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Foreword 
The A C S 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 

Advances have been made in lignocellulose biodegradation and 
applications in the production of fuels and chemicals. It is timely to pro
vide a book that can assist practicing scientists, engineers, and graduate 
students with effective tools for tackling the longstanding challenges in 
lignocellulose degradation. 

This book was developed from a symposium titled Advances in 
Biodegradation and Biotransformation of Lignocellulosics, presented at 
the 225th National Meeting of the American Chemical Society (ACS) in 
New Orleans, Louisiana, March 23-27, 2003 and sponsored by the ACS 
Division of Cellulose and Renewable Materials. It presents a compilation 
of twelve symposium manuscripts and nine solicited manuscripts repre
senting recent advances in lignocellulose biodegradation research. The 
chapters in the book have been organized in four sections: pretreatment, 
biodegradation, enzyme characterization, and applications. An overview 
chapter on lignocellulose biodegradation and applications in biotech
nology has been included. 

We are fortunate to have contributions from world-class researchers 
in the field of biomass conversion. We are taking this opportunity to 
express our sincere appreciations to the contributing authors, the 
reviewers who provided excellent comments to the editors, the A C S 
Division of Cellulose and Renewable Materials, and the ACS Books 
Department for making possible the publication of this book. 

We hope that this book will actively serve as a valuable multi-
disciplinary (chemistry, biochemistry, microbiology, molecular biology, 

xi 
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and biochemical engineering) contribution to the continually expanding 
field of liognocellulose biodegradation. 

Badal C. Saha 
Fermentation Biotechnology Research Unit 
National Center for Agricultural Utilization Research 
Agricultural Research Service 
U.S. Department of Agriculture 
1815 North University Street 
Peoria, IL 61604 
(309) 681-6276 (telephone) 
(309) 681-6427 (fax) 
sahabc@ncaur.usda.gov (email) 

Kiyoshi Hayashi 
Planning Section 
National Food Research Institute 
2-1-12, Kannondai 
Tsukuba, Ibaraki 305-8642 
Japan 
+81-298-38-7991 (telephone) 
+81-298-38-8005 (fax) 
khayashi@affrc.go.jp (email) 
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Chapter 1 

Lignocellulose Biodegradation and Applications in 
Biotechnology 

Badal C. Saha 

Fermentation Biotechnology Research Unit, National Center 
for Agricultural Utilization Research, Agricultural Research Service, 

U.S. Department of Agriculture, 1815 North University Street, 
Peoria, IL 61604 

Lignocellulosic biomass such as agricultural and forestry 
residues and herbaceous energy crops can serve as low cost 
feedstocks for production of fuel ethanol and other value-added 
commodity chemicals. However, development of efficient 
pretreatment and cost-effective enzymatic conversion of any 
lignocellulosic biomass to fermentable sugars is a key issue. In 
this overview chapter, various pretreatment options (dilute acid, 
steam explosion, alkaline peroxide) and enzymes (mainly 
cellulases and hemicellulases) involved in lignocellulose 
degradation are presented. Mixed sugars generated by 
lignocellulose biodegradation are fermented to fuel ethanol, 
xylitol, 2-3-butanediol and other value-added products. Recent 
advances in the developments on lignocellulose biodegradation 
and applications in biotechnology are reviewed. 

2 U.S. government work. Published 2004 American Chemical Society 
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3 

In 2003, about 2.81 billion gallons of ethanol are produced annually in the 
United States, with approximately 95% derived from fermentation of com starch. 
With increased attention to clean air and oxygenates for fuels, opportunities exist 
for rapid expansion of the fuel ethanol industry. Various lignocellulosic biomass 
such as agricultural residues, wood, municipal solid wastes and wastes from pulp 
and paper industry can serve as low cost and abundant feedstocks for production of 
fuel ethanol or value-added chemicals. It is estimated that approximately 50 billion 
gallons of ethanol could be produced from current biomass wastes with the potential 
to produce up to 350 billion gallons from dedicated energy farms in the USA (/). 
At present, the degradation of lignocellulosic biomass to fermentable sugars 
represents significant technical and economic challenges, and its success depends 
largely on the development of highly efficient and cost-effective enzymes for 
conversion of pretreated lignocellulosic substrates to fermentable sugars. In this 
overview chapter, the author reviews the current knowledge on lignocellulose 
biodegradation and use of lignocellulosic hydrolyzates as feedstocks for developing 
bio-based products and processes. 

Structure and Composition of Lignocellulosic Biomass 

Lignocellulosic biomass includes various agricultural residues (straws, hulls, 
stems, stalks), deciduous and coniferous woods, municipal solid wastes 
(MSW, paper, cardboard, yard trash, wood products), waste from pulp and paper 
industry and herbaceous energy crops (switchgrass, barmudagrass). The 
compositions of these materials vary. The major component is cellulose (35-50%), 
followed by hemicellulose (20-35%) and lignin (10-25%). Proteins, oils and ash 
make up the remaining fraction of lignocellulosic biomass (/). The structures of 
these materials are complex with recalcitrant and heterogeneous characteristics and 
native lignocellulose is resistant to an enzymatic hydrolysis. In the current model 
of the structure of lignocellulose, cellulose fibers are embedded in a 
lignin-polysaccharide matrix. Xylan may play a significant role in the structural 
integrity of cell walls by both covalent and non-covalent associations (2). 

Cellulose is a linear polymer of D-glucose units linked by 1,4-B-D-glucosidic 
bonds. Hemicelluloses are heterogeneous polymers of pentoses (xylose, 
arabinose), hexoses (mannose, glucose, galactose), and sugar acids. Unlike 
cellulose, hemicelluloses are not chemically homogeneous. Hardwood 
hemicelluloses contain mostly xylans, whereas softwood hemicelluloses contain 
mostly glucomannans (5). Xylans of many plant materials are 
heteropolysaccharides with homopolymeric backbone chains of 1,4-linked P-D-
xylopyranose units. Besides xylose, xylans may contain arabinose, glucuronic acid 
or its 4-O-methyl ether, and acetic, ferulic and p-coumaric acids. The frequency 
and composition of branches are dependent on the source of xylan (4). The 
backbone consists of O-acetyl, a-L-arabinofuranosyl, a-1,2-linked glucuronic or 4-
O-methylglucuronic acid substituents. However, unsubstituted linear xylans have 
also been isolated from guar seed husk, esparto grass and tobacco stalks (5). 
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4 

Xylans can thus be categorized as linear homoxylan, arabinoxylan, glucuronoxylan 
and glucuronoarabinoxylan. 

