oxalate Oxidase: Compounds 

Interfering with the Activity 
Simona Larsson1, Pierre Cassland2, Leif J . Jönsson3, 

and Nils-Olof Nilvebrant1,* 
1STFI Swedish Pulp and Paper Research Institute, Box 5604, SE-114 86 

Stockholm, Sweden 
2Applied Microbiology, Lund University/Lund Institute of Technology, 

SE-221 00 Lund, Sweden 
3Biochemistry, Division for Chemistry, Karlstad University, SE-651 88 
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Removal of oxalic acid from bleaching filtrates using the 
enzyme oxalate oxidase is a possibility to prevent problems 
with scaling in the pulp and paper industry. Bleaching filtrates 
contain compounds that interfere with the action of oxalate 
oxidase and a selection of cations, anions and organic acids, as 
well as hydrogen peroxide was investigated with regard to 
potential inhibitory effect on oxalate oxidase. While the effects 
of chloride and sulfate were rather limited in the concentration 
range studied (up to 20 mM), chlorate severely decreased the 
oxalate oxidase activity at 1.5 mM and sulfite at 0.10 mM. 
Under the conditions investigated, oxalate oxidase could stand 
inclusion of hydrogen peroxide very well up to 1.0 mM, while 
only 30 % activity remained in the presence of 20 mM 
hydrogen peroxide. The effect of organic acids was studied at 
pH 3.8 and formic acid showed more inhibitory effect than 
glycolic acid, which in turn displayed more effect than acetic 
acid that had no inhibitory effect at a concentration of 20 mM. 
Among the cations studied, the negative effect on oxalate 
oxidase activity increased in the order: calcium, magnesium < 
manganese (II) < iron (III) < copper (II), iron (II). 

© 2003 American Chemical Society 81 
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Introduction 

Precipitation of calcium oxalate, also known as scaling, is a current problem 
in the pulp and paper industry. Oxalic acid and calcium is present in bleaching 
filtrates due to occurrence in the raw material, but also due to formation of oxalic 
acid during bleaching (1-6). In order to decrease water usage, it is getting 
increasingly common to recirculate process water, which increases the problem 
with scaling. Selective removal of oxalic acid with the enzyme oxalate oxidase is 
a possibility to prevent scaling (7). 

Oxalate oxidase from barley is a secreted glycoprotein that is also known as 
germin (8-9). It catalyses the conversion of oxalic acid and molecular oxygen to 
carbon dioxide and hydrogen peroxide. It is a manganese-containing 
homohexamer that also possesses superoxide dismutase activity. The molecular 
mass of the subunits has been estimated to 26 kDa (10-11). 

A problem with the approach to eliminate oxalic acid by enzymatic 
treatment is the inhibition of oxalate oxidase that occurs in authentic process 
waters (7). In order to make the enzymatic treatment for removal of oxalic acid 
more efficient, it is therefore important to identify compounds in the bleaching 
filtrates that interfere with oxalate oxidase and with the help of this knowledge 
find the most appropriate method to remove or inactivate these interfering 
compounds or, alternatively, for enzymatic treatment select positions where the 
concentration of interfering compounds is low. 

Coupled assays are commonly used for determination of oxalic acid in 
medical samples and in studies of the properties of oxalate oxidase. In the 
coupled assays, hydrogen peroxide is first formed in the reaction catalyzed by 
oxalate oxidase. The hydrogen peroxide is then utilized in a second reaction, in 
which a peroxidase generally is employed to oxidize an aromatic substrate to a 
colored compound that is quantified spectrophotometrically. When coupled 
assays are used to study the effect of various compounds on oxalate oxidase 
activity, it is not clear whether the added compounds affect the oxalate oxidase 
or the peroxidase. In assays that rely on quantification of molecular oxygen (12) 
or on reactions coupled with hydrogen peroxide (11, 13-14), the presence of 
substances that directly interact with molecular oxygen and hydrogen peroxide 
may also lead to erroneous conclusions regarding the effect on the catalytic 
action of oxalate oxidase. 

Direct assays have also been employed to measure the effect of inhibitory 
compounds on barley oxalate oxidase activity (15-16). In these studies, 
measurements of substrate degradation were performed by using radiolabeled 
oxalic acid in combination with barley oxalate oxidase. However, due to that 
bleaching filtrates were not in the focus of attention in these investigations, a 
rather limited number of the studied compounds were the same as those that 
were examined in the current work. 
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Rather than relying on any of the coupled assays, we have instead used an 
assay in which oxalic acid is directly quantified with ion chromatography to 
identify compounds that potentially could act as inhibitors of oxalate oxidase. A 
selection of compounds relevant for the pulp and paper industry was investigated 
including cations, anions and organic acids, as well as hydrogen peroxide. 

Materials and Methods 

Selected compounds 

The effect on the oxalate oxidase activity of selected inorganic cations, 
inorganic and organic anions, as well as hydrogen peroxide was tested. The pH 
of the stock solutions was adjusted to 3.8 using concentrated sodium hydroxide 
or hydrochloric acid. 

For comparing the effect of the anions chloride and sulfate, the sodium and 
potassium salts were used at the concentrations 100 uM, as well as 1.0, 10 and 
20 mM. Sulfite (with sodium as the counter-ion) was studied at the 
concentrations 1.0, 10 and 100 uM, as well as 1.0, 10 and 20 mM. Chlorate was 
tested at the concentrations 1.0,1.5 and 2.0 mM. 

The effect of acetic, formic and glycolic acid at pH 3.8 was tested at the 
concentrations 100 uM, as well as 1.0,10 and 20 mM. Furthermore, the effect of 
formic acid at the concentrations 100 uM, as well as 1.0, 10 and 20 mM was 
tested at pH 2.2 and 4.5. The pH was adjusted with concentrated sodium 
hydroxide. 

The effects of cations, namely calcium, cupric, ferrous, ferric, magnesium 
and manganous ions, were studied using both the chloride and the sulfate salts. 
The cations were applied at the concentrations 100 uM, as well as 1.0,10 and 20 
mM. 

The effect of hydrogen peroxide was also studied. The concentrations 100 
uM, as well as 1.0,10 and 20 mM were used in the assays. 

All compounds were obtained from Merck (Darmstadt, Germany), with the 
exception of chlorate and oxalic acid solutions, which were obtained from 
Acculon Reference Standard solutions (AccuStandard Inc., New Haven, CT, 
USA). 

Assay of oxalate oxidase activity 

The total volume of the assay was 2.00 mL. The assay mixture included the 
following components (in final concentrations): 250 mM succinate buffer (pH 
3.8), 0.60 mM oxalic acid, and 100 ug/mL oxalate oxidase from barley seedlings 
(Sigma-Aldrich, St. Louis, MO, USA). The tested compounds were then added 
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to the desired concentrations ranging from 1.0 yM to 20 mM. The assay mixture 
was incubated at room temperature (23°C). Samples for ion chromatography 
analysis (200 were taken directly after the addition of oxalate oxidase (0 min) 
and at the end of the incubation (15 min). The samples were diluted 20 times and 
analysed immediately. All experiments were performed in duplicates and the 
mean values are presented. 

Analyses 

Oxalic acid was determined by ion-exchange chromatography (IC) with a 
Dionex 2020i-series ion chromatography system and using an IonPac AS4A-SC 
anion-exchange column (250 mm X 4 mm) and an AG4A-SC guard column (all 
from Dionex, Sunnyvale, CA, USA). The mobile phase consisted of 1.7 mM 
NaHC03 and 1.8 mM Na2C03 and was applied at a flow rate of 2.0 mL/min. The 
concentration of oxalic acid was calculated by comparing the area of the oxalic 
acid peak with that of the external standard. The EZchrom software system 
version 2.31 (Scientific Software Inc., Pleasanton, CA, USA) was used for the 
quantification procedure. 

Results 

Inorganic anions 
Chloride and sulfate were tested in concentrations up to 20 mM. Inclusion 

of chloride resulted in almost no inhibition even at the highest concentration 
(Table I). Sulfate was more inhibitory than chloride. Slight inhibition (10 

%) was observed for sulfate already at the concentration 1.0 mM (Table I). 
Sodium and potassium gave the same result when used as counter ions (data not 
shown). 

Chlorate and, in particular, sulfite were much more inhibitory than chloride 
and sulfate (Table I). Chlorate and sulfite caused almost complete inhibition at 
the concentrations 1.5 and 0.10 mM, respectively. 

Hydrogen peroxide 
The potential inhibitory effect of hydrogen peroxide was also tested since it 

is commonly found in the process waters from the pulp and paper industry, 
where it is used as a bleaching agent. Hydrogen peroxide did not display any 
inhibition at the concentrations 0.10 and 1.0 mM (Table I). However, the activity 
of oxalate oxidase decreased with 15 % and 70 % at hydrogen peroxide 
concentrations of 10 mM and 20 mM, respectively. 
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Organic acids 
Among different carboxylic acids that are present in bleaching filtrates, 

acetic, formic and glycolic acids are the most prominent (17-18). The potential 
inhibitory effect of these three acids on oxalate oxidase was therefore tested. 
Acetic acid was not inhibitory in the concentration range examined. Formic acid 
was the most inhibitory among the three organic acids. About one fourth of the 
activity was left when the concentration of formic acid was 20 mM at pH 3.8 
(Table II). 

Glycolic acid showed an intermediate effect. Oxalate oxidase displayed 45 
% activity in the presence of 20 mM glycolic acid (Table II). 

To test whether the difference between the three carboxylic acids was 
associated with the different pKa values, additional experiments were conducted 
with formic acid. Reactions with formic acid were therefore also performed at 
pH 2.2 and 4.5. Formic acid should be mostly undissociated at pH 2.2 and 
mostly dissociated at pH 4.5. Performance of the reactions at either pH 2.2 or 4.5 
led to a decrease in the rate of degradation of oxalic acid compared with the 
standard reaction at pH 3.8 (Table II). From the data in Table II, it can be 
calculated that the inclusion of 10 mM formic acid gave 7 % of the initial 
activity at pH 4.5,42 % of the initial activity at pH 3.8, and 63 % of the initial 

activity at pH 2.2. The inhibitory effect of formic acid was therefore more 
apparent at pH 4.5 than at pH 3.8 or 2.2. 

Cations 
Six different cations, including calcium, cupric, ferrous, ferric, magnesium 

and manganous ions, were tested. Both chloride and sulfate were employed as 
counter ions. For calcium, inclusion of the sulfate salt resulted in more 
degradation than when chloride was the counter ion (Table III). Addition of 20 
mM calcium chloride gave a very slow reaction rate. The ferrous and the cupric 
ion followed by the ferric ion were the most inhibitory cations, displaying 
inhibition already at the lowest concentration tested (0.10 mM) (Table III). 
Calcium (chloride salt), magnesium and manganese displayed rather similar 
effect at the concentrations 10 and 20 mM (Table III). Calcium with sulfate as 
counter ion caused least interference (Table III). However, the low solubility of 
calcium sulfate should be considered when these results are interpreted. 

Discussion 

In an attempt to clarify what kind of compounds in bleaching filtrates that 
are interfering with the catalytic action of barley oxalate oxidase, the effect of 
different inorganic anions, organic acids, metal ions and hydrogen peroxide were 
investigated. These groups of compounds are relevant with regard to process 
waters in the pulp and paper industry. There are several previous reports 

 
 c
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Table I. The effect of selected inorganic anions (the sodium forms of the 
salts were used) and hydrogen peroxide on the activity of oxalate oxidase 

at pH 3.8.* 

Compound Concentration Remaining activity 
(mM) <%) 

Chlorate 0.1 100 
1.0 62 
1.5 3.0 
2.0 0.0 

Chloride 0.1 100 
1.0 100 
10 100 
20 96 

Sulfate 0.1 100 
1.0 90 
10 59 
20 41 

Sulfite 0.001 90 
0.01 61 
0.1 4.0 
1 0.0 

Hydrogen 0.1 100 
peroxide 1 100 

10 85 
20 30 

•Reaction conditions: The reaction mix contained oxalic acid (0.6 mM), succinate buffer 
(250 mM), and barley oxalate oxidase (100 ug/mL). The reaction was allowed to proceed 
for 15 minutes, after which it was stopped. The remaining activity was calculated as the 
rate of consumption of oxalic acid compared to the rate in the absence of added 
compounds. The results are the mean values of two separate experiments. One Jiundred 
percent corresponds to a degradation rate of 2.87 ± 0.08 mg oxalic acid per liter per min. 
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Table II. The effect of organic acids on the activity of oxalate oxidase. 

Acid pH Concentration (mM) Remaining activity 
(%) 

Acetic acid 3.8 0.1 100 
1.0 100 
10 100 
20 101 

Formic acid 2.2 0 38 
0.1 39 
1 38 
10 24 
20 3 

Formic acid 3.8 0.1 100 
1.0 100 
10 42 
20 24 

Formic acid 4.5 0 14 
0.1 13 
1 6 
10 1 
20 0 

Glycolic acid 3.8 0.1 100 
1.0 101 
10 60 
20 45 

One hundred percent corresponds to the degradation rate at pH 3.8 
with the reaction conditions indicated in Table I. 
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Table III. The effect of cations on the activity of oxalate oxidase at pH 3.8. 

Cation Concentration Remaining activity (%) 
(mM) Chloride 

salt 
Sulfate 

salt 
Calcium 0.1 100 100 

1.0 97 100 
10 30 62 
20 4.6 41 

Copper (II) 0.1 89 89 
1.0 5.1 3.2 
10 2.7 0.0 
20 0.2 0.0 

Iron (II) 0.1 45 18 
1.0 18 8.5 
10 0.3 0.4 
20 0.0 0.0 

Iron (III) 0.1 87 82 
1.0 24 40 
10 2.6 17 
20 0.8 10 

Magnesium 0.1 100 100 
1.0 100 100 
10 58 55 
20 1.1 9.3 

Manganese (II) 0.1 100 100 
1.0 100 78 
10 26 19 
20 6.9 2.4 

The reaction conditions are indicated in Table I. 
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concerning oxalate oxidase inhibitors (11-16, 19-21). The reported results do not 
cover the most important types of compounds encountered in bleaching filtrates 
from the pulp and paper industry. In addition, these studies are often 
contradictory, which probably could be explained by the fact that oxalate 
oxidase from different organisms show different properties as well as by the 
frequent usage of coupled or indirect assays, where it is not certain whether the 
observed inhibition is due to loss of oxalate oxidase or peroxidase activity. 

Barley oxalate oxidase was rather insensitive to chloride (Table I). A similar 
result has been obtained for oxalate oxidase from grain sorghum (0.1 M NaCl), 
barley (0.01-1 mM NaCl), spiny amaranth {Amaranthus spinosus) (1 mM NaCl), 
and Bougainvillaea spectabilis (0.1 M NaCl) (11, 13, 19, 21). However, some 
reports (14, 15) have indicated that relatively low levels of sodium chloride are 
inhibitory to oxalate oxidase. 

Sulfate was more inhibitory than chloride, leading to 10 % loss in enzyme 
activity at a concentration of 1.0 mM (Table I). Previously, it has been reported 
that up to 1 mM sulfate has no effect on barley and Amaranthus oxalate oxidase 
(11, 14, 19). However, these studies were dependent on a coupled assay of 
oxalate oxidase involving a peroxidase, which may account for the difference in 
the obtained results. 

We found that sulfite caused clear inhibition already at a concentration of 
0.01 mM (Table I), which may be explained by its strong reducing strength. It is 
possible that sulfite under certain circumstances can be present in bleaching 
filtrates (22-23). The presence of chlorate also resulted in significant loss of 
oxalate oxidase activity at relatively low concentrations (1.0 mM) (Table I). 
Chlorate is very relevant in process waters from the pulp and paper industry, 
when chlorine dioxide is employed as a bleaching agent. To our knowledge, 
there are no other reports regarding the effect of chlorate and sulfite on oxalate 
oxidase activity. 

Among the carboxylic acids, formic acid was most inhibitory, followed by 
glycolic acid whereas acetic acid did not display any inhibition under the 
conditions tested (Table II). It has previously been shown that even though other 
carboxylic acids display structural similarity with oxalic acid, they do not serve 
as substrates for barley and Pseudomonas oxalate oxidase (12, 14). At pH 3.8, 
acetic acid (pKa 4.74) is mainly uncharged, whereas glycolic acid (pKa 3.83) and 
formic acid (pKa 3.75) appear in approximately equal amounts of charged and 
uncharged form. The experiments performed at pH 2.2 and 4.5 with formic acid 
indicate that the charged form is more inhibitory than the uncharged (Table II). 
The rate of the control reaction (with no formic acid present), set to 100 % at pH 
3.8, decreased at pH 2.2 and, in particular, at pH 4.5. Since oxalic acid has pKal 

1.23 and pK^ 4.28, this may indicate that at least one of the carboxyl groups 
should be uncharged when it serves as substrate for oxalate oxidase. Thus, the 
low pH optimum of oxalate oxidase (pH 3.8) could possibly reflect that 
uncharged substrate is required for the catalysis. A recent report has also 
confirmed that oxalic acid that is negatively charged probably cannot enter the 
active site of barley oxalate oxidase at higher pH due to the negatively charged 

 
 c
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surface caused by carboxylate groups of aspartate and glutamate residues (9). On 
the other hand, pH 2.2 is likely to be suboptimal for the enzyme and therefore 
the rate of the reaction decreased. 

Metal ions can form salts with oxalic acid that have very low solubility 
constants. However, the pH used in the experiments with oxalate oxidase was 
below pKa2 for oxalic acid and thus precipitations did not occur when the 
different cations were added. Among the various metal ions tested, cupric and 
ferrous ions were the most inhibitory and they caused inhibition already at the 
lowest concentration tested (0.10 mM) (Table HI). Regarding the inhibitory 
effect of copper, our findings are in accordance with previous reports concerning 
oxalate oxidase from barley and Pseudomonas sp. OX-53 (12, 16). In contrast, a 
stimulating effect on the catalytic activity of oxalate oxidase by cupric ions has 
been reported when coupled assays were used for barley and grain sorghum 
oxalate oxidase activity determination (11, 13-14, 20). On the other hand, 1 mM 
copper (II) showed no effect on the activity of oxalate oxidase from Amaranthus 
leaves (19). Regarding ferrous iron, our data are again in agreement with earlier 
results (16). In contrast, Koyama (12), Satayapal and Pundir (13), as well as 
Goyal et al. (19) have reported that ferrous ions in the concentration range 0.01-
1 mM exhibit virtually no effect on Pseudomonas (0.1 mM FeS04), grain 
sorghum (0.5 mM FeS04) and Amaranthus (0.01-1 mM FeS04) oxalate oxidase. 
The mechanism behind the inhibition of oxalate oxidase by divalent iron has so 
far not been elucidated. It has been suggested that Fe27 Fe3+ interfere with the 
activity of barley oxalate oxidase by forming insoluble complexes with oxalic 
acid (11). It is, however, not entirely unlikely that the reason why strong 
inhibition of oxalate oxidase by ferrous ion was not observed in most of the 
studies in which a coupled assay was used is that the produced hydrogen 
peroxide is quickly consumed by horseradish peroxidase. Although Koyama did 
not use the coupled assay and employed measurement of oxygen consumption 
instead, catalase that was present in the assay consumed hydrogen peroxide (12). 
In the absence of peroxidase or catalase, the combination of ferrous ion and 
hydrogen peroxide would create Fenton's reagent, resulting in the formation of 
highly reactive hydroxyl radicals that may be very detrimental for the integrity of 
the enzyme. 

At high concentrations, calcium sulfate caused less inhibition than calcium 
chloride. This is probably due to the low solubility of calcium sulfate (Ksp in 
water at 25 C°: 7.10 10"5). Calcium and manganous ions were found to cause less 
interference than ferrous and cupric ion (Table III), which is in compliance with 
a previous study (16). In our study, low concentrations (up to 1 mM) of calcium 
and manganous ions did not affect oxalate oxidase from barley negatively (Table 
III), which is in good agreement with a previous report concerning oxalate 
oxidase from barley (14). Previous studies have also shown that 1 mM of 
manganese did not affect the activity of barley and Bougainvillea spectabilis 
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oxalate oxidase (20-21). The ferric ion showed more effect than calcium, 
manganese, and manganous ions (Table III). The presence of 1 mM ferric iron 
has even been reported to lead to an increase in the activity of barley oxalate 
oxidase (20). These results were, however, based on the coupled assay method in 
which peroxidase is employed. 

No compound examined in this work was found to stimulate the enzymatic 
activity, which is a difference compared with some of the previous reports 
concerning oxalate oxidase. For example, the activity of barley oxalate oxidase 
has been reported to increase in the presence of calcium (0.01-1 mM) (11). In 
this case, one has to bear in mind that the reported stimulation may also possibly 
reflect the effect of the studied compound on horseradish peroxidase, which 
contains structural calcium ions (24). 

Hydrogen peroxide, one of the reaction products, also showed a negative 
effect on oxalate oxidase. The inhibition of oxalate oxidase by hydrogen 
peroxide has not been reported previously. This result is also of importance since 
the concentrations that we tested must be considered relevant with regard to the 
pulp and paper industry. 

In conclusion, our data provide relevant information regarding oxalate 
oxidase inhibitors both from fundamental and applied points of view since we 
have tested a number of compounds using a direct assay. Several of these 
compounds, such as chlorate, sulfite, formic acid, glycolic acid and hydrogen 
peroxide have not previously been tested with respect to the potential effect on 
the activity of oxalate oxidase. Furthermore, as these above mentioned 
compounds may be found in process waters from the pulp and paper industry, 
the results are of a practical importance and help to explain why the degradation 
of oxalic acid by oxalate oxidase may be inefficient when industrial samples are 
treated. 
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Chapter 6 

Xylanase Treatment of D 0 Pulp to Enhance 
Bleaching 

Jeffrey S. Tolan, and Corina Popovici 
Iogen Corporation, 400 Hunt Club Road, Ottawa, Ontario 

K1V 1C1A, Canada 

Xylanase treatment is used to enhance the bleaching of kraft 
pulp. This technology is used in 15 mills in North America and 
enables the mills to bleach pulp while using 10% to 20% less 
chlorine dioxide or other oxidative chemicals. Xylanase 
treatment is carried out on brownstock prior to the bleach 
plant. This treatment location is satisfactory for most mills, but 
there is an interest in improving the benefits a mill can obtain 
from xylanase and in treating pulp in mills not amenable to 
brownstock treatments. This paper describes the xylanase 
treatment of pulp after the first chlorine dioxide (Do) 
bleaching stage. Such treatments can take place in neutral 
wash stages or in the first alkaline extraction stages. There is 
significant opportunity using xylanase treatments in these 
stages to obtain a greater benefit than in conventional xylanase 
treatments of brownstock. 

Introduction 

Kraft pulping is the primary chemical pulping process used in 
the pulp and paper industry. In kraft pulping, wood chips (or 
other raw material) are cooked in alkali liquor consisting of 
sodium sulfide and sodium hydroxide at temperatures around 
200 °C for 1 to 3 hours. The pulping process converts the stiff 
wood to flexible fibers suitable for paper. In addition, the 
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alkali dissolves about 90% of the lignin in the wood. At the 
point after pulping and washing the lignin away with water, the 
pulp is referred to as "brownstock". Brown paper bags are an 
example of a product made from brownstock. 
Complete removal of the lignin is essential in the production of 
most kraft pulp, which is used to make white paper. The lignin 
remaining in brownstock, which comprises 2% to 4% of the 
brownstock, is removed by bleaching with oxidative 
chemicals. For more than a century before 1990, the primary 
bleaching chemical was chlorine. Chlorine gas is an effective 
bleaching agent that produces a high-quality pulp 
inexpensively. Unfortunately, chlorine bleaching releases 
chlorinated lignin compounds into the mill effluent that have 
raised concerns over chronic toxicity (such as dioxins, furans 
and the large set of compounds lumped together as AOX). 
To address the concerns associated with chlorine bleaching, 
the industry has adopted alternative bleaching technologies. 
These include the use of chlorine dioxide, oxygen, hydrogen 
peroxide and, to a lesser extent, ozone. These technologies are 
not without problems, including significant increases in capital 
and operating costs and decreases in pulp quality relative to 
that produced using chlorine. 

 
 c
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The use of xylanase enzymes to treat pulp has been adopted by the industry 
to address these issues. The benefits of xylanase in bleaching kraft pulp were 
reported by researchers in Finland in 1986 (1). Numerous studies of the effects 
of xylanase, mechanism of action on pulp, and properties of xylanase enzymes 
have been published (2-5). Initial mill trials of the technology were carried out 
in 1991, and commercial use started in 1992. Today, 15 mills are using xylanase 
full-time in North America. This represents 4 million tonnes of pulp treated 
annually and corresponds to 16% of the pulp made in Canada and 12% in the 
US. This is also the largest penetration of biotechnology into the pulp and paper 
industry (6). 

Xylanase is added to brownstock prior to the bleach plant (Figure 1). The 
enzyme is provided in an aqueous solution and is added to the pulp at or near the 
final brownstock washer. At this point, the pH and temperature of the pulp are 
adjusted to the optimum range for the enzyme. The pH is usually adjusted with 
sulfuric acid because brownstock is very alkaline. The temperature is controlled 
by the temperature of the brownstock wash water and can vary by a few degrees 
centigrade. Once added, the enzyme acts on the pulp in the high-density 
brownstock storage tower for 15 minutes to two hours, depending on the size of 
the tower and the degree of pulp channeling. The enzyme hydrolyzes and 
solubilizes 2% to 4% of the xylan in the pulp. This action does not directly 
bleach or delignify the pulp, but makes the pulp easier to bleach. The treated 
brownstock then proceeds to the bleach plant with a decreased requirement for 
bleaching chemicals. 

Typical effects of xylanase are shown in Figure 2. The brightness of the 
pulp (after bleaching) increases with increasing total kappa factor (TKf), which 
is a measure of the amount of chlorine dioxide used. The TKf is defined as TKf 
= (2.63*C)/(10*Kp), where C = Chlorine dioxide usage across the bleach plant, 
kg/t pulp, and Kp = pulp kappa number. 

For a given TKf, the xylanase treated pulp reaches 0.5 to 1.0 points higher 
brightness than the untreated pulp. Therefore, if a mill follows xylanase 
treatment with the same usage of bleaching chemicals as an untreated pulp, the 
mill can achieve a higher pulp brightness. 

Alternatively, the mill can maintain the same level of brightness using 
xylanase with a lower amount of bleaching chemicals than for an untreated pulp. 
From Figure 2, a bleached brightness of 90.7 is achieved with a TKf of 0.53 for 
an untreated pulp and 0.43 for an enzyme-treated pulp, thereby saving the mill 
18.5% of its chlorine dioxide. 

A third alternative is to combine the features of the first two and use 
xylanase treatment to achieve a higher brightness and a savings in chlorine 
dioxide. The increase in brightness and decrease in chemical usage will be 
somewhat less than that achieved if either parameter was decreased alone. 

 
 c
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• Control 

• Xylanase 

0.4 0.45 0.5 0.55 

Total K a p p a Factor (TK1) 

Figure 2. Effect ofxylmase treatment on brightness and bleaching chemical 
charge (4). 

The enzymatic treatment of brownstock has been successful in the industry. 
However, some aspects of the treatment are limitations. Some mills do not have 
brownstock pumps; in this case, it is difficult to disperse the enzyme uniformly 
into the pulp. In some mills, the brownstock high-density storage tower is so 
small or channels so badly as to not allow the required retention time to be 
achieved. Some brownstock pulps do not respond well to xylanase, for reasons 
that are not understood (2). Finally, there is always a desire to increase the 
benefits of xylanase in bleaching. 

These reasons motivated a study of xylanase treatments of Do pulps, that is, 
pulps that have been through only the first chlorine dioxide (Do) bleaching stage. 
The Do stage itself contains the chlorine dioxide, a highly oxidative chemical, 
and is therefore not compatible with xylanase. After the Do stage, some mills 
have a neutral wash that is compatible with xylanase treatment. Most mills do 
not have a neutral wash and proceed directly to the first alkaline extraction 
(Ei)stage. This stage is at conditions that are too harsh for xylanase treatment, 
but these conditions were modified to accompany the enzyme in this study. 

 
 c
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Materials and Methods 

Pulp: Hardwood kraft brownstock from a mill in Quebec was used. The pulp 
was washed thoroughly with water and stored refrigerated. 

Enzyme: The enzyme used was Trichoderma xylanase II, engineered for 
thermal and pH resistance (7). The aqueous solution of enzyme has a xylanase 
activity of 9800 Xu/ml based on the release of Remazol Brilliant Blue dye from 
xylan (8). The enzyme was stored refrigerated. The xylanase was made in 
submerged liquid culture by a strain of Trichoderma reesei and was highly pure, 
with only trace endoglucanase activity. No cellulo-oligomers were detected in 
the pulp filtrates. 

Conventional xylanase treatments: 15 grams of pulp (dry basis) was diluted 
to 10% consistency in heat sealable plastic bags. The pH of the pulp was 
adjusted to 7.0 with dilute sulfuric acid. The enzyme was added to the pulp at 
dosages of 0, 0.25, 0.5, or 0.7 xu/g of pulp and manually kneaded into the pulp. 
The bags were placed in 57 or 60°C water bath for 1 hour, then filtered over a 
Buchner funnel. Filtrates were saved for xylose analysis. 

Chlorine dioxide (Do) stages: After the enzyme treatment stage, the pulp 
was subjected to a standard Do stage. This immediately destroyed any remaining 
xylanase activity. A lOg/L solution of C102 was made by bubbling chlorine into 
a column of sodium chlorate. The solution was standardized by titration with 
sodium thiosulfate and stored refrigerated. The C102 was added to the pulp at 
kappa factors of 0.15, 0.17, 0.19 and 0.21. The bags were sealed and incubated 
in a water bath at 50°C for 1 hour. At this point, the pulp was filtered over a 
Buchner funnel and washed with 4 liters of water, then pressed to 20% 
consistency. 

Neutral wash (Xw) stages: Some pulps were subjected to neutral washes, 
with (Xw) or without (W) xylanase present. The Do pulps were adjusted to pH 7 
with dilute sodium hydroxide. Xylanase was added at dosages of 0, 0.25 or 0.5 
xu/g of pulp. The enzyme was added as in a conventional xylanase treatment, by 
kneading the pulp. The bags were then placed in a water bath at 57°C for 1 hour, 
then filtered over a Buchner funnel. Filtrates were saved for xylose analysis. The 
pulps were then washed with 4 liters of water at 25°C, then pressed to 20% 
solids consistency. 

Conventional alkali extraction (Ej stages): Following Do or Xw, most pulps 
were subjected to conventional alkaline extraction (Ei) stages. The pulp was 
adjusted to pH 11 at 10% consistency with a measured amount of dilute sodium 
hydroxide. The pulps were incubated in a water bath at 75°C in the presence of a 
small amount of hydrogen peroxide to simulate a mill extraction stage. After 1 
hour, the pulp was filtered over a Buchner funnel and then washed with 4 liters 
of water. 
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Mild extraction (XE) stages: Some pulps were subjected to mild extraction 
(XE) stages rather than Ej stages. For mild extraction stages, the pulp was 
adjusted to pH 7 at 10% consistency with a measured amount of dilute sodium 
hydroxide. Xylanase was added at dosages of 0, 0.7 or 1.0 xu/g and kneaded into 
the pulp, as described in the other xylanase stages. The pulps were incubated in a 
water bath at 60°C in the presence of a small amount of oxygen and hydrogen 
peroxide to simulate a mill extraction stage. After 1 hour, the pulp was filtered 
over a Buchner funnel and the filtrate saved for xylose analysis. The pulp was 
then washed with 4 liters of water. 

Second chlorine dioxide (Di) stages: All pulps were subjected to standard 
D, stages following Ei or X E stages. The chlorine dioxide dosages were Vi that of 
the Do stage. The stages were run at 10% consistency in a water bath at 75°C for 
3 hours. The pulp was then filtered over a Buchner funnel and washed with 4 
liters of water. 

Second extraction (E2) stages: All pulps were subjected to standard E 2 

stages following Di stages. The pulp was adjusted to pH 11 with dilute sodium 
hydroxide and incubated in a water bath at 75°C at 10% consistency for 1 hour. 
The pulps were then filtered over a Buchner funnel and washed with 4 liters of 
water. 

Third chlorine dioxide (D2) stages: All pulps were subjected to standard D 2 

stages following E 2 stages. The chlorine dioxide dosages were 2 kg/t pulp. The 
stages were run at 10% consistency in a water bath at 75°C for 3 hours. The pulp 
was then filtered over a Buchner funnel and washed with 4 liters of water. 

Post-bleaching: Bleached pulps were soured with S02, pressed into 
handsheets, and dried overnight at 25°C. The ISO brightness of the dry 
handsheets was measured. 

Analysis 

Brownstock kappa number was measured by TAPPI method T 236 cm-85. 
Bleached brightness was measured by the P APT AC method E.l. The 
concentration of chlorine dioxide solutions was measured by titration with 
sodium thiosulfate. The concentration of xylose in pulp filtrates was measured 
by adding sulfuric acid to the filtrate to a concentration of 2% (w/v) and 
incubating in a 121°C steam autoclave for 1 hour. This acid hydrolysis converts 
xylose oligomers to monomers. The xylose concentration was then measured by 
HPLC. The xylose concentration and the quantity of filtrate were used to 
calculate the amount of xylose released from the pulp. 
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Results 

Table I and Figure 3 show that xylanase treatment in a neutral wash can be 
beneficial to pulp bleaching. The untreated pulp is represented by the curve of 
lowest brightness as a function of TKf. This pulp requires a TKf of 0.43 to reach 
89.5 ISO brightness. 

The pulp with a conventional 0.5 xu/g xylanase treatment of the brownstock 
requires a TKf of 0.41 to reach 89.5 ISO brightness. This is a savings of 4.7% 
relative to the untreated pulp. This is a lower benefit than the typical range of 
15% to 20% for a hardwood pulp. Partly this was due to the use of a lower 
xylanase dosage than the typical 1-2 xu/g dosage used in a mill. In addition, the 
low response of this pulp to xylanase was the reason this pulp was chosen 
deliberately as a candidate for an alternative xylanase treatment. 

 
 c
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The 0.5 xu/g xylanase treatment in the neutral wash resulted in a better 
response than the conventional xylanase treatment. This pulp was bleached to 
89.5 ISO brightness with 8% less C102 than the untreated pulp. 

Finally, the best response was with 0.25 xu/g in the conventional 
brownstock treatment and then an additional 0.25 xu/g in a neutral wash 
treatment. This pulp was bleached to 89.5 ISO with 12.7% less C102 than the 
untreated pulp. This equals the sum of the benefits from the separate 
conventional and the neutral wash treatments. 

Table I: Xylanase treatments in neutral wash stage (Pulp: Hardwood, 
Kappa # 15.1) 

PARAMETER 
SEQUENCE 

PARAMETER D0WE,DED 
(Untreated) 

XDBWE,DED 
(Conventional) 

X 

DoXJZjDED 
(Neutral Wash) 

Xw 

XDoXyJE,DED 
(Two-stage) 
XandXw 

X Dosage 
(xu/g) 0 0.5 0 0.25 

Xw Dosage 
(xu/g) 0 0 0.5 0.25 

Total Dosage 
(xu/g) 0 0.5 0.5 0.5 

C102 (kg/t) to 
89.5 ISO 22.7 21.6 20.6 19.8 

Savings 0 4.7% 8% 12.7% 

Table II and Figure 4 show that xylanase treatment in a mild extraction stage 
can be beneficial to pulp bleaching. The untreated pulp is represented by the 
curve of lowest brightness as a function of TKf. This pulp requires a TKf of 0.47 
to reach 87 ISO brightness. 

The pulp with a conventional 0.7xu/g xylanase treatment of the brownstock 
requires a TKf of 0.43 to reach 87 ISO brightness. This is a savings of 10.3% 
relative to the untreated pulp. This is a lower benefit than the typical range of 
15% to 20% for a hardwood pulp. This was another pulp that was chosen 
deliberately as a candidate for an alternative xylanase treatment because of its 
low response. 

The 1 xu/g xylanase treatment in the mild (pH 7, 60°C) extraction stage 
resulted in a similar response as the conventional xylanase treatment. This pulp 
was bleached to 87 ISO brightness with 9% less C102 than the untreated pulp. 

 
 c

h0
06

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



101 

• D o E l D E D 

• X D o E l D E D 

A D o X D E D 

• X D o X D E D 

0.3 0.35 0.4 0.45 0.5 0.55 

Total K a p p a Factor (TKf) 

Figure 4. Xylanase in mild extraction stage. 

By using the mild extraction stage, the sodium hydroxide use in that stage 
decreased by 57%. 

Finally, the best response was with 0.7 xu/g in the conventional brownstock 
treatment ahd then an additional 0.7 xu/g in a mild extraction stage. This pulp 
was bleached to 87 ISO with 18.9% less C102 than the untreated pulp. This is 
close to the sum of the chemical savings from the separate xylanase treatments of 
brownstock and during mild extraction. This two-stage treatment also saved 57% 
of the caustic used in the extraction stage. 

Figure 5 shows the amount of xylose released by xylanase treatments of 
brownstock, Do pulp, and split evenly between brownstock and Do pulp. Two 
trends are interesting. The shape of the dosage response curve changes with Do 
bleaching. Also, the xylose released by the split treatments is almost the 
independent sum of the two separate treatments. 

Discussion 

Xylanase treatment of Do pulp is at least as effective as conventional 
brownstock treatment. When carried out in a neutral wash stage, the xylanase 
treatment offers several potential advantages over conventional xylanase 

 
 c
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treatments. In the neutral wash, there is always a stock pump present. The towers 
are designed to minimize pulp channeling. The towers have a level of 
instrumentation that is not present in brownstock storage towers. These aspects 
of neutral wash treatments address several of the shortcomings of conventional 
xylanase treatments. One limitation of neutral wash xylanase treatments is their 
availability is limited to a minority of mills. Mills with extra towers or mills with 
Papricycle stages (9) are the primary candidates for these xylanase treatments. 

Table II: Xylanase treatments in mild extraction stage (Pulp: Hardwood, 
Kappa # 14.9) 

SEQUENCE 

PARAMETER DoEjDED XDoEjDED DJEDED XDoXEDED PARAMETER 
(Untreated) (Conventional) (Mild Extraction) (Two-stage) 

X XE XandXE 

X Dosage 
(xu/g) 0 0.7 0 0.7 

XE Dosage 
(xu/g) 0 0 1 0.7 

Totalfxu/g) 0 0.7 1 1.4 
Extraction 
T,pH 75°C,pHll 75°C,pH 11 60°C, pH 7 60°C, pH 7 

NaOH(kg/t) 10 10 4.3 4.3 
Savings — — 57% 57% 
C102 (kg/t) to 
87 ISO 23.3 20.9 21.2 18.9 

Savings — 10.3% 9% 18.9% 

When carried out in a mild extraction stage, the xylanase treatments carry 
some additional advantages over neutral wash treatments. Xylanase in mild 
extraction stages not only decreases the requirement for chlorine dioxide, but 
also allows this to happen with a reduced level of caustic and at a reduced 
temperature. This mild xylanase extraction stage potentially allows a mill to save 
on energy costs as well as caustic and C102. Unlike neutral washes, almost every 
mill is equipped with alkaline extraction stages. 

The use of a two-stage xylanase treatment, that is, treatment of brownstock 
and of Do pulp, offers benefits roughly equal to the sum of the separate benefits 
of conventional and Do-treatments. This offers an opportunity for mills to 
obtain an increased benefit from xylanase treatment. The difficulty in 
implementing this operation is the need for and complexity of two enzyme 
addition systems in the bleach plant. 

 
 c
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Figure 5. Xylose release for xylanase treatments on Brownstock and Do pulp. 

The observation that the bleaching benefits obtained on Do treated pulp are 
additive to those from conventional pulp implies that the treatment of the Do 
pulp is independent of the conventional xylanase treatment. This implies further 
that, from the point of view of xylanase, the character of the pulp is changed 
substantially by the Do stage. This stage removes 80% of the lignin remaining in 
the brownstock. How this might change the response of the pulp to xylanase is a 
matter for speculation. 
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Chapter 7 

Cellulose-Binding Domains as a Tool for Paper 
Recycling 
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Treatment of secondary paper fibres with cellulose-binding 
domains allows for improvements of pulp drainability and of 
paper mechanical properties. The interfacial system fibre
-water-fibre, and after drying, fibre-air-fibre, may be affected 
by the CBD treatment, influencing the pulp and paper 
technical properties. Inverse Gas Chromatography provides 
experimental evidence that support this hypothesis. 

Introduction 

Cellulose-binding domains (CBD) are functionally independent protein 
modules present in many cellulases. These modules are essential for the 
effectiveness of the enzymatic action, namely for the hydrolysis of insoluble 
cellulose and especially of the crystalline regions. In fact, whenever the C B D is 
removed, the hydrolysis of insoluble substrates by the catalytic domain alone 
proceeds at a much lower rate (1,2, 3). The enzyme affinity and adsorption on 
cellulose is controlled by the binding core structure, topology and charge (4). 
The enzymatic modification of paper pulps depends on the C B D used. Indeed, a 
Kraft pulp treated with proteins from Trichoderma reesei - native 
cellobiohydrolase I and a recombinant cellobiohydrolase I with an 
endoglucanase I-binding domain - have different technical properties (3). 

© 2003 American Chemical Society 105 
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The binding domains retain their functionality when separated from the rest 
of the protein. It has been suggested that CBDs have the ability to disrupt the 
cellulose fibres surface (5, 6). This ability would explain the striking importance 
of CBDs in the hydrolysis of insoluble substrates: not only they allow for a 
concentration of the enzymes in the surface of the fibres, but also the swelling 
and fibre surface disruption favours the formation of new binding sites, 
facilitating the hydrolytic process. The CBD action on the fibre surface is 
certainly a topic that requires additional experimental studies. 

To this point, research on the CBD properties has focused mainly on the 
CBD/cellulose interaction and on the binding/catalytic domains interdependence. 
In the present paper, the ability of family I CBD (obtained by proteolytic 
digestion of Trichoderma reseei cellulases) to modify the technical properties of 
a secondary pulp for paperboard production is demonstrated. Paper fibres 
upgrading with cellulases has been attempted since over the last 20 years. As 
shown in previous work (7, 8), enzymatic modification of fibres is not simply a 
hydrolytic process. In fact, the modification of the interfacial properties may be a 
rather important aspect. To characterise the modification of interfacial properties 
by CBDs, Inverse Gas Chromatography was used in the present work. 

Methods and Materials 

Cellulose-binding domains 

The cellulose-binding domains (CBD) preparation was obtained by 
ultrafiltration after proteolytic digestion of Celluclast 1.5L, according to the 
protocol described in Lemos et al. (9). The final CBD solution did not show 
cellulolytic activity (9); protein quantification was done by the Bradford method 
(10). 

Cellulose powder: Whatman CF-11 was used in the Inverse Gas 
Chromatography experiments. 

Paper pulp: The pulp used in this study was obtained after disintegration of 
old paperboard containers, representing a mixture of 60% Kraft paper, 20% 
fluting and 20% test liner. It was kindly supplied by the company Portucel 
Viana. 

 
 c
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CBD treatment of paper pulps 

Paper pulps (a mass of wet pulp equivalent to 70 g of oven dried (o.d.) pulp) 
were disintegrated with a blender in sodium citrate buffer 0.05 M , pH 5.0, for 10 
minutes. The C B D solution (representing 10% of the total reaction volume to 
assure a good dispersion) was then added to the mixture and allowed to react for 
30 min, with continuous slow mixing (3% consistency, at 50°C). Then, the fibres 
were recovered by filtration. The filtrate was forced through the fibre cake, in 
order to avoid the loss of shorter fibres. Reducing sugars in the filtrate were 
measured using the DNS method (11). The pulp was treated with 1.1 mg protein/ 
g o.d. pulp. Control assays were executed in the absence of C B D . Each assay, 
with and without CBDs, was performed twice with good reproducibility. 

Preparation of paper sheets 

Paper sheets (60 g/m2) were prepared using an Auto Dinamic Sheet Former 
(DSF), manufactured by Noram - Lorentzen & Wettre. 

Pulp and Paper Testing 

Determination of the pulp and paper properties followed the usual standard 
procedures: drainage rate (ISO 5267/1), burst (ISO 2758), tensile strength (ISO 
1924/2), tear (ISO 1974), sheet density (ISO 534) and permeability to air flow 
(ISO 5636/3). Test pieces for paper characterisation were obtained from the 
middle region of the DSF sheets; a four-sheet set (0.198 m 2 each) was available 
for each experimental condition. The coefficients of variation (drainage, tensile, 
burst and tear) were less than 1%. 

Inverse Gas Chromatography 

In gas chromatography, the retention volume of a volatile substance depends 
on its interaction with the stationary phase. In Inverse Gas Chromatography 
(IGC), the solid adsorbent to be characterised is the stationary phase, while 
known probe molecules are used as volatiles. When the measurements are 
carried out at infinite dilution of the solutes or at zero surface coverage of the 
adsorbent, then the net retention volume V exclusively derive from the 
interaction between adsorbent and adsorbate. The net retention volume is given 
as: V=F(tr-to), where F is the corrected flow rate of carrier gas, tr is the retention 
time of the respective solute and t0 is the retention time of the marker (methane). 
The complete thermodynamic characterisation of the adsorbent solid phase is 
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possible, by using the appropriate probes and measuring the retention volume at 
different temperatures, as described elsewhere (12, 13). When aiming at 
comparing the properties of different solids, the direct comparison of the 
retention volumes, at a defined temperature, provides an accurate measure of the 
relative affinity of the materials for each probe. 

In this work, the effect of CBDs on the surface properties of a model 
cellulose powder (Whatman CF-11) was studied. A suspension of cellulose (total 
cellulose weight of 10 g) was prepared in sodium acetate buffer 0.05 M, pH 5.0. 
The CBD solution (representing a minimum of 10% of the total reaction volume, 
to assure a good dispersion) was then added to the mixture (final concentration: 
3% Wceiiuiose/Vbufreri 0.2% wprotein/wce,,u,ose) and allowed to react for 30 min, with 
continuous slow mixing, at 50°C. The mixture was then centrifuged at 4000 rpm. 
The supernatant was removed, the fibres were washed with distilled water (300 
ml) and again centrifuged (method 1). In another experiment, the same 
procedure in the preparation of the samples was carried out, with the exception 
that the fibres were washed twice with 400 ml of distilled water (method 2). For 
both methods, the respective control was prepared, using a buffer solution 
without CBDs. The obtained material was packed in a Chrompack stainless steel 
column of 1 m length and 4 mm internal diameter. About 5 grams were packed 
in each column. The exact weight was recorded and used to correct the values of 
retention volume. The non-processed Whatman CF-11 fibres were also analysed. 

Chromatographic measurements at infinite dilution were carried out with a 
Chrompack CP9001 gas chromatograph equipped with a flame ionisation 
detector. The carrier gas was helium. The sample was injected with a Hamilton 
Gastight 1750SL syringe, and its concentration was adjusted such that the 
minimum attenuation was used in the determination of the retention time, 
ensuring practically infinite dilution. The retention volume of each probe, K, was 
calculated as the average of at least 5 values. 

Results and Discussion 

Table 1 summarises the properties of the paper sheets and the effect of the 
cellulose-binding domains (CBD) treatment. A positive effect on both the pulp 
and paper properties is detected. In fact, both drainage and strength (specially 
tensile and burst) are improved by the CBD treatment. The paper sheets do not 
show any major change in the density or permeability parameters. This trend 
contrasts with the effect typically obtained when enzymes are applied for fibre 
modification (7); although improving drainage to a large extent, the enzymatic 
hydrolysis normally worsens the paper mechanical properties. Furthermore, as 
expected, no solubilisation was detected after the pulp treatment. Indeed, the 
possibility of excessive (hydrolytic) modification of the fibres, with reductions 
both iri paper yield and fibre quality, is not expected to be an issue when using 
CBDs. 
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Table I. Effect of the CBD Application on the Properties of Pulp and Paper 

Drainage 
<°SR) 

Tensile 
(Nrn/g)* 

MD TD 

Burst Tear 
(KPam2/g) (mNm2/g)* 

MD TD 

Permeability 
to air 

(ml/min) 

Control 43 30.3 11.6 1.0 3.6 6.8 2714 
CBD 35 36.5 12.6 1.1 3.7 5.8 2831 
assay 

3.7 5.8 

* MD. machine direction; TD, transversal direction. 

The possible application of CBD in recycling has been previously proposed 
(7). However, the present work provides further evidence that the non-hydrolytic 
peptides may be a valuable additive for the paper industry. In the previous work, 
paper strength was measured in handsheets where, as a consequence of random 
deposition, fibres do not present a determined orientation. By contrast, the 
dynamic sheet former (DSF) used in this work allows for an optimal fibre 
orientation during sheet formation. As in the paper-machine, the obtained paper 
sheets can be characterised under two directions (Figure 1): along with, and 
transversally to the fibres orientation in the paper sheet (machine-direction, MD; 
and transversal-direction, TD). The results show that the magnitude of the 
modification achieved with the CBDs is greater in the "stronger" direction of the 
paper sheet. The effectiveness of CBD may be associated to a better fibre 
alignment (and increased interaction sites between fibres), which would explain 
the increased paper resistance to tensile forces in the machine-direction. 
Resistance improvement along the transversal direction is inferior (20% MD 
versus 9% TD) because although fibre alignment provides an increased number 
of connections, the inter-fibre length connection along this direction is lower. 
A relevant question remains unanswered: why do the non-hydrolytic CBDs allow 
for both drainage and strength improvements? In our opinion, CBD modify the 
fibres interfacial properties and thereby the pulp and paper properties. The high 
fibre-affinity of the peptide and its surface activity may be responsible for the 
fibre surface modification. In fact, an increased strength of the fibre-water 
interaction has been observed in paper fibres and powdered celluloses treated 
with cellulases (8, 14). The referred results show that the adsorbed enzymes 
increase the fibre water-affinity, leading to a stronger water adhesion. This effect 
may be responsible for the fibre stabilisation in aqueous suspension, thus 
avoiding the formation of preferential draining channels and leading to a more 
homogeneous paper sheet. Upon drying, the inter-fibre interaction is again 
possible (Figure 2). CBD and enzymes should modify the interfacial properties 
in a similar way. However, the hydrolytic activity is often detrimental to the 
paper strength, owing to the reduction in the intrinsic fibre strength, while a 
positive effect is obtained with CBD. The catalytic activity, and the much higher 

 
 c
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(A) 

Tensile 

Tear 

(B) 

t 
Figure I. Paper direction influencing paper strength 

Fibre alignment in paper sheets increases the number of interfiber contact sites 
thus improving paper strength. When tensile is measured along the paper MD 
(A), the number of inter fibre bounds opposing the applied strength is higher 

than when it is determined along the paper TD (B), thus explaining the 
increased paper resistance to tensile in the former situation. As in respect to 

tear, paper TD (A) offers a higher resistance to the applied force because in this 
direction fibres themselves have to be broken. 

 
 c
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molecular weight of glycosyl hydrolases {versus CBD), may contribute for the 
different effects in the paper properties. More data on the use of C B D for pulp 
and paper modifications is necessary in order to support these hypotheses. 

It must be remarked, with regard to Figure 2, that the interaction between 
adjacent fibres is critically affected by the presence of water. The Hamacker 
constant, a measure of van der Waals forces between surfaces (15), is much 
higher for condensed phases interacting across air, as opposed to the interaction 
across water. In the case of cellulose, the Hamacker constants, determined 
according to the Lifshitz theory are 5.8x10"20 J (interaction across air) and 
0.8xl0" 2 0 J (interaction across water) (16). Therefore, the fibre stabilising effect 
in aqueous suspension (a consequence of steric and hydration phenomena) no 
longer applies upon fibre dehydration, when the attracting van der Waals forces 
between the fibres are higher and hydration effects are not present. The C B D 
activity may be interpreted as a refining-Iike process, according to Milichovsky 
molecular interpretation of the process (17). Indeed, it has been recently shown 
(6) that C B D may lead to fibre disruption and crystallinity reduction, directly 
affecting the fibres hydration layers. 

The characterisation of a model cellulose using IGC shows that washing the 
fibres modifies significantly their surface properties, possibly due to the removal 
of ions or other adsorbed chemicals (Table II, CF-11 versus Control 1 and 2). 

The differences between the two controls suggest that washing the fibre, as 
carried out by method 1 (washed once with 300 ml of distilled water), is not 
sufficient. Indeed, the retention volumes obtained for Control 1 lie between those 
of the non-treated fibres CF-1! and Control 2, prepared by more thoroughly 
washing the fibres with distilled water (2x400ml). Comparing the Controls with 
the respective C B D assays suggest the same general trend. Interestingly, the 
treatment with CBDs does not affect the dispersive properties of the surface, 
since the retention volume of neutral probes is not affected (Table II, Control 
versus CBD). The interaction with an acidic probe, chloroform, is also not 
affected. It seems that the cellulose surface has essentially an acidic character, 
since it interacts preferentially with basic and amphoteric probes, which have 
larger retention volumes. The presence of CBDs contributes to a reduction of 
this acidic character, as can be concluded from the significant reduction in the 
retention volume detected for tetrahydrofuran, dietilic eter, acetone and ethyl 
acetate. The major modification CBDs introduce in the surface properties seems 
to be a reduction in the concentration of acidic groups, presumably because a 
part of the cellulosic surface is not accessible following the C B D treatment. 
Apparently, the stabilisation of the fibres in aqueous suspension is therefore a 
consequence of steric and hydration effects, as suggested elsewhere (8), and not 

 
 c
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Vet 

(A) 

3ry 

(C) (D) 

No CBD CBD 

Figure 2. Interfacial fibre modification by enzyme adsorption 

(A) Fibres in suspension, with no CBD. The fibres hydrophobic character 
causes aggregation. The presence of the aggregates affects sheet structure, due 
to the occurrence ofpreferential dewatering areas during sheet formation. The 

fibres arrangement in the paper sheet (C) does not fallow an optimal orientation 
pattern, thus affecting the product final characteristics. (B) Fibres in 

suspension, with CBD. The stabilised fibres allow water to flow freely, leading 
to a better-formed sheet: the fibres orient themselves towards the same 

direction, increasing the surfaces contact for bonding (D). 
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of the increase of surface polarity. A comprehensive thermodynamic 
characterisation of the fibres interface will provide a better understanding of the 
complex phenomena associated to the CBDs modification of cellulosic fibres. 

Conclusions 

Cellulose-binding domains seem to be a performant additive for paper 
recycling. They probably share some of the good enzyme properties: hydration 
and slight surface disruption of the fibres (in a way similar to refining), without 
its drawbacks: fibre solubilization, intrinsic fibre strength reduction. The 
hydration and stabilisation of the fibres may lead to better paper sheet formation, 
resulting in improved paper resistance. Enzymes may have a similar effect, in 
some cases, but hydrolysis of the fibres surface is, probably, mainly detrimental 
(7). Inverse Gas Chromatography confirms that CBDs modify the interfacial 
properties of a model cellulose. The major effect of CBDs adsorption on the 
surface properties of Whatman fibres is the reduction of the acidic character, 
with maintenance of the dispersive energy. 

Acknowledgements 

The authors gratefully thank the paper company Portucel Viana for the use 
of laboratory facilities. 

References 

1. Kilburn, D.G., Gilkes, N.R., Ong, E., Greenwood, J.M., Miller Jr., R.C. and 
Warren, R.A.J. Biotechnology in Pulp and Paper Manufacture. Kirk, K. and 
Chang, H.-M, Eds, 1990, Chapter 55, 551-557. 

2. Suurnakki, A., Oksanen, T., Linder, M., Niku-Paavola, M.-L., Tenkanen, M., 
Siika-aho, M., Viikari, L. and Buchert, J. 7th Int. Conf. on Biotechnol. in the 
Pulp and Paper Ind. 1998, C107-C110. 

3. Suurnäkki, A., Tenkanen, M., Siika-aho, M., Niku-Paavola, M.-L., Viikari, L. 
and Buchert, J. Cellulose 2000, 7, 189-209. 

4. Reinikainen, T., Takkinen, K. and Teeri, T.T. Enzyme and Microbial Technol. 
1997, 20, 143-149. 

5. Din, N., Gilkes, N.R., Tekant, B., Miller Jr., R.C., Warren, R.A.J. and 
Kilburn, D.G. Bio/Technol. 1991, 9: 1096-1099. 

6. Xiao, Z., Gao, P. and Wang, T. Biotechnol. Lett. 2001, 23, 711-715. 

 
 c

h0
07

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



115 

7. Pala, H., Lemos, M.A., Mota, M. and Gama, F.M. Enzyme and Microbial 
Technol. 2001, 29, 274-279. 

8. Pala, H., Mota, M. and Gama, F.M. Biocatalysis and Biotransformation 2002, 
20:5, 353-361 

9. Lemos, M.A., Teixeira, J.A., Mota, M. and Gama, F.M. Biotechnol. Lett., 
2000, 22, 703-707. 

10. Bradford, M.M. Anal. Biochem. 1976, 72, 248-254. 
11. Bernfeld, P. Methods in Enzymology, Vol. 1. Collowick, S.P. and Kaplan, 

N.D., Eds, Academic Press, N.Y., 1995, 149-152. 
12. Panzer, U. and Schreiber, H.P. Macromolecules, 1992, 25, 3633-3637. 
13. Belgacem, M.N., Blayo, A. and Gandini, A. J. Colloid Interfacial Sci., 1986, 

182, 431-436 
14. Dourado, F., Mota, M., Pala, H. and Gama, F.M. Cellulose 1999, 6, 265-

282. 
15. Israelachvili, J. Intermolecular and surface forces. 2nd edition, Academic 

Press, 1992, p.399 
16. Bergström, L., Stemme, S., Dahlfors, T., Arwin, H. and Ödberg, L. Cellulose 

1999, 6, 1-13. 
17. Milichovsky, M. Tappi J. 1990, 73 (10), 221-232. 

 
 c

h0
07

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



Chapter 8 

Modulation of Wood Fibers and Paper by Cellulose-
Binding Domains 

Oded Shoseyov1, Ilan Levy1, Ziv Shani2, and Shawn D. Mansfield3 

1The Institute of Plant Sciences and Genetics in Agriculture, the Faculty 
of Agricultural, Food and Environmental Quality Sciences. The Hebrew 

University of Jerusalem, P.O. Box 12, Rehovot 76100 Israel 
2CBD-Technologies Ltd., Tamar Science Park, P.O. Box 199, 

Rehovot 76100, Israel 
3 C R C Chair in Wood and Fibre Quality, Department of Wood Science, 

University of British Columbia, Vancouver, British Columbia 
V6T 1Z4, Canada 

Recombinant cellulose-binding domains (CBD) have 
previously been shown to modulate the elongation of different 
plant cells in vitro. Using Acetobacter xylinum as a model 
system, CBD was found to increase the activity of the cellulose 
synthase, up to fivefold, in a dose-dependent manner. In 
Populus, the introduction of a cbd gene under the control of 
the elongation specific cel1 promoter led to significant 
increases in biomass production in selected clones compared 
with wild-type plants. An analysis of the ensuing wood 
characteristics from the transgenic trees demonstrated 
significant increases in both fiber cell length and the average 
degree of cellulose polymerization. Additionally, a significant 
decrease in microfibril angle was observed. These results 
coincided with increased burst, tear and tensile indexes of 
paper prepared from these wood fibers. The mechanism by 
which CBD affects cell wall metabolism remains unknown. A 
physio-mechanical mechanism was postulated whereby CBD 

116 © 2003 American Chemical Society 
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localizes between adjacent cellulose microfibrils and separates 
them in a wedge-like action. In vitro experiments with petunia 
cell suspensions supports this hypothesis, as increasing 
concentrations of CBD displayed an abnormal shedding of cell 
wall layers, indicating that CBD has the potential to cause non-
hydrolytic cell wall disruption activity in-vivo. Additionally, 
CBD fusion proteins may also be used to cross-link and 
introduce functional molecules into and onto lignocellulosic-
based fibre networks. Consequently, these CBD fused 
molecules can be used to improve the physio-mechanical 
performance of paper sheets, and to alter its surface properties. 

Early studies of CBD-cellulose interactions clearly suggest that the presence of 
CBD increases the effective concentration of enzyme on insoluble cellulosic 
substrates, and thereby assists the enzyme through the phase transfer from 
soluble fraction (the enzyme) to insoluble fraction (the substrate) (1-7). It was 
later reported that CBDs were present in both hydrolytic and non-hydrolytic 
proteins. In proteins that possess hydrolytic activity (cellulases, xylanases), the 
CBD has been shown to be a discrete domain that concentrates the catalytic 
domains on the surface of the insoluble substrate (5, 8-12). In contrast, the CBDs 
in proteins that do not exhibit hydrolytic activity compose part of a scaffolding 
subunit that organizes the catalytic subunits into a cohesive multi-enzyme 
complex known as a cellulosome. This enzymatic complex was found to function 
more efficiently in the degradation of cellulosic substrates (/, 13-17). Removal 
of the CBD from the cellulase molecule or from the scaffolding in cellulosomes 
has been shown to dramatically decrease enzymatic activity (18-23). 

Today, more than 200 putative sequences, in over 40 different species, have 
been identified. The binding domains are classified into 16 different families 
based on amino acid sequence, binding specificity and structure (5, 8-11). CBDs 
can contain anywhere from 30 to 180 amino acids, and exist as a single, double 
or triple domain in one protein. Their location within the parental protein can be 
either from the C- or N-terminus, and occasionally centrally positioned in the 
polypeptide chain. The affinity and specificity towards different cellulose 
allomorphs can also vary significantly (for an extended review on CBDs, see 8, 
9, 11, 16, 17, 24). The three-dimensional structure of representative members of 
different CBD families has been resolved by crystallography and NMR (25-31% 
and indicate that CBDs from different families are structurally similar and that 
their cellulose binding capacity can be attributed, at least in part, to several 
aromatic amino acids that compose their hydrophobic surface. CBDs from the 
same organism have also been shown to differ in their binding specificity (23) 

 
 c

h0
08

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



118 

and occasionally two CBDs located on the same enzyme, can also exhibit this 
distinction (32). 

Biochemical studies have shown that CBD binding to cellulosic substrates is 
characterized in decrease entropy. For example, in the case of CBDC e x from C 
fimi, which binds to crystalline cellulose, the decrease in entropy can be 
attributed to a net loss in conformational freedom of the polysaccharide and 
protein side chains. Water hydration upon binding may be another factor leading 
to lower entropy (33). On the other hand, binding of CBDNi from Cellulomonas 
fimi to amorphous cellulose is characterized by decreased enthalpy. This 
phenomenon can be ascribed to heat release, which occurs upon complex 
formation that transpires through hydrogen and van der Waals bonding between 
the equatorial hydroxyl of the glucopyranosyl ring and the polar amino acids 
(32). Although the interaction of CBDs with their corresponding cellulosic 
substrates is occasionally irreversible, contact with the cellulose surface is 
dynamic. Using fluorescence recovery techniques Jervis et al. (34) demonstrated 
that CBDcex is mobile on the surface of crystalline cellulose when it appears in 
isolated form or as a module of a xylanase protein. Furthermore, it was 
hypothesized that the binding of family Ila CBDs from C. fimi to cellulose 
occurs either along or across the chain (35). 

This review will describe the potential applications of CBDs in fiber 
modification, both in vivo and in vitro. 

Wood Fiber Modification Using CBD 

The gram-negative bacterium Acetobacter xylinum has long been regarded as a 
model of cellulose biosynthesis primarily because cellulose microfibril synthesis 
is set apart from cell wall formation (36). Consequently, cellulose is produced as 
separate ribbons composed of microfibrils and their interactions with other 
polysaccharides do not exist as in the plant cell wall. Since polymerization and 
crystallization of cellulose is a coupled process in A. xylinum cellulose 
biosynthesis, any interference during the crystallization phase results in 
accelerated polymerization (37). It has also been shown that some organic 
substances with affinity for cellulose can also alter cell growth and cellulose-
microfibril assembly in vivo. For example, carboxymethylcellulose (CMC) and 
fluorescent brightening agents (calcofluor white ST) prevent microfibril 
crystallization, thereby enhancing polymerization. These molecules bind to the 
polysaccharide chains immediately following extrusion from the cell surface, 
thus preventing normal assembly of the microfibrils and cell walls (38). Shpigel 
et al. (39) have shown that like other organic cellulose-binding substances, 
family III CBD derived from Clostridium cellulovorans could modulate 

 
 c
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cellulose biosynthesis. It was apparent that CBD increased the rate of cellulose 
synthesis activity in A. xylinum up to fivefold compared to a control. Electron 
microscopy of the cellulose synthesized in the presence of CBDs revealed that 
the newly formed fibrils are spread out into a splayed ribbon instead of the 
uniform, thin, packed ribbon as was evident in the control fibers. The mechanism 
by which CBD affects cell wall metabolism remains unknown. A physio-
mechanical mechanism has been proposed whereby; CBDs adhere to, and slides 
between adjacent cellulose fibers and separate them in a wedge-like action (40). 
This hypothesis is supported by in vitro experiments that show that Petunia cell 
suspensions treated with increasing concentrations of CBD displayed abnormal 
shedding of cell wall layers, suggesting that CBDs can cause non-hydrolytic cell 
wall disruption in vivo (40). 

Several protocols were tested to analyze the effect of CBDs on living plant 
cells. In these studies it was found that Family III CBDs from C. cellulovorans 
could modulate cell elongation. At low concentrations, this CBD enhanced 
elongation of Prunus persica L. pollen tubes and A. thaliana root seedlings, 
whereas at high concentrations, CBD inhibited root elongation in a dose-
dependent manner. It was demonstrated that cellulose-xyloglucan networks, 
similar to plant cell walls, could be formed when employing the A. xylinum 
model system in a medium containing xyloglucan (41-44). NMR analysis 
indicated that 80 to 85% of the xyloglucan adopts a rigid conformation; in all 
probability aligned with the cellulose chain, whereas, the remainder is more 
mobile. The xyloglucan, when present during cellulose synthesis in the A. 
xylinum model system, causes the cellulose to become more amorphous and 
increases its tensile strength (45). When CBDs were present, it was shown that 
the CBDs could compete with xyloglucan for the binding of cellulose (39). 
These findings support the hypothesis that, at least part of the effect CBD exerts 
on the plant cell wall, is via cellulose-xyloglucan interactions. 

Table I. Fibre properties of wild type and transgenic Populus trees 
Clone LWIf Coarseness Microfibril angle Crystallinity 

(mm) (mg/m) (degrees) (CI) 
~WT 0.829 ± 0.005b 0.914 ± 0.01 l b 30.59 ± 0.5\\T 39.1 ±3.12 
CBDl d 0.920 ± 0.004b 0.941 ± 0.014b 28.48 ± 0.554c 43.0 ± 3.12 
CBD2d 0.966 ±0.006 b 0.962 ±0.010 b 27.38 ±0.397° 45.3 ±3.12 

aLength weighted fiber length. 
bNumber of fibers analyzed: 13500. 
dumber of fibers analyzed: 100. 
dTwo different clones 

 
 c
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Shoseyov et al. (46) have also shown that CBDs can also modulate plant 
growth in transgenic plants. The introduction of the Family III cbd gene from G 
cellulovorans under the control of the elongation-specific cell promoter (47-48) 
into Populus resulted in significant alteration in fiber properties. The transgenic 
wood fibers were significantly longer they displayed higher coarseness and 
smaller microfibril angles (Table I). An analysis of fiber crystallinity by FT-IR 
(Table I) also suggests that there was a trend of greater crystallinity within the 
modified fibers. 

Additional changes were detected in the nature of the cellulose polymers 
themselves. Figure 1 demonstrates that the transgenic trees contain a larger 
degree of cellulose polymers ranging from 2000 to 6000 MW, while exhibiting a 
lower concentration of cellulose molecules ranging from 200 to 900 MW 
compared with wild type trees. Therefore, CBD expression in the transgenic 
trees resulted in a significant shift in the cellulose polymers to a higher molecular 
weight. Although many morphological and ultrastructural changes were detected 
in the transgenic fibers, an extensive comparison with the wild type (Table II) 
revealed that the chemical composition had not changed. 

Table II. Chemical composition of wild type and transgenic Populus trees 
Clone Natural sugars (%) Lignin (%) Ash Ext Total 

(%) (%) 
Gal Ara Glu Xyl Man ISL SL 

WT 0.8 0.6 43.6 19.8 2.5 17.3 4.1 0.6 10.1 99.4 
CBD1 0.8 0.6 42.5 19.8 2.4 17.2 4.0 0.6 10.9 98.8 
CBD2 0.8 0.6 43.3 20.4 2.4 17.1 3.9 0.6 10.0 99.1 
NOTE: Gal- Galactos; Ara- Arabinose; Glu- Glucose; Xyl- Xylose; Man- Mannose 

ISL- Acid Insoluble Lignin; SL- Acid Soluble Lignin 

Pulp produced from the modified and wild type trees were used to make 
standard laboratory handsheets, and these sheets were tested for standard paper 
strength properties. It was apparent that no differences in the pulp yield were 
observed between the transgenic and wild type trees (data is not shown). The 
results (Figure 2) clearly show that paper made from fibers originating from the 
transgenic trees, have improved strength properties as measured by tensile, burst, 
and tear indices when compared with sheets produced from the wild type trees. 

 
 c
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100 1000 
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Figure 1. Molecular weight distribution of isolated cellulose polymers in wild 
type and transgenic trees expressing CBD. 

Modulating Cellulose Containing Materials with CBD 

Din et al. (49) reported that CBDC e nA from C. fimi endoglucanase A is capable of 
non-hydrolytic disruption of cellulosic fibers, which results in the release of 
small particles. In addition, it was shown that CBDCenA could prevent the 
flocculation of microcrystalline bacterial cellulose (50). Similar phenomena were 
observed for other CBDs (40, 51-54), including CBD a o s (Figure 3). However, 
this observation is not common to all CBDs (6). The first direct evidence for the 
involvement of CBDs in fiber surface alteration was reported by Lee et al. (55), 
who demonstrated using atomic force microscopy that the Cel7A (formally CBH 
I) generated distinct tracks along the longitudinal axis of cellulosic fibers, while 
treatment with EG II caused the peeling and smoothing of the fiber surfaces. 
When cellulases that lacked CBDs were subsequently used, no effect on the 
surface of the cotton fiber was detected. Additional information to support this 
observation came from the study carried out by Suurnakki et al. (7). In this 
application the actions of endoglucanases, cellobiohydrolases and the catalytic 
domains from T. reesei on bleached chemical pulp were compared. According to 
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Figure 2. Mechanical properties ofpapers made offibers from both wild type 
and transgenic plants expressing CBD (A) Burst Index, (B) Tensile Index and 

(C) Tear Index. 

 
 c
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Figure 2. Continued. 

 
 c
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Figure 3: Non-hydrolytic fiber disruption of cellulose filter paper at different 
concentrations of cellulose-binding domain (CBD) originated from Clostridium 

cellulovorans. 

this research, the presence of CBD in the intact enzyme had a beneficial effect 
on pulp properties such as viscosity and strength after PFI refining. 