Xylans from different sources, such as grasses, cereals, softwood and hardwood, 
differ in composition. Birch wood (Roth) xylan contains 89.3 % xylose, 1% 
arabinose, 1.4% glucose and 8.3% anhydrouronic acid (6). Rice bran neutral xylan 
contains 46% xylose, 44.9% arabinose, 6.1% galactose, 1.9% glucose and 1.1% 
anhydrouronic acid (7). Wheat arabinoxylan contains 65.8% xylose, 33.5% 
arabinose, 0.1 % mannose, 0.1 % galactose and 0.3% glucose (8). Cora fiber xylan 
is one of the complex heteroxylans containing P-(l,4)-linked xylose residues (9). 
It contains 48-54% xylose, 33-35% arabinose, 5-11% galactose and 3-6% 
glucuronic acid (10). About 80% of the xylan backbone is highly substituted with 
monomeric side-chains of arabinose or glucuronic acid linked to 0-2 and/or 0-3 of 
xylose residues and also by oligomeric side chains containing arabinose, xylose and 
sometimes galactose residues (7 /). The heteroxylans, which are highly cross-linked 
by diferulic bridges, constitute a network in which the cellulose microfibrils may 
be imbedded (12). Structural wall proteins might be cross-linked together by 
isodityrosine bridges and with feruloylated heteroxylans, thus forming an insoluble 
network (13). Ferulic acid is covalently cross-linked to polysaccharides by ester 
bonds and to components of lignin mainly by ether bonds (14). In softwood 
heteroxylans, arabinofuranosyl residues are esterified with /7-coumaric acids and 
ferulic acids (75). In hardwood xylans, 60-70% of the xylose residues are 
acetylated (16). The degree of polymerization of hardwood xylans (150-200) is 
higher than that of softwoods (70-130). 

Pretreatment of Lignocellulosic Biomass 

The pretreatment of any lignocellulosic biomass is crucial before enzymatic 
hydrolysis. The objective of pretreatment is to decrease the crystallinity of cellulose 
which enhances the hydrolysis of cellulose by cellulases (17). Various pretreatment 
options are available to fractionate, solubilize, hydrolyze and separate cellulose, 
hemicellulose and lignin components (1, 18-20). These include concentrated acid 
(21), dilute acid (22), S0 2 (25), alkali (24, 25), hydrogen peroxide (26), wet-
oxidation (27), steam explosion (autohydrolysis) (28), ammonia fiber explosion 
(AFEX) (29), C 0 2 explosion (30), liquid hot water (31) and organic solvent 
treatments (32). In each option, the biomass is reduced in size and its physical 
structure is opened. Some methods of pretreatment of Lignocellulose is given in 
Table I. 

The effectiveness of dilute acids to catalyze the hydrolysis of hemicellulose to 
its sugar components is well known. Two categories of dilute acid pretreatment are 
used: High temperature (> 160°C) continuous-flow for low solids loading (5-10%, 
w/w) and low temperature (< 160°C) batch process for high solids loading (10-40%, 
w/w) (33). Dilute acid pretreatment at high temperature usually hydrolyzes 
hemicellulose to its sugars (xylose, arabinose and other sugars) that are water 
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Table I. Methods for pretreatment of lignocellulosic biomass 

Method Example 

Autohydrolysis 

Acid treatment 

Alkali treatment 

Organic solvent with water 

Liquid hot water, steam pressure, steam 
explosion, supercritical C02explosion 
Dilute acid (H2S04), Concentrated acid 
(H2S04) 
Sodium hydroxide, lime, ammonia, alkaline 
hydrogen peroxide 
Methanol, ethanol, butanol, phenol 

soluble {IS). The residue contains cellulose and often much of the lignin. The 
lignin can be extracted with solvents such as ethanol, butanol, or formic acid. 
Alternatively, hydrolysis of cellulose with lignin present produces water-soluble 
sugars and the insoluble residues that are lignin plus unreacted materials. Torget 
et al. (34) achieved both high xylan recovery and high simultaneous saccahrification 
and fermentation (SSF) conversion while applying extremely dilute H 2 S0 4 (0.07 wt 
%) in a counter-current flowthrough configuration. A major problem associated 
with the dilute acid hydrolysis of lignocellulosic biomass is the poor fermentability 
of the hydrolyzates. A drawback of the concentrated acid process is the costly 
recovery of the acid. 

Steam explosion provides effective fractionation of lignocellulosic components 
at relatively low costs (35). Optimal solubilization and degradation of hemicellulose 
are generally achieved by either high temperature and short residence time (270°C, 
1 min) or lower temperature and longer residence time (190°C, 10 min) steam 
explosion (36). The use of S0 2 as a catalyst during steam pretreatment results in 
the enzymatic accessibility of cellulose and enhanced recovery of the hemicellulose 
derived sugars (37). Steam pretreatment at 200-210°C with the addition of 1% S0 2 

(w/w) was superior to other forms of pretreatment of willow (38). A glucose yield 
of 95%, based on the glycan available in the raw material, was achieved. Steam 
explosion can induce hemicellulose degradation to furfural and its derivatives and 
modification of the lignin-related chemicals under high severity treatment (> 200°C, 
3-5 min, 2-3% S0 2) (39). Boussaid et al. (40) recovered around 87% of the original 
hemicellulose component in the water-soluble stream by steam explosion of 
Douglas fir softwood under low severity conditions (175°C, 7.5 min, 4.5% S02). 
More than 80% of the recovered hemicellulose was in monomeric form. Enzymatic 
digestibility of the steam-exploded Douglas-fir wood chips (105°C, 4.5 min, 4.5% 
S0 2) was significantly improved using an optimized alkaline peroxide treatment 
(1% H 2 0 2 , pH 11.5 and 80°C, 45 min) (41). About 90% of the lignin in the original 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Se
pt

em
be

r 
7,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
29

, 2
00

4 
| d

oi
: 1

0.
10

21
/b

k-
20

04
-0

88
9.

ch
00

1

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



6 

wood was solubilized by this procedure, leaving a cellulose-rich residue that was 
completely hydrolyzed within 48 h, using an enzyme (cellulase) loading of 1 OFPU/g 
cellulose. Saccharification of 100 g sugarcane bagasse with enzymes after steam 
explosion with 1% H 2 S0 4 at 220°C for 30 sec at water to solid ratio of 2:1 yielded 
65.1 g sugar (42). 

A pretreatment method involves steeping of the lignocellulosic biomass (using 
corn cob as a model feedstock) in dilute NH 4OH at ambient temperature to remove 
lignin, acetate and extractives (43). This is followed by dilute acid treatment that 
readily hydrolyzes the hemicellulose fraction to simple sugars, primarily xylose. 
The residual cellulose fraction of biomass can then be enzymatically hydrolyzed to 
glucose. Sugarcane bagasse, corn husk and switchgrass were pretreated with 
ammonia water to enhance enzymatic hydrolysis (44). Garrote et al. (45) treated 
Eucalyptus wood substrates with water under selected operational conditions 
(autohydrolysis reaction) to obtain a liquid phase containing hemicellulose 
decomposition products (mainly acetylated xylooligosaccharides, xylose and acetic 
acid). In a further acid catalyzed step (posthydrolysis reaction), 
xylooligosaccharides were converted into xylose. Wet oxidation method can be 
used for fractionation of lignocellulosics into solubilized hemicellulose fraction and 
a solid cellulose fraction susceptible to enzymatic saccharification. Bjerre et al. 
(46) found that combination of alkali and wet oxidation did not generate furfural 
and 5-hydroxymethyl furfural (HMF). Klinke et al. (47) characterized the 
degradation products from alkaline wet oxidation (water, sodium carbonate, 
oxygen, high temperature and pressure) of wheat straw. Apart from C 0 2 and water, 
carboxylic acids were the main degradation products from hemicellulose and lignin. 
Aromatic aldehyde formation was minimized by the addition of alkali and 
temperature control. Oxygen delignification of kraft pulp removed up to 67% of 
the lignin from softwood pulp and improved the rate and yield from, enzymatic 
hydrolysis by up to 111% and 174%, respectively (48). Palm and Zacchi (49) 
extracted 12.5 g of hemicellulose oligosaccharides from 100 g of dry spruce using 
a microwave oven at 200°C for 5 min. 