The tensile strength of paper is imparted by both the inherent intrinsic 
strength of the fibres, as well as by the amount and strength of the fiber-to-fiber 
bonds (56). Intra-fiber interaction has been shown to improve stress transfer 
between the adjoining fibers and is considered to be one of the most important 
factors affecting overall stress development in the fiber network under tensile 
deformation (57, 58). Earlier studies have shown that the low strength of dry-
formed structures can be improved by adding binder materials or bicomponent 
fibers (59). Recently, we demonstrated that CBDs could modify paper 
properties. Two CBDs belonging to family III (from C. cellulovorans) that had 
been fused together to form a cellulose cross-linking protein (CCP) were applied 
onto filter paper. These treatments significantly improved the tensile strength 
(Figure 4A and B) (60). A potential explanation to the effect of CBD and CCP is 
that these molecules may change the interfacial properties of the fibers and 
thereby alter the fiber-to-fiber interaction. Additionally, applying CBDs to 
cellulosic fibers has the potential to improve paper recycling. It has been 
demonstrated that the application of CBD on secondary fibers, such as old 
paperboard containers, results in increased tensile and burst indexes as well as 
improvement in pulp drainage (61). 
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Although CCP application has been shown to improve mechanical 
properties of paper sheets (Figure 4C and D), further investigation on the 
effect(s) of CCP demonstrated that CCP did not interfere with the effect of 
cationic starch on the dry strength of the paper but rather indicated a synergistic 
effect (unpublished data). Recently, Kitaoka and Tanaka (62) reported on the 
production of a novel papermaking reagent by covalently binding activated 
anionic polyacrylamide (A-PAM) to CBD originating from Trichoderma viride 
1,4-P-glucanase (CBD-A-PAM). In this manner they were able to produce a 
molecule, which contained more than one CBD that is capable of cellulose fiber 
cross-linking. It was subsequently shown that the dry and wet tensile strength of 
the ensuing paper to which the CBD-A-PAM was added internally increased We 
propose that the increase in stress to failure caused by CBD and CCP is related 
to the nature of the CBD's binding site, which is a large hydrophobic planar 
surface with several attachment sites (3, 25, 26, 63, 64). CCP is an efficient 
cross-linker due to its larger size and to the number of attachment sites it 
contains that enable it to cross-link cellulosic materials. Applying a single CBD 
molecule to the paper also improved its mechanical properties, but to a lesser 
extent than CCP. 

The CCP construct can also be employed as a sizing agent. The application 
of CCP to fibre networks using different methods (imbibing, spraying or blade 
coating) results in a hydrophobic paper surface (Figure 5). It is hypothesized that 
at relatively high CCP concentrations most of the binding sites on the cellulose 
are occupied by a single CBD moiety, and therefore, the second CBD moiety 
(the non-bound moiety) of CCP exposes its hydrophobic amino acids and 
consequently increases the surface hydrophobicity (40, 60, 65). 

Another study demonstrated that polysaccharide structure modification 
could be achieved using isolated CBDs. It has been suggested that the surface of 
cellulosic polysaccharide (ramie cotton fibers) was roughened after treatment 
with CBD (CBDcenA from C. fimi). It was proposed that these treatments could 
be used in order to alter dyeing characteristics of cellulose fibers (66). Cavaco-
Paulo et al. (67) demonstrated the effect of CBD on the dye affinity to cotton 
fibers, and showed increased levels of dye affinity following treatments with 
family II CBD from C.fimi. 

Conclusions 

Clearly there is strong indications that cell wall modification, mediated 
by CBD, could provide an effective mean for fiber improvement in vivo and the 
consequent improved fiber properties can significantly enhance the quality of 
ensuing paper products. In addition, the binding of cellulose-binding domains to 
cellulosic polymers, under a wide range of environmental conditions, without the 
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Figure 5. Water-absorption time of papers treated with cellulose-binding 
domain (CBD) or cellulose cross-linking protein (CCP) at different 

concentrations. Whatman filter paper No. 1 was immersed in protein solution 
and then left to dry at room temperature. Protein concentration relates to the 

amount of protein in the coating solution. 

need for chemical reactions, makes them attractive moieties for the design of a 
new class of paper modifying agents that are environmentally friendly. 
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Chapter 9 

Cellulose-Binding Domains: Tools for Innovation 
in Cellulosic Fiber Production and Modification 

Michaël Quentin, Henry van der Valk, Jan van Dam, 
and Ed de Jong 

Department of Fibre and Paper Technology, ATO BV, P.O. Box 17, 
6700 AA Wageningen, The Netherlands 

Plant cell walls are composed of cellulose, nature's most 
abundant macromolecule, and therefore represent a renewable 
resource of special technical importance. Cellulose degrading 
enzymes involved in plant cell wall loosening (expansins), or 
produced by plant pathogenic microorganisms (cellulases), 
share similarities favouring the degradation of this highly 
crystalline substrate. Most of the cellulases and cell wall 
loosening expansins share a multi-domain structure, which 
includes a cellulose-binding domain (CBD). CBDs possess the 
intrinsic ability to strongly and specifically bind to cellulose. 
CBDs may be applied to engineer hybrid enzymes able to bind 
to cellulose on one end, and to display enzymatic or chemical 
reactivity on the other, providing innovative solutions to 
modify cellulosic surfaces or to immobilise biocatalysts on it. 
In transgenic plants, CBDs influence polysaccharide synthesis 
and their assembly in the cell wall. Therefore, CBDs represent 
biotechnological tools to modify cellulosic fibres either during 
their growth or during post harvest processing. 

132 © 2003 American Chemical Society 
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Introduction 

Plant cell walls serve multiple purposes. Besides their primary function in 
preventing protoplast rupture, they define cell size and shape and they are 
instrumental in controlling rate and direction of cell growth. In addition, the wall 
provides a physical barrier against biotic and abiotic stresses. It should be born 
in mind that the wall is part of the plant metabolism and may be involved in 
signal transduction as well. Plant cell walls contain a number of polymeric 
compounds that together can bear the inner stress of the cell, or turgor pressure. 
Actually, the rigidity of most plant cells and tissues depends on the tensile 
strength of the wall answering the turgor pressure. The main stress-bearing 
compound of the wall is the crystalline cellulose microfibril (CMF) that consist 
of at least 36 P-l,4-D-glucose polymer chains. Though the CMFs constitute the 
major part of the wall, a number of other polysaccharides occur, such as 
xyloglucans and pectin. Other regular components of the wall are structural 
proteins that add to wall strength and enzymes that are involved in wall 
modification. The cell walls, mainly polysaccharides, represent a huge resource 
for carbohydrates; they constitute a major part of the world's biomass and 
provide a rich source of food and energy. The mechanical properties of the 
composite wall and its diversity have allowed a variety of technical applications. 
One of the main applications that will be discussed here is the use of plant fibres 
as raw material for textile and paper industries. To improve the quality of both 
raw material and the resulting final products, targeted manipulation of the wall 
could be of great importance. The applications in textile and paper industries 
fully depend on the quality of the plant fibres. Their quality in turn depends on 
the amount and crystallinity of the cellulose together with their interconnecting 
compounds, mainly hemicellulose and lignin. 

Chemical and physical properties of fibres, and their further technical 
applications vary depending on both their species and tissue origin (/). Sources 
of plant fibres used in textile industries are derived from the epidermal hairs of 
seeds and fruits, i.e. cotton and kapok, which are almost entirely composed of 
cellulose. Other sources of fibres for textiles are sclerenchyma cells of various 
origins. They include the phloem fibres of primary and secondary phloem, the 
peri-vascular and cortex fibres, such as those from flax, hemp, ramie, jute and 
kenaf. Those bast fibres are bundles of elongated cells with thick cell walls, rich 
in highly crystalline cellulose. They derive their special properties, great 
strength, elasticity and indigestibility from their generally lignified secondary 
wall. The conducting fibres of gymnosperms are solely tracheids and the wood is 
known as softwood. The wood of angiosperms is called hardwood: it usually 
contains xylem vessels as well as tracheids and non-conducting sclerenchyma. 
Wood fibres are the main source for paper production; they are highly lignified 
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and inflexible and therefore need extensive processing. Material derived from 
parenchyma with non-thickened cell walls includes the paper made from pitch of 
papyrus and raffia. 

Cell wall modification may occur already in planta using genetic 
engineering (2,3). Fibre modification may occur also as part of the technological 
processes that use specifically designed enzymes. Cellulose-binding domains 
(CBDs) are discrete domains present in many wall-degrading enzymes. Their 
strong and specific binding to cellulose makes them the ideal tool to target fibre 
cellulose, not only in-planta, but also in the biotechnological design of cell wall 
modifying enzymes. The role and function of microbial CBDs have been 
described in detail and their mode of action in both natural and heterologous 
enzymes is well understood (4,5). Recently, a bacterial CBD isolated from 
Cellulomonas fimi has been shown to modify cell wall structure in planta (6-8). 
Plants expressing a CBD of different, fungal, origin have become available as 
well. Following, we will present a general description of wall composition and 
architecture and consider first the use of individual CBDs of different origin to 
directionally modify the wall in planta and, secondly their use in targeting any 
specific enzyme or otherwise functional group to cellulose fibres during 
industrial processing. 

Plant cell-wall composition and architecture 

Higher plant cell walls constitute a contiguous extra-cellular matrix 
throughout the plant body. Though the wall is persistent once deposited, during 
cell growth it is yet highly dynamic. This wall is called the primary wall and 
consists predominantly of crystalline cellulose microfibrils (CMFs) that are 
embedded in a matrix of hemicellulose, pectin and a variety of proteins. The 
proteins are both structural proteins and enzymes that provide the highly 
dynamic character to the primary wall. The wall deposited after cessation of 
growth is called the secondary wall, which has approximately the same 
constituents as the primary wall however at different quantities. Callose, a non
linear P-l,3-D-glucose polymer may be transiently present in many cell walls 
(9). Variations in type, proportion and distribution of the various components 
relate to size, shape, strength and function of the various plant tissues (70). 
Moreover, at cell differentiation the wall may become incrusted or covered with 
a number of other -non-glucan- substances with peculiar properties needed for 
specialised cell function. Examples are the waxes and cutin of the epidermis, 
suberin in cork and endodermis, and lignin in xylem and sclerenchyma fibres. 

 
 c
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From the non-glucan substances only lignin occurs in sclerenchyma fibres, the 
specialised stress bearing cells that are of interest here. 

Because comprehension of wall composition and architecture is a 
prerequisite to manipulate and next to improve fibre quality, processing and 
utilisation, we will briefly review those wall components, i.e. cellulose, 
hemicellulose, structural proteins, enzymes and lignin that occur in sclerenchyma 
fibres of dicotyledons. 

2.1 Cellulose 

The major stress-bearing constituent of plant cell walls is cellulose, a 
normally homogenous and linear chain of P-l,4-D-glucose residues. In 
crystalline form, each glucose unit in the polymer chain is rotated 180° relative 
to its neighbours, so that in fact the basic repeating unit is cellobiose (Figure 1). 
Cellulose is synthesised at the surface of the plasma membrane by a complex of 
6 cellulose synthases, seen as 'terminal complexes' or 'rosettes' in freeze-
fractured cell membrane surfaces. At least 36 individual cellulose chains form 
crystalline CMF by hydrogen bonding between the free hydroxyl functions and 
oxygen residues of neighbouring cellulose chains (11,12). In addition, the CMF 
are interrupted, and covered all over, by less crystalline cellulose (12,13) (Figure 
1), which may confer them a relatively heterogeneous structure. Besides wall 
thickness, the spatial organisation of the CMF in the wall, or wall texture, will 
determine its mechanical properties (14-16). Wall texture depends on the pattern 
of CMF deposition, but its control is far from understood. At least in primary 
cell walls, CMF orientation relates to cell growth and cell polarity as the 
majority of the CMF are deposited transverse to the axis of elongation. The 
deposition of the CMF has been discussed to be controlled by the cortical 
cytoskeleton (17), but models presuming some sort of self-organisation have 
been proposed as well (16). 

2.2 Hemicellulose 

Hemicelluloses are a diverse group of polysaccharides in the plant cell wall 
that contain xylose as a main component and whose function is to cross-link 
CMFs. Thus hemicelluloses provide rigidity to the CMF and strength to the wall. 
In addition, they space CMF and thus add to control of wall porosity and the 
deposition of new material during wall assembly. Modification of wall plasticity, 
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required for cell elongation, involves remodelling of the complex cellulose-
hemicellulose network (18). In the primary wall of dicotyledons and non-
graminaceous monocotyledons, the most common hemicellulose is xyloglucan 
(XG). In angiosperms (hardwoods), the major component is xylan, whereas in 
gymnosperms (softwoods) and grasses, glucuronoarabino-xylans and mannans 
are the most abundant types. 

Figure 1. Structure of cellulose. (A) 0-glucosidic bonds. (B) Schematic 
diagrams of a longitudinal section through cellulose microfibrils illustrating the 
crystalline (micellar) and non-crystalline regions. 

The XGs are linear chains of P-l,4-D-glucose (Figure 2), but unlike the 
unbranched cellulose, 75% of the glucosyl residues are substituted at 0-6 
position by a-D-xylose. Additional sugars, P-D-galactose and ot-L-arabinose are 
added at the 0-2 position of some xylosyl units. a-L-fucose can be added at the 
0-2 of a subtending galactosyl unit, providing a trisaccharide side chain (19-21). 
Xylans are composed of p-l,4-D-xylosyl chains, which are substituted with 
glucuronic acid residues or acetyl residues at the 0-2 position, or with arabinose 
or arabinofuranose residues at the 0-3 position (Figure 2). The frequency and 
composition of the branches are dependent on the source of the xylan (22). 
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Figure 2. Structure of principle hemicelluloses. (A) Average structural repeat of 
cell wall xyloglucan. (B) Part of a hypotetical xylan molecule. 1, xylose; 2, 
acetyl xylose; 3, a-L-arabinofuranose side chain; 4, 4-O-methyl-D-glucuronic 
acid side chain; 5, acetyl xylose; 6, D-glucuronic acid. 

Hemicelluloses do not mutually interact. The XGs coat cellulose after its 
deposition and cross-link two CMF by hydrogen bonds between the glucan 
backbone of the XG and the cellulose chain. The number of bonds between CMF 
and XG, and thus wall strength depends to the degree of substitution of the 
xyloglucan backbone, and on the nature of the side chain. The presence of 
fucosylated trisaccharide side chains confers a flat conformation of the XGs 
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required for its association with cellulose (23-25). The binding involves at least 
4 hydrogen bonds, with O-O distances between 2.6 and 3.0 A (25). 

The linear xylans associate to cellulose by hydrogen bonds also, but unlike 
for XGs, the strength of the binding, i.e. the number of hydrogen bonds, 
decreases proportionally with substitution. 

Less abundant non-cellulose polysaccharides, such as glucomannans, 
galactoglucomannans, and galactomannans, supposingly cross-link the CMF in 
some primary gymnosperm walls. In some algae, pure mannans can hydrogen 
bond into paracrystalline arrays, which are similar in structure to cellulose. 

2.3 Pectin 

In the primary wall, the cellulose/hemicellulose network is embedded in a 
pectic matrix (19). The pectic polymers contain linear homogalacturonan blocks 
or 'smooth regions', and in the same molecule, branched blocks of 
rhamnogalacturonans or 'hairy region' with neutral sugar side-chains (26). 
Homogalacturonans are homopolymers of ot-l,4-D-galactosyluronic acids. Two 
types of 'hairy regions' occur, rhamnogalacturonan I and II. In 
rhamnogalacturonans I, the homogalacturonan chain is interrupted by the 
presence of ct-l,2-L-rhamnosyl residues, which may be glycosylated at the 0-4 
position. Glycosyl chains are rich in arabinosyl and galactosyl residues. 
Rhamnogalacturonan II show by far the richest diversity in sugars and linkages 
of all known polysaccharides. 

Pectin is synthesised as methylesters, which once deposited in the cell wall 
are modified by the enzyme pectin methylesterase. De-esterified pectin 
components can cross-link with Ca2+. Those structures called 'egg-box' give rise 
to a gel-like structure participating to the cell wall cohesion (27,28). In addition 
to Ca 2 + bridges, ferulic acids, which are esterified to arabinose and galactose, can 
participate in the cross-linking of pectins (19,27). Pectin is a main component of 
the middle lamellae, it adheres cells together and in the primary wall it 
determines cell porosity. 

2.4 Lignin 

In differentiated cells, walls are impregnated with the aromatic polymer 
lignin. Lignins are polymers composed of phenylpropanoid alcohol units, which 
are derived from coniferyl-, sinapyl- and p-coumaryl-alcohol, depending on the 
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plant source. Linking occurs by a variety of chemical bonds, including ester and 
ether bonds and carbon-carbon-linkages. The result is a three dimensional 
network of highly hydrophobic polymers. In addition, lignin may also be 
covalently linked to hemicellulose and cellulose (29,30). Thus lignins provide an 
extreme rigidity to cell walls that are capable to resist mechanical stress, like in 
tracheids and hardwood fibres. Lignin is highly disadvantageous for processing 
and use of fibres as raw material for textiles and wood-free paper. 

2.5 Proteins 

Protein constituents of the cell walls are structural proteins and enzymes 
(31). Extensine, a hydroxyprolin-rich glycoprotein is the main structural protein 
in the cell wall and adds to wall rigidity and strength by interlocking the CMF. 
Side-chains from pectin or other polysaccharide containing 1 to 4 
arabinofuranosyl residues and single galactopyranosyl residues may be attached 
covalently to the hydroxyproline and serine residues respectively. 

Cell-wall dynamics largely depend on wall-modifying enzymes that may be 
secreted or activated by acidification of the wall (32). They will be discussed in 
connection to the CBDs in paragraph 3.2. 

Cellulose-binding domains: a common feature in many cell-
wall modifying enzymes 

The variety of polysaccharides-degrading enzymes, produced by 
phytopathogens and involved in the plant cell wall dynamics, typically reflects 
the diversity of structure among cell-wall constituents, and the variety of 
linkages between each polysaccharide. Cellulases, mannanases, xylanases, 
pectinases and other enzymes involved in the hydrolysis of polysaccharides are 
modular proteins comprising multiple structural and functional domains. 
Typically, these enzymes contain, in addition to the catalytic domain, one or 
more carbohydrate-binding modules (33). Specific CBDs were first 
demonstrated in the micro-organisms Trichoderma reesei (34) and Cellulomonas 
fimi (35). Since then, CBDs have been extensively characterised from many 
cellulases and xylanases, and have recently also been identified in plant cell-wall 
modifying enzymes (36). 

 
 c
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3.1 Microbial cellulose-binding domains 

Most plant cell wall degrading bacteria and fungi produce enzymatic 
complexes (cellulosome) and individual enzymes acting synergistically on 
(hemi-)cellulosic polysaccharides. Individual enzymes share a multi-domain 
structure composed of a catalytic domain and a CBD interconnected by a 
flexible and often highly glycosylated linker sequence (33). In cellulosomal 
complexes, enzymes are non-covalently associated to a scaffolding unit carrying 
a CBD (37,38). CBDs are present inmany investigated cellulases (33,59-4/), 
hemicellulases (33,39,40,42), one fungal (43) and two bacterial (44,45) 
pectinases. 

CBDs are structurally well-defined domains, internal or linked to the N- or 
C-terminus of the catalytic domain (33,39,46). To date, 240 CBDs are registered 
in the NCBI protein databank, and most of them are classified into 13 families 
according to their amino acid sequence homologies (39). Most reported CBDs 
belong to families I, II and III. Family I contains small CBDs (33-40 amino acid 
residues), all of fungal origin (Table 1). The other families contain bacterial 
CBDs (Table 1) much larger in size (90-240 amino acids). To date, the tertiary 
structures of 8 CBDs from families I to V have been solved (47-54). Families I, 
II, III and V differ by the structure of their members, but similarities responsible 
for the same substrate binding mechanism were observed between those families. 
A planar linear strip including aromatic residues, with one of their faces exposed 
to the matrix, may be involved in hydrogen bonding to cellulose. Those aromatic 
amino acids are mainly tyrosine in fungal CBDs and tryptophane in bacterial 
CBDs. In the same planar strip, polar amino acids are responsible for stabilising 
the orientation of the cellulose binding residues. Conserved cystein causes 
proper folding of the domain through disulfide bridges. CBDN1 from the family 
IV differs by its unique selectivity for amorphous cellulose and soluble oligo
saccharides (48). The binding site of CBDN1 is not flat, but is a cleft containing 
a central strip of hydrophobic residues that is flanked on both sides by polar 
hydrogen-bonding group. This cleft can accommodate single strand carbohydrate 
chains, which explains the selectivity of CBDN1 for amorphous cellulose. 

The structure-function relationship of CBDs was extensively studied by 
exchanging catalytic and binding domains in cellulases (55-58), by using site 
directed mutagenesis of aromatic amino acids of the flat face of the CBD (59-
63), or by chemical modification of those residues (64). This illustrates why even 
in the same family, specific CBD properties are variable. Modification of the 
amino acids involved in binding results in a change of the substrate affinity (60). 
While bacterial CBDs have an affinity restricted to crystalline cellulose, some 
fungal CBDs are able to bind both crystalline and amorphous forms of the 
substrate (65,66). Different CBDs may direct the enzymatic activity to different 

 
 c
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sites of the heterogeneous surface of the cellulose (58,63). Reversibility of the 
binding also depends on the CBD structure. It is now thought that binding of 
most CBDs to cellulose is reversible, and that cellulases are able to slip along the 
cellulosic fibres. The exchange rates, or ability of the CBD to move along the 
fiber also vary (67-69). For different CBDs, different environmental conditions 
(e.g. pH, temperature) are required for optimal binding (62). Each parameter, 
which varies from one CBD to another, can affect the specificity of an enzyme. 

CBDs participate in the required close association of the catalytic domain 
with the insoluble substrate (41,70). It appears that the presence of CBDs 
increases the effective concentration of the cellulases on cellulose (5,41). 
Removal of the CBD always results in a decreased activity of the enzyme on 
insoluble substrates (35,71). CBDs allow cellulases to act on crystalline cellulose 
by destabilising the hydrogen bond structure of the cellulose, making the 
polysaccharide chains more accessible for endo-glucanases, only being able to 
hydrolyse amorphous substrate. Bacterial CBDs contribute to the non-hydrolytic 
disruption of cotton fibre (41,72). The same effect for fungal CBDs was reported 
on cotton fiber and CF-11 cellulose (73,74). The physical modifications on 
cellulose fibre due to this disrupting effect may also differ from one CBD to 
another. Lee et al (75) observed EG II from Trichoderma reesei was having a 
peeling and smoothing effect on cotton fibres, while CBHI was able to penetrate 
cellulose surface and to pry appart microfibrils. How CBDs participate in 
breaking down hygrogen bonds of the substrate is not yet understood, but 
appears to be independent from the catalytic domain. CBDs with different 
specificities may also play a role in targeting the catalytic domains to distinct 
regions of the substrate, but the mechanism of specific substrate-site recognition 
by each CBD remains unknown (58). 

3.2 Plant cellulose-binding domains 

The structural rigidity and strength of the plant cell wall is thought to 
depend on the integrity of the cellulose/hemicellulose network. Wall loosening 
proteins associated to cell expansion, may act at the interface of the cellulose and 
hemicelluloses, and affect particularly cell walls structure and plasticity (76). 
The acid growth hypothesis proposes that auxine activates a plasma-membrane 
proton pump. The acidification of the wall activates growth-specific hydrolases, 
which cleave the bonds that join microfibrils to other polysaccharides. 
Relaxation of the wall by loosening enzymes, together with an uptake of water 
leads to an increase in cell size. Those proteins involved in the loosening of the 
plant cell-wall are endo-l,4-(i-glucanases (77), xyloglucan endo-

 
 c
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transglycosylases (XETs) (78,79) and expansins (80). Such loosening proteins 
may also be associated to fruit ripening and abscission. 

The substrate of XET is restricted to XGs. This enzyme cleaves and then re
joins xyloglucan chain, participating to both loosening and assembly of the cell 
wall (78,79); and it has never been shown to carry any CBD. 

Endo-l,4-(3-glucanases from plants usually don't possess a CBD and are not 
able to degrade crystalline cellulose, neither have they been shown to hydrolyse 
native cellulose (77). Their participation to wall loosening involves cleavage of 
the xyloglucan chains inter-linking cellulose (18,77,81). Nevertheless, two 
unique endo-l,4-(3-glucanases were shown to possess a putative cellulose-
binding domain (36,82). Trainotti et al (36) suggested the presence of 
homologous CBD sequences in an endoglucanase from cotton and in two genes 
from Arabidopsis thaliana. The endo-l,4-p-glucanases faEG3, expressed during 
strawberry fruit ripening, exhibits a typical linker peptide and a CBD sharing 
high homology with a CBD sequence from the bacteria Dictyostelium 
discoideum (Table 1). The unusual faEG3 was shown to loosen and disorganise 
cellulose microfibres during fruit ripening (36,83). 

Apart from the endo-glucanase Cell2A from Trichoderma reesei (84), none 
of the known XETs or endo-glucanases has been shown to induce extension of 
isolated plant tissues. However, another class of proteins, called expansins, 
enhances extension of boiled cucumber hypocotyls and wheat coleoptiles. Action 
of expansins on cell walls seems not to be related to any endo- or exo-cellulase 
activity (85,86). According to substrate specificity and sequence similarities, 
expansins have been classified in two subgroups, a and P, sharing 25% amino 
acid identity. At their C-terminus, a- and P-expansins all exhibit a serie of 
conserved tryptophanes (Table 1), sharing homology with the CBD of bacterial 
cellulases (76,80,87). Expansins have been shown to bind reversibly to 
crystalline cellulosic substrates (76,86,88). Comparative studies have shown that 
expansins, unlike bacterial CBDs, don't compete with xyloglucan for binding to 
cellulose, suggesting they may interfere with different sites of the substrate (76). 
Like bacterial CBDs, expansins were shown to weaken cellulose paper without 
apparent hydrolytic activity (89), and to enhance hydrolysis of cellulose by 
cellulases. The participation of expansin to cell expansion may be mediated by 
the loosening of non-covalent association within the cellulose/hemicellulose 
network. The occurring separation of cellulose from their hemicellulose coating 
would allow the microfibrils to slide passed each other. The mechanism by 
which hydrogen bonds are disrupted, and the participation of the CBD in this 
mechanism, is however not yet understood. 
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CBD as a biotechnological tool 

4.1 Plant cell wall modification 

The intriguing role of CBDs in microbial hydrolases and in cell-wall 
loosening e nzymes m ay b e o f i nterest a lso i n p lant cell wall modification. In-
planta, by interacting with cellulose, individual CBDs might directly, or 
indirectly, affect some structural aspects of the cellulose-xyloglucan network. 

In-vitro, a family III CBD from the bacterium Clostridium cellulovorans, 
showing affinity for crystalline cellulose, promotes peach pollen tube growth and 
Arabidopsis thaliana seedlings elongation at low concentration, which effect is 
reverted at high concentration (6). When expressed in transgenic poplar trees 
and tobacco plants under the control of the Cell (endo-P-l,4-glucanase) 
promotor, specific for elongating tissues (90,91% the CBD from Clostridium 
cellulovorans enhances growth rate and increased plant biomass. 

A CBD cloned from Aspergillus japonicus, having affinity for both bacterial 
microcrystalline cellulose and carboxymethyl cellulose (66) was expressed in 
Arabidopsis thaliana under the control of a constitutive promotor. Transgenic 
plants exhibit shorter roots and flowering stems (Figure 3). A cytological 
analysis reveals a defect in cell elongation, and suggests the fungal CBD may 
affect cell-wall structure potentially through an alteration of cellulose 
crystallisation (unpublished data). 

The bacterial CBD from Clostridium cellulovorans, which disrupt 
crystalline cellulose, has been shown not to have any expansin activity on 
cucumber hypocotyls or wheat coleoptiles (76). Neither the CBD from 
Aspergillus japonicus enhanced stress relaxation of wheat coleoptiles exposed to 
50 (ig purified peptide per ml of acetate buffer at pH 5.0 for 10 hours 
(unpublished data). Bacterial CBD increased the rate of cellulose synthesis in 
Acetobacter xylinum, and appeared to interfere in the crystallisation of the 
bacterial cellulose ribbon (6). The CBD from Clostridium also appeared to 
compete with xyloglucan for coating the cellulose surface (6). Thus, it may be 
hypothesised that bacterial CBD act on cellulose-hemicellulose interaction, and 
facilitate the cell wall loosening. Over-expression of a fungal CBD, much 
smaller i n s ize a nd s uspected t o b ind t o d ifferent forms o f c ellulose in-planta 
leads to a different effect on the cell wall. Small dyes, such as calcofluor-white, 
Congo red or coumarine, associating with native cellulose during its secretion 
(92), or herbicides perturbing cortical microtubule polymerisation and thus 
cellulose orientation (/ 7), have been shown to affect cellulose crystallisation and 
deposition. It is assumed that a CBD, which may coat native cellulose or 
intercalate with microfibrils, would have a similar effect. Antibodies annihilating 
the activity of endo-l,4-P-glucanases involved in cell wall loosening are known 
to affect cell wall structure (93,94). Covering the substrate sites of cell-wall 
loosening enzymes, CBDs could mimic this effect of antibodies, resulting in a 
defect in cell elongation. 

 
 c
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Figure 3. Transgenic Arabidopsis thaliana expressing a fungal CBD. 
Arabidopsis thaliana was transformed with the CBD from Aspergillus japonicus 
(Quentin et al 2002), fused to Cell signal peptide (Shani et al. 2000) via a 
linker petide, under the control of an enhanced 35S constitutive promotor. 
Transgenic plants are smaller and thinner than the wild type. 
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It is difficult to specify a unique and clear mode of action of CBDs on cell 
walls. It is predicted that variations in the substrate specificity, in the size and the 
disrupting ability of the cellulose-binding proteins, as well as variations in the 
promotor controlling their level of expression and tissue localisation, would 
differently alter cell-wall structure and plant development. Variation in biomass 
yield, fibre length, the degree of polymerisation or crystallinity of the cellulose, 
and polysaccharide composition would provide relevant possibilities of 
exploitation of the modified plant cell walls. Transgenic poplar trees, expressing 
the CBD from Clostridium, exhibit longer fibre cells and a higher degree of 
polymerisation of cellulose (7). Paper prepared from those fibres has been shown 
to present increased burst, tear and tensile indices, reflecting stronger fibre-to 
fibre interactions and thus paper strength (8). 

4.2 Enzyme technology 

4.2.1 Fiber processing. 

Enzymes produced by cell-wall degrading micro-organisms are increasingly 
applied during textile and paper processing, since they can be produced at large 
scale, and due to their high substrate specificity for plant polysaccharides. 

The production of wood-free paper requires removal of lignin, while 
causing minimal degradation of cellulose, since lignin's presence avoids the 
formation of hydrogen bonds between fibres, 1 imits the swelling of fibres and 
makes them stiff. Cellulases together with hemicellulases are used in pulping and 
fibre modification participating in the enhancement of the fibrillation of fibres, 
increasing the inter-fibre bonds responsible for the strength of the product. They 
also influence the drainage rate, which is limiting the papermaking speed 
(95,96). They are of great interest in modification and deinking of recycled 
paper. Treatment of pulps with xylanases and mannanases, dissolving 
hemicelluloses closely associated to fibres, renders the fibres more accessible to 
bleaching chemicals (97) and lead to a more efficient delignification when using 
lignin-degrading enzymes like laccases (42). Peroxydases, being used in lignin 
oxidation, could also have a benefit in the bleaching of pulps (96). Lipases and 
esterases are used to remove hydrophobic content (pitch) of the woods. Non-
wood fibre-yielding plants such as flax and jute require pectinase treatment to 
degrade the middle lamella separating fibre bundles. The use of purified 
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polygalacturonases result in better processing than dew-retting achieved by 
microorganisms which often lead to cellulose degradation (98). 

4.2.2. Tar getting of enzymatic activity 

CBDs are able to maintain their own properties when isolated from different 
types of cellulases (34,71,99). Structurally and functionally independent from the 
catalytic domain, CBDs could be used to construct fusion proteins, using 
recombinant technology, without affecting the biological activity of the fusion 
partner. The utilisation of CBDs as affinity tags for protein affinity-purification 
and immobilisation on cellulosic material is now in hand (65,100-108). 

Recently, studies focused on the key-role of CBDs in association with a 
catalytic activity, during enzyme treatments of pulps (109-112), cotton fibres 
(113,114), or during paper recycling (115). The presence of a CBD in cellulases 
and xylanases appear to enhance their activity on pulp, and to improve their 
bleaching and beating effects on fibres. Paper made of those treated fibres also 
possesses better properties of drainability. 

The behaviour of enzymes in conditions encountered during processing such 
as high temperature (116), and high agitation conditions (113) has also been 
investigated. Due to the high agitation levels required during textile processing, 
the presence of a CBD didn't appear to have any benefit on xylanase activity 
(113). 

Increasing the availability of CBDs with different specificity, would be a 
way to enhance enzyme efficiency, or to multiply the potential uses in production 
of cellulosic material. Targeting the activity of enzymes normally deprived of a 
CBD such as pectinases, laccases, lipases, would provide innovative solutions to 
processes associated to fibre extraction and modification. The production of 
CBD-hybrids with affinity for specific substrate surfaces would lead to an 
increased value of the final product. This technology is in development in 
different laboratories (117). 

Recent reports show that the benefit of individual CBD peptides in pulp 
treatment has to be considered. For unknown reasons, fungal CBD peptides 
modify fibre surface characteristics and improve pulp drainability and paper 
strength (115,118). A fusion protein including two CBDs from Clostridium 
cellulovorans increased strength and water-repellence of Whatman filter paper 
(119). Cellulases immobilised on cotton fabric were shown to increase dyeability 
(116). Immobilisation of protein on the cellulose surface affects the charge, 
hydrophobicity and reactivity of the fibres. It gives interesting perspectives for 
production of new kinds of paper, cellulosic composites or packaging material 
with added functionality. 

 
 c
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4.2.3.Enzyme stability 

Knowledge on the modular organisation of cellulolytic enzymes or of 
recombinant enzymes would also provide new solutions for enzyme engineering. 
Combinations of different catalytic domains with varying CBDs, modified nature 
of the linker peptides, and die interactions between those domains, affect 
properties of the enzymes such as binding capacity, protease sensitivity or 
thermostability. 

Removal of the linker region of cellulase sequences was shown to have 
(66,120), or not to have (121,122) an effect on the substrate binding capacity of 
the enzyme. Linker peptides seem to avoid misfolding of cellulases, and 
contribute to their stability. Conferring flexibility and separation, they allow 
domains to act independently. Most linker peptides from cellulases are protease 
sensitive. But susceptibility of linker sequences to such enzymes seems to 
depend on the size of those regions (120) and on the nature of their amino acid 
sequence, which determines their level of glycosylation(f5£ 120,122,123). We 
have shown that an extremely large linker region cloned from Aspergillus 
japonicus, particularly rich in potentially 0-glycosylated serine and threonine, 
could protect a CBD hybrid from protease activity in E. coli (66). 

Recent studies showed that modification in the combination of domains of 
cellulases from Clostridium thermocellum might affect their thermostability 
(124). Riedel et al. (125) characterised one CBD from family III without affinity 
towards cellulose, and apparently only present in the cellulase to maintain the 
catalytic activity and the thermostability of the enzyme. Description of multiple 
combinations of domains and their interactions, and characterisation of natural 
linker sequences, may solve the problem of protease sensitivity of recombinant 
enzymes during their production. Furthermore, it would allow the utilisation of 
those enzymes in the high temperature conditions, required during fibre 
transformation processes. 

Concluding remarks. 

CBD-technology represents an innovative approach to modify cell-wall 
synthesis and composition, and produce fibre-yielding plants with new intrinsic 
properties. 

CBDs have earlier been considered beneficial for enzyme activity in bio-
processing. Used as affinity tag, they are commonly used to purify or immobilise 
recombinant proteins on a cellulosic matrix. They could be use to engineer 
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hybrid protein able to specifically modify cellulosic surfaces. Being part of the 
modular structure of cellulases, CBDs together with catalytic domains and linker 
sequences participate in the enzyme stability. Production of protease-resistant 
and thermostable CBD-hybrids would benefit from a better understanding of 
enzyme structure and domain interactions. 

The mechanisms of substrate recognition and binding of CBDs on cellulose 
surfaces is not yet understood. Neither the effect of the binding on the chemical 
and physical structure of cellulosic surfaces is known. Characterisation of CBDs 
with specificity restricted to different sites present on the heterologous surface of 
the substrate, and increased knowledge's on the optimal conditions for binding, 
would favour a fine targeting of recombinant enzymes and allow restricted 
modification of the cell walls and fibre surfaces. 
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Chapter 10 

Ethanol from Wheat Straw Cellulose by Wet 
Oxidation Pretreatment and Simultaneous 

Saccharification and Fermentation 
C. Felby1, H. B. Klinke2, H. S. Olsen3, and A. B. Thomsen2,* 

1Plant Fiber Laboratory, Royal Veterinary and 
Agricultural University, Hoejbakkegaard Alle 1, Taastrup, Denmark 

2Risoe National Laboratory, Frederiksborgvej 399, Roskilde, Denmark 
3Novozymes A/S, Krogshoejvej 36, Bagsvaerd, Denmark 

Alkaline wet oxidation (WO) was used as a pretreatment method for 
fractionation wheat straw to a solubilised hemicellulose and a solid 
cellulose fraction. The WO was performed at initially 6% dry (solid) 
matter content. In the process the hemicellulose was solubilised and 
some of the lignin and pectin substances oxidized, resulting in a final 
solid matter content of 3% in the hydrolysate. By filtration, the solid 
cellulose product was increased to 10% dry matter that was 
effectively hydrolyzed and fermented to ethanol by simultaneous 
saccharification and fermentation (SSF) process using the filtrate as 
process water. The compact fermentation bulk was liquefied by 
enzyme treatment prior to the SSF in order to decrease the viscosity 
and facilitate good mixing conditions during the fermentation. The 
lipophilic compounds associated to the surface of wheat straw 
remained in a more concentrated form in the solid fractions after WO 
and SSF. 

© 2003 American Chemical Society 157 
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Introduction 

The use of biomass as a source for liquid fuels has the potential to grow from a 
niche market to a major industry of environmental and strategic importance 
(1,2). The main product will be ethanol derived from fermentation of C6 sugars. 
Present day technology is mainly based on corn starch and sugar cane juice as 
carbohydrate sources for the fermentation. The projected growth for ethanol as 
liquid fuel within the next decades is so large, that the demand can only be met if 
cellulose can be exploited for this application (3). Cellulose is available in large 
quantities as agricultural and forest residues, of which wheat, corn, rice and 
softwood are dominant. The use of cellulose as C6 source is a challenging task 
as contrary to starch or sucrose, the polymer is embedded in a 
lignin/hemicellulose matrix and has a crystalline structure (hat requires very 
harsh conditions to open. 

State of the art conversion of cellulose containing plant biomass to ethanol can 
roughly be described as a pre-treatment followed by enzymatic hydrolysis of 
cellulose to glucose which subsequently is fermented to produce ethanol (2). A 
number of cellulase enzymes catalyze the hydrolysis of crystalline cellulose, but 
when applied on native cellulose the rate of hydrolysis is very slow due to the 
low accessibility of the cellulose in the lignin/hemicellulose matrix (4). In this 
aspect the pre-treatment is a key process as it removes or loosens the 
lignin/hemicellulose matrix from the cellulose, making fast and efficient 
hydrolysis of the cellulose possible, as is needed for industrial exploitation. 

Several pre-treatment technologies are known including steam explosion (5,6), 
organosolv extraction (7), ammonia fiber explosion (8), supercritical extraction 
(9), and dilute acid pre-treatment (10). All of these techniques are based on 
acidic hydrolysis or solubilization of the lignin and hemicellulose. Another 
approach is to use an oxidative technique, known as wet oxidation, which utilize 
the low redox potential of lignin compared to cellulose and hemicellulose. Wet 
oxidation is an exothermic reaction where lignocellulosic biomass, oxygen, 
water and in some cases carbonate is added to a high- pressure reactor. Typical 
operating conditions are 150-195 °C at 6-12 bar pressure of oxygen or ambient 
air at alkaline or weak acidic conditions. During the alkaline treatment the main 
reactions taking place are alkaline hydrolysis of lignin and hemicellulose 
combined with oxidative breakdown of mainly the lignin. The initial alkaline pH 
plays an important role for the solubilization and oxidation of lignin as well as 
preventing the sugar components from degrading to furfurals (11). The cellulose 
and hemicellulose yields are high >96 % and 68 % respectively. Only low 
amounts of fermentation inhibitors are formed during the process (12, 13). The 

 
 c
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main reaction products are heat, C0 2, H20 and carboxylic acids. The heat can be 
recovered and used in other production steps, and the carboxylic acids are good 
substrates for methane production (14). This also offers an opportunity for 
coupling ethanol production with generation of heat and electricity in already 
existing power plants. 

It is well known, that enzymatic hydrolysis and fermentation of the cellulosic 
fraction from pre-treated lignocellulosics is improved by removing the liquid 
hemicellulose fraction. Washing pre-treated lignoccellulosic substrates with 
water improves enzymatic hydrolysis of cellulose (15, 16) and fermentation to 
ethanol (17, 18). Total cellulose conversion to ethanol by simultaneous 
saceharification and fermentation (SSF) has been reported on washed pre-treated 
solids from acidic pre-treated wheat straw (19), herbaceous crops (20) and wood 
(21). However, to avoid excessive water use in the manufacture of bioethanol, 
the liquid fraction from pre-treatment should be included in the process stream 
together with the cellulosic fibres, i.e. the whole slurry. High solid ratio of pre-
treated wheat straw (12.5 %) in the SSF was used in the studies of Mohagheghi 
et al. (22), however, this investigation was made on washed solid material and 
did not include the hydrolysate derived from the dilute acid pre-treatment. In 
addition the high solid ratio required special laboratory equipment to achieve 
efficient mixing. 

Identification of possible by-products is an important issue in bioethanol 
production as ethanol itself is a low-value product. Wheat straw has a significant 
content of lipophilic extractives (23) associated to the surphase of the plant 
fibres. Lipophilic compounds are less reactive than phenol components (e.g. 
lignin), besides they are not water soluble, thus, they might still be present on the 
solid material after the pretreatment. Furthermore, as lipohilic compounds do not 
serve as substate in an ethanol fermentationn they could be isolated from the 
solid residue from the SSF-process. 

This paper describes the use of wet oxidation as pre-treatment for fermentation 
of wheat straw cellulose to ethanol by simultaneous fermentation and 
saceharification (SSF) at high substrate concentration using Saccharomyces 
cerevisiae. A liquefaction stage is introduced prior to SSF by means of 
enzymatic hydrolysis to ensure a good mixing in the simple lab-shaker set-up. 
The effect of hydrolysate from alkaline wet oxidised wheat straw on enzymatic 
hydrolysis and SSF at different enzyme loadings is investigated. Emphasis is 
given to the enzymatic hydrolysis of the pretreated wheat straw cellulose and the 
chemical composition of the process streams. The isolation and characterisation 
of lipohilic compounds in wheat straw is investigated during the different steps 
of the ethanol process. 

 
 c
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Methods and materials 

Wheat Straw 

Straw from wheat {Triticum aestivum L.) variety Husar was obtained from Risoe 
National Laboratory. 

Chemicals 

Multicomponent cellulases Celluclast 1.5L (endo- and exo-cellulase) and 
Novozyme 188 (p-glucosidase) was obtained from Novozymes A/S, Bagsvaerd, 
Denmark. Enzyme activity of the cellulases was measured as filter paper units 
(FPU) according to (24). 
Yeast (Saccharomyces cerevisiae) sold as bakers yeast was obtained from De 
Danske Sprit Fabrikker, Aalborg, Denmark (Danisco A/S). Sodium carbonate, 
urea and sulphuric acid were purchased from Sigma, St. Louis, Mo, USA. 

Wet oxidation pre-treatment 

Wet oxidation (WO) was carried out in a 2 litre loop reactor with continuous 
circulation and stirring, allowing heating and cooling times of 1-2 min (11). Pre-
treatment conditions were 10 min at 195 °C, 6.5 g/1 Na2C03 and 12 bar 0 2 (12). 
Ground wheat straw (65 g, 5 mm, 92 % dry matter), was mixed with 1 L water 
and Na2C03, before adding oxygen pressure and heating the suspension. Initial 
pH was 10 and after the reaction pH dropped to 5.9. After cooling, the pre-
treated wheat straw was separated by filtration into a solid fraction and a liquid 
fraction for further analysis. 

Chemical and physical characterization following wet oxidation and 
fermentation 

Solid fraction: Determination of cellulose hemicellulose, lignin and non-cell wall 
material (NCWM) was done by the sequential gravimetric detergent fiber 
procedure according to Goering and van Soest (1970). The NCWM includes 
pectins and lipophilic components. 

Liquid fraction: Total organic carbon (TOC) was analyzed on a Shimadzu TOC-
500 with IR detection after combustion at 680 C (Pt-catalyst). Compensation for 
inorganic carbon was made by acidification. 

 
 c
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Aromatics: The phenols and 2-fiiroic acid were isolated from the liquid fraction 
by solid phase extraction on polystyrene divinylbenzene polymer columns: 1ST 
Isolute ENV+ 100 mg/ml (International Sorbent Technology Ltd., Mid-
Glamorgan, UK). The aromatic compounds were identified and quantified by gas 
chromatography (GC) with mass selective detection (MS) (12). Lignin was 
precipitated by HC1 at pH 1.5 (12) and dissolved in eluent (5 mg/ml) for size 
exclusion chromatography. Column for polyphenol separation was TSKgel 
G2500PW (Tosoh Biosep, Tokyo, Japan), 7.5 mm i.d. x 30 cm. Eluent was 70% 
MeOH in 50 mM NaCl at a flow of 1 ml/min. The HPLC (Shimadzu Corp., 
Kyoto, Japan) was fitted with an UV detector and a RI detector. Lignin was 
determined by UV-detection at 254 nm and polystyrene standards were used for 
calibration of molecular weight. 

Lipophilic extractives: Untreated, wet oxidized, and SSF treated wheat straw 
were soxhlet extracted by a mixture of toluene: acetone: ethanol (4:1:1 v/v) for 5 
hours. The extracts were carefully evaporated at 50 °C until dryness, and the 
weight residue was considered the total lipophilic extractives. Analysis of 
lipophilic extractives from untreated wheat straw and following wet oxidation 
and SSF was done directly on the solids by combined methylation and pyrolysis 
GC/MS essentially as described by H ardell a nd N ilvebrant (26). M ethylation 
reagent was 10 % aqueous tetramethylammonium hydroxide (TMAH). Pyrolysis 
was performed at 400 °C in a filament pulse pyrolyzer (Pyrrola, Pyrol AB, 
Sweden) fitted on a HP-5890 gas chromatograph with a VG TRIO-1 quadropole 
mass spectrometer. The pyrolysate was separated on a DB-1 column (J&W 
Scientific, USA, 30m x 0.25 mm, film thickness 0.25 m̂) with He as carrier gas 
at lmL/min. The column temperature program was 5 min hold at 50 °C and then 
increased by 10 °C/min to 320 °C. 

Sugars and ethanol: Glucose, xylose, arabinose, acetic acid and ethanol were 
quantified by HPLC with Rl-detection (Shimadzu Corp., Kyoto, Japan) after 
separation on an Aminex HPX-87H column (Bio-Rad Laboratories Inc., 
Hercules, CA, USA), using 4 mM H2S04 as eluent and 0.6 ml/min flow at 63 °C. 
Conversion factors for dehydration on polymerization was 162/180 for glucose 
and was 132/150 for xylose and arabinose. 

Liquefaction and Simultaneous Saceharification and Fermentation (SSF) 

Liquefaction (presaccharification) and SSF fermentation were made in 250 ml 
blue cap flasks with yeast locks filled with concentrated H2S04. A 10% (w/w) 
suspension was prepared by mixing 25 g filter cake (solid fraction) with 225 mL 
filtrate (hydrolysate) in each flask. In order to reduce the viscosity a liquefaction 
stage was introduced prior to the SSF. The liquefaction of the suspension was 
done by treating the suspension for a total of 24 hours with a cellulase mixture of 
83/17 v/v of Celluclast 1.5L and Novozyme 188. Enzyme loading was 5 FPU/g 
DM. pH and temperature was 4.7 and 50°C, respectively. 

 
 c
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Following liquefaction the flasks were cooled to 32 °C and incubated with 800 
mg Saccharomyces cerevisiae (Baker's yeast). Additional enzyme mixture was 
added giving a total enzyme loading of 5, 10 or 20 FPU/g DM. For yeast 
nutrition 16 mM of urea was added to each flask. The fermentation was 
monitored by C0 2 loss, as determined by weighing the flasks at regular intervals. 
The ethanol yield during fermentation was calculated from the C0 2 loss by 
multiplication of the conversion factor (i.e. the molar ratio of EtOH/C02) 
according to reaction sheme (1): EtOH (g) = C02, ioss(gyi.045. The final ethanol 
concentration was determined by the HPLC procedure described earlier. All 
experiments were carried out in duplicate. 

H(C6H10O5)„OH -> C 6H, 20 6 -» 2C2H5OH + 2C0 2 (1) 

Mwl62 Mwl80 Mw46 Mw44 
Cellulose Glucose Ethanol Carbon dioxide 

Degree of cellulose hydrolysis 

The enzymatic hydrolysis of cellulose to glucose was determined by the method 
of Bjerre et al. (11) with Celluclast 1.5L and Novozym 188 (83/17 mixture). 
Approx. 100 mg solid fraction was suspended in 5 ml 0.04 M acetate buffer 
corresponding to a 2 % dry matter, and incubated with the enzymes at pH 4.8 
and 50 °C for 24 hours. The liquid fraction from the wet oxidized wheat straw 
was adjusted to pH 4.8 by addition of 2 M H2S04 prior to the addition of solid 
fraction and enzymes. Cellulose hydrolysis, as determined by glucose 
concentration, was measured by HPLC as described above. 

Results and discussion 

Pre-treatment by wet oxidation 

WO pre-treatment resulted in an efficient separation of the wheat straw in to a 
cellulose-rich solid fraction and a hemicellulose-rich liquid fraction 
(hydrolysate), see Figure 1. The chemical analysis and mass balance show that 
approximately 96 % of the cellulose was recovered during wet oxidation 
treatment (Figure 2). Due to oxidation, 49 % of the hemicellulose and 65% of 
the lignin were converted, and thus removed as C0 2, H20, carboxylic acids and 
other components during the wet oxidation. The solid fraction had a high 
cellulose content (72%), but some lignin and hemicellulose were still present 
(Table 1). Analysis of the liquid fraction showed that much of the lignin and 
hemicellulose were oxidized to organic acids (Table 1) of which formic and 
acetic acid were the main acids (12). Total organic carbon (TOC) of the liquid 
fraction was l lgC/L. 

 
 c
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Enzymatic hydrolysis of products 

An important evaluation parameter of pre-treatment is the total glucose yield, 
defined as the glucose formed by enzymatic saccharification corrected for the 
glucose 1 ost during pre-treatment. The total glucose yield of the water-washed 
pre-treated solid fractions of wheat straw has previously been reported to be 57 
% by alkaline hydrolysis (27), 32 % by liquid ammonia pre-treatment (18) and 
85 % by steam pre-treatment (28). By alkaline wet oxidation of wheat straw and 
enzymatic hydrolysis at 30 FPU/g DM, the total glucose yield was 66% (Figure 
3). 

To the best of our knowledge it has not previously been investigated how the 
liquid fraction affect the total glucose yield by enzymatic hydrolysis of the 
cellulosic fraction of pre-treated wheat straw. Cellulose hydrolysis was found to 
be about 70 % for both the washed cellulose fraction in a buffer as the solid 
fracton directly suspended in hydrolysate (Figure 3). At low enzyme loadings (5-
10 FPU/g), lower yields were obtained in hydrolysate (WO liquid fraction 
adjusted to pH 4.8) when compared to hydrolysis in acetate buffer. Thus, the 
enzymatic hydrolysis was inhibited by components in the liquid fraction. This is 
most likely caused by the adsorption of some of the enzymes to lignins or 
inhibition by phenols or other degradation products (29). Analysis of water-
soluble lignins isolated by acid precipitation was found to have a M w of 1 kDa, 
consisting of phenol oligomers of an average of 5 phenol units (data not shown). 
These polyphenols accounted for an additional 1 8% of the TOC of the liquid 
fraction (Table 1). At the high enzyme loadings (20-30 FPU/g) only slight 
inhibition was observed when comparing the cellulose conversion in liquid 
fraction with that obtained in buffer solution. 
The fractionation of wheat straw by alkaline wet oxidation resulted in an 
efficient solubilisation of the hemicellulose with a relatively uniform molecular 
weight distribution. The soluble hemicellulose sugars were present as oligomers 
and polymers consisting mainly of xylose and arabinose (measured after acidic 
hydrolysis, Table 1). Thomsen et al. (30) found that hemicellulose isolated from 
alkaline wet oxidised wheat straw consisted of a high and low molecular weight 
fraction. The high molecular weight fraction contributed with 2 7.5% having a 
molecular weight (Mw) of 13.000 corresponding to an average degree of 
polymerisation of 72 and the low molecular weight fraction contributed with 
73% having a M w of 302 corresponding to an average degree of polymerisation 
of 1.7. At 30 FPU/g DM enzyme loading, 55 % of these hemicellulose 
components were converted to xylose and arabinose monomers. Celluclast was 
shown to have significant (3-xylosidase activity and thus has the ability to 
hydrolyze the hemicellulose present as xylan (31). The hydrolysed hemicellulose 
can be fermented by a C5 yeast or bacterium to ethanol or by lactobacillus to 
lactic acid (32, 30). Alternatively, the polymeric hemicellulose may be recovered 
and used as filler in plastics (33). 

 
 c
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Wheat straw 
(<0.5 mm by milling) 

Wet oxidation 
(6% wheat straw, 6,5 g 

Na2C03,1950C, lOmin.) 

Filtration 

V 

Resuspension 

Liquefaction (10% filter 
cake suspended in 

filtrate, 5 FPU/g DM, 
50°C, 24 hours) 

V 

SSF 
(10% filter cake 

suspended in filtrate, 
30°C, 72 hours) 

V 

Filtration 

Products 

Raw material 
(1) 

3% solid dry 
matter 

suspension 

Liquid and 
solid WO 

materials (II) 

Ethanol, C0 2 

Liquid and solid >v 
SSF material J 

(HI) J 

Figure 1. Process diagram for the treatment of wheat straw by wet oxidation 
followed by SSF (simultaneous saceharification and fermentation) with 
indication of samples drawn analyses (I, II, III). 
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IN Wheat straw (100 g) 
36 g Cellulose 

31 g Hemicellulose 
7 g lignin 

2 g lipophilic compounds 

Wet Oxidation 
Pre-treatment 

Liquid fraction (36 g) 
11.5 g Hemicellulose 

Solid fraction (48 g) 
35 g Cellulose 

5 g Hemicellulose 
2.5 g lignin 

2 g lipophilic compounds 

OUT (recovered) 
35 g Cellulose (96%) 

16 g Hemicellulose (51%) 
2.5 g lignin (35%) 

2 g lipophilic compounds (100%) 

Enzymes 
Yeast 

OUT (SSF yield) 
14 g Ethanol (70% converted cellulose) 

8 g cellulose 
2.5 g lignin 

2 g lipophilic compounds 

Figure 2. Mass balance for wet oxidation and simultaneous saceharification and 
fermentation (SSF) of cellulose, hemicellulose, lignin and lipophilic 
components. 
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Table 1. Chemical composition of wheat straw, wet oxidized (WO) solid and 
liquid fractions, and SSF solid material. 

Wheat WO Solid WO Liquid SSF solid 
straw fraction fraction residue 
(%) (%) (%)* (%)** 

Cellulose 36 72 - NA 
Hemicellulose 31 10 33 NA 
Lignin 7 5 - NA 
Non cell wall 16 2 - NA 
material 
Organic acids - - 17 -
Polyphenols - - 18 -
Phenols - - 2 -
Wax 2 4 - 10 
Other - - 30 -
Ash 8 6 1 -
NA = not analysed. *Determined on total organic carbon (TOC) basis, ash not 
included (13). A gravimetric composition of the liquid fraction is not possible 
because of volatile and semi-volatile components like carboxylic acids. 

Liquefaction and SSF 

After wet oxidation, the solid material in hydrolysate contributed with only 3 % 
dry matter due to hydrolysis and oxidation of hemicellulose and lignin. In order 
to investigate SSF at a high solid ratio the wet oxidized hydrolysate was filtered 
before resuspending the filter cake in the wet oxidized filtrate (Figure 1). 
Thereby a solid fraction of 10 % pretreated wheat straw was obtained for the 
SSF. Pretreated wheat straw at dry matter contents at 10 % or higher introduces 
a high viscosity with only limited mixing when treated in a simple lab shaker 
without forced agitation. Therefore a liquefaction/ presaccharification stage with 
cellulases was introduced prior to the fermentation, in analogy to the liquefaction 
of starch used for fermentation at dry matter levels of 30 % or higher (Figure 1). 
The liquefaction was achieved by adding 5 FPU of Celluclast/g DM at 50°C for 
24 hours. This gave a good solubilisation of solids and resulted in a suspension 
with low viscosity and rich in fermentable carbohydrates whereupon the SSF 
process was initiated. 
The fermentation curve is shown in Figure 4. At the highest enzyme loading, 70 
% of the cellulose was converted to ethanol corresponding to a final ethanol 
concentration of 56 g/L. This is significantly higher than the ethanol yield of 38 
g/L using 12.5 % pretreated wheat straw as obtained in work of Mohagheghi et 
al (22). More importantly, the experiments of Mohagheghi et al (22) were made 
using washed filter cakes with no hydrolysate added. Our results indicate that 
the cellulose from wet oxidized wheat straw is available to enzymatic hydrolysis. 

 
 c

h0
10

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



167 

— a — Washed solid 
—•---Whole slurry 

0 10 20 30 

Cellulase activity (FPU/g DM) 
Figure 3. Enzymatic hydrolysis of the cellulosic fraction of wet oxidized (WO) 
wheat straw in buffer (washed solid) and in liquid fraction of WO wheat straw. 
Hydrolysis was done at 2% consistency, pH 4.8 and 50°C. 

Furthermore, at the applied concentrations the hydrolysate has no negative 
influence on the fermentation rate in accordance with the enzyme hydrolysis tests 
at the highest enzyme loadings (Figure 2). At the lowest enzyme loading (5 
FPU/g DM) a lower rate of SSF was observed probably due to enzyme inhibition 
in accordance with the enzymatic tests. At 10 and 20 FPU/g DM loadings the 
rates of fermentation were similar for the first 24 hours and more than 85 % of 
the total fermentation was completed after 48 hours. These results are in 
accordance with the testing of the enzymatic convertibility of cellulose, where 72 
% cellulose was converted in 24 hours at 50 °C at 30 FPU/g (Figure 4). 
The SSF process was divided into two phases. The first phase was characterized 
by a fast fermentation rate during the first 48 hours and the second phase by a 
slow fermentation rate during the next 100 hours after which the SSF was 
stopped (Figure 3). The first rapid fermentation phase illustrated by C0 2 loss is 
similar to that of the first 24 hours in the enzyme tests at 10 and 20 FPU/g DM 
measuring the glucose liberation. The rate of fermentation in the first 24 hours is 
close to what can be achieved in a similar lab-scale set-up using starch as a 
substrate (34). Thus, there was no limiting factor of cellulose accessibility to the 
enzymatic hydrolysis during the first period of hydrolysis. The decrease in 
hydrolysis rate after 48 hours indicate that the cellulose can be divided into two 
pools: High accessible cellulose (approximately 70%) and low accessible 
cellulose (approximately 30%). The composition of these two pools from the wet 
oxidation pre-treatment is yet to be described, but some of the factors to be 
considered are the cellulose crystallinity and the remaining lignin and 
hemicellulose in the solid fraction (Table 1). These fractions are most likely 
closely associated with the cellulose and as such they may be responsible for the 
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Time (hours) 

Figure 4. Cellulose conversion during hydrolysis and fermentation of solid 
fraction. 
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low accessible cellulose fraction. As the enzyme preparations used (Celluclast 
and Novozyme 188) also contained hemicellulases, as previously discussed, 
these may have improved the accessibility of cellulose to enzymatic hydrolysis. 

The fermentations were done at 10 % dry matter of the solid fraction, however, 
the concentration of soluble compounds in the added liquid fraction 
corresponded to only 6% dry matter. The liquid fraction from alkaline wet 
oxidized wet straw was previously found not to inhibit the ethanol productivity 
of Saccharomyces cereviseae up to a level corresponding to 17% dry matter 
content of wheat straw (13). Hence, the soluble compounds found in the liquid 
fraction are considered negligible with respect to yeast inhibition in a set-up 
using more concentrated hydrolysate. 

Any evaluation of cellulose-based processes for ethanol production should be 
compared to the present technology used for hydrolysis and fermentation of 
starch, as this is the most cost-effective process used at present. The technical 
specifications for the starch based process show fermentation efficiencies higher 
than 90 % and dry matter contents in the hydrolysis and fermentation of 30 % or 
more (35). If cellulose is to be an economically attractive substrate for ethanol 
production, fermentation efficiency and dry matter content must approach the 
starch process. This means that the dry matter content must be increased by a 
factor of 2-3 and that cellulose accessibility must be improved by further 10-20 
%. Such a development requires improved technologies and processes e.g. more 
efficient enzymes. Another aspects to be considered for high dry matter 
fermentation is the yeast viability. Fermentation at 25-35% dry matter introduces 
several new stress factors to the yeast, of which one of them is osmotic pressure 
(36). Compared to starch raw materials, cellulose is a nutrient and protein 
deficient substrate, hence, the yeast should be supplied with the nitrogen and 
minerals necessary for its optimal growth. 

Lipophilic extractives retained in the solid products 

The residue from SSF has a high lignin content and could be burnt for energy 
production because of its high heat of combustion. However, it was observed 
that the lipophilic extractives found in the raw material were retained in the solid 
fraction during wet oxidation pre-treatment, enzymatic hydrolysis and 
fermentation (Figure 2, Table 1). Lipophilic extractives analyzed in the untreated 
and wet oxidized wheat straw consisted of mainly triglycerides and free fatty 
acids primarily C16, C18, C18:l, C18:2. Palmitic acid (C16) was the main fatty 
acid of the wax in both the untreated and wet oxidized wheat straw. Thus, the 
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reaction conditions used for wet oxidation pre-treatment of wheat straw did not 
oxidize the lipophilic components. It should be noted that the wet oxidation 
process was originally developed for decomposing polluted materials in 
wastewater, sludge, and polluted soil (37), therefore it was surprising to find all 
lipophilic compounds intact after the WO pre-treatment. However, the reaction 
temperature for the pre-treatment of biomass by wet oxidation is considerably 
lower (150-195°C) than that originally used for the treatment of pollutants (260-
300°C). 

After SSF fermentation, the lipohopilic components were still present in the fiber 
residues. Thus, following wet oxidation and SSF, the content of lipohopilic 
components in the dry matter was increased from 2 % in the raw material to 4 % 
and 10 %, respectively, in the treated fibers (Table 1). It is well known that plant 
waxes and fatty acids are used for cosmetics e.g. in soap and shampoo, thus this 
process offers the possibility to produce these potentially value-added products 
in a more concentrated form. 

Conclusion 

Cellulose from wheat straw can be effectively used to produce ethanol in a SSF 
process using wet oxidation as pre-treatment. The ethanol yield was 56 g/L using 
10% DM of wet oxidized solids as substrate in SSF. Enzyme tests showed that 
components (probably polymeric lignin) in hydrolysates decreased the cellulose 
hydrolysis rate at low enzyme addition. Additionally, enzymes were used for 
hemicellulose hydrolysis. At high enzyme leading no inhibition was observed. A 
liquefaction stage was introduced prior to SSF using low enzyme addition (5 
FPU/g DM) facilitating good mixing conditions in the SSF. Lipophilic 
extractives in wheat straw were unaffected by both wet oxidation and SSF and 
was present in the solid residues in a concentrated form. 
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Chapter 11 

Siderophores as Natural Mediators in Laccase-
Aided Degradation of Lignin 

M-L. Niku-Paavola1, H. Anke2, K. Poppius-Levlin3, 
and L. Viikari1 

1 V T T Biotechnology P.O. Box 1500, FIN-02044 VTT, Finland 
2Institut fuer Biotechnologie und Wirkstoff-Forschung c/o University of 

Kaiserslautern, D-67663 Kaiserslautern, Germany 
3 KCL, Science and Consulting, P.O. Box 70, FIN-02151 Espoo, Finland 

Hydroxamate siderophores, microbial metal chelating agents 
have structural similarities with synthetic mediators 
succesfully used in laccase-aided delignification processes. 
The iron-free forms of fungal hydroxamate siderophores; 
desferrioxamine B, desferritriacetylfusigen and nocardamin, 
were shown to have mediator characteristics in laccase 
catalyzed oxidative reactions. Ferricrosin, an iron-containing 
form of siderophore, did not react with laccase. It was 
concluded that the iron-binding structures, free hydroxyl 
groups in the hydroxamate siderophores, are the targets for 
laccase. GPC, 1H NMR and 13C NMR analysis indicated 
degradation and modification of siderophores during oxidation 
by laccase. The reaction mechanism differs from the 
corresponding reactions of synthetic mediators. When 
compared on molar basis, the ability of the oxidized 
siderophore to degrade lignin was better than that obtained by 
the synthetic mediator 1-hydroxybenzotriazole (HBT), due to 
the higher number of N-OH-groups in the siderophore 
molecule. The role of siderophores as natural mediators in 
delignification and as models for mediators is thus worth of 
further evaluation. 

176 © 2003 American Chemical Society 
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Introduction 

In nature white-rot fungi are the most efficient lignin degrading organisms. 
During growth on lignin containing substrates they secrete several enzymes 
capable to modify lignin substructures [reviewed in (/)]. The role of individual 
enzymes in lignin degradation has been studied intensively in order to develop 
environmentally friendly delignification processes. Along with peroxidases, 
laccases (benzenediol: oxygen oxidoreductase EC 1.10.3.2) are the most 
important enzymes participating in delignification by white rot fungi. When used 
without additives, purified laccases mainly polymerize lignin in vitro. However, 
when suitable, electron transfering additives are provided for laccases in the 
reaction, true delignification takes place (2, 3). In this laccase-mediator concept, 
the primary substrate of laccase mediates the oxidation towards the secondary 
substrate, i.e. lignin. 

Mediated oxidation by laccase has been shown to be a specific and efficient 
delignification method. Over 55% delignification of pine kraft pulp was 
achieved (4) and ozone and oxygen stages in TCF bleaching could succesfully 
be replaced by the laccase-mediator system when using HBT (5). The mediated 
oxidation concept has been shown to be effective also for elimination of toxic 
environmental wastes, for chemical synthesis and textile applications (6, 7, 5, 9). 
The first mediators introduced were 2,2'-azinobis(3-ethylbenzthiazoline-6-
sulphonate) (ABTS) and 1-hydroxybenzotriazole (HBT). During laccase action 
both form radicals with high redox potential and good stability, the former 
dication (10) and the latter nitroxide radicals (11). Several mediators are able to 
delignify efficiently, but still suffer from drawbacks, such as high costs, for 
larger scale applications. New, more effective mediators have been screened to 
decrease production costs and to minimize eventual environmental risks. 

Natural compounds present or secreted in the environment of white rot fungi 
could be potential candidates as mediators. Indeed, several low molecular weight 
compounds secreted by white rot fungi have been shown necessary for lignin 
degradation, such as veratryl alcohol (12) and aliphatic carboxylic acids (13). 
However, until now only one metabolite of a white rot fungus, 3-
hydroxyanthranilate, has been introduced as a natural mediator (14). It has a 
hydroxyl and an amino group as targets for laccase oxidation. Siderophores, 
fungal and bacterial metabolites responsible for microbial iron chelation are 
classified as hydroxamates, phenolates and catecholates (75). Iron chelating 
compounds are commonly produced by wood-decaying fungi (76). Close 
structural similarities exist between the synthetic mediators and natural 
hydroxamates which contain several N-OH, C=0 and NH groups in one 
molecule. Two of the siderophores studied in this work are shown in Figure 1. 
Both siderophores consist of the same basic three-subunit structure. 
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In this work, the potential of hydroxamate siderophores acting as mediators 
for delignification was studied. The reactivity of siderophores as laccase 
substrates was analyzed and the reaction products were monitored by GPC, ! H 
NMR and 1 3 C NMR. The reactions with laccase, siderophores and pulp were 
followed by reactivity measurements based on oxygen consumption and by 
efficiency in one-step alkaline delignification. The known synthetic mediators 
HBT and ABTS were used as references. 

Materials and Methods 

Enzyme 

The laccase was partially purified from Trametes hirsuta strain VTT-D-443 
as described previously (17). The enzyme was dosed using ABTS as substrate 
(18). 

Substrates 

The commercial hydroxamates studied were desferoxamine B mesylate 
(DFA) (Sigma), glycine hydroxamate (GHA) (Sigma), tyrosine hydroxamate 
(THA) (Sigma) and hydroxylamine (HA) (Baker). Desferritriacetylfusigen 
(DAF), nocardamin (Noc) and ferricrosin (Frc) were produced and purified as 
described (19, 20). Reference mediators were HBT (Sigma) and ABTS 
(Boehringer). 

Pine kraft pulp (kappa 25, brightness 27 (ISO), viscosity 1060 ml/g) was 
produced in laboratory scale. 

The reactivity of substrates 

The reactivity of substrates was measured as oxygen consumption during the 
reaction with laccase in closed erlenmeyer flasks using a Clark type oxygen 
electrode (Orion 97-08) (17). The reactivities were expressed as initial reaction 
rates (02 jimol/ 1 /min) calculated from the first reaction minutes and as relative 
reactivity (02 moles consumed/mole of substrate oxidized after 15 minutes 
reaction). The measurements were performed in reaction conditions where 
neither laccase dose or 0 2 concentration limited the reaction: the mediator 
concentration was low (0.1 mM) and laccase dose was high (20 nkat/1). The pulp 
consistency in reactivity measurement was 0.5% and laccase dose 4000 nkat/ g 
pulp (d.w). Reactions were performed in 25mM succinate buffer, pH 4.5 at 
20°C. 

 
 c
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Pulp treatments 

Pulp was chelated before laccase treatment to eliminate the ferric ions 
disturbing the reactions of siderophores. Chelation conditions were: pulp 
consistency 10%, sodium salt of EDTA 0.4% on pulp, pH 2-3, 80°C Ih. 

Delignification efficiency of siderophores was assayed using the previously 
optimized conditions of laccase-mediated oxidation (21). Laccase dose was 100 
nkat per g pulp (d.w.), mediator concentrations were HBT 3%, DFA 4% and 
nocardamin 2.5% of pulp d.w. Delignification conditions were: pulp consistency 
10%, pH adjusted to 4.5 with sulfuric acid, oxygen 3 bar, 45°C 2h, alkaline 
extraction with 1% NaOH, 60°C Ih. 

Analytical methods 

For the gel permeation chromatography (GPC) analysis, 1.5 mM 
siderophore (DFA) in 25 mM succinate buffer pH 4.5 was treated with laccase at 
a dose of 5 jxkat/1 at 20° C for 2h. The reaction mixture was mechanically stirred 
and infused with oxygen. The relative molar mass distributions were analysed by 
using the method originally developed for lignin with Fractogel TSK HW-55 in 
0.5 M NaOH (21). 

For NMR spectroscopy, 10 mg DFA (15 jimol) was dissolved in 1 ml water, 
pH was adjusted to 4.5, and siderophore was treated with laccase dose of 2.5 
pikat/1. The reaction mixture was mechanically stirred and infused with oxygen at 
20° C for 20h. The preparation was finally freeze-dried and thereafter dissolved 
in D20. The siderophore concentration in reference sample was 10 mg per ml 
D20. 

*H NMR and 1 3 C NMR analyses were performed at VTT Chemical 
Technology by Dr. E. Ammalahti. Qualitative *H NMR and COSY spectra were 
recorded at 35° C at 600 MHz and , 3 C NMR spectra at 150 MHz on a Varian 
Unity instrument. 

Viscosity, brightness and kappa number of the pulps were analysed 
according to SCAN-C15:1988, ISO 2470 and SCAN -CI-1977, respectively. 

Results 

Oxidation of siderophores by laccase 

The reactivities of siderophores with laccase were demonstrated by oxygen 
consumption measurements (Figure 2). Laccases catalyze the four-electron 
reduction of oxygen to water with four concomitant one-electron oxidations of 
the reducing substrate molecule(s). 