Supercritical C 0 2 explosion was found to be effective for pretreatment of 
cellulosic materials before enzymatic hydrolysis (50, 51). Zheng et al. (52) 
compared C 0 2 explosion with steam and ammonia explosion for pretreatment of 
sugarcane bagasse and found that C 0 2 explosion was more cost-effective than 
ammonia explosion and did not cause the formation of inhibitory compounds that 
could occur in steam explosion. 

Phenolic compounds from lignin degradation, furan derivatives (furfural and 
HMF) from sugar degradation and aliphalic acids (acetic acid, formic acid and 
levulinic acid) are considered to be fermentation inhibitors generated from 
pretreated lignocellulosic biomass (53). The formation of these inhibitors depends 
on the process conditions and the lignocellulosic feedstocks (54). Various methods 
for detoxification of the hydrolyzates have been developed (55). These include 
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7 

treatment with ion-exchange resins, charcoal or ligninolytic enzyme laccase, 
pre-fermentation with the filamentous fungus Trichoderma reesei, removal of 
non-volatile compounds, extraction with ether or ethyl acetate and treatment with 
alkali (lime) or sulfite. Treatment with alkali (overliming) has been widely used for 
detoxification of lignocellulosic hydrolyzates prior to alcohol fermentation. 
However, overliming is a costly method which also produces low-value byproducts 
such as gypsum (56). Softwood hydrolyzate, when overlimed with wood ash, 
improved its fermentability to ethanol which is due to the reduction of the inhibitors 
such as fiiran and phenolic compounds and to nutrient effects of some inorganic 
components from the wood ash on the fermentation (57). Persson et al. (58) 
employed countercurrent flow supercritical fluid extraction to detoxify a dilute acid 
hydrolyzate of spruce prior to ethanol fermentation with baker's yeast. Weil et al. 
(59) developed a method for the removal of furfural from biomass hydrolyzate by 
using a polymeric adsorbent, XAD-4, and desorption of the furfural to regenerate 
the adsorbent using ethanol. Bjorklund et al. (60) explored the possibility of using 
lignin residue left after acid hydrolysis of lignocellulosic material for detoxification 
of spruce dilute acid hydrolyzates prior to fermentation with Saccharomyces 
cerevisiae. Treatment with the lignin residue removed up to 53% of the phenolic 
compounds and up to 68% of the furan aldehydes in a spruce dilute acid 
hydrolyzate. Up to 84% of the lignin-derived compounds can be extracted with 
organic solvents (ethyl acetate and diethyl ether) from Eucalyptus wood acid 
hydrolyzate (61). The phenolic compounds extracted by solvents showed 
antioxidant activity. 

Each pretreatment method offers distinct advantages and disadvantages. The 
pretreatment of lignocellulosic biomass is an expensive procedure with respect to 
cost and energy. 

Cellulose Biodégradation 

Effective hydrolysis of cellulose to glucose requires the cooperative action of 
three enzymes: endo-1, 4-fl-glucanase (EC 3.2.1.4), exo-1, 4-B-glucanase 
(EC 3.2.1.91) and β-glucosidase (EC 3.2.1.21). Cellulolytic enzymes with 
β-gîucosidase act sequentially and cooperatively to degrade crystalline cellulose 
to glucose. Endoglucanase acts in a random fashion on the regions of low 
crystallinity of the cellulosic fiber whereas exoglucanase removes cellobiose 
(β-1, 4 glucose dimer) units from the non-reducing ends of cellulose chains. 
Synergism between these two enzymes is attributed to the endo-exo form of 
cooperativity and has been studied extensively between cellulases in T. reesei in 
the degradation of cellulose (62). Besides synergism, the adsorption of the 
cellulases on the insoluble substrates is a necessary step prior to hydrolysis. 
Cellobiohydrolase appears to be the key enzyme for the degradation of native 
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cellulose (63). The catalytic site of the enzyme is covered by long loops, resulting 
in tunnel morphology (64). The loops can undergo large movements, leading to 
the opening or closing of the tunnel roof (65). An endo type attack of the 
polymeric substrates becomes possible when the roof is open and once entrapped 
inside the catalytic tunnel, a cellulose chain is threaded through the tunnel and 
sequentially hydrolyzed one cellobiosyl unit at a time. Kleywegt et al. ( 66) 
revealed the presence of shorter loops that create a groove rather than a tunnel in 
the structure of the enzyme EGI from T. reesei. In most organisms, cellulases 
are modular enzymes that consist of a catalytic core connected to a cellulose-
binding domain (CBD) through a flexible and heavily glycosylated linker region 
(67). The CBD is responsible for bringing the catalytic domain in an appropriate 
position for the breakdown of cellulose. Binding of cellulases and the formation 
of cellulose-cellulase complexes are considered critical steps in the hydrolysis of 
insoluble cellulose (68). B-Glucosidase hydrolyzes cellobiose and in some cases 
cellooligosaccharides to glucose. The enzyme is generally responsible for the 
regulation of the whole cellulolytic process and is a rate limiting factor during 
enzymatic hydrolysis of cellulose as both endoglucanase and cellobiohydrolase 
activities are often inhibited by cellobiose (69-71). Thus, β-glueosidase not only 
produces glucose from cellobiose but also reduces cellobiose inhibition, allowing 
the cellulolytic enzymes to function more efficiently. However, like B-
glucanases, most B-glucosidases are subject to end-product (glucose) inhibition 
(72). C. pe/tataproduces a highly glucose tolerant β-glucosidase with a value 
of 1.4 M (252 mg/ml) for glucose ( 73). The kinetics of the enzymatic hydrolysis 
of cellulose including adsorption, inactivation and inhibition of enzymes have been 
studied extensively (74). For a complete hydrolysis of cellulose to glucose, the 
enzyme system must contain the three enzymes in right proportions. T. reesei 
(initially called T. viride) produces at least five endoglucanases (EGI, EGII, 
EGIII, EGIV and EGV), two exoglucanases (CBHI and CBHII) and two β-
glucosidases (BGLI and BGLII) (75). An exo-exo synergism between the two 
cellobiohydrolases was also observed (76). The fungus produces up to 0.33 g 
protein per g of utilizable carbohydrate (77). 

Product inhibition, thermal inactivation, substrate inhibition, low product 
yield and high cost of cellulase are some barriers to commercial development of 
the enzymatic hydrolysis of cellulose. Many microorganisms are cellulolytic. 
However, only two microorganisms (Trichoderma and Aspergillus) have been 
studied extensively for cellulase. A newly isolated Mucor circinelloides strain 
produces a complete cellulase enzyme system (78). The endoglucanase from this 
strain was found to have a wide pH stability and activity. There is an increasing 
demand for the development of thermostable, environmentally compatible, 
product and substrate tolerant cellulases with increased specificity and activity for 
application in the conversion of cellulose to glucose in the fuel ethanol industry. 
Thermostable cellulases offer certain advantages such as higher reaction rate, 
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increased product formation, less microbial contamination, longer shelf-life, 
easier purification and better yield. 