The iron-free forms of siderophores; DFA, DAF and Noc were shown to be 
substrates of laccase. Frc, the iron-containing form of the siderophore, as well as 
the siderophore analogues GHA, THA and HA did not react with laccase. 
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The initial reaction rate in laccase catalyzed oxidation of the siderophore 
Noc was as high as that of the reference mediator ABTS in spite of the higher 
molecular weight and cyclic structure of the former. The reaction curve shows 
that the oxidation of ABTS was completed already within the first minute. 
During the oxidation of 0.1 mM ABTS 0.9 mg oxygen/1, corresponding to 
0.028 mmol oxygen/1, was reduced to water. Each ABTS molecule was thus the 
donor of one electron. Based on the structure of Noc, it can be anticipated that 
this siderophore is able to donate at least three electrons. The reaction was 
completed after 35 min, and altogether 0.18 mmol oxygen/1 was consumed 
(result not shown). Thus, it seems that at least six electrons per molecule of Noc 
are transfered to oxygen, either in the primary enzymatic reaction or in the 
secondary non-enzymatic reactions. It is interesting to observe that DFA, having 
the same structural groups as Noc but aliphatic backbone, was a much worse 
substrate for the laccase. The ability of the laccase to oxidize HBT was 
surprisingly poor compared to the very high efficiency of HBT in delignification. 

Because the iron-containing form of siderophore was not oxidized by 
laccase, it was expected that the iron-binding structures, the free hydroxyl groups 
in the hydroxamate siderophores, would be the target structures for laccase. This 
was confirmed when the initial reaction rate and the reactivity of the iron-free 
siderophore DFA was shown to decrease gradually by increased amounts of iron 
added to the laccase catalyzed reaction (Table I). The reaction was over 90% 
inhibited when the concentration of iron was equal to that of the siderophore. 

Analysis of reaction mechanism of laccase oxidation 

The oxidation mechanism of DFA by laccase was more closely followed by 
analyzing the reaction products of DFA during the oxidation by gel permeation 
chromatography (Figure 3). The molecular mass of DFA is 657 Da, and it 
consists of three subunits. In the chromatogram, DFA is seen as a single peak at 
the start of the reaction. After oxidation by laccase, DFA was partially degraded 
into components, with lower molecular masses than the parent molecule. No 
polymerisation as with the synthetic mediators (27) was observed during the 
oxidative reaction by laccase. 

The l 3 C NMR analysis of DFA after laccase oxidation (Figure 4) clearly 
indicated differences in the area of carbonyl groups (180-190 ppm). Also the 
signals on the CH/ CH2-area (30-40 ppm) were increased, as compared to the 
spectrum of the original DFA. This is in accordance with the *HNMR spectrum 
of the corresponding samples (Figure 5). The effect of laccase oxidation can be 
seen in displacement of the HI' signal from 2.59 to 2.31 ppm and the H2'signal 
from 2.29 to 2.23 ppm. This indicates modification in the area of the (CH2)2-
repeating unit of DFA. A new signal appeared at 1.71 ppm, very close to the 
methyl signal of DFA. The identification of this signal would demand additional 
studies. The N-OH groups of the synthetic mediators were shown to be 
converted to NH-groups in the laccase catalyzed oxidation (22). Surprisingly, no 
new NH-groups could be detected in COSY-spectra of DFA (results not shown). 

 
 c
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Figure 2. Oxidation of siderophores, siderophore analogues and reference 
mediators by laccase. 

Table I. Inhibition of laccase catalyzed oxidation of siderophore by iron*. 

Concentration Initial reaction Relative reactivity Inhibition 
ofFeCh in rate oxygen/DFA % 
reaction Oi consumption mol/mol 

mixture mM UmoWmin (after 15 mm reaction) 
0 13 0.44 0 
0.01 5 0.43 2 
0.05 5 0.24 45 
0.10 1 0.02 95 

^Siderophore (DFA) concentration 0.1 mM 

 
 c
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Figure 3. Molecular mass distribution of DFA in laccase reaction. 

Oxidation and delignification of fibres 

The oxidation of siderophore (DFA), kraft fibres and their combinations by 
laccase was followed by using the oxygen consumption measurement method 
(Figure 6). The relative reactivity of kraft fibres appeared to be quite low, only 
roughly 0.1 mg oxygen/1 was consumed corresponding to 0.003 mmol oxygen/1. 
The amount of lignin calculated from the kappa number of the fibres was 0.19 
g/1. Previous analyses had stated 2mM phenolic units /g of this kraft lignin (27). 
Thus, the concentration of phenolic hydroxyl groups was 0.38 mM and only 3% 
of them were oxidized by the enzyme alone. Taking into account the limited 
accessibility and reactivity of fibre bound lignin by laccase alone, this is not an 
unexpected result. In the presence of both DFA and fibres, the oxygen 
consumption by laccase was significantly increased. The calculated sum of the 
individual oxygen consumption of fibres and DFA was, however, only about half 
of the measured oxygen consumption of the combined system. This gives 
evidence that oxidation of the siderophore by laccase in the presence of a 
secondary substrate (fibres) may undergo redox recycling. The increased oxygen 
consumption in the presence of the secondary substrate implies that oxygen may 
be consumed to reoxidation of the siderophore mediator, and/or to secondary 
enzymatic or non-enzymatic oxidative reactions of the partially oxidized lignin. 

Due to the competitive reactions between iron chelation and oxidation of 
siderophores by laccase, the metals from the pulp were removed before the 
laccase-siderophore treatments. Table II shows the results of the delignification 
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2 

Reaction time (min) 

Figure 6. Oxidation ofkraftfibres (m-m), siderophore DFA and their 
combination (• -+) by laccase. The calculated sum of the separate oxidation of 

fibres and DFA(k-k). 

efficiency of siderophores, as compared with HBT. After the enzyme-mediator 
treatment, only a mild alkaline extraction was performed. Thus, the kappa 
numbers may give more evidence to the effects of the treatments than the 
brightness values which were not essentially increased during the mild treatment 
conditions, The reduction in kappa number was 32% with HBT and 12-20% with 
siderophores. While the brightness values were essentially not improved under 
the test conditions, the viscosity values implied that the siderophore mediators 
were specific towards lignin degradation. When compared on molar basis the 
siderophores seemed to be more effective which can be explained by their higher 
molar electron transfering capacity. 

Table II. Delignification of kraft pulp by HBT or siderophores oxidized by 
laccase. 

Mediator, Mediator, mmol Kappa no Brightness Viscosity 
% ofd.w. pergdw. % ml/g 

None 25 27 1060 
HBT 3% 0.2 17 27 1010 
DFA 4% 0.06 20 29 1070 
Noc2.5% 0.04 22 29 1070 

 
 c
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Discussion 

Iron-free forms of the natural mediators, hydroxamate siderophores were 
shown to share some of the common characteristics of synthetic, delignifying 
mediators. The efficiency of siderophores as delignifying mediators was not as 
good as that of the reference mediator, HBT. However, when compared on 
molar basis, the efficiency of siderophores was more pronounced which can be 
explained by their higher molar electron transfering capacity. As indicated 
previously, the efficiency of any mediator molecule in the delignification is a 
sum of several characteristics (22). The laccase used in this work was from 
Trametes hirsuta which belongs to the high redox potential group of laccases. 
Previously, it has been shown that laccases show differencies in their substrate 
specificities for various mediators (23). 

When compared with the oxidation of the common substrate for laccases, 
ABTS, the siderophore nocardamin, consisting of a trimeric structure, showed 
equally good characteristics. Obviously, due to its structure, this natural mediator 
had a higher molar capacity to transfer electrons which was highlighted in the 
oxygen transfer rates. During the oxidation of siderophores with trimeric 
structures by laccase, the molecule was partially split obviously into dimeric and 
monomeric subunits. This is different from the synthetic mediators which are 
polymerised by the laccase action (21). 

It is obvious that the iron-binding structures, free hydroxyl groups in the 
hydroxamate siderophores, are the targets for laccase. Only iron-free forms of 
siderophores reacted with laccase and the initial reaction rate as well as the 
reactivity of the siderophore decreased gradually when increased amounts of 
iron were added to the reaction mixture. The inhibition was nearly complete 
when the concentration of iron was equal to that of the siderophore. 

Previously, hydroxamate siderophore was shown to degrade lignin slightly 
also in the iron containing form, however, without the presence of laccase (24). 
The degradation of lignin in black liquor in the presence of siderophore was 
claimed to be due to reduction of chelated ferric iron to the ferrous stage with 
concomitant liberation of hydroxyl radicals. Also phenolate and catecholate 
siderophores are proposed to be mediators for fungal Fenton system in order to 
produce hydroxyl radicals and to cause non-enzymatic wood degradation (25). 

The microbial delignification processes in nature may well proceed by 
exploitation of different components present in the decaying wood material or 
excreted by the fungus. All potential components for mediated oxidations are 
present in the biological environment; the different fungi secreting enzymes, 
organic acids, siderophores or other natural mediators as well as degradation 
products of lignocellulosics, eventually also participating in the degradative 
process. 

Although it may not be feasible to use siderophores as industrial mediators 
they definitely play an important role in microbial degradative and metabolic 
processes in nature. They may also be useful in attempts to understand the role 
of chelated transition metals in the natural deagradation processes and may serve 

 
 c
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as biomimetic models for developing mediated oxidation systems for various 
purposes. 
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ABTS (2,2'-aztnobis(3-ethylbenzthiazoline-6-sulphonate), DAF (desferritri-
acetylfusigen), DFA (desferrioxamine B mesylate), Fre (ferricrosin), GHA 
(glycine hydroxamate), HA (hydroxylamine), HBT (l-hydroxybenzotriazole)» 
Noc (nocardamin), THA (tyrosine hydroxamate). 

Acknowledgement 

This work was carried out within the EU project Oxidative Enzymes for 
Pulp and Paper Industry, FAIR-CT95-0805. 

References 

1. Hatakka, A. FEMS Microbiol. Rev. 1994, 13, 125-135. 
2. Bourbonnais, R.; Paice, M.G. Appl. Microbiol. Biotechnol. 1992, 36, 823-. 
3. Call, H-P. WO 94/29510, 1994. 
4. Bourbonnais, R.; Paice, M.G. Tappi J. 1996, 79, 199-204. 
5. Poppius-Levlin, K.; Wang, W.; Ranua, M. International Pulp Bleaching 

Conference, Helsinki, Finland, June 1-5, 1998, pp 77-85. 
6. Johannes, C.; Majcherczyk A.; Huttermann, A. Appl.Microbiol Biotechnol. 

1996, 46, 313-317. 
7. Potthast, A.; Rosenau, T.; Chen, C.L.; Gratzl, J.S. J. Mol Catal. A: Chem. 

1996, 108, 5-9. 
8. Niku-Paavola, M-L.; Viikari, L. J. Mol Catal. B: Enzymatic. 2000, 10, 435-

444. 
9. Schneider, P.; Pedersen, A.H. PCT World Patent Application WO95/01426, 

1995. 
10. Bourbonnais, R.; Paice, M.G.; Freiermuth, B.; Bodie E.; Borneman, S. 

Appl. Environ. Microbiol. 1997, 63, 4627-4632. 
11. Potthast, A.; Koch, H.; Fischer, K. Proc. of the 9th International Symposium 

on Wood and Pulping Chemistry, Canada, Montreal, June 9-12, 1997, pp 
F2-1-F2-4. 

12. Koduri, R.S.; Tien, M. J.Biol. Chem. 1995, 270, 22254-22258. 

 
 c

h0
11

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



190 

13. Warishii, H.; Valli K.; Gold, M.H. Biochem. Biophys. Res. Comm. 1991, 
176, 269-275. 

14. Eggert, C.; Temp, U.; Dean, J.F.D.; Eriksson, K-E.L. FEBS Lett. 1996, 391, 
144-148. 

15. Neilands, J.B. Microbiol Sci. 1984, 1, 9-14. 
16. Goodell, B.; Jellison, J.; Liu, J.; Daniel, G.; Paszczynski, A.; Fekete, F.; 

Krishnamurthy, S.; Jun, L.; Xu, G. J. Biotechnol. 1997, 53, 133-162. 
17. Niku-Paavola, M-L.; Wang, W.; Poppius-Levlin, K.; Anke, H.; Viikari, L. 

Proceedings of the 9th International Symposium on Wood and Pulping 
Chemistry, Canada, Montreal, June 9 - 12, 1997, pp 80-1-80-3. 

18. Niku-Paavola, M-L., Karhunen, E., Salola, P. and Raunio, V. Biochem. J. 
1988, 254, 877-883. 

19. Anke, H. J. Antibiotics 1977, 30, 125-128. 
20. Anke, H.; Kinn, J.; Bergquist, K-E.; Sterner, O. Biol. Metals 1991, 4, 176-

180. 
21. Poppius-Levlin, K.; Wang, W.; Tamminen, T.; Hortling, B.; Viikari, L.; 

Niku-Paavola, M-L. J. Pulp Pap. Sci. 1999, 25, 90-94. 
22. Freudenreich, J.; Amann, M.; Fritz-Langhals, E.; Stohrer, J. International 

Pulp Bleaching Conference, Finland, Helsinki, June 1-5, 1998, pp 71-76. 
23. Pfaller, R.; Amann, M.; Freudenreich, J. 7th Int. Conf. Biotechnology in the 

Pulp and Paper Industry, Canada, Vancouver, June 16-19, 1998, pp A99-
A102. 

24. Santiago, M.F.; Peralta-Zamora, P.; Duran, N. In Proc. Braz. Symp. Chem. 
Lignins Other Wood Compon.; Ramos, L.P., Ed.; Universidade Federal do 
Parana, Departemento de Quimica: Curitiba, Brazil, 1997, Vol. 6, pp 567-
575. 

25. Goodell, B.; Qian, Y.; Jellison, J.; Richard, M.; Qi, W. In Biotechnology in 
the Pulp and Paper Industry: 8th ICBPPI Meeting; Viikari,L.; Lantto, R., 
Eds.; Progress in Biotechnology; Elsevier Science B.V.: Amsterdam, The 
Netherlands, 2002; Vol. 21, pp 37-47. 

 
 c

h0
11

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



Chapter 12 

Microbial Strategies for the Depolymerization 
of Glucuronoxylan: Leads to Biotechnological 

Applications of Endoxylanases 

James F. Preston1, Jason C. Hurlbert2, John D. Rice1, 
Anuradha Ragunathan1, and Franz J. St. John1 

1Department of Microbiology and Cell Science, P.O. Box 110700, 
University of Florida, Gainesville, FL 32611-0700 

2Department of Structural Biology, St. Jude Children's Hospital 
Memphis, TN 38105 

The hemicellulose fractions of crop residues and hardwoods are underutilized 
resources for conversion to alternative fuels and bio-based products. The 
predominant hemicellulosic polymer in these resources is 4-O
-methylglucuronoxylan in which 4-O-methyl-D-glucuronopyranosyl (MeGA) 
residues are linked α -1,2- to 5 to 15% of the xylose residues comprising a nearly 
linear β -1,4-xylan backbone. Enzymatic processing of methylglucuronoxylan to 
fermentable xylose utilizes microbial endoxylanases, β -xylosidases and α -
glucuronidases. Endoxylanases have been assigned to glycohydrolase families, 
GH5, GH10 and GH11, each with unique sequences and structural motifs. Based 
upon the detailed characterization of selected members, the GH10 and GH11 
xylanases respectively generate aldotetrauronic (MeGAXXX) and 
aldopentauronic (XMeGAXXX) acids, along with xylooligosaccharides, as 
predominant limit products (Biely, P.; Vrsanka, M ; Tenkanen, M ; Klupful, D.; J. 
Biotechnol. 1997, 57, 151-166). The GH5 xylanase from Erwinia chrysanthemi 
cleaves β -1,4-xylosidic linkages at a residue adjacent to a xylose residue that is 
substituted with a MeGA residue and catalyzes the formation of products, all of 
which retain one or more MeGA substitutions, with no release of xylose or 
xylobiose (Hurlbert, J.C.; Preston, J.F.; J. Bacteriol. 2001, 183, 2093-2100). 
This xylanase apparently recognizes the MeGA substitution site and generates 
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limit products that are the result of a single cleavage between substitution sites. 
Other GH5 xylanases identified on the basis of amino acid sequence alignments 
await further definition. The aldotetrauronic acid product generated by GH10 
enzymes can be taken up and processed by intracellular a-glucuronidase, 
exoxylanase and /or p-xylosidase for conversion to fermentable substrate 
(Shulami, S.; Gat, G.; Sonenshein, A.L.; Shoham, Y.; J. Bacteriol. 1999, 181, 
3695-3704). The products generated by the GH5 and GH11 xylanases may 
require secretion of p -xylosidase and/or other xylanases to form products that 
can be assimilated. The GH5 and GH11 enzymes may complement other 
enzymes secreted by the host and neighboring microorganisms, and their 
retention during evolution supports important roles in the strategies employed by 
their hosts to develop niches for growth. Secreted GH11 enzymes are likely the 
best candidates for engineering enzymes for biobleaching applications. Secreted 
GH10 xylanases, along with intracellular a -glucuronidase and p -xylosidase, are 
presently the best targets for engineering bacterial biocatalysts to convert 
hemicellulose to useful products. 

Introduction 

With a range of mechanisms and applications, microbial xylanases have 
become a subject of intensive and revealing research. The successful 
applications of these endoxylanases to the areas of biobleaching of Kraft pulp 
and food processing are important factors for expanding research into 
mechanisms and enzyme production (7,2,5), with a goal of developing the most 
efficient catalysts for different processes. The increasing interest in the 
utilization of renewable resources for the production of alternative fuels and 
biobased or "green" chemicals has brought further attention to the different 
enzymes with respect to their structure, function and catalytic activities for the 
depolymerization of complex polysaccharides comprising lignocellulosic 
biomass. 

The targets of these enzymes are the p -1,4-linked xylans in the 
hemicellulose fraction, which constitutes as much as 20% of the lignocellulosic 
biomass of crop residues and hardwoods. The predominant carbohydrate 
polymer in this fraction is 4-O-methylglucuronoxylan (MeGAXn) in which 4-0-
methyl-D-glucuronopyranosyl (MeGA) residues are linked a-1,2- to xylose 
residues comprising a linear p -1,4-xylan backbone. Depending upon the source, 
5 to 20% of the xylose residues may be substituted with MeGA. Additional 
substitutions with L-arabinofuranosyl and acetyl, feruloyl and p-coumaroyi 
moieties may occur to variable extents in MeGAXn polymers (4,5). The 
complexities and variabilities of the structures of glucuronoxylans from different 
sources may account in part for the evolution of different families of xylanases 
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that have different substrate specificities. Of equal importance may be the 
processing of substrate to product that may be taken up and metabolized by the 
xylanase-producing organism, or secretion of an enzyme that is able to 
complement other glycoside hydrolases and lyases to digest and solubilize the 
polymers within the lignocellulosic fraction. 

The strategies employed by different microorganisms to digest xylans 
and utilize the released carbohydrate differ significantly, not only with respect to 
the xylanolytic catalysts, but also with respect to the location of the catalytic 
domain relative to cellulose and other carbohydrate binding domains (6,7). Such 
domains affect the interaction of an enzyme with the complex substrates that 
comprise the structural lignocellulosic biomass. In addition to the xylanases, 
arabinofuranosidases (8,9), acetyl esterases (10,11), and feruloyl esterases (11-
13) participate in the formation of an optimal substrate for the xylanases. a -
Glucuronidases (12,14) and p-xylosidases (12,14) are needed as intracellular 
and/or secreted enzymes to allow complete conversion to fermentable substrate. 
A representative structure for hardwood MeGAXn is presented below, along 
with sites of substitution on the xylan backbone and sites for hydrolytic 
cleavages catalyzed by different enzymes. 

The options are further expanded with the complex relationships of 
endoxylanases, endoglucanases, arabinofuranosidases, O-acetylesterases, and 
feruoyl esterases in the context of structures like the cellulosomes that are 
common to anaerobic bacteria. In such cases, cohesion domains on scaffoldin 
proteins and dockerin domains on the enzymes contribute to the assembly and 
structural integrity of functional glycoside hydrolase systems. The correct 
assembly of these is presumably required for the efficient digestion of 
extracellular polymers and vectoral uptake and metabolism of the fermentable 
carbohydrates (15). Similar multienzyme complexes have been identified in the 
anaerobic fungi as well (16-18). The aerobic saprophytic yeast and fungi on the 
other hand tend to secrete individual enzymes that digest the lignocellulosic 
polysaccharides to monosaccharides that are then taken up and metabolized. 

A common process for the conversion of lignocellulosic biomass 
involves the pretreatment of woody biomass with dilute acid, e.g. 0.5% w/w 
H2S04, at high temperatures (120 to 160°C) to hydrolyze the hemicellulose 
fraction to release pentoses, and at the same time release the cellulose fraction 
for subsequent digestion with microbial cellulases (19,20). The dilute acid 
pretreatment protocol has been commercially adopted for the production of 
ethanol from hardwood and crop residues. The cellulose fraction may be 
efficiently digested to fermentable carbohydrates through the action of fungal 
cellulases. Yeast and bacteria may then serve as biocatalysts for the conversion 
of hexoses (mainly glucose) and pentoses (mainly xylose) to ethanol and other 
biobased products. The conditions for acid hydrolysis are chosen to maximize 
the release of pentoses, and minimize their subsequent dehydration to furfural. 
The formation of furfural not only results in a loss of fermentable substrate, but 
also in the formation of an inhibitor of the fermentation process (21,22). The 4-
O-methyl-D-glucuronic acid residues that are irregularly linked a -1,2 to xylose 
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residues in the xylan backbone are not readily released during the dilute acid 
pretreatment, and are present in the hydrolysate predominantly as the 
aldobiuronic acid, 2,-0-(4-0-methyl-a -D-glucuronopyranosyl) xylose 
(MeGAX) (25). Lesser amounts of the aldotriuronic acid, 2'-0-(4-0-methyl-a -
D-glucuronopyranosyl) xylobiose (MeGAX2), also are found in these 
hydrolysates. Xylose residues that are substituted with methylglucuronic acid 
residues are not fermentable by ethanologenic bacterial biocatalysts currently in 
use and represent a carbohydrate resource that is currently unavailable for 
fermentation (24). 

The limitations of dilute acid pretreatment protocols to maximize the 
release of fermentable substrate from the hemicellulose fraction have prompted 
development of enzyme based protocols to lessen the dependence on the 
concentration of acid and high temperature. It is anticipated that relatively mild 
acidic conditions may be chosen that result in solubilization and hydrolysis of L-
arabinofuranosyl and O-acetyl residues with only partial acid hydrolysis of the 
glucuronoxylan. Such conditions should result in negligible loss of xylose to 
furfural, but require the presence of endoxylanases, p -xylosidase and a -
glucuronidase activities to completely convert the polymer into fermentable 
sugars. For the development of ethanologenic bacterial catalysts to efficiently 
utilize hemicellulose, an immediate objective is to identify endoxylanases that 
can generate aldouronic acids that can be taken up and fermented. 

Relationships of structural properties, catalytic mechanisms 
and family assignments of endoxylanases 

Enzymes with endo-l,4-P -xylanase activity belong to the EC 3.2.1.8 of 
the glycohydrolase family. On the basis of primary sequence comparisons and 
the established relationships between certain sequences and solved structures, as 
well as mechanisms of glycosidic bond cleavage, they have been assigned to one 
of three families, GH5, GH10, or GH11, of glycoside hydrolases within the 
CAZy data base (25). The xylanase members of each of these families catalyze 
the cleavage of p -1,4-linked xylose residues through an acid/base catalyzed 
double displacement reaction that results in the retention of the configuration at 
the anomeric carbon (26-28). The primary structures of the xylanase members of 
each family allow the maturation of a properly folded and active protein 
configuration in which two glutamic acid residues are juxtaposed such that one 
glutamate acts as a proton donor and accepts a glycosyl moiety released during 
the cleavage, and the second glutamate serves as a nucleophile, attacking the 
hydrogen atom of a water molecule and allowing the water derived hydroxyl 
group to displace the glycosyl linkage to the glutamate residue that served as the 
proton donor. The process can be mechanistically viewed as a glycosylation of 
the proton donor residue that occurs during the cleavage of a glycosidic bond in 
the polymer, followed by a deglycosylation of the proton donor that is mediated 
by the action of the nucleophile and a water molecule (29). 

 
 c
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The folded structures of the different families provide different 
environments that affect substrate interaction and the processing of the polymer 
to give different products. To date, the structures of several bacterial and fungal 
GH10 and GH11 endoxylanases have been solved. The catalytic domains of 
GH10 enzymes have an 8-fold a /p barrel structure typified by that produced by 
Cellulomonas flmi (30) shown in Fig. 2a; the catalytic domain for the GH11 
enzymes is comprised of two p -sheets separated by a single short a -helix, 
designated a P-jelly roll fold (25) and typical of the GH11 xylanase from 
Bacillus circulans (31) shown in Fig. 2b. The structure of a GH5 endoxylanase 
has not been published. The solved structure of the catalytic domain of the GH5 
endoglucanase from Bacillus agaradhaerans is that of the 8-fold a/p barrel 
motif, and typical of other GH5 endoglucanases (32). However, the fraction of 
a-helix content of the GH5 Erwinia chrysanthemi endoxylanase is 15% at 
conditions of optimal activity (33), compared to 34% for the GH5 
endoglucanase, and approximate values of 40% and 5% for the respective 
catalytic domains of GH10 and GH11 xylanases. A solved GH5 xylanase will be 
needed before a structural category can be definitively assigned to these 
enzymes. 

General biochemical and catalytic properties of representatives 
of xylanase families 

The catalytic domains of representatives of each family are similar in 
size, and at least for the GH10 and GH11, appear to have similar substrate 
preferences, and generate similar products from polymeric glucuronoxylans. 
Comparisons of some of these, selected on the basis of complete sequences and, 
where available, kinetic properties using either oat spelt of birch wood xylan as 
substrate, are listed in Table 1. 

The definitive studies with the unsequenced xylanases of Streptomyces 
sp. B-12-2 (35) are included and show little difference in the activities of GH10 
and GH11 enzymes toward oat spelt and birch wood xylan. The absence of 
studies with different enzymes from different sources, using identical substrate 
preparations, limits the interpretation of comparative kinetic properties. 
Nevertheless, we may conclude that both the mesophilic bacteria and fungi 
contain GH10 and GH11 enzymes with k c a t values from 100 to 1000 sec'1, which 
are much greater values than the 0.47 sec"1 estimated for the GH5 xylanase from 
Erwinia chrysanthemi. The lower value seen for the Erwinia GH5 xylanase 
should reflect in part the fact that this enzyme cleaves only one time between 
MeGA substitutions. In contrast, the GH10 and GH11 enzymes introduce 
cleavages between substitution sites, and then process the products further to 
release xylobiose and xylotriose. In the absence of studies on initial cleavage 
rates, product inhibition, and substrate binding, it is too early to dismiss the 
members of the GH5 xylanases with respect to biotechnological applications. 

The markedly different structures of the GH10 and GH11 xylanases 
provide catalytic properties that have further justified the classification of these 
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Table I. Comparative properties of representatives of different families of 
endoxylanases. 

Family/Species AW KJsec'f* limit product1 r eference 

GH5/£. chrysanthemi 046961* 41.2 0.47f XGAX(X)nX (33) 
GH10/S. lividans P26514" 32.7 134f GAX3, X2, X3 (36, 38) 
GH10/C. albidus ?07529" 31.5 nd' GAX3, X2, X3 (36) 
GH10/B. stearotherm. P40493* 43.8 206* ndf (37) 
GH10/P. fluoresce™ P14768" 38.3 1002* nd> (63) 
GHIO/Sfrepfowyces sp B-12-2 xyl3 36.2 204* X 3 and others (35) 
GHWStreptomyces sp B-12-2 xyl3 36.2 222c X 2 and others (35) 
GH11/7/. mwe/P36217e 20.0 nd XGAX3, X 2, X 3 (36) 
GH11/S. //v/rfa«sP26515<! 22.8 tut XGAX 3 ) X 2, X 3 (36) 
GHU/B. pumulis P00694' 22.5 166 ndf (39) 
GH1 MStreptomyces sp B-12-2 xyllb 23.2 163* X 3 and others (35) 
GH 1 MStreptomyces sp B-12-2 xyllb 23.2 187c X 2 and others (35) 

a- Values in kDa represent catalytic domains from deduced sequences, defined in Pfam; 
for the xylanases from Streptomyces sp B-12-2, molecular weights were detemined by 
S D S - P A G E 

6-oat spelt xylan 

c-birch wood xylan 

d-aldouronic acid limit products deduced from , 3 C - N M R 

e-accession numbers for SwissProt or T r E M B L 

/•nd, not determined 
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enzymes into distinct families (40,41% and the processing of glucuronoxylans 
leads to limit products that further support this classification (36). The GH10 
xylanases from Streptomyces lividans generate, as the smallest aldouronic acid, 
aldotetrauronic acid in which the MeGA residue is linked to the reducing 
terminus of p -1,4-xylotriose. The GH11 xylanases from Trichoderma reesei and 
Streptomyces lividans generate aldopentauronic acid in which the MeGA is 
linked to a xylose residue penultimate to the reducing terminus of p-1,4-
xylotetraose (36). All members of both GH10 and GH11 xylanases generate 
xylobiose and xylotriose, and in some cases free xylose. In contrast, the GH5 
xylanase from Erwinia chrysanthemi generates a product the size of which is 
determined by the distance between the xylose residues that are substituted by 
the 4-O-methylglucuronic acid residues (33). In this case, the cleavage occurs 
preferentially at glycosidic linkages adjacent to xylose that is substituted with 
MeGA, and neither xylose nor xylobiose is formed. Along with the preference 
for substrates most extensively substituted with MeGA residues, the GH5 
xylanase from Erwinia chrysanthemi has an apparent requirement for MeGA to 
allow binding and cleavage. It should be noted that different members of the 
GHIO familes have been shown to preferentially cleave xylooligosaccharides at 
different glycosidic linkages (42\ and generalizations on the preferred formation 
of limit products from complex substrates as signatures for members of a family 
may prove untenable. This point may be further supported with the discovery of 
a GH5 xylanase from Trichoderma reesei that has limited endo-action on 
glucuronoxylan and then processes released products by exo-action with the 
formation of xylose. (43). 

Family relationships of catalytic domains deduced from amino 
acid sequence 

In the absence of detailed structural information, amino acid sequence 
alignments provide a way in which to compare the xylanases and consider the 
relationships of the different families. This approach, emphasizing hydrophobic 
cluster analysis to predict secondary and tertiary structures (44,45), has been 
particularly well developed in the accessible WEB sites of CAZyModO (46). 
The extensive and expanding DNA sequence databases have provided a useful 
resource in which to explore the distribution and sequence of genes encoding the 
GH5, GHIO, and GH11 endoxylanase families, and recent comparisons of the 
GH11 xylanases have established the strong relationships among the members of 
this family (47). Using the MACAW program (48,49) to align and identify 
shared sequence blocks of the members of each family, as they are currently 
assigned in CAZy, organizations are seen within their primary structures that 
support their distinctive assignments to their respective families, as shown in 
Figure 3. The program has not found blocks of more than 20 amino acids in a 
member of one family that can be aligned with another, and the members of the 
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GH5 xylanases cannot be aligned with members of the GH5 endoglucanases. It 
should be noted that the alignments and comparisons that we are currently 
applying consider only the regions that comprise the catalytic module or domain. 
Several of the GHIO and GH11 endoxylanases contain cellulose binding 
domains or other carbohydrate binding domains that, in addition to the catalytic 
domains, affect the overall catalytic efficiencies of the xylanases with respect to 
the depolymerization of polymeric substrates. 

As noted in the alignment, each xylanase has two glutamate residues 
that are separated by approximately 100 amino acids. The specific glutamates 
that function as proton donors and nucleophiles have been identified in the 
solved structures for the GHIO xylanases from Pencillium simplicissimum (50), 
Streptomyces lividans (40% and Cellulomonas fimi (30% and the GH11 xylanases 
from Bacillus agaradhaerans (51% Bacillus circulans (31% Streptomyces 
lividans, and Trichoderma reesei (52% The assignments for other members of 
these families may be logically inferred from the alignment of specific sequences 
and the block distributions within the catalytic domains. For members of the 
GH5 family, the absence of solved structures and site-directed mutation studies 
make the designations of these glutamate residues as catalytic residues tentative, 
although logical. When the homologous regions containing these glutamates are 
compared (Table II), a signature is obtained for each enzyme that further 
supports the assignment of each to its respective family. An additional 
relationship appears between the number of amino acids separating the two 
active site glutamates in a catalytic domain and the assigned family. In this case 
the GH5 and GH11 xylanases, with 90 amino acids separating the catalytic sites, 

share a difference with the GH10 xylanases that have 105 residues between 
active site glutamates. The putative active site regions in the GH5 endoglucanase 
(CelSA) from Bacillus agaradhaerans has a proton donor region, 
,57NVIYEIANEPN, with E-165 as the proton donor, and 246QGAAIFVSEWG, 
with E-254 as the nucleophile, and 89 amino acids separating the two sites. 
Thus, while the GH5 endoglucanases and endoxylanases are similar in the length 
of the peptide separating the two sites, they bear no resemblence with respect to 
the amino acid sequences surrounding the glutamate residues in the active sites. 
The emphasis on hydrophobic cluster analysis to define sequence motifs may not 
be justified when classifying xylanases along with glucanases to family 5 of the 
glycoside hydrolases. 

Microbial diversity and phylogenetic distribution of 
endoxylanases 

The phylogenetic relationships of the amino acid sequences for the 
different families provide insight into the origins and evolution of genes 
encoding these enzymes, and also gives evidence for the significant divergence 
of the genes encoding the different endoxylanase families. As shown in Figure 4, 
the deduced translated sequences of genes encoding regions including the active 

 
 c
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Table II. Positions of active site residues of family GH5, G H 10 and GH11 
endoxylanases. Species are listed with SWISS-PROT or TrEMBL accession 

numbers. Aeromonas caviae and Erwinia chrysanthemi have been 
respectively designated as Aeromonas punctata and Pectobacterium 

chrysanthemi 

Glycoside Species Sequence Residues 
Hydrolase Between 
Family Proton donor Nucleophile Active Sites 

GH5 A.punctata(?70m) 
B. subtilis(Q45010) 
P. chrysanthemi(Q93SA4) 
C. acetobutylicum(Q91T\2) 
MJncognita (Q9NHE0) 

, 6 4 L Y A I SVQNEPD 
, 6 3 L Y A I SVQNEPD 

, 5 7 L Y A I S I QNEPD 
1 6 3 L Y A L S L QNEPD 2 5 3 

I 5 0 L Y A L S L QSEPD 

2 5 5 GKELWMTEVYYP 90 
2 5 3 G K D L WMTE V Y YP 91 

2 4 6 GKQVWMTEHLVD 88 
GKDIWMTEHYLE 89 

not present 

GHIO P.simplicissimum (P56588) 
SMvidans (P265U) 
C.y?m/(Q59278) 
A.punctata(O$3001) 

, 2 7 WDVLNE I FNE 
l 6 4 WDVVNEAFAD 
, 6 3 WDVVNEAFAD 
1 2 9 WDVVNEAVED 

B.stearothermophilus(P45703) , 2 8 WDV INEAVAD 

2 3 2 K E I AI TELDI 106 
2 7 1 V D V A I TELDI 109 
2 6 8 VDVRI TELDI 107 

2 3 5 VQLHVTELDI 107 
2 3 4 V I LHI TELDI 107 

GH11 A. punctata (Q43993) WTRNALIEYYV 1 2 YQVMATEGYQS 93 
B.stearothermophilus (P45705) 9 7 WTRNALIEYYV 1 9 1 YQVLATEGYQS 93 
B.circulans (V0985Q) "WTRSPLIEYYV I 9 4 YQVMATEGYQS 94 
S. lividans (P26220) 1 2 7 WTSNPLVEYYV 2 2 0 YMIMATEGYQS 92 
T.reesei (P36217) m W S R N PLIEYY I 2 0 3 Y Q I V A V E G Y F S 88 

 
 c
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site glutamates and all amino acids between them indicate the members of each 
family may be viewed as distantly related orthologs. Since the residues 
surrounding the active sites and the number of residues separating these are 
nearly identical for the members of given family (Table 2), the differences within 
a family reflect the evolutionary changes that have still allowed the positioning 
of these active sites in the folded proteins to provide, at least for some of the 
GHIO and GH11 xylanases, a characteristic signature with respect to product 
formation. The determination of product formation in other GH5 xylanases in 
addition to the Erwinia chrysanthemi xylanase is needed to further test this 
hypothesis. The identification of a gene in the root-knot nematode, Meloidogyne 
incognita, with significant homology to bacterial GH5 endoxylanase of Erwinia 
chrysanthemi was surprising. As both the metazoan eukaryote and the bacterium 
are plant pathogens, it is possible that the GH5 gene in the nematode was 
obtained by horizontal gene transfer from the bacterium, or vice versa. A gene 
(ynfF) with significant homology to the gene encoding the GH5 xylanase in 
Aeromonas caviae (punctata) was found as an ORF during the sequencing of the 
Bacillus subtilis genome, pointing out the probability that genomic databases 
will reveal important information on the xylanolytic potential of other 
microorganisms. Of further interest here is the relatively close relationship 
between the GH5, GHIO, and GH11 endoxylanases from the Gram negative 
Aeromonas caviae and Gram positive Bacillus spp. (Bacillus subtilis or Bacillus 
(Geobacillus) stearothermophilus), suggesting the possibility of genetically 
mobile regions that may reflect an organization of these genes in the genome that 
allows collective transfer. The clustering of the genes involved in the metabolism 
of glucuronoxylan in Bacillus stearothermophilus T6 (14) provides supporting 
evidence for this suggestion. 

The presence of both GHIO and GH11 xylanases in Trichoderma reesei 
attest to a repertoire of endoxylanases in one organism with different 
mechanisms, and presumably different functions. Enzymes representing both of 
these families are also found in the bacteria, Cellulomonas fimi, Aeromonas 
caviae, Bacillus stearothermophilus, and Streptomyces lividans. Of some 
biotechnological interest is the presence and expression of genes encoding GH5 
as well as GHIO and GH11 endoxylanases in different strains of the Gram 
negative Aeromonas caviae (55-58). This is the only species known to express 
genes encoding enzymes of all three families. As Gram negative bacteria, they 
may provide genes for construction of synthetic operons to allow maximal 
expression, translation, and secretion of functional enzymes in the ethanologenic 
Gram negative bacterial biocatalysts that are currently used in the industrial 
production of ethanol from lignocellulosic biomass. 

Relationship of xylanase mechanism to applications in 
processing lignocellulosics 

The solubilization of lignocellulosic biomass is necessary to render the 
structural polymers of the cellulose and hemicellulose fractions accessible to 
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Figure 4. Phylogenetic tree representing the evolutionary relationship of 
regions between the conserved catalytic proton donor and the nucleophilic 
residues in the GH5, GHIO and GHll xylanases. Amino acid sequences 

archived with SW1SS-PROT or TrEMBL are the same as those compared in 
Figure 3 and Table 2. The sequences compared were those between and 

inclusive of sequences listed in Table 2. The phylogenetic tree was constructed 
using MEGA2 (53) with the Neighbor-Joining method (54). The scale 
represents a relative evolutionary distance, and the whole numbers are 

bootstrap values for 1,000 replicates. 

enzymes that convert them to products that can be taken up and metabolized by 
microbial biocatalysts. For the use of hardwood and crop residues, a dilute acid 
pretreatment step will likely serve this need. Conditions milder than those 
currently used to maximize the release of xylose will have the advantage of 
decreased furfural formation, but will depend upon xylanases, a -glucuronidases, 
and p -xylosidase to allow the conversion of partial hydrolysates to fermentable 
substrates. Many xylanolytic fungi secrete enzymes with these activities, and are 
able to solubilize the glucuronoxylans to free sugars. Bacteria, on the other 
hand, secrete the endoxylanases to allow the partial depolymerization of the 
polymer and the formation of aldouronic acids that are taken up and further 
metabolized by periplasmic or intracellular a -glucuronidase, p -xylosidase, and 
exoxylanase activities. This has perhaps been best documented in Bacillus 
stearothermophilus, in which the genes encoding these enzymes are clustered in 
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one particular region of the genome (14). Using this as a model, the most 
effective endoxylanase for a bacterial biocatalyst will be of the GHIO family, 
and may be anchored to the surface of the cell. The formation of aldotetrauronic 
acid should be followed by uptake and further metabolism to release free xylose 
and methylglucuronate that may then be fermented. This type of system has a 
naturally occurring analogy in the compartmentalization of endoglucanases and 
endoxylanases in the cellulosomes of many species of Clostridium and other 
cellulolytic anaerobic bacteria, a system that has presumably evolved to allow 
the efficient vectoral digestion of lignocellulosics for subsequent fementation. 
The GHll xylanases that generate aldopentauronate are secreted, and the 
generated products will likely require processing with an extracellular (3-
xylosidase to allow them to be taken up by the cells for further metabolism. The 
GH5 xylanase secreted by Erwinia chrysanthemi generates a product that will 
require the combined actions of other extracellular endoxylanases and P -
xylosidase to provide products that can be taken up and fermented. The diagram 
in Figure 5 depicts the different options available for coupling the 
depolymerization of glucuronoxylans to fermentation and formation of biobased 
products. 

The GH11 endoxylanases have already found important applications in 
the biobleaching of Kraft pulp as well as the processing of foods (1-3). Their 
relatively small size, efficient secretion, broad substrate preference, and 
relatively high k c a t will continue to make this type of xylanase a focus of research 
and application development. For the application of extracellular enzymes to the 
formation of free xylose, the complementation of a GHll xylanase with 
extracellular p-xylosidase may be sufficient to allow uptake for further 
processing and fermentation. The engineering of bacterial GHll enzymes for 
increased catalytic activity and high-level secretion in Trichoderma reesei (59) 
would seem to provide an opportunity for the commercial applications 
comparable to those of the fungal endoglucanases. 

The initial interest in the GH5 xylanase from Erwinia chrysanthemi was 
related to its potential role as a virulence factor in a phytopathogenic bacterium 
(60). Our continued interest in this xylanase is related to its constitutive 
expression and secretion in a bacterium that is closely related to the strains of 
Escherichia coli and Klebsiella oxytoca that have been engineered as efficient 
ethanologenic bacterial biocatalysts (61,62). As in the case of the endoglucanase 
celZ from this same bacterium, it should be quite feasible to engineer 
ethanologenic strains of E. coli for its secretion. Future investigations will 
evaluate the substrate preferences of this in comparison with members of the 
GHIO and GH11 families. The retention of the GH5 xylanase as the sole activity 
expressed in two different isolates of E. chrysanthemi suggests a property of 
selective advantage in the maceration and colonization of a plant tissues that 
requires the digestion of native plant polymers. The presence and expression of 
genes encoding GH5 as well as GHIO and GHll enzymes from Aeromonas 
caviae suggests a function that is different for each family. The most recent 
description of a GH5 xylanase from Trichoderma reesei (43) indicates an 
enzyme with greater versatility than the GH5 xylanase from E. chrysanthemi, 

 
 c
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Endoxylanases GH 5,ll 10 10,11 5,1110 
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GH5 

X-X-X-X-X-X 
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Figure 5. Comparison of products generated by GH5, GHIO, and GHll 
endoxylanases and requirements for processing and conversion by bacterial 

biocatalysts to value added products. The intracellular compartmentalization of 
P -xylosidase and a -glucuronidase in bacteria argues for the most efficient 

depolymerization process to be catalyzed by a GHIO endoxylanase bound to the 
cell surface, either by itself or as part of a complex analogous to a cellulosome. 

and an ability to digest acetylated glucuronoxylans. The further investigation of 
the GH5 endoxylanases, particularly with respect to substrate preferences, will 
assist in their adoption in biotechnological applications. 
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Most natural hemicelluloses are acetylated. Some xylans carry 
also esterified phenolic acid side groups. Carbohydrate-acting 
esterases (CE) have been recently classified according to 
structural similarities into several C E families. However, this 
classification does not necessarily predict the substrate 
specificity of these enzymes. In this work eight different 
hemicellulose-acting esterases from three different esterase 
families were studied. The substrate specificities and the modes 
of action of esterases from different families varied 
significantly. Some esterases acted on a wide range of 
substrates, i.e. on acetyl and on feruloyl groups in xylan and on 
acetyl groups in glucomannan, while others were strictly 
specific for one substrate. The C E family 1 and 5 esterases 
deacetylated first at the position 3 and 2, respectively, whereas 
the C E family 4 esterase performed a fast double deacetylation 
at both positions in methyl per-O-acetyl-β-D-xylopyranoside. 
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Introduction 

Esterases are a versatile group of hydrolytic enzymes. One sub-group of 
esterases includes those acting on ester linkages in carbohydrates. Many 
polysaccharides are esterified in nature. One of the most common types is 
acetylation. For example hemicelluloses, pectins and chitin carry acetyl groups. 
Other common esterified substituents in polysaccharides are methanol and 
hydroxycinnamic acid groups. 

The main hemicelluloses are xylans, which are composed of 1,4-linked p-
D-xylopyranosyl units (/). The backbone of xylan is substituted at carbon 2 and 
3 positions, with type and degree depending on the origin. Hardwood xylans 
carry 4-O-methylglucuronic acid side groups whereas softwood xylans are 
substituted with L-arabinofiiranosyl units. Xylans from annual plants may 
contain only the latter side groups, or both types of substitutions. Furthermore, 
hardwood xylans are acetylated whereas softwood xylans are not (2). Xylans 
from annual plants may, in addition to acetyl groups, carry esterified phenolic 
hydroxycinnamic acids such as ferulic acid, which are mainly linked to carbon 5 
of arabinose side groups (3). 

The other main hemicelluloses are glucomannans consisting of randomly 
alternating 1,4-linked p-D-glucopyranosyl and p-D-mannopyranosyl units. The 
glucomannan backbone is often also substituted at the carbon 6 position with D-
galactopyranosyl residues and at carbon 2 and 3 with acetyl groups (1,2). 
Glucomannans are the main hemicelluloses in softwoods whereas xylans are 
main hemicelluloses in hardwoods and annual plants. Glucomannans and 
galactomannans also occur in annual plants, especially in seeds, tubers and 
bulbs. 

Acetyl xylan esterases and acetyl glucomannan esterases are enzymes 
capable of releasing acetyl groups from polymeric hemicelluloses (4,5). 
Esterases liberating hydroxycinnamic acids, such as ferulic acid, are generally 
named and classified based to their respective substrate specificities (6). The 
traditional classification of esterases is according to their substrate specificities 
(IUB). However, this classification is not very clear due to the rather wide 
substrate specificities of many esterases. Currently acetyl xylan esterases (EC 
3.1.1.72) and feruloyl esterases (EC 3.1.1.73) are classified in a separate group 
from acetyl esterases (EC 3.1.1.6). However, acetyl esterases acting on 
glucomannans are not yet classified under an own EC number. 

More recently several carboxyl esterases, especially those acting on 
carbohydrates, have been grouped on the basis of hydrophobic cluster analysis 
and amino acid sequence similarities (http://afmb.cnrs-mrs.fr/-cazy/CAZY/ 
index.html). Currently the classification consists of 13 different carbohydrate 
esterase families. Acetyl xylan esterases are found in the CE families 1-7 
indicating the structural versatility of these esterases. All classified feruloyl 
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esterases belong to the CE family 1. No acetyl glucomannan esterases have yet 
been classified. Glycosyl hydrolases have been classified similarly into several 
families on the basis of hydrophobic cluster analysis. This structural grouping 
has also been shown to follow differences in substrate specificities and catalytic 
properties, for example in the case of xylanases (7). 

In order to find out if the acetyl xylan esterases belonging to the different 
CE families possess distinctive catalytic properties we collected eight different 
esterases studied previously in four laboratories, and compared their action on 
various acetylated substrates. It has been noticed previously that different acetyl 
xylan esterases differ in their action on per-O-acetylated methyl-
glycopyranosides (8-10). Thus acetylated sugars were tested in this work, in 
addition to polymeric acetylated xylan and glucomannan, to determine if these 
substrate could be used for the classification of carbohydrate-acting esterases. 

Experimental 

Enzymes 

Eight purified esterases were included in the study (Table I). The AXE 
from S. lividans was a generous gift from Dr. Claude Dupont (University of 
Quebec, Canada). Other enzymes used were: endo-p-xylanase II (XYL), a-
glucuronidase (GLUR), P-xylosidase (PX) and endo-P-mannanase (MAN) from 
Trichoderma reesei (I J-14), p-mannosidase (PM) from Aspergillus niger (15), 
and commercial a-galactosidase (aG) and p-galactosidase (PG) (Megazyme, 
Ireland). 

Activity assays 

Acetyl xylan esterase and acetyl glucomannan esterase activities were 
measured at pH 5 using 2.5% steam-extracted birch wood xylooligomers and 
water-extracted spruce wood galactoglucomannan, respectively, as substrates 
(16,17). Activities on a-naphthyl acetate (Sigma N-8505) and a-naphthyl 
propionate (Sigma N-0376) were assayed with 1 mM substrate at pH 5 according 
to Poutanen and Sundberg (16). All enzyme activities are expressed in SI units, 
katals (kat = mol/s). 

The effect of phenylmethylsulfonyl fluoride (PMSF, Sigma P-7626) on 
esterase activity was tested by incubating enzymes for 60 min with 1 mM PMSF 
after which the residual activity was determined with a-naphthyl acetate. 

 
 c
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Table I. Carbohydrate-acting esterases examined in this study 

Enzyme Organism CE 
family" 

Mw 
(kDa) 

Pi PH 
optimum 

Ref-

FAE Aspergillus 
oryzae 

1 30 3.6 4.5-6.0 18 

AXE I Penicillium 
purpurogenum 

1 48 7.5 5.3 19,20 

AXE Schizophyllum 
commune 

1 31 3.4 7.7 8,21 

AXE Streptomyces 
lividans 

4 34 9.0 6.0-7.5 22,23 

AXE II Penicillium 
purpurogenum 

5 23 7.8 5.5-6.0 19,24 

AXE Trichoderma 
reesei 

5 34 6.8, 7.0 5.0-6.0 25,26 

FAE A Aspergillus 
niger 

UC 30 3.3 5.0 27,28 

AGME Aspergillus 
oryzae 

UC 36 4.6 5.0-5.5 15 

a UC = unclassified 

Hydrolysis experiments 

Acetyl-4-O-methylglucuronoxylan (Ac-xylan) was obtained from birch 
wood holocellulose by DMSO extraction (29) and acetyl-galactoglucomannan 
(Ac-mannan) from spruce thermomechanical pulp by aqueous extraction (15). 
Arabinoxylan with esterified ferulic acid (Fe-xylan) was from steam-extracted 
wheat straw (18). 

The hydrolysis experiments were carried out for 24 h at 40°C and pH 5 (0.2 
M Na-citrate buffer) or pH 6 (0.2 M Na-phosphate buffer) as indicated later in 
the text. The concentration of Ac-xylan and Fe-xylan used was 10 g/1; Ac-
mannan, 7.5 g/1; enzymes, 4 mg of enzyme protein/g of substrate. The amounts 
of other enzymes used in the synergistic studies were: XYL (20 000 nkat/g), px 
(5 000 nkat/g), GLUR (1 000 nkat/g), MAN (5 000 nkat/g), aG (1 000 nkat/g), 
pM (1000 nkat/g) and pG (1 000 nkat/g). After incubation the reactions were 
terminated by keeping the samples in boiling water bath for 5 minutes, after 
which they were centriftiged and the amount of free acetic acid was measured 
using an enzyme-based kit (Boehringer Test Combination 148 261). 

Methyl 2,3,4-tri-Oacetyl-P-D-xylopyranoside (Ac-Me-Xyl/?), methyl 
2,3,4,6-tetra-O-acetyl-P-D-mannopyranoside (Ac-Me-Manp) and methyl 2,3,4,6-
tetra-O-acetyl-P-D-glucopyranoside (Ac-Me-GIcp) were obtained by acetylation 
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of commercially available methyl P-glycosides (Sigma) with acetic anhydride in 
pyridine (30). Methyl 2,4-di-O-acetyl-p-D-xylopyranoside, which was used as a 
standard, was a kind gift from Dr. Jan Hirsch (Slovak Academy of Sciences, 
Slovakia), and methyl 3,4-di-O-acetyl-p-D-xylopyranoside and methyl 5-(trans)-
feruloyl-a-L-arabinofuranoside (Me-5-Fe-Araf) were kindly provided by Dr. 
Maria Mastihubova (Slovak Academy of Sciences , Slovakia). 

Reactions with esterified monosaccharides were conducted at 40°C and pH 
6 (0.1 M Na-phosphate buffer). The substrate concentration was 10 mM except 
for Ac-Me-Manp, which was used at 6.4 mM concentration (a saturated solution 
at 25°C). At time intervals the products formed were analysed by thin layer 
chromatography (TLC) or by gas liquid chromatography (GLC). TLC was 
carried out on Silica gel 60 (Merck) in the solvent system ethylacetate-benzene-
2-propanol (2:1:0.1 v/v). Compounds were detected with orcinol/H2S04 reagent. 
For GLC analysis aliquots of the reaction mixtures were immediately frozen on 
dry ice and lyophilized. Residues were trimethylsilylated and analysed by GLC 
as described earlier (8). The products of the first and the second deacetylation 
were identified on the basis of chromatographic mobility (TLC) and retention 
times of known derivatives established previously (<S). 

Results 

Classification of the esterases 

Currently the classification of carbohydrate active esterases consists of 13 
distinct CE families (http://afinb.cnrs-mrs.fr/~cazy/CAZY/index.html). Acetyl 
xylan esterases are found in the first seven families. All hydroxycinnamoyl 
esterases so far classified belong to the CE family 1. The first five families 
contain both eukaryotic and prokaryotic esterases whereas the CE family 6 has 
only fungal and the CE family 7 only bacterial members. CE family 8 contains 
mainly pectin methyl esterases and the CE families 12 and 13 pectin acetyl 
esterases. The CE family 4 is interesting in that it includes enzymes having both 
acetyl xylan and acetyl chitin esterases. Many of the members within all these 
families are grouped based only on open reading frames and thus no information 
on the activities of the corresponding proteins is available. 

Recently three-dimensional structures of two acetyl xylan esterases from 
the CE family 5 (31-34) and two feruloyl esterases from the CE family 1 (35,36) 
have been solved. All four of these esterases display an (a/p/a)-sandwich fold 
with the catalytic triad Ser-His-Asp in the active site. Two of these enzymes, 
AXE II from P. purpurogenum and AXE from T. reesei, were included in the 
present study. 

 
 c
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Eight acetyl xylan esterases, of which four have previously been classified 
to belong in the CE families 1, 4 and 5, were used in this work (Table I). Two of 
the esterases, FE from A. oryzae and AXE from S. commune, having the N-
terminal amino acid sequences SGSLQ QVTDF GDNPT (Tenkanen, 
unpublished) and ASLQQ VSNFG TNPTG VQMFI YVPDQ LAANP PIIVA 
MHYYT GTAQA YFQGT (P. Biely, M. Hrmova, G. B. Fincher, unpublished), 
respectively, were both assigned into CE family 1 based on the amino acid 
sequence homology. The N-terminal amino acid sequence of AGME from A. 
oryzae was XEXTTTNPTYFFTDG (X unknown) (Tenkanen, unpublished), 
which is not sufficiently homologous with existing sequences for a proper 
classification of AGME. The deduced amino acid sequence of FAE A from A. 
niger shows no homology with esterases in the existing CE families (28). 
However, it is highly homologous to three other FAEs from A. tubingensis, A. 
awamori and P. funiculosum (Swiss-Prot, www.expasy.ch/sprot), neither of 
which has yet been classified in any of the CE families. 

Action on acetylated xylan and glucomannan 

All esterases showed acetyl xylan esterase activity regardless whether they 
were assigned as acetyl or feruloyl esterases (Table II). However, the specific 
acetyl xylan esterase activity was rather low for FAE A from A. niger. On the 
other hand, FE from A. oryzae possessed a significant acetyl xylan esterase 
activity as has been already reported earlier (18). The highest specific acetyl 
xylan esterase activities were detected for AXEs from T. reesei and S. lividans. 

Table II. Specific activities on acetylated xylan (AXE) and glucomannan 
(AGME) measured at pH 5 

Enzyme Organism CE AXE AGME AXE/ 
family (nkat/mg) (nakt/mg) AGME 

FAE A. oryzae 1 170 57 3.0 
AXE I P. purpurogenum 1 96 6 16 
AXE S. commune 1 310 80 3.8 
AXE S. lividans 4 760 -
AXE II P. purpurogenum 5 130 -
AXE T. reesei 5 1300 -
FAE A A. niger UC 3 1 3.0 
AGME A. oryzae UC 43 450 0.1 
UC = unclassified, - no activity 

 
 c
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Five of the eight esterases tested showed activity on acetylated 
glucomannan (Table II). A l l three C E family 1 enzymes were able to act on 
glucomannan whereas members of the CE families 4 and 5 were inactive against 
glucomannan. Both unclassified Aspergillus esterases were also able to liberate 
acetic acid from glucomannann. The highest specific acetyl glucomannan 
esterase activity was detected for A G M E from A. oryzae, which was also the 
only enzyme with higher specific activity on acetylated glucomannan than on 
acetylated xylan. 

Six of the esterases could liberate most of the esterified acetic acid from 
xylan (Figure 1). The degree of deacetylation was not enhanced by the presence 
of other xylanolytic enzymes (results not shown). The two unclassified 
Aspergillus esterases possessed more limited action on Ae-xylan. They needed 
the assistance from other xylanolytic enzymes as the degree of deacetylation 
increased in the presence of xylanase, and even further by A G M E after 
supplementation with a-glucuronidase and p-xylosidase (Figure 2). 

Efficient deacetylation of glucomannan was obtained with A X E from S. 
commune and the two esterases FE and A G M E from A. oryzae. A X E I from P. 
purpurogenum and F A E A from A. niger showed limited action (Figure 1). This 
is in accordance to the activity assay measurements as these two esterases also 
showed very low Ac-glucomannan esterase activity. The action of any of the 
esterases on glucomannan was not significantly improved by the presence of 
other glucomannan-degrading enzymes (results not shown). 

Two of the studied esterases, which have already been named feruloyl 
esterases, were able to hydrolyse ferulic acid from polymeric xylan (results not 
shown). They also were the only enzymes active on methyl 5-feruloyl-
arabinofuranoside (Table III) showing that phenolic acid, which is larger than 
the acetyl moiety, can be accommodated in the active site of only a few of the 
carbohydrate-active esterases. 

Deacetylation of methyl glycopyranosides 

A l l of the esterases studied, except A X E from 5. lividans, showed activity 
on all acetylated glycosides tested (Table III). A X E of S. lividans was able to act 
on Ac-Me-Xylp and Ac-Me-Glcp but not on Ac-Me-Manp, indicating that 
configuration of the hydroxy! group at position 2 is crucial for the enzyme 
activity. Interestingly both tested A X E s from C E family 5 did show activity on 
Ac-Me-Man/7 even though they were not able to liberate acetic acid from 
polymeric glucomannan. Thus the substrate binding sites of the CE family 5 
esterases seem to afford more freedom to low molecular mass substrates for 
productive binding than the substrate binding site of A X E from S. lividans, 
which did not show any activity on fully acetylated mannopyranoside. However, 
xylan lacking the C-6 hydroxymethyl group seems the only polymeric substrate, 
which fits in the rather tight active site of the C E family 5 esterases {33,34). 

 
 c
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Figure 2. Action of FAE A from A. niger andAGME from A. oryzae on Ac-xylan 
alone and in combination with endo-fi-xylanase (XYL), α-glucuronidase (GLUR) 
and β-xylosidase (bX) from T. reesei. Experiments were carried out for 24 h at 

40°CandpH 5. 

Table III. Action of esterases on methyl per-O-acetyl-glycopyranosides and 
on methyl-5-feruIoyl-arabinofuranoside 

Enzyme Organism CE Ac-Me- Ac-Me- Ac-Me- Me-5-
family Xyip Manp Glcp Fe-Araf 

F A E A. oryzae 1 + + + + 
ΑΧΕΙ P. purpurogenum 1 + -
A X E S. commune 1 + + + -
A X E S. lividans 4 + - + -
ΑΧΕ II P. purpurogenum 5 + + + -
A X E T. reesei 5 + + + -
F A E A A. niger UC + + + 
A G M E A. oryzae UC + + + -
UC = unclassified, + deacetylation or deferuloylation, - no activity 

According to the pattern of deacetylation of Ac-Me-Xylp, the six classified 
esterases investigated can be clearly divided into three separate groups, which 
coincide with their classification into the C E families (Table IV). The esterases 
belonging to the C E family 1 deacetylate first position 3 leading to 2,4-di-O-Me-
Xylp. The second deacetylation of 2,4-di-O-Me-Xyl/? by these enzymes took 
place at either position, since 2-0-Ac- and 4-0-Ac-Me-Xyl/? were generated in 
similar amounts. This observation suggests that once the acetyl group from 
position 3 had been removed, the enzymes do not recognize the 2-position as the 
only second target in the molecule. A X E from S. commune and FE from A. 

 
 c
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oryzae show a strikingly similar pattern of deacetylation of 2,3,4-tri-O-Ac-Me-
Xylp, as identified by GLC analysis of the products formed (results not shown). 
Only the CE family 1 esterases completely deacetylated Me-Xyl/?. 

AXE II from P. purpurogenum, which belongs to the CE family 5, differed 
clearly in the regioselectivity of the first deacetylation of 2,3,4-tri-<9-Ac-Me-
Xylp from the CE family 1 member AXE I from the same organism. AXE II, 
similarly as AXE from T. reesei (10), attacked position 2 faster than position 3 
(Table IV). Surprisingly the specificity on position 2 did not restrict the action 
on Ac-Me-Man/7. Nevertheless, neither of these CE family 5 enzymes showed 
activity on acetylated glucomannan. In contrast to AXE from T. reesei, AXE II 
from P. purpurogenum did not show such a fast second deacetylation of position 
3 in 3,4-di-O-Ac-Me-Xylp. 

AXE from S. lividans has already been previously reported to catalyse the 
second deacetylation of 2,3,4-tri-OAc-Me-Xyl/? immediately after the first 
deacetylation, so that the product of the first deacetylation is never observed (9). 
The double deacetylation affords only one product, 4-<9-Ac-Me-Xyl/?. However, 

Table IV. Main products of the first and the second deacetylation of methyl 
2,3,4-tri-O-Ac-p-D-xylopyranoside by the esterases 

Enzyme Organism CE Main diacetate(s) Main mono-
family Formed cetate(s) formed 

FAE A. oryzae 1 2,4-di-O-Ac 2-O-Ac + 4-O-Ac 
AXE1 P. 1 2,4-di-O-Ac 2-O-Ac + 4-O-Ac 

purpurogenum (+3,4-di-0-Ac) 
AXE S. commune 1 2,4-di-O-Ac 2-0-Ac + 4-O-Ac 
AXE S. lividans 4 Traces of2,3-di- 4-O-Ac 

O-Ac not as 
intermediate8 

AXE II P. 5 3,4-di-O-Ac 4-O-Ac (+ 2-O-Ac) 
purpurogenum 

AXE T. reesei 5 Traces of 2,4-di- 4-O-Ac (+ 2-O-Ac) 
O-Ac + 2,3-di-O-

Aca 

FAE A A. niger UC 2,4-di-O-Ac 2-O-Ac + 4-O-Ac 
AGME A. oryzae UC 2,4-di-O-Ac 4-O-Ac (+ 2-O-Ac) 
U C = unclassified,a The second deacetylation at position 2 and 3 is much faster than the 
first one thus no diacetate intermediate is accumulated. 

 
 c
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the reaction mixture contained a small amount of 2,3-di-0-Ac-Me-Xyl/?, which 
persisted in the reaction mixture even when the starting triacetate was no longer 
present. 

Analogous differences in deacetylation as seen with 2,3,4-tri-0-Ac-Me-
Xyl/7 were exhibited by the investigated esterases on 2,3,4,6-tetra-OAc-Me-
Glcp. This substrate has the same configuration of acetyl substituents as 2,3,4-
tri-O-Ac-Me-Xyl/?, but is larger, due to the C-6 acetylated hydroxymethyl group. 
A X E from S. commune and FE from A. oryzae, both members of CE family 1, 
attacked the glucopyranoside in an identical manner, deacetylating first the 
position 3. The second deacetylation took place quite selectively at position 2 
leading to 4,6-di-O-Ac-Me-Glc/? in high yields. Thus those enzymes preferred 
the secondary acetyl groups and did not instantly attack the primary acetyl group 
at position 6 as more nonspecific lipases do (8,37). Deacetylation of 2,3,4,6-
tetra-O-Ac-Me-Glc/7 by A X E from S. lividans and A X E from T. reesei at 
positions 2 and 3 proceeded almost simultaneously to also give 4,6-O-Ac-Me-
Glcp as the main product. A X E from T. reesei did not stop its action on the level 
of diacetylated glucopyranoside, but converts it further to 4- and 6-
monoacetylated derivatives of Me-Glcp. 

Interesting results were obtained with 2,3,4,6-tetra-O-Ac-Me-Manp, which 
differs from the xylopyranoside and glucopyranoside in an axial orientation of 
the hydroxyl group at the position 2. This change makes the substrate resistant to 
hydrolysis by A X E from S. lividans and also changes the regioselectivity of the 
first and the second deacetylation by other esterases capable of attacking 
acetylated mannopyranoside. The esterases of the C E family 1 deacetylate Ac-
Me-Man/? at positions 2 and 3, leading to high yields of 4,6-di-O-Ac-Me-Manp. 
The esterases of the CE family 5 behave as if completely disoriented with 
respect to regioselectivity of 2,3,4,6-tetra-O-Ac-Me-Man/?. Early reaction 
mixtures contained all four possible triacetates, some of them predominating 
over the others. 

Activity on a-naphthyl esters 

A l l investigated esterases, except A X E from S. lividans, also possessed 
activity on artificial a-naphthyl acetate (Table V). Thus the alcohol moiety of the 
substrate does not need to be a sugar molecule for these esterases. The A X E 
from S. lividans has already been reported to show negligible activity on p-
nitrophenyl acetate (22). The enzymes were not strictly specific acetyl esterases 
as they were able to hydrolyse a-naphthyl propionate (Table V) . The specific 
activity on a-naphthyl acetate was, however, higher than that on a-naphthyl 
propionate, showing the preference on acetyl esters. The C E family 1 esterases 
seemed slightly more specific for the acetyl moiety than the C E family 5 
esterases. 

 
 c
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Table V. Specific activities on aryl esters 

Enzyme Organism CE A-Naphthyl a-Naphthyl Ratio 
family acetate 

(nkat/mg) 
propionate 
(nkat/mg) 

Ac/Pr 

FAE A. oryzae I 562 115 4.9 
AXE I P. purpurogenum 1 120 24 5.0 
AXE S. commune 1 987 354 2.8 
AXE S. lividans 4 - -
AXE II P. purpurogenum 5 82 59 1.4 
AXE T. reesei 5 106 80 1.3 
FAE A A. niger UC 539 447 1.2 
AGME A. oryzae UC 690 nd 
UC = unclassified, - no activity, nd = not determined 

Inhibition by PMSF 

Serine esterases, such as AXE from T. reesei, are inhibited by 
phenylmethylsulfonyl fluoride (PMSF) (26). The effect of PMSF on the other 
esterases in this study was also tested. Surprisingly the CE family 5 esterases 
were the only ones that were almost completely inhibited by PMSF (Table VI). 
Esterases in the CE family 1 were only partially inhibited even though they also 
contain the characteristic catalytic triad Ser-His-Asp in the heart of active site 
(36,37). The effect of PMSF on AXE from S. lividans was not tested, as this 
enzyme did not have activity on a-naphthyl acetate. Furthermore the unclassified 
FAE A from A. niger was not inhibited at all by PMSF, but sequence data 
showed the presence of the classical catalytic triad. Thus it seems that esterases 
in different CE families have clearly distinguished active sites and catalytic 
amino acids. Some of them may contain catalytic cysteine or histidine residues 
instead of serine in the active site in analogy to proteases. Tests with specific 
inhibitors for sulfhydryl and imidazole groups and effects of chelating agents 
would be of interest in future studies. It may well be that different inhibitors may 
also be used in classification of carbohydrate-acting esterases. 

Discussion 

The present work studied the catalytic differences of eight acetyl xylan 
esterases from three carbohydrate esterase (CE) families 1, 4 and 5 
(http://afinb.cnrs-mrs.fr/~cazy/CAZY/index.html). Esterases from the CE family 
1 form a versatile group of enzymes containing both fungal and bacterial 
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Table VI. Inhibition of the esterases with 1 mM PMSF. Activity was 
measured with a-naphthyl acetate 

Enzyme Organism CE family Inhibition 
F A E A. oryzae 1 4 9 % 
A X E I P. purpurogenum 1 17% 
A X E S. commune 1 10% 
A X E S. lividans 4 no activity on the 

substrate used 
A X E II P. purpurogenum 5 88% 
A X E 71 reesei 5 85% 
F A E A A. niger UC N D 
A G M E A. oryzae UC nd 
U C = unclassified, N D = no detectable inhibition, nd = not determined 

esterases, which possess activity on various substrates. A l l three esterases from 
the C E family 1 studied here could liberate acetyl groups from xylan and 
glucomannan. Furthermore one of them was able to act on hydroxycinnamyol 
(feruloyl) esters. They all deacetylated methyl per-O-aeetyl-P-D-xylopyranoside, 
-glucopyranoside and -mannopyranoside, from which the first acetyl group was 
removed from position 3. A X E I from P. purpurogenum differed somewhat from 
FE from A. oryzae and A X E from S. commune by showing limited action on 
acetylated glucomannan as well as in its pattern of deacetylation of methyl per-
O-acetyl-glycopyranosides. 

The two esterases from the C E family 5 were clearly distinguishable from 
the C E family 1 esterases. They were specific for acetylated xylan and did not 
act on acetylated glucomannan. However, they were able to liberate acetyl 
groups from methyl per-0-acetyl-P-D-mannopyranoside in addition to -
xylopyranoside and -glucopyranoside. The C E family 5 esterases showed 
preference for acetyl groups at position 2 in methyl 2,3,4-tri-O-acetyl-p-D-
xylopyranoside. The axial substituent at position 2 in mannopyranoside caused 
these enzymes to lose the regioselectivity of the first deacetylation, indicating the 
importance of a right configuration of the acetyl substituent at this position. A X E 
II from P. purpurogenum and A X E from 71 reesei had comparable properties. 
This could be expected based on the three dimensional structural similarities of 
these enzymes (33,34). Some differences were, however, observed in their action 
on methyl 2,3,4-tri-0-acetyl-(3-D-xylopyranoside. A X E II from P. 
purpurogenum did not show as a comparable rapid second deacetylation of 
position 3 as did A X E from T. reesei. 

The acetyl xylan esterase from the C E family 4 possessed the strictest 
substrate specificity. A X E from S. lividans did not have activity on acetylated 
glucomannan, methyl per-G-acetyl-p-D-mannopyranoside or artificial a-

 
 c
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naphthyl acetate. It quickly deacetylated both positions 2 and 3 of the sugar 
acetates. Unfortunately there was only one member of this CE family available 
for this study and thus the generality of the catalytic properties of this family 
could not be established. Furthermore, it was the only bacterial esterase included 
in this study. The CE family 4 differs from the CE families 1 and 5 in that it 
mainly contains several chitin and chitooligosacharide deacetylating esterases. 

The two unclassified enzymes showed properties incomparable to those of 
the other investigated esterases. They appear, therefore, to be members of other 
CE families. Based on the amino acid sequence homologies, neither of these 
enzymes could be classified into the existing 13 CE families, thus they likely 
belong to new CE families. Furthermore, FAE A from A. niger is highly 
homologous to other Aspergillus cinnamoyl/feruloyl esterases. Thus these 
enzymes seem definitely to belong to a new CE family which includes esterases 
with high activity on esters of hydroxycinnamic acids and low or even negligible 
activity on acetyl xylan and acetyl glucomannan. 