The cellulose hydrolysis step is a significant component of the total production 
cost of ethanol from wood (79). Achieving a high glucose yield is necessary 
(>85% theoretical) at high substrate loading (>10% w/v) over short residence times 
(<4 days). Simultaneous saccharification (hydrolysis) of cellulose to glucose and 
fermentation of glucose to ethanol (SSF) improve the kinetics and economics of 
biomass conversion by reducing accumulation of hydrolysis products that are 
inhibitory to cellulase and β-glucosidase, reducing the contamination risk because 
of the presence of ethanol, and reducing the capital equipment requirements (80). 
An important drawback of SSF is that the reaction has to operate at a compromised 
temperature of around 30°C instead of enzyme optimum temperature of 45-50°C. 
Enzyme recycling, by ultrafiltration of the hydrolyzate, can reduce the net enzyme 
requirement and thus lower costs (8 J). A preliminary estimate of the cost of ethanol 
production for SSF technology based on wood-to-ethanol process is $1.22/gal of 
which the wood cost is $0.459/gal (82). A separate fungal enzyme hydrolysis and 
fermentation process for converting lignocellulose to ethanol were also evaluated 
(83). The cellulase enzyme was produced by the fungal mutant Trichoderma Rut 
C-30 (the first mutant with greatly increased β-glucosidase activity) in a fed batch 
production system that is the single most expensive operation in the process. The 
conversion of lignocellulosic biomass to fermentable sugars requires the addition 
of complex enzyme mixtures tailored for the process and parallel reuse and recycle 
the enzymes until the cost of enzymes comes down. Enzyme recycling may 
increase the rates and yields of hydrolysis, reduce the net enzyme requirements and 
thus lower costs (84). As mentioned earlier, the first step in cellulose hydrolysis is 
considered as the adsorption of cellulase onto cellulosic substrate. As the cellulose 
hydrolysis proceeds, the adsorbed enzymes (endo- and exo-glucanase components) 
are gradually released in the reaction mixture. The β-glucosidase does not adsorb 
onto the substrate. These enzymes can be recovered and reused by contacting the 
hydrolyzate with the fresh substrate. However, the amount of enzyme recovered is 
limited because some enzymes remain attached to the residual substrate, and some 
enzymes are thermally inactivated during hydrolysis. Poor recovery of cellulase 
was achieved in the case of substrates containing a high proportion of lignin (85). 
Addition of surfactant to enzymatic hydrolysis of lignocellulose increases the 
conversion of cellulose to soluble sugars. Castanon and Wilke (86) reported a 14% 
increase in glucose yield and more than twice as much recovered enzyme from 
newspaper saccharification when Tween 80 was added. Karr and Holtzapple (87) 
studied the effect of Tween on the enzymatic hydrolysis of lime pretreated corn 
stover and concluded that Tween improves corn stover hydrolysis through three 
effects: enzyme stabilizer, lignocellulose disrupter and enzyme effector. The 
enhancement is due to reduction of the unproductive enzyme adsorption to the 
lignin part of the substrate as a result of hydrophobic interaction of surfactant with 
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lignin on the lignocellulose surface, which releases nonspecifïcally bound enzyme 
(88) . 

Cellolignin is an industrial residue obtained during the production of furfural 
from wood and corn cobs when pretreated by dilute H 2 S0 4 at elevated temperature. 
It was completely converted to glucose by cellulase from T. viride and A. foetidus 
(89) . The concentration of glucose in the hydrolyzate reached 4-5.5% with about 
80% cellulose conversion. Kinetic analysis of cellolignin hydrolysis, using a 
mathematical model of the process, has shown that, with product inhibition, 
nonspecific adsorption of cellulase onto lignin and substrate induced inactivation 
seem to affect negatively the hydrolysis efficiency. Borchert and Buchholz (90) 
investigated the enzymatic hydrolysis of different cellulosic materials (straw, potato 
pulp, sugar beet pulp) with respect to reactor design. The kinetics were studied 
including enzyme adsorption, inhibition and inactivation. The results suggest the 
use of reactors with plug flow characteristics to achieve high substrate and product 
concentrations and to avoid back-mixing to limit the effect of product inhibition. 
For efficient use of cellulases, a reactor with semipermeable hollow fiber or an 
ultrafilter membrane was used, and this allowed cellulases to escape end-product 
inhibition (91-94). A totally integrated biotechnology of rice straw conversion into 
ethanol was reported (95). It dealt with (a) ethanol refining of rice straw to 
segregate cellulose from pentose sugars and lignin, (b) preparation of highly active 
mixed cellulase enzymes, (c) a novel reactor system allowing rapid product 
formation involving enzymatic hydrolysis of cellulose to sugars followed by 
microbial conversion of the later into ethanol and its simultaneous flash separation 
employing a programmed recompression of ethanol vapors and condensation and 
(d) concentration of ethanol via alternative approaches. Use of cellulase enzymes 
improves ink detachment from old newspapers giving similar or better results in 
place of classical chemicals (96). 

Hemicellulose Biodégradation 

Hemicellulases are either glycosyl hydrolases or carbohydrate esterases. The 
total biodégradation of xylan requires endo-P-l,4-xylanase (EC 3.2.1.8), 
β-xylosidase (EC 3.2.1.37) and several accessory enzymes, such as 
α-L-arabinofuranosidase (EC 3.2.1.55), α-glucuronidase (EC 3.2.1.131), 
acetylxylan esterase (EC 3.1.1,72), ferulic acid esterase ( EC 3.1.1.73) and 
/?-coumaric acid esterase, which are necessary for hydrolyzing various substituted 
xylans (97). The endo-xylanase attacks the main chains of xylans and β-xylosidase 
hydrolyzes xylooligosaccharides to xylose. The α-arabinofuranosidase and 
α-glucuronidase remove the arabinose and 4-O-methyl glucuronic acid substituents, 
respectively, from the xylan backbone. The esterases hydrolyze the ester linkages 
between xylose units of the xylan and acetic acid (acetylxylan esterase) or between 
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arabinose side chain residues and phenolic acids, such as ferulic acid (ferulic acid 
esterase) andp-eoumarie acid (p-coumaric acid esterase). It is stated that hindrance 
of lignocellulose biodégradation is associated with phenolic compounds (P5).The 
phenolic acids are produced via the phenylpropanoid biosynthetic pathway (99). 
They act as a cross-linking agent between lignin and carbohydrates or between 
carbohydrates. β-Mannanase (EC 3.2.1.78) hydrolyzes mannan-based 
hemicellulases and liberate β-1,4-manno-oligomers, which can be further degraded 
to mannose by β-mannosidase (EC 3.2.1.25). 