The differences in substrate specificities and catalytic properties seem to 
follow the structural classification of acetyl xylan esterases based on the amino 
acid sequences and the hydrophobic cluster analysis (Table VII). According to 
the regioselectivity of the first and the second deacetylation of methyl 
glycosides, the investigated esterases fit surprisingly well into three groups 
corresponding their classification into CE families (Figure 3). However, proper 
classification of acetyl xylan esterases can be based only on activities on both 
natural acetylated xylan and glucomannan and on action pattern on acetylated 
xylose and mannose. Lack of action on a-naphthyl acetate or on p-nitrophenyl 
acetate as well as inhibition studies give further information on the catalytic 
action. It will be of great interest to analyze in the future the properties of more 
acetyl xylan esterases, particularly from the CE families 2,3,6 and 7, in order to 
get more complete picture on differences in the mode of action of these enzymes. 

The targeted deacetylation of natural acetylated polysaccharides as well as 
chemically acetylated polysaccharides or mono- and oligosaccharides, is of 
interest as specific chemical acetylation and deacetylation is difficult and 
requires several synthetic steps. Controlled enzymatic removal of certain acetyl 
groups opens up possibilities to produce partially acetylated structurally defined 
carbohydrates. For example some of the esterases studied could be useful in 
manufacturing at position 2 and/or 3 deacetylated cellulose acetate as they 
exhibited clear activity as well as regioselectivity on per-O-acetylated methyl p-
D-glucopyranoside. Enzyme assisted regioselective deacetylation of cellulose 
acetates has also recently been reported (38,39). Another potential application of 
carbohydrate esterases is in the synthesis of sugar esters, particularly due to their 
activity on secondary alcohols. 
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Chapter 14 

Manganese Peroxidase and Its Role 
in the Degradation of Wood Lignin 

Annele Hatakka1, Taina Lundell 1 ,  Martin Hofrichter2, 
and Pekka Maijala 1 

1Department of Applied Chemistry and Microbiology, P.O. Box 56 (Viikki 
Biocenter), 00014 University of Helsinki, Helsinki, Finland 

2Unit of Eniviromental Biotechnology, International Graduate School 
at Zittau, 02763 Zittau, Germany 

White-rot wood-rotting and litter-decomposing fungi produce 
lignin-degrading enzymes the most common of which are 
lignin peroxidase (LiP), manganese peroxidase (MnP) and 
laccase. According to literature and our own results, MnP and 
laccase are common ligninolytic enzymes whereas LiP is less 
common. Molecular properties of MnPs produced by several 
fungi are well known. MnP oxidizes Mn(II) to Mn(III), which 
in chelated form is a powerful oxidizing system, and when 
amended with unsaturated lipids is also able to mineralize up 
to 16 % of 14C-labelled synthetic lignin to 14CO2. The results 
obtained until now indicate that the mineralization of lignin 
may occur outside the fungal cell wall. This points to the key 
role of MnP in lignin degradation. MnP in a mixture of Tween 
80, Mn2 +, Mn-chelating organic acid and hydrogen peroxide 
generating system resulted both in depolymerization of milled 
pine wood, and polymerization of the insoluble part of pine 
wood, but depolymerization was the most prominent reaction. 
Many suitable fungi for biopulping produce MnP whereas the 
production of LiP does not seem to be necessary in this 
application. The role of laccase is unclear. However, selective 
lignin degradation and efficiency in biopulping require a 
proper balance between lignin and cellulose degradation, and 
therefore also thorough studies to clarify the significance of 
cellulose and hemicellulose degradation in lignin-selective 
fungi are needed. 

230 © 2003 American Chemical Society 
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Wood-rotting fungi that cause white rot in wood are the most efficient lignin 
degraders in nature. They are a taxonomically heterogeneous group of higher 
basidiomycetous fungi, which are characterized by their ability to depolymerize 
and mineralize lignin using extracellular oxidative enzymes. Physiological 
conditions for lignin degradation and secretion patterns of the ligninolytic 
enzymes vary between different fungi (7, 2). In the past, researchers have tried to 
find correlations between the expression of different ligninolytic enzymes and 
lignin degradation. This has been difficult since even now we do not know all 
the enzymes and factors necessary for lignin degradation, and very little is 
known about the expression of different enzymes and production of small 
molecular weight compounds when fungi grow on wood. Most studies have been 
carried out in liquid cultures or under otherwise artificial conditions. 

The most important lignin degrading enzymes were discovered and 
characterized in the beginning of the 1980's, while before that only laccase had 
been known. Since the detection of lignin peroxidases (LiPs) in 1983 and 
manganese peroxidases (MnPs) in 1984 (review: 3), these enzymes have been 
isolated from many different fungi and characterized in detail. The enzymology 
and molecular biology of lignin degradation have mainly been studied in 
Phanerochaete chrysosporium (4, 5, 6), but many other white-rot fungi 
efficiently degrade lignin (7, 2), and the idea how lignin is degraded has become 
more versatile. There are fungi, e.g. Ceriporiopsis subvermispora that show 
better selectivity for lignin than P. chrysosporium, that is, they degrade and 
remove relatively more lignin than polysaccharides already in the early stages of 
wood decomposition (7, 8, 9). These fungi could also have direct applications 
such as biopulping. How these fungi degrade lignin is a very interesting 
question. It is important to know which enzymes are expressed and functional 
when fungi grow under natural or nearly natural conditions, i.e. on wood or 
straw. 

Discovery and Characteristics of Lignin Degrading Peroxidases 

Lignin peroxidase (LiP, ligninase) was discovered from the most studied 
white-rot fungus Phanerochaete chrysosporium and published almost 
simultaneously by two research groups (7ft 77). The finding of manganese 
peroxidase (MnP) was published about a year later (72). LiPs and MnPs are 
heme-containing glycoproteins that require hydrogen peroxide as an oxidant. 
Most fungi secrete several isoenzymes into their cultivation medium. The 
progress in the clarification of the mechanisms and properties of these enzymes 
has been rapid. LiP oxidizes non-phenolic lignin substructures by abstracting one 
electron and generating cation radicals that are then decomposed chemically (3, 
73/ Reactions of LiP using a variety of lignin model compounds and synthetic 
lignin have thoroughly been studied, and its capability for C a - Cp bond 
cleavage, ring opening and other reactions have been demonstrated (3). 

 
 c
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Kirk and Farreli (3) launched the concept of "enzymatic combustion" in their 
review. Progress in understanding the enzyme functions in the molecular level 
has been remarkable (14). However, heterologous expression of these heme 
peroxidases has been difficult. Instead, homologous expression of peroxidases 
was developed (75). Recently some progress has been achieved in heterologous 
expression of peroxidases, but the amounts of recombinant products have been 
so low that economically feasible production of these enzymes in large scale is 
not yet possible, hampering the use of ligninolytic peroxidases in different 
applications. 3-D structure of LiP (16, 17) and MnP (18) were solved in the early 
1990's. 

Properties and Occurrence of Manganese Peroxidase 

Manganese peroxidases (MnPs) are somewhat larger hemeproteins than LiPs 
with molecular masses of 47-60 kDa, are glycosylated and have usually acidic 
p/s and low pH optima (4, 19) (Table 1). The heme iron is in the ferric, high 
spin, pentacoordinate state and is ligated to the proximal histidine. Its crystal 
structure (75), and DNA sequence alignments show that the heme environment 
of MnP is similar to that of other plant and fungal peroxidases, especially to LiP. 
Crystal structures of substrate binding site mutants of MnP indicated that there is 
only one major Mn binding site (20). 

MnP oxidizes Mn2 + to Mn3 + that is stabilized by organic acids such as 
oxalate, malate, lactate and malonate chelating the oxidized manganese ions (6, 
21). Chelated Mn3* then oxidizes phenolic rings in lignin and lignin model 
compounds to phenoxyl radicals, which leads to the decomposition of these 
structures. It is in general a powerful oxidant, and may also oxidize certain non-
phenolic aromatics, e.g., methoxybenzenes, carboxylic acids, thiols, and 
unsaturated aliphatic compounds (lipids). Figure 1 shows examples of reactions 
catalyzed by MnP. Chelated Mn(III) is stable and slow enough to diffuse to some 
distance in the lignocellulosic complex, and oxidation by Mn(III) could therefore be 
the first reaction to start lignin depolymerization. However, it is not strong enough to 
attack recalcitrant non-phenolic units of lignin. MnP activity results in the formation 
of phenoxyl radicals that may subsequently cause the cleavage of some bonds 
between aromatic rings and the C a carbon atoms (6). 

A little less than 60 basidiomycetous white-rot and litter decomposing fungi 
have been demonstrated to produce MnP either in liquid or solid state 
cultivations (22). So far, MnP has not been found in bacteria or in fungi other 
than basidiomycetes, i.e. not in molds or yeasts. MnP is more common than LiP 
(7, 2, 23, 24). Table 1 shows examples of MnPs of wood-rotting and litter-
decomposing fungi. 

A comparison of MnPs from P. chrysosporium and Bjerkandera sp. BOS55 
indicates that white-rot fungi produce two different types of MnPs, those strictly 
requiring Mn 2 + and those showing high Mn 2 + affinity but also having a Mn 2 + 

independent activity (25). One of the regulators of the production of LiPs, MnP 
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Table 1. Molecular Masses and Isoelectric Points of Manganese Peroxidase 
by Some White-Rot Wood-Rotting and Litter-Decomposing Fungi 

Fungus Molecular masses Isoelectric points Referen 
Mr(kDa) (Pis) ces 

Abortiporus biennis 38-45 3.9-6.5 24 
Agaricus bisporus ND 3.35,3.25,3.3 45 
Agrocybe praecox 42 6.3-7.0 46 
Bjerkandera sp. BOS55 44,45 3.45, 3.40 25,47 
Bjerkandera adusta ND 3.45,3.35 48 
Ceriporiopsis 53-63 4.1-4.6 (liquid), 3.2, 49, 50 
subvermispora 3.3, 3.4, 3.5 (wood) 
Collybia dryophila 43 51 
Dichomitus squalens 48,48.9 3.9,4.15 52 
Flavodon (Irpex) flavus 43-99 53 
Heterobasidion annosum ND 3.3,3.5,3.7 54 
Lentinula edodes 49 3.2 55 
Nematoloma frowardii 42-44 (liquid) 3.1-4.0 (liquid); 3.2 30, 56 

50 (straw) (straw) 
Panus tigrinus 43 2.95, 3.2 57 
Phanerochaete 46 4.2- 4.9; 4.9 (aspen 19, 58, 
chrysosporium pulp) 59, 60 
P. flavido-alba 45 3.55-5.85 61 
Phanerochaete sordida 45 3.3,4.2,5.3 62 
Phlebia radiata 79 44-48 3.6,3.85,4.85 27, 63, 
(ATCC 64658) (liquid culture), 3.3- 64 

5.9 (straw) 
Phlebia tremellosa 2845 MnPs: ND 65 
(ATCC 48754) 
Pleurotus eryngii 43 (2 isoenzymes) 3.65,3.75 (2 66 

isoenzymes) 
Pleurotus ostreatus 42-45 3.5,3.7,4.3 (liquid) 67, 68 

3.5,3.7 (wood) 
Rigidoporus lignosus 42 3.5, 3.7 69 
Stropharia coronilla 41,41,43 6.3-7.1,3.5-3.7,5.1 70 
Trametes gibbosa 40-43 ND 24 
Trametes hirsuta 40-45 ND 24 
Trametes versicolor 49 2.9-3.2 71 
N D = not determined or reported; LiP, lignin peroxidase; MnP, manganese peroxidase 
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and "hybrid" MnPs may be the concentration of Mn in the medium. Fungi can 
respond differently to supplemented Mn 2 + (24,26, 27). Manganese content of the 
natural substrate, wood, may thus also regulate the expression of the MnPs vs. 
LiPs. 

Role of Manganese Peroxidase in the Degradation of Lignin 
and Lignin-Related Compounds 

Depolymerization of lignin by MnPs from Phanerochaete chrysosporium, 
Phlebia radiata and Nematoloma frowardii has been demonstrated (26, 28, 29, 30, 
31, 32). MnP also causes depolymerization of chlorolignin (33), demethylation 
of lignin (34) and bleaching of pulp (35). The enzyme mediates initial steps in 
the degradation of high-molecular weight lignin (26). MnP in the presence of 
suitable organic acids is even able to mineralize lignin and lignin model 
compounds to considerable amounts (29). Table 2 summarizes some 
experiments where MnP, LiP or different mixtures of enzymes have been used to 
degrade polymeric lignin model compounds. 

Purified MnP from P. radiata converted pine milled wood in the presence of 
the surfactant Tween 80 as a source of unsaturated fatty acids, Mn(II), malonate 
and H202-producing system (glucose - glucose oxidase), and as 
depolymerization products, produced fragments having predominant molecular 
mass of ca. 0.5 kDa. MnP oxidized an aromatic non-phenolic fi-OA dimer 
(lignin substructure), which is not normally attacked by MnP, in the presence of 
pine wood meal (36). Thus, certain wood components may actually enhance the 
degradative ability of MnP in the way similar to that caused by Tween 80, 
unsaturated fatty acids, or thiols. These results further point to the importance to 
study lignin degradation under natural conditions, not only the expression of 
enzymes or enzyme isoforms or isoenzymes, but also to study the degradation 
processes by these enzymes. 

The exact mechanism that MnP uses to oxidize non-phenolic residues is not 
completely understood. Ceriporiopsis subvermispora has been reported to 
degrade non-phenolic lignin structures by one-electron oxidation of the aromatic 
ring (37) or by hydrogen abstraction at the benzyl position (38). This fungus 
does not produce LiP (39), although %-like genes have been found (40). Lipid 
peroxidation may be involved in the degradation of lignin and other recalcitrant 
molecules by this fungus (38, 41). The MnP-lipid system is indeed strong 
enough to degrade C a - Cp and )S-aryl ether bonds of non-phenolic yff-O-4 lignin 
models (42). In the presence of Mn(II), MnP promotes the peroxidation of 
unsaturated lipids generating transient lipoxyradical intermediates. These 
lipoxyradicals have been shown to oxidize non-phenolic lignin model 
compounds, and it was found that the MnP-lipid peroxidation system is able to 
depolymerize both phenolic and non-phenolic (methylated) synthetic lignins 
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Table 2. Examples of In Vitro Studies on the Degradation of Lignin by 
Manganese Peroxidase or by Enzyme Mixtures 

Enzyme(s) Lignin model 
compound? 

Results of degradation Refer 
ences 

LiP 
(crude) 

,4C-methylated 
spruce lignin 

Depolymerization 10 

MnP Four I4C-labelled 
DHPs, 0.5-7hrs 

No l 4 C0 2 , repolymerization, 
syringyl-DHP depolymerized, 
guaiacyl-DHP polymerized and 
depolymerized 

28 

MnP Chlorolignin Depolymerization of lignin 33 
MnP, 
laccase 

,4C-(lignin)-
labelled 
lignocellulose 

6.5% soluble products, synergistic 
action of laccase and MnP 

69 

LiP, MnP 
LiP + 
MnP 

,4C-(methoxyl)-
DHP 

3-6% demethoxylation 34 

LiP, MnP, 
laccase 

Alkali lignin LiP degraded guaiacyl and 
syringyl structures in non-
phenolic methylated lignin, MnP 
and laccase required phenolic 
OH-groups 

72 

LiP, MnP, 
LiP + 
MnP 

Hardwood lignin LiP + MnP: 5.1% reduction in 
lignin content, solubilization of 
lignin 

73 

MnP 14C-labelled milled 
straw lignin 

4.2-9.7% as l4C02, low molecular 
wt products 

29 

MnP ,4C-(ring)-DHP , 4 C0 2 evolution, 4-6%, water-
soluble products (30-50%) 

31 

MnP ,4C-(ring)-DHP, 16 
d 

, 4 C0 2 evolution, 7% in 16 d 30 

MnP ,4C-(ring)-DHP 1 4 C0 2 evolution 12% in 36 hrs, 
16% in 166 hrs 

32 

a DHP = synthetic lignin, dehydrogenation polymerizate 
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(38). This finding supports the general involvement of lipid peroxidation in 
fungal polymer degradation. 

MnP from P. radiata catalyzes peroxidation of linoleic acid and other 
unsaturated lipids. The reaction system cleaves the non-phenolic dimeric /M3-4 
lignin model compound, and also promotes the MnP-catalyzed mineralization of 
I4C-labeled synthetic lignin and ,4C-labeled wheat straw in a cell-free system 
(32). Kapich et al. (43) used a non-phenolic /J-O-4 dimeric lignin model 
compound to show that different peroxyl radical (ROO*) generating systems, e.g. 
MnP-Mn(II)-linoleic acid, oxidized the model to products which indicated 
hydrogen abstraction and electron transfer. Some (about 20 %) of the Re
labelled products were missing and indicated the formation of volatile products 
(e.g. CO2). They further presented a hypothesis that biogenic peroxyl radicals 
may be the actual agents of lignin biodegradation. Evidence was given that C. 
subvermispora produces unsaturated fatty acids, e.g. 9,12-octadecadienoic acid, 
at the early stages of cultivation on wood meal. These and other compounds 
could form peroxides suggesting their involvement in free radical generation in 
situ, i.e. in wood cell walls (44). 

Crude and purified MnPs from N. frowardii and P. radiata catalyze partial 
depolymerization of i4C-(ring)-labelled synthetic lignin (dehydrogenation 
polymerizate, DHP) into water-soluble fragments (30-50 %) and simultaneously, 
a release of , 4 C0 2 ranging from 4-6 % is detected (31). Both linoleic acid and 
Tween 80 promotes the MnP-catalyzed direct mineralization of lignin (31). In 
the case of C-DHP, the stimulating effect of Tween 80 and linoleic acid is even 
greater than that of glutathione, which also enhances the mineralization of lignin 
by MnP (29). Wood rotting fungi contain high amounts of lipids (74), but more 
studies are needed to verify the role of lipids in the degradation of lignin in 
wood. 

Role of Manganese Peroxidase in Fungi Causing Preferential 
Degradation of Lignin in Wood 

Preferential degradation of lignin compared to the degradation of wood 
polysaccharides, above all cellulose, is called selective degradation of lignin. 
Several fungi that are efficient lignin degraders in nature and especially suitable 
for selective lignin degradation, apparently do not produce LiP. Many of these 
fungi produce substantial amounts of MnP on lignocellulose medium. Table 3 
shows some representative results from a screening of about 90 white-rot fungi 
for their selectivity on spruce wood block test (75), and preliminary indications 
of the enzymes they produce when growing on wood chips. 

C. subvermispora represents a particularly efficient lignin-degrading fungus 
that does not produce LiP but high levels of MnP. Because it is one of the most 
promising fungi for biopulping, i.e. fungal pretreatment of wood chips for 
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mechanical pulping (76), its lignin degrading system has been intensively 
studied (Table 1). C. subvermispora secrets multiple MnP and laccase isoforms 
on wheat straw medium (77). Molecular masses and isoelectric points of MnP 
and laccase isoforms were close to those reported when wood chips have been 
used as a solid substrate (49, 78). 

Pleurotus eryngii secretes high amounts of MnP but only low amounts of 
laccase into a straw medium (79). Production of multiple forms of MnP has been 
found during growth on different solid lignocelluloses (wood, pulp, straw) by 
several white-rot fungi, e.g. P. chrysosporium (60, 77), Rigidoporus lignosus 
(69), Phlebia radiata (64), C. subvermispora (49, 77) and N. frowardii (30). 
MnP was the main ligninolytic enzyme during the treatment of kraft pulp with 
Trametes versicolor, although laccase activity was also present (80). P. radiata 
MnP isoforms purified from wheat straw cultures had a molecular mass of 50 
kDa and p/s of 3.4-3.9 and 4.9-5.3 (64). Unlike P. radiata, MnP from N. 
frowardii apparently forms only one MnP isozyme with a molecular mass of 54 
kDa and a relatively low p/of 3.0-3.2 (30). 

Selective lignin degradation and efficiency in biopulping require a proper 
balance between lignin and cellulose degradation. Hence, in addition to studies 
on lignin-degrading enzymes, also thorough studies to clarify the significance of 
cellulose and hemicellulose degradation in lignin-selective fungi are needed. 

The Possible Role of Manganese Peroxidase in Lignin 
Degradation: Cell Free Mineralization of Lignin 

Kirk and Farrell (3) summarized the physiological conditions that support 
lignin degradation by P. chrysosporium (measured as 1 4 C0 2 evolution from 4 C-
labelled DHP), and proposed the concept "enzymatic combustion". Similar 
"enzymatic combustion" could be applicable to some other white-rot fungi, e.g. 
P. radiata (81, 82). Lignin degradation is usually thought to proceed so that at 
first fungi degrade the lignin polymer outside of the hyphae to smaller lignin 
fragments, and subsequently these compounds are taken up by the growing 
fungus and intracellularly converted to C0 2, water and new fungal biomass (6). 
However, if a significant part of lignin is mineralized outside the fungal cell 
wall, many unusual features in lignin biodegradation by white-rot fungi could be 
better understood. For example, enzymatic reactions are usually specific, but 
unspecificity is characteristic to fungal lignin degradation. If the reactions were 
catalyzed by MnP-Mn-chelator-system, they would be chemical, not enzymatic, 
specific reactions. The degradation of lignin to 1 4 C0 2 is optimal under high 
oxygen tension, even in oxygen concentrations that are toxic to fungal growth. If 
part of the l4C-labelled lignin is not taken into the fungal cell but is processed 
and decomposed outside the fungal cell, the positive effect of high oxygen 
tension on lignin degradation could be possible. It is known that fungi cannot 
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grow using lignin as their sole carbon and energy source, and the rationale of this 
could follow from extracellular mineralization of lignin. If we assume that lignin 
degradation products are not taken inside the fungal hyphae, they cannot be used 
as a carbon source and thus support fungal growth. Many studies indicate that 
lignin degradation is secondary metabolism, not directly connected to growth 
supporting metabolism. This could also be in agreement with extracellular lignin 
mineralization. 

MnP has been found in almost all white-rot fungi so far, but it is possible that 
some fungi express the enzyme only on lignocellulose medium. It was earlier 
assumed that the function of MnP would be nearly the same as that of laccase, 
that is to oxidize phenolic substructures of lignin, but it is not understood why 
fungi produce two enzymes of similar function. However, there are still many 
open questions: MnP is not a strong oxidant, and the system MnP-Mn-chelator 
requires free phenolic groups, and there are only 10-15 % free phenolic groups 
in lignin (83). How fungi lacking LiP degrade or attack non-phenolic structures 
is still an open question. The involvement of lipid peroxidation and the presence 
of cryptic lip genes have been suggested, and probably small molecular weight 
compounds have an important role in lignin degradation. 

White-rot fungi do have aromatic metabolism, which indicates that part of 
the lignin degradation products can be taken inside the fungal cell wall and 
metabolized there. Usually dimeric lignin models, or monomeric aromatic 
compounds such as veratric acid and vanillic acid have been used as substrates. 
Unlike bacteria, basidiomycetous fungi cannot grow on aromatic compounds, 
and actually many of these compounds, e.g. vanillin, are toxic to them in higher 
concentrations (84). The relationship between extracellular vs. intracellular 
mineralization occurring under natural conditions is not clear and needs further 
studies. 
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Chapter 15 

Influence of Growth Substrate and Free Ferulic Acid 
on the Production of Feruloyl Esterase 

by Aureobasidium pullulans 

Karl Rumbold1, Georg Gübitz2, Karl-Heinz Robra2, 
and Bernard Prior1 

1Department of Microbiology, University of Stellenbosch, Stellenbosch, 
South Africa 

2Department of Enviromental Biotechnology, Graz University 
of Technology, Graz, Austria 

The effect of the carbon source and supplemented free ferulic 
acid on the production of extracellular feruloyl esterase, β-
xylanase and α-arabinofuranosidase by Aureobasidium 
pullulans was examined. Aureobasidium pullulans was 
cultivated on birchwood xylan, oat spelt xylan glucose, xylose, 
sugarcane bagasse and dissolving pulp as carbon source 
without and with the addition of ferulic acid. Production of 
feruloyl esterase activity was highest on birchwood xylan (16.8 
U/mg protein). Ferulic acid (0.01% w/v) supplementation led 
to growth inhibition on all the carbon sources. Feruloyl 
esterase is also produced with glucose as carbon source, which 
is a repressor for xylanase production. It is therefore suggested 
that feruloyl esterase is regulated independently from xylanase. 
Aureobasidium pullulans feruloyl esterase was found to 
possess activity against α- and ß-naphthylacetate and naphthol-
AS-D-chloroacetate but not against longer chain naphthyl 
substrates and others as determined in a screening with 14 
esterase substrates. 
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INTRODUCTION 

Hydroxycinnamie acids like ferulic acid and p-coumaric acid are bound as 
substituents on hemicellulose polymers in plant cell walls (/). Esterified to a-
arabinofuranosyl sidechains in arabinoxylans (2), ferulic acid substituents can 
occur as single residues, or as dehydrodimers coupling two polysaccharide 
chains (3-4) or can be etherified to lignin (5-6). 

Feruloyl esterases catalyze the release of ferulic acid from plant material (7-
9). They play a key role in the cooperative decomposition of plant cell wall 
material together with other major hemicellulolytic enzymes. Feruloyl esterases 
are therefore of importance to lignocellulose utilizing industries (10) and have 
potential medical applications due to their ability to release antioxidant 
hydroxycinnamates from dietary fiber (//) . 

The production of feruloyl esterases is apparently regulated independently 
from other hemicellulolytic enzymes. Aspergillus niger feruloyl esterase 
production is stimulated by supplementing free ferulic acid to oat spelt xylan as 
the only carbon source, while xylanase levels are repressed (12). In contrast, 
Streptomyces avermitilis feruloyl esterase production is independent from the 
amount of ferulic acid present in the carbon source, but is also induced under 
conditions different to those of xylanase (13). 

The black yeast Aureobasidium pullulans produces a whole range of 
hemicellulolytic enzymes, with xylanase being produced at high level with high 
specific activity (14) but is repressed when glucose is present in the growth 
medium (15). Previous work indicated, that the synthesis of jS-xylosidase and a-
arabinofuranosidase is dependent on arabinoxylan as inducer, whereas xylanase 
and acetyl esterase are also produced when xylose is used as the carbon source 
(76). 

Recently, we discovered that A. pullulans also produces extracellular 
feruloyl esterase. The purpose of this study was to investigate the composition of 
the growth medium on the production of feruloyl esterase in comparison to the 
production of endo-xylanase and a-arabinofuranosidase. The specificity of the 
crude feruloyl esterase to a range of esterase substrates was also evaluated. 

MATERIALS AND METHODS 

Strain and culture conditions 
Aureobasidium pullulans N R R L Y2311-1 was cultivated in 50 ml yeast 

nitrogen base (0.7% w/v), L-Asparagine (0.2% w/v) and K H 2 P 0 4 (0.5% w/v) 
with 1% (w/v) of the respective carbon source, birchwood xylan ( B W X , Sigma, 
Steinheim, Germany), oat spelt xylan (OSX, Sigma, Steinheim, Germany), 
dissolving pulp (DP) from Eucalyptus grandis (SAPPI Saiccor, Umkomaas, 
South Africa), sugarcane bagasse (SCB, Tongaat-Huletts, Mt Edgecombe, South 
Africa), glucose (GLC) and xylose ( X Y L ) . In a second set the respective cultures 
were supplemented with 0.01 % (w/v) ferulic acid (FA, Sigma, Steinheim, 
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Germany). The cultures were incubated on a rotary shaker (120 rpm) at 30°C for 
84 hours and one ml samples were taken every 12 h for assay. Growth was 
followed by microscopic enumeration of yeast cells. 

Enzyme assays 
Culture supernatant recovered after centifugation (10 min, 20000g) was 

assayed for feruloyl esterase activity using 4-nitrophenyl-5-0-fraws-feruloyl-a-L-
arabinofuranoside (Sigma) as substrate (77), for a-arabinofuranosidase activity 
using 4-nitrophenyl-a-L-arabinofuranoside as substrate (16). Endo-xylanase 
activity was determined using birchwood xylan as substrate (18). One unit (U) of 
activity was defined as the amount of enzyme releasing 1 /nnol product/min. 
Protein concentration was determined using the Bio-Rad protein assay (Bio-Rad 
Laboratories, Hercules, CA) based on the Coomassie Blue method (18) with 
bovine serum albumin as standard. 

Screening of esterase substrates 
a-naphthyl acetate, jfr-naphthyl acetate, /?-naphthyl propionate, a-naphthyl 

butyrate, j3-naphthyl valerate, i&-naphthyl laurate, a-naphthyl myristate, a-
naphthyl palmiate, naphthol AS £-Cl-propionate, naphthol AS benzoate, 
naphthol AS phenylacatate, naphthol AS acetate, naphthol AS-D acetate and 
naphthol AS-D chloroacetate as well as Fast Blue BB salt and carboxyl esterase 
from porcine liver were purchased from Sigma (Steinheim, Germany). Esterase 
activity was determined qualitatively by adding 50 pi culture supernatant of A. 
pullulans cultivated on BWX to 1 ml of 0.1 M sodium phosphate buffer (pH 7) 
containing 25 /xl Fast Blue solution (100 mg in 5 ml double distilled H20). The 
reaction was started by adding 50 #1 of the respective substrate solution (60 mg 
in 5 ml acetone) and the formation of a purple color pigment could be observed 
if an enzymatic reaction occurred. 

RESULTS AND DISCUSSION 

A. pullulans was grown on six different carbon sources at a concentration of 
1% w/v, without and with the addition of 0.01 % w/v FA, over a 84 hours period 
until late stationary phase. The activity-time-course profiles of feruloyl esterase 
activity are presented in Fig. 1. On BWX, the highest activity of 16.8 U/mg 
protein was reached after 60 hours. On OSX, activity also showed a maximum 
after 60 hours (9.1 U/mg protein). Both substrates are equally well suited for the 
growth of A. pullulans and production of feruloyl esterase, although the activity 
is 1.8 fold better in the case of BWX. 

No activity was produced on DP as a result of poor growth, which is 
probably because DP consists to 95% from cellulose and A. pullulans lacks 
cellulase activity (14). On SCB, feruloyl esterase activity reached 7 U/mg 
protein after 60 hours. This is noteworthy, because SCB is more difficult to 
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Table I. Specific activities of A pullulans enzymes on various carbon 
sources 

Feruloyl 
Carbon source esterase Xylanase A rabinofuranosidase 

Specific activity U/mg protein 

Birchwood xylan 16.8 ±- 0.1 1310±5 1.6 ±0.02 
Oat spelt xylan 9.1 ±0.08 1250 ± 3 1.4 ±0.06 
Glucose 4.2 ±0.1 0 0.2 ± 0.05 
Xylose 2 ± 0.09 420 ±5 0.2 ± 0.06 
Dissolving pulp 0 0 0 
Sugarcane bagasse 7 ± 0.09 390 ±5 1.2 ±0.05 

degrade and to metabolize as carbon source than BWX or OSX, which impinged 
on growth and protein production. 

Surprisingly, feruloyl esterase activity was also present when A. pullulans 
was grown on monosaccharides as carbon source, reaching maxima of 4.2 U/mg 
protein after 60 hours on GLC and 2 U/mg protein after 36 hours on XYL. This 
is particularly interesting, since the production of other hemicellulases like 
xylanase is suppressed in presence of GLC, as shown in Table I. These findings 
also indicate that the production of feruloyl esterase from A. pullulans may also 
be regulated independently to xylanase production. This conclusion is further 
supported by the observation that XYL induces xylanase and xylosidase 
synthesis (Table I) but that feruloyl esterase activity of A. pullulans grown on 
XYL was 50% lower than with cells grown on GLC (Fig. 1). 

No feruloyl esterase activity was detected in the cultures when 
supplemented with 0.01% FA (Fig. 1). This is as a result of almost no growth of 
A. pullulans. At a 10 times lower concentration of free FA, the growth and the 
production of feruloyl esterase was still only half of the amount of that observed 
without the addition of FA (data not shown), suggesting that free FA does not 
only negatively affect the production of feruloyl esterase, but moreover inhibits 
growth of A. pullulans. These results are in contrast to data reported previously 
for A. niger, where FA at an amount of 0.03% (w/v) was found to stimulate 
feruloyl esterase production (72, 20). 

Maximum levels of feruloyl esterase, xylanase and arabinofuranosidase 
produced by A. pullulans are shown in Table I. When A. pullulans was 
cultivated on BWX or OSX, high levels of all three enzymes could be found in 
the culture supernatant. 

 
 c
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Figure 1. Effect of various carbon sources and free ferulic acid on the 
production of feruloyl esterase from Aureobasidium pullulans. The upper graph 
shows feruloyl esterase activity produced on birchwood xylan (BWX) and oat 

spelt xylan (OSX), the middle graph shows activity on glucose (GLC) and xylose 
(XYL) and the lower graph shows activity on dissolving pulp (DP) and 

sugarcane bagasse (SCB). 
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Xylanase production by A. pullulans was induced when grown on XYL and 
repressed when grown on GLC due to ere-mediated glucose repression, 
previously reported in promotor studies with xylA from A. pullulans by 
Wymelenberg et al. (21). Arabinofuranosidase was produced at very low levels 
on both XYL and GLC, whereas feruloyl esterase levels are higher when grown 
on GLC than on XYL. Feruloyl esterase could possibly be involved in the 
exopolysaccharide metabolism of A. pullulans, which produces pullulan 
preferably when grown on GLC (22). This would be an indication for the relative 
high feruloyl esterase levels on GLC in comparison to growth on XYL. 
Cultivation on SCB resulted in relative lower levels of feruloyl esterase and 
xylanase, partly due to low fermentability resulting in weaker growth caused by 
the fibrous nature of the material. 

The substrate range of A. pullulans feruloyl esterase was determined by 
screening the culture supernatant produced on BWX with 14 commercially 
available a-naphthyl and naphthol-AS esters as described in Materials and 
Methods. Carboxyl esterase from porcine liver was used as a reference. A. 
pullulans culture supernatant showed activity on a- and /3-naphthyl acetate, but 
no activity on aliphatic esters of a chain length from C 3 to C 16 (Table II). 
Activity was also shown on naphthol AS-D acetate and naphthol AS-D 
chloroacetate. Analogous to feruloyl esterases from other organisms (23), A. 
pullulans feruloyl esterase activity is limited to acetyl esters. However, the 
enzyme can also catalyze acetyl esters with an additional phenolic moiety such 
as in naphthol-AS-D acetate and naphthol AS-D chloroactetate (Table II). The 
phenolic moiety is reported to also contribute to feruloyl esterase catalytic 
specificity in general (23-24), although naphthol AS-D chloroacetate has not 
been previously reported as a substrate for feruloyl esterases. In contrast, the 
carboxyl esterase failed to catalyze the substrates with a phenolic moiety. 

In summary, production of feruloyl esterase is stimulated when A. pullulans 
is grown on BWX, OSX and SCB, but also on GLC and XYL. However, FA 
supplemented to the medium affected fungal growth and therefore did not 
increase feruloyl esterase activity. It is also suggested, that the synthesis of 
feruloyl esterase is independently regulated from xylanase synthesis. Feruloyl 
esterase from A. pullulans acts on a- and /3-naphthyl acetate, as well as naphthol 
AS-D chloroacetate as substrates. 
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Table II. Comparison of substrate range 

Substrate Chain length AP PLE Structure 

a-naphthyl acetate C2 
iS-naphthyl acetate C2 
0-naphthyl propionate C3 
a-naphthyl butyrate C4 
j3-naphthyl valerate C5 
j3-naphthyl laurate C12 
a-naphthyl myristate C14 
a-naphthyl palmiate C16 

naphthol AS /3-Cl-propionate 
naphthol AS benzoate 
naphthol AS phenylacetate 
naphthol AS acetate 
naphthol AS-D acetate 
naphthol AS-D chloroacetate 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

naphthyl substrate 

naphthol AS-D 
substrate 

AP = A. pullulans feruloyl esterase + activity 
PLE = Porcine liver carboxyl esterase - no activity 
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Chapter 16 

In Situ Solid-State Fermentation and Utilization 
of Xylanase in Pulp Bleaching 

Judit Szendefy1, George Szakács1, Sándor Kemény 2 , 
and Lew Christov3 

1Department of Agricultural Chemical Technology, Technical University 
of Budapest, 1111 Budapest, Gellért tér 4, Hungary 
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3Sappi Biotechnolgy Laboratory, Department of Microbiology, 
Biochemistry and Food Science, University of the Free State, P.O. Box 

330, 9300 Bloemfontein, South Africa and Sappi Forest Products 
Technology Centre, Sappi Management Services, P.O. Box 3252, 1560 

Springs, South Africa 

Solid substrate fermentation (SSF) was evaluated for microbial 
production of xylanase using oxygen delignified soda-aq pulp 
from Eucalyptus grandis as a carbon source and an enzyme 
inducer. Screening of a number of Thermomyces lanuginosus 
isolates yielded xylanase activities of over 5,000 IU/g dry 
material (DM) with very low levels (<0.4 FPU/g DM) of 
cellulase being concurrently produced. The in situ produced 
enzymes (whole SSF culture) were used without a prior 
downstream processing of xylanase in pulp bleaching at 
various mixing ratios of SSF material to raw pulp. Optimum 
conditions for SSF of xylanase by T. lanuginosus TUB F-980 
were determined in terms of moisture content (83%), final pH 
(7.0) and time course (≥5 d). 

© 2003 American Chemical Society 255 

 
 c

h0
16

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



256 

A fractional factorial experimental design was employed to 
examine the impact of various nitrogen sources on xylanase 
production and determine the optimum nitrogen concentration 
(2g/l) and composition (56% com steep liquor and 44% 
ammonium sulfate). Under these optimized conditions, a 
xylanase yield of 13,757 IU/g DM was attained, which 
represented a 2.3-fold increase in enzyme activity over the 
non-optimized SSF process. Biobleaching of pulp with the in 
situ crude SSF xylanase of T. lanuginosus TUB F-980 induced 
a brightness gain of up to 2.1 points over control and up to 
35% savings of chlorine dioxide. It was demonstrated that the 
cost-effectiveness of biobleaching with SSF enzymes could be 
improved over the use of commercial liquid enzyme products 
due to the significantly lower enzyme production costs 
associated with the SSF process. The SSF enzymes 
outperformed the commercial enzymes by 43% and 62.5% 
when compared at equal enzyme costs and equal bleaching 
efficiency, respectively. 

Introduction 

The industrial road of pulp and paper manufacture has gone over the years 
along routes that were energy intensive and environmentally unfriendly. In the 
last decade, however, with the advent of biotechnology, the pulp and paper 
technology is becoming increasingly more environmentally cautious and cost 
effective. The observation of Viikari et al. in 1986 (I) that enzymes can enhance 
pulp brightness has initiated a new era in pulp bleaching. Pretreatment of pulp 
with xylanases was shown to reduce the amount of chlorine used in the 
bleaching process, affording a positive environmental impact. 

Xylanases can attack and hydrolyze pulp hemicelluloses thereby xylan 
redeposited on the fiber surface, xylan-derived chromophores or lignin-xylan 
complexes are removed from pulp rendering residual lignin more accessible to 
bleach chemicals (2). Xylanase preparations free of cellulase activity are 
especially u seful as the presence o f cellulase m ay d ecrease both p ulp strength 
and yield during biobleaching (3). 

Currently, the commercial xylanases are mainly produced by conventional 
submerged fermentation (SF) (4), which is an inherently expensive operation 
best suited for high value antibiotics and other pharmaceutical products. An 
economically viable alternative for enzyme production and application would be 
solid substrate fermentation (SSF). It offers numerous advantages over the 
submerged fermentation systems, including high volumetric productivity, high 
concentration o f the products, less effluent generation and simple fermentation 

 
 c
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equipment (5,6). It has been proven that many enzymes and other biochemicals 
can be produced by SSF at a fraction of the cost of SF production (7,8). Fungal 
xylanases are frequently produced by SSF (4,5,9,10) and the conditions of the 
solid fermentation were optimized from different aspects in numerous studies 
(11-17). 

Eucalyptus wood is a major raw material for the pulp and paper industry in 
countries such as South Africa, Brazil, India and Australia. In this work, the 
production and application of xylanase using thermophilic fungi on oxygen 
delignified soda-aq pulp from Eucalyptus grandis by SSF is described. The 
pulp, which is initially used as a carbon source and inducer of xylanase 
production, subsequently becomes the target substrate of enzyme application in 
the biobleaching process. 

A new approach of enzyme production and utilization was introduced by 
evaluating the efficiency of the whole SSF material (mixture of fungal biomass, 
residual substrate and enzymes), without extracting and purifying the xylanases. 
The whole SSF material (in situ crude enzyme) was successfully used for 
enzymatic bleaching of pulp. The premise of the present work is that SSF is 
employed for enzyme production on pulp only if the in situ and on-site produced 
enzyme-enriched pulp substrate is used directly in pulp bleaching, without a 
prior downstream processing of enzyme. Thermomyces lanuginosus TUB F-980, 
which was the best-performing isolate from the bleaching trials, was further 
evaluated in SSF experiments to optimize the moisture content of pulp, medium 
composition and time course of xylanase production by SSF. 

Materials and Methods 

Cultures 

Thermophilic fungi were purchased from the following culture collections: 
A T C C (American Type Culture Collection, Manassas, Virginia); CBS 
(Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands); NRRL 
(Northern Regional Research Center, USDA, Peoria, Illinois); TUB (Technical 
University of Budapest, Hungary); WFPL (Western Forest Products Laboratory, 
Vancouver, Canada). The strains were maintained on potato dextrose agar (PDA) 
slants and Petri plates by incubating the cultures at 45 °C and then storing them 
at room temperature. 

Substrate 

Oxygen delignified pulp from Eucalyptus grandis was obtained from a 
soda-aq pulp producing mill in South Africa. Prior to use, pulp was thoroughly 

 
 c
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washed w ith distilled w ater u ntil n eutral p H o f w ash w aters w as attained, air-
dried and then stored at 4 °C until use. 

Solid Substrate Fermentation (SSF) 

Non-optimized SSF was carried out in 5 00-ml cotton plugged Erlenmeyer 
flasks. Five gram pulp substrate (dry weight equivalent) was wetted with 25 ml 
salt solution, setting the moisture content to 8 3%. The composition of the salt 
solution was as follows (in g/1): NH4N03, 5; KH2P04, 5; NaCl, 1; MgS04.7H20, 
1; and (in mg/1): CoCl2.6H20, 2; MnS04, 1.6; ZnS04.7H20, 3.45; FeS04.7H20, 
5. The pH of the medium was adjusted to 6.8 before sterilization. 

When the optimum moisture content of SSF was determined, different 
moisture levels (50-86%) were adjusted with the above-described salt solution 
and water, keeping the salt concentration per 5 g eucalyptus pulp constant. 

Ammonium sulfate, ammonium nitrate, potassium nitrate, corn steep liquor 
(50 % dry weight) and defatted soybean meal were used as the nitrogen sources. 
Their concentrations were calculated as to provide 0.009 g nitrogen per gram 
carbon source (0.9%). The pH of the medium was adjusted to pH 6.8 before 
sterilization. 

In the time course experiment, 5 g pulp was supplemented to 83 % moisture 
content with the following optimized medium solution (g/1): KH2P04, 11.39; 
corn steep liquor (50 % dry weight), 28.18; (NH4)2S04 ,4.11; and (in mg/l): 
CoCl2.6H20, 2; MnS04, 1.6; ZnS04.7H20, 3.45; FeS04.7H20, 5. The pH of the 
medium was adjusted to pH 6.8 before sterilization. The substrate was sterilized 
at 121°C for 30 min. After cooling, the medium was inoculated with a spore 
suspension of the fungus to a final concentration of 2.5xl06 spores g"1 dry matter 
(DM) substrate. The spore suspension was prepared by washing spores from the 
surface of 6 day-old sporulating PDA plates with water containing 0.1 % Tween-
80. The inoculated flasks were incubated at 45°C for 5 days. All SSF 
experiments were carried out in duplicate and results were shown as average 
values. 

Enzyme Extraction 

Enzyme activity was determined from the culture extract of SSF samples: 5 
g (dry weight) fermented substrate was extracted with 100 ml water containing 
0.1 % Tween-80 by shaking for 1 h at room temperature (25°C). At the end of 
the extraction, suspension was centrifuged (3000 rpm, 10 min) and the 
supernatants were stored at 4°C until the assays were performed. 
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Enzyme Assay 

Xylanase activity of the supernatant was determined by the method of 
Bailey et al. (18). The substrate solution contained 1% birchwood xylan (Fluka, 
No. 95588), solubilized in 0.05 M citrate-phosphate buffer (pH 6). All necessary 
dilutions of s upernatants were a lso c arried out u sing 0.05 M c itrate-phosphate 
buffer (pH 6). The reaction mixture consisted of 1.8 ml substrate solution and 
0.2 ml properly diluted enzyme. After 5 min incubation at 50°C, the liberated 
reducing sugars (xylose equivalent) were estimated by the dinitrosalicylic acid 
method (19). One unit (IU) of xylanase was defined as the amount of enzyme 
releasing 1 û nol xylose equivalent per minute under the assay conditions. Filter 
paper activity (FPA) was determined as described by Ghose (20). 

Experimental Design 

A 25"1 fractional factorial design leading to sixteen sets of experiments, 
performed in duplicate, was used to verify the most significant factor affecting 
the xylanase activity. The variables were coded according to Eq. 1: 

Xt=XrX</AXi (1) 

where x, is the coded value of a variable, Xt is the real value of the variable, X0 is 
the real value of a variable at the center point, and AXj is the step change value. 
The significance level of each variable effect and interactions is determined by 
Student's test: 

bi 
/(16)= - i -

where bj is the regression coefficient calculated as follows: 

2 X Lxa 

yt - xylanase activity, xJt - transformed factors, b0 - intercept, N - number of trials 
S2 

2 2 y S L is the variance of regression coefficient: Sh = — 
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The effect of a factor is considered to be significant, if ta/2<t(16). t ^ = 2.12 
when a = 0.05 and degrees of freedom is 16. 

The range and the levels of the variables investigated in this study are shown 
in Table I. The xylanase activity was taken as the dependent variable or 
response, yf. In order to fit and empirical second-order polynomial model, a 33 

factorial design was performed. The range and the levels of the variables 
investigated in this study are shown in Table II. The quadratic model for 
predicting the optimal point was expressed according to Eq. 2: 

Y = b0 + ZbiXj + ZbijXi* + IbijXjXj (2) 

where Y is the response variable, b the regression coefficients, and x{ the coded 
levels of the variable. The significance level of each variable effect, and 
interactions i s determined by Student's t test, t^ = 2.052 when a = 0.05 and 
degrees of freedom is 27. Statsoft, Inc. (2000) was used for the regression 
analysis of the experimental data obtained. 

Table I. Range of values for the 2 S 1 fractional factorial design 
Nitrogen Levels 
content Variables Xt -1 +1 

of supplements (0.25 g N/1) (1.3 g N/1) 
(%) 
7.5 XpDefatted soybean 3.32 (g/1) 17.29 (g/1) 

meal 
4 X2:Corn steep liquor 6.25 (g/1) 32.5 (g/1) 

(50 % dry weight) 
35 X 3: NH4NO3 0.71(g/l) 3.71 (g/1) 
21 X 4: (NH4)2S04 1.18 (g/1) 6.13 (g/1) 
0 X 5: KH 2P0 4 0gN/l 0gN/l 

1.10gKH2PO4/l 7.68 g KH2P04/1 

Table II. Range of values for the 33 factorial design 
Variables Xt Levels 

-1 0 +1 
Xi: KH 2P0 4 4.39 (g/1) 8.78 (g/1) 13.16 (g/1) 
X 2: Total N Kg/1) 2 (g/1) 3 (g/1) 
content 
X 3: 0 0.5 1 
CSL/(NH4)2S04 (0%CSL/100% (50% CSL/50% (100%CSL/0% 

(NH4)2S04) (NH4)2S04) (NH4)2S04) 

 
 c
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Enzyme Treatment of Pulp 

Biotreatment of eucalyptus oxygen-delignified soda-aq pulp with the intact 
SSF material was carried out in different SSF material to raw pulp ratios (1:50, 
1:100, 1:200, 1:400, w/w) under standardized conditions (60°C, pH 6, 10% pulp 
consistency, 3 h). For reference, enzyme pretreatments with commercial 
enzymes, Xylanase P (Iogen Corp., Canada), Pulpzyme HC (Novozymes, 
Denmark) and Cartazyme NS 10 (Clariant, UK) were carried at their pH optima 
(pH 5.0, 7.0 and 7.0, respectively) as described above using a charge o f 5 IU 
xylanase/g pulp. 

Chemical Bleaching of Pulp 

The enzyme pretreated pulp was subsequently bleached in a DED sequence. 
Controls were prepared under the same conditions, but omitting the enzyme. To 
evaluate the bleaching efficiency of the in situ SSF xylanase, pulp was bleached 
with reduced chlorine dioxide charges, as indicated. Following chemical 
bleaching, pulp samples were washed, air-dried and analyzed for brightness 
using a ColorTouch 2 brightness machine (Technidyne Corp., New Albany, IN, 
USA) according to T452 om-98 of the Standard Methods of the Technical 
Association of the Pulp and Paper Industry (Tappi, Atlanta, GA, USA). 

Results and Discussion 

Screening of Thermophilic Fungal Isolates 

Initially thermophilic fungi, representing different genera and species, were 
screened in the SSF process on eucalyptus post-oxygen soda-aq pulp for 
xylanase production (Fig.l). Some species such as Acremonium thermophilum, 
Humicola grisea var. thermoidea and Humicola insolens showed very weak 
growth on the substrate and did not practically produce xylanase. Other isolates 
(Malbranchea cinnamomea, Myceliophthora thermophila, Sporotrichum 
thermophile and Talaromyces emersonii) grew very well on pulp, but yielded 
low xylanase concentration. Two species (Thermoacus aurantiacus and 
Thermomyces lanuginosus) appeared as the best x ylanase producers. However, 
T. lanuginosus was selected for further evaluation studies because of its 
significantly lower levels of cellulase activity produced simultaneously (<0.5 
FPU/g), compared to the two T aurantiacus strains (>8 FPU/g; Fig. 1). 

Nine Thermomyces lanuginosus isolates were evaluated in a second 
screening step for xylanase and cellulase SSF production on pulp (Fig. 2). 

 
 c
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Interestingly, the difference among the isolates in xylanase production was not 
considerable. One strain (ATCC 38905) produced much higher cellulase activity 
(about 1.1 FPU/g) over the average level of 0.2 FPU/g. 

Six thermophilic fungi, isolated from South African soils, were also 
screened for xylanase production in SSF (Fig. 3). Two isolates (TUB F-980 and 
TUB F-1026) showed good xylanase production (>6000 U/g) accompanied by a 
relatively low cellulase activity (<0.15 FPU/g). These two isolates were later 
identified as Thermomyces lanuginosus. 

Biobleaching Efficiency of in situ Crude SSF Xylanase 

Thermophilic fungi that produced 2000 IU/g or more xylanase on 
eucalyptus oxygen delignified soda-aq pulp were evaluated for the biobleaching 
efficiency of their SSF produced enzymes on the same pulp (Fig. 4). The SSF 
sample (in situ crude enzyme) produced at the end of the SSF fermentation of 
pulp was a mixture of substrate pulp residue, fungal biomass and different 
enzymes. This material, obtained without a downstream processing (enzyme 
extraction and purification), represents a relatively inexpensive source of crude 
enzymes for biotechnological purposes (6,8). 

In most cases, the brightness increase over control reached or exceeded 1 
brightness point at the 1:50 ratio (SSF material/raw pulp, w/w; Fig. 4). The solid 
culture of T. lanuginosus TUB F-980 xylanase appeared as most efficient in the 
bleaching trials (brightness gain of 1.3 to 1.8 points over control). This strain 
was selected for further optimization of xylanase production on pulp by SSF. 

Optimization of Moisture Content in SSF 

The moisture content of the medium in SSF is of importance to the growth 
of microorganisms, production and expression of enzymes. The optimum 
moisture levels have to be determined for each system and microorganism 
(21,22). To examine the effect of moisture content on xylanase production of T. 
lanuginosus F-980 in SSF, moisture levels of 50, 67, 75, 80, 83 and 86 % were 
tested (Fig. 5). At 50 % moisture content, a very weak growth and low xylanase 
yields were observed. Maximum xylanase activity of over 7000 U/g was 
measured at 83% initial moisture content. 

Optimization of Nitrogen Content in SSF Using Experimental Design 

The Kjeldahl nitrogen content of eucalyptus pulp (0.0064%) was extremely 
low and likely not enough to support growth and enzyme production. Therefore, 
the influence of different organic and inorganic nitrogen additives on xylanase 
production at 83 % substrate moisture level was studied (Fig. 6). The 
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TUB F-31 

TUB F-40 

TUB F-48 

{2 TUB F-BO 

"j5 TUB F-125 

5) TUB F-126 

ATCC 36.350 

ATCC 38,905 

ATCC 46,882 

0 0.2 0.4 0.6 0.8 1 1 
Cellulase activity (FPU/g DM) | 

Figure 2. Xylanase production by Thermomyces lanuginosus strains in SSF on 
eucalyptus pulp (45 °C; initial pH 6.8; moisture content 83 %; fermentation time 5 d) 
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F-1026 
F-1118 
F-1164 
F-1167 
F-1168 

0 0.1 0.2 0.3 0.4 0.5 
Cellulase activity (FPU/g DM) • 

Figure 3. Xylanase production by South African thermophilic isolates in SSF on 
eucalyptus pulp(45 °C; initial pH 6.8; moisture content 83 %; fermentation time 5 d)  
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Brightness gain (points) 

0 0.5 1 1.5 2 

TUB F-980 

TUB F-1026 

TUB F-1118 

TUB F-1164 

TUB F-1167 

TUB F-1168 

Paecilomyces sp. TUB F-70 

Talaromyces thermophilic NRRL 2155 

Thermomyces lanuginosus CBS 224.63 

Thermomyces lanuginosus TUB F-31 

Therm omyces lanuginosus TUB F -80 

Thermomyces lanuginosus TUB F-125 

Thermomyces lanuginosus TUB F-126 

Thermomyces lanuginosus ATCC 36,350 

Thermomyces lanuginosus ATCC 38,905 

Thermomyces lanuginosus ATCC 46,882 

Unidentified TUB F-849 

Unidentified TUB F-854 

Cartazyme NS 10 

Pulpzyme HC 

Xylanase P 

Figure 4. Brightness gains induced by in situ SSF crude xylanase at different 
SSF/raw pulp ratios during biobleaching of eucalyptus pulp 
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ammonium nitrate in the basal medium (see Materials and methods) was 
replaced by various inorganic and organic ingredients with a total nitrogen 
concentration fixed at 1.75 g/1. Strain F-980 produced more xylanase in presence 
of organic nitrogen as compared to inorganic nitrogen salts. Fig. 6 also shows 
that T. lanuginosus TUB F-980 was a nitrate-negative strain. It should be noticed 
that although the initial pH for all five media tested was the same (pH 6.8), the 
final pH values at the end of SSF differed. For example, final pH values of 8.0, 
7.6, 6.1 and 6.1 were measured for soybean meal, corn steep liquor (CSL), 
ammonium sulfate and ammonium nitrate containing media, respectively. As 
shown in this study, the final pH of the SSF fermentation seemed to have a 
major impact on xylanase yield. 

A 25*1 fractional factorial design was chosen to further evaluate the influence 
of nitrogen and phosphorous on xylanase yield. Four nitrogen sources (soybean 
meal, CSL, ammonium nitrate, ammonium sulfate) were selected at two 
concentration levels for the experimental design. Phosphorus is one of the most 
important nutrients, therefore, supplementation with potassium dihydrogen 
phosphate was selected as the fifth factor. The design and the results of this 
experiment are given in Table III. The effects are shown in a Pareto chart (Fig. 
7), the regression coefficients, /-and p values are presented in Table IV. It can be 
concluded from the Pareto chart and Table IV. that KH 2 P0 4 ( ammonium sulfate 
and CSL had a positive effect on xylanase production. Although soybean meal 
was the best nitrogen source when it was used as single supplement (Fig.6), it 
showed a significant negative effect on the xylanase production as compared to 
other nitrogen sources (Fig. 7 and Table III). Soybean meal also exhibited a 
negative interaction with the other nitrogen sources when they were used in pairs 
(combinations) (Fig. 7 and Table III). The best combination of nitrogen sources 
was CSL as organic nitrogen with ammonium sulfate as inorganic nitrogen. 

Based on these results, CSL and ammonium sulfate were chosen to 
determine the optimum content and composition of nitrogen in the SSF medium. 
Potassium dihydrogen phosphate was also selected for quantitative analysis. The 
three selected factors were examined on three levels in a 33 full factorial design. 
The design of this experiment is given in Table V. together with the results of 
the experiment. Regression analysis was performed to fit the response function 
with the experimental data. The regression coefficients, /- and p are presented in 
Table VI. The fit of the polynomial model (R2) was calculated to be 0.97, 
indicating that 97% of the variability in the response could be explained by the 
model. The response equation was obtained as follows and represented a suitable 
model for xylanase production: 

Y = 13264.74 + 949.72 JC/-795.11 jtf-2415.1 1 xf + 1352.78 x3 - 5577.11 x3

2 + 
270.38 x, x2 - 323.71 x, x3 - 673.75 x2 x3 - 534.42 x2

2 +̂2000.92 x3W 

The three-dimensional graphs obtained from the calculated response surface are 
presented in Figs. 8 and 9. For calculation purposes, the normalized coded 
variables x2 and x3 were defined as: xt = (Xt - 8.78)/4.39, x2 = (X2 - 2)/l and 
x3 = (X3 - 0.5J/0.5. The fitted surface had a maximum point at 11.39 g/1 KH 2P0 4 

(JC/ = 0.597), 2.01 g/1 total nitrogen (x2 = 0.014) with a share of 56% and 44% 
from the CSL and ammonium sulfate, respectively (x3 = 0.12). The model 
predicts a maximum response of 13,607 IU xylanase/g with a variation of 517 
lU/g for this point. 

 
 c
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Impact of Final pH on Xylanase Production in SSF 

Fig. 10 depicts the response xylanase activities of the 33 design in terms of 
final fermentation pH as measured in the SSF cultivations after 5 days. The 
points were distributed according to the amount of total nitrogen and its 
CSL/(NH4)2S04 ratio in the fermentation medium. There seems to be a 
correlation between the nitrogen content of the wetting solution and the evolved 
final fermentation pH. The highest final pH (8.0) was measured when the total 
nitrogen (3 g/1) consisted of only CSL. When the same amount of nitrogen was 
provided by ammonium sulfate alone, the final pH was 6.2. The highest xylanase 
yield was achieved by addition in the wetting solution of 2 g/1 total nitrogen at a 

ratio of CSL/(NH4)2S04 of 0.5, resulting in final pH values around 7. Therefore, 
it appeared that the maximum xylanase p roduction w as dependent o n the type 
and concentration o f nitrogen in the SSF wetting solution, as well as the final 
fermentation pH. Apparently, the final pH is influenced by the choice of nitrogen 
source. 

Time-course of Xylanase Production in SSF 

The time-course of xylanase fermentation was studied on both non-
optimized and optimized media. As a result of the medium optimization, the 
xylanase yield was significantly increased (Fig. 11). For instance, after 5 days, a 
xylanase activity of 13,757 IU/g was achieved on the optimized medium which 
was more than double the activity produced on the non-optimized medium. This 
is in agreement with the values that the model predicted, and verifies both the 
validity of the response model and the existence of the optimal point. 

Pulp Bleaching with in situ Crude SSF Xylanase of T. lanuginosus 

Biobleaching of soda-aq pulp with the T. lanuginosus TUB F-980 crude SSF 
xylanase produced in situ on the optimized medium using the same mixing ratios 
of SSF material to raw pulp demonstrated the advantages of the media 
optimization studies. As a result of the 2-fold increase in the xylanase yield 
using the optimized medium, the enzyme charge on pulp increased 
proportionally which resulted in enhancement in the bleaching performance o f 
the crude SSF xylanase. Thus, the brightness of the enzyme pretreated bleached 
pulp increased by an additional 0.3-0.4 points (Table VII) which was translated 
in additional 5% reduction of the chlorine dioxide consumption (Table VIII) 
during biobleaching of eucalyptus soda-aq pulp with the crude SSF xylanase of 
T. lanuginosus TUB F-980 (23). 

 
 c
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Table VI. The regression coefficients, t- and p values of xylanase 
production of the 33 full factorial design 

Factor Regression t(35)-Value p-Value 
coefficient 

Mean/Interc. 13264.74 43.2263 0.000000 
(1)KH 2P0 4(L) 949.72 4.9260 0.000020 
K H 2 P 0 4 (Q) -795.11 -2.3810 0.022838 
(2)Nitrogen (L) 69.83 0.3622 0.719375 
Nitrogen(Q) -2415.11 -7.2322 0.000000 
(3)CSL/(NH 4) 2S0 4(L) 1352.78 7.0165 0.000000 
CSL/(NH 4 ) 2 S0 4 (Q) -5577.11 -16.7010 0.000000 
l L b y 2L 270.38 2.5604 0.014929 
l L b y 2 Q 314.79 1.7211 0.094069 
lQby 2L -77.63 -0.4244 0.673872 
lQby 2Q 144.79 0.4570 0.650465 
l L b y 3 L -323.71 -3.0654 0.004171 
l L b y 3 Q -114.96 -0.6285 0.533748 
l Q b y 3 L -18.29 -0.1000 0.920910 
l Q b y 3 Q 258.29 0.8153 0.420408 
2Lby3L -673.75 -6.3802 0.000000 
2L by3Q 65.75 0.3595 0.721399 
2Q by 3L -534.42 -2.9218 0.006058 
2Q by 3Q 2000.92 6.3160 0.000000 

R2=0.9716; Adj:.95699 

MS Residual=267634.6 

Table VII. Brightness gains (points) over control induced during 
bleaching of eucalyptus oxygen delignified soda-aq pulp within situ SSF 
crude xylanase of Thermomyces lanuginosus F-980 . 

Activity Ratio SSF material/raw pulp (w/w) 
SSF medium (IU/g DM) J.400 1:200 1:100 1:50 
Non-optimized 6037 1.3 1.4 1.4 1.8 
Optimized 13757 L6 L8 L8 2.1 

Table VIII. Reduction of chlorine dioxide charges (%) during bleaching of 
eucalyptus oxygen delignified soda-aq pulp with in situ SSF crude xylanase 

of Thermomyces lanuginosus F-980 
Activity Ratio SSF material/raw pulp (w/w) 

SSF medium (IU/g DM) 1:400 1:200 1:100 1:50 
Non-optimized 6037 20 25 25 30 
Optimized 13757 25 30 30 35 
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Comparison of enzyme bleaching efficiency on equal units base 

In this work, commercial enzymes were used in biobleaching at equal 
enzyme charges of 5 IU/g pulp. In comparison, the SSF enzymes were used at 
various SSF pulp to raw p ulp ratios which, if translated into x ylanase enzyme 
dosages on pulp, ranged (under non-optimized conditions) from as low as 15 
IU/g (at a ratio of 1:400) to as high as 118 IU/g (1:50). These enzyme charges 
increased nearly 2.3-fold following optimization of xylanase production. An 
enzyme dose equivalent to 5 IU/g could be obtained with the SSF enzymes at a 
ratio of about 1:1200 under non-optimized conditions. As shown in Table VII, 
the brightness gain produced with the SSF enzymes at 15 IU/g pulp (1:400) 
under non-optimized conditions was 1.3 points, i.e. already lower than the 
average gain of 1.4 points produced with the commercial enzymes (Fig. 4). 
Therefore, it can be expected that at a charge of 5 IU/g, the bleaching efficiency 
of the SSF enzymes would be even lower than at 15 IU/g. This suggests that at 
equal enzyme charges on pulp, the commercial enzymes would b e much m ore 
efficient in pulp bleaching than the SSF enzymes. 

p=05 
5)KH 2 P0 4 /////////////////////////////A B 422638 

3by4 '///////./////////////////////A 
1by2 ZZ///////////////ZZZ^YZ)i -7*798 

1by4 
4)(NH4)2S04 

2)CSL 
1by3 

1)Soybean meal 
2by3 
2by4 
4by5 
2by5 
1by5 

3)NH 4N0 3 

3by5 

'///////////////S///77* * 3377 

'////////77777Z 4 114767 

7ZZZZZZZZZZZZ 3 64516 

V////////n 3 03513 
/ / / / / / / A 2 3 5 2 5 

'//////A**"* 
/ / / / A 1 4 9 5 6 9 2 

V//A+* 
///A 1.032042 

'//A • 957581 

2 3 4 5 6 
Effect Estimate (Absolute Value) 

Figure 7. Pareto chart of effects of the 251 fractional factorial design. 
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Comparison of enzyme bleaching efficiency on equal cost base 

Based on the enzyme activities assayed and prices of products supplied by 
the enzyme manufacturers, the average costs of the three commercial enzymes to 
treat a ton of pulp when used at a charge of 5 IU/g pulp are approximately USD 
2.0. The brightness gain induced by these commercial products averaged to 1.4 
brightness points (Fig. 4). 

There are different technological routes and equipments for scaling up of the 
SSF process, e.g. tray (koji) cultivation, composting bed (pile), rotating drum 
bioreactor, packed bed reactor, etc. The tray method was first introduced in the 
Oriental countries (Japan, China, etc.) and is largely used these days to prepare 
fermented food products such as soy sauce, tempeh, sake, etc. on a large scale 
{21,24,). Substrates such as steamed rice, soybean, etc. are fermented in 
automated tray (koji) fermentors under controlled conditions of aeration, pH, 
temperature, humidity, etc. The koji method would also be a suitable cultivation 
strategy to ferment relatively soft substrates such as cellulose pulps (unpublished 
data). The estimated cost for enzyme production by the SSF tray method is USD 
150 per ton or USD 0.15 per kg of fermented material (7). Thus, at a ratio of 
1:75 (13.3 kg SSF pulp/t untreated pulp, w/w), the production costs of SSF 
enzymes would equal to USD 2.0. At this ratio (1:75), the bleaching effect 
induced under optimized conditions would amount between 1.8 points (produced 
at a ratio of 1:100) and 2.1 points (at 1:50), with an average of about 2.0 points 
(Table VII). Therefore, at equal costs of USD 2.0/t pulp, the SSF enzymes would 
outperform the commercial enzymes by 0.6 points or 43% on average. 

Cost comparison at equal enzyme bleaching efficiency 

A direct cost comparison between the SSF and commercial enzymes can be 
made at the same bleaching efficiency as measured by the brightness gain 
induced. Using the SSF enzymes, a brightness increase of 1.4 points is 
achievable under non-optimized conditions at a ratio of 1:200 (Table VII), i.e. 
using 5 kg SSF material per ton of untreated pulp. At USD 150/t SSF pulp 
according to the koji method (7), the costs to produce 5 kg SSF pulp would be 
USD 0.75. Compared to the cost of USD 2.0/t incurred for the use of 
commercial enzymes, this represents a cost reduction of USDl.25/t pulp. 
Therefore, the costs of the SSF enzymes needed to attain the same bleaching 
efficiency as commercial enzymes are 62.5% lower. 

Conclusions 

Solid-state fermentation of xylanase has been found advantageous over the 
classical submerged fermentation method of enzyme production as it can offer 
the possibility of a direct use of in-situ xylanase for pulp pretreatment and 
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15000 

6.2 6.6 7.0 7.4 7.8 8.2 

Final pH In solid substrate fermentation (day 5) 

Figure 10. Effect of nitrogen supplements used in combinations on xylanase 
yield and fermentation final pH. 

1 g/1 N, CSL/(NH4)2S04 = 0 (O); 2 g/1 N, CSL/(NH4)2S04 = 0 (•); 3 g/1 N, 
CSL/CNHOzSCXi = 0 (O); 

1 g/1 N, CSL/(NH4)2S04 = 0.5 (A); 2 g/1 N, CSL/(NH4)2S04 = 0.5 (•); 3 g/l N, 
CSL/(NH4)2S04 = 0.5 (•); 

1 g/1 N, CSL/(NH4)2S04 = 1 (•); 2 g/1 N, CSL/(NH4)2S04 = 1 (A); 3 g/1 N, 
CSL/(NH4)2S04 = 1 (+) 
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bleaching without a prior downstream processing of enzyme. The pulp, which is 
initially used as a carbon source for enzyme production, subsequently becomes 
the target substrate of enzyme application. This approach could certainly 
improve the economics and enhance the efficiency of the biobleaching 
technology due to the operational simplicity of SSF, high volumetric 
productivity and concentration of enzyme and production of substrate-specific 
enzymes in a water-restricted environment. 

In this w ork, it was shown that optimization of moisture c ontent of the 
pulp substrate, medium composition, pH and time-course of SSF process can 
significantly improve the xylanase yields. Employment of fractional factorial 
experimental design was found especially useful in the selection of the optimum 
composition of nitrogen source in the SSF medium. The xylanase production 
levels correlated well with the final pH of fermentation which in turn was 
dependent on the type, and concentration of organic and inorganic nitrogen in 
SSF. The xylanase activity produced experimentally by SSF was in good 
agreement with the values that the model predicted and verified both the validity 
of the response model and the existence of the optimal point. Since the 
biobleaching effect is enzyme dose-dependent, the use of increased enzyme 
charges on the pulp enhanced the bleaching performance of the in situ produced 
crude SSF enzymes, resulting in improved brightness of bleached pulp or 
reduced consumption of chlorine-containing bleach chemicals. 

The in situ crude SSF xylanases could induce bleaching effects comparable 
to those of commercially available enzyme products when applied in bleaching 
of e ucalyptus so da-aq pulp u nder the specified c onditions of t his s tudy. I n a n 
attempt to evaluate the cost-effectiveness of the biobleaching process, 
assessment of the bleaching performance of SSF and commercial enzymes was 
made. The commercial xylanases, however, were used at their pH and 
temperature optima whereas the crude SSF enzymes were applied on pulp at 
standardized (non-optimized) bleaching conditions. It was demonstrated that the 
cost-effectiveness of biobleaching with SSF enzymes could be improved over 
the use of commercial liquid enzyme products due to the significantly lower 
enzyme production costs associated with the SSF process. Thus, the SSF 
enzymes outperformed the commercial enzymes by 43% and 62.5% when 
compared at equal enzyme costs and equal bleaching efficiency, respectively. 
However, w hen u sed ate qual e nzyme c harges, t he c ommercial e nzymes were 
more efficient than the SSF enzymes. Apparently, mixing of the enzymes into 
the raw pulp, which is facilitated in the case of use of liquid commercial 
products, would be a crucial factor for the bleaching performance of the crude 
SSF enzymes. 

Since the costs of enzyme bleaching depend on the production costs and 
bleaching efficiency of xylanase, both fermentation technologies (liquid and 
SSF) will have to compete for a cutting edge in lowering the enzyme production 
costs. This study certainly demonstrates the great potential of the SSF process to 
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enhance the competitiveness of the enzymatic bleaching technology in the pulp 
and paper industry. 
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Chapter 17 

Characterization of the Activity Profile 
in Cellulases Derived from Recombinant Strains 

of Trichoderma reesei 
F. A . Zandoná1, P. D. Cancelier2, M . Siika-Aho 3, and L. P. Ramos2,* 

1Tuiuti of Paraná University, Curitiba, PR, Brazil 
2Research Center in Applied Chemistry (CEPESQ), Universidade Federal 

do Paraná (UFPR) P.O. Box 19081, Curitiba, PR, 
Brazil 81531-990 

3 V T T Biotechnology, P.O. Box 1500, FIN-02044, Espoo, Finland 

Enzyme preparations from eight deletion strains of 
Trichoderma reesei were characterized with regard to their 
activity profile against several model substrates, and 
subsequently compared to the complete cellulase system of the 
industrial preparation Celluclast 1.5L (Novozymes, Denmark). 
The recombinant enzymes (Röhm Enzyme Finland Oy, 
Finland) comprised of 4 single (A, CBH I-; B, CBH II-; C, EG 
I-; D, EG II-), 2 double- ( E, CBH I/II-, F, EG I/II-) and 2 tri-
deletion (G, EG II-/CBH I/II-; H, CBH II-/EG I/II-) enzymes. 
Compared to Celluclast 1.5L, deletion of both genes encoding 
for EG I and EG II (enzyme F) resulted in very little 
endoglucanase activity in the enzyme preparation, whereas the 
absence of both CBH I and CBH II (enzyme E) reduced filter 
paper activity by more than 75%. In general, for 
saccharification experiments in which less than 2% of the 
substrate was hydrolyzed to soluble sugars, EG-rich 
preparations (enzyme E at 200 mg/g) caused a considerable 
decrease in the degree of depolymerization (DP) of substrates 
with high amorphous character (e.g., filter paper fibers), 
whereas cellulose DP was not affected when substrates having 
a higher supramolecular organization were used (e.g., Avicel, 
Sigmacell or cotton fibers). By contrast, when CBH-rich 
preparations (enzyme F, 200 mg/g) were used, greater cellulose 
saccharification yields were observed (14%), and changes in 
cellulose DP were primarily due to the progressive removal of 
cellobiose residues from the termini of cellulose molecules. 

© 2003 American Chemical Society 285 

 
 c

h0
17

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



286 

Introduction 

The extracellular enzyme system produced by Trichoderma reesei is 
composed of three major enzyme components: endoglucanases (EC 3.2.1.4), 
exocellobiohydrolases (EC 3.2.1.91) and p-glucosidases (EC 3.2.1.21) (1,2). 
These enzymes are usually glycosylated, occur in multiple forms, have distinct 
specific activities, and except for EG III (see below), possess the ability to 
adsorb onto cellulose through a cellulose binding domain (3). In general, the 
random action of endoglucanases gradually increases the availability of cellulose 
chain ends, therefore increasing the specific surface area of the substrate for 
exoglucanase catalysis. At least five endoglucanases (EG I to V) have been 
identified in the cellulase system secreted by the soft-rot fungus T. reesei (2,4,5). 
On the other hand, two unrelated cellobiohydrolases (CBH I and II) have been 
described in the culture filtrate of this fungus (6), and these enzymes have been 
shown to act synergistically during the enzymatic hydrolysis of cellulose (2,7). 
In fact, it has been shown that CBH II exhibits some endoglucanase properties, as 
it was able to access substrate sites that are normally accessed by typical 
endoglucanases such as EG I and II (8,9). For this reason, Henrissat et al. (10) 
suggested a new nomenclature for cellulases that is based solely on structural 
features, i.e., the glycoside hydrolase families. 

One important issue about designing an ideal cellulase system is the full 
characterization of those enzyme components which are considered essential for 
hydrolysis. Hence, several authors have tried to study the kinetic behaviour of 
purified enzyme components using a wide variety of substrates ranging from 
chromogenic materials (11) to bacterial (12) and microcrystalline cellulose (13). 
As a result, the strategic combination of key specific activities would provide an 
effective way to reproduce or further improve the effectiveness by which 
cellulosic substrates are hydrolyzed (7). Through this working hypothesis, it is 
possible to establish a degree of synergism greater than those found in natural 
systems because highly complementary enzymes would be mixed at an optimal 
ratio (14,15). However, this ideal ratio may vary from one substrate to another, 
depending on its chemical composition and supramolecular structure. 

Enzyme purification is not only tedious but sometimes ineffective at 
isolating key components of the cellulase system without any cross-
contamination with endoglucanases. To circumvent this problem, several groups 
are actively working on the utilization of genetic engineering to enhance 
properties, specific activities and productivity of selected enzymes (7,15). Hence, 
the combination of these cloned enzymes may generate what once has been 
referred to as cellulases of fourth generation (16), and the best possible 
preparations may eventually arise from the combination of enzymes from 
heterologous systems. However, until these specialty enzymes are made 
available, other methods must be assessed to address the relative importance of 
each of the individual cellulase categories in the saccharification of cellulose. 

During the last few decades, genes for both cellobiohydrolases and 
endoglucanases have been cloned and characterized. With the further elucidation 
of the biological function of these genes through targeted transformation, many 
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different recombinant strains have been produced, and have been characterized 
by having genes either replaced or deleted from the genome of the parental 
strain. 

While transformations like these are usually of low frequency, Karhunen et 
al. (17) described for the first time the high frequency gene replacement 
technique in the T. reesei mutant VTT-D-79125. The expression of the EG I 
cDNA (egll) at the cbhl locus, under the control of the powerful 
cellobiohydrolase I {cbhl) promotor, produced a 2-fold increased in the 
endoglucanase activity of the transformant, and the one step gene replacement of 
CBH I cDNA reached a frequency as high as 63%. 

Based on the favorable results of this pioneering work, Suominen et al. (18) 
applied this one-step gene replacement technique to evaluate the effects of 
deleting individual cellulase genes. These experiments were aimed at targeting 
and replacing the genes that encode for EG I, EG II, CBH I and CBH II, 
producing four monodeletion transformants whose properties looked promising 
for several industrial applications such as biorefining or biopolishing of 
delignified pulp fibers. Based on their common genetic background, the authors 
stated that the only difference among the strains was the lack of one gene and its 
promoter. Nevertheless, CBH II was reported as the only enzyme whose 
production was affected by the deletion of other cellulase genes. 

Deletion of the gene encoding CBH I decreased protein secretion in the T. 
reesei culture filtrate by 40%, whereas monodeletion of CBH II, EG I or EG II 
did not change the total amount of protein produced by the parental strain (18). 
However, a 70% decrease in filter paper activity was observed as a result of CBH 
I deletion, and this effect was much more pronounced than that observed when 
the CBH II gene was deleted using the same technique. Likewise, by knocking 
out the gene encoding for both EG I or EG II, there was a decrease in the 
endoglucanase activity of the resulting enzyme preparation. However, the lack of 
EG II was more detrimental to the hydrolysis of both filter paper and 
hydroxyethylcellulose (HEC), suggesting that this endoglucanase component 
played a much more important role than EG I in the total hydrolysis of cellulose. 

Since the monodeletion strains from T. reesei mutant VTT-D-79125 were 
available, double- and trideletion strains were also constructed from this same 
parental strain and the properties of these recombinant enzymes have been the 
subject of both academic (19) and applied investigations (20). For instance, EG-
rich preparations were produced when both genes encoding for CBH I and II 
were deleted. Preparations like this have important applications in the hydrolysis 
of amorphous cellulose derivatives, and have been proposed for several industrial 
processes including biopolishing of textile fibers (21), biobleaching of kraft 
pulps (22) and fiber modification in pulp and paper manufacturing (23-26). 

The main focus of this work is the characterization of the activity profile of 
several recombinant enzymes with the aim of establishing a direct evidence to the 
relative importance of each enzyme component on the hydrolysis efficiency of 
model substrates. 
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Material and Methods 

Enzymes 

The commercial enzyme preparation used in this study, Celluclast 1.5L (C 
1.5L), was kindly supplied by Novozymes (Denmark), whereas the recombinant 
enzyme preparations were gifts from Rohm Enzyme Finland Oy (Finland). These 
enzymes were formerly classified as mono, di and tri-deletion enzymes, namely 4 
single (A, CBH I-; B, CBH II-; C, EG I-; D, EG II-), 2 double- (E, CBH I/II-; F, 
EG I/II-) and 2 tri-deletion enzymes (G, EG II-/CBH I/II-; H, CBH II-/EG I/II-). 

Protein content was determined using the Bradford assay employing 
Coomassie staining, and the Lowry assay after protein precipitation with 
trichloroacetic acid (TCA) (27). 

Determination of enzyme activities against model substrates 

The activity profile found in each enzyme preparation was determined 
according to I.U.P.A.C. recommendations (27) using the following substrates: 
filter paper Whatman No. 1 (FP, Sigma), carboxymethylcellulose of medium 
viscosity (CMC, Sigma), hydroxyethylcellulose (HEC, Fluka), oat spelt xylan 
(OSX, Sigma), larchwood xylan (LWX, Sigma), cellobiose of analytical grade 
(Sigma) and p-nitrophenyl-P-D-glucoside (PNPG, Sigma). Activity against p-
nitrophenyl-P-D-lactoside (PNPL, Sigma) was carried out in the presence of p-
glucosidase (D-glucono-l,5-P-lactone) and/or CBH (cellobiose) inhibitors (11), 
whereas Azocasein (AZC, Sigma) was used as substrate for protease activity 
according to Leighton et al. (28). 

Reducing sugar release was monitored in several of these assays by 
dinitrosalicylic acid (DNS) (27), whereas filter paper and cellobiose hydrolysates 
were analyzed by high performance liquid chromatography (HPLC). By contrast, 
UV spectroscopy at 405 nm (Varian, model Cary 100) was used to determine 
activity against chromogenic substrates such as PNPG and PNPL (11). 

HPLC analyses of enzyme hydrolysates were performed using a Shimadzu 
HPLC (Kyoto, Japan) workstation, model LC10AD, provided with a SIL10A 
autosampler and two detectors arranged in series, model SPD10A for UV 
spectroscopy and model RID10A for refractive index. The HPLC analysis was 
performed at 65°C in an Aminex HPX-87H column (Bio-Rad) at 65°C and 
elution was carried out isocratically with 8 mM H 2S0 4 at 0.6 mL min"1. 

Enzymatic hydrolysis of cellulosic materials 

Enzymatic hydrolysis of cellulosic substrates was performed at 2% (m/m) 
substrate consistency in 2 mL of a 50 mM sodium acetate buffer, pH 4.8, for 2 h 
at 50°C, using an enzyme loading of 200 mg protein/g substrate and agitation at 
every 15 min. Due to their differences in origin, accessibility and degree of 
polymerisation, four cellulosic substrates were chosen for this experiment: Avicel 
PHI01 (Fluka), Sigmacell Type 50 (Sigma), freeze-dried Whatman #1 filter 
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paper fibers (Whatman) and alkali-washed cotton fibers (Johnsson). The reaction 
was stopped by transferring the reaction mixture to an ice bath. HPLC analyses 
of enzyme hydrolysates were performed using a Shimadzu HPLC (Kyoto, Japan) 
workstation as described previously. The hydrolysis residue was isolated by 
centrifugation, washed thoroughly with water and freeze-dried prior to 
carbanylation. A minimum of two replicates were carried out for each of the 
enzyme treatments, as well as for the analytical procedures used to determine 
hydrolysis yields and changes in the degree of polymerization of cellulose. 

Determination of the degree of polymerization of cellulose 

The molecular mass distribution of cellulose was obtained by gel permeation 
chromatography (GPC) of their tricarbanyl derivatives. The procedure used for 
carbanylation (29) was an adaptation of the method previously described by 
Schroeder and Haigh (30) and Miller et al. (31). Approximately 50 mg of the 
freeze-dried fibers were placed in a vial and dried over phosphorus pentoxide for 
24 h. To the dry residue, 0.5 mL of phenyl isocyanate and 3 mL of dry pyridine 
were added and the vials were tightly sealed. The reaction was carried out in a 
heating block at 80°C for 48 h. The reaction mixture was constantly 
homogenized in a Vortex during the reaction to allow better contact between 
sample and reagents. After cooling, the reaction was stopped by adding 1 mL of 
methanol. The carbanylated residue was precipitated in a mixture of 
methanol .water (4:1, v/v) and washed thoroughly to remove any residual 
pyridine. The resulting derivative was then freeze-dried from a water suspension 
and kept in a desiccator against phosphorus pentoxide. 

The GPC analysis of the tricarbanyl derivatives was carried out using a 
Shimadzu LC10AD liquid chromatograph. The tricarbanylated samples were 
solubilized in tetrahydrofuran (THF, 0.5-1.0 mg.mL"1) and filtered through a 
Teflon membrane with a pore size of 0.45 fxm. Analyses were carried out by 
auto-injection (Shimadzu SIL10A) on a series of one guard column and four 
Tosoh TSK-GEL (type H8) columns at 45°C, with exclusion limits ranging from 
4xl0 7 to lxlO 3 units of molecular mass. THF was the elution solvent at a flow 
rate of 1 mL.min"1, and detection was performed by UV spectroscopy (Shimadzu 
SPD10A) at 240 nm. The large peak eluting after a retention volume of 38 mL 
was attributed to the reagents and reaction by-products (32). 

The GPC calibration curve was generated from the elution profile of twenty 
monodisperse polystyrene standards. Universal calibration was carried out 
according to Valtasaari and Saarela (33) based on the Mark-Houwink 
coefficients for cellulose tricarbanyl ate in THF (K c = 2.01 X 10"5, a c = 0.92) and 
polystyrene in THF (K p = 1.18 X 10*4, a p = 0.74). A typical dispersion of 2-3% 
was observed in our bimodal calibration curve as a result of quadratic fitting. 
Both the number average (MM N ) and the mass average (MM M ) molecular mass 
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of cellulose tricarbanylate were determined as described previously (34). The 
degree of polymerisation (DP) of cellulose was obtained by dividing the 
molecular mass of the tricarbanylated polymer by the corresponding molecular 
mass of the tricarbanyl derivative of anhydroglucose (DP = MM/519) (29). 

Results and Discussion 

The catalytic properties of eight enzyme preparations derived from 
genetically modified T. reesei strains (Rohm Enzyme Finland Oy) have been 
investigated and compared. We attempted to ascertain whether these properties 
could be correlated with the relative importance of both major endoglucanases 
(EG I and II) and cellobiohydrolases (CBH I and II) on the efficiency of 
hydrolysis of model substrates and other cellulosic materials. 

Initially, the protein content of each enzyme preparation was determined. 
Both Lowry and Bradford assays (27) resulted in similar ranges of protein 
contents, but the former assay, carried out after protein precipitation with TCA 
10%, provided better accuracy and lower standard deviations in experiments 
carried out in triplicates (Table I). For this reason, the Lowry assay was chosen 
as the method of choice for the determination of protein in this study. 

Protein content varied considerably among the recombinant enzymes 
because these preparations have been concentrated to varying degrees after 
cultivation. Both preparations void of CBH I (enzyme A) and CBH II (enzyme 
B) were characterized by having low protein content (22.1 and 31.3 mg/mL, 
respectively), whereas higher protein contents were detected in those 
preparations in which at least one of the two major EG components of T. reesei 
(EG I and II) was missing (Table I). On the other hand, the protein content in 
double and trideletion enzymes varied between 37 mg/mL for enzyme G (lacking 
CBH I, CBH II and EG II) and 67 mg/mL for enzyme E (lacking CBH I and 
CBH II). 

Because the enzyme system produced by the parental strain VTT-D-79125 
was not available for this study, comparisons had to be made with another T. 
reesei complete cellulase system. For this purpose, Celluclast 1.5L (C 1.5L) was 
shown to have relatively high filter paper (FPase) and carboxymethylcellulase 
(CMCase) activities, while its p-glucosidase activity was very low (Table I). 

Deletion of the gene encoding for CBH I (enzyme A) resulted in a 
proportional increase in the specific activities of the remaining cellulases, but the 
FPase activity decreased considerably in the enzyme system (Table II). 

Likewise, deletion of CBH II (enzyme B) had a similar effect on FPase 
activity and this was in contradiction to the preliminary work of Suominen et al. 
(18), who demonstrated that, when activities were expressed in relation to the 
amount of protein secreted, the FPase activity in enzyme A corresponded to only 
70% of the FPase activity found in enzyme B. 
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The FPase activities of enzymes A (CBH I-) and B (CBH II-) were lower 
than those determined in enzymes C (EG I-) and D (EG II-), suggesting that the 
effective saccharification of filter paper depends upon the availability of both 
CBHs for hydrolysis. However, the filter paper assay measures the release of 
reducing sugars in aqueous media, and do not account for the catalytic action of 
endoglucanases that act in the middle of the cellulose chains and generate 
oligosaccharides that remain adhered to the cellulose surface after partial 
hydrolysis. On the other hand, double deletions of both EG I and II (enzyme F) 
had the same effect on FP activity than any of the two monodeletions on EG I 
and II. Possibly, the decrease of endo-exo synergism was compensated by the 
increased dosage of CBHs as their relative portion in the preparation increased. 

The lowest FPase activity (0.015 IU/mg) among all recombinant enzymes 
was detected in enzyme G, which corresponded to a trideletion of CBH I, CBH II 
and EG II. Therefore, this enzyme contains only EG I plus other minor 
endoglucanase components found in T. reesei. Interestingly, the other trideletion 
enzyme involved in this study, which was composed almost exclusively of CBH 
I, had an FPase activity of only 0.19 IU/mg. This low FPase activity probably 
accounts for the absence of synergism when CBH I is acting alone, without the 
cooperation of the other main cellulases of the complex (CBH II, EG I and II). 

The endoglucanase activity of each enzyme preparation was determined 
against two model substrates, CMC and HEC. The former is the classical 
substrate for determining endoglucanase activity but the use of the latter offers 
several advantages because HEC solutions have lower viscosity than equivalent 
CMC solutions and the assay is carried out for shorter incubations times (10 
min). These two advantages have the following benefits: (a) the assay is faster 
and easier to handle; (b) due to the lower viscosity of the HEC solution, an 
increased substrate availability is attained at equivalent substrate concentrations; 
(c) lower viscosities also result in better mass transfer during the assay; and (d) 
shorter residence times provide activity measurements during the initial rate of 
hydrolysis, avoiding undesired effects such as end-product inhibition. 

According to the IUPAC recommendations (27), CMCase activities in 
cellulase preparations are reported in international units (IU/mL or IU/mg), 
whereas HECase activities are expressed in nanokatals (nkat/mL or nkat/mg). 
However, differences in the procedures used to carried out these assays may be 
influential enough to compromise a direct comparison between the susceptibility 
of these substrates to endoglucanases (see above). In general, CMCase activities 
expressed in IU/mg were lower than HECase activities expressed in nkat/mg 
(Table II). However, when both substrates were assayed according to the same 
experimental procedure, little difference was observed in the ability of 
independent enzyme preparations to hydrolyze CMC or HEC, suggesting that 
endoglucanases such as EG I and II present similar activities against these 
cellulose derivatives, regardless of differences in their chemical structures (data 
not shown). 

Specific endoglucanase activity when EG II was the only EG present in the 
enzyme preparation (enzyme C, 165.97 nkat/mg on HEC) was about 1.6 times 
higher than that observed when EG I was the predominant EG (enzyme D, 
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107.08 nkat/mg on HEC) (Table II). Considering that the specific activity of EG 
II on HEC is nearly two times as high as that of EG I (35), this suggests that the 
amounts of EG I and II (as protein) were more or less the same in these 
recombinant enzymes. 

The enzyme lacking both CBH I and II that contained both major 
endoglucanases (enzyme E) displayed the highest activity against CMC and HEC 
(Table II). The main reason for this was likely an increase in the relative amount 
of endoglucanases when the major enzyme component CBH I was omitted from 
the mixture. On the other hand, the complete absence of both EG I and II 
(enzyme F) resulted in a dramatic decrease in the endoglucanase activity of the 
preparation, and the remaining activity was probably due to other T. reesei 
endoglucanase components such as EG III. 

Enzyme A (CBH I-) was shown to have an activity against CMC of 28.61 
IU/mg (149.97 nkat/mL against HEC), whereas only 11.72 IU/mg (124.87 
nkat/mL against HEC) could be detected in the preparation which lacked CBH II 
(enzyme B). Suominen et al. (18) observed that the deletion of CBH I increased 
both endoglucanase and p-glucanase activities in relation to the parental strain, 
and this was attributed to a possible increase in EG II secretion as a result of the 
CBH I knock-out. Therefore, the occurrence of higher EG II levels in enzyme A 
may have been responsible for its higher endoglucanase activity. Likewise, 
enzyme E is derived from a T. reesei transformant deficient in both CBH I and II 
and its endoglucanase activity should have been equivalent or even greater than 
that observed for enzyme A. Indeed, both HECase and CMCase activities in 
enzyme E were nearly 2.24 and 1.13 times greater than those detected in enzyme 
A, characterizing a probable summation of the effects derived from the deletion 
of both CBH I and II. 

The best enzyme preparations against CMC had also the highest levels of 
xylanase activity, and this appeared to be related to the lack of CBH I and/or to 
the occurrence of the xylan-degrading EG I in the enzyme mixtures (Table II). 
When enzyme A (CBH I-) was assayed against oat spelt xylan (OSX), an activity 
of 11.31 IU/mg was found, whereas an even higher xylanase activity of 19.15 
IU/mg was detected in the enzyme missing of CBH I and II (enzyme E). In fact, 
these correspond to a xylanase activity 5- to 6-fold higher than that of Celluclast 
1.5L. Both EG I- enzymes (C and F) showed the lowest xylanase activity against 
OSX (1.92 and 1.06 IU/mg, respectively), with both CBH II- (enzyme B) and EG 
II- (enzyme D) preparations falling at an intermediate activity range of 3.82 to 
5.20 IU/mg. On the other hand, the highest OSXase activity (31.50 IU/mg) was 
found in the trideletion enzyme G (EG II-, CBH I/II-). In general, replacement of 
OSX by birch wood xylan (BWX) decreased the xylanase activity of all enzymes, 
except the double deletion enzyme F. Since these substrates differ in both origin 
and chemical composition (BWX is almost exclusively composed of xylose, 
whereas OSX contains other carbohydrates such as arabinose), differences in 
enzyme activities were somewhat expected. 

Compared to Celluclast 1.5L, all of the recombinant enzymes used in this 
study had an enhanced ability to release /7-nitrophenol (PNP) from p-nitrophenyl-
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p-D-glucoside (PNPG) (Table III). As a result of this higher P-glucosidase 
activity, glucose was always the main reaction product obtained during 
hydrolysis of substrates such as filter paper. Likewise, Suominen et al. (18) 
demonstrated that the monodeletion of CBH I or C B H II (enzymes A and B, 
respectively) resulted in the secretion of P-glucosidase activities higher than that 
of the parental strain. This suggests that the P-glucosidase activity in the culture 
broths of the T. reesei VTT-D-79125 mutant strain (4.8 nkat/mg of PNPGase 
activity according to Suominen et al.) is higher than that of Celluclast 1.5L. 

The PNPGase activity found in most of the recombinant enzymes fell within 
0.70 and 0.85 U/mg (Table III). Only one enzyme had a PNPGase activity lower 
than this (0.41 IU/mg for enzyme C). By contrast, monodeletion of either CBH I 
(enzyme A) or CBH II (enzyme B) resulted in greater PNPGase activities (1.33 
and 1.25 IU/mg, respectively). Activity of the recombinant enzymes against 
cellobiose was similar to that observed against PNPG, except for those systems 
in which CBH I was absent. Enzymes A (CBH I-less), E (CBH I/II-less) and G 
(EG II, CBH I/II-less) had cellobiase activities as high as 2.03, 2.75 and 3.15 
IU/mg. These results were in fair agreement with Suominen et al. (18), who 
demonstrated that replacement and/or deletion of both CBH I and II caused an 
increase in p-glucosidase secretion, an effect that was greater when CBH I was 
the target enzyme for transformation. 

CBH activity was determined in the recombinant enzymes by measuring the 
difference in PNP release from PNPL in the presence and absence of cellobiose, 
with D-glucono-1,5-P-lactone added as a P-glucosidase inhibitor (Table III). Al l 
of the CBH-rich enzymes (Celluclast 1.5L, F and H) displayed differential 
activities beyond 0.4 IU/mg (0.6, 0.47 and 0.40 IU/mg, respectively). However, 
no suitable explanation has yet been found to explain the relatively high 
differential activity found in enzyme E (0.29 IU/mg). 

Since T. reesei produces proteases under certain fermentation conditions, 
and the hinge domains of CBH I and other cellulases are susceptible to protease 
cleavage, protease activity was measured in all of the recombinant enzymes used 
in this study (Table III). Interestingly, a residual protease activity was found in 
most of the recombinant enzyme preparations. Removal of CBD from CBH I 
(36) or from other T. reesei cellulases does not change their mode of action on 
soluble substrates or pulp (35), but the efficiency by which cellulose is 
hydrolyzed is partially lost together with their ability to adsorb onto the substrate. 
Efforts are now being made to investigate this issue because the occurrence of 
partial proteolysis in these samples could explain why some of the recombinant 
enzymes behaved differently from what one would generally expect. 

Hydrolysis of cellulosic materials by the recombinant enzymes 

To investigate the actual performance of the recombinant enzymes in 
hydrolyzing cellulose, four substrates with distinct chemical properties and 
supramolecular organization were chosen: Avicel PH101, Sigmacell type 50, 

 
 c
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freeze-dried Whatman #1 filter paper fibers and fully bleached cotton fibers. 
Hydrolyses were carried out for 2 h at high protein loadings (200 mg/g), and 
release of soluble sugars was monitored in each reaction hydrolysate by HPLC. 

The effect of the recombinant enzymes against cellulosic materials of high 
supramolecular organization (Avieel, Sigmacell and cotton fibers) was shown to 
be lower than that obtained when filter paper was used as substrate for hydrolysis 
(Table IV). This was in agreement with previous findings that highly crystalline 
cellulosic materials have a tighter supramolecular organization that restricts 
swelling and limits the yield by which cellulose is hydrolyzed. Enzyme E 
(depleted of CBH I and II) had the lowest activity against these recalcitrant 
substrates, whereas all of the CBH-containing enzyme preparations were capable 
of hydrolyzing Avicel, Sigmacell and cotton fibers to some extent. 

Hydrolysis with the recombinant enzymes also resulted in different ratios of 
glucose-to-cellobiose (Gle:Glc2) in the enzyme hydrolysates. When Sigmacell 
was used as a substrate, the highest GIc:Glc2 ratios were produced by enzymes 
deficient in either CBH I or II. Glucose was the only hydrolysis product 
produced by enzyme E because the cellobiose concentration was below the 
lowest detection limit of the method, whereas enzyme A produced a Glc:Glc 2 

ratio of 17.6:1 (m/m) and enzyme B, 21.3:1 (m/m). These increased Glc:Glc 2 

ratios were attributed to the lack of exoglucanase activity in these enzyme 
preparations, as well as to their high cellobiase activity (Table III). Likewise, EG 
deficient enzymes (enzymes C, D and F) produced lower Glc:Glc 2 ratios in 
Sigmacell hydrolysates (within 8.8:1 to 10.7:1) because of their relatively low 
cellobiase activity and high CBH content. By contrast, Celluclast 1.5L resulted in 
the lowest Glc:Glc 2 ratio (2.9:1) because (a) it is primarily composed of 
cellobiohydrolases and (b) exhibits little cellobiase activity. 

Despite their rather large differences in cellulose DP (Table V), Sigmacell, 
Avicel and cotton fibers provided similar hydrolysis yields for all of the enzyme 
preparations tested herein (Table IV), and this seemed to be related to the high 
degree of crystallinity of these substrates. Nevertheless, powdered cellulosic 
materials were always hydrolyzed to a greater extent than cotton fibers and we 
have attributed this to their higher availability of chain ends. On the other hand, 
freeze-dried filter paper fibers yielded the highest levels of enzymatic hydrolysis 
because of their higher degree of fiber porosity and supramolecular disorder. 

The mode of action of the recombinant enzymes was further investigated by 
measuring the degree of polymerization (DP) of cellulose before and after 
hydrolysis with the double-deletion enzymes E and F. In general, enzyme E could 
not hydrolyze more than 2% of the above mentioned substrates in relation to their 
dry mass (Table IV), and the hydrolysis of Avicel (average DPw of 277 AnGlc, 
Figures 1A), Sigmacell (average DPw of 319 AnGlc, Figures IB) and bleached 
cotton fibers (average DPw of 2310 AnGlc, Figures 2A) resulted in very small 
variations in cellulose DP (that is, little hydrolysis had occurred in all cases) 
(Table V). However, a considerable shift in the cellulose DP distribution was 
observed when freeze-dried filter paper fibers (average DPw of 1829 AnGlc, 
Figure 2A) were used as substrates for hydrolysis (Table V, Figures 2B). 
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Table IV. Enzymatic hydrolysis of cellulosic materials (2 h at 45°C) under 
equivalent protein loadings of 200 mg/g of cellulose. 

Glucose yield (%, m/m) upon hydrolysis of: 
Enzyme Sigmacell Avicel Cotton fibers Filter paper 

A 3.18 All 0.98 7.89 
B 2.56 3.02 1.95 9.19 
C 3.06 3.59 1.66 9.15 
D 3.96 4.4 2.98 11.73 
E 0.83 1.82 0.39 1.89 
F 5.84 6.27 2.1 14.01 
G 1.25 0.93 0.36 1.91 
H 1.2 2.18 1.25 5.79 
C 1.5L 8.12 5.82 4.19 13.86 

Table V. Effect of the enzyme treatment on the degree of polymerization 
and polydispersity (P) of cellulosic substrates 

Substrate Untreated Treated with E Treated with F Substrate 
DPW DPn P DPW DPn P DPW DPn P 

Avicel 277 74 3.76 273 75 3.64 259 12 3.60 
Sigmacell 319 90 3.52 334 98 3.38 346 100 3.46 
Filter paper 182 270 6.78 106 163 6.54 113 190 5.97 

9 8 6 
Cotton 231 313 7.37 232 278 8.38 239 301 7.94 

0 7 0 

 
 c
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1 10 100 1000 10000 
Cellulose DP (AnGlc units) 

1 10 100 1000 10000 
Cellulose DP (AnGlc units) 

Figure 1. Effect of the enzyme treatment on the degree ofpolymerization (DP) of 
Avicel (A) and Sigmacell (B). 
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This observation was readily attributed to the high endoglucanase activity of 
enzyme E, because both EG I and II have very limited action against substrates 
with high molecular order and crystallinity indexes (e.g., Avicel, Sigmacell and 
cotton fibers). By contrast, even though the release of soluble sugars would not 
account for more than a 2% mass loss, enzyme E caused a significant shift in the 
cellulose DP of Whatman #1 filter paper fibers because this substrate is not as 
well organized as microcrystalline cellulose and cotton fibers. This kind of rapid 
depolymerization of cellulose during the early stages of hydrolysis using 

Trichoderma cellulases has been attributed to the random attack of 
endoglucanases at the more exposed, accessible regions of the substrate (37,38). 
Interestingly, a similar DP profile was also obtained from partially hydrolyzed 
substrates derived from enzyme F, a CBH I-rich preparation. In this case, 
changes in cellulose DP were due primarily to the progressive removal of 
cellobiose residues from the termini of cellulose molecules, probably causing a 
considerable reduction of the length of the cellulose crystallite (37,39,40). 
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Chapter 18 

Amplification of Cellulase Genes and Cellulase 
Hyperproducers in Trichoderma: Minireview 

H . Toyama, T. Hotta, N . Yamagishi, and N . Toyama 

Department of Food Science and Technology, Faculty of Horticulture, 
Minamikyushu University, Takanabe, Miyazaki 884-0003, Japan 

Nuclear diameter in conidia and mycelia of Trichoderma reesei could be 
enlarged by a mitotic arrester, colchicine. This result means that chromosomes, 
including cellulase genes can be amplified by such reagent. Using this reaction, 
we constructed cellulase hyperproducers of this fungus. A haploidizing reagent, 
Benomyl, was used in order to carry out chromosomal (genetical) 
recombination. As the primary selection, double layer selection medium 
including selection substrates, Avicel, wood powder, or absorbent cotton 
contributed to selecting hyperproducers. As the secondary selection, Avicel 
liquid medium test could be used. In this report, we demonstrate the nuclear 
changes by colchicine treatment and the consequent pathway of selection of 
cellulase hyperproducers in Trichoderma. 

Trichoderma is known producer of stable cellulase in high yields, and is 
widely utilized for industrial cellulase production (1,2). The cellulase from this 
fungus is also widely used for processing of foods such as baby foods ( 3 ). This 
enzyme also contributes to recycling of cellulosic wastes ( 4 ). However, the 
cellulase productivity of this fUngus is inadequate for many purposes and 
productivity needs to be increased ( 5 ). Colchicine is a well-known mitotic 
arrester and is widely used for plant breeding ( 6 ). In the breeding of 

304 © 2003 American Chemical Society 
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Trichoderma, chemical mutation techniques and / or genetic engineering 
techniques are usually applied (7,8). Therefore, we attempted to construct an 
alternative breeding system for this fungus using autopolyploidization and 
haploidizing techniques. 

Autopolyploidization 

Colchicine treatment of normal conidia 

Dried green mature conidia (mononucleate) of Trichoderma were incubated 
statically in Mandels' medium containing 1.0% (w/v) glucose (Wako), 0.5% 
(w/v) peptone (Difco), and 0.1% (w/v) colchicine (Wako) (pH 6.0) at 28°C. 
Nuclear changes were observed by nuclear staining with Giemsa and DAPI 
solutions. During colchicine treatment, the diameter of the nuclei continued to 
increase (9 ). After about 7 days of incubation, multiple smaller nuclei were 
generated from the single larger nucleus (autopolyploid nucleus) in a conidium. 
It is suspected that one larger nucleus was collapsed in a narrow conidium 
followed by the generation of multiple smaller nuclei. As a result, a 
multinucleate conidium was produced. This phenomenon is called 
multinucleation. When the colchicine treatment was prolonged, multiple minute 
nuclei were generated from nuclei in a conidium. We call this micronucleation. 

Colchicine treatment of swollen conidia 

Dried green mature conidia were incubated in Mandels* medium containing 
1.0% glucose and 0.5% peptone (pH 6.0) for 10 h at 28^ using a rotary shaker 
to prepare swollen conidia (10). These swollen conidia were incubated without 
shaking in Mandels1 medium containing 1.0% glucose, 0.5% peptone, and 0.1% 
colchicine (pH 6.0) at 28°C. As the inner volume of these swollen conidia was 
larger than that of the original conidia, larger autopolyploid nuclei could be 
produced in the swollen conidia. The nuclear changes in a swollen conidium 
were the same as those in the original conidium during colchicine treatment. 
Multinucleation and micronucleation also occurred. 

Colchicine treatment of the mycelial mat 

A mycelial mat (10 mm x 10 mm) of this fungus was incubated without 
shaking in Mandels1 medium containing 1.0% glucose, 0.5% peptone, and 0.1% 
colchicine at 28°C, and nuclear changes were observed by nuclear staining with 
Giemsa solution and DAPI solution. Autopolyploidization, multinucleation, and 
micronucleation were also observed in the mycelia during colchicine treatment. 
Many nuclei appeared when multinucleation occurred in the mycelia ( 11 ). 

 
 c
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Therefore, we called this structure a polykaryon. The nuclear diameter of 
autopolyploid nuclei was not uniform because these nuclei were not 
synchronized before the experiments. 

Multinucleation 

Multinucleation occurred when conidia or mycelia containing autopolyploid 
nuclei were treated with chemical reagents, e.g., higher concentrations of 
colchicine (2%), coumarin (Wako), or trypan blue (Wako), and when such 
conidia or mycelia were incubated at higher temperatures (12). Micronucleation 
also occurred on prolongation of this treatment. However, multinucleation was 
distinguished from haploidization because it was unknown whether genetic 
recombination occurred. 

Haploidization 

Benomyl treatment of swollen conidia in the liquid medium 

When the swollen conidia containing autopolyploid nuclei were incubated 
without shaking in Mandels' medium containing 1.0% glucose, 0.5% peptone, 
and 0.6 /x g/ml benomyl (Sigma) (pH 6.0), multiple smaller nuclei were 
generated from the single larger nucleus (autopolyploid nucleus) in a swollen 
conidium. The diameter of such smaller nuclei decreased when the treatment 
time was prolonged. White colonies appeared with a high frequency on the 
medium when such conidia were spread on a potato dextrose agar (PDA) 
medium containing 0.1% (v/v) Triton X-100 (Wako) followed by incubation at 
28°C. 

Benomyl treatment of swollen conidia on the solid medium 

There were few white colonies when the swollen conidia containing 
autopolyploid nuclei were incubated on a PDA medium containing 0.1% Triton 
X-100 and 0.6 \x g / ml benomyl (pH 6.0) at 28°C. Almost all of the colonies 
generated green conidia. 

Benomyl treatment of mycelial mat on the solid medium 

Fan-shaped sectors were produced around the colony when a mycelial mat 
containing autopolyploid nuclei was incubated on the PDA medium containing 
0.6 ii g / ml benomyl (pH 6.0) at 28°C (13 ). Some sectors generated white 

 
 c
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conidia. The diameter of nuclei in these sectors was almost the same as that of 
the original strain. 

Successive autopolyploidization and haploidization 

When a haploidized mycelial mat ( a fan-shaped sector) was incubated in 
Mandels' medium containing 1.0% glucose, 0.5% peptone, and 0.1% colchicine 
again at 28°C, autopolyploidization occurred again, and the nuclear diameter 
also increased. Haploidization could be also carried out on such mycelial mats 

Nuclear changes and cellulase productivity 

Changes in cellulase productivity of colchicine-treated conidia 

Green mature conidia were incubated in 0.001% or 0.01% (w/v) colchicine 
solution for 24 h at 28°C using a reciprocal shaker (125 strokes / m). These 
treated conidia were collected and spread on PDA medium containing 0.1% 
Triton X-100 followed by incubation for 4 days at 28°C. Two colonies that 
produced a deeper yellow pigment were isolated. One yielded mononucleate 
conidia and the other binucleate conidia. The colony with mononucleate conidia 
was named strain A and the binucleate conidia colony was named strain B. The 
conidia derived from A and B were re-treated with 2.0% colchicine for up to 10 
days. Colonies were isolated by plating treated conidia on PDA plates containing 
0.1% Triton X-100 followed by incubation for 4 days at 28°C. Two colonies that 
generated multinucleate conidia were selected from among 26 (strain A) and 32 
(strain B) colonies, respectively, by nuclear staining. The colony derived from 
strain A was named strain C and the other derived from strain B was called strain 
D. One loopful of conidia was grown in 50 ml of Mandels' medium containing 
1.0% (w/v) Avicel and 0.5% (w/v) peptone (pH 5.0) in a 100-ml Erlenmeyer 
flask for 5 days using a rotary shaker (160 rpm) at 30°C. Mycelia were then 
removed on a 3G-3 glass filter and the filtrate was used as the source of cellulase. 
Avicel-hydrolyzing activity, CMC-hydrolyzing activity, and Salicin-hydrolyzing 
activity were measured using 1.0% Avicel, 1.0% CMC-Na 
(carboxymethylcellulose sodium-salt) (D.S. 0.7), and 1.0% Salicin (Wako), 
respectively, suspended in 0.1 M acetate buffer (pH 5.0) as substrates. Enzymes 
(2ml) and substrates (4ml) were mixed and incubated for 60 min at 40°C. The 
enzyme reaction was then stopped by addition of 0.1 N HC1. The amount of 
glucose generated was measured using the Glucose-test Wako (Wako). Enzyme 
activity was defined as the amount of enzyme that produces 1 /x mol of glucose 
per min. Avicel hydrolyzing activity, CMC hydrolyzing activity, and Salicin 
hydrolyzing activity were compared among the conidial variants (strain A, B, C, 

 
 c
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and D). The cellulase productivity of the conidial strains A increased more than 
that of B and the productivity increased in both C and D as shown in Table 1 
(15). 

Changes in cellulase productivity of colchicine-treated mycelia 

We attempted to select the strains with higher Avicel degrading activity 
from among the conidia of the haploidized colony derived from colchicine-
treated mycelial mat using the double-layer selection medium (for primary 
selection) and Avicel liquid medium (for secondary selection) (16). For the 
primary selection, 96 ml of the Mandels1 medium containing 1.0% Avicel, 0.5% 
peptone, 1.0% (w/v) substrate, 0.1% Triton X-100,1.5% agar, and conidia (the 
bottom layer medium) was added to a deep glass plate (150 mm in diameter and 
60 mm in depth) and left at 4°C in order to harden the agar. After hardening agar, 
196 ml of Mandels' medium containing 1.0% Avicel, 0.5% peptone, 1.0% 
substrate, 0.1% Triton X-100, and 1.5% agar (the upper layer medium) was 
added on the bottom layer medium followed by hardening of the agar at 4°C. 
Avicel, wood powder (Fagus crenata), and absorbent cotton (for medical use) 
were used as the substrates for selection. Ten loopfuls of the conidia generated 
on the haploidized colony were incubated in the medium for primary selection 
for 6 days at 28°C. The colonies which could break thorough the selection layer 
were used for the secondary selection. Ten colonies were selected on the 
selection medium containing Avicel, four colonies were selected on the selection 
medium containing absorbent cotton, and four colonies were selected on the 
selection medium containing wood powder. 

The Mandels' medium containing 1.0% Avicel and 0.5% peptone was 
used (pH 5.0) as the Avicel liquid medium for the secondary selection. A 
mycelial mat (2 mm x 2 mm) of the colonies selected by the primary selection 
was added to the medium for secondary selection and incubated by a rotary 
shaker (TAITEC NR-30, Koshigaya, Japan) (80 rpm) at room temperature (16 -
23°C). After the Avicel liquid medium became transparent, the amount of Avicel 
sedimentation was observed by leaving it for 1 h. T. reesei Rut C-30 took 6 days 
to make the Avicel liquid medium transparent whereas strains selected by Avicel, 
AV-1 and AV-2, took 4 days to make the medium perfectly transparent as shown 
in Fig. 1. The strain selected by absorbent cotton, AB-1, and those selected by 
wood powder, BU-1 and BU-2 could also make the medium transparent after 4 
days of incubation. All of the selected strains were compared with T. reesei Rut 
C-30 in cellulose hydrolyzing activity by wheat bran culture. A mycelial mat (2 
mm x 2 mm) of the selected strains was added to flasks of the wheat bran 
medium and incubated at 28°C for 6 days and these flasks were shaken once a 
day. After incubation, 15 ml of 0.1 M acetate buffer (pH 5.0) was added, stirred 
using a glass rod, and left to stand for 1 h. The enzyme solution was then 
extracted from the wheat bran culture using a nylon cloth. The extracts were 

 
 c
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Figure 1. Results of secondary selection using Avicel liquid media test 
OLapsetime 0 1 2 3 4 5 6 
Rut C-30 ===== — = > 
Strains selected by Avicel 
AV-1 = -=> 
AV-2 —> 
AV-3 - = = > 
AV-4 — => 
AV-5 = => 
AV-6 = = - > 
AV-7 _ = > 
AV-8 > 
AV-9 — —=> 
AV-1Q = = - - — - = > 

Strains selected by Absorbent cotton 
AB-1 = = = = = _ = > 
AB-2 ===============================> 
AB-3 = = = = = 
AB-4 = = = — = = — — — > 

Strains selected by Wood powder 
BU-1 ======™===========> 
BU-2 = = -=> 
BU-3 — > 
BU-4 — = - — = > 
A mycelia mat (2mm * 2 mm) was added to the liquid Mandels' medium 
containing 1.0% (w/v) Avicel and 0.5% (w/v) peptone (pH 5.0) and incubated 
for 6 days at room temperature (16-23°C) suing a rotary shaker (80 rpm). The 
degree of transparency of the medium and the amount of Avcel sedimentation 
were compared everyday. The arrows show the time necessary for making the 
medium transparent 

(Reproduced with permission from reference 16. Copyright 2002 Humana Press, 
Inc.) 
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centrifuged at x 5510 g, and the top clear portion was used as the enzyme 
solution. As substrates for the enzyme reactions, 1.0 g of Avicel, CM-cellulose 
(Wako), or Salicin (Wako) were added to 99 ml of 0.1 M acetate buffer (pH 5.0) 
followed by 0.2 ml of enzyme solution and 4.0 ml of substrate mixed, and 
incubated for 60 min at 40°C using a reciprocal shaker (THOMASTAT T-22S, 
Tokyo, Japan). The agitation speed was 125 strokes / min. The reaction mixture 
was filtered with filter paper (no. 2, Whatman). The amount of reducing sugar in 
the reaction mixture was measured using the Glucose CII test Wako (Wako). IU 
was based on the amount of enzyme-producing reducing sugar equivalent to 1 M 
mol of glucose per minute. Although only Avicel-hydrolyzing activity increased 
in AV-1 selected by Avicel, all activity, Avicel, CMC, and Salicin hydrolyzing 
activity, increased in AV-2. In the strain AB-1 selected by absorbent cotton, 
Avicel hydrolyzing activity increased especially as shown in Table 2. In the 
strains BU-1 and BU-2 selected by wood powder, all Avicel, CMC, and Salicin 
hydrolyzing activity increased. 

Conclusion and consideration for future 

This report demonstrates that colchicine is effective even in a cellulolytic 
fungus, Trichoderma. As colchicine has been widely utilized for breeding plants 
for a long time, this reagent had assumed to be effective only in plants. But, we 
show here that colchicine is also effective on microorganisms. We have already 
reported that colchicine can modify nuclei in fungi; Aspergillus kawachii ( 17 ), 
Basydiomycetes\ Pleurotus ostreatus (18 ), Flammulina velutipes ( 19 ), 
Lentinus edodes ( 20), and yeast; Saccharomyces cerevisiae (21 ). As 
colchicine is also active on Basydiomycetes, which can digest lignin, further 
investigation should be also carried out on such organisms. Moreover, one of the 
merits of this autopolyploidization technique is that many and various genes can 
be amplified simultaneously. So, this advantage should be also utilized 
effectively in the production of Trichoderma strains for specific applications. 
From the results described here, we conclude that these autopolyploidization and 
haploidization techniques are effective on breeding of the fungus, Trichoderma. 
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Chapter 19 

A Novel Laccase from the Ascomycete Melanocarpus 
albomyces 

Kristiina Kruus 1 , Laura-Leena Kiiskinen 1, Markku Saloheimo1, 
Nina Hakulinen2, Juha Rouvinen2, Arja Paananen1, 

Markus Linder 1 , and Liisa Viikari 1 

1 VTT Biotechnology, P.O. Box 1500, FIN-02044 VTT, Espoo, Finland 
2Department of Chemistry, University of Joensuu, P.O. Box 111, 

FIN-80101 Joensuu, Finland 

A novel laccase from the ascomycete Melanocarpus 
albomyces was isolated, purified and characterized. The 
ultraviolet-visible absorption and electron paramagnetic 
resonance spectra indicated that the three types of coppers 
were present. Redox potential of the T1 copper of M. 
albomyces laccase was determined to be 0.46±0.01 V. The 
enzyme had very interesting pH and temperature behaviour. It 
had a pH optimum measured with guaiacol at neutral and 
slightly alkalic pH and substantial activity still at pH 8. The 
laccase showed very good thermostability, retaining full 
activity for two hours at 60°C. The gene encoding the M. 
albomyces laccase was isolated and sequenced. The length of 
the open reading frame of the M. albomyces laccase was 623 
amino acid residues. The copper binding residues were well 
conserved and the amino acid sequence had high homology to 
other ascomycete laccases. Interestingly the secreted laccase 
was processed both from the amino and carboxy terminus. The 
laccase was also crystallized with all four coppers present. 

© 2003 American Chemical Society 315 
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Introduction 

Laccases (EC 1.10.3.2) were first discovered from the extract of the 
Japanese laquer tree Rhus vernicifera as early as in 1883. Laccase or laccase-
like activity has been demonstrated by other higher plants, including apricots, 
mango, rosemary, mung beans, poplar, maple, and tobacco. Some insects and a 
few bacteria have also been reported to produce laccase activity. However, the 
best known laccases are of fungal origin, especially those belonging to the class 
of white-rot fungi (7). 

Laccases are multi-copper containing enzymes, which catalyze the oxidation 
of a variety of organic and inorganic substrates coupled to the reduction of 
molecular oxygen to water with the one-electron oxidation mechanism. Laccases 
have a surprisingly wide substrate specificity range catalyzing a variety of 
aromatic, especially phenolic, as well as inorganic substrates (7). Laccases of 
plant origin are reported to have an important role in wound response and lignin 
synthesis (2) whereas in fungi they are involved in lignin degradation, as well as 
in several other functions including pigmentation, fruiting body formation, 
sporulation, and patogenesis (7, 3). 

Due to their catalytic properties laccases have gained considerable interest 
in various industrial areas. The most intensively studied applications include 
pulp delignification, textile dye bleaching, effluent detoxification, detergent 
components, as well as biopolymer modification (4). Laccases are currently used 
in large scale in finishing of denim fabrics. It is essential for many applications 
to obtain an enzyme, which works at a relatively high pH-range and elevated 
temperatures. Therefore we screened for laccase activity from our culture 
collection of thermophilic fungi. An interesting laccase produced by a 
thermophilic ascomycete Melanocarpus albomyces was discovered. M. 
albomyces has previously been reported to produce xylanases and cellulases with 
pronounced thermal stability and activity at alkaline pH range (5, 6), 

Material and Methods 

Fungal Strains and Enzymes 

Melanocarpus albomyces (VTT D-96490) was maintained on oatmeal agar 
(Difco Laboratories, Detroit, Mich.). The strains was originally isolated from a 
soil sample in Saudi Arabia 
Trametes hirsuta (VTT D-443) laccase was produced and purified as reported 
inRittstieg et al. (7). 

 
 c
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Media and Culture Conditions 

M. albomyces was cultivated on liquid medium containing (per liter) 25 g 
glucose, 27.5 g yeast extract, 0.5 mg Indulin AT (Sigma, St. Louis, Mo.) and 
0.04 liter mineral stock solution containing (per liter) 1.0 g CaCl2 • 2H20, 1.0 g 
FeS04 • 7H20, 0.1 g ZnS04 7H20, 0.16 g CuS04 • 5H20, and 1.0 g Na2EDTA. 
First, 0.1 liter of medium was inoculated with agar pieces cut off from well 
grown mycelium on oatmeal agar. After two days cultivation at 37 °C (160 rpm), 
the culture was homogenized and used to inoculate one liter of culture medium, 
which was again cultivated at 37 °C (160 rpm) for two days and then used to 
inoculate 15 liters culture medium in lab-scale fermenter (Chemap LF 20SG, 
Switzerland). Fermentation was carried out at 37 °C with agitation speed of 400 
rpm and aeration 0.5 wm. The lower pH limit was 5.0 (adjusted with NaOH); no 
upper pH control was used. Laccase activity in the culture filtrate was measured 
daily and the enzyme was collected when laccase activity reached its maximum. 
The mycelium was removed by filtration (Whatman no 1). 

Protein and Enzyme Activity Determination 

Laccase activity was measured according to Niku-Paavola et al (8) using ABTS 
(2,2 ,-azinobis-(3-ethylbenzthiazoline-6-sulphonate), Boehringer Mannheim; 
Mannheim, Germany) as a substrate. The laccase activity was also measured 
with syringaldazine (Sigma) according to Leonowicz and Grzywnowicz (9), 
guaiacol (Sigma) according to Paszczynski et al. (10), and 2,6-dimethoxyphenol 
(Sigma) according to Wariishi et al (11). All these activity assays were carried 
out in 25 mM succinate buffer (pH 4.5) at 25 °C using a double-beam 
spectrophotometer (Lambda 20, Perkin-Elmer, Oberlingen, Germany). Activities 
were expressed as nanokatals. The protein concentration was determined using 
the BioRad DC Protein Assay Kit (BioRad Laboratories, Richmond, Calif.) with 
bovine serum albumin as a standard. 

Protein purification 

The clear culture supernatant was concentrated and the buffer changed to 10 mM 
acetate buffer, pH 5, with Amicon 8400 ultrafiltration unit using a PM30 
membrane (Millipore Corp., Bedford, Mass.). The subsequent purification steps: 
anion exchange chromatography (DEAE Sepharose), hydrophobic interaction 
chromatography (Phenyl Sepharose ), and finaly gel filtration (Sephacryl S-100 
HR) were carried out as described in Kiiskinen et al (12). 

 
 c
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SDS-PAGE (12 % Tris-HCl Ready Gel, Bio-Rad) was performed according 
to Laemmli (73). Protein bands were visualized by staining with Coomassie 
Brilliant Blue (R 330; Pharmacia) and compared with molecular weight markers 
(Prestained Protein Marker Broad Range #7708S; New England BioLabs, 
Beverly, Mass.). 

Determination of isoelectric point 

The isoelectric point of M. albomyces laccase was determined by isoelectric 
focusing within the pH range of 3.5 - 9.5 (Ampholine™ PAGplate, Pharmacia, 
Uppsala, Sweden) on a LKB 2117 Multiphor II Electrophoresis System (LKB 
Pharmacia, Bromma, Sweden) according to the manufacturer's instructions. 
Laccase active bands were visualized by staining the gel with 2 mM ABTS in 25 
mM succinate buffer (pH 4.5). 

Enzyme activity and stability with respect to pH and temperature 

The pH optimum for purified M. albomyces laccase was determined in 
Mcllvaine buffer within a pH range of 2.2-8.0 using guaiacol as substrate. The 
temperature stability was determined by incubating the enzyme solution (200 
nkat/ml) at 60 mM citrate buffer (pH 6) at different temperatures and following 
the residual enzyme activity. 

Spectra 

The optical absorption spectrum of purified M. albomyces laccase was measured 
with a Hitachi U-2000 spectrophotometer (Hitachi, Tokyo, Japan). EPR spectra 
were recorded with a Broker ESP 300 X-band spectrometer (Broker, Karlsruhe, 
Germany) at 9.44 GHz and 12 K (cryostat from Oxford Instruments, Oxford, 
UK). Modulation frequency was 100 kHz, modulation amplitude 0.99 mT, 
sweep time/scan 168 s, sweep width 0.10 T, microwave power 1.00 mW, and 
protein concentration 50 \iM. 

Redox potential of the T l copper 

The redox potential of the Tl type copper of the laccase was determined 
according to Xu et al. (14) in anaerobic titration using K3Fe(CN)6/K4Fe(CN)6 

 
 c

h0
19

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



319 

(E0= 0.433 V) redox couple in 100 mM Tris buffer, pH 7. The spectra were 
recorded by using a Caryl00 spectrophotometer (Varian, Inc., Australia). 

Isolation of the Af. albomyces laccase gene 

Genomic DNA was isolated from M. albomyces according to Raeder and Broda 
(15). The DNA was digested partially with Sau3A, separated in 15-30% sucrose 
gradient (22 000 RPM, 20 h) and used in construction of a cosmid library into 
the Supercos I (Stratagene) vector. The library was screened by colony 
hybridisation with the Podospora anserina laccase gene lcc2 as a probe in a 
hybridisation mix without formamide (16) at 57° C. The filters were washed in 
2xSSC, 0.1% SDS, 57° C. The laccase gene was subcloned as a 4.5 kb EcoRI 
fragment into the plasmid pBluescript SK- (Stratagene). M. albomyces total 
RNA was isolated with the Trizol reagent kit (Life Sciences). Race PGR of the 
laccase cDNA was performed with the RLM-RACE kit (Ambion) according to 
manufacturer's instructions. The RACE products were cloned into the 
pCR2.1TOPO vector (Invitrogen). DNA secuencing reactions were performed 
with the Big Dye kit (Applied Biosystems) and run with the ABI Prism 3100 
Genetic Analyser (Applied Biosystems). Other nucleic acid manipulations were 
done with standard methodology (16). 

Crystallization of the purified M. albomyces laccase 

The purified M. albomyces laccase was crystallized in hanging drops at 22°C 
from a solution containing 2 \x\ of protein solution (6 mg protein/ml in 100 mM 
sodium phosphate buffer, pH 7) and 2 |nl of reservoir solution (25% 
PMME2000, 0.2 M lithium sulphate, and 0.1 M sodium acetate, pH 4.2). The X-
ray data was collected by using R-AXIS IIC imaging plate aread detector and 
Ru200HB rotating anode (Rigaku, Japan) equipped with confocal optics (Osmic, 
USA). 

Results and Discussion 

Production and purification of the M. albomyces laccase 

Laccase production in lab-scale fermentation took place during secondary 
metabolism at the late fermentation stage. The production started after 96 hrs 

 
 c

h0
19

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



320 

fermentation, when the cells had reached the stationary phase. The maximum 
activity was reached within 200 hrs, after which the protein was collected. It is 
not known why M. albomyces produces a laccase. The fungus has recently been 
reported to produce several thermostable and alkaline xylanases, as well as 
cellulases (5, 6, 17). Therefore, it is tempting to speculate that laccase 
production is involved in degradation of lignocellulose material. Interestingly, 
the isoelectric focusing PAGE and subsequent active staining with ABTS 
indicated the presence of only one isoform of laccase in the culture supernatant 
(Figure 2B), whereas many laccases have been reported to be produced as 
multiple isoforms. 

Time (hrs) 

Figure 1. Production of M. albomyces laccase a in the 15 liter lab-scale 
fermenter. Laccase activity (•) and cell mass (-). 

Laccase was purified to electrophoretic homogeneity as shown in Figure 2A. 
It had a molecular weight of about 80 kDa, as determined on SDS-PAGE, and 
the pi was 4.0 The purified laccase had a pronounced blue color typical for 
laccases, which is caused by the coordination of the type 1 copper atom. This 
copper is coordinated by two histidine nitrogens and a cysteine sulfur with a 
highly covalent Cu-S bond giving rise to the typical blue color (18). 
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Figure 2. SDS-PAGE showing the purification of the M. albomyces laccase 
(A). Lanes: M Molecular weight marker, 1. culture supernatant (120 |̂ g protein) 
2. and 3. purified laccase (2 and 4 \ig protein, respectively). IEF/zymogram (B) 
from the culture supernatant (lane 1) and from the purified laccase (lane 2). 

Characterization of the purified laccase 

The UV-visible and EPR spectra from the purified M. albomyces laccase were 
determined. According to the spectral data, all three types of coppers are present 
in the laccase. The ultraviolet-visible absorption spectrum of the laccase showed 
two peaks at 280 and 600 nm and a shoulder at 330 nm as shown in Figure 3A. 
The peak at 600 nm is typical for the type 1 Cu (Tl), and the shoulder at 330 nm 
suggests the presence of the type 3 binuclear Cu pair (T3). The EPR spectrum 
(Figure 3B) is characteristic of fungal laccases and it reveals the presence of type 
2 (T2, hyperfine line above 2700 G) and type 1 (region 2900-3200 G) Cu ions. 
The estimated parameters (gn and An) are 2.18 and 0.010 cm*1 for the narrowly 
spaced signal and 2.25 and ̂ ).019 cm"1 for the widely spaced signal. 

The redox potential of the Tl type copper of the M albomyces laccase was 
determined according to Xu et al. (14) using the ferri- and ferrocyanide redox 
pair. Figure 4 A shows the anaerobic titration of M. albomyces laccase, where 
the enzyme is gradually reduced i.e. absorbance decreased by addition of 
ferrocyanide. The absorbance values were plotted as a function of redox couple 
concentrations (Figure 4). The results show a slope close to unity, indicating that 
the Tl copper redox reaction is a one-electron transfer process. The line applies 
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Nernst equation, and the redox potential of the enzyme can be calculated using 
the intersection of the y axis from the graph. The redox potential of the M. 
albomyces laccase was 0.46±0.01 V. The enzyme belongs thus to the medium 
redox potential class of laccases, as classified by Eggert et al (19). The highest 
redox potentials typically 0.7-0.8 V are reported to fungal laccases whereas plant 
origin laccases have lower redoxes. 

The purified M. albomyces laccase was able to oxidize typical substrates for 
laccases: a variety of phenolic compounds and non-phenolic ABTS. The highest 
activity was observed towards ABTS (840 nkat/mg) followed by syringaldazine 
(380 nkat/mg), 2,6-dimethoxyphenol (290 nkat/mg), and guaiacol (90 nkat/mg). 
However, tyrosine was clearly not a substrate for this laccase, thus it does not 
belong to the group of tyrosinase type of polyphenol oxidases (EC 1.10.3.1; EC 
1.14.18.1). 

The purified M. albomyces laccase showed a very interesting pH optimum 
with quaiacol as substrate (Figure 5). The optimum is surprisingly broad ranging 
from 5.0 to 7.5. The enzyme has still 80 % of its maximum activity at pH 8.0. 
Compared to the pH optimum of the well-known laccase from the white-rot 
fungus Trametes hirsuta, the M. albomyces laccase is clearly different. It has 
much wider pH optimum and the highest activity at a neutral and slightly 
alkaline pH, where the T. hirsuta laccase has totally lost its activity. The 
purified laccase remained stable within the pH range of 4-8 for 22 hours. 
However, at pH-values lower than 4, the enzyme quickly lost its activity (12). 

Besides an interesting pH optimum, the M. albomyces laccase showed also 
good thermostability (12). The activity remained unaltered after prolonged 
incubation, over 100 h, at 40 °C, whereas it showed a half-life (t1/2) of about 50 
h, 5 h, and 12 min at 50, 60, and 70 °C, respectively (Figure 6). The 
combination of thermal stability and optimum activity at neutral pH, is not very 
common among fungal laccases. Many other laccases that have a pH optimum at 
a neutral pH range are not as thermostable as M. albomyces laccase. For 
example, laccases from Coprinus friesii, Panaeolus papilionaceus and 
Panaeolus sphinctrinus have unusually high pH optima (7-8) with 
dimethoxyphenol, but do not remain active at 60 °C (20). 

Similarly, the neutral laccases from Myceliophthora thermophila (21), 
Chaetomium thermophilum (22), and Coprinus cinereus (23) retain less than 75 
% of maximum activity at 60 °C after 1 h. The unique combination of good 
thermal stability and activity at a neutral to alkaline pH range makes the M. 
albomyces laccase very promising for applications taking place at elevated 
temperatures and pHs. 

 
 c
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Isolation of the laccase gene 

The gene encoding the M albomyces laccase was isolated from the M 
albomyces genomic library using heterologous probes based on the gene 
fragments of Podospora anserina lac 2. The M. albomyces laccase gene 
contained five introns. The length of the open reading frame of the gene is 623 
amino acids, which is typical for fungal laccases. The deduced amino acid 
sequence is shown in Figure 7. The copper binding residues are well conserved. 
The sequences analysed from three tryptic peptides of the purified M. albomyces 
laccase could be identified from the deduced amino acid sequence, conflnriing 
that the right gene was cloned. Direct sequencing of the amino terminus of M. 
albomyces laccase indicated that the first residue of the mature enzyme was 
glutamic acid. However, the deduced amino acid sequence suggested the 
presence of a propeptide (28 residues) between the signal sequence and the 
mature protein. The carboxyl terminal sequencing also revealed C-terminal 
processing; the last 14 amino acid residues were cleaved at some point. 
Interestingly, similar C-terminal processing has been reported on other 
ascomycete laccases, namely Myceliophthora thermophila, and Neurospora 
crassa (21). The cleavage site in M. albomyces laccase is Asp-Ser-Gly-LeuULys, 
and the site is conserved. The function of the C-terminal processing is not 
known. 

Comparison of the amino acid sequence of the M. albomyces laccase to the 
other known laccases revealed highest identity to the ascomycete laccases. The 
highest degree of sequence identity was observed with Myceliophthora 
thermophila (72%), Podospora anserina (6S%)9 Scytalidium thermophilum 
(65%), and Neurospora crassa (63%). Laccases from basidiomycetes showed 
more limited sequence identity (24-28 %) to the M. albomyces laccase. The 
comparatively low level of sequence identity between the laccases of ascomycete 
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Figure 6. Thermal stability of the purified M. albomyces laccase determined at 
different temperatures. 

and basidiomycete origin probably reflects the large phylogenetic distance 
between these classes. The lowest identity was discovered to Aspergillus 
nidulans conidial laccases and plant-originated laccases. 

Crystallization of the laccase 

Although extensive research aiming at crystallization of laccases has been 
carried out, thus far only two crystal structures are available, namely the type 2 
copper depleted laccase from C. cinereus (24) and a recently published laccase 
from Trametes versicolor in four copper form (25). In addition, the 
crystallization of laccases from Trametes versicolor and Pycnoporus 
cinnabarinus has been reported (26). It has been speculated that one reason for 
difficulties in crystallizing laccases is related to their high degree of 
glycosylation (18). Interestingly, high quality laccase crystals were obtained 
without enzymatic deglycosylation of the M. albomyces laccase, even though this 
laccase is heavily glycosylated, having nine putative N-glycosylation sites. 

Initially, crystals of M. albomyces laccase grew as thin and disordered plates 
by the hanging-drop vapour diffusion method. Later, larger single crystals (about 
0.6 x 0.2 x <0.05 mm) were obtained by seeding technique, where original 
crystals were used as seeds. The diffraction data were collected at 2.4 A 
resolution. 

The structure was solved with the molecular replacement method by using 
the coordinates of C. cinereus laccase (26 % identity). The molecular structure 
includes all four copper atoms. The structure will be described elsewhere (27). 
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This new ascomycete laccase structure opens up new possibilities to understand 
and analyze the structures as well as the reaction mechanisms of laccases. 
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Chapter 20 

Glycoside Hydrolase Gene Cluster of Acidothermus 
cellulolyticus 

Shi-You Ding, William S. Adney, Todd B. Vinzant, 
Stephen R. Decker, John O. Baker, Steven R. Thomas, 

and Michael E. Himmel* 

Biotechnology Division for Fuels and Chemicals, National Bioenergy 
Center, National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, CO 80401 

We previously reported a highly thermostable endoglucanase 
EI from culture filtrates of Acidothermus cellulolyticus (U.S. 
Patent 5,536,655). In this study, additional 13-kb A. 
cellulolyticus genomic DNA downstream of EI was sequenced 
by using genomic library screening, primer walking and two
-step inverse PCR techniques. Sequence analysis has revealed 
a glycoside hydrolase gene cluster, which contains at least five 
open reading frames (ORFs), encoding EI (Cel5A), Cel6A
-Cell2A, Cel5B, Cel48A and Cel74A. Based on the sequence 
homology of deduced amino acid sequence, Cel6A-Cel12A 
contains two catalytic domains, glycoside hydrolase family 6 
and 12 (GH6 and GH12), and two Carbohydrate-Binding 
Modules (CBM) belonging to families 2 and family 3, 
respectively. Cel5B contains a GH5 catalytic domain at its N
-terminal and family 2 and 3 CBM at its C-terminal. Cel48A 
contains a family 3 CBM, a GH48 and a family 2 CBM 
domains. Cel74A contains a GH74 and a family 3 CBM. The 
catalytic domains of all these enzymes have been cloned and 
expressed in E. coli. The characterization of expressed 
enzymes is ongoing. These novel potential thermostable 
enzymes found in this study may prove useful in biomass 
conversion and other industrial applications. 

332 © 2003 American Chemical Society 
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Introduction 

More than 50 million acres in the United States are currently available for energy 
crop production. Alternative domestic biomass resources include agricultural 
and forestry wastes, municipal solid wastes, industrial wastes, and terrestrial and 
aquatic crops grown solely for energy production (1). Biofuels are produced 
from biomass and include ethanol, methanol, biodiesel, and additives for 
reformulated gasoline. These fuels are desirable because they add little, if any, 
net carbon dioxide to the atmosphere and because they can greatly reduce ozone 
formation and carbon monoxide emissions (2). Biomass can be converted to 
sugars by the action of either acid or enzymes, or both. For the case of enzyme-
mediated hydrolysis of cellulose, biomass must first be processed to reduce size 
and facilitate subsequent handling. Mild acid treatment is then used to hydrolyze 
part or all of the hemicellulose content of the feedstock. Finally, the liberated 
sugars are fermented to ethanol by yeasts, bacteria, or other suitable organisms, and 
the ethanol is recovered by distillation or other separation methods and used as 
fuel. 

Conversion of Plant Biomass to Fuels and Sugars 

An alternative to ethanol production from starch is the conversion of cellulose 
and hemicelluloses from plant fibers. Conversion of cellulose to ethanol through 
the concerted action of cellulases and saccharolytic fermentation is the most 
common method of converting plant fiber to ethanol. This process, SSF using the 
yeast Saccharomyces eerevisiae, is incomplete, as it does not utilize the entire 
sugar content of the plant biomass, namely the hemicellulose fraction. 

The cost of producing ethanol from biomass can be divided into three areas 
of expenditure: pretreatment costs, fermentation costs, and other costs. 
Pretreatment costs include biomass milling, pretreatment reagents, equipment 
maintenance, power and water, and waste neutralization and disposal. The 
fermentation costs include enzymes, nutrient supplements, yeast maintenance 
and scale-up, and waste disposal. Other costs include biomass purchase, 
transportation and storage, plant labor, plant utilities, ethanol distillation, and 
administration (which may include technology-use licenses). One of the major 
expenses incurred in SSF is the cost of the enzymes (2). 

Cellulase Enzymes 

Efficient conversion of plant biomass to glucose and other fermentable sugars is 
an essential step in the production of ethanol or other biofuels from biomass. 
Cellulases are an important component of this process, where approximately one 
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kilogram of cellulase can digest fifty kilograms of cellulose. Within this process, 
thermal tolerant enzymes have taken precedent, due to their ability to function at 
elevated temperatures and under other conditions including pH extremes, solvent 
presence, detergent presence, proteolysis, etc. (3). 

Glycoside hydrolases are a large and diverse family of enzymes that 
hydrolyse the glycosidic bond between two carbohydrate moieties or between a 
carbohydrate and a non-carbohydrate moiety. Glycoside hydrolase enzymes are 
classified into glycoside hydrolase (GH) families based on significant amino acid 
similarities within their catalytic domains. Enzymes having related catalytic 
domains are grouped together within a family (4, 5), where the underlying 
classification provides a direct relationship between the GH domain amino acid 
sequence and how a GH domain will fold. This information ultimately provides 
a common mechanism for how the enzyme will hydrolyse the glycosidic bond 
within a substrate, i.e., either by a retaining mechanism or inverting mechanism. 

The enzymatic degradation of cellulose requires the coordinate action of at 
least three different types of P-l,4-glucanases. Endo-P-l,4-glucanases (EC 
3.2.1.4) cleave the cellulose strand randomly along its length, thus generating 
new chain ends. Exo-p-l,4-glucanases (EC 3.2.1.91) are processive enzymes 
and cleave cellobiosyl units (P-l,4-glucose dimers) from free ends of cellulose 
strands. Most fungal, and some bacterial cellulase systems display two types of 
exoglucanases: those that cleave from the reducing end and those that cleave 
from the nonreducing end of the cellulose strand. Lastly, p-D-glucosidases 
(cellobiases: EC 3.2.1.21) hydrolyze cellobiose to glucose. All three of these 
general activities are required for efficient and complete hydrolysis of cellulose 
to glucose. 

Cellulases and xylanases are produced by a variety of bacteria and fungi to 
degrade the P-1,4 glycosidic bonds of cellulose and xylan and to so produce 
successively smaller fragments of these polysaccharides in the process of 
dismantling the plant cell wall. At present, cellulases and xylanases are found 
within at least 11 and 2 different GH families, respectively—Many cellulases and 
xylanases are characterized by having a multiple domain unit within their overall 
structure, a GH or catalytic domain is joined to a carbohydrate binding module 
(CBM) by a glycosylated linker peptide (7). The CBM can provide cellulose 
specificity to the enzymes, ensuring that the GH domain come in contact with the 
cellulose, while the linker peptides can provide the GH domain with the 
flexibility to recognize and act upon a target substrate. 

Acidothermus cellulolyticus 

Highly thermostable enzymes have been isolated from the cellulolytic 
thermophile Acidothermus cellulolyticus gen. nov., sp. nov., a bacterium 
originally isolated from decaying wood in an acidic, hot springs at Yellowstone 

 
 c
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National Park and deposited with the American Type Culture Collection (ATCC 
43068) (8). This microorganism was shown to be a gram variable actinomycete 
able to grow on plant biomass under a wide range of pHs and temperatures as 
high as 55°C. We report here the preliminary assignment of 5 new glycoside 
hydrolases from A. cellulolyticus based on peptide sequences deduced from 
newly discovered genes. 