Many microorganisms, such as Pénicillium capsulatum and Talaromyces 
emersonii, possess complete xylan degrading enzyme systems (100). Significant 
synergistic interactions were observed among endo-xylanase, β-xylosidase, 
α-arabinofuranosidase and acetylxylan esterase of the thermophilic actinomycete 
Thermomonospora fusca (101). Synergistic action between depolymerizing and 
side-group cleaving enzymes has been verified using acetylated xylan as a substrate 
(102). Many xylanases do not cleave glycosidic bonds between xylose units which 
are substituted. The side chains must be cleaved before the xylan backbone can be 
completely hydrolyzed (103). On the other hand, several accessory enzymes only 
remove side chains from xylooligosaccharides. These enzymes require a partial 
hydrolysis of xylan before the side chains can be cleaved (104). Although the 
structure of xylan is more complex than cellulose and requires several different 
enzymes with different specificities for complete hydrolysis, the polysaccharide 
does not form tightly packed crystalline structures like cellulose and is, thus, more 
accessible to enzymatic hydrolysis (105). 

Corn fiber, a byproduct of corn wet milling facility, contains about 20% starch 
in addition to 15% cellulose and 35% hemicellulose (106). The xylan from corn 
fiber is highly resistant to enzymatic degradation by commercially available 
hemicellulases (22). Dilute acid (1% H 2 S0 4 v/v, 15% solids) pretreatment at a 
relatively low temperature (120°C, 1 h) to minimize the formation of inhibitory 
compounds, followed by enzymatic saccharification of the cellulosic portion, is an 
excellent workable process for generating fermentable sugars (85-100% yield) 
from corn fiber (22). A partial saccharification of corn fiber was achieved using a 
crude enzyme preparation from Aureobasidium sp. (107). Christov et al. (108) 
showed that crude enzyme preparation from A. pullulans was only partially 
effective in the removal of xylan from dissolving pulp. Two newly isolated fungal 
cultures (Fusarium proliferatum NRRL 26517, F. verticillioides NRRL Y-26518) 
have the capability to utilize corn fiber xylan as growth substrate (109-112). The 
crude enzyme preparations from these fungi were able to degrade corn fiber xylan 
well but the purified endo-xylanases could not degrade corn fiber xylan. The 
purified β-xylosidase released xylose from xylobiose and other short-chain 
xylooligosaccharides. For effective hydrolysis of xylan substrates, a proper mix of 
endo-xylanase with several accessory enzymes is essential. A. pullulans produces 
a highly thermostable novel extracellular α-L-arabinofuranosidase that has the 
ability to rapidly hydrolyze arabinan and debranched arabinan and release arabinose 
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from various arabinoxylans (113). Arabinose-rich lignocellulosic hydrolyzates can 
be used for production of the enzyme (114). Spagnuolo et al. (115) reported that 
incubation of beet pulp with α-L-arabinofuranosidase and end-arabinase produced 
a hydrolyzate consisting mainly arabinose. 

Ferulic acid esterase breaks the ester linkage between ferulic acid and the attached 
sugar and release ferulic acid from complex cell walls such as wheat bran, sugar 
beet pulp, barley spent grain and oat hull (116-119). The ability of Thermomyces 
lanuginosus to produce high levels of cellulase-free thermostable xylanase has 
made the fungus an attractive source of the enzyme with potential as a bleach-
boosting agent in the pulp and paper industry and as an additive in the baking 
industry (120). 

Lignin Biodégradation 

Lignin is a long chain heterogeneous aromatic polymer (average molecular 
weight 8,000-11,000) composed largely of phenylpropane units most commonly 
linked by ether bonds. It effectively protects the woody plants against microbial 
attack and only a few organisms including rot-fungi and some bacteria can degrade 
it (121). The conversion of cellulose and hemicellulose to fuels and chemicals will 
generate lignin as a by-product that can be burned to provide heat and electricity, 
converted to low-molecular weight chemicals and used in the manufacture of 
various polymeric materials. As lignin makes up 15-25% in some lignocellulosic 
biomass, the selling price of lignin has a very large impact on ethanol price (35). 

Efficient removal of lignin from lignin-carbohydrate complex (LCC) is important 
in pulp and paper industry. The lignin barrier can be disrupted by a variety of 
pretreatment rendering the cellulose and hemicellulose more susceptible to 
enzymatic attack (122). There are many papers about microbial breakdowns of 
lignin, the enzymes and the pathways (123-126). Several white rot fungi have the 
ability to delignify kraft pulp. Their lignin-degrading capacity is attributed to 
extracellular oxidative enzymes that function together with low molecular weight 
cofactors (127). The degradation of lignin by the white rot fungus (WRF) 
Phanerochaete chrysosporium is catalyzed by extracellular peroxidases (lignin 
peroxidase, LiP, EC 1.11.1.14 and manganese peroxidase, MnP, EC 1.11.1.13) in 
a H202-dependent process (128, 129). LiP seems to use veratryl cation radical as 
mediator (130). The WRF Ceriporiopsis subvermispora produces laccase 
(EC 1.10.3.2) and MnP isozymes, as well as hemicellulases and a poor complex of 
cellulases lacking in cellobiohydrolase activity (131). Laccase is a family of 
'blue-copper' oxidases containing four copper ions. It oxidizes the phenolic but not 
the non-phenolic subunits of lignin. Redox mediators drive laccase towards the 
oxidation of non-phenolic subunits, particularly the benzyl alcohol groups. Each 
laccase may have a preferred low molecular mass mediator substrate, which may 
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represent a major secreted metabolite (J30). A laccase and mediators with NO, 
NOH or HRNOH groups can be combined in a laccase-mediated system 
(Lignozyme process) that are effective in delignifying wood in a pilot pulp and 
paper process. A pre-oxidation of the cc-hydroxy-P-arylether subunits in wood pulp 
by the laccase/violuric acid system appears to be promising for weakening the 
network of lignin, thereby activating it towards subsequent oxydelignification 
treatments (J32). It was demonstrated that the WRF Pycnoporus cinnabarinus 
degrades lignin in the absence of both Lip and MnP (133). The fungus was found 
to produce predominantly laccase, and neither LiP nor MnP was produced. The 
factors involved in lignin biodégradation process are not yet fully understood (134). 

The biodégradation of lignocellulose by Rigidoporus lignosus was greatly 
stimulated in solid state cultivation when compared with liquid culture (135). This 
WRF produces laccase and MnP. The edible mushroom Pleurotus ostreatus 
degrades lignin efficiently and selectively (136). It can, therefore, serve to upgrade 
lignocellulosic wastes. Lignin degradation by Agaricus bisporus accounts for a 
30% increase in bioavailable holocellulose during cultivation on compost (137). 
Table II lists some of the enzymes involved in lignocellulose degradation. 

Direct Microbial Conversion 

In direct microbial conversion of lignocellulosic biomass into ethanol that could 
simplify the ethanol production process from these materials and reduce ethanol 
production costs, Clostridium thermocellum, a thermoanaerobe was used for 
enzyme production, hydrolysis and glucose fermentation (138). Cofermentation 
with C. thermosaccharolyticum simultaneously converted the hemicellulosic sugars 
to ethanol. However, the formations of by-products such as acetic acid and low 
ethanol tolerance are some drawbacks of the process. Neurospora crassa produces 
extracellular cellulase and xylanase and has the ability to ferment cellulose to 
ethanol (139). 

In nature, cellulosic materials are degraded with the cooperation of many 
microorganisms. A mixed culture of one cellulolytic bacterium together with 
another non-cellulolytic bacterium was found to be effective for cellulose 
degradation (140, 141). Recently, Haruta et al. (142) obtained a microbial 
community from rice straw compost that had the capability of degrading 60% of 
rice straw within 4 days at 50°C. The community structure consisting of both 
aerobic and anaerobic bacteria remained constant after multiple subcultures 
exceeding 2 years. 
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Production of Fuel Ethanol 

Lignocellulosic biomass can serve as low-cost feedstocks for production of fuel 
ethanol. It generates a mixture of sugars upon pretreatment itself or in combination 
with enzymatic hydrolysis. The sugar mixture may contain any combination of 
xylose, arabinose, glucose, galactose, mannose, fucose and rhamnose depending on 
the source. Although traditional S. cerevisiae and Zymomonas mobilis ferment 
glucose to ethanol rapidly and efficiently, they cannot ferment other sugars such as 
xylose and arabinose to ethanol. Some yeasts (Pachysolen tannophilus, Pichia 
stipitis, Candida shehatae) have the capability to ferment xylose to ethanol (143, 
144). These yeasts have low ethanol tolerance and slow rates of fermentation and 
cannot be used in industrial application (145, 146). Xylose can be converted to 
xylulose using the enzyme xylose isomerase and traditional yeasts can ferment 
xylulose to ethanol (147, 148). However, the process is not cost-effective. Only a 
few yeast strains can hardly ferment arabinose to ethanol (149, 150). Thus, no 
naturally occurring yeast and bacterium can ferment mixed sugars to ethanol. 

Some bacteria such as Escherichia coli, Klebsiella , Erwinia, Lactobacillus, 
Bacillus and Clostridia can utilize mixed sugars but produce no or limited quantity 
of ethanol. These bacteria generally produce mixed acids (acetate, lactate, 
propionate, succinate) and solvents (acetone, butanol, 2,3-butanediol). Several 
microorganisms have been genetically engineered to produce ethanol from mixed 
sugar substrates by using two different approaches: (a) divert carbon flow from 
native fermentation products to ethanol in efficient mixed sugar utilizers such as 
Escherichia, Erwinia and Klebsiella and (b) introduce the pentose utilizing 
capability in the efficient ethanol producers such as Saccharomyces and 
Zymomobilis (151-154). Recombinant E. coli KOI 1, E. coli SL40, E. coli FBR3, 
Zymomonas CP4 (pZB5) and Saccharomyces 1400 (pLNH32) strains fermented 
corn fiber hydrolyzates to ethanol (21 -34 g/L) with yields of 0.41 -0.50 g of ethanol 
per gram of sugar consumed (155-156). Increasing gene expression through the 
replacement of promoters and the use of a higher gene dosage (plasmids) 
substantially eliminated the apparent requirement for large amounts of complex 
nutrients of ethanologenic recombinant E. coli strain (157). Ethanol tolerant 
mutants of recombinant E. coli have been developed that can produce up to 6% 
ethanol (158). The increased ethanol tolerance in the E. coli mutant LY01 appears 
to result from increased glycine metabolism, increased production of the osmolyte 
betaine from choline, loss of FNR function, increased production of mar drug 
resistance proteins, increased metabolism of serine and pyruvate and decreased 
production of organic acids (159). The recombinant Z. mobilis in which four genes 
from E. coli, xylA (xylose isomerase), xylB (xylulokinase), tal (transaldolase) and 
tktA (transketolase) were inserted, grew on xylose as the sole carbon source and 
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produced ethanol at 86% of the theoretical yield (Figure 1) (153). It was 
demonstrated that phosphorylation is a vital step for metabolism of xylose through 
the pentose phosphate pathway (160). The gene XKS1 (encoding xylulokinase) 
from S. cerevisiae and the heterologous genes from XYL1 and XYL2 (from P. 
stipitis) were inserted into a hybrid host, obtained by classical breeding of S. 
uvarum and S. diastaticus, which resulted in Saccharomyces strain pLNH32, 
capable of growing on xylose alone. Chromosomal integration of a single copy of 
theATI/-ATI2-ATL5/cassetteein5. Cerevisiae resulted in strain TMB3001 (161). 
This strain attained specific uptake rates (g/g.h) of 0.47 and 0.21 for glucose and 
xylose, respectively, in continuous culture using a minimal medium. Martin et al. 
(162) studied ethanol production from steam exploded (205 and 215°C, 10 min) 
enzymatic (cellulase, β-glucosidase) hydrolyzates of sugar cane bagasse using the 
recombinant S. cerevisiae strain TMB 3001. The hydrolyzates were detoxified by 
treatment with laccase and also by overliming. The ethanol yield was 0.32-0.35 g/g 
of total sugar from the detoxified hydrolyzates. Partial xylose utilization with low 
xylitol formation was observed. 

Sedlak and Ho (163) expressed genes [arab (L-ribulokinase), araA (L-arabinose 
isomerase) and araD (L-ribulose-5-phosphate)] from the araBAD operon encoding 
the arabinose metabolizing genes from E. coli in S. cerevisiae but the transformed 
strain was not able to produce any detectable amount of ethanol from arabinose. 
Zhang et al. ( 164) constructed one strain of Z. mobilis (PZB3 01 ) with seven plasmid 
borne genes encoding xylose- and arabinose metabolizing genes and pentose 
phosphate pathway (PPP) genes. This recombinant strain was capable of 
fermenting both xylose and arabinose in a mixture of sugars with 82-84% 
theoretical yield in 80-100 h at 30°C. Richard et al. (165) reported that 
overexpression of all five enzymes (aldose reductase, L-arabinitol 4-dehydrogenase, 
L-xylulose reductase, xylitol dehydrogenase and xylulokinase) of the arabinose 
catabolic pathway in S. cerevisiae led to growth of S. cerevisiae on arabinose 
(Figure 2). The recombinant S. cerevisiae produced ethanol from arabinose at a 
very slow rate. 

Microorganisms metabolically engineered with improved inhibitor tolerance 
could reduce the need for detoxification process. Larsson et al. (166) developed a 
S. cerevisiae strain with enhanced resistance to phenolic fermentation inhibitors in 
lignocellulose hydrolyzates by heterologous expression of laccase. 

Three technology options (concentrated acid process, CHAP; S02/dilute acid 
process, CASH; enzymatic hydrolysis process) were evaluated for ethanol 
production from pine feedstock using a uniform platform (167). Even though each 
process suffers from certain different disadvantages, none of the three processes can 
be eliminated as less economical than the other two with an ethanol production 
price of US $ 1.89-2.04/gallon. A feasibility study of using softwood forest thinning 
as a biomass source for ethanol production in California was performed (168). A 
two-stage dilute acid (190°C, 0.7% H 2S0 4 , 3 min; 220°C, 1.6% H 2 S0 4 , 3 min) 
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hydrolysis process is used for the production of ethanol from softwoods using a 
recombinant xylose-fermenting yeast, and the residual lignin is used to generate 
steam and electricity. It is concluded that such a biomass to ethanol plant seems to 
be an appealing proposition for California, if ethanol replaces MTBE, which is 
slated for a phase out. With increased research efforts for developing a stable, 
ethanol tolerant and robust recombinant ethanologenic organism capable of 
tolerating common fermentation inhibitors generated during pretreatment, 
competitive and economical production of fuel ethanol from lignocellulose holds 
strong promise. 