Material and Methods 

Organism and Growth Condition 

A. cellulyticus ATCC was grown by described method (8). 

Molecular Cloning of Cel5B, Cel6A-Cell2A, Cel48A, and Cel74A 

Genomic Library Screening and Primer Walking 

Acidothermus cellulolyticus genomic DNA was isolated from A. cellulolyticus 
cultures grown on cellulose and purified by cesium chloride gradients. Genomic 
DNA was partially digested with Sau3AI and separated on agarose gels. DNA 
fragments in the range of 9-20 kilobase pairs were isolated from the gels. This 
purified Sau3AI digested genomic DNA was ligated into the BamHI predigested 
EMBL3 lambda vector (Clontech, San Diego, Calif.). Phage DNA was 
packaged according to the manufacturer's specification and plated with E. coli 
LE392 in top agar, which contained the soluble cellulose analog, 
carboxymethylcellulose (CMC). The plates were incubated overnight (12-24 
hours) to allow transfection, bacterial growth, and plaque formation. Plates were 
stained with Congo Red followed by destaining with 1 M NaCl. Lambda 
plaques harboring endoglucanase clones showed up as unstained plaques on a 
red background. 

A positive clone (SL-3) containing approximately 14-kb A. cellulolyticus 
genomic DNA was isolated by Congo Red staining method. SL-3 was then 
digested with BamHI and subcloned into pDR540 (Pharmacia Biotech, St 
Albans, U.K), after second round Congo Red staining, a plasmid (NREL501) 
containing 9-kb BamHI fragment was isolated and sequenced by primer walking 
according to the instruction (http://dna.biotech.iastate.edu/, Iowa state 
University, DNA Sequencing & Synthesis Facility). 
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Because of the repeat sequences, later know as almost identical CBM 
sequences in different genes, primer-walking method could not finish the 
sequencing of entire plasmid. NREL501 was then subcloned into pUC19 using 
restriction enzymes Pstl and EcoYU for further sequencing. Each subclone was 
sequenced from both the forward and reverse directions, and primer walking 
method also employed for the plasmids which insert DNA fragment are more 
than 1-kb. Sequences obtained from above approaches were then assembled 
together to ensure the both strands are well overlap. 

Two-step Inverse PCR (TSiPCR) 

The downstream of NREL501 sequencing was performed by using the two-step 
inverse PCR method (9). The plasmid named NREL501 contains a 9-kb BamHI 
fragment and encodes CMC activity by Congo Red screening. Five jig A. 
cellulyticus genomic DNA was digested extensively by Pstl, EcoKL, and BamHI 
and self-ligated by T4 DNA ligase at 4°C overnight, respectively. One \iL 
ligation was used as template for the first PCR, the second PCR was then applied 
to specify the PCR product by using a nested primer pair and template diluted 
from the first PCR. The PCR product was then sequenced directly by PCR 
primer and by primer walking method if necessary. PCR was performed by 
Pekin-Elmer GeneAmp® PCR System 2400 and the enzyme (Pfu Turbo) was 
obtained from Strategene. 

Results and Discussion 

Sequencing Strategy 

Approximately 13-kb A. cellulolyticus genomic DNA was sequenced (Figure 1). 
The sequencing strategy comprised three major steps. The first step is direct 
sequencing by primer walking from both strands of NREL501. Because of the 
similarity of CBM sequences among different genes, the primer-walking method 
could not go through the multi-CBM region. All four new enzymes contained 
CBMs from either families 2 or 3 (one enzyme had multiple CBMs). CBMs 
from these families were almost identical in sequence (see Figure 3). The 
second step was subcloning NREL501. The 9-kb BamHI fragment was digested 
by Pstl and EcoKl, all Pstl and/or EcoKl fragments were subcloned into pUC19 
and sequenced to ensure no sequencing mistake. The primer walking method 
was also used to sequence the subclone, which had more than 1-kb insert. The 
third step was to continue sequencing downstream of 9 kb BamHI fragment by 
TSiPCR approach. Primers were designed starting from the 3'-terminal 

 
 c
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Table 1. Primers Used in This Study 

Name Nucleotide sequence 
GUXNT-Seql GTCACTCTTATTCACCCGG 
GUXCT-Seql AGGCTGCGTACTGGGCC 
GH12F1 GTCAGCAGACCTCGTGGAAGA 
GH12 Rl AGATTACTGATCGACGTCGCAC 
GH12R2 TGGTCACACCATTCTGGTTAG 
GUXA CatFl CAGTTTGACCAGCTTGTCGCGAA 
GUX1-NT GATATACATATGGGGTGTGGGAATATCCGCGCC 
GUX1-CT AGAGAGGGATCCTCAAAGAGCGAGTACCGC 
GUX1 Fl ACTGGTGACGGCCTCTACAT 
GUX1 F2 ACCGACTACTCTCGGTTCA 
GUX1 Rl GAAGTTGTCTCGTGCCCGTAGT 
E2F1 GGCTTTGTCGACGGGATCGT 
E2 F2 TCGTCTTCAATGAAGGTGCA 
E2 Rl GAAGCGATCGACGGACCGCA 
E2-F3 CTCTGGAGAAGCACAGATT 
E2-F4 AATCACCCCGGTACCTTCGA 
E2-F5 TCAACTCTGATCGGATGCTCTA 
E2-F6 GCTGCTTCGCAAGGTGTTC 
Guxl-F3 ACCGTGACCGTGACAACCAC 
ManA-Rl TGGTGAGGACGACAATCA 
E2-F7 ATGACCAGCACCAATACGGA 
E2-R2 CGGCATCCCATCGATACATC 
E2-R3 TCTGCCGCAATGCTGACGA 
Guxl-F4 CACGTCGTACACGTACACAGT 
E2-R4 CGCCGTCTCTGCTCCAGAAGA 
E2-R5 CTTGTGCGGGATGAAGCCGGT 
GUX1-N TC C AACG AC CCGT AC AT C C A 
GUX1-C CGAC C CGGATGGGAAGAGCAT 

 
 c

h0
20

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



T
ab

le
 2

. 
C

al
cu

la
te

d 
Pa

ra
m

et
er

s 
fo

r A
. c

el
lu

lo
ly

tic
us

 G
ly

co
si

de
 H

yd
ro

la
se

s 

E
nz

ym
e 

M
W

 
#A

A
 

P
ro

vi
si

on
al

 
*
*
p
l 

*G
O

R
 E

st
im

at
ed

 
**

 P
re

di
ct

ed
 N

-
C

at
al

yt
ic

 
N

am
e 

M
at

u
re

 
A

ct
iv

it
y 

C
al

cu
la

te
d 

P
er

ce
n

ta
ge

 
li

n
ke

d 
gl

yc
os

yl
at

io
n

 
A

cc
ep

to
r/

 
pe

pt
id

e 
A

ss
ig

n
m

en
t 

S
ec

on
da

ry
 S

tr
u

ct
u

re
 

si
te

s 
D

on
or

 R
es

id
u

e 
H

h 
E

e 
C

c 
C

el5
A

 
56

47
7 

52
1 

en
do

glu
ca

na
se

 
5.

20
 

13
%

 
27

%
 

61
%

 
3 

G
lu

/G
lu

 
C

el5
B

 
76

93
7 

72
6 

m
an

na
na

se
 

4.
68

 
11

%
 

27
%

 
63

%
 

6 
G

lu
/G

lu
 

C
el6

A
 

45
26

9 
42

3 
en

do
glu

ca
na

se
 

4.
40

 
20

%
 

20
%

 
59

%
 

6 
A

sp
/A

sp
 

C
el

l2
A

 
37

92
6 

36
8 

en
do

glu
ca

na
se

 
4.

94
 

6%
 

38
%

 
56

%
 

8 
G

lu
/G

lu
 

C
el4

8A
 

11
54

35
 

10
87

 
ex

og
lu

ca
na

se
 

4.
57

 
12

%
 

29
%

 
59

%
 

11
 

un
kn

ow
n 

C
el7

4A
 

94
97

1 
91

0 
xy

log
lu

ca
na

se
 

4.
88

 
1.5

%
 

33
%

 
65

%
 

3 
un

no
w

n 

*G
O

R
 s

ec
on

da
ry

 st
ru

ct
ur

e 
pr

ed
ic

tio
n 

m
et

ho
d 

ve
rs

io
n 

IV
 (2

6)
. 

H
h 

=
 a

lp
ha

 h
el

ix
, E

e 
=

 st
ra

nd
, a

nd
 C

c 
=

 (r
an

do
m

) 
co

il.
 

**
PR

O
SI

TE
 R

el
ea

se
 1

7.
11

, o
f 1

7-
M

ay
-2

00
2 

T
ab

le
 3

. 
Si

gn
al

 P
ep

tid
e 

Fo
un

d 
fo

r A
. c

el
lu

lo
ly

tic
us

 G
ly

co
si

de
 H

yd
ro

la
se

s 
(u

si
ng

 S
ig

na
lS

eq
*)

 

E
n

zy
m

e 
C

al
cu

la
te

d 
S

ig
n

al
 P

ep
ti

de
 

C
el5

A
 

M
P

R
A

L
R

R
V

P
G

 
S

R
V

M
L

R
V

G
W

 
V

A
V

L
A

L
V

A
A

L 
A

N
L

A
V

P
R

P
A

R
 

A
 

C
el5

B
 

M
G

L
V

R
R

P
A

R
A

 
F

V
A

T
A

A
G

T
A

V
 

A
A

A
A

T
L

G
S

IT
 

M
P

S 
A

T
A

 

C
el

6A
-C

el
l2

A
 

M
E

R
T

Q
Q

S
G

R
N

 
C

R
Y

Q
R

G
T

T
R

M
 

P
A

IS
K

R
L

R
A

G
 

V
L

A
G

A
V

S
IA

A
 

S
IV

P
L

A
M

Q
H

P 
A

I
A

 

C
el4

8A
 

M
P

G
L

R
R

R
L

R
A

 
G

IV
S

A
A

A
L

G
S 

L
V

S
G

L
V

A
V

A
P 

V
A

H
A

 

C
el7

4A
 

M
D

R
S

E
N

IR
L

T
 

M
R

S
R

R
L

V
S

L
L 

A
A

T
A

S
F

A
V

A
A

 
A

L
G

V
L

P
IA

IT
 

A
S 

P
A

H
A

 

* 
fr

om
 N

ie
ls

en
 a

nd
 co

w
or

ke
rs

 (
27

). 

 
 c

h0
20

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



339 

sequence of BamHI fragment in NREL501, EcoBl, BamHI and Pstl were used to 
digest the genomic DNA, the digested DNA was self-ligated separately (Table 
I). TSiPCR was employed to amplify specific DNA fragment for sequencing. A 
few rounds TSiPCR resulted another 4-kb DNA sequence downstream of 9-kb 
BamHI fragment (NREL501). 

Sequences obtained from above methods were then assembled together. 
There is 0.7-kb overlapping between NREL501 and the previously reported 3-kb 
A. cellulolyticus genomic DNA sequence (GeneBank Acc# U33212), which 
encoding endoglucanase EI. The NCBI Blast program 
(http://www.ncbi.nlm.nih.gov/BLAST/) was used to analyze the assembled 13-
kb A. cellulolyticus genomic DNA segment. Sequence analysis revealed four 
open reading frames (ORFs). According to the deduced amino acid sequence 
homology, all are multi-domain putative glycosides hydrolases and are named 
Cel6A-Cell2A, Cel5B, Cel48A and Cel74A(partial) (Figure 1), containing one 
or two CBMs and a catalytic domain (Cel6A-Cell2A has two catalytic domains). 
The catalytic domains belong to family 6, 12, 5, 48 and 74, respectively (CAZy-
Carbohydrate-Active enzymes (http://afmb.cnrs-mrs.fr/CAZY/index. html). 

Sequence alignments and comparisons of the deduced amino acid sequences 
of the A. cellulolyticus enzymes were conducted using the ClustalW program. 
An examination of the amino acid sequence alignments of these new enzymes is 
shown in Figures 2 and 3. In these figures, the notations are as follows: an 
asterisk "*" indicates identical or conserved residues in all sequences in the 
alignment; a colon ":" indicates conserved substitutions; a period indicates 
semi-conserved substitutions; and a hyphen "-" indicates a gap in the sequence. 

A. cellulolyticus Glycoside Hydrolases 

The cellulolytic, thermophilic bacterium A. cellulolyticus was first isolated 
from biomass containing water and mud samples collected in Yellowstone 
National Park hot springs in 1985 (8). Studies of A. cellulolyticus culture filtrates 
have shown that it produces thermal stable endoglucanases (10-12) and beta-
glucosidases (13), and probably xylanases (8). Table 2 shows the calculated 
molecular weights and pis of the mature peptides, secondary structure 
estimation, and predicted number of N-linked glycans for the 6 glycosyl 
hydrolases discovered from A. cellulolyticus todate. Note that the number of N-
linked glycan sites are only rough predictions because the occurrence of these 
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motifs on the surface of these proteins has not been confirmed. Table 3 shows 
the calculated signal sequence and protease site for each enzyme. Figure 2 
shows the alignments of new A. cellulolyticus enzymes (catalytic domain only) 
and their most similar enzyme sequences published in GeneBank, respectively. 
Based on the sequence similarity between the putative A. cellulolyticus enzymes 
and the enzymes which have experimental data comfirmed activity, we have 
identified five novel glycoside hydrolase sequences deduced from the nucleotide 
sequence. Figure 4 illustrates the detailed secondary structure prediction based 
on GOR for the 6 new A. cellulolyticus enzymes. Note the considerable 
dissimilarity between even the two family 5 enzymes. 

Endoglucanase EI (Cel5A) 

The first cellulase enzyme isolated from A. cellulolyticus, the endoglucanase EI, 
was shown to display maximal activity on carboxymethylcellulose at 83°C (14). 
This novel cellulase enzyme and the gene coding it are described in detail in 
U.S. Patents #5,275,944 and #5,536,655, respectively. The A. cellulolyticus EI 
endoglucanase is one of the most active cellulases known. In combination with 
the exocellulase CBH I from Trichoderma reesei, EI gives the highest 
saccharification and degree of synergism of all cellulases tested by Baker and 
coworkers (15). Endoglucanase EI (Cel5A) was previous isolated, sequenced, 
and characterized kinetically (15). In 1996, the x-ray crystallographic structure 
of the EI catalytic domain was reported by Sakon and coworkers (16). EI is an 
imperfect a/p barrel protein with an unusually planar substrate-interactive 
surface and an extended cellodextrin binding platform comprising the -2 to -6 
glycosyl subsites. 

We demonstrated that active EI catalytic domain could be expressed in E. 
coli using a variety of expression vectors and this host is currently used for 
routine protein engineering work. Full length EI is best expressed from 
Streptomyces lividans TK24, presumably because this host produces fewer 
serine proteases. We have also tested a strain of Pichia pastoris designed for 
expression and secretion of the A. cellulolyticus EI endoglucanase (data not 
shown). In this construction, the mature EI coding sequence was joined in the 
same translational reading frame to the yeast alpha factor signal sequence 
present in pPIC9. Transformants have not yet been analyzed for gene copy 
number, but unoptimized fermentations have already yielded 1.5 g/L of EL EI 
has also been expressed in an active and thermal stable enzyme from a variety of 
plants (17). 

 
 c
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Putative Mannanase Cel5B 

The A. cellulolyticus mannanase gene consists of a coding sequence for a GH 
family 5 catalytic domain, a type III CBM, and a type IICBM. This gene can be 
summarized as (GH5-CBMin-CBMn). The molecular weight of this novel 
enzyme deduced from the nucleotide sequence is 76,937 Daltons. Importantly, 
only one of the two known family 5 mannanases is thermal tolerant (ie, 
Caldocellum saccharolyticum (Caldicellulosiruptor saccharolyticus., P22533). 

Multi-Domain Enzyme Cel6A-Cell2A. 

The multi-domain cellulase gene consists of a coding sequence for a GH family 
6 catalytic domain, a type III CBM, an FN peptide, a GH family 12 catalytic 
domain, and a type II CBM. This gene can be summarized as (GH6-CBMM-
FNnrGH12- CBMJI). The molecular weight of this novel enzyme deduced from 
the nucleotide sequence is 124,597 Daltons. This enzyme is unique because it 
contains two catalytic domains, two CBM, and two linker peptide regions. Each 
domain is unique. Enzymatic degradation of p-glucan is accomplished through 
glycosyl hydrolase family 12 enzymes (18). Although these endo-acting enzyme 
are active on P-(l->4) glycosidic linkages, they are differentiated from other P-
(l-M)-acting enzymes by the distinction of being able to hydrolyze the P-(l-^4) 
linkages in mixed P-(l->3, l->4)-linked polysaccharides. New cellulases 
classified as belonging to GH families 6 and 12 are of special interest to 
bioethanol applications, because relatively few examples are known (i.e., 9 
members of family 6 and 3 members of family 12 are currently known). 
Furthermore, none of the known family 6 and 12 cellulases is thermal tolerant 
and development of biomass conversion processes compatible with elevated 
temperatures. Gibbs and coworkers (19) have recently described the multi-
catalytic, multi-domain structure for the majority of the glycosyl hydrolases 
produced the extreme thermophile Caldicellulosiruptor saccharolyticus. 

Putative Exoglucanase Cel48A. 

The exoglucanase gene consists of a coding sequence for a type III CBM, a GH 
family 48 catalytic domain, an FN3 peptide, and a type II CBM. This gene can 
be summarized as (CBM„rGH48-FN3-CBM„). The molecular weight of this 
novel enzyme deduced from the nucleotide sequence is 115,435 Daltons. 
Relatively few bacterial exo-type cellulases are currently known, and only 3 have 
been placed in family 48. More importantly, none of these family 48 
exoglucanases is thermal tolerant. 

 
 c
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Putative Exoglucanase Cell4A. 

The A. cellulolyticus Cel74A gene consists of a coding sequence for a GH family 
74 catalytic domain and a type III CBM. This gene can be summarized as 
(GH74- CBM HI). The molecular weight of this novel enzyme deduced from the 
nucleotide sequence is >94,971Daltons. Family 74 enzymes have been shown to 
demonstrate activity on plant xyloglucan. Plant produced endotransglycosidases 
or xyloglucan hydrolases specific for xyloglucans are believed to mediate plant 
cell wall structural changes induced by growth, seed germination, flowering, 
senescence, environmental conditions, or physical stresses (20). The proposed 
mechanism for this interaction involves cleavage of the xyloglucan by specific 
xyloglucanases to allow the cell wall network to loosen. Specific xyloglucan 
glycosyl transferases insert preformed xyloglucan "blocks" into these cleavage 
sites to expand the wall. Additionally, data from Grabber and coworkers (21) 
indicates that in alfalfa, xyloglucan in the primary cell wall is intimately involved 
with lignin, to the point of decreased xylose release relative to other sugars when 
treated with fungal polysaccharidases. We presume that bacterial 
xyloglucanases act in concert with other GHs to degrade immature plant cell 
walls in a similar way. New enzymes belonging to GH family 74 are of special 
interest to industry, because relatively few examples are known (i.e., only one 
member of family 74 is currently confirmed). More importantly, production of 
a thermal tolerant family 74 glycoside hydrolase has not previously been 
demonstrated. 

Conclusion 

The goal of our research program focuses on the expression of highly active 
endoglucanases and exoglucanases, which act synergistically to degrade the 
crystalline cellulose in biomass. The first enzyme we identified from A. 
cellulolyticus was endoglucanase EI. This enzyme has been shown to be highly 
active and thermal stable. These data imply that A. cellulolyticus may produce a 
high performance and diverse glycosyl hydrolase system, a prediction based in 
part on the rich biomass content of the hot spring from which it was originally 
isolated. The enzymes coded by the new genes we report in this study have the 
potential to be equally active and stable. 
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An interesting secondary finding is that the five glycoside hydrolase genes 
found in this study are closely linked. Clustering of glycosyl hydrolase genes in 
anaerobic bacteria known for production of cellulosomes has been well 
established. The genetic organization of the gene cluster of Clostridium 
cellulolyticum was recently discussed by Belaich and coworkers (22). 
Furthermore, a five-gene cluster centered on the gene in Clostridium 
cellulovorans that encodes endoglucanase EngL has been cloned and sequenced 
(23). As is the case with the A. cellulolyticus gene cluster, a family 5 mannanase 
gene, manA, was found downstream of an endoglucanase, engL. There is also 
evidence that lignocellulose catabolism genes may be clustered on the 
Streptomyces viridosporus chromosome (24). In contrast, Gibbs (19) reported 
the sequencing of three gene clusters of glycosyl hydrolases from 
Caldicellulosiruptor sp. strain Tok7B.l. These clusters are not closely linked, 
and each is different in its organization from those described for C 
saccharolyticus. The catalytic domains of the enzymes belong to glycosyl 
hydrolase families 5, 9, 10, 43, 44, and 48 and the cellulose binding domains of 
the enzymes from Caldicellulosiruptor sp. are types Illb, IIIc, or VI. 

It appears most likely that new, aggressive cellulase systems will be 
comprised of key enzymatic activities obtained from different microbial sources 
(25). Furthermore, depending on the treatment history of the biomass sample, 
augmentation with cell wall degrading enzymes including phenolic esterases and 
hemicellulose debranching enzymes may further reduce the requirement for high 
loadings of expensive cellulases. 
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Chapter 21 

Diversity of Microbial Endo-β-1,4-Xylanases 
Peter Biely 

Institute of Chemistry, Slovak Academy of Sciences, 84238 Bratislava, 
Slovak Republic 

Endo-β-1,4-xylanases (EC 3.2.1.8, EXs) are the principal xylan-
depolymerizing enzymes produced by microorganisms and plants. 
Extensive studies of EXs in the past two decades, stimulated by 
their successful application in the pulp and paper and bakery 
industries, and as animal feed additives, has greatly increased 
knowledge on their structure and catalytic properties. This work is 
briefly reviewed in this article. The best known are EXs of glycosyl 
hydrolase families 10 and 11, however, new types of EXs are 
emerging. New important findings can be expected from studies of 
the plant-microbial interactions focusing on xylanase toxicity for 
plants and the plant xylanase inhibitors. 

The past two decades have seen a growing interest in microbial enzyme systems 
that degrade plant xylan, which is, after cellulose, the most abundant 
polysaccharide in nature. Xylan is a heteropolysaccharide composed mainly of 
the five-carbon sugar D-xylose. Xylose can be converted to a variety of useful 
products, including ethanol (1,2). Enzymatic saccharification of agricultural, 
industrial and municipal wastes may provide sugar syrups for human and animal 
consumption, and carbon sources for industrial fermentations. 
Xylooligosaccharides have a variety of uses as food additives (3). Plant 
structural polysaccharides provide the major source of nutrients for ruminal 
livestock and also play an important role in animal fodder. Pretreatment of 
forage crops with polysaccharide-degrading enzymes improves the nutritional 
quality and digestibility of ruminant fodder and facilitates composting (4,5). 
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Enzymatic hydrolysis of highly viscous arabinoxylans originating in cereal 
endosperms improves nutrient uptake and digestion in broiler chickens (6-9). 
Other applications of xylanolytic enzymes include improvement of the baking 
process and modification of baked products (10-16). Xylanases are also 
important components of enzyme systems used for liquifaction of vegetables and 
fruit, and for clarification of juices (4,17). In all of the above listed processes, 
microbial xylanolytic systems can be applied together with other enzymes 
hydrolyzing plant polysaccharides such as amylases, cellulases and pectinases. 
There are, however, applications in which xylanases should not be contaminated 
by cellulases to preserve the polymerization degree of cellulose. 

Xylanases free of cellulases have applications with important ecological 
implications in pulp and paper industry. They facilitate lignin extraction, 
reducing the consumption of toxic chemicals required for pulp bleaching (18-
21). The mechanism of this process, called enzymic prebleaching or 
bleachbusting, is not completely understood. However, it is believed that 
xylanase attacks the xylan moiety of lignin-carbohydrate complexes (18). 
Xylanases also have potential in the purification of dissolving pulp from 
hemicellulose (22,23), in the recovery of cellulose textile fibres (24) and in 
paper recycling (25). However, it was mainly the discovery of Liisa Viikari and 
her coworkers (18) that xylanases can be useful in pulp bleaching which made 
these enzymes so recognized and promoted their extensive research worldwide. 
Xylanolytic enzymes have became one of the best known hydrolases. They also 
have been extensively reviewed in the past (26-33) and books covering 
exclusively xylan and xylanases have also been published (34,35). In this article 
we would like to summarize the knowledge that has accumulated on the principal 
xylan-depolymerizing enzymes, endo-p-1,4-xylanases (EC 3.2.1.8) (further as 
EXs). 

Cooperation of EXs with Debranching Enzymes 

Xylan is structurally similar to cellulose, but instead of D-glucose, its main chain 
is built from P-l,4-linked xylopyranosyl residues. The main chain is usually 
substituted to various degree by residues of 4-O-methyl-D-glucuronic acid, D-
glucuronic acid, or L-arabinofuranose, and in some cases is also esterified by 
acetyl groups (36-40). The substituents may be also represented by 
oligosaccharides and esterified by cinnamic (phenolic) acids, of which ferulic 
acid is the most abundant. Dimerization of feruloyl residues to form diferuloyl 
bridges is believed to be an important cross-linking between xylan and other cell 
wall polymers (41,42). A hypothetical fragment of a plant xylan showing the 
major structural features found in this group of hemicelluloses and the enzymes 
required for its hydrolysis are depicted in Figure 1. 

 
 c
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The crucial enzyme for xylan depolymerization is endo-P-l,4-xylanase 
(p-l,4-xylan xylanohydrolase; E C 3.2.1.8, abbreviated EX). E X attacks the main 
chain, most easily and therefore most rapidly at non-substituted regions, 
generating non-substituted and branched or esterified oligosaccharides. The main 
chain substituents are liberated by corresponding glycosidases or esterases, so 
called debranching or accessory enzymes: ot-L-arabinosyl residues by a-L-
arabinofiiranosidases (a-L-arabinofuranoside arabinofuranosidase; E C 3.2.1.55), 
D-glucuronosyl and 4-O-methylglucuronosyl residues by a-glucuronidase (EC 
3.2.1.139), acetic acid, ferulic acid and p-coumaric acid residues by 
corresponding esterases (EC numbers not assigned). p-Xylosidase (xylobiase or 
exo-p-l,4-xylanase) (P-l,4-xylan xylohydrolase; E C 3.2.1.37) attacks 
xylooligosaccharides from the non-reducing end, liberating D-xylose. 

Two categories of debranching enzymes can be recognized: i) those that 
operate on both polymeric and oligomeric substrates and ii) those that are active 
only on branched or substituted oligosaccharides generated by EXs. There is 
usually no sharp boundary between these groups. The enzymes operating on 
polymeric substrates can be distinguished from those of the second group by 
their ability to catalyze precipitation of the originally highly soluble branched 
polymeric xylan. During xylan hydrolysis E X acts synergistically with accessory 
enzymes (43-46). E X releases substituted xylooligosaccharides, which are more 
readily diffusible and more favorable substrates for accessory enzymes. On the 
other hand, the removal of side chains substituents by accessory enzymes creates 
new sites on the main chain for productive binding with E X . 

Classification 

A comparison of microbial EXs based on their different physicochemical 
properties, such as molecular mass and isoelectric point by Wong et al. (47) 
indicated that these enzymes can be divided into two groups, one consisting of 
high-molecular-mass enzymes with low pi values, and the other consisting of 
low-molecular-mass enzymes with high pi values. As usual, there are exceptions, 
particularly concerning pi values. Interestingly, this grouping of EXs (47) was 
found to be in agreement with the general classification of glycanases on the 
basis of hydrophobic cluster analysis and sequence similarities (48-51). 
Hydrophobic cluster analysis is designed to predict protein folding based on 
hydrophobic/hydrophilic patterns and is used to compare members of a protein 
group of similar functions (52). Acidic high-molecular-mass EXs (> 30 kDa) 
were assigned to glycanase family 10 (51) (formerly family F), and basic, low-
molecular-mass EXs (<30 kDa), were assigned to glycanase family 11 (formerly 
family G). While family 10 also contains other glycosyl hydrolases, family 11 is 
exclusively made up of EXs. 

 
 c
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New classes of EXs emerge which do not show any homology with EXs 
from either family 10 or 11. One type of enzymes have been reported in Erwinia 
chrysanthemi (xylanase A) (53,54% Aeromonas caviae (xylanase VI) (55) and 
Trichoderma reesei (xylanase IV) (56,57). The enzymes from all three sources 
show the highest homology with glycosyl hydrolases of family 5, however, they 
seem to exhibit different catalytic properties. Another type of novel E X was 
discovered in psychrophilic bacterium Pseudoalteromonas haloplantkis (58,59). 
The enzyme has a molecular mass of 46 kDa and belongs to glycosyl hydrolase 
family 8. Functionally it is similar to EXs of family 11, however, it is an 
inverting E X , the first such example among EXs (59). 

Protein Fold 

EXs belonging to the two glycosyl hydrolase families show remarkable 
differences in their tertiary structures as established by crystallography (Figure 
2). Members of individual families have a similar protein folding pattern, i.e. a 
similar three-dimensional structure. These tertiary structures are more conserved 
than amino acid sequences. The most conserved region within a family appears 
to be the catalytic domain. EXs of family 11 appear to be smaller, well-packed 
molecules, formed mainly of p-sheets (60-63). These enzymes appear very small 
in their native states (64,65). The catalytic groups are present in a cleft that 
accommodates a chain of five to seven xylopyranosyl residues. 

The tertiary structure of EXs of family 10 (Figure 2) is typically an 
eightfold ot/p barrel [(a/p)g], resulting in a "salad bowl" shape (66-69). The 
substrate binds to a shallow groove on the bottom of the "bowl", which is 
shallower than the substrate binding cleft of family 11 EXs (31). This feature 
together with the generally greater conformational flexibility of larger enzymes, 
may account for the lower substrate specificity and greater catalytic versatility of 
family 10 EXs. 

A comparison of the tertiary structure of EXs with other classified 
glycosyl hydrolases reveals that the two E X families evolved from different 
ancestors. EXs of family 10 are closely related to the endo-p-1,4-glucanases of 
family 5, with which they share some common catalytic properties (see below). 
Both enzyme families 5 and 10 belong to a larger clan of enzymes possessing the 
8-fold oc/p barrel architecture (68,70% known as clan GH-A (51). EXs of family 
11 show a certain degree of similarity to the low molecular mass endo-P-1,4-
glucanases of family 12 (formerly H) (71). 
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Little knowledge is available on protein folding of EXs belonging to 
family 5. Interesting that while proteins belonging to family 5 show 39 to 45 % 
ot-helical structure, E. chrysanthemi xylanase A was estimated to contain only 
10-15% of a-helixes (54). Classification of the novel psychrophilic EX in family 
8 suggests an 6-fold a/a barrel structure, distinct from that of all currently 
known EXs (59). 

Molecular Architecture 

The molecular architectures of EXs range from a single catalytic domain to a 
complex arrangement of catalytic and non-catalytic domains (72-75), recently 
named modules (72,73). Non-catalytic modules of EXs act independently of the 
catalytic modules as polysaccharide-binding domains (carbohydrate-binding 
modules, CBMs). Catalytic modules are connected to CBMs to which they are 
linked by linker sequences rich in proline and hydroxy amino acids. The linkers 
function as flexible, extended hinge regions between functional modules (49). 
Originally, it was believed that CBMs increased the catalytic rate against 
insoluble substrates. However, recent observations suggested that binding 
modules may also facilitate the hydrolysis of soluble polysaccharides (74,76). 
The CBMs have also been reported to function as thermostabilizing domains 
(77,78). 

Surprisingly, there are several EXs that contain binding modules that 
bind exclusively to cellulose (cellulose binding domain, CBD) and not to xylan 
(49,73). This is likely related to the biological role of these enzymes in 
degrading plant cell walls which are predominantly built from cellulose closely 
associated with hemicellulose. Targeting of EX to cellulose may bring the 
enzyme in proximity of its substrate. There is a family of CBMs (CBD9) that are 
found only in EXs (72). CBMs of EX B (XlnB) from Streptomyces lividans and 
EX D from Cellulomonas fimi appear to be specific for soluble and insoluble 
xylan (74,76). The 3D structure of this xylan-binding domain (XBD) is very 
similar to that of CBD. A single amino acid change converts the protein from a 
XBD to a CBD (74). An example of an EX containing two CBMs has been 
found in Pseudomonasfluorescens subsp. cellulose (79). 

Nature also has designed multifunctional enzymes with two catalytic 
domains connected by linker sequences. Some bacteria produce Afunctional 
EXs containing two identical (80) or two different EX domains (81,82). Other 

 
 c
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Figure 2. A ribbon representation of three-dimensional structures of EXs of 
family 10 (left panels, top and side view) and family 11 (right panels, top and 

side view) 
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enzymes possess catalytic domains of two different xylanolytic enzymes, e.g. 
one catalyzing the xylan depolymerization and the other deacetylation of the 
xylan main chain (83-85). Such bifunctional enzymes may have an advantage 
over enzymes containing a single catalytic domain in the hydrolysis of native 
acetylated xylan. Multidomain xylanases also occur as subunits of cellulosomes 
and xylanosomes. These supramolecular extracellular cell-associated protein 
complexes of thermophilic Clostridia can efficiently degrade cellulose, xylan and 
related plant cell wall polysaccharides (86,87). 

Catalytic Properties 

EXs belonging to glycanase family 10 hydrolyze heteroxylans and rhodymenan 
(a linear algal P-l,3-p-l,4-xylan) to a greater extent than EXs of family 11 
(88,89). The EXs of family 10 are better able to cleave glycosidic linkages in 
the xylan main chain that are near substituents, such as MeGlcA and acetic acid. 
The alteration of the xylan main chain by replacing p-l,4-linkages by P-1,3-
linkages, like it is in rhodymenan, represents a more serious steric barrier for 
EXs of family 11 than for EXs of family 10. Consequently, EXs of family 10 
liberate smaller products from 4-O-methyl-D-glucurono-D-xylan, rhodymenan 
and, with some exceptions, also from acetylxylan, than do EXs of family 11. 
EXs of family 10 can further hydrolyze the shortest branched or isomeric 
xylooligosaccharides which are released by EXs of family 11 (88). 

Characterization of the shortest acidic fragments released from 4-O-
methyl-D-glucurono-D-xylan after a long-term hydrolysis (89,90) suggests the 
linkages accessible to hydrolysis by the two types of EXs. EXs of family 10, 
unlike EXs of family 11, are capable of attacking the glycosidic linkage next to 
the branch and towards the non-reducing end. While EXs of family 10 require 
two unsubstituted xylopyranosyl residues between the branches, EXs of family 
11 require three unsubstituted consecutive xylopyranosyl residues (Figure 3). 

Kinetic data for cleavage of individual glycosidic linkages of the xylan 
main chain are not available, but time course of product analyses suggest that 
linkages closer to substituents are hydrolyzed more slowly than more distant 
linkages. Proposed sites of hydrolysis of glucuronoxylan by E. chrysanthemi 
enzyme (EXs 5) (54) are also shown in Figure 3. However, these do not 
correspond to the products released by other EXs of family 5 (55-57). 

The degradation of a cereal L-arabino-D-xylan with two EXs of 
Aspergillus awamori (EXI, 39 kDa, pi 5.7-6.7, most probably a member of 
family 10, and EXIII, 26 kDa, pi 3.3-3.5, most probably a member of family 11) 
(91) is shown in Figure 4. The cleavage site specificities on L-arabino-D-xylan 
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resemble those on 4-O-methyl-D- glucurono-D-xylan. The L-arabinosyl 
substituents represent a more serious steric hindrance for the formation of 
productive complexes of the polysaccharide with EXIII. Only the larger type of 
the enzyme is capable of attacking the linkages between substituted and 
unsubstituted xylopyranosyl residues. 

EXs 5 i i I 
EXs 10 I i I I I 
-4Xyip 1 -4Xyip 1 -4Xylp 1 -4XyIp 1 -4Xyip 1 -4Xyip 1 -4Xylp 1 -4Xylp 1 -4Xylp 1 -4Xylp 1 -

EXs 11 f 2 t 2 2 
I I I 

a l a l a l 
MeGlcA MeGlcA MeGlcA 

Figure 3. Sites of 4-O-methyl-D-glucurono-D-xylan cleavage by EXs of three 
different families. 

Studies of the action of EXs on rhodymenan are complicated by the fact 
that EXs of family 10, are also capable of cleaving P-1,3-linkages (92,93). 
Generally, EXs of family 10 do not attack the polysaccharide at P-l,4-linkages 
which follow P-1,3-linkages towards the reducing end (92), liberating xylotriose, 
X y l p l - 3 X y l p l - 4 X y l , as the shortest isomeric product. EXs of family 11 liberate 
from rhodymenan isomeric products larger than xylotriose. 

Ara/ 
a l 

I 
EXI i I i l l I 
-4Xyip 1 -4Xyip 1 -4Xyip 1 -4Xyip 1 -4Xy 1(31 -4Xylp 1 -4Xyl-Xy lp 1 -4Xylp 1 -4Xylp 1 -

EXIII f 3 t 3 3 
I I I 

a l a l a l 
Ara/ Ara/ Ara/ 

Figure 4. Cleavage sites of L-arabino-D-xylan by two different EXs from 
Aspergillus awamori (Ref 91/ 
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Consistent with the fact that EXs of family 10 are related to endo-P-1,4-
glucanases and some glycosidases belonging to the clan of glycosyl hydrolases 
GH-A (57), EXs of family 10 catalyze hydrolysis of aryl P-D-xylopyranosides 
and low molecular mass cellulase substrates. These include aryl P-D-
cellobiosides, aryl p-D-lactosides (94, 89), and some cellooligosaccharides (95). 
The degradation of aryl xylosides, e.g. of 4-nitrophenyl P-D-xylopyranoside, 
also involves a complex reaction pathway involving glycosyl transfer reactions 
leading to xylooligosaccharides and their glycosides (96). The EXs of family 11 
do not possess these catalytic abilities. They catalyze glycosyl tranfer reactios 
with xylooligosaccharides. 

EXs of families 10 and 11 can also be differentiated on the basis of 
their reaction with co-epoxyalkyl glycosides of xylose and xylooligosaccharides 
(97). These potential site-directed inhibitors of EXs inactivate only EXs of 
family 11. EXs of family 10 are resistant to electrophilic attack of the epoxides 
(97). 

Mechanism of Substrate Degradation 

EXs of families 10 and 11 catalyze the hydrolysis of glycosidic linkages with the 
retention of anomeric configuration (98,99). The reaction involves a double 
displacement mechanism leading to a new reducing end with P-anomeric 
configuration (100). The catalytic residues have been identified as two 
conserved glutamate residues (in a few cases an aspartate replaces a glutamate), 
which are located opposite of each other in the active site. One residue functions 
as a general acid catalyst protonating the glycosidic oxygen, while the other 
functions as a nucleophile, attacking the anomeric center to form a covalent 
enzyme-glycosyl intermediate (101). In the second step a water molecule attacks 
the intermediate in a general base-catalyzed process to yield the product of 
retained anomeric configuration (101). The catalytic residues have been 
identified by chemical modification, site-directed mutagenesis, and by use of 
stabilized enzyme-glycosyl intermediates (75,101). Glycosyl transfer reactions 
catalyzed by both types of EXs at high substrate concentrations are also evidence 
for the enzyme-glycosyl intermediate. Using linear P-1,4- xylooligosaccharides 
as substrates, it has been established that EXs utilize multiple pathways of 
substrate degradation (102, 103). Unimolecular hydrolysis takes place at low 
substrate concentrations (Figure 5). Different cleavage of the substrate occurs at 
so called shifted binding, which is observed at higher substrate concentrations, 
and which is, generally, accompanied by formation of products larger than the 
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substrate. At sufficiently high concentrations of xylotriose, xylobiose initially is 
generated as the only product of xylotriose degradation (Figure 5). Analogous 
reaction pathways are also observed with longer oligosaccharides. 

Xyip 1 -4Xyip 1 -4Xyl -> Xyl + Xylp 1 -4Xyl (unimolecular hydrolysis at low [S]) 

2 Xylp 1 -4Xyip 1 -4Xyl -> 3 Xyip 1 -4Xyl (reaction at high [S]) 

Partial reactions at high [S] (E,enzyme; E-Xyl, enzyme-glycosyl intermediate): 
Xyip 1 -4Xyip 1 -4Xyl + E -> E-Xyl + Xyip 1 -4Xyl; 
E-Xyl + Xyip 1 -4Xyip 1 -4Xyl -> Xyip 1 -4Xyip 1 -4Xylp 1 -4Xyl + 
E; 
Xyipi-4Xyipi-4Xylpl-4Xyl + E -> 2Xyipi-4Xyl 

Figure 5. Different pathways of j3-l,4-xylotriose degradation by EXs observed 
at low and high substrate concentrations 

We also should mention that EXs of family 10 and 11 differ in 
stereochemistry of protonation of the glycosidic oxygen. The protonation can 
take place from two different sites involving one of the two electron pairs of the 
oxygen which are stereochemically not equivalent (104). Then one type of 
protonation occurs as anti and the other as syn. EXs of family 10 similarly as the 
whole glycosyl hydrolase clan A use anti protonation, while EXs of family 11 
use syn protonation (104). 

The main molecular and catalytic properties of EXs of families 10 and 
11 are summarized in Table I. The knowledge of properties of EXs fit into 
families 5 and 8 is limited and does not allow such a generalization. We should 
mention again that the psychrophilic EX classified as a member of family 8, uses 
a single displacement mechanism of hydrolysis of glycosidic linkage, which 
means the enzyme is an inverting glycosyl hydrolase (59). 

Xylan-Degrading Endo-p-l,4-glucanases 

It has been unambiguously established that at least one type of endo-P-1,4-
glucanases exhibits activity on both cellulose and xylan (105, 106). The best 
known enzyme in this regard is endoglucanase I from Trichoderma reesei, a 
member of family 5 glycosyl hydrolases. The enzyme catalyzes the hydrolysis of 
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both polysaccharides in the same active site (107). Although the enzyme belongs 
to the same clan as EXs of family 10, the products the enzyme generates from 
glucuronoxylan and rhodymenan are more similar to those liberated by EXs of 
family 11 (90). In T. reesei the enzyme is coinduced as a component of the 
cellulolytic and not of the xylanolytic system (17). 

Physiological Role - Microbial versus Plant EXs 

With steadily increasing evidence that one microorganism produces several 
types of EXs, in few cases even more than the two enzymes belonging to 
glycosyl hydrolase families 10 and 11, the question on the physiological role of 
the variety of EXs still remains open and awaits explanation. We realize that 
diversity of EXs could be a consequence of different evolutionary history during 
which microorganisms followed perhaps different routes to grow at the expense 
of xylan (30). However, we do not stop asking: do EXs play a different 
nutritional role in microorganisms, do they play a specific role during plant 
invasion, or, do they differ in toxicity to plants ? As we have seen, EXs differ not 
as much in substrate specificity and the extent of xylan digestion as in their 
physico-chemical properties. Some EXs of family 11 were shown to act as 
elicitors of plant defence mechanisms (64). A remarkable observation associated 
with this effect of microbial EXs in plants is, that plants do not seem to produce 
EXs of family 11. The genome Arabidopsis thaliana, which has been sequenced, 
does not contain any sequence that would code for a protein belonging to 
glycosyl hydrolase family 11 which, as we know, contains exclusively EXs. The 
studies of EXs in barley (108) and maize (109) also provided evidence for only 
the presence of EXs of family 10. Will be the information on the lack of EXs of 
family 11 in plants confirmed in future studies ? Will be this finding relevant to 
reports on occurrence of xylanase inhibitors in plants (110-113) ? 

Industrial Effectiveness of Different EXs 

There is a lack of information which of the EXs are more efficient in industrial 
applications. The reason is that reliable data can be obtained only with purified 
enzymes, which is rarely the case when used on a larger scale. Everywhere, 

 
 c

h0
21

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



373 

Table I. Properties of EXs of families 10 and 11 

Properties of EXs Family 10 Family 11 

Molecular mass usually >30 kDa usually <30 kDa 

Isoelectric points usually < 7 usually >7 

Protein fold (catalytic 
module) 

(a/P) 8 
p-sheets and one a-helix 

Substrate binding site shallow groove deep cleft 

Catalytic amino acids 

Number of subsites 

two glutamic acids 
(occasionaly one 
glutamate and one 
aspartate) 
4-5 

two glutamic acids 
(occasionaly one 
glutamate and one 
aspartate) 
5-7 

Substrate specificity less specific more specific 

heteroxylans active active 

aryl-P-xylosides active inactive 

aryl-p-cellobiosides active inactive 

aryl-P-lactosides active inactive 

Shortest acidic 
oligosaccharide released 
from glucuronoxylan 

Aldotetrauronic acid 

al-2MeGlcA-Xyipi-
4Xylpl-4Xyl 

Aldopentauronic acid 
Xylpl-4(al-
2MeGlcA)Xyipi-
4Xyipi-4Xyl 

Stereochemistry of 
hydrolysis 

retaining retaining 

Protonation of 
glycosidic oxygen 

anti syn 

Multiple reaction 
pathway at high 
substrate concentrations 

yes yes 

Effect of epoxyalkyl 
glycosides of Xyl, Xyl2 

and Xyl3 

no effect inactivation 

 
 c
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where depolymerization of xylan is to be accomplished using enzymes, all types 
of EXs could be equally efficient, unless the substrate main chain is not too 
heavily substituted or, unless the enzyme does not have an electric charge that 
influences the enzyme-substrate interaction, or unless the enzyme does not stick 
to an insoluble substrate or cellulose by means of its CBM. Studies devoted to 
application of pure EXs of family 10 and 11 on kraft pulp bleaching (114) and 
removal of hemicellulose from sulfite pulp (115) did not lead to straightforward 
data that would give preference for members of a particular EX family. The 
efficiency of enzymes was found more or less unrelated to the type of enzyme 
family. The efficiency could be more influenced by the presence of cellulose-
binding module or enzyme charge given by its pi value. Buchert et al. (116) have 
demonstrated that the action of alkaline EXs in pulp may be severely hampered 
if they are applied at pH values lower than their pi values. The reason is the 
presence of positively charged groups in the pulp glucuronoxylan. 

According to recent studies, more important than the EX family are the 
enzyme properties that are compatible with the process of pulp bleaching. In this 
process EXs with a high pH and temperature optima are of great importance 
(117,21,32,33). 

Conclusions 

Despite considerable progress in the area of xylanases, there are still many 
interesting tasks in front of the scientific community. One task is to elucidate the 
multiplicity of EXs in relation to heterogeneous nature of the substrate. This 
point is particularly important in relation to our effort to strengthen the overall 
economics of utilization of lignocellulosic biomass. There is challenge for 
construction of chimeric bifunctional or multifunctional enzymes that would 
operate efficiently on highly substituted xylans. Specially designed cellulosomes 
or xylanosomes could be one of the options. Directed evolution studies and 
environmental genomics could lead to new highly efficient and robust enzymes 
with desired substrate specificity, thermal stability and optimum operation pH 
values. New important findings may emerge from studies of the plant-microbial 
interactions focusing on xylanase toxicity for plants and the presence of xylanase 
inhibitors in xylanase-treated plant products and plant residues. 
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Chapter 22 

Fusion Proteins Containing Coprinus cinereus 
Peroxidase and the Cellulose-Binding Domain of 

Humicola insolens Family 45 Endoglucanase 

Feng Xu1, Aubrey Jones1, Michael H. Lamsa1, 
Claus C. Fuglsang2, Lars S. Conrad2, Jesper V. Kierulff2, 

Stephen H. Brown 1, and Joel R. Cherry 1,* 

1Novozymes Biotech Inc., 1445 Drew Avenue, Davis, C A 95616 
2Novozymes A/S, Bagsvaerd 2800, Denmark 

Two fusion proteins were constructed to attach the cellulose
-binding domain of Humicola insolens family 45 endo-1,4-
glucanase, via the linker of the endoglucanase, to Coprinus 
cinereus heme peroxidase. One fusion protein utilized the 
wild type peroxidase, and another utilized a peroxidase mutant 
resistant to alkaline pH, high temperature, and H 2O 2. The 
fusion proteins were expressed in Aspergillus oryzae and 
characterized. Their peroxidase activity was similar to that of 
the donor peroxidase, but their cellulose-binding affinity was 
100-fold less than the donor endoglucanase. Neutralizing the 
surface negative charge enhanced their affinity to cotton 
fabric. Although the fusion proteins could bind to cellulose, 
they failed to oxidize cellulose-adsorbed dyes that were their 
substrates in dissolved state. 

382 © 2003 American Chemical Society 
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Introduction 

Efficient hydrolysis of insoluble, polymeric carbohydrates is essential for many 
organisms that rely on the biomaterials as energy/nutrient source. To accomplish 
the task, microbes build multi-module carbohydrate hydrolases or assemble 
multi-protein cellulolytic cellulosomes (1-4). Besides the catalytic core, one or 
more polysaccharide-binding modules are often incorporated into the 
holoenzyme/ensemble. Many cellulases have so-called cellulose-binding 
domains (CBD) capable of anchoring the enzymes tightly to insoluble cellulose 
to facilitate the hydrolysis. In general, CBDs are 4 to 20 kD in size, locate either 
terminally or internally in parental proteins, and bind cellulose tightly with yM'x 

range affinity. The 3-D structures of CBD belonging to different families 
(including the fungal family 1) have been determined, and more than 200 CBD 
sequences belonging to 13 families are known (2, 5-9). 

As a discrete protein module, CBD isolated from the parental hydrolase or 
cellulosome scafFoldin can maintain its cellulose-binding capability. Such a 
function of the CBD is being exploited as a powerful biotechnology/protein-
engineering tool for a wide range of applications (2, 10, 11). In comparison to 
other industrial/medicinal matrix materials, cellulose holds many highly 
desirable properties, such as human safety, environment-friendliness, low cost, 
inertness to many agents, and diverse physical states (powder, membrane, fabric, 
bead, hydrogel, solution, etc). Benefiting from the excellent properties of 
cellulose, CBD-tagging can a How a p rotein/biomolecule/cell tobe: (1) readily 
isolated through cellulose-affinity chromatography (2, 11); (2) immobilized to 
cellulose-based bioreactor/display/microarray/matrix (12,13); (3) transported by 
cellulosic carrier (14); or (4) transformed to a heterogeneous biocatalyst for 
cellulose-adsorbed substrates. Various CBD fusions involving more than 20 
proteins and biomolecules have been constructed for the first three applications 
(2,15-18, 38). 

Oxidoreductases, including peroxidases, have great potential for a wide 
range of applications, such as pulp delignification, polysaccharide degradation, 
biopolymerization, biosynthesis, fuel desulfurization, bioremediation, textile 
colorization, and biosensor/diagnostics (19, 20), Equipping these enzymes with 
cellulose-binding capability could tremendously improve/expand their 
biocatalytic function. Recently glucose oxidase has been chemically linked to a 
bacterial CBD, and horseradish peroxidase has been immobilized to cellulose 
through the interaction between a tripeptide affinity tag and cellulose-bound 
CBD (2, 21), In this report, we describe the construction of two fusion proteins 
from a family 1 fungal CBD and a fungal heme-containing peroxidase. The 37 
amino acid CBD and the 35 amino acid linker are from family 45 Humicola 
insolens endo-l,4-glucanase (HiC45) (22, 23, 39, 40). The peroxidase is from 

 
 c
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Coprinus cinereus (CiP) (24-26). One fusion protein, CBD-CiP, involved the 
wild type CiP. Another fusion protein, CBD-mCiP, involved an 
alkaline/thermal-stable, H202-resistant mutant (mCiP) having the mutations 
V53A, E239G, M242I, Q270R, and Y272F (27, 28). We intended to test the 
construction as the first example of CBD-peroxidase fusion proteins as well as 
engineered oxidoreductases able to activate insoluble, cellulose-adsorbed 
substrates. 

Experimental Methods 

Materials and instruments 

Chemicals used were commercial products of at least reagent grade. Britton 
and Robinson (B&R) buffer was made by mixing 0.1 M phosphoric acid, 0.1 M 
acetic acid, and 0.1 M boric acid with 0.5 M NaOH to desired pH. P urified 
HiC45 was obtained as previously described (23). The CBD from HiC45 was 
obtained by digesting HiC45 overnight with Alcalase (from Novozymes), followed 
by CI8 reverse-phase chromatography purification. Congo Red-adsorbed Avicel 
(-0.14 mmol/g) was prepared by mixing 5 g of Avicel with 27 mL of 27 mM dye 
for 2 0 min, f ollowed byexhaustive washing of the dyed pdiets with water ( via 
cycles of suspension and centrifugation until the supernatant showed a -0.06 
absorption at 486 nm at 1 cm pathlength) and drying (180 °C, 4 days). Cotton 
fabrics (stoned-washed/desized Dakota denim, white Vertex, bleached/desized 
plain cotton Style #400, black currant-stained #400) were from Novozymes' textile 
research laboratory. 

Chromatography was performed on a Pharmacia FPLC. 
Ultrafiltration/diafiltration was performed using an Amicon Spiral Concentrator 
and an H1-P30-43 hollow fiber cartridge. Electrophoresis was performed with a 
Bio-Rad Minicell apparatus and precast gels. S pectral data were recorded on 
either a Shimadzu UV160U spectrophotometer with 1 -cm quartz cuvette, or a 
Molecular Devices Thermomax microplate reader with Costar 96-well 
microplate. N-terminal amino acid sequencing was performed on an Applied 
Biosystems 476A Protein Sequencer, with either purified sample or 
electroblotted PVDF membrane. DNA sequencing was performed on an 
Applied Biosystems 377 DNA sequencer. Oligonucleotides were synthesized by 
an Applied Biosystems 294 DNA/RNA synthesizer. The protocols for molecular 
biology experiments (including restriction digests, DNA ligations, gel 
electrophoresis, and DNA preparations) were adapted from either the 
instructions of the manufacturer or standard procedures. Radioactive decay was 

 
 c
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measured using a HP 1900 TR liquid scintillation analyzer and OptiPhase 
scintillation liquid. Bleaching of denim was assayed by a Minolta ChromaMeter 
CR 300 with a CIE standard C light source. 

Enzyme assays 

Specific peroxidase activity was assayed at 30 °C with 0.1 M Na-phosphate 
of pH 7, 0.9 mM H 20 2, and 1.7 mM 2,2'-azmobis(3-ethylbenzotWazoline-6-
sulfonic acid) (ABTS), by monitoring the absorption increase at 418 nm. The 
molar absorptivity of 36 mM"lcm"1 and a stoichiometry of 2 were used to 
calculate the rate. For selecting S. cerevisiae transformants, a nitrocellulose or 
cellulose acetate filter with bound CBD-CiP was coated with a solution of 100 
mM Na-phosphate, pH 7, 50 mg/L diarninobenzidine, and 1 mM H 20 2. A brown 
precipitate appeared on the filter due to the peroxidase activity where positive. 

Oxidation of soluble Congo Red was monitored at 486 nm in a 96-well 
microplate with 0.1 mL solutions containing 45 mM Na-phosphate, pH 7, 0.25 
mM H 20 2, 1 to 160 nM peroxidase, and 88 |iM dye (yielding an initial 
absorption of -1 at 486 nm). Oxidation of Avicel-adsorbed Congo Red was 
studied in 0.65-mL tubes with 0.13 mL suspensions containing 0.5 mg dyed 
Avicel, 0.24 or 2.6 or 70 mM H 20 2, and 0.14 or 1.5 nM peroxidase, under gentle 
shaking at 20 °C. Solutions/suspensions without peroxidase, H 20 2, or 
peroxidase/H202 served as controls. 

Denim bleaching was tested on two pieces of fabric (12 g each) soaked in 
0.24 L solution containing 5.5 mM K-phosphate, pH 6.5, 4 nM peroxidase, 1 
mM H 20 2, 0 or 0.1 mM 10-phenothiazine-propionic acid. The reaction was 
carriedoutat30°Cfor30 min. The fabric discoloration was measured by a 
Minolta Chroma Meter in the L*a*b* color space (L*: change in black (0)/white 
(100), a*: change in green (-)/red (+), b*: change in blue (-)/yellow (+)) and 
calculated as the difference, A(L*a*b*), before and after the bleaching. 

Thermal stability was assayed by first incubating 0.02 g/L protein in B&R 
buffer of pH 10.5 at 50 °C for 20 min, followed by measuring the oxidation of 
1.4 mM ABTS with 1 mM H 20 2 in 0.1 M Na-phosphate of pH 7. Resistance to 
H 20 2 was assayed by including 0.2 mM H 20 2 in the incubation solution. 

Cellulose binding 

Avicel, denim, Style #400 fabric, and black currant-stained Style #400 
fabric were used to study the binding by CBD-CiP. For black currant-stained 
fabric, the cloth was washed, prior to use, until no brown color was released. 
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Cellulose-binding was studied in 5.5 mM Na-phosphate, pH 7, with 0.2 
mg/L protein and 100 g/L cellulosic material; or in 10 mM Tris, 5 mM CaCl2, 
pH 7.6, with 0.6 mg/L peroxidase and 250 g/L cellulosic material. The 
incubation was carried out in either glass vials (2-mL) or plastic tubes (1.7-mL) 
with gentle shaking at 20 °C for 15-90 min. After incubation, the supernatant 
was assayed by peroxidase activity and SDS-PAGE. 

The binding was also measured with 14C-labelled proteins. Incubations 
were made in 5 mM Na-phosphate, pH 7, 0.1 ug/L protein, and 100 g/L 
cellulosic materials at 30 °C for 30 min. The abundance of the soluble protein 
was quantitated by the disintegration per min reading relative to that in solution 
prior to the mixing with the cellulosic materials. 

Langmuir isotherms of HiC45 binding by cellulose were established by 
incubating l4C-labelled HiC45 with pre-swollen Avicel or Veitex fabric in 50 
mM Na-phosphate of pH 7 or 50 mM B&R buffer of pH 10 for 30 min. Binding 
equilibrium was reached within 5 min for both Avicel and Veitex. Data were 
fitted, by non-linear regression, to Langmuir equation B = BmP^Pe+l/^a) or P e

2 

- (Pj - MKi - SiBm)P e - VJKt = 0, in which Pj and Pe were the initial and 
equilibrated protein amount in solution, respectively, Si was the initial cellulose 
amount, B and B m were the equilibrium and maximal binding capacity, 
respectively, and KA was the affinity constant (29). 

Chemical modification 

Solvent-accessible carboxyl groups of CiP or CBD-CiP were amidated by 
glycine methyl ester according to a published method (30). For instance, 0.31 
umoles (21 mg in 1 mL) CBD-CiP, previously dialyzed in 2 L H20, was mixed 
with 10 mmoles glycine methyl ester dissolved in 9 mL H 20 with pH adjusted to 
4.8. One mmole l-(3-dimethylamino-propyl)-3-ethylcarbodiimide was added 
and the pH was maintained at 4.75 by adding HC1. After 2 h and the addition of 
12 umoles HC1, the pH was stabilized and the reaction stopped. The modified 
protein, CBD-CiPcm, was dialyzed in H20, concentrated, and buffer-exchanged 
(on a B io-Rad B ioSpin P 6 c olumn) t o 0.1 M Na-phosphate, pH 7. Based on 
their structure, CiP and CBD-CiP had 37 and 39 -COOH. 

Radioactive labeling of desalted proteins was performed with 1 4CH 20, 
through their exposed lysines and N-termini, in NaBH3CN containing 50 mM Na-
phosphate, pH 7, by a reductive methylation (37). After 4 h of incubation at room 
temperature, the labeled protein was purified on a Pharmacia Superdex 75 column, 
and the specific labeling was established by co-precipitating the protein with 1 % 
bovine serum albumin in cold 20 % trichloroacetic acid. 
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Construction of fusion protein genes 

The CBD-CiP fusion was constructed by amplifying four separate gene 
fragments using PCR: (1) The CiP 5'-untranslated region and the region 
encoding the amino acid sequence 1-22 (for CiP signal), (2) the HiC45 region 
encoding the amino acid sequence 248-305 (for the CBD), (3) the HiC45 region 
encoding the amino acid sequence 213-247 (for the linker), and (4) the CiP 
region encoding the amino acid sequence 21-344 (for mature CiP). The primers 
used in the four amplifications were: (la) 
5 ' C C C C C T T C C C T G G C G A A T T C C G C A T G A G G 3 ( l b ) 
5' ACCTTGGGGTAGAGCGAGGGCACCGATG3', (2a) 
5 'TGCACTGCTGAGAGGTGGGC3 \ (2b) 
5 ' C A G G C A C T G A T G A T A C C A G T 3 ( 3 a ) 
5 'CCCTCCAGCAGCACCAGCTCT3 \ (3b) 
5 'TCCTCCAGGACCCTGACCGCTCGGAGTCGTAGGCTG3 \ (4a) 
5 ,TACGACTCCGAGCGGTCAGGGTCCTGGAGGAGGCGGG3and (4b) 
5 'GGGAGGGCGTGAATGTAAG3'. The amplified fragments (1) and (2) were 
purified, phosphorylated by T4 polynucleotide kinase, ligated to one another (for 
15 min at room temperature), and amplified with primers la and 2b to generate 
the ligated fragment (1+2). Similarly, the amplified fragments (3) and (4) were 
ligated to (3+4), and the fragments (1+2) and (3+4) were ligated to generate the 
fused gene. The gene was integrated into plasmid JC106 (27, 28), in which the 
CiP gene was previously removed by digestion with BamHl and Xhol. The 
resulting plasmids contained the CiP or H202-resistent CiP variant gene, GAL1 
promoter and URA3 marker. 

To express CBD-CiP in Aspergillus oryzae, the synthetic genes were 
subcloned from pJC106 to an A. oryzae expression vector. This was 
accomplished by digesting pJC106 with BamHl followed by blunt ending with 
Klenow, then digesting with Notl9 and finally subcloning into the A. oryzae 
vector as a Swal and Not! fragment. The resulting vectors, pAJl 1 and pAJ12, 
contained maltose-inducible A. oryzae ct-amylase (TAKA) promoter, CBD-CiP 
or CBD-mCiP coding region, A. niger glucoamylase (AMG) terminator, and 
amdS selectable marker (Figure 1). 

Heterologous expression 

S. cerevisiae transformation was carried out as previously reported (27, 28). 
Transformants were grown on minimal URA" media plates containing 2% 
galactose (to induce the GAL1 promoter). The plates were covered with a 
nitrocellulose filter topped by a cellulose acetate filter. After growth for 48 to 72 
h, both filters were washed twice with 100 mL of 20 mM Na-phosphate buffer, 
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Figure 1. Vector expressing CBD-CiP. For CBD-mCiP-expressing pAuJol2, 
the coding sequence of CiP was replaced by that of mCiP. 

pH 7 to remove colony debris, and then assayed by the diaminobenzidine assay. 
The liquid cultures of selected transformants were grown overnight in minimal 
media containing 2% galactose. 

p A JO 11 and pAJ012 (10 ug each) were used to transform an A. oryzae 
recipient strain JaL142 (from J. LehmbeckofNovozymes)usinga previously 
described method (32) with two modifications: protoplasting was made with 10 
g/L Novozyme 234 in the absence of bovine serum albumin; 1 mL of "SPTC" 
solution (0.8 M sorbitol, 40% polyethylene glycol 4000, 50 mM Tris, pH 8, 50 
mM CaCl2) was used to replace the PEG solution. Transfromants were selected 
on COVE media (20 ml/L COVE salts (26 g/L KC1, 26 g/L MgS04-7H20, 76 
g/L KH2P04, 50 mL/L COVE trace elements (0.04 g/L Na2B4O710H20, 0.4 g/L 
CuSO45H20, 1.2 g/L FeS04H20, 0.7 g/L MnS04H20, 0.8 g/L Na2Mo02H20, 
10 g/L ZnS04H20)), 1 M sucrose, 25 g/L Noble agar, and 20 mM acetamide). 
Selected spores were inoculated in 24-well plates containing 1 mL "half-
strength" MY50 medium (1* MY salts (2g/L MgS04-7H20, 2g/L K 2P0 4, lOg/L 
KH2P04, 2g/L citric acid, 0.5 mL/L AMG trace elements (13.9 g/L FeS04-7H20, 
8.5 g/L MnS04H20, 14.28 g/L ZnS04-7H20, 1.63 g/L CuS04, 0.24 g/L 
NiCl2-6H20, 3.0 g/L citric Acid)), 5% maltodextrin, 1% yeast extract, 0.2% urea, 
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pH 6.5). Cultures were grown for three days at 30 °C under 100 rpm shaking 
before being assayed for CiP activity. The most active transformants were spore 
purified and grown in a 2-L fermentation under conditions similar those 
previously reported (27, 33). 

Protein purification 

The purification scheme comprised ultrafiltration and anion-exchange 
chromatography. The cell-free broth (pH 7.7, 11 mS conductivity) was filtered 
with Whatman #2 paper and ultrafiltered with a polysulfone membrane (30 kD 
molecular weight (MW) cutoff). The washed and concentrated broth (pH 7.7, 1 
mS) was then loaded onto a Q-Sepharose column pre-equilibrated with 10 mM 
Tris-HCl, pH 7.6, and 5 mM CaCl2 (Buffer A). The active fraction eluted by 5% 
Buffer B (Buffer A plus 2 M NaCl) was washed (with 5 mM CaCl2) to 1 mS, 
then applied to a Mono-Q column equilibrated with Buffer A. Buffer B was 
used again for the elution. Fractions were analyzed by the peroxidase assay and 
SDS-PAGE. 

Results 

Construction and expression of CBD-CiP 

In HiC45, the N-terminus of the CBD is linked to the C-terminus of the 
linker, whose N-terminus is in turn linked to the C-terminus of the catalytic 
domain (22). Wetried t o r eplace t he c atalytic d omain o f H iC45 w ith C iP to 
produce a "CiP-CBD" fusion, with the CBD fused (via the linker) to the C-
terminus of CiP. However, no catalytically active CiP-CBD was observed. 
Because the C-terminus of CiP is in intimate contact with the protein surface 
(25), an attachment of HiC45's linker-CBD (-20 kD) might disrupt the 
polypeptide conformation, leading to an inactivation. 

We connected the N-terminus of CiP to the C-terminus of HiC45's linker, 
whose N-terminus was in turn linked to the C-terminus of HiC45's CBD, in a 
reversed arrangement to that in HiC45. Two genes were constructed to encode 
two fusion proteins composed of four discrete domains: CiP signal sequence, 
HiC45 CBD, HiC45 linker, mature CiP or a H202-resistant mutant mCiP (Figure 
2). The first two N-tenninal amino acid residues (Gln-Gly) of the mature CiP 
were placed between the CiP signal and HiC45 CBD to prevent any "abnormal" 
signal cleavage that might be detrimental to the integrity of the CBD. N-terminal 

 
 c

h0
22

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



SO
 

M
 

K
 

L
 

S 
L

 
L

 
S 

Ba
m

H
l 

>
 

-
1 

G
G

AT
CC

AC
TA

 
G

TA
AC

G
G

CC
G

 
CC

AG
TG

TG
CT

 C
TA

AA
G

AC
TA

 
TG

AA
G

CT
CT

C
 G

CT
TT

TG
TC

C
 

T
F

A
A

 
V

I
I 

G
A

L
 

A
L

P
Q

 
G

 
C

 
T

 
A

 
E

 
R

 
Ci

P 
Si

gn
al

 
S

eq
u

en
ce

 
<>

 
<>

 
61

 
AC

CT
TC

G
CT

G
 C

TG
TC

A
TC

A
T 

CG
GT

GC
CC

TC
 G

CT
CT

AC
CC

C
 A

GG
GT

TG
CA

C
 T

GC
TG

AG
AG

G
 

W
 

A
 

Q
 

C
 

G
G

N
 

G
W

S 
G

C
T

T 
C

V
A

 
G

S
T

 
- 

H
iC

45
 C

BD
 

-
12

1 
TG

G
G

CT
CA

G
T 

G
CG

G
CG

G
CA

A
 

TG
GC

TG
GA

GC
 G

G
CT

G
CA

CC
A

 
CC

TG
CG

TC
GC

 T
GG

CA
GC

AC
T 

C
T

K
I 

N
D

W
 

Y
H

Q
 

C
L

P
S 

S
S

T
 

S
S

? 

18
1 

TG
CA

CG
AA

GA
 

TT
A

A
TG

A
C

TG
 

G
TA

CC
AT

CA
G

 T
G

CC
TG

CC
CT

 C
CA

GC
AG

CA
C

 C
AG

CT
CT

CC
G

 
V

N
Q

P 
T

S
T

 
S

T
T

 
S

T
S

T
 

T
S

S 
P

P
V

 
H

iC
45

 L
in

ke
r 

24
1 

G
TC

AA
CC

AG
C

 
CT

AC
CA

G
CA

C
 

CA
GC

AC
CA

CG
 T

CC
AC

CT
CC

A
 C

CA
CC

TC
GA

G
 C

CC
GC

CA
GT

C
 

Q
P

T
T

'
P

S
G

 
Q

 
G

P
 

G
G

G
G

 
S

V
T

 
C

 
P

 
G

 

3 0
1 

CA
G

CC
TA

CG
A

 
CT

CC
CA

G
CG

G
 

CC
AG

GG
TC

CT
 G

GA
GG

AG
GC

G
 

GG
TC

AG
TC

AC
 T

TG
CC

CC
GG

T 
G

Q
S

T
 

S
N

S 
Q

C
C

 
V

W
F

D
 

V
L

D
 

D
L

Q
 

M
at

ur
e 

C
iP

 
- 

-
36

1 
GG

AC
AG

TC
CA

 
CT

TC
G

AA
CA

G
 

CC
AG

TG
CT

GC
 G

TC
TG

G
TT

CG
 A

CG
TT

CT
AG

A
 C

G
AT

CT
TC

AG
 

T
N

F
Y

 
Q

G
S 

K
C

E
 

S
P

V
R

 
K

I
L

 
R

I 
|V

/A
| 

42
1 

AC
CA

AC
TT

CT
 

AC
CA

AG
G

G
TC

 
CA

AG
TG

TG
AG

 A
G

CC
CT

G
TT

C
 G

CA
AG

AT
TC

T 
TA

G
AA

TT
G

TT
 

F 
H

 
D

 
A

 
I

G
F

 
S

P
A

 
L 

T
 

A
 

A
 

G
 

Q
 

F
 

G
 

G
 G

 

48
1 

TT
CC

AT
G

AC
G

 
CG

AT
CG

G
AT

T 
TT

CG
CC

GG
CG

 T
TG

AC
TG

CT
G

 
CT

G
G

TC
AA

TT
 C

GG
TG

GT
GG

A
 

G
 

A
 

D
 

G
 

S 
I 

I 
A

 
H

 
S 

N 
I 

E
 

L
 

A
F

P
 

A
 

N
 

G
 

54
1 

GG
AG

CT
GA

TG
 

G
C

TC
C

A
TC

A
T 

TG
CG

CA
TT

CG
 A

AC
AT

CG
AA

T 
TG

G
CC

TT
CC

C
 G

GC
TA

AT
GG

C
 

G
 

L
 

T
 

D
 

T
 

V
 

E
 

A
 

L
 

R
 

A
 

V
 

G
 

I 
N

 
H

 G
 

V
 

S 
F

 

60
1 

G
G

CC
TC

AC
CG

 A
CA

CC
G

TC
G

A
 A

GC
CC

TC
CG

C
 G

CG
GT

CG
GT

A
 T

CA
AC

CA
CG

G
 T

G
TC

TC
TT

TC
 

G
 

D
 

L
 

I 
Q

 
F

 
A

 
T 

A
 

V
 

G
 

M
 

S 
N

 
C

 
P

 
G

 
S 

P
 

R
 

 
 c

h0
22

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



66
1 

G
G

CG
AT

CT
CA

 
TC

C
A

A
TT

C
G

C 
C

A
C

TG
C

C
G

TC
 

G
G

CA
TG

TC
CA

 
A

C
TG

C
C

C
TG

G
 

C
TC

TC
C

C
C

G
A 

L
E

F
L 

T
G

R 
S

N
S 

S 
Q 

? 
S 

P
P

S 
L

I
P 

72
1 

C
TT

G
A

G
TT

C
T 

TG
AC

G
G

G
CA

G
 

G
A

G
C

A
A

C
A

G
T 

TC
C

C
A

A
C

C
C

T 
C

C
C

C
TC

C
TT

C 
G

TT
G

A
TC

C
C

C 
G

 
P 

G
 

N 
T 

V 
T 

A 
I 

L 
D 

R 
M

 
G

 
D

A
G

 
F 

S 
P 

78
1 

G
G

TC
CC

G
G

AA
 

AC
AC

G
G

TC
AC

 
C

G
C

TA
TC

TT
G

 
G

AT
CG

TA
TG

G
 

G
CG

AT
G

CA
G

G
 

C
TT

C
A

G
C

C
C

T 
D 

E 
V 

V 
D

L
L 

A 
A 

H
 

S 
L 

A 
S 

Q
 

E 
G

 
L 

N 
S 

84
1 

G
AT

G
AA

G
TA

G
 

TC
G

A
C

TT
G

C
T 

TG
C

TG
C

G
C

A
T 

A
G

TT
TG

G
C

TT
 

CT
CA

G
G

AG
G

G
 

TT
TG

A
A

C
TC

G
 

A 
I 

F 
R 

S 
P 

L 
D 

S 
T 

P 
Q

 
V 

F 
D 

T 
Q

 
F 

Y 
I 

90
1 

G
C

C
A

TC
TT

C
A 

G
A

TC
TC

C
TT

T 
G

G
A

C
TC

G
A

C
C 

C
C

TC
A

A
G

TT
T 

TC
G

A
TA

C
C

C
A 

G
T

T
C

T
A

C
A

T
T 

E 
T 

L 
L 

K
 

G
 

T 
T 

Q
 

P 
G

 
P 

S 
L 

G
 

F 
A 

E
E

L 

96
1 

G
A

G
A

C
C

TT
G

C 
TC

AA
G

G
G

TA
C 

C
A

C
TC

A
G

C
C

T 
G

G
C

C
C

TT
C

TC
 

TC
G

G
C

TT
TG

C 
A

G
A

G
G

A
G

C
TC

 
S 

P 
F 

P 
G

 [
E/

G
| 

F 
R 

fr
l/l

) 
R 

S 
D 

A 
L 

L 
A 

R I
 

D 
S 

R 

.0
21

 
TC

C
C

C
C

TT
C

C 
CT

G
G

CG
AA

TT
 

CC
G

CA
TG

AG
G

 
TC

CG
AT

G
CT

C 
TC

TT
G

G
C

TC
G

 
C

G
A

C
TC

C
C

G
A 

T 
A 

C 
R 

W
 

Q
 

S 
M

 
T 

S 
S 

N 
E 

V 
M

 
G

 
B"

 7R
| 

R 
[Y

TF
J 

R 

F
ig

ur
e 

2.
 