Production of Xylitol 

Xylitol, a sugar alcohol, has potential use as a natural food sweetener, a dental 
caries reducer and a sugar substitute for diabetics. It is produced by chemical 
reduction in alkaline conditions of the xylose derived mainly from wood 
hydrolyzate (J 69). The recovery of xylitol from the xylan fraction is about 50-60% 
or 8-15% of the raw material employed. Drawbacks of the chemical process are the 
requirements of high pressure (up to 50 arm) and temperature (80-140°C), use of an 
expensive catalyst (Raney-Nickel) and use of extensive separation and purification 
steps to remove the by-products that are mainly derived from the hemicellulose 
hydrolyzate (770). The bulk of xylitol produced is consumed in various food 
products such as chewing gum, candy, soft drinks and ice cream. It gives a pleasant 
cool and fresh sensation due to its high negative heat of solution. 

Many yeasts and mycelial fungi possess NADPH dependent xylose reductase 
(EC 1.1.1.21), which catalyzes the reduction of xylose to xylitol as a first step in 
xylose metabolism (/ 71). Xylitol can be subsequently oxidized to xylulose by the 
action of xylitol dehydrogenase, which preferentially uses NAD as an acceptor 
(172). In xylose fermenting yeasts, the initial reactions of xylose metabolism 
appear to be rate-limiting (173). This results in accumulation of xylitol in the 
culture medium, the degree varying with the culture conditions and the yeast strain 
used (174). A surplus of NADH during transient oxygen limitation inhibiting the 
activity of xylitol dehydrogenase results in xylitol accumulation (175). The 
pathway for xylose utilization in microorganisms is shown in Figure 3. Some of the 
natural xylose-fermenting yeasts that are known to produce xylitol are: C. boidini, 
C. entomaea, C. guillermondii, C. peltata , C. tropicalis, C. parapsilosis and 
Debaryomyces hansenii (176-179). Oxygen plays an important role in xylose 
uptake by yeasts. Phosphate limitation stress induces xylitol overproduction by 
D. hansenii (180). The highest xylitol concentration attained in microbial processes 
using xylose as substrate have been in the range of 200 to 220 g/L (181-184). 
Nakano et al. (185) reported very high xylitol (356 g/L) production by 
C. magnoliae in fed-batch culture under a microaerobic condition maintained by 
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Ethanol + C0 2 

Figure 2. Redox cofactor requirement in L-arfibinose catabolism. L-Arabinose 
conversion to equimolar amounts of C02 and ethanol is redox neutral, i.e. 
anaerobic fermentation to ethanol should be possible. However, the conversion of 
L-arabinose to D-xylulose requires NADPH and NAD+ and produces NADH and 
NADP+. NADPH is mainly regenerated in the oxidative part of the pentose 
phosphate pathway, where the reduction ofNADP+is coupled to C02 production. 
The abbreviations are: G6p, glucose-6-phosphate; F6P, fructose 6-phosphate; 
X5P, D-Xylulose 5-phosphate; GAP, D-glyceraldehyde3-phosphate. (Reproduced 
from Ref. 165 with permission from Elsevier Science) 

simple fuzzy control with a yield of 0.75, which corresponded to 82% of the 
theoretical yield.. 

The fermentation of sugarcane bagasse hemicellulose hydrolyzate to xylitol by 
a hydrolyzate-acclimatized yeast strain Candida sp. B-22 was studied (186). A 
final xylitol concentration of 94.74 g/L was obtained from 105.35 g/L xylose in 
hemicellulose hydrolyzate after 96 h of incubation. C guilliermondii FTI 20037 
was able to ferment a sugar cane bagasse hydrolyzate producing 18.4 g/L xylitol 
from 29.5 g/L of xylose, at a production rate of 0.38 g/L.h (187). This lower value, 
compared to that (0.66 g/L.h) of the synthetic medium, may be attributed to the 
various toxic substances that interfere with microbial metabolism (e.g., acetic acid). 
Dominguez et al. (188) studied different treatments (neutralization, activated 
charcoal and neutralization, cation-exchange resins and neutralization) of sugar 
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cane bagasse hemicellulose hydrolyzate to overcome the inhibitory effect on xylitol 
production by Candida sp. 11-2. The highest xylitol productivity (0.205 g/L.h), 
corresponding to 10.54 g/L, was obtained from hydrolyzates treated with activated 
charcoal (initial xylose, 42.96 g/L). To obtain higher xylitol productivity, treated 
hydrolyzates were concentrated by vacuum evaporation in rotavator to provide 
higher initial xylose concentration. The rate of xylitol production increased with 
increasing initial xylose concentration from 30 to 50 g/L, reaching a maximum of 
28.9 g/L after 48 h fermentation. The decrease in xylitol production was dramatic 
with further increases in the initial xylose concentration. Parajo et al. (189) 
reported a xylitol production of 39-41 g/L from concentrated Eucalyptus globulus 
wood acid hydrolyzate containing 58-78 g xylose/L by D. hansenii NRRL Y-7426 
using an initial cell concentration of 50-80 g/L. Recently, Rivas et al (190) 
achieved a xylitol concentration of 71 g/L and volumetric productivity of 1.5 g/L.h 
when D. hansenii NRRL Y-7426 (12 g dry mass/L) was grown semiaerobically 
using detoxified corn cob hydrolyzate produced by autohydrolysis-posthydrolysis 
at starting xylose concentration of 100 g/L. 

Hydrolyzed hemicellulosic fractions of sugar cane bagasse and rice straw were 
tested for xylitol production in batch fermentation by C. guilliermondii under 
semiaerobic condition and compared these with synthetic medium containing xylose 
(191,192). Simultaneous utilization of hemicellulosic sugars (glucose and xylose) 
was observed, and the highest substrate uptake rate was attained in sugar cane 
bagasse medium. Increased xylitol concentration (40 g/L) was achieved in synthetic 
and rice straw media, although the highest xylitol production rate was obtained in 
sugar cane bagasse hydrolyzate. Both hydrolyzates can be converted into xylitol 
with satisfactory yields and productivities. Xylitol production by C. guilliermondii 
was evaluated using rice straw hemicellulose hydrolyzate under different conditions 
of initial pH, nitrogen sources and inoculum level (193,194). The xylitol yields 
were 0.68 g/g for the medium containing ammonium sulfate at pH 5.3 and 0.66 g/g 
with urea at pH 4.5. Under appropriate inoculum conditions, rice straw 
hemicellulose hydrolyzate was converted into xylitol by the yeast with 77% yield. 
Mayerhoff et al. (195) evaluated 30 different yeast strains belonging to 4 different 
genera (Candida, Debaryomyces, Hansenula and Pichia) for xylitol production 
from rice straw hemicellulose hydrolyzate. The best performer was C mogii 
NRRL Y-17032, which yielded 0.65 g xylitol/g at 0.40 g/L.h over 75 h. Preziosi-
Belloy et al. (196) investigated the production of xylitol from aspenwood 
hemicellulose hydrolyzate by C guilliermondii. The hydrolyzate was supplemented 
by yeast extract, and the maximum xylitol yield (0.8 g/g) and productivity 
(0.6 g/L.h) were reached by controlling oxygen input. A two-stage sequential 
fermentation scheme for production of xylitol and arabitol from a mixture of sugars 
by C. guilliermondii was developed (197). Following glucose consumption, cells 
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Xylito! 
NAD* 