F
us

io
n 

ge
n

e 
an

d 
de

du
ce

d 
am

in
o 

ac
id

 s
eq

u
en

ce
 o

f 
C

B
D

-C
iP

. 
A 

di
pe

pt
id

e 
(G

ln
-G

ly
),

 c
or

re
sp

on
di

n
g 

to
 

th
e 

N
-t

er
m

in
u

s 
of

 
m

at
u

re
d 

Ci
P,

 
wa

s 
in

se
rt

ed
 

b
et

w
ee

n
 

Ci
P 

si
gn

al
 s

eq
u

en
ce

 
an

d 
H

iC
45

 C
BD

. 
E

xp
er

im
en

ta
ll

y 
de

te
rm

in
ed

 
N

-t
er

m
in

i 
of

 
pu

ri
fi

ed
 C

B
D

-C
iP

 
an

d 
its

 
cl

ea
ve

d 
pr

od
u

ct
 

ar
e 

u
n

de
rl

in
ed

. 
B

ox
ed

 a
re

 a
m

in
o 

ac
id

 r
es

id
u

e 
ch

an
ge

s 
in

 m
C

iP
, 

m
ad

e 
by

 c
h

an
gi

n
g 

th
e 

co
do

n
s 

G
T

T
fo

r 
V5

3 
to

 G
CT

, 
GA

A 
fo

r 
E

23
9 

to
 G

GA
, 

A
T

G
fo

r 
M

24
2 

to
 

AT
A,

 
C

A
G

fo
r 

Q
27

0 
to

 C
GG

, 
an

d 
T

A
C

fo
r 

Y
27

2 
to

 
TT

C.
 

C
on

ti
n

u
ed

 o
n 

n
ex

t p
ag

e.
 

so 

 
 c

h0
22

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



10
81

 
AC

CG
CC

TG
CC

 
G

AT
G

G
CA

AT
C 

CA
TG

AC
CA

GC
 

AG
CA

AT
GA

AG
 

TT
AT

GG
GC

CA
 G

CG
AT

AC
CG

C 
A 

A
 

M
 A

 
K

 
M

 
S

 
V 

L
 

G
 

F 
D

 
R

 
N

 
A

L
T

 
D

C
S 

11
41

 
GC

CG
CC

AT
GG

 
CC

AA
G

AT
G

TC
 T

G
TT

CT
CG

G
C 

TT
CG

AC
AG

GA
 

AC
G

CC
CT

CA
C 

CG
AT

TG
CT

CT
 

D 
V

 
I 

P
 

S
 

A
 

V
 

S
 

N
 

N
 

A 
A

 
P

 
V

 
I

P
G

 
G

 
L

 
T

 

12
01

 
G

AC
G

TT
AT

TC
 

CT
TC

TG
CT

G
T 

G
TC

CA
AC

AA
C 

G
CT

G
CT

CC
TG

 T
TA

TC
CC

TG
G

 
TG

G
CC

TT
AC

T 
V 

D
 

D
 

I 
E

 
V

 
S

 
C

P
S 

E 
P

 
F

 
P

 
E

 
I 

A
 

T 
A

 
S

 

12
61

 
GT

CG
AT

GA
TA

 
TC

G
AG

G
TT

TC
 G

TG
CC

CG
AG

C 
G

AG
CC

TT
TC

C 
CT

G
AA

AT
TG

C 
TA

CC
G

CC
TC

A 
G

 
P

 
L

 
P

 
S

L
A

 
P

A
P 

13
21

 
G

G
CC

CT
CT

CC
 

CC
TC

CC
TC

G
C 

TC
CT

G
CT

CC
T 

TG
AT

CT
G

G
TG

 
AA

GA
TG

GT
AC

 A
TC

CT
G

CT
CT

 
13

81
 

CT
CA

TC
AT

CC
 

CT
CT

TA
G

CT
A 

TT
TA

TC
CA

AT
 

CT
AT

CT
AC

CT
 A

TC
TA

TG
CA

G
 T

TT
C

TG
TT

C
T 

14
41

 
AT

CA
CC

AC
AG

 
GA

AG
CA

AG
AA

 A
GA

AA
AA

CA
A 

CA
AT

G
CA

AC
G

 
TG

AG
CA

GA
AA

 T
CA

G
CA

AA
AA

 
15

01
 

AA
TA

AA
TC

AG
 

TA
TA

CT
AC

AG
 

TA
AT

G
AG

G
CC

 
AG

TT
TG

CG
TG

 
GT

GT
CA

GA
AG

 
TA

AG
TA

CG
AC

 
N

ot
l 

15
61

 
TC

G
G

CT
TT

AC
 A

CA
CT

G
G

CG
G

 
CC

GC
 

Fi
gu

re
 2

. 
C

on
ti

n
u

ed
. 

 
 c

h0
22

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



393 

sequencing showed that the signal was cleaved in the A. oryzae host between the 
Gin and Gly, leading to an intact CBD in the secreted CBD-CiP. 

The transformed S. cerevisae colonies were grown on selective plates 
covered with a cellulose acetate filter topped with a nitrocellulose filter. 
Secreted CiP and mCiP passed through the cellulose acetate, but bound to the 
nitrocellulose, whereas CBD-CiP and CBD-mCiP showed significant binding to 
the cellulose acetate filter, as visualized by the diaminobenzidine assay. The 
binding by cellulose acetate greatly facilitated the selection of CBD-CiP 
transformants. 

Expression of CBD-CiP in A. oryzae was comparable to that of CiP. 
However, significant cleavage by the host between the CBD/linker and CiP 
domains was observed. As revealed by SDS-PAGE, the ratio of the intact to the 
cleaved CBD-CiP was about 2:3 (data not shown). 

Purification of the fusion proteins 

To avoid potential binding of the fusion protein to cellulosic materials, a 
polysulfone membrane was used for ultrafiltration, which led to -90% recovery 
of the initial peroxidase activity. Q-Sepharose chromatography yielded two 
active fractions, eluted by 5 and 2 0% Buffer B. SDS-PAGE showed that the 
first fraction, containing -30% recovery of the initial peroxidase activity, was 
enriched in a 66 kD band, and the second fraction was enriched in a 45 kD band. 
Mono-Q chromatography of the first fraction led to the purification (to apparent 
homogeneity) of the 66 kD protein, which did not bind to the column, from the 
45 kD protein, which was eluted with 5% buffer B. The final CBD-CiP 
preparation had a recovery of 13% (of the initial peroxidase activity in broth) 
and a 12-fold purification. The 45 kD protein had an N-terminus of 
GPGGGGSVTC-, which matched the 2nd to 11th amino acids in the N-terminus 
of the mature wild type CiP, indicating a cleavage between the linker and CiP of 
the fusion protein. 

Molecular and enzymatic properties of the fusion proteins 

The CBD-CiP showed an N-terminus of GCTAERWAQ-, one residue short 
of the predicted N-terminus (which would be QG- plus the N-terminus of the 
CBD). Like CiP, the fusion proteins had a pi of 3.5. On SDS-PAGE, they had a 
MW of-66 kD, in comparison to the deduced 43 kD value, likely due to a -53% 
glycosylation. The observed and deduced MW of the CiP expressed by the same 
host was 36 and -45 kD, respectively, indicating a -26% glycosylation. T he 

 
 c
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higher glycosylation extent of CBD-CiP could be attributed to the Thr/Ser-rich 
linker, well known for its extensive glycosylation in its parental HiC45 (22, 23). 

The purified fusion proteins both showed a ratio of the absorption at 405 nm 
to that at 280 nm equal to 2.2, in comparison to the 2.5 observed for the CiP. 
The absorption increase at 280 nm for CBD-CiP, relative to CiP, was consistent 
with the contribution from the Tyr (1), Trp (3), and Cys (6) in the CBD and 
linker (Figure 2). Thus, the fusion proteins had one heme loaded per protein. 

With ABTS as the reducing substrate, the CBD-CiP had a specific activity 
of 2400 IU/mg or 1.1 105 tumover/rnin, and CBD-mCiP had a specific activity of 
2700 IU/mg or 1.2 105 turnover/min, in comparison to the 3000 IU/mg or 1.1 
105 turnover/min value observed for CiP. Thus the fused CBD/linker did not 
affect the catalysis at the substrate pocket of CiP. 

As a thermally stable and H202-resistant CiP mutant, mCiP could retain, 
after being incubated at pH 10.5 and 50 °C for 20 min, -95 or 74% activity in 
the presence of 0 or 0.2 mM H 20 2, respectively (28). CBD-mCiP showed, 
however, drastically decreased stability. After 20 min incubation at pH 10.5 and 
50 °C, CBD-mCiP lost all its peroxidase activity, similar to CBD-CiP, even in 
the absence of H 20 2. 

Surface charge modification of CiP and CBD-CiP 

The modified CiP (CiPcm) showed a UV-visible spectrum and SDS-PAGE 
identical to those of CiP. However, CiPcm and CBD-CiPcm had a pi of 8.2 and 9, 
respectively, significantly higher than the 3.5 of CiP and CBD-CiP. The amino 
acid analysis showed -20 more glycines in CiPcm than in CiP. With ABTS as the 
substrate, CiPcm had an optimal pH = 8, shifted one unit higher than that of CiP. 
The specific activity of CiP c m was 70% of that of CiP, probably due to 
amidations at the vicinity of the heme site or on the heme's two propionate 
groups. Above pH 8, CiP c m showed lower H 20 2 resistance than that of CiP. 

Cellulose-binding 

For its binding by Avicel at pH 10, Veitex at pH 10, or Veitex at pH 7, 
HiC45 showed a Langmuir isotherm with a maximal binding capacity B m of 710 
± 110, 32 ± 5, or 34 ± 3 nmol/g, and an affinity constant Ka of 5.4 ± 2.1, 3.8 ± 
1.2, or 4.8 ± 1.1 uM"1, respectively. The affinity of isolated CBD appeared 
similar to that of HiC45. The Kz was comparable to that of the Cel7A 
cellobiohydrolase from Trichoderma reesei (2, 29). 

During the screening of S. cerevisiae transformants, CBD-CiP was bound by 
cellulose acetate, but not Whatman #1 paper filter. Towards Avicel, Style #400 

 
 c
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fabric, denim, and black currant-stained #400 fabric, the 14C-labeled CBD-CiP 
showed 17, 0, 1, and 38% adsorption respectively, whereas the l4C-labeled CiP 
showed 3, 1, 1, and 46% adsorption, respectively. 

Under the conditions of 5.5 mM Na-phosphate, pH 7, 0.1 mg/L protein, and 
100 g/L denim, essentially no CBD-CiP bound to denim after 30 min incubation, 
based on the peroxidase activity in the supernatant. With 100 g/L Avicel, 
however, -50 and 70% CBD-CiP were bound after 30 and 50 min incubations, 
respectively, in contrast to the <6% binding for CiP. Assuming a B m of 0.7 
umol/g, as that observed for HiC45, a K& -0.03 uM'1 was estimated for the 
Avicel-binding of CBD-CiP. 

The adsorption was also studied in 10 mM Tris, 5 mM CaCl2, pH 7.6, with 
250 g/L cellulosic material and 0.6 mg/L peroxidase. Figure 3 shows the relative 
activity of the peroxidases free in solution after incubation. With Avicel, only 
10% of CBD-CiP was bound, in comparison with the 3 5% binding for CBD-
CiPcm. With Style #400 fabric, only CBD-CiPcm showed a significant binding 
(50%). With denim, neither CiP nor CBD-CiP showed detectable binding, 
whereas 40% of CBD-CiPcm was bound. With the black currant-stained fabric, 
the binding was 10, 20, 40, and 80% for CiP, CBD-CiP, CiPcm, and CBD-CiPcm, 
respectively. 

Oxidation of soluble and Avicel-adsorbed Congo Red 

CiP-catalyzed homogenous oxidation of Congo Red by H 20 2 led to a bleach 
of the intense red color in solution into faint yellow-brown color, corresponding 
to a decrease of the absorption at 486 nm. A linear relationship was observed 
between the initial rate and the enzyme concentration at the range of 1 to 160 
nM. A turnover/min of 130, 160, 340, or 160 was observed for CiP, CBD-CiP, 
CiPcm, or CBD-CiPcm, respectively. 

To oxidize Avicel-adsorbed Congo Red, 0.5 mg dyed Avicel was mixed in 
0.13 mL solution with 0.24 mM H 20 2 and 0.14 uM peroxidase, under gentle 
shaking at 20 °C for 17 h. Another 6 h incubation was made with 2.4 mM newly 
added H 20 2, followed by a two-day incubation with 1.4 uM newly added 
peroxidase, and a one-week incubation with newly added 70 mM H 20 2. After 
all these incubations, no visual red color bleaching was detected for either CiP, 
CBD-CiP, CiPcm, or CBD-CiPcm, indicating insignificant peroxidase action of 
these enzymes on the adsorbed dye. 

Denim bleaching 

In the absence of phenothiazine, treating denim with CiP and H 20 2 led to a 
A(L*a*b*) of 0.97, indicating a poor bleaching. In the presence of 0.1 mM 
phenothiazine, however, the treatment led to a A(L*a*b*) of 6.82 (corresponding 
to a visual change from intense blue to pale blue), indicating a strong bleaching 

 
 c
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under the mediation of phenothiazine, which shuttled electrons from cellulose-
adsorbed indigo dye to soluble CiP (20, 34). When CiP was replaced by CBD-
CiP, a A(L*a*b*) of 1.48 or 6.27 was observed with 0 or 0.1 mM phenothiazine, 
respectively. Increasing [CBD-CiP] 10-fold or pre-incubating CBD-CiP with 
denim led to comparable results. Thus the ability of CBD-CiP to bind to 
cellulose did not improve the denim bleaching. 

Discussion 

Construction of CBD-CiP 

In HiC45, the N-terminus of the CBD is linked (via the linker) to the C-
terminus of the catalytic domain (22). We connected the N-terminus of CiP (via 
the linker) to the C-terminus of HiC45's CBD, in an arrangement "reversal" to 
that in HiC45. The resulting fusion protein CBD-CiP was readily secreted by S. 
cerevisiae and A. oryzae hosts, was active as a peroxidase, and functional as a 
cellulose-binder. We purified CBD-CiP by ion exchange chromatography at 
neutral pH, rather than cellulose affinity chromatography, because the elevated 
pH (-11) needed to break CBD-cellulose binding was known to destroy the 
peroxidase activity of CiP. Although CiP and CBD-CiP had similar pi of 3.5, 
they were readily separated by our procedure, likely due to the heavy 
glycosylation of the linker in CBD-CiP. 

The CBD-CiP showed an Avicel affinity -100-fold weaker than that of 
HiC45 and isolated CBD. This weakened cellulose-binding of the CBD in 
CBD-CiP may be attributable to the C-terminally attached CiP moiety (via the 
linker), whose thermal movement/freedom could interfere with the CBD's 
cellulose-binding, which aligns the flat binding surface of the wedge-shaped 
CBD with cellulose polymer (29, 35, 36). Both CBD-CiP and CBD-mCiP 
showed comparable peroxidase activity at pH 7 and 20 °C, indicating an 
insignificant effect of the CBD moiety on the heme site of CiP. However, the 
attachment of the CBD abolished the stability of mCiP at pH 10 and 50 °C. It 
has been postulated that the mutations in mCiP enhance the inter/intra helix H 
bonds, leading to higher thermal stability (28). Attaching a 20 kD CBD-linker 
moiety may weaken the interhelix interactions in CiP, resulting io a decreased 
CiP's stability. 

Effect of surface charge on the cellulose-binding by CBD-CiP 

Perfect cellulose has no net charge in its polymeric structure. However, the 
cellulose matrix in cotton fabric generally carries negative charges at neutral pH, 

 
 c
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due to various treatments during manufacturing. Thus, electrostatic repulsion 
could contribute to the weak binding of CBD-CiP, which was negatively charged 
at pH > 4. The chemically modified CBD-CiPcm was positively charged at pH < 
9, and its improved cellulose-binding could be attributed to its favorable 
electrostatic attraction to the fabric. Similar electrostatic effect has been 
observed for the cellulase binding on charged hemicellulose (37). 

The staining of black currant, which contains positively charged 
anthocyanidines, embedded positive charges onto the negative cotton fabric. 
The electrostatic attraction by embedded anthocyanidines could contribute to the 
binding of CiP and CBD-CiP to the black currant-stained fabric, which was 
significantly enhanced in comparison to that to the unstained fabric. Both CiP c m 

and CBD-CiPcm showed better binding to the black currant-stained fabric than 
CiP and CBD-CiP, likely due to the ability of CiP c m and CBD-CiPcm to bind the 
larger cellulosic matrix area unembedded by anthocyanidines. 

CBD-CiP activity on cellulose-adsorbed substrate 

One of the potential applications for CBD-CiP is in the field of textiles: to 
bleach cellulose-adsorbed dye. In general, the adsorption by insoluble cellulose 
makes a substrate inaccessible for a soluble enzyme, as exemplified by the 
Congo Red and CiP of this study. The fused CBD in CBD-CiP could anchor 
CiP on cellulose, thus creating close proximity between adsorbed Congo Red 
and CiP. However, no significant oxidation of the adsorbed Congo Red by the 
anchored CiP was observed, although the soluble Congo Red was readily 
oxidized by CBD-CiP. No beneficial effect from the cellulose-binding of CBD-
CiP was observed either in CiP's oxidative bleaching of indigo dye in denim. 
The inability of the bound CBD-CiP to oxidize the adsorbed dye indicated that 
the heme:substrate interaction was still too weak, likely due to unfavorable steric 
effects. It is known that different dyes have different activity towards the 
decolorization by peroxidases. Thus it would be of interest to test whether CBD-
CiP could decolorize other dyes being used by the textile industry other than 
Congo Red and indigo. 

Conclusions 

We have successfully prepared two CBD-fused peroxidases. Although the 
fusion enzymes retained their peroxidase activity, the cellulose-binding affinity 
of the CBD moiety and the alkaline/thermal stability of the CiP moiety were 
significantly compromised. The fusion could immobilize the peroxidase on a 
cellulosic matrix, enabling it to be delivered/transported by a cellulosic carrier or 

 
 c
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to function in a multi-phasic bioreactor for soluble substrate. However, CBD-
CiP failed to activate cellulose-adsorbed, insoluble substrate. More protein 
engineering is needed to transform the peroxidase from a homogenous 
biocatalyst into a heterogeneous biocatalyst for interfacial biocatalyses such as 
bleaching dyed fabric. 
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Chapter 23 

Heterologous Expression of Trichoderma reesei 1,4-ß-
D-Glucan Cellobiohydrolase (Cel 7A) 

William S. Adney, Yat-Chen Chou, Stephen R. Decker, 
Shi-You Ding, John O. Baker, Glenna Kunkel, Todd B. Vinzant, 

and Michael E. Himmel 

Biotechnology Division for Fuels and Chemicals, National Bioenergy 
Center, National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, CO 80401 

Cellobiohydrolase I (Cel7A) from Trichoderma reesei is 
generally recognized as being the most important enzyme in 
the construction of engineered component cellulase systems 
designed for hydrolysis of microcrystalline cellulose. We 
previously reported that full-length T. reesei Cel7A can be 
expressed from E. coli or P. pastoris, however the enzyme was 
either produced as insoluble inclusion bodies or 
hyperglycosylated respectively. In this study, we report the 
expression of active and stable full length Cel7A from 
transformed A. awamori and insect cells, and additional 
attempts to produce active soluble enzyme in E. coli. From 
this and previous work, we have concluded that E. coli and P. 
pastoris are unsuitable for expression of full length or the 
catalytic domain of Cel7A for the purpose of conducting site
-directed-mutagenesis. We compare the activity kinetics and 
thermal denaturation properties of two forms of recombinant 
and the wild type T. reesei Cel7A. 

© 2003 American Chemical Society 403 
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Many members of the phylum Dikaryomycota (both Ascomycetes and 
Basidiomycetes) are known for their role in the biodegradation and recycling of 
organic matter in nature (7). Their ability to digest cellulosic biomass (e.g. leaf 
litter and wood), and in the case of many Basidiomycetes both cellulose and 
lignin, is of great interest to the emerging bioenergy industry, since biomass 
represents an enormous renewable resource for the production of fuels and 
chemicals. Among the notable genera are a number of industrially important 
fungi and agricultural mycoparasites. These fungi are known to secrete a variety 
of hydrolytic enzymes, many of which have been exploited industrially. These 
industrial enzymes include cellulases, amylases, invertases, proteases, 
pectinases, and lipases. 

The anamorphic filamentous fungus Trichoderma reesei (Hypocrea 
jecorina) secretes several hydrolytic and cellulolytic enzymes known to 
participate synergistically in the degradation of biomass. One of the key 
enzymes from this group is the structural glycoside hydrolase family 7 enzyme 
cellobiohydrolase I (Cel7A), an exoglucanase that constitutes as much as 60% of 
the total secreted protein produced by the fungus (2). Cel7A is a 65 kDa 
glycoprotein that cleaves the cellulose chain from the reducing end to release 
cellobiose subunits. The enzyme consists of three domains: a relatively large 46 
kDa ^-glycosylated catalytic domain, a smaller 3.7 kDa cellulose-binding 
domain, and a flexible 30 amino acid O-glycosylated peptide linking the other 
two domains. During the process of secretion the protein undergoes several 
important posttranslational modifications that contribute both to the biological 
function and to the ultimate structure and stability of the protein (3). These 
posttranslational modifications include the oxidation of cysteine sulfhydryl 
groups to form 10 disulfide bonds in the catalytic domain which undoubtedly 
play an important role in the folding and maintaining of the three dimensional 
structure of the enzyme (Table I). N-terminal modification of the mature protein 
by formation of a pyroglutamate also occurs, a modification whose function is 
not clearly understood. The protein is targeted for secretion with a 17-residue 
amino acid N-terminal signal peptide that specifically targets the protein to the 
endoplasmic reticulum and subsequent secretory pathway, and may also be 
responsible for the initiation of folding, and may serve as an intra-molecular 
chaperone itself. In addition, the specific cleavage of the signal peptide by host 
cell proteases may or may not be specific to T. reesei. 

The catalytic domain of Cel7A is ^-glycosylated to various extents 
depending on Trichoderma strain and storage history (3). As in the case of most 
secretory proteins, glycosylation is thought to occur as the nascent peptide enters 
the endoplasmic reticulum and before the final native secondary structure is 
acquired (4). It is probable that the combination of these essential 
posttranslational modifications and the rnicroheterogeneity of glycosylation by 
various heterologous hosts play a critical role in dictating the ultimate structure, 
stability, and activity of the expressed enzyme (5). Considering the potential 

 
 c
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impact these modifications have on the function of secreted proteins, it became 
apparent that the assessment of advanced heterologous expression systems was 
critical for work to improve fungal cellulases through protein engineering. 

Table I. Specific Disulfide Bonds Assignments in T. reesei Cel7A 

Cysteine 1 Cysteine 2 Type 
A4 A72 
A19 A25 SRH 
A50 A71 LHS 
AA61 A67 RHH 
A 138 A 397 LHS 
A 172 A210 RHH 
A 176 A 209 SRH 
A 230 A 256 SRH 
A 238 A 243 RHH 
A 261 A 331 

The cost of producing ethanol from biomass can be divided into three areas: 
pretreatment costs, fermentation costs, and other costs. Pretreatment costs 
include capital construction costs, biomass milling, pretreatment reagents, 
equipment maintenance, power and water, and waste neutralization and disposal. 
Fermentation costs include capital, enzymes, nutrient supplements, yeast 
maintenance and scale-up, and waste disposal. Other costs include biomass 
purchase, transportation and storage, plant labor, plant utilities, ethanol 
distillation, and administration (which may include technology-use licenses). 
One of the major expenses incurred in the biomass conversion process is the cost 
of enzymes (6). 

Our primary goal in support of the United States Department of Energy 
Biofuels Program remains the reduction in cost of cellulases acting on pretreated 
biomass. A logical approach to this task is to increase the specific activity and 
possibly the thermal tolerance of the enzymes in the cellulase complex. 
Development of an effective and relevant heterologous expression system for 
Cel7A therefore became a critical objective. 

Materials and Methods 

Acquisition of the T. reesei cel7a Gene. 

Cella cDNA was previously isolated from a T. reesei cDNA library 
constructed using a PCR-generated probe based on published cel7a gene 
sequences (7). The resulting plasmid, pB210-5a, contains the entire cella 
coding sequence including the native signal sequence and was used to construct 
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expression vectors for E. coli, Aspergillus awamori, and insect cells. PCR was 
used to isolate and/or modify the cell a gene from plasmid pB210-5a for all 
expression vectors used in this study. Using this approach, we designed primers 
that first isolated the translated portion of the cella gene sequence, secondly we 
added convenient restriction enzyme sites for cloning, and then we placed the 
coding region in the proper reading frame. Pfu polymerase, a polymerase with 
proofreading ability and high fidelity, was obtained from Stratagene and used for 
all PCR reactions. Inserts containing the cella gene were then prepared by gel 
purification of the PCR products followed by restriction digestion and 
directional cloning into the appropriate expression vectors. For the expression 
of Cel7A in E. coli, the gene was truncated so that only the catalytic domain of 
protein was expressed. After the cella gene was inserted into the appropriate 
expression vector, the insert was sequenced to ensure no errors in the primary 
sequence were introduced by PCR. 

Expression of T. reesei Cel7A in E. coll 

Expression Vectors and Strains. 

The DE3 lysogen of strain BL21, and variations of this strain, were used as 
the primary hosts for the expression of the cella gene in E. coli. As an E. coli B 
strain, BL21 is deficient in the Ion protease and lacks the ompT outer membrane 
protease that can degrade proteins during purification (8). In this host, the target 
protein should be more stable than in those host strains that contain these 
proteases. Additionally, the thioredoxin reductase-deficient strain BL21 trxB 
(DE3) was used to attempt to maximize soluble protein expression with the pET 
vectors. The trxB- cells have been shown to permit disulfide bond formation in 
the cytoplasm of E. coli {8-11), which is dependent on the presence of an 
oxidized form of thioredoxin (9). The Origami™ (DE3) and Origami B (DE3) 
strains used to express Cel7A catalytic domain in this study contain an additional 
mutation in the glutathione reductase gene (gor), which is also involved in the 
reduction of cytoplasmic disulfide bonds (77). The Origami and Origami B 
strains were used to attempt to express Cel7A, since it is thought that this 
enzyme requires disulfide bonds to achieve an active, properly folded 
conformation. 

Another approach used during this study to address issues of protein 
insolubility when expressed from E. coli, was the use of the tightly regulated 
pBAD expression system developed by Invitrogen. The use of this system 
permitted tight regulation of cella expression utilizing dose dependent induction 
with arabinose. The pBAD expression system is based on the araBAD operon, 
which controls the arabinose metabolic pathway in E. coli (12). With this system 

 
 c
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expression levels can be tightly controlled to reduce insolubility of the 
recombinant protein. 

Genotypes of E. coli Strains Used for Protein Production. 

E. coli XLl-Blue: recAl endAl gyrA96 thi-1 hsdRU supE44 relAl lac[F* 
proAB laclqZM15 TnlO(Tetr)] (Stratagene, La Jolla, CA). 

BL21frjdl(DE3)pLysS: genotype: E, coli B strain derived, F - ompT 
hsdSB(rB- mB-) gal dcm trxBl5: Antibiotic resistance: kan (DE3) pLysS 
(CmR). 
This strain is a high-stringency expression host allowing disulfide bond 
formation in the E. coli cytoplasm, has thioredoxin reductase mutation (trxB), 
and has resistance to kanamycin (15 îg/ml) and chloramphenicol (34 ng/ml) 
(Novagen, Inc., Madison, WI). 

Origami(D£3)pLysS: genotype: K-12 derived, ara-leu7697 lacX74 phoAPvuII 
phoR araD139 galE galK rspL F[lac+(lacIq)pro] gor522 ::Tn70 (TcR) 
trxBwkm (DE3) pLysS (CmR). 
This strain is a high-stringency expression host; two mutations in cytoplasmic 
disulfide reduction pathway enhance disulfide bond formation in E. coli 
cytoplasm 
Antibiotic resistance: Tetracycline (12.5 îg/ml), Kanamycin (15 ng/ml), 
Chloramphenicol (34 \ig/wl) (Novagen, Inc., Madison, WI). 

BL21-CodonP!us(DE3)-RP: E. coli B F- ompT hsdS(i&- mB-) dcm+ Tetr gal 
1 (DE3) endA Hte [argUproL Camr]. 
This strain, a derivative of E. coli B, is a general protein expression strain that 
lacks both the Lon protease and the OmpT protease, which can degrade proteins 
during purification (Novagen, Inc., Madison, WI). 

Construction of MBP-Cel7A E. coli Fusion Proteins. 

To improve the solubility of Cel7A expressed in E. coli we utilized the 
pMAL™-2 protein fusion and purification system from New England Biolabs 
(NEB) to successfully express and purify soluble rCel7A-cd. Following the NEB 
protocols the cloned cel7a gene was inserted downstream from the ale gene of E. 
coli, which encodes maltose-binding protein (MBP), resulting in the expression 
of an MBP fusion protein (13) shown in Figure 1. The method uses the strong 
"tac" promoter and the ale translation initiation signals to give high-level 
expression of the cloned sequence, and also allows for a one-step purification of 
the fusion protein the affinity of MBP for maltose (74). 
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The constructed vector expressed the mat gene (with or without its signal 
sequence) fused to the lacZi gene. When present using the pMal-p2X vector, 
the signal peptide on pre-MBP directs fusion proteins to the periplasm. Since 
Cel7A is secreted it was thought that periplasmic targeting would allow folding 
and disulfide bond formation to take place in the periplasm of E. coli, plus allow 
rapid purification of the protein from the periplasm. The vectors as supplied by 
New England BioLabs carry the laclq gene, which codes for the Lac repressor. 
This keeps expression from Ptac low in the absence of IPTG induction. The 
pMAL-2 vector also contains the sequence coding for the recognition site of a 
specific protease, located just 5' to the polylinker insertion sites. This allows 
MBP to be cleaved from the fusion protein after purification (14). We utilized 
the specific protease Factor Xa that cleaves at the C-terminal side of a specific 
four amino acid recognition sequence (IleGluGlyArg). The cleavage of the 
fusion at this site resulted in a cellobiohydrolase product with no vector-derived 
residues attached to the final protein product. 

Selection of E. coli Hosts for the Formation of Disulfide Bonds. 

An attempt was made to improve the solubility of Cel7A and to produce 
correctly folded enzyme in E. coli by using the vector pET-32, a vector designed 
to produce a thioredoxin fusion protein and to increase the yield of soluble 
product in the cytoplasm. Expression of Cel7A was attempted in the host strains 
Origami, Origami B, BL21trxB, and BL21 (DE3) pLySs, which allow for the 
formation of disulfide bonds in the E. coli cytoplasm (7/). Since the Cel7A 
protein contains multiple essential disulfide bonds, the combination of a pET-32 
vector and a trxB or trxB/gor host was used to examine the expression of Cel7A 
linked to the presence of thioredoxins. 

Targeted expression of the Cel7A protein to the periplasm of E. coli was 
also attempted using the following methods. The periplasm of E. coli is known 
to be an oxidizing environment that contains enzymes that catalyze the formation 
and isomerization of disulfide bonds (75-77). The directing of heterologous 
proteins to the periplasm is a common strategy employed when attempting to 
isolate active, folded proteins containing disulfide bonds (75). Cel7A was fused 
to a pelB signal sequence enabling potential localization of the expressed protein 
to the periplasm using the vector pET-40b (+)(Novogen). The vector pET-40b 
(+) contains signal sequences to create fusions of the target gene to the enzyme 
that catalyze the formation (DsbA) or isomerization (DsbC), respectively, of 
disulfide bonds in the periplasm of E. coli (18,19). This construct was designed 
to produce a Cel7A fusion protein that would be localized to the periplasm, so 
that its direct association with the catalytic enzyme would enhance its solubility 
and facilitate disulfide bond formation. The various vectors used for E. coli 
expression are illustrated in Table II and in Figure 1. 

 
 c

h0
23

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



409 

Purification and Cleavage of Cel7a-MBD E. coli Fusion Proteins. 

MBP-Cel7A fusion proteins were purified by affinity chromatography using 
amylose resin from New England BioLabs. Cells from an overnight culture were 
induced using ITPG, harvested and lysed by sonication. The resulting cell debris 
was removed by centrifiigation and the cell lysate loaded on to the amylose resin 
column. The column was then washed extensively with 20 mM acetate, 200 mM 
NaCl, 1 mM EDTA pH 5.0 buffer. The bound fusion protein was then eluted 
from the column using the same buffer with the addition of 10 mM maltose. 
Following cleavage by the specific protease Factor Xa, the rCel7A protein was 
purified from the MBP via anion exchange chromatography on a Pharmacia 
HiPrep 16/10 DEAE FF column. 

Fusion protein cleavage was carried out at 1% (w/w) the amount of fusion 
protein using the specific protease Factor Xa. The reaction mixture was 
incubated for several days at 4°C and the cleavage followed by SDS-PAGE. 

Expression of T. reesei Cel7A in Insect Cells. 

Construction of Recombinant Baculovirus. 

To generate recombinant baculovirus containing the cel7a gene from T. 
reesei, a recombinant donor plasmid was first constructed. This vector was 
constructed using PGR, which generated a 1.57kb PCR fragment, from a cDNA 
template containing the cbhl gene plus its signal sequence (pB210-5a). This 
PCR product was also was modified by the addition of BssH II and Xho I linkers 
and cloned into the Bac-to-Bac vector from Life Technologies. In addition, the 
translation initiation start signal was optimization for insect cells. Baculoviruses 
were constructed by transposon-directed integration of the cel7a gene into the 
baculovirus genome using competent DHlOBac E. coli cells. Transposition and 
isolation of recombinant bacmid DNA was carried out as described in the Bac-
to-Bac Baculovirus expression Systems Manual (Life Technologies) using the 
vector pFast-ce/ 7a. 

The insertion of the cbhl gene was confirmed using the following methods. 
PCR amplification of the bacmid DNA preparation using M13F and M13R 
primers resulted in amplification of a 3.8kb fragment, the size predicted if 
transposition was successful (-1.5 kb gene, 2.3 kb transposition region). PCR 
using M13F and eel7a gene-specific antisense primer P261-A4645 (5'-
AGATCGCGGGGACACTGG-3 •) amplified a 2.2kb product, the size predicted. 
This result indicates the presence of the cel7a gene in the bacmid DNA. 
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Table II. Plasmids and E. coli Strains Used in This Study 

Plasmid* Comments** E. coli host 

p22H3 Cel7a-cd in pET22b BL21(DE3) pLySs 
BL21trxB(DE3)pLysS 
Origami(DE3)pLysS 

p22H4 Cel7a-cd with C-term 6x His tag in 
pET22b 

p22H5 Cel7a-cd with pelB leader in pET22b 
p22H6 Cel7a-cd with pelB leader and C-

terminal 6x His tag in pET22b 
p32H5 Cel7a-cd with N-terminal thioredoxin 

tag in pET32b 
p32H6 Cel7a-cd with N-terminal thioredoxin 

and C-terminal 6x His tag in pET32b 
p40H5 Cel7a-cd with N-terminal DsbC tag in 

pET40b 
p40H6 Cel7a-cd with N-terminal DsbC and 

C-term 6x His tag in pET40b 
p22H3/pET32b Co-expression of Cel7a-cd and 

thioredoxin 
p22H3/pET40b Co-expression of Cel7a-cd and DsbC 
p22H4/pFA3 co-expression of Cel7a-cd and TrxA 
p22H4/pFA5 co-expression of Cel7a-cd and TrxA 

grx-like 
p22H4/pBADdsbA co-expression of Cel7a-cd and DsbA 
p22H4/pBADdsbC co-expression of Cel7a-cd and DsbC 
p22H4/pBAD.ssdsb co-expression of Cel7a-cd and DsbA 
A (.2-19) 
p22H3/pBAD.ssdsb co-expression of Cel7a-cd and DsbC 
C (.2-20) 
p22H5/pBAD.ssdsb DsbC (d2-20) in pBAD33 with 
C optimized RBS 
pMALH7 Cel7a-cd in pMAL-p2 BL21-CodonPlus(DE3)-

RP 
pMALH8 Cel7a-cd with 6x His tag in pMAL-p2 

BL21-CodonPlus(DE3)-
RP 

*pFA3, pFA5, pBADdsbA, pBADdsbC, pBAD.ssdsbA and pBAD.ssdsbC were kindly 
provided by Prof. G. Georgiou (PNAS, Nov23, 1999, vol 96(24): 13703-13708). 
**pET 22b(+), pET32b(+), pET40b(+) were purchased from Novagen (Madison, WI). 
pMAL-p2 was purchased from New England Biolab. 

 
 c
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Transfection and Screening of Insect Cells. 

The cell a bacmid DNA was transfected into 5/21 and Tni insect cells and 
cytopathogenesis was visible at harvest. Viral plaques were purified and five 
plaques were selected for expression of T. reesei Cel7A and production of 
protein biochemical analysis. Pilot expression experiments using 1.8 x 106 5/21 
cells tested for active rCel7A and confirmed secretion into the culture media 
demonstrated in Table III and Figure 2. 

Table III. Initial Rate Kinetics of Outgrowth Supernatants from Insect 
Cells Transfected With pFast-Cel7a Baculovirus on p-nitrophenol (3-D-

lactropyranoside. 

pFast-CellA plaque Initial rate on pNPL (jumol/mL miri1) 
1 9.72 x 10"4 

2 2.31 xlO"4 

3 1.50 xlO"4 

4 3.77 x lO-4 

5 1.86 x 10"4 

Control Not detected 

Expression ofT. reesei Cell A in Aspergillus awamori. 

The coding sequence for the cell a gene was inserted and expressed in A. 
awamori using the fungal expression vector pPFE2. The pPFE2 vector is an E. 
coli - Aspergillus shuttle vector, and contains elements required for maintenance 
in both hosts. The pPFE2 vector directs the expression and secretion of the 
protein of interests as a fusion protein with a portion of the glucoamylase gene 
fused to the cell a gene as shown in Figure 3. In this case, the rCel7A protein 
was expressed as a fusion protein with the secretion signal peptide for 
glucoamylase present under the control of the Aspergillus niger glucoamylase 
(GA) promoter. 

The major features of the pPFE2-ce/7a construct are shown in Figure 4. 
The sequence immediately upstream of the N-terminus of the Cel7A catalytic 
domain encodes a LysArg dipeptide, which is recognized by a host Kex2 like 
protease during the secretion process (Figure 3). During secretion the fusion 

 
 c

h0
23

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



414 

Figure 2. Western blot analysis demonstrating successful expression of Cell A 
from the transfection ofSf21 insect cells. Lane 1= See Blue Plus2 molecular 
weight standards; Lane 2 = native T. reesei expressed Cell A; Lane 3 = pFast-

CellA plaque 1 outgrowth supernatant; Lane 4 = pFast-CellA plaque 2 
outgrowth supernatant; Lane 5 = pFast-CellA plaque 3 outgrowth supernatant; 
Lane 6 = pFast-CellA plaque 4 outgrowth supernatant; Lane 1 = p Fast-Cell A 

plaque 5 outgrowth supernatant; Lane 8 = Uninfected Sf2l outgrowth 
supernatant; Lane 9 = BacPAK6 infected Sf21 cell outgrowth supernatant 

expressing fi-gal; Lane 10 = native T. reesei expressed CEL1A. 

Figure 3. Glucoamylase signal sequence used to express Cell A in A. awamori 
showing the native GA signal recognition site, the engineered Kex2 site, and the 

N-terminus of the expressed and secreted rCellA. Note that when processed 
with the GA signal sequence, the formation of the N-terminal pyroglutamate did 

not occur. 
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peptide is cleaved, removing the glucoamylase signal peptide. In this way, the 
rCel7A protein experiences an "efficient ride" through the A. awamori secretion 
system and is expressed and secreted with the native N-terminal protein. The net 
result is that the rCel7A is processed so that it can accumulate in the medium 
without its glucoamylase secretion signal fusion partner. The vector also 
contains the Streptoalloteichus hindustanus phleomycin resistance gene, under 
the control of the A. niger p-tubulin promoter, for positive selection of 
Aspergillus transformants. The vector also contains a P-lactamase gene for 
positive selection using ampicillin in E. coli, and the A. niger trpC terminator. 
Insertion of the cell a coding sequence into the pPFE2 vector was accomplished 
by designing primers to give a Not I site on the 5' end, and an engineered Xba I 
site on the 3' end of the PCR fragment. The full-length coding sequence for the 
cell a gene without the native signal sequence was obtained by PCR using Pfu 
DNA polymerase and using the cDNA construct pB210-5a as the template. The 
pPFE vectors and the PCR product were digested using Not I and Xba I then 
directionally cloned into the pPFE2 vector using T4 DNA ligase and used to 
transform E. coli XL-1 Blue. The insertion of the cell a coding sequence into the 
pPFE2 vector was confirmed using PCR, restriction digest analysis, and DNA 
sequencing through the insertion sites. The entire coding sequence of the cella 
insert was also confirmed by DNA sequencing. 

Expression of T. reesei Cel7A in A. awamori was also accomplished using 
its native signal sequence (Figure 5) by first constructing a plasmid in which a 
DNA fragment containing the structural gene of cella was cloned precisely 
under the control of an A. niger GA promoter by polymerase chain reaction 
(PCR)-mediated overlap extension (20). PCR was conducted using two sets of 
primers to individually amplify fragments of GA promoter and cella structural 
gene. The two fragments were joined together by the second round of PCR. 

The final fragment was then cloned in pFE2 vector and used to transform E. 
coli. The recombinant plasmid was purified and subsequently used to transform 
A. awamori. 

A 1-kb DNA fragment containing A. niger GA promoter was isolated by 
PCR using pFE2 DNA as the template using Pfu polymerase (Stratagene, CA). 
The reverse primer was designed so that the 5' sequence of cella structural gene 
was included and joined with the 3'end of the promoter sequence. The PCR 
product contained the GA promoter with a 15-bp "tail" of cella sequence. A 
Sad site was incorporated in the forward primer for the purpose of PCR 
fragment cloning. The primers used for synthesis of GA promoter include: 

Forward S ' - A A T T C G A G C T C T C C C C T G A C C 

Reverse 5 ' - C A A C T T C C G A T A C A T T G C T G A G G T G T A A T G A T G C 

 
 c
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Figure 4. Plasmid map of the E. coli-Aspergillus shuttle vector pPFE2-cel7a. 
The cella gene was directionally cloned as a Not I-Xba Ifragment. The Not 1 
site was subsequently engineered out by site-directed mutagenesis to obtain the 

native N-terminus of Cell A. 

The structural gene of cella (1545 bp) was isolated by PCR using the plasmid 
pB210-5a as a template. The forward primer was designed so that the 
3'sequence of the GA promoter is fused to the 5'end of cella structural gene. 
The PCR product contained a 19-bp "tail" of GA promoter sequence at the 5'end 
of the cella structural gene. A NotI restriction site was incorporated in the 
reverse primer for cloning purposes. The primers used for the synthesis of cella 
structural gene include: 

Forward 5'- GCATCATTACACCTCAGCAATGTATCGGAAGTTG 
Reverse 5'- GAATGCGGCCGCGGAGCTTTACAGGCACTG 
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Because the "tails" from the two PCR fragments above are complementary and 
can anneal to each other in a second round of PCR, the GA promoter can be 
combined with cel7a structural gene at the "ATG" start codon. This eliminates 
the potential effect on expression due to extra bases between the promoter and 
the gene. 

The final PCR product (2.6 kb) was digested with NotI, which generated a 
cohesive terminus at the 3'end of cella gene, and ligated to pFE2 digested with 
Sad (and treated with T4 DNA polymerase for blunt-ending) and NotI. The 
ligation mixture was used to transform E. coli DH5a. The correct recombinant 
plasmid DNA was isolated from DH5a and used for transformation in A. 
awamori host. 

Transformation of Aspergillus awamori with cel7a. 

Aspergillus awamori (ATCC22342) spore stocks were stored at -70°C in 
20% glycerol, 10% lactose. After thawing, 200 jiL of spores were inoculated 
into 50 mL CM-glucose broth (5 g-L'1 Yeast Extract; 5 g-L"1 Tryptone; 10 g-L1 

Glucose; 20X Clutterbuck's Salts (120.0 g-L'1 Na2N03; 10.4 g-L"1 KC1; 10.4 g-L" 
1 MgS047H20; 30.4 g-L"1 KH2P04) 50 mLL"1) at pH 7.5 in each of eight-
baffled 250 mL Erlenmeyer flask. The cultures were grown at 28°C, 225 rpm for 
48 h. The mycelial balls were removed by filtration through sterile Miracloth 
(Calbiochem, San Diego, CA) and washed thoroughly with sterile KCM (0.7M 
KC1, lOmM MOPS, pH 5.8) to remove ungerminated spores. Approximately 10 
g wet weight of washed mycelia were transferred to 50 mL KCM + 250 mg 
Lysing Enzyme from Trichoderma harzianum (Sigma-Aldrich, St. Louis, MO) 
in a 250 mL baffled Erlenmeyer flask. The digestion mixture was incubated 
overnight at 30°C, 80 rpm. Following digestion, the mycelia were titurated with a 
25 mL disposable pipette to loosen the hyphal cells and filtered through sterile 
Miracloth into 50 mL conical centrifuge tubes. The spheroplasts were pelleted 
at 1500 x g for 12 min and resuspended in 0.7M KC1 by gentle tituration with a 
25 mL pipette. This was repeated once. After a third pelleting, the spheroplasts 
were resuspended in 10 mL KC (0.7M KC1; 50mM CaCl2), pelleted and 
resuspended in 1.0 mL KC using a wide-bore pipet tip. The washed spheroplasts 
were transformed by adding 12.5 ^L PCM (40% PEG 8000; 50mM CaCl2; 
lOmM MOPS pH 5.8) and 5 ^L DNA (-0.5 \ig/\iL) to 50 fit of spheroplasts in 
sterile 1.5 mL Eppendorf tubes. After incubation on ice for 45 minutes, 0.5 mL 
of room temperature PCM was added to the transformation mixture and was 
mixed by inversion and gentle vortexing. The mixture was incubated at room 
temperature for 45 minutes. One milliliter of KC was added and mixed. 
Selection of transformants was by zeocin resistance. The mixture was allocated 
between four tubes (10 mL each) of CM top agar at 55°C, which were each 
poured over a 15 mL CM plate with 170 jig/mL zeocin. The plates were 
incubated at 28°C for 2-3 days. Subsurface colonies were partially picked with a 
sterile wide bore pipet tip, exposing the remaining part of the colony to air and 
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Figure 5. Native T. reesei signal peptide for Cell A used for the expression and 
secretion of rCellA in Aspergillus awamori and insect cells. 

promoting rapid sporulation. After sporulation, spores were streaked onto 
several successive CM plates with either 100 or 300 jug/mL zeocin added. After 
a monoculture was established, heavily sporulated plates were flooded with 
sterile spore suspension medium (20% glycerol, 10% lactose), the spores were 
suspended and aliquots were frozen at -70°C. Working spore stocks were stored 
on CM slants in screw cap tubes at 4°C. Protein production was confirmed and 
followed by western blot using anti-Cel7A monoclonal antibodies and the Novex 
Western Breeze anti-mouse chromogenic detection kit (Invitrogen, Carlsbad, 
CA). The recombination event was through random integration of the plasmid 
into the A. awamori genome. 

For enzyme production, spores were inoculated into 50 mL CM basal 
fermentation medium (5.0 g-L"1 Enzymatic Casein Hydrolysate; 5.0 g-L"1 

NH4CL; 10.0 g-L"1 Yeast Extract; 10.0 g-L"1 Tryptone; 2.0 g-L"1 MgSO4-7H20; 
50.0 g-L"1 Soluble Starch; 50 mM Bis-Tris-Propane, pH 7.0), and grown at 32°C, 
225 rpm in 250 mL baffled flasks. The cultures were transferred to 1.0 L of 
basal fermentation medium in 2800 mL Fernbach flasks and grown under similar 
conditions. The flasks were harvested by filtration through Miracloth after 4-5 
days of growth. 

Purification of rCel7A. 

The purification of rCel7a from insect cells and fungal broths was started by 
adjusting the culture filtrate to pH 5.8 by dilution into 50 mM Bis-Tris pH 5.8 
buffer to a point at which the conductivity of the solution was less than 2 mS/cm. 
The sample was then applied to a HiPrep 16/10 DEAE FF column (Amersham 
Biosciences) equilibrated with 50 mM Bis-Tris, pH 5.8 buffer with a flow rate of 

 
 c
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10 mL/min at 4°C. After the sample was loaded and the column washed 
extensively with equilibration buffer the bound fraction was eluted with a linear 
gradient of 0 to 1.0 M NaCl in the same equilibration buffer. The fractions 
containing activity on p-nitrophenol (3-D lactopyranoside were pooled and 
concentrated to a final volume of 50 mL using Amicon stirred cell concentrators 
and PM-10 cutoff filters (10,000 kDa nominal molecular weight cutoff). 

Purification of the recombinant enzyme was continued by use of p-
aminophenyl-p-D-cellobioside (pAPC) affinity chromatography. The basic 
chemistry of this affinity method is the linkage of an amino group to a 
succinimide ester to immobilize p-aminophenyl-P-D-cellobioside to an Affi-gel 
10 chromatography matrix (BioRad, Catalogue# 153-6099). The pAPC mimics 
a cellotriose molecule and enters the active site tunnel of Cel7A or other 
reducing-end exocellulases and binds to the enzyme, retaining it on the column 
(Figure 6). Because the bond between the two glucoses is still a glycosidic 
linkage and not a thio-linkage, care must be taken when using this matrix in the 
presence of P-glucosidase, which will cleave the cellobiose moiety and render 
the column ineffective. If p-glucosidase is known or suspected to be in the 
loading material, ImM gluconolactone is added to inhibit the P-glucosidase and 
prevent column degradation. Elution of specifically-bound enzyme is 
accomplished by adding cellobiose to competitively remove the Cel7A from the 
pAPC. 

Because /?APC is not commercially available, p-nitrophenyl-p-D-
cellobioside must first be reduced to the amino form in order to fix it to the 
column. This is done by hydrogenation using hydrogen gas and a palladium 
catalyst. The pNPC is dissolved in methanol and flushed with hydrogen to 
remove oxygen. In an anaerobic chamber, the catalyst, 10% palladium on 
carbon (Pd/C) is added and H 2 is bubbled through the reactor for 15 minutes. 
After the reaction is complete, the catalyst is removed by filtration and the pAPC 
is ready for coupling to the column matrix (21). Care must be taken with the 
removed catalyst, as it will react with 0 2 upon drying and spontaneously 
combust. 

The combined and concentrated fractions from the DEAE anion exchange 
chromatography were loaded onto a 1 x 6 cm packed bed pAPC affinity column 
at a flow rate of 0.5 mL/min pre-equilibrated with 50 mM acetate, 1.0 mM 
gluconolactone pH 5.0 buffer. After the sample was loaded and the column 
washed extensively with equilibration buffer the sample was eluted with 10 mM 
cellobiose in the same equilibration buffer. 

Following the pA?C affinity chromatography step the recombinant enzyme 
was further purified and the buffer exchanged by means of size exclusion 
chromatography using a HiLoad 26/60 Superdex 200 column (Amersham 
Biosciences) in 20 mM acetate, 100 mM NaCl, pH 5.0 buffer. At this point the 
protein eluted as a single, symmetrical peak and the purity was confirmed as a 
single band using a NuPage 4-12 % Bis-Tris gradient gel using MOPS-SDS 
buffer (Invitrogen). Concentrations of purified proteins were determined by 
absorbance at 280 nm using the extinction coefficient and molecular weight 

 
 c
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calculated for Cel7A by the ProtParam tool on the ExPASy website 
(http://www.expasy.ch/tools/protparam.html) 

Circular Dichroism. 

CD spectra were obtained using a Jasco 715 spectropolarimeter (Easton, 
MD) equipped with water bath temperature control and J-700 data collection 
software. The parameters for the circular dichroism spectroscopy of the 
recombinant and native Cel7A protein were as follows: protein concentration 
100 ng/mL in 20 mM sodium acetate, 100 mM NaCl, pH 5.0; temperature, 30°C; 
wavelength range, 190-250 nm; path length 0.01 cm; bandwidth, 1.0 nm, 
resolution, 0.1 nm; accumulation, 1; sensitivity, 200 mdeg; response, 8s speed, 
20 nm/min. A buffer background scan was done under identical experimental 
conditions and was subtracted from the protein scan before obtaining the final 
spectrum. 

Diafiltration Saccharification Assay (DSA). 

Diafiltration saccharification assays were carried out as described earlier 
(22,23), with the modifications that the membrane installed in the cells was a 
BioMax-5 (5,000 Da nom. MWCO, Millipore Corp.) rather than a PM-10 
(10,000 Da nom. MWCO, Amicon, Inc.), and the buffer flow rate through the 
membrane was 0.020 mL/min. All assays were at pH 5.0 in acetate buffer with 
0.02%(w/v) sodium azide added. Assays were run at 38°C as a compromise 
between the higher activities of the cellulases at still higher temperatures and the 
temperature-tolerance of S. cerevisiae D5A, the organism used in companion 
simultaneous saccharification and fermentation (SSF) assays. Pretreated corn 
stover was prepared for use as a DSA substrate as described earlier (4,5). 
Substrate loadings averaged 96.4 mg (dry wt.) biomass (standard deviation, n = 
5, of 0.8% or less) per DSA cell loading, for cellulose loadings of 55.5 mg 
glucose per assay. Substrate loadings thus amounted to 4.3% (w/v, solids) or 
2.5% (w/v, cellulose). Because the effective saccharification of crystalline 
cellulose requires the synergistic action of both endoglucanases and 
exoglucanases, the activities of Cel7A and rCel7A proteins were assayed in 
combination with the catalytic domain of A. cellulolyticus endoglucanase I (EI-
cd), used here as a standard endoglucanase. In all DSA protocols, the particular 
Cel7A species being tested was loaded at 27.8 mg per g cellulose, and the 
endoglucanase (El-cd) was loaded at 1.11 mg per g cellulose, resulting in a 95:5 
molar ratio of exoglucanase to endoglucanase. Quantitation of product sugars in 
effluent fractions was by HPLC using an Aminex HPX-87H column operated at 
65°C with 0.01 N H 2S0 4 (0.6 mL/min) as mobile phase, in an Agilent Model 
1100 chromatograph. 
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Protein Stability Measurements. 

The overall protein stability was measured by differential scanning 
microcalorimetry using a Microcal model VP-DSC calorimeter (Microcal, Inc., 
Northampton, MA), with data analysis by means of Origin for DSC software 
(Microcal). Thermograms were collected for samples containing 50 /xg/mL 
protein at pH 5.0 in 20 mM sodium acetate with 100 mM NaCl. Calorimeter 
scan rate was 60°C/h. 

Results 

Expression of T. reesei Cel7A in E. coli 

The formation of inclusion bodies has remained a significant barrier to gene 
expression of cellobiohydrolases, specifically Cel7A from T. reesei, in the 
cytosol of E. coli. In this study, we used several approaches to minimize the 
formation of inclusion bodies and to improve folding and solubility of Cel7A 
expressed in E. coli. These efforts included the growth of the bacterial cultures 
at lower temperatures (15,20,25,and 30°C), the testing of different E. coli strains, 
the co-production of chaperones, and the use of E. coli thioredoxin as a fusion 
partner and a protein co-produced with the cellobiohydrolase. Additionally, we 
examined E. coli strains that are known to be deficient in thioredoxin reductase. 
The combinations of vectors built during the study and the resultant gene 
product are shown in Table II and in Figure 1. 

A second approach to the expression of functional Cel7A in E. coli and 
problems associated with protein insolubility was also undertaken. Periplasmic 
targeting of expressed proteins in E. coli offers several advantages over 
cytoplasmic expression. In general, the oxidizing environment of the periplasm 
facilitates the proper folding of proteins expressed by E. coli, and protein 
degradation in general is less extensive. Periplasmic expression may also offer 
advantages for building a high throughput suitable host when the complexity of 
the target substrate for cellobiohydrolases is taken into consideration. To enable 
the periplasmic expression of Cel7A in E. coli, we took the approach of building 
fusion proteins with various signal peptides and co-expression of the Cel7A 
catalytic domain with protein disulfide isomerases and molecular chaperones. 
All of these attempts to express Cel7A in E. coli were met with marginal success. 
In general, Cel7A-cd can be expressed in E. coli with significant levels of 
protein produced as indicated by western blots and SDS-PAGE. Unfortunately, 
all of these constructs result in supernatants/cells showing limited activity on 
soluble substrates and inclusion bodies of cellulose inactive, non-functional 
protein. Interestingly, most forms of rCel7A-cd protein produced were 
recognized by monoclonal anti-Cel7A. 

 
 c
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The pET System was chosen for this study because it is one of the most 
powerful systems available for the cloning and expression of recombinant 
proteins in E. coli. Using this system, we were able to express rCel7A cloned in 
pET plasmids under control of bacteriophage T7 transcription and expression 
regulation. The T7 RNA polymerase system is so selective and active that, when 
fully induced, almost all of the cell's resources are converted to target gene 
expression; the desired product can comprise more than 50% of the total cell 
protein a few hours after induction. In our study, rCel7A-cd protein could be 
expressed by induction following the addition of IPTG to the bacterial culture at 
reduced culture temperatures. 

During the course of this study, we attempted the expression of Cel7A-cd in 
E. coli as a fusion protein with the E. coli derived maltose-binding protein 
(MBP). Eukayotic proteins and proteins that tend to form inclusion bodies in E. 
coli have been reported to be soluble when expressed with the MBP as a fusion 
partner (13). In the large majority of these cases, fusion proteins expressed from 
a pMAL-c2 plasmid, which lacks the malE signal sequence, can constitute 20-
40% of the total cellular protein. When expressed from a pMAL-p2 plasmid 
containin the malE signal, when targeted to the periplasm, can constitute 1 to 5% 
of the total cellular protein. In the case of Cel7A, we were able to produce 
relatively large quantities of soluble rCel7A-cd/MBP in E. coli, with a yield of 
20 to 30 mg purified protein per L of culture broth which was not active on 
synthetic substrates. The rCe!7A-cd/MBP could be easily purified using 
amylose affinity chromatography and cleaved from its fusion partner using the 
specific protease Factor Xa. When released, the rCel7A-cd tended to become 
insoluble, presumably due to unsatisfied cysteines forming random disulfide 
bonds and subsequently forming insoluble protein complexes. A significant 
amount of the recombinant protein did however remain soluble and was 
subsequently purified using anion exchange chromatography. This purified 
protein when tested for activity versus soluble and insoluble substrates was 
found to be inactive, indicating improper protein secondary structure. 

The similarities reported thus far between eukaryotic and prokaryotic 
disulfide-bond-forming systems suggest that commonalities might be found 
between disulfide bond isomerization pathways in eukaryotes and the DsbC-
DsbD system in prokaryotes. Eukaryotic secretory proteins typically contain 
more disulfide bonds than their prokaryotic counterparts, indicating that there 
might be an even greater need for disulfide bond reducing or reshuffling 
functions in the ER than in the periplasm. However, genetic tests for the 
requirements for the oxidative folding of proteins with multiple disulphide bonds 
have not yet been developed in eukaryotes, so the components of isomerization 
pathways in the ER remain unclear. During this study we obtained several PDI 
homologues that could be produce in E. coli from the laboratory of Dr. George 
Georgiou. Variations of the vectors employed in an attempt to achieve proper 
disulfide bond formation in E. coli are outlined in Table II. These included PDI 
homologues that are likely to serve as catalysts for disulfide reshuffling in E. 
coli. Variations of expression included cytosolic and periplasmic targeting. Our 

 
 c
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conclusions from these studies was that proper formation of disulfide bonds 
using E. coli chaperones and co-expression of PDI proteins was not possible, or 
the resultant proteins were highly susceptible to host cell proteases or inclusion 
body formation. While the production of rCel7A-cd protein could be confirmed 
by western blot, very little activity could be detected using the most sensitive 
assays available. 

Expression of T. reesei CeI7A in Insect Cells. 

We report the successful transfection of insect cells using recombinant 
bacmids containing the cbhl gene, and the production of recombinant 
baculovirus. Activity assays on five outgrowth supernatants from the pilot 
expression studies using /?-nitrophenol P-D-lactopyranoside (2 mg/mL) as the 
substrate indicates that the rCel7A expressed in insect cells is functional, 
although expression levels were somewhat variable between each outgrowth. 
The supernatant from plaque 1 showed the highest level of activity (9.72 x 10"4 

fimol/mL min1 as measured by p-nitrophenol release) and presumably has the 
highest level of expression (Table III). Close observation of the western blot in 
Figure 2 also supports this conclusion. The presence of activity in the culture 
supernatant is also an indication that insect cells by means of the native Cel7A 
signal sequence secrete the rCel7A. Western blot analysis of the outgrowth 
supernatants using monoclonal antibody specific to Cel7A also demonstrates the 
successful expression of full length Cel7A by insect cells (Figure 2). 

Functional rCel7A was also produced and secreted in both the insect cell 
lines Sf2l and Tni. Western blot analysis of culture supernatants indicates that 
the rCel7A is secreted, and shows no evidence of proteolysis. In addition, no 
evidence of contaminating enzyme activities could be detected in control insect 
cell cultures using methylumbelliferyl P-D lactopyranoside. In order to study the 
activity of Cel7A produced from insect cells on crystalline cellulose substrates, 
we produced and purified 11.25 mg of rCel7A produced from infection of both 
Spodoptera frugiperda and Trichoplusia ni lines of insect cells. The 
biochemical evaluation of the expressed and purified rCel7A produced in insect 
cells on a relevant biomass (corn stover) using the dialysis saccharification assay 
and the demonstration of similar kinetics to native enzyme on both soluble and 
insoluble cellulose (Figure 7). Differential scanning microcalorimetry analysis 
also showed identical thermal denaturation properties when compared to the 
native enzyme (Figure 8). Additionally, the rCel7A protein was found to be 
glycosylated to a lesser extent than fungal heterologous expression systems 
(Figure 9) as demonstrated by SDS-PAGE. The absence of contaminating 
enzyme activities, the yields from insect cultures, the biochemical characteristics 
of the expressed enzyme all indicate that insect cell expression is suitable for 
rapid screening of CBH I mutants for protein engineering and improvement 
efforts. 

 
 c
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The activity of the purified rCel7A expressed in insect cells was compared 
to the native enzyme on corn stover using die diafiltration saccharification assay 
(DSA). The DSA assay measures the progression of cellulose hydrolysis by 
direct measurement of product formation (cellobiose and glucose) in the 
presence of A. niger β-glucosidase. The assay is our best measure of enzyme 
performance on a process relevant substrate at enzymes loadings specifically 
designed to detect small differences between the individual enzyme components. 
The insect cell expressed Cel7A performance when measured using DSA was 
comparable to the rate and extent of total cellulose hydrolysis of native enzyme 
purified from T. reesei culture broth. The level of cellulose (pretreated corn 
stover) hydrolysis achieved using the insect cell expressed Cel7A was 
approximately 56% at 120 hours compared to a 60% level of conversion 
achieved with the native enzyme a difference that is not considered to be 
significant (Figure 7). 

Expression of T. reesei Cel7A in A. awamori Using the Glucoamylase Signal 
Peptide. 

Cel7A when fused to a glucoamylase signal sequence exhibited near-native 
activity (about 92%) when compared to T. reesei expressed Cel7A using the 
Diafiltration Saccharification Assay on pre-treated yellow poplar (Figure 10). 
However, DSC comparisons showed a dramatic difference between native T. 
reesei Cel7A and Aspergillus expressed Cel7A when expressed utilizing the GA 
signal (Figure 11). The native T. reesei protein shows a single thermal transition 
with a maximum of 64.5°C; whereas the heterologous protein shows a bimodal 
transition, with one at about 61°C, and the other at about 65.5°C. The two-
transition melting curve for Aspergillus-expressed rCel7A indicated differences 
existed in either the secondary structure or possibly in the glycosylation of the 
rCel7A compared to native enzyme. Either there were two forms of rCel7A 
being expressed or heterologous expression had altered the native structure in a 
non-critical portion of the protein. Analysis of the N-terminal peptide of the 
expressed protein by Edman degradation (Protein and Peptide Sequencing 
Center, Virginia Medical School, Charlottesville, VA) indicated that the N-
terminal residue was not a pyroglutamate, but was a glutamine. The expressed 
protein also tended to be sensitive to host cell proteases as demonstrated by 
western blot analysis during growth of the recombinant A. awamori and the loss 
of measurable activity after 72 hours. 

Expression of T. reesei CeI7A in A. awamori Using its Native Signal Peptide. 

The saccharification performance of the A. awamori expressed rCel7A 
enzyme was measured using the DSA and was found to be comparable in rate 
and extent of total cellulose hydrolysis to that found for the native enzyme 
purified from T. reesei culture broth (Figure 7). The level of cellulose hydrolysis 
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Figure 7. Dialysis saccharification assay (DSA) comparison of recombinant 
and native Cel7A on dilute acidpretreated cornstover at S8°C. All reactions 
were performed in 20 mM acetate, pH 5.0 buffer with the following protein 
loadings: Cel7A (27.8 mg/gcellulose), A. cellulolyticus ΕΙ-cd (1.11 mg/g 

cellulose) in a 95:5 mole ratio of Cel7A to ΕΙ-cd. The reaction buffer flux rate 
was 0.02 mL/min and the curves are corrected for product hold-up in the cell. 
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Figure 8. Co-plotted DSC thermograms of native T. reesei Cell A (solid line), 
insect-cell-expressed rCellA (dashed line), and A. awamori-expressed rCellA 

(circles). Conditions: pH 5.0 in 20 mM acetate, 100 mMNaCl, 50 pg/mL 
protein, scanned at 60<>C/h.  

 c
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achieved was approximately 62% at 120 hours, compared to a 60% level of 
conversion achieved with the native enzyme. The apparent molecular weight of 
the purified A. awamori expressed rCel7A was compared to the native enzyme 
using NuPage (Invitrogen) SDS-PAGE (Figure 9). This enzyme form appeared 
to be glycosylated to a greater extent than the enzyme expressed from insect cells 
and the native enzyme. 

Figure 9. SDS-PAGE of native and recombinant CBHI enzymes, approximately 
10 ng each lane. Lane A = MW standards, Lane Β - native T. reesei Cel 7A, 
Lane C = rCel 7A from tni insect cells, Lane D = rCel 7A from A. awamori. 

Discussion 

Previously, we demonstrated that the endoglucanase EI (Cel 5A) from A. 
cellulolyticus functions with a high degree of synergism with fungal 
exoglucanases and that a 90:10:2 mixture of Cel7A, EI, and A. niger β-D-
glucosidase is capable of releasing nearly as much reducing sugar from 

 
 c
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pretreated yellow poplar after 120 h as the native T. reesei ternary system (24). 
This result is encouraging for the ultimate success of engineered cellulase 
systems, because the artificial enzyme system described above was tested at 
50°C, a temperature far below that considered optimal for one key component, 
EI, in order to spare the more heat labile enzymes, Cel7A and β-D-glucosidase. 
Binary cellulase systems acting on microcrystalline cellulose have been shown to 
follow the Arrhenius-like relationship over a temperature range accessible to the 
best enzymes currently known (i.e., 35 to 50°C) for saccharification rates 
measured over the first 20% of conversion, and with the assumption that neither 
component is inactivated by the higher temperatures, this study predicted that the 
rate of hydrolysis may be doubled by increasing the digestion temperature from 
50 to 70°C (25). An obvious research objective, then, is to increase the thermal 
tolerance of T. reesei Cel7A by protein engineering. 

Site-directed-mutagenesis is a one possible tool for improving the thermal 
tolerance of T. reesei Cel7A; however this requires an efficient expression 
system that produces enzyme active on crystalline cellulose. Another approach 
is the integration of site-directed-mutagenesis with non-informational 
mutagenesis techniques (referred to generically as "directed evolution") for the 
purpose of engineering a more thermal stable Cel7A. Directed evolution, in 
conjunction with high-throughput screening, allows testing of statistically 
meaningful variations in protein conformation (26). Directed evolution 
technology has undergone significant refinement from initial error-prone PCR 
methodology and now includes Gene Shuffling (27,28). Key factors necessary 
for conducting a directed evolution campaign to improve the characteristics of a 
protein include the requirement that the gene encoding for the protein to be 
modified is functionally expressed in a microbial host with high transformation 
efficiencies. Additionally there must be an effective screening procedure 
available to detect the desired activity and to differentiate incremental 
improvements. 

Prokaryotic Expression Systems. 

The structure of Cel7A indicates a distinct pattern of disulfide bond 
formation with ten pairs of disulfide bonds that are required to form, in the 
correct pairs, in order for the Cel7A catalytic domain to be folded properly 
(Table I). Trichoderma has apparently developed the cellular machinery to 
accomplish this, either through the use of chaperone proteins, maintenance of a 
compartmentalized, oxidizing environment for correct disulfide bond formation 
and folding, or through some other means as yet unclear. E. coli has a difficult 
time with the formation of disulfides, as the intracellular environment of E. coli 
is strongly reducing (29). This may explain why Cel7A so readily forms 
inclusion bodies when expressed in E. coli. Several new strains of E. coli 
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designed through reductase knockout mutations to have a more reduced interior 
have recently become available, and were tested in this study for improved 
expression of Cel7A. As an alternative to obtaining a reducing chemistry 
cytosol, secretion of the Cel7A into the extracellular environment may encourage 
correct folding. E. coli is not a good candidate for secretion, as proteins tend to 
pool in the periplasm, where they are subjected to relatively high concentrations 
of proteases. Bacillus and Streptomyces species readily secrete proteins directly 
to the culture media. Although Bacillus expression of Cel7A has been 
attempted, the work was not extensive and should be explored with more effort. 
Streptomyces has been shown in our lab to be an excellent producer of 
heterologous cellulase and should also be tested as an expression host for Cel7A. 

70 

Time (hours) 

Figure 10. DSA was used to determine the activity of A. awamori expressed 
rCellA (open and closed inverted triangles) on pretreated yellow poplar in the 
presence of the A. cellulolyticus endoglucanse EL Native T. reesei Cel7A with 
EI (open circles) was used as a control for comparison, while EI alone(closed 
circles) was used to show the relative activity from each cellobiohydrolase. 

The formation of inclusion bodies has remained a significant barrier to gene 
expression of cellobiohydrolases, specifically Cel7a from T. reesei, in the 
cytosol of E. colL A number of physicochemical factors have been reported to 
contribute to the formation of inclusion bodies (75) including: charge average, 
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the number of turn forming residues, the number of cysteine residues and 
subsequent disulfide bonds, the number of proline residues, the protein's 
inherent hydrophilicity, and finally the total number of residues (75). In this 
study we have used several approaches to minimize the formation of inclusion 
bodies and to improve folding of Cel7A. These efforts have included the growth 
of the bacterial cultures at lower temperatures, the selection of different E. coli 
strains, the co-production of chaperones, the use of E. coli thioredoxin as a 
fusion partner and as a protein co-produced with the cellobiohydrolase. 
Additionally, we have tested E. coli strains that are deficient in thioredoxin 
reductase in an attempt to achieve disulfide bond formation. 

Eukaryotic Expression Systems. 

Another problem associated with heterologous cellulase expression is 
glycosylation and posttranslational processing. Bacterial exocellulases do not, 
apparently, exhibit the relatively high activity rates observed for fungal 
cellobiohydrolases. This may, in part, be explained by the glycosylation of 
fungal proteins, especially the linker peptide (30), permitting more extensive 
interaction with the cellulose residues and water. Since most bacteria do not 
glycosylate proteins, this potentially critical step is missing in prokaryotes. One 
solution to these problems lies in the selection of an appropriate eukaryotic 
expression host. We have in the past attempted expression using the 
methylotrophic yeast Pichia pastoris with very limited success (31,32). The best 
host for T. reesei Cel7A would obviously be a T. reesei strain. Trichoderma 
reesei, however, produces significant amounts of Cel7A as well as other 
cellulases, presenting a very difficult background activity challenge. 

The selection of T. reesei as an expression system for protein engineering of 
Cel7A and other fungal cellobiohydrolases would be the first logical choice due 
to its capability of high expression levels and ability to produce correctly folded 
active enzyme. However, this system has several disadvantages including low 
transformation efficiencies and is of limited use for protein engineering studies 
of cellobiohydrolases, due to multiple interfering background activities. The 
expression and production of fungal cellulases in prokaryotic systems has not 
been successful due to the extent and types of posttranslational modifications 
required for the native enzyme. The issue of massive hyperglycosylation of the 
enzyme has plagued the expression of Cel7a in yeast such as Saccharomyces 
cerevisiae (33) and Pichia pastoris (32). The fungus, Aspergillus awamori is 
generally a good candidate for the heterologous expression of enzymes from 
other fungi and was thus our first choice for heterologous expression using a 
filamentous host. Previous work by von Ossowski and coworkers indicated that 
Cel7A may also be expressed from insect cells; however, no thermal 
denaturation data was reported (34). 

 
 c
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Figure 11. Co-plotted DSC thermograms of native T. reesei Cel7A (solid line) 
and A. awamori-expressed rCel7A secreted using the glucoamylase signal 

sequence (dashed line). Conditions: pH 5.0 in 20 mM acetate, WOmMNaCl, 
50 Mg/mL protein, scanned at 60<>C/h. 

Comparison of Active rCel7A Forms. 

In this study, the thermal stability and conformational changes in Cel7A 
expressed in different host systems was measured by differential scanning 
microcalorimetry and circular dichroism spectroscopy. Scanning 
microcalorimetry gives a direct measurement of the overall thermodynamic 
properties of a protein such as transition enthalpies, entropies and temperature 
induced transitions, and serves as a sensitive and direct method to compare 
protein secondary structure (35). Also of interest in the comparison of different 
expression hosts is the extent and apparent differences in the degree of 
glycosylation of rCel7A, and the effect that glycosylation microhetergeneity has 
on protein conformation and stability. We found that A. awamori tends to 
glycosylate Cel7A more than when this enzyme is expressed in insect cells, and 
that both enzymes are apparently more heavily glycosylated than the native T. 
reesei enzyme as demonstrated by SDS-PAGE. In general, glycosylation is 
thought to have a non-specific but positive effect on the thermal stability of 
proteins, since glycoproteins tend to be destabilized following deglycosylation 
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(4). The reverse may also be true; the addition of increased oligosaccharide 
content in proteins expressed in heterologous hosts may confer higher thermal 
stability, as was observed for p-l,4-glucanases by Olsen and coworkers (36). 
In our study, there were no apparent differences in the thermal stability of the 
rCel7A forms examined by scanning microcalorimetry (Figure 8), even though 
the oligosaccharide contents varied slightly by SDS-PAGE. The far UV circular 
dichroism spectra for the rCel7A expressed in insect cells and A. awamori were 
nearly identical to spectra obtained for the native protein and are similar to 
previously reported spectra for the native Cel7A (31). The CD spectra shown in 
Figure 12 show a broad negative peak from 210 to 218 nm, consistent with the 
structural features of a protein dominated by random coil. These spectra suggest 
that there is no significant deviation in the secondary structure conformation of 
rCel7A expressed in A. awamori and insect cells compared to the native protein 
when processed with the native (T. reesei) signal sequence. 

Figure 12. Comparison of CD spectra for native T. ressei Cell A, A. awamori 
expressed rCel7A, and insect expressed rCel7A. 

 
 c
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Conclusions 

In this study, Τ reesei rCel7A was successfully expressed from A. awamori 
cells using the native T. reesei signal sequence and the Aspergillus GA 
promotor. This rCel7A was found to be indistinguishable from native Cel7A by 
DSA activity on cellulose, differential scanning microcalorimetry, and circular 
dichroism analysis. The construct using the GA signal peptide and promotor 
resulted in an active, but structurally anomalous form or possibly two 
chromatographically indistinguishable forms. rCel7A expressed from insect 
cells as also found consistent with all parameters tested to the native T. reesei 
enzyme. SDS-PAGE analysis of these enzyme forms showed that the insect cell 
expressed enzyme was closest to the native Τ reesei enzyme in apparent MW; 
however, the A. awamori enzymes were also very similar (i.e., within 10%). The 
E. coli rCelA constructs all resulted in inactive enzymes when tested on 
cellulose, although some forms were produced with marginal solubility. 
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Chapter 24 

Recombinant Bleaching Enzymes 
from Thermophi les Expressed in Fungal Hosts 
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Bulk production of hemicellulases from thermophilic 
microorganisms is a prerequisite for their use in industrial 
processes. As effective secretors of gene products, fungal 
expression systems provide a promising, industrially relevant 
alternative to bacteria for heterologous enzyme production. 
We are currently developing the yeast Kluyveromyces lactis 
and the filamentous fungus Trichoderma reesei for the 
extracellular production of thermophilic enzymes for the pulp 
and paper industry. The K. lactis system has been tested with 
two thermophilic xylanases, and produces gram amounts of 
almost pure xylanase A from Dictyoglomus thermophilum in 
the medium in a chemostat culture. Both fungal and bacterial 
thermostable xylanases have been successfully expressed in T. 
reesei. Efficient expression of the AT-rich xynB gene of 
Dictyoglomus thermophilum required reconstruction of the 
gene according to T. reesei codon preferences. Unlike the 
situation found in K. lactis, a variety of post-translationally
-modified species of XynB were visualized on gels. Removal 
of the N-linked glycosylation sites did not remove all of the 
iso-forms of XynB, suggesting that other post-translational 
modifications such as O-linked glycosylation also may be 
responsible for the multiple protein bands. In a protease

-deficient strain of T. reesei, removal of all the N-linked 
glycosylation sites appeared to result in increased yields of 
XynB secreted into the culture medium. A glucose non
-repressible promoter has been isolated to complement the use 
of the cbhl promoter, and combined with a fluorescent protein 
marker to aid in the identification of transformants and 
facilitate promoter comparison. 

438 © 2003 American Chemical Society 
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Cost-effective production of heterologous enzymes for commercial or 
industrial processes makes the appropriate selection of the host-vector 
expression system critical. However, it has been difficult to achieve effective 
expression of foreign proteins at high levels to attain the the full potential of a 
particular system. We have chosen to explore the potential of fungi as hosts for 
heterologous protein production to allow significant scale-up, and to simplify 
down-stream processing with the objective of being able to use enzymes 
secreted into the growth medium without further treatment. 

Protein production (transcription, translation and secretion) in uni- and 
multicellular fungi follows the same principles and uses the same basic 
mechanisms as in other eukaryotes. The yeast Kluyveromyces lactis and the 
filamentous fungus Trichoderma reesei are relatively simple organisms that 
possess the eukaryotic machinery for protein processing. However, there are 
also differences. K. lactis is a unicellular organism related to Saccharomyce 
scerevisiae that has the advantage that does not hyperglycosylate heterologous 
proteins to the extent seen with S. cerevisiae (1). T. reesei is an industrially-
exploited multicellular organism and one of the most powerful secretors of 
extracellular proteins, being able to excrete in the order of 40 grams per liter of 
protein into the culture medium. 

The economics required for a particular application varies according to the 
volume and final product of the process. For industrial processes of large 
volume, such as pulp bleaching, enzymes must be produced at several grams per 
liter range to provide a competitive alternative/additive to eliminate or decrease 
the amount of chlorine dioxide used in pulp delignification. Most commercial 
xylanases are mesophilic enzymes produced by the filamentous fungi T. reesei 
and Aspergillus niger. This reflects the fact that filamentous fungi are naturally 
excellent protein secretors, and can produce enzymes at industrially-feasible 
amounts. However, endogenous fungal xylanases may not be efficient enough at 
all conditions used in paper mills, where enzymes active at high temperatures 
(up to 85°C and pH 9) would be desirable. Consequently, enzymes from 
thermophilic microorganisms have attracted attention and a number of genes 
encoding hemicellulases and cellulases have been isolated from Bacillus species, 
other Bacteria and Archaea (2) and some thermophilic fungi (3-5). However, 
low productivity, considerable technical problems and unfavorable production 
economics associated with the cultivation of thermophilic microorganisms on a 
large scale (6,7) has led to a search for other, industrially-exploited 
microorganisms as production hosts for thermophilic proteins. Genes of 
bacterial origin are usually expressed in heterologous bacterial systems, 
typically B. licheniformis or B. amyloliquefaciens, which are currently used for 
the efficient secretion of gene products for industrial applications 8). Even 
though yields of some secreted enzymes from genetically improved Bacillus 
systems can reach several grams per liter (9), many heterologous gene products 
suffer from proteases produced by the host organism (10,11). Mutant strains of 
filamentous fungi can excrete tens of grams of endogenous extracellular protein 
into their growth medium (12,13). However, there are a few examples of 
successful expression of bacterial genes in fungal hosts. Many bacterial enzymes 

 
 c
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produced in fungi seem to remain trapped in the fungal mycelium (14). With 
some exceptions, the best yields reported for bacterial enzymes secreted by 
fungi have been of the order of 10-20 mg/1 (15). While fungal systems possess 
great potential for protein secretion, more research is needed to overcome the 
bottlenecks of heterologous gene expression. 

In this paper, we review our recent experiments on the expression of 
thermophilic xylanases in the two fungal hosts, K. lactis and Τ reesei. 

Materials and Methods 

Kluyveromyces lactis system 

The construction of the vector pCWKl and the insertion of the 
Dictyoglomus thermophilum and Thermotoga maritima FJSS3B.1 xynA genes 
has been described previously (16-18). The vector is composed of the 2μ 
plasmid of K. drosophilarum for replication in K. lactis (19); the origin and 
ampicillin-resistance gene of pUC19 for replication in E. coli, the pLAC4 
promoter in front of the killer toxin signal sequence with a single Mlul (or Aatll) 
site for cloning the heterologous gene as a fusion, a LAC4 terminator, the 
kanamycin-resistance gene from Tn903 (conferring resistance to Geneticin in 
yeasts) and the URA3 gene of S. cerevisiae for integration and selection in 
antibiotic-free medium (Fig. 1). Other deletion derivatives have been developed, 
but they were unstable and rapidly segregated as a result of deletion of two 
inverted repeat sequences believed to be required for stable partition (20). 

Trichoderma reesei system 

A series of vectors have been constructed by us and others using the strong 
main cellobiohydrolase cbhl promoter (21) with provision for in-frame fusions 
of the heterologous genes to either the cbhl signal sequence or downstream of 
the cbhl core-linker region. These vectors, which are shown in Fig. 2 as stylised 
representations, may include either a N- or C-terminal 6 χ HIS-tag for 
subsequent purification of the foreign protein, and a KEX2 site (PMDKR or 
RDKR) has been inserted for correct cleavage to regenerate the mature protein 
from the CBHI core-linker. Glycine 477 and glutamine 478 of the CBHI 
cellulose binding domain have been retained to allow cleavage by an 
uncharacterised T. reesei proteinase. Suitable restriction sites have been 
introduced into the vectors to allow linearization for targeted integration at the 
cbhl locus after the removal of the pUC19 portion of the vector (gapped vector). 
All vectors have the pUC19 replicon for replication in E. coli and utilize the 
hygromycin Β gene as a selective marker in Trichoderma. 

 
 c
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Synthesis of the Dictyoglomus xynB gene with altered codon usage 

XynB from the bacterium Dictyoglomus thermophilum has been shown to 
be very effective in the bleaching of kraft pulp (22). Preliminary experiments 
showed that the native gene was not expressed in Trichoderma and that it was 
necessary to change its codon usage to resemble that of the fungus. A primer 
extension-PCR strategy was employed to change 20 codons of xynB (23). The 
synthetic gene was first ligated into the pUC19 vector and its functionality tested 
in Escherichia coli using the xylan-overlay assay (24) at 70°C. The synthetic 
xynB insert was isolated from an E. coli recombinant found positive for xylanase 
Β production, and inserted into a T. reesei expression vector under the cbhl 
promoter. Xylanase production by the transformants was verified in the xylan-
overlay assay carried out following overnight incubation at 70°C to inactivate 
endogenous xylanases. Full details of the experimental methods ire published 
elsewhere (23). 

Removal of potential N-glycosylation sites from codon-optimized xynB 

A PCR site-directed mutagenesis strategy was employed to introduce 
changes to the three asparagine (Asn) amino acids at positions 9 (changed to 
Asp), 27 (changed to Asp or Gin) and 193 (changed to Arg), in accordance with 
the sites described for N-linked glycosylation. This replacement was carried out 
using primer extension PCR as previously described (23). An expression 
cassette containing the modified xynB gene sequence fused to the cbhl signal 
sequence was constructed and introduced back into T. reesei. 

Biolistic bombardment of Trichoderma 

Details of the biolistic transformation using a single barrel procedure, 
developed for conidia, have been published (25). In this work, we also applied 
the seven barrel system allowing for more efficient bombardment and therefore 
higher transformation frequencies (26). 

Fusion proteins with Ds-Red in Trichoderma vectors 

The red fluorescent protein DsRedl-E5 was used as a reporter gene for the 
activity of cbhl and hex1 promoters. The gene was amplified by PCR from the 
pTimer plasmid (BD Biosciences Clontech, Palo Alto, CA) with Kpn\ and Sail 
restriction enzyme sites added to allow insertion into the multiple cloning site of 
the pHEN54-RQ vector (Fig. 2b) allowing the construction of N-terminal 
fusions of the gene coding for DsRed with the two promoters. 
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Proteomic displays of Trichoderma cell wall proteins under repressing and 
inducing conditions 

Cell wall fractions were isolated from T. reesei cultures grown on a medium 
inducing cellulase production and secretion, and on a glucose medium that 
represses cellulase biosynthesis where there is considerably less secretion. The 
differential analysis of Trichoderma cell wall proteins of mycelia grown in the 
presence of glucose and cellulose has been published (27). In this work, the data 
was applied to identify dominant proteins encoded by genes featuring strong 
promoters. 

Analytical techniques 

Standard protein analysis procedures on polyacrylamide gels have been 
described, as have enzyme assay procedures (17,22). 

Pulp bleaching 

ECF bleaching involved a D-EO-D-D procedure as described previously (22). 

Results and Discussion 

We have reported significant gains in brightness in standard chlorine 
dioxide bleaching routines for both the Dictyoglomus XynB and the 
Caldibacillus ManA enzymes (22,28), but these tests were limited to small-scale 
bench operations and the enzymes were prepared in Escherichia coli. It was 
evident from the outset that such an expression system was neither efficient nor 
cost-competitive despite the attractive features of the proteins in terms of 
stability and operating temperature. Accordingly, we have devoted a substantial 
effort towards achieving high-level expression in fungi. 

K. lactis strains harboring a pKDl-based expression vector efficiently 
secrete the recombinant Thermotoga xylanase at high levels (17,18). All strains 
examined were able to promote the secretion of xylanase with the same 
electrophoretic mobility as the control enzyme produced in E. coli (approx. 33 
kDa, ref. 29). Recombinant xylanase is by far the most abundant protein present 
in transformed K. lactis culture supernatants and the Thermotoga XynA protein 
comprises over 95% of the total proteins secreted from K. lactis strain CBS 1065 
as determined by densitometry of scanned gels (Fig. 3). 

Several parameters influence xylanase secretion levels, including plasmid 
architecture and the composition of growth medium. The carbon source 
influenced secretion levels by modulating promoter strength, which in turn 
affects plasmid mitotic stability (17). In non-inducing glucose medium, xynA 
expression directed by LAC4 is partially repressed in CBS 1065, although 
plasmid stability remains high. Full induction of the LAC4 promoter on 

 
 c
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Figure 3. Polyacrylamide gel electrophoresis of supernatants from K. lactis 
strain CBS1065 with pCWK-xynA o/Dictyoglomus thermophilum Rt46B.l 

(lanes 2, 4) or Thermotoga minûrm FJSS3B.1 (lanes 3, 5). Lanes 4 and 5 show 
an activity gel exhibiting xylanase activity after renaturation and Congo Red 

staining ofpCWK-xynA supernatant fractions. Lane L; molecular weight 
markers; Lane 1, purified XynB produced in E. coli. For more details, see (17). 

galactose results in a drastic reduction in plasmid stability in strain CBS 1065, 
and consequently, lower levels of xylanase secretion are observed (17). 

The killer toxin secretion signal (30) is processed by K. lactis signal 
peptidase and cleaves after Gln-Gly in the killer toxin signal sequence and 
release of correctly processed XynA (17). Recombinant xylanases produced in 
K. lactis are biologically active as shown by activity gels (16,17), and are not 
hyperglycosylated, as found previously for expression of a thermophilic 
xylanase in Saccharomyces cerevisiae (1). Since little is known of glycosylation 
patterns in K. lactis strains (31) further investigation would help future studies 
of expression by this organism. 

The XynA enzyme from Thermotoga, produced in K. lactis, has optimal 
activity at 90°C and a half-life comparable to the results reported for this 
enzyme produced in E. coli (29). Similarly, the Dictyoglomus XynA protein 
produced in K. lactis also was shown to have identical biochemical 
characteristics to its counterpart produced in E. coli (15). The next step involves 
the scale-up of the production system in fermenters for the production of 
substantial amounts of enzyme for larger-scale bleaching trials that require 
kilogram quantities of enzyme. It will be necessary to develop an appropriate 
induction strategy to minimize the effects of plasmid instability with pCWKl in 
the absence of Geneticin selection, as well as the rapid metabolism of the 
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inducer, galactose, in wild-type strains. The galactose concentration falls 
rapidly, limiting the level of heterologous enzyme produced (Sunna, Gibbs and 
Bergquist, unpublished). This phenomenon may be overcome by introducing the 
mutant galactokinase gene gal1-209 to provide a gratuitous induction system 
(32). 

Transformation of Trichoderma 

T. reesei is an asexually-reproducing filamentous fungus in which the 
vegetative growth is mycelial and conidiation is induced by light. T. reesei 
conidia are haploid and uninucleate; intact conidia present excellent material for 
their direct transformation by particle bombardment. This procedure provides 
simplicity, savings in time and stable recombinants. Accordingly, we have 
developed a technique in which DNA is introduced into Τ reesei conidia using 
bombardment with tungsten microprojectiles carrying precipitated plasmid, 
gapped plasmid DNA of one or two different plasmids (25). The 
cotransformation frequencies obtained are sufficient to avoid the need for 
cloning the gene of interest in the same plasmid as the selection marker. The 
procedure is convenient as there is no requirement for osmotic stabilizers or 
elaborate transformant purification, and the transformants are mitotically stable. 
The copy numbers of the integrated hygromycin resistance gene varied from 1-6 
and integration occurred at several different places on the genome (25). A 
modification of the procedure in which the 'gene gun' is adapted to carry seven 
instead of one barrel allows an entire standard petri dish to be bombarded (33). 
Bombardment conditions have been optimized and up to 50 well-defined 
Trichoderma colonies can be accommodated on a standard petri dish (26). 
Biolistic transformation with single plasmids has been applied to T. harzianum 
(34) and T. longibrachiatum (35) by others. 

Heterologous bacterial thermophile xylanase genes expressed in 
Trichoderma 

It is necessary to express the xynB gene of D. thermophilum in a high-
yielding organism familiar to the fermentation industry for commercial 
exploitation. We introduced this gene into Τ reesei, but preliminary experiments 
showed no expression. This result led us to compare the codon usage of the 
xynB gene to that of T. reesei (Table 1). It appeared that efficiently expressed 
Trichoderma genes exhibit a strong bias against A or Τ at the anticodon wobble 
position (36,) whereas D. thermophilum xynB prefers A or Τ at the third codon 
position (22). In addition, the overall A-T content of xynB is 61 % compared to 
less than 40 % in a typical T. reesei cellulase gene. These observations may be a 
source of potential problems for the expression of genes with high A-T content, 
such as the D. thermophilum xynB, in the fungal host as the result of the 
formation of truncated mRNA transcripts due to incorrect processing of A-U-
rich elements and potential under-representation of isoacceptor tRNAs for 
effective peptide synthesis (37). 
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We have reconstructed the 603 bp catalytic domain of the D. thermophilum 
xynB gene to accommodate the codon usage pattern of Trichoderma. Altogether 
20 codons were changed: but the changes did not alter the amino acid sequence 
of the gene product. A similar strategy has been successfully applied for the 
expression of mammalian gene products in E. coli (38), but published reports on 
the synthesis and expression of heterologous genes exhibiting the codon 
preference of highly expressed genes in filamentous fungi have appeared only 
recently (23). T. reesei transformants carrying the synthetic xynB gene produce 
up to 12 times more thermotolerant xylanase activity (assayed at 70°C) than the 
nontransformed host. 

Our results with the D. thermophilum xynB in T. reesei indicate that 
extreme differences in the codon usage between the incoming foreign gene and 
the expression host could arrest expression at the transcriptional level. 
Modification of the codon usage of the xynB has proved instrumental in 
restoring effective transcription for the production of the thermophile enzyme in 
the mesophilic fungal host. 

Table I. Major codon usage differences between T. reesei cbhl and D. 
thermophilum xynB 

Amino Codon % Usage in % usage New 
acid T. reesei cbhl in XynB codon 

Gly GAG 82 25 GAG 
Gly GAA 18 75 GAG 
Arg AGA 7 47 CGC 
He ATA 4 42 ATC 
Thr ACA 10 47 ACC 
Thr ACT 20 33 ACC 
Cys TGT 24 80 TGC 
Tyr TAT 25 62 TAC 
Leu TTA 1 43 CTG 
Leu CTT 14 30 CTC 
Phe TTT 38 33 TTC 
Gin CAA 19 60 CAG 
Pro CCA 12 50 CCC 

Multiple protein species secreted into the supernatant by T. reesei 
expressing XynB 

Expression of the thermophilic XynB from D. thermophilum in T. reesei 
appears to produce multiple forms of enzyme secreted into the culture medium, 
which may be glycosylated (Fig. 4). A detailed analysis of the XynB peptide 
sequence revealed the presence of three potential N-linked glycosylation sites 
('N-X-S/T', where Ν (Asn) is the potential sugar attachment site and X can be 
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any other amino acid except for Pro). Thus, a PCR-site-directed mutagenesis 
strategy was employed to introduce changes to the three asparagine (Asn) amino 
acids at positions 9 (changed to Asp), 27 (changed to Asp and Gin) and 193 
(changed to Arg), thus removing the sites described for N-linked glycosylation. 
An expression cassette containing the modified xynB gene sequence fused to the 
cbhl signal sequence was constructed and introduced back into T. reesei via 
biolistic bombardment (26). Transformed cultures revealed the absence of some 
of the high molecular weight multiple forms present in XynB transformants with 
the three asparagine sites intact Other post-translational modifications such as 
O-linked glycosylation could also contribute to the multiple forms of XynB. 

Figure 4. Activity gel showing multiple protein bands in the supernatant of 
cultures of the proteinase-deficient T. reesei strain HEP-1 expressing XynB 

carrying wild-type and modified Ή-glycosylation site sequences. The 
transformant supernatants were heated at 80°Cfor 0.5, 1.0 and 2.0 hours before 

gel electrophoresis to inactivate endogenous Trichoderma proteins. Heating 
times are shown on the top of the gel. Un: non-heated supernatant. Hu and Hh 

indicate non-transformed HEP-1 supernatants unheated and heated, 
respectively. The band at ~21 kDa represents Trichoderma xylanase activity, 
which is precipitated by heating. The first set of transformants (Wild type Un, 
0.5, 1, 2) shows XynB with unchanged N-glycosylation sites. The second and 
third set represent supernatants from transformants with all three Asn sites 

changed, expressing XynB where Asn27Asp and Asn27 Gin sequences at the 
second N-glycosylation site have been changed to either aspartic acid or to 

glutamine. In these transformants, the asparagines at sites 9 and 197 have been 
replaced by aspartic acid and arginine, respectively. 

 
 c
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An alternative promoter to cbhl for gene expression 

Until now there has not been an alternative promoter to the strong cbhl for 
heterologous protein expression in filamentous fungi. Cell wall fractions isolated 
from T. reesei cultures grown on cellulase induction and glucose-containing 
(repressing) medium showed the presence of a dominant HEX1 protein in both 
preparations (27). The appearance of such high yields indicated HEX1 protein to 
have been transcribed from a powerful promoter. Thus, the gene coding for 
HEX1, as well as its upstream promoter fragment, has been isolated using 
genomic walking PCR, and an expression vector has been constructed such that 
the fluorescent reporter gene dsRed has been fused to the hexl promoter for 
comparative studies between the hexl gene promoter and that of the cbhl 
promoter (Fig.5). Preliminary experiments have shown that fungal mycelia 
expressing DsRed show bright fluorescence on plate and in liquid cultures. 

cbhl signal sequence 

pHEN54RQ:DsRed 1 cbhl promoter |PsRed| pkhhph cbhl FT 

cbhl signal sequence 

pHEX:DsRed — hexl promoter |PsRed pki-hph hexHetm 

1 kb 

Figure 5. Diagrammatic representation of vectors constructed to compare the T. 
reesei cbhl promoter with the T. reesei hexl promoter as determined by 

expression levels of DsRed. 

Conclusions 

The Kluyveromyces system uses a multicopy plasmid vector and is 
convenient because of its relative ease of transformation, genetic manipulation 
and verification and rapid growth. K. lactis does not hyperglycosylate proteins 
in the same manner as S. cerevisiae (16,17). Although protein concentration is 
usually around 100 mg/liter in shake flask culture, we achieved much higher 
levels in fermentor culture where the pH can be kept constant. However, 
conditions have not been fully optimized. Using the PLAC promoter has 
resulted in some problems as this sequence has several E. co/i-like promoter 
sequences present. Consequently, there tends to be leakage in steps involving 

 
 c

h0
24

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



451 

plasmid DNA replication in the bacterium and it has been difficult to clone and 
maintain other genes encoding products toxic to the cell in the shuttle vector 
(Gibbs, Curach and Bergquist, unpublished). Another disadvantage is the 
instability of the plasmid vector in the absence of Geneticin selection. Although 
this effect is host strain-dependent, it is possible to prevent segregation of 
plasmid-less cells in the absence of selection by careful attention to 
physiological conditions during growth. We have yet to explore enzyme 
production from genes recombined into the chromosome. 

The T. reesei system relies on the integration of the transforming DNA into 
the fungal genome, resulting in a better stability of transformants than when 
using autonomously replicating plasmids. Our biolistic transformation procedure 
allows relatively simple and reproducible transformation of industrial strains 
with a complex history of mutational events aimed at increasing enzyme 
secretion. The vectors constructed provide a variety of N- and C-terminal 
modifications for ease of purification and processing. Indirect evidence suggests 
that the heterologous gene products expressed in Trichoderma are being 
glycosylated, and this modification contributes to the yield of proteins in the 
supernatant. A combination of proteomic displays and genomic walking PCR 
has allowed us to identify a protein (HEX1) that is expressed in large amounts in 
the presence of glucose. The associated glucose non-repressible promoter has 
considerable potential as an alternative to the cbhl promoter for high-level 
expression of proteins to be secreted into the growth medium. 

The basic requirements for a host suitable for large-scale protein production 
with good economics are the cost and simplicity of cultivation and minimal 
downstream processing. This can be achieved with a production system where 
the enzyme is effectively secreted into the cultivation medium. In this regard, 
fungi provide an attractive option to industrial bacterial systems. Current 
strategies to improve the processing and yields of biotechnically-relevant 
heterologous proteins in filamentous fungi include studies into gene regulation, 
protein glycosylation, occurrence of intra- and extracellular proteases, 
manipulation of chaperones and foldases assisting other proteins in the secretory 
pathway, and initiatives in fungal genomics and proteomics. However, there is 
no single way to success. In each case, such as with bacterial xylanases 
discussed here, the end result seems to depend on the matching of the gene to be 
expressed in a particular heterologous host at molecular level. Therefore, 
making the incoming DNA "interprétable" to the production host is of 
fundamental importance. For example, each gene can be modified in terms of 
codon usage and by introducing or deleting signals for a particular cellular 
location. In addition, it is possible to add post-translational processing sites for 
the gene product, change the biochemical properties of the molecule to be 
expressed to facilitate translocation or delete sequences recognized by host 
proteases. It is evident that further research is needed into the expression biology 
of the chosen host organism, especially regarding conditions for effective 
product fermentation. It is reasonable to assume that the yields of recombinant 
xylanases produced in fungal hosts will be considerably improved over the next 
few years following the rationale discussed here. 
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lignin degradation, 234,237 
See also White rot fungi 

Chemical pulp bleaching, 51-54 
Chlorate anion, effect on oxalate 

oxidase activity, 84-91 
Chloride anion, effect on oxalate 

oxidase activity, 84-91 
Chlorine crisis, 1985, production 

system changes, 33-35 
Chlorine dioxide, European use, 33 
Chlorine dioxide bleaching, xylanase 

treatment, 93-104 
Circular dichroism spectra, Τ ressei 

Cel7A and rCel7A, 422,434/ 
Clostridium cellulovorans, gene 

cluster, genetic organization, 358 
Clostridium cellulovorans CBDs, 

cellulose biosynthesis, 118-120 
Codon-optimized xynB, synthetic 

gene, 444 
Colchicine treatment 

changes in cellulase productivity, 
307-311 

Trichoderma reesei, 304-306 
Conference on Climate Change 

(Kyoto, 1997). See Kyoto Protocol 
Congo Red oxidation, 385,395 
Construction and expression, fusion 

proteins, 389-393, 398 
Copper atoms, laccase catalytic site, 

49-50/ 
Coprinus, laccase producer, 49 
Coprinus cinereus heme peroxidase 

with fusion proteins, 383-402 
Cotton fibers, degree of 

polymerization, recombinant 
enzymes, 297,300-301/ 

Cupric cation, effect on oxalate 
oxidase activity, 85-91 

D 

1,4 β-D-glucan cellobiohydrolase 
(Cel 7A), heterologous expression, 
403-437 

D 0 pulps, xylanase treatment, results, 
96-103 

Debarking, 5, 36 
Debranching enzymes for xylan 

depolymerization, 363-371 
Dehydrogenative polymers, 

formation, 68 
Deinking, recycled fiber, 15-16,36 
Denim bleaching, 385,395,398 
Desferoxamine B, siderophore, 

structure, 178/ 
Diafiltration saccharification assays, 

422,426-427/431/ 
Dictyoglomus thermophilum 

xylanase A production, 438-453 
xynB gene, synthesis, 444 

Dikaryomycota, biodégradation, 
organic matter, 404 

Dilute acid pretreatment, 
lignocellulosic biomass conversion, 
193, 195 

Dioxin cancer risk, U. S. EPA 
assessment, 33 

Dissolved and colloidal substances, 
removal, 14, 36 

Dissolving pulp, carbon source, 
feruloyl esterase production, 249/, 
250/ 

Disulfide bond assignments, Cel7A, 
4051 

Disulfide bond-forming systems, 424 
Disulfide bonds, formation, E. Coli 

host selection, 408 
Douglas fir. See Pseudotsuga 

menziesii 
Drainage and machine speed 

enhancement, 10-11 
Dye affinity, cotton fibers, CBD 

effect, 125 
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Ε. coli, expression of T. reesei Cel7A, 
423-425 

E. coli plasmids in study, 412/ 
E. coli strains in protein production, 

genotypes, 407 
Elemental Chlorine Free (ECF) 

process, 33 
Endo-β-1,4-xylanases 

enzyme for xylan 
depolymerization, 363 

families 10 and 11, properties, 
summary, 373/ 

industrial effectiveness, 372, 374 
See also Endoxylanases 

Endoglucanases 
EI, cellulase enzyme from 

Acidothermus cellulolyticus, 341 
enzymes for xylan degradation, 

371-372 
Humicola insolens family, 382-

402 
I, xylan degradation, 371 

Endoxylanases 
biotechnological applications, 191-

210 
phylogenetic distribution, 200, 

204-205/ 
structure, properties and catalytic 
mechanisms, 195-197/ 
See also Endo-β-1,4-xylanases 

Energy crisis, 1973 oil embargo, 31-
32 

Environmental Protection Agency 
(EPA). See U. S. Environmental 
Protection Agency 

Enzymatic activity, targeting, 
cellulose-binding domains, 148 

Enzymatic combustion, 238-239 
Enzymatic hydrolysis of products, 

wheat straw wet oxidation, 163, 
167/ 

Enzyme assays, experimental 
methods, 385 

Enzyme bleaching efficiency, 
comparisons, 275-276, 279 

Enzyme stability, cellulose binding 
domains, 149 

Enzyme technology, cellulose 
binding domains, 147-149 

Enzymes for sustainable 
technologies, lignocellulose 
modifying, 30-44 

Enzymes in debarking, reduced 
energy consumption, 36 

Enzymes in mechanical pulping, 
reduced energy consumption, 35-
36 

EPA. See U. S. Environmental 
Protection Agency 

Esterase classification, 212-213, 
215-216,224-226/ 

Ethanol from wheat straw cellulose, 
157-174 

Ethanol production from biomass, 
17-19, 158-159, 333-334,405 

Eucalyptus grandis, carbon source, 
microbial xylanase production, 257 

Eukaryotic expression systems, 432 
European Parliament, Directive, 

traditional fuel reduction, 37 
European Union, greenhouse gas 

reduction, 37 
Experimental design, factorial, 

xylanase activity, 259-260,267, 
269-276/ 

F 

Fagus sylvatica fibers, laccase 
application, 68 

Ferric cation, effect on oxalate 
oxidase activity, 85-91 

Ferrous cation, effect on oxalate 
oxidase activity, 85-91 

Ferulic acid, effect on feruloyl 
esterase production, 246-254 

Feruloyl esterase production 
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Aureobasidium pullulans, 246-254 
carbon sources and free ferulic 

acid, 248-250/ 
ferulic acid effect, 246-254 

Fiber adhesion, oxidative enzymes, 
55,57 

Fiber engineering, enzymatic 
modification, 37-38 

Fiber functionalization, oxidative 
enzymes, 55 

Fiber modification 
oxidative enzymes, 54-57 
paper manufacturing, overview, 5-

8 
Fiber orientation during sheet 

formation, CBD effects, 109-114 
Fiber processing, enzyme technology, 

147-148 
Fiber surface alteration, CBDs 

involvement, 121,124 
Fibers, oxidation and delignification, 

184,187 
Folded structures, xylanase families, 

195-197/ 
Forest products industry, 

biotechnology applications, 2-29 
Formic acid, effect on oxalate oxidase 

activity, 84-91 
Freeze-dried filter papers, 

polymerization, recombinant 
enzymes, 297, 300-301/ 

Fuel reduction (traditional), European 
Parliament, Directive, 37 

Fuels and sugars, production, plant 
biomass conversion, 333 

Fungal cultures in biopulping, 3-5 
Fungal hosts, recombinant bleaching 

enzymes from thermophiles, 438-
453 

Fungal peroxidases, 47-48 
Fungi, selective degradation of lignin, 

237-238 
Fusion protein genes, construction, 

experimental methods, 387-388/ 
Fusion proteins, CBD-CiP 

activity on cellulose-adsorbed 
substrate, 399 

cellulose binding, 394-397/ 
construction and expression, 389-

393, 398 
denim bleaching, 395, 398 
molecular and enzymatic 

properties, 393-394 
oxidation, Congo Red, 395-396 
purification, 393 
surface charge modification, 394, 

398-399 
Fusion proteins, Cel7a-MBD E. coli, 

purification and cleavage, 409 
Fusion proteins, MBP-Cel7A E. coli, 

construction, 407-408, 410/-411/ 

G 

Gene expression, alternative promoter 
to cbhl, 450 

Germin. See Oxalate oxidase 
Glucoamylase signal peptide, T. 

reesei cel7a expression, 426 
Glucose, carbon source, feruloyl 

esterase production, 249/, 250/ 
Glucuronoxylan depolymerization, 

microbial strategies, 191-210 
Glycolic acid, effect on oxalate 

oxidase activity, 84-91 
Glycoside hydrolase gene cluster, 

Acidothermus cellulolyticus, 332-
360 

Glycoside hydrolases, diverse 
enzyme family, 334 

Greenhouse gas reduction, European 
Union, 37 

H 

Haploidization, induced by benomyl 
treatment, 306 

Hardwood xylans, 212 
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Hemicelluloses in plant cell walls, 
135-138, 389 

Heterologous expression 
1,4 β-D-glucan cellobiohydrolase 

(Cel 7A), 403-437 
experimental methods, 387-389 

High kappa kraft pulp, biografting 
celestine blue, 66-80 

Hwnicola insolens family, 
endoglucanase, fusion proteins 
attachment, 382-402 

Hydrogen peroxide, effect on oxalate 
oxidase activity, 84-91 

Hydrolysis, lignocellulose, oxidative 
enzymes, 58 

Hydrolysis experiments on 
carbohydrate-acting esterases, 214-
215 

Hydrophobic cluster analysis in 
protein folding prediction, 363 

Hydroxybenzotriazole, mediator in 
laccase activity, 50, 51-53, 67, 
177 

Hydroxycinnamic acids. See Ferulic 
acid 

Hypocrea jecorina. See Trichoderma 
reesei 

J 

Japanese lacquer tree. 
See Rhus vernicifera 

Κ 

Kappa numbers with laccase-celestine 
blue treatment, 72-73/ 

Kluyveromyces lactis, extracellular 
production, thermophilic enzymes, 
438-453 

Kluyveromyces lactis system, 
construction, 440-441/ 

Kraft fibers, xylanases, effect on, 34 
Kraft pulp 

cellulase enzymatic treatments, 6 
chemical pulp bleaching, 51-54 
delignification with laccase, 67 
endoxylanases application to 

biobleaching, 192 
laccase in bio-grafting, celestine 

blue, 66-80 
See also Biobleaching; Bleaching 

entries; Pulp bleaching 
Kyoto Protocol, 37 

Industrial effectiveness, endo-P-1,4-
xylanses, 372, 374 

Industrial sustainability, 
biotechnology as enabler, 
overview, 31 

Inhibitors, oxalate oxidase, 81-92 
Insect cells, Τ reesei Cel7A, 

expression, 409,413-414/ 425-
429/ 

Inverse gas chromatography, 
determination, CBD effects, 107-
108, 113 

Iron, effect on laccase catalyzed 
oxidation, siderophore, 182-183/ 

Laccase-aided degradation of lignin, 
siderophores, natural mediators, 
176-190 

Laccase from Melanocarpus 
albomyces 

characterization, 316-319,321-
325 
crystallization, 326, 328-329 
gene isolation, 325-327 
production, 319-321 

Laccase gene characterization, 32-33 
Laccase in bio-grafting, celestine blue 

onto kraft pulp, 66-80 
Laccase mediator concept, 35, 51-53 
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Laccase-mediator systems, 
development steps, 53/ 

Laccase oxidation, siderophore, 
reaction mechanism, 182-186 

Laccase treatment, mechanical pulp 
fibers, 8 

Laccases 
catalytic mechanism, 48-50, 316 
industrial uses, 316 
radical formation, 54-55 

Lignin degradation, cell free 
mineralization, 238-239 

Lignin degrading peroxidases, 47-48, 
231 

Lignin in plant cell walls, 138-139 
Lignocellulose modifying enzymes 

for sustainable technologies, 30-44 
Lignocellulose processing 

oxidative enzymes, 46-65 
xylanase mechanism importance, 

205-207 
Lignocellulosic biomass 

conversion to ethanol, 17-19 
dilute acid pretreatment, 193, 195 

Lignozyme process, 51-52 
Lipophilic extractives, residue from 

SSF, 169-170 
Liquefaction and simultaneous 

saccharification and fermentation 
(SSF), 166-169 

Lowry assay, protein determination, 
290-291/ 

M 

Machine speed and drainage 
enhancement, 10-11 

Magnesium cation, effect on oxalate 
oxidase activity, 85-91 

Manganese dependent peroxidase, 
47-48 

Manganese peroxidase 
in pulp bleaching, 53-54 
properties and occurrence, 232-235 

role in selective degradation of 
lignin, 237-238 

role in wood lignin degradation, 
230-243, 235-237 

Manganous cation, effect on oxalate 
oxidase activity, 85-91 

Mannanases, prebleaching aid, 12-13 
Mass balance, wet oxidation and SSF 

products, wheat straw, 165/ 
Mechanical pulping, energy 

consumption, 35-36 
Melanocarpus albomyces, novel 

laccase, 315-331 
Methyl glycopyranosides, 

deactylation, 217, 219-221 
Methyl 2,3,4-tri-O-Ac-p-D-

xylopyranoxide, deacetylation, 
220/, 226/-227/ 

Methylglucucuronoxylan, 
hypothetical structure, 194 

Microbial cellulose-binding domains, 
140-143/ 

Microbial diversity, phylogenetic 
distribution, endoxylanases, 200, 
204-205/ 

Microbial endo-β-Ι, 4-xylanases, 
diversity, 361-380 

Moisture content optimization, solid 
state fermentation, 263, 271/ 

Molecular and enzymatic properties, 
fusion proteins, 393-394 

Molecular architecture, endo-P-1,4-
xylanses, 366, 368 

Multi-domain enzyme Cel6A-
CelI2A, Acidothermus 
cellulolyticus, 356 

Multinucleation, induced by chemical 
reagents, 306 

Myceliophthora, laccase producer, 49 

Ν 

N-acetoxy-N-phenylacetamide, 
mediator, delignification, 52-53 
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N-hydroxy-N-phenylaeetamide, 
mediator, delignification, 52-53 

N-hydroxyacetanilide, mediator, 
delignification, 67 

Naphthyl esters, A. pullulans feruloyl 
esterase, substrate range, 251-252/ 

α-Naphthyl esters, esterases activity, 
221-222/ 

Native signal peptide, T. reesei cel7a 
expression, 428-429 

Natural mediators, siderophores, 
laccase-aided lignin degradation, 
176-190 

Neurospora crassa, laccases, 33 
Nitrogen content, optimization in 

solid state fermentation, 263, 267, 
274/ 

Nocardamin, siderophore, structure, 
179/ 

Ο 

Oak spelt xylan, carbon source, 
feruloyl esterase production, 249/, 
250/ 

Oil embargo, 1973, energy crisis, 31-
32 

One-step gene replacement technique, 
287 

Ophiostoma pilferum, lignin 
degradation, 4-5 

Oxalate oxidase, treatment of process 
waters, 81-92 

Oxidation, Congo Red, fusion 
proteins, 395-396 

Oxidative enzymes 
biobleaching use, 13-14 
fiber modification, 54-57 
lignocellulose hydrolysis, 58 
lignocellulose processing, 46-65 
See also specific enzymes 

Oxidoreductases, potential 
applications, 383 

Ρ 

Paper manufacturing, overview, 5-14 
Paper properties modification 

cellulose-binding domains, 124-
128/ 

cellulose cross-linking proteins, 
124-128/ 

Paper recycling, cellulose-binding 
domains, 105-115 

Paper sheets 
cellulose-binding domains, 

application, 108-109/ 
Pseudotsuga menziesii, tensile 

strength, 71 
Paper strength properties, laccase-

celestine blue treatment, 74-78 
Paperboard, dehydrogenative 

polymers, formation, 68 
Pectin matrix in plant cell walls, 138 
Periplasmic targeting, expressed 

proteins, E, coli, 423 
Peroxidases, oxidative enzymes, 47-

48 
pH, xylanase production in solid-state 

fermentation, 268, 280/ 
Phanerochaete chrysoporium 

alkaline peroxide pulp treatment, 
10 

enzymology, lignin degradation, 
231,235 

lignin degradation, 4, 48 
See also White rot fungi 

Phenylmethylsulfonyl fluoride, 
esterase inhibition, 222-223 

Phylogenetic distribution, 
endoxylanases, 200, 204-205/ 

Phlebia radiata 
key enzymes, 33 
laccase producer, 49 
lignin depolymerization, 235 
manganese peroxidase, lignin 

degradation, 238 
Pichia pastoris, laccases, 33-34 
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Pitch problems in paper manufacture, 
4 

Plant cell wall composition, 133-139 
Plant cell wall decomposition, 

catalysis by feruloyl esterases, 
247 

Plant cell wall modification, CBDs, 
role, 145-147 

Plant cellulose-binding domains, 141, 
145 

Plasmid map, E. coli-Aspergillus 
shuttle vector pPFE2-cel7a, 416/ 

Pleurotus 
laccase producer, 49 
manganese peroxidase role, lignin 

degradation, 238 
Polyacrylamide gel electrophoresis, 

from K. lactis, 446/ 
Populus, transgenic trees, wood 

characteristics, 120-123/ 
Pretreatment, woody biomass with 

dilute acid, 193,195 
Process diagram, wheat straw treated 

by wet oxidation, 163/ 
Process waters, treatment with 

oxalate oxidase, 81-92 
Prokaryotic expression systems, 430-

432 
Protein fold, endo-β-1,4-xylanses, 

365-367/ 
Protein production 

genotypes, E. coli strains, 407 
host requirements, good 

economics, 451 
uni- and multicellular fungi, 

economics, 439 
Protein purification, experimental 

methods, 389 
Protein stability measurements, 

423 
Proteins in plant cell walls, 139 
Pseudotsuga menziesii, paper sheets, 

71 
Pulp and paper manufacture, 1990's, 

sustainable, 35-37 

Pulp bleaching 
manganese peroxidase use, 53-54 
xylanase, solid-state fermentation 

and utilization, 255-284 
See also Biobleaching; Bleaching 

entries; Kraft pulp 
Pulp fibers, surface chemistry, 50-51 
Purification and cleavage, fusion 

proteins, 393,409 
Putative exoglucanase, 356-357 
Putative mannanase Cel5B, 

Acidothermus cellulolyticus, 
356 

Pycnoporus, laccase producer, 49 

R 
Radiata pine mechanical pulp, 

proteinase use, 9-10 
Radical formation 

laccase reaction, 54-55 
manganese peroxidase as catalyst, 

232-233/ 
Recombinant bleaching enzymes, 

thermophiles expressed in fungal 
hosts, 438-453 

Recombinant enzyme, rCel7A, 
purification, 419-421/ 

Recombinant enzymes, Trichoderma 
reesei 

activities, 290, 292-296 
cellulose polymerization, 297-
301/ 
cellulosic materials hydrolysis, 

297-298/ 
Recombinant strains, Trichoderma 

reesei, activity profiles, cellulases, 
285-303 

Recycled fiber, 15-17, 36 
Refining energy changes, chemical 

pulps, 8-10 
Rhizoctonia, laccase producer, 49 
Rhus vernicifera, discovery of 

laccases, 316 

 
 ix

00
2

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 



466 

S 

Saccharomyces cerevisiae 
liquefaction and SSF fermentation, 

wheat straw, 161-162 
softwood lignin conversion, 18 

Scaling, industrial problem, 82 
Schizophyllum, laccase producer, 49 
Secondary fiber processing, 16-17 
Secondary paper fibers treatment, 

cellulose-binding domains, 105-
115 

Selective degradation, lignin, 
manganese peroxidase in fungi, 
237-238 

Siderophores 
laccase oxidation, reaction 

mechanism, 182-186 
natural mediators, laccase-aided 

lignin degradation, 176-190 
oxidation by laccase, 181-183 

Sigmacell, polymerization, 
recombinant enzymes, 297, 299/ 

Soft rot fungus. See Trichoderma 
reesei 

Solid-state fermentation, xylanase in 
pulp bleaching, 255-284 

Streptomyces avermitilis, feruloyl 
esterase production, 246 

Subalpine-fir fibers, enzymatic 
treatment, 7 

Submerged fermentation, production, 
commercial xylanases, 256 

Substrate degradation mechanism, 
endo-β-1,4-xylanses, 370-371 

Substrate range, A. pullulans feruloyl 
esterase, 251-252/ 

Sugarcane bagasse, carbon source, 
feruloyl esterase production, 249/, 
250/ 

Sulfate anion, effect, oxalate oxidase 
activity, 84-91 

Sulfite anion, effect, oxalate oxidase 
activity, 84-91 

Surface charge modification, fusion 
proteins, 394 

Surface chemistry, pulp fibers, 50-51 
Sustainable pulp and paper 

manufacture, 1990's, 35-37 
Sustainable technologies, 

lignocellulose modifying enzymes, 
30-44 

Τ 

TCF processes. See Totally Chlorine 
Free processes 

Thermomyces lanuginosus, studies 
for enzymatic pulp bleaching, 257-
283 

Thermophilic fungal isolates, 
screening for xylanase production, 
261-265/ 

Thermophilic fungi, sources, 257 
Thermophilic microorganisms, 

recombinant bleaching enzymes, 
438-453 

Total Kappa factor, results, xylanase 
treatments, 99-101 

Totally Chlorine Free processes, 33 
Transgenic plants, characteristics, 

145-147 
Transgenic trees, Populus, wood 

characteristics, 120-123/ 
Trasmetes, laccase producers, 49 
Trasmetes hirsutus, laccases, 33 
Trametes versicolor in Whitewater 

treatment, 14 
Trasmetes villosa, experimental 

laccase, 69 
Trichoderma reesei 

cellulase genes and 
hyperproducers, amplification, 
304-314 

1,4 β-D-glucan cellobiohydrolase 
(Cel 7A), heterologous 
expression, 403-437 
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disulfide bonds in catalytic domain, 
404-405/ 

early CBD demonstration, 139 
enzymatic system, lignocellulose 

degradation, 31-32, 33 
extracellular production, 

thermophilic enzymes, 438-453 
heterologous bacterial thermophile 

xylanase genes, 447-448/ 
recombinant strains, activity 

profiles, cellulases, 285-303 
transformation by particle 

bombardment, 447 
Trichoderma reesei system, 

construction, 440, 442/443/ 
Trichoderma xylanases, enzyme 

origin effects, 34 

U.S. Environmental Protection 
Agency, dioxin cancer risk, 33 

V 

Violuric acid, mediator in 
delignification, 52, 67 

W 

Wet oxidation, pretreatment method 
for wheat straw, 157-174 

Wheat straw 
alkaline wet oxidation, 

pretreatment method, 157-174 
wet oxidized, chemical 

composition, 166/ 
White rot fungi 

aromatic metabolism, 239 
lignin degrading organisms, 177-

178, 231-239 

See also Ceriporiopsis 
subvermispora; Phanerochaete 
chrysosporium 

Whitewater treatment, contaminant 
removal, 14 

Wood characteristics, transgenic 
trees, Populus, 120-123/ 

Wood fiber and paper modulation, 
cellulose-binding domains, 116-
131 

Wood lignin degradation, manganese 
peroxidase role, 230-243 

Wood processing, biotechnology 
applications, 3-5 

Wood residue utilization, 17-19 

X 

Xylan degrading endo-β-1,4-
xylanses, 371-372 

Xylan depolymerization, enzymes, 
363 

Xylan plant structure, 361, 362, 364/ 
Xylanase families, biochemical and 

catalytic properties, 196, 198/-199 
Xylanase in pulp bleaching, solid-

state fermentation and utilization, 
255-284 

Xylanase mechanism, importance in 
applications, 205-207 

Xylanase production in solid-state 
fermentation, time, 268, 281/ 

Xylanase treatment after first chlorine 
dioxide bleaching stage, 93-104 

Xylanases 
applications, 361-362 
catalytic domains, family 

relationships, 199-203 
effect on kraft fibers, 34 
hydrolytic enzymes, paper 

manufacturing, 6-7 
indirect bleaching agents, 11-12, 

362 
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microbial, in glucuronoxylan Yield loss, relation to paper 
depolymerization, 191-210 properties, 6 

Xylose 
applications, 361-362 
carbon source, feruloyl esterase Ζ 

production, 249/, 250/ 
Zeta-potential analysis, laccase-

celestine blue treatment, 73-74/ 
Y 

Yeast, Dictyoglomus thermophilum, 
xylanase A production, 438-453 

 
 ix

00
2

In Applications of Enzymes to Lignocellulosics; Mansfield, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2003. 


	Title Page
	About the Cover
	Half Title Page
	Copyright
	Foreword
	Preface

	1 Applications of Biotechnology in the Forest Products Industry
	Introduction
	Wood Processing
	Biopulping
	Debarking

	Paper Manufacturing
	Fibre Modification
	Altering Refining Energy
	Enhancing Drainage and Machine Speed
	Bleaching
	Whitewater Treatment

	Recycled Fibre
	Deinking
	Secondary Fibre Processing

	Wood Residue Utilisation
	Conclusion
	Predictions for Future Applications
	References

	2 Lignocellulose Modifying Enzymes for Sustaniable Technologies
	THE FIRST ENERGY CRISIS IN 1973
	THE CHLORINE CRISIS IN 1985
	SUSTAINABLE PULP AND PAPER MANUFACTURE IN THE 1990s
	THE KYOTO PROTOCOL IN 1997
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	3 Lignocellulose Processing with Oxidative Enzymes
	Oxidative Enzymes
	Peroxidases
	Laccases

	Surface Chemistry Of Pulp Fibres
	Bleaching Of Chemical Pulp
	Laccase-Mediator Concept In Chemical Pulp Bleaching
	MnP In Pulp Bleaching

	Oxidative Enzymes In Fibre Modification
	Functionalization Of Fbres By Oxidative Enzymes
	Adhesion Of Fibres By Oxidative Enzymes

	Oxidative Enzymes In The Hydrolysis Of Lignocellulose
	References

	4 Biografting of Celestine Blue onto a High Kappa Kraft Pulp
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	Acknowledgements
	References

	5 Treatment of Pulp and Paper Industry Process Waters with Oxalate Oxidase: Compounds Interfering with the Activity
	Introduction
	Materials and Methods
	Selected compounds
	Assay of oxalate oxidase activity
	Analyses

	Results
	Discussion
	Acknowledgements
	References

	6 Xylanase Treatment of D0 Pulp to Enhance Bleaching
	Introduction
	Materials and Methods
	Analysis

	Results
	Discussion
	References

	7 Cellulose-Binding Domains as a Tool for Paper Recycling
	Introduction
	Methods and Materials
	Cellulose-binding domains
	CBD treatment of paper pulps
	Preparation of paper sheets
	Pulp and Paper Testing
	Inverse Gas Chromatography

	Results and Discussion
	Conclusions
	Acknowledgements
	References

	8 Modulation of Wood Fibers and Paper by Cellulose-Binding Domains
	Wood Fiber Modification Using CBD
	Modulating Cellulose Containing Materials with CBD
	Conclusions
	References

	9 Cellulose-Binding Domains: Tools for Innovation in Cellulosic Fiber Production and Modification
	Introduction
	Plant cell-wall composition and architecture
	2.1 Cellulose
	2.2 Hemicellulose
	2.3 Pectin
	2.4 Lignin
	2.5 Proteins

	Cellulose-binding domains: a common feature in many cell-wall modifying enzymes
	3.1 Microbial cellulose-binding domains
	3.2 Plant cellulose-binding domains

	CBD as a biotechnological tool
	4.1 Plant cell wall modification
	4.2 Enzyme technology

	Concluding remarks.
	Acknowledgements
	References

	10 Ethanol from Wheat Straw Cellulose by Wet Oxidation Pretreatment and Simultaneous Saccharifleation and Fermentation
	Introduction
	Methods and materials
	Results and discussion
	Conclusion
	Acknowledgement
	References

	11 Siderophores as Natural Mediators in Laccase-Aided Degradation of Lignin
	Introduction
	Materials and Methods
	Enzyme
	Substrates
	The reactivity of substrates
	Pulp treatments
	Analytical methods

	Results
	Oxidation of siderophores by laccase
	Analysis of reaction mechanism of laccase oxidation
	Oxidation and delignification of fibres

	Discussion
	Abbreviations
	Acknowledgement
	References

	12 Microbial Strategies for the Depolymerization of Glucuronoxylan: Leads to Biotechnological Applications of Endoxylanases
	Introduction
	Relationships of structural properties, catalytic mechanisms and family assignments of endoxylanases
	General biochemical and catalytic properties of representatives of xylanase families
	Family relationships of catalytic domains deduced from amino acid sequence
	Microbial diversity and phylogenetic distribution of endoxylanases
	Relationship of xylanase mechanism to applications in processing lignocellulosics
	Acknowledgements
	References

	13 Comparison of Catalytic Properties of Acetyl Xylan Esterases from Three Carbohydrate Esterase Families
	Introduction
	Experimental
	Enzymes
	Activity assays
	Hydrolysis experiments

	Results
	Classification of the esterases
	Action on acetylated xylan and glucomannan
	Deacetylation of methyl glycopyranosides
	Activity on α-naphthyl esters
	Inhibition by PMSF

	Discussion
	Acknowledgements
	References

	14 Manganese Peroxidase and Its Role in the Degradation of Wood Lignin
	Discovery and Characteristics of Lignin Degrading Peroxidases
	Properties and Occurrence of Manganese Peroxidase
	Role of Manganese Peroxidase in the Degradation of Lignin and Lignin-Related Compounds
	Role of Manganese Peroxidase in Fungi Causing Preferential Degradation of Lignin in Wood
	The Possible Role of Manganese Peroxidase in Lignin Degradation: Cell Free Mineralization of Lignin
	References

	15 Influence of Growth Substrate and Free Ferulic Acid on the Production of Feruloyl Esterase by Aureobasidium pullulans
	INTRODUCTION
	MATERIALS AND METHODS
	Strain and culture conditions
	Enzyme assays
	Screening of esterase substrates

	RESULTS AND DISCUSSION
	ACKNOWLEDGEMENTS
	References

	16 In Situ Solid-State Fermentation and Utilization of Xylanase in Pulp Bleaching
	Introduction
	Materials and Methods
	Cultures
	Substrate
	Solid Substrate Fermentation (SSF)
	Enzyme Extraction
	Enzyme Assay
	Experimental Design
	Enzyme Treatment of Pulp
	Chemical Bleaching of Pulp

	Results and Discussion
	Screening of Thermophilic Fungal Isolates
	Biobleaching Efficiency of in situ Crude SSF Xylanase
	Optimization of Moisture Content in SSF
	Optimization of Nitrogen Content in SSF Using Experimental Design
	Impact of Final pH on Xylanase Production in SSF
	Time-course of Xylanase Production in SSF
	Pulp Bleaching with in situ Crude SSF Xylanase of T. lanuginosus
	Comparison of enzyme bleaching efficiency on equal units base
	Comparison of enzyme bleaching efficiency on equal cost base
	Cost comparison at equal enzyme bleaching efficiency

	Conclusions
	Acknowledgements
	References

	17 Characterization of the Activity Profile in Cellulases Derived from Recombinant Strains of Trichoderma reesei
	Introduction
	Material and Methods
	Enzymes
	Determination of enzyme activities against model substrates
	Enzymatic hydrolysis of cellulosic materials
	Determination of the degree of polymerization of cellulose

	Results and Discussion
	Hydrolysis of cellulosic materials by the recombinant enzymes

	Acknowledgements
	References

	18 Amplification of Cellulase Genes and Cellulase Hyperproducers in Trichoderma: Minireview
	Autopolyploidization
	Colchicine treatment of normal conidia
	Colchicine treatment of swollen conidia
	Colchicine treatment of the mycelial mat

	Multinucleation
	Haploidization
	Benomyl treatment of swollen conidia in the liquid medium
	Benomyl treatment of swollen conidia on the solid medium
	Benomyl treatment of mycelial mat on the solid medium

	Successive autopolyploidization and haploidization
	Nuclear changes and cellulase productivity
	Changes in cellulase productivity of colchicine-treated conidia
	Changes in cellulase productivity of colchicine-treated mycelia

	Conclusion and consideration for future
	References

	19 A Novel Laccase from the Ascomycete Melanocarpus albomyces
	Introduction
	Material and Methods
	Fungal Strains and Enzymes
	Fungal Strains and Enzymes
	Media and Culture Conditions
	Protein and Enzyme Activity Determination
	Protein purification
	Determination of isoelectric point
	Enzyme activity and stability with respect to pH and temperature
	Spectra
	Redox potential of the T1 copper
	Isolation of the M. albomyces laccase gene
	Crystallization of the purified M. albomyces laccase

	Results and Discussion
	Production and purification of the M. albomyces laccase
	Characterization of the purified laccase
	Isolation of the laccase gene
	Crystallization of the laccase

	Acknowledgments
	References

	20 Glycoside Hydrolase Gene Cluster of Acidothermus cellulolyticus
	Introduction
	Conversion of Plant Biomass to Fuels and Sugars
	Cellulase Enzymes
	Acidothermus cellulolyticus

	Material and Methods
	Organism and Growth Condition
	Molecular Cloning of Cel5B, Cel6A-Cel12A, Cel48A, and Cel74A

	Results and Discussion
	Sequencing Strategy
	A. cellulolyticus Glycoside Hydrolases

	Conclusion
	Acknowledgments
	References

	21 Diversity of Microbial Endo-β-1,4-Xylanases
	Cooperation of EXs with Debranching Enzymes
	Classification
	Protein Fold
	Molecular Architecture
	Catalytic Properties
	Mechanism of Substrate Degradation
	Xylan-Degrading Endo-β-1,4-glucanases
	Physiological Role - Microbial versus Plant EXs
	Industrial Effectiveness of Different EXs
	Conclusions
	Acknowledgements
	References

	22 Fusion Proteins Containing Coprinus cinereus Peroxidase and the Cellulose-Binding Domain of Humicola insolens Family 45 Endoglucanase
	Introduction
	Experimental Methods
	Materials and instruments
	Enzyme assays
	Cellulose binding
	Chemical modification
	Construction of fusion protein genes
	Heterologous expression
	Protein purification

	Results
	Construction and expression of CBD-CiP
	Purification of the fusion proteins
	Molecular and enzymatic properties of the fusion proteins
	Surface charge modification of CiP and CBD-CiP
	Cellulose-binding
	Oxidation of soluble and Avicel-adsorbed Congo Red
	Denim bleaching

	Discussion
	Construction of CBD-CiP
	Effect of surface charge on the cellulose-binding by CBD-CiP
	CBD-CiP activity on cellulose-adsorbed substrate

	Conclusions
	Acknowledgments
	References

	23 Heterologous Expression of Trichoderma reesei 1,4-β-D-Glucan Cellobiohydrolase (Cel 7A)
	Materials and Methods
	Acquisition of the T. reesei cel7a Gene.
	Expression of T. reesei Cel7A in E. coli.
	Expression of T. reesei Cel7A in Insect Cells.
	Transformation of Aspergillus awamori with cel7a.
	Purification of rCel7A.
	Circular Dichroism.
	Diafiltration Saccharification Assay (DSA).
	Protein Stability Measurements.

	Results
	Expression of T. reesei Cel7A in E. coli.
	Expression of T. reesei CeI7A in Insect Cells.
	Expression of T. reesei Cel7A in A. awamori Using the Glucoamylase Signal Peptide.
	Expression of T. reesei CeI7A in A. awamori Using its Native Signal Peptide.

	Discussion
	Prokaryotic Expression Systems.
	Eukaryotic Expression Systems.
	Comparison of Active rCel7A Forms.

	Conclusions
	Acknowledgments
	References

	24 Recombinant Bleaching Enzymes from Thermophiles Expressed in Fungal Hosts
	Materials and Methods
	Kluyveromyces lactis system
	Trichoderma reesei system
	Synthesis of the Dictyoglomus xynB gene with altered codon usage
	Removal of potential N-glycosylation sites from codon-optimized xynB
	Biolistic bombardment of Trichoderma
	Fusion proteins with Ds-Red in Trichoderma vectors
	Proteomic displays of Trichoderma cell wall proteins under repressing and inducing conditions
	Analytical techniques
	Pulp bleaching

	Results and Discussion
	Transformation of Trichoderma
	Heterologous bacterial thermophile xylanase genes expressed in Trichoderma
	Multiple protein species secreted into the supernatant by T. reesei expressing XynB
	An alternative promoter to cbh1 for gene expression

	Conclusions
	Acknowledgements
	References

	Author Index
	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	Κ
	L
	M
	Ν
	Ο
	Ρ
	R
	S
	Τ
	U
	V
	W
	X
	Y
	Ζ


	Cit p_2_1:1: 
	Cit p_27_1:2: 
	Cit p_40_1:1: 
	Cit p_3_1:1: 
	Cit p_4_1:1: 
	Cit p_5_1:1: 
	Cit p_6_1:1: 
	Cit p_7_1:1: 
	Cit p_8_1:1: 
	Cit p_9_1:1: 
	Cit p_10_1:1: 
	Cit p_11_1:1: 
	Cit p_11_1:2: 
	Cit p_12_1:1: 
	Cit p_13_1:1: 
	Cit p_14_1:1: 
	Cit p_15_1:1: 
	Cit p_19_1:2: 
	Cit p_21_1:1: 
	Cit p_24_1:1: 
	Cit p_25_1:1: 
	Cit p_27_1:1: 
	Cit p_29_1:1: 
	Cit p_29_1:2: 
	Cit p_30_1:1: 
	Cit p_32_1:1: 
	Cit p_33_1:1: 
	Cit p_35_1:1: 
	Cit p_38_1:1: 
	Cit p_39_1:1: 
	Cit p_39_1:2: 
	Cit p_41_1:1: 
	Cit p_52_1:1: 
	Cit p_52_1:2: 
	Cit p_53_1:1: 
	Cit p_53_1:2: 
	Cit p_54_1:1: 
	Cit p_63_1:2: 
	Cit p_74_1:2: 
	Cit p_75_1:1: 
	Cit p_76_1:2: 
	Cit p_91_1:1: 
	Cit p_95_1:1: 
	Cit p_112_1:2: 
	Cit p_113_1:1: 
	Cit p_113_1:2: 
	Cit p_118_1:1: 
	Cit p_119_1:1: 
	Cit p_120_1:1: 
	Cit p_121_1:1: 
	Cit p_121_1:2: 
	Cit p_122_1:1: 
	Cit p_123_1:1: 
	Cit p_124_1:1: 
	Cit p_125_1:1: 
	Cit p_125_1:2: 
	Cit p_126_1:1: 
	Cit p_1_1:1: 
	Cit p_16_1:1: 
	Cit p_18_1:1: 
	Cit p_20_1:1: 
	Cit p_22_1:1: 
	Cit p_17_1:1: 
	Cit p_19_1:1: 
	Cit p_23_1:1: 
	Cit p_7_1:2: 
	Cit p_8_1:2: 
	Cit p_26_1:1: 
	Cit p_28_1:1: 
	Cit p_28_1:2: 
	Cit p_34_1:1: 
	Cit p_34_1:2: 
	Cit p_36_1:1: 
	Cit p_44_1:1: 
	Cit p_47_1:1: 
	Cit p_48_1:1: 
	Cit p_49_1:1: 
	Cit p_50_1:1: 
	Cit p_56_1:1: 
	Cit p_57_1:1: 
	Cit p_59_1:1: 
	Cit p_60_1:1: 
	Cit p_61_1:1: 
	Cit p_61_1:2: 
	Cit p_62_1:1: 
	Cit p_63_1:1: 
	Cit p_64_1:1: 
	Cit p_68_1:2: 
	Cit p_69_1:1: 
	Cit p_71_1:1: 
	Cit p_74_1:1: 
	Cit p_78_1:1: 
	Cit p_78_1:2: 
	Cit p_79_1:1: 
	Cit p_80_1:1: 
	Cit p_82_1:1: 
	Cit p_83_1:1: 
	Cit p_84_1:1: 
	Cit p_89_1:1: 
	Cit p_90_1:1: 
	Cit p_93_1:2: 
	Cit p_96_1:1: 
	Cit p_96_1:2: 
	Cit p_97_1:1: 
	Cit p_98_1:1: 
	Cit p_98_1:2: 
	Cit p_6_1:2: 
	Cit p_16_1:2: 
	Cit p_3_1:2: 
	Cit p_21_1:2: 
	Cit p_12_1:2: 
	Cit p_15_1:2: 
	Cit p_23_1:2: 
	Cit p_24_1:2: 
	Cit p_18_1:2: 
	Cit p_37_1:1: 
	Cit p_42_1:1: 
	Cit p_43_1:1: 
	Cit p_45_1:1: 
	Cit p_46_1:1: 
	Cit p_48_1:2: 
	Cit p_51_1:1: 
	Cit p_55_1:1: 
	Cit p_55_1:2: 
	Cit p_58_1:1: 
	Cit p_65_1:1: 
	Cit p_66_1:1: 
	Cit p_67_1:1: 
	Cit p_68_1:1: 
	Cit p_69_1:2: 
	Cit p_70_1:1: 
	Cit p_76_1:1: 
	Cit p_77_1:1: 
	Cit p_81_1:1: 
	Cit p_83_1:2: 
	Cit p_85_1:1: 
	Cit p_86_1:1: 
	Cit p_87_1:1: 
	Cit p_88_1:1: 
	Cit p_92_1:1: 
	Cit p_93_1:1: 
	Cit p_94_1:1: 
	Cit p_99_1:1: 
	Cit p_100_1:1: 
	Cit p_101_1:1: 
	Cit p_102_1:1: 
	Cit p_103_1:1: 
	Cit p_104_1:1: 
	Cit p_105_1:1: 
	Cit p_106_1:1: 
	Cit p_107_1:1: 
	Cit p_108_1:1: 
	Cit p_109_1:1: 
	Cit p_110_1:1: 
	Cit p_111_1:1: 
	Cit p_112_1:1: 
	Cit p_115_1:1: 
	Cit p_116_1:1: 
	Cit p_116_1:2: 
	Cit p_117_1:1: 
	Cit p_1_1:2: 
	Cit p_2_1:2: 
	Cit p_10_1:2: 
	Cit p_31_1:1: 
	Cit p_33_1:2: 
	Cit p_14_1:2: 
	Cit p_38_1:2: 