D-Xylitol dehydrogenase 
D-Xylose 

NADH + H + 

ATP 

D-Xylulose kinase 

ADP 

D-Xylulose-5-phosphate 

Pentose phosphate pathway 

Figure 3. Pathway for xylose utilization in microorganisms. 
(Reproduced from reference 176. Copyright 1997 American Chemical Society.) 

were removed from mixed sugar cultures and replaced with cells from cultures 
grown on xylose alone. In the second fermentation stage, xylose and arabinose 
were successfully fermented to xylitol and arabitol. Dilute acid hydrolyzate of corn 
fiber after treatment with a mixed-bed deionization resin was suitable for the two-
stage fermentation process. Xylitol production was studied from barley bran 
hydrolyzates by continuous fermentation with D. hansenii (198). The optimum 
xylitol productivity (2.53 g/L.h) was reached at a dilution of rate of 0.284/h with 
cell recycle after membrane separation. Xylitol was produced in a two-substrate 
(xylose, glucose) batch fermentation by C tropicalis with cell recycling (199). The 
optimized cell recycle fermentation resulted in xylitol yield of 0.823 g/g xylose 
with a productivity of 4.94 g/L.h and a final xylitol concentration of 189 g/L. 
Xylitol productivity up to 1.14 g xylitol/L.h with 86% conversion efficiency was 
achieved with a strain of G guilliermondii in continuous culture using a membrane 
bioreactor at a dilution rate of 0.03/h (200). 

Carvalho et al. (201) achieved maximum xylitol concentration of 20.6 g/L with 
a volumetric productivity of 0.43 g/L.h and yield of 0.47 g/g after 48 h fermentation 
during batch xylitol production from concentrated sugarcane bagasse hydrolyzate 
by C guilliermondii cells, immobilized in calcium-alginate beads. Aeration rate 
strongly influences xylitol production from sugarcane bagasse hydrolyzate by 
immobilized cells of C. guilliermondii in a fluidized bed reactor (202). 
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Ε. coli JM 109 was used as a host for xylitol production by expressing xylose 
reductase gene (xyrA) of C. tropicalis IFO 0618 (203). When xylose (50 g/L) and 
glucose (5 g/L) were added to IPTG-induced cells, 13.3 g/L of xylitol was produced 
during 20 h of cultivation. A number of recombinant S. cerevisiae strains have been 
created by expressing the xylose reductase gene (XYL1) from P. stipitis and C. 
shehate, and production of xylitol from xylose by these recombinant strains in batch 
and fed batch fermentations have been investigated (204-206). Lee et al. (207) 
studied the fermentation characteristics of recombinant S. cereseviae containing a 
xylose reductase gene from P. stipitis. Xylitol was produced with a maximum yield 
of 0.95 g/g xylose consumed in the presence of glucose used as co-substrate for co-
factor regeneration. However, addition of glucose caused inhibition of xylose 
transport and accumulation of ethanol. By adopting a glucose-limited fed batch 
fermentation where a high ratio of xylose to glucose was maintained, a xylitol 
concentration of 105.2 g/L was achieved with a 1.69 g/l.h productivity with this 
recombinant yeast. Kim et al. (208) reported that S. cerevisiae containing multiple 
XYL1 genes of P. stipitis on the chromosome is much more efficient for xylitol 
production in the long term non-selective culture than S. cerevisiae harboring the 
episomal plasmid containing the XYL1 gene. Such an improvement in the 
integrated recombinant strain was supported by the fact that the mitotic stability of 
the XR gene along with its high expression level worked in a cooperative manner 
(209). 

Continuous enzymatic production of xylitol with simultaneous coenzyme 
regeneration in a charged membrane reactor was studied (210). An NADH 
dependent xylose reductase from C. tenuis catalyzed the reduction of xylose. This 
was coupled to enzymatic oxidation of glucose by glucose dehydrogenase from 
Bacillus cereus to make achievable an up to 10,000-fold regeneration of NADH per 
cycle of discontinuous conversion. Under suitable conditions, 300 g/L of substrate 
could be converted in yields above 96% in one single batch reaction. 

The recovery of xylitol from fermented sugarcane bagasse hydrolyzate was 
studied (211). The best clarifying treatment was found by adding 20 g activated 
carbon to 100 ml fermented broth at 80°C for 1 h at pH 6.0. The clarified medium 
was treated with ion exchange resins after which xylitol crystallization was 
attempted. The ion exchange resins were not efficient but the crystallization 
technique showed good performance, although the crystals were involved in a 
viscous and colored solution. Recently, Faveri et al. (212) reported xylitol recovery 
by crystallization from synthetic solutions and fermented hemicellulose 
hydrolyzates. The method involves evaporation of dilute solution up to super 
saturation, cooling of super saturation solution, separation of crystals by 
centrifugation and final filtration. Using two sets of tests on xylitol-xylose synthetic 
solutions and one set on fermented hardwood hemicellulose hydrolyzate, the best 
results in terms of either crystallization (0.56) yield or purity degree (1.00) were 
obtained with quite concentrated solutions of730 g/L at relatively high temperature 
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(-5°C). They concluded that xylitol separation by crystallization from fermented 
hemicellulose hydrolyzate is feasible. 

Thus, xylose rich hemicellulosic materials can serve as abundant and cheap 
feedstocks for production of xylitol by fermentation. It is possible to introduce the 
pathway for conversion of arabinose to xylitol in the xylitol producing yeast. In that 
case, xylitol can be produced from both xylose and arabinose. 

Production of 2,3-butanediol 

2,3-Butanediol, otherwise known as 2,3-butylene glycol (2,3-BD), is a valuable 
chemical feedstock because of its application as a solvent, liquid fuel and as a 
precursor of many synthetic polymers and resins. With a heating value of 
27,200 J/g, 2,3-BD compares favorably with ethanol (29,100 J/g) and methanol 
(22,100 J/g) for use as a liquid fuel and fuel additive (213). Dehydration of 2,3-BD 
yieldsthe industrial solvent methyl ethyl ketone which is much more suited as a fuel 
because of its much lower boiling point. Further dehydration yields 
1,3-butanediene, which is the starting material for synthetic rubber and is also an 
important monomer in the polymer industry (214). During World War II, it was 
needed for conversion to 1,3-butanediene. Methyl ethyl ketone can be 
hydrogenated to yield high octane isomers suitable for high quality aviation fuels. 
Diacetyl, formed by catalytic dehydrogenation of the diol, is a highly valued food 
additive (275). A wide variety of chemicals can also be easily prepared from 
2,3-BD (216, 217). There is an interest in industrial scale production of 2,3-BD 
from various agricultural residues as well as logging, pulp and paper, and food 
industry wastes (215). 

2,3-BD can occur in two enantiomeric forms: D- (-) and L-(+) as well as an 
optically inactive meso-form. B. polymyxa produces D-(-) 2,3-BD whereas 
Klebsiella pneumoniae (Aerobacter aerogenes) produce meso-form and also some 
of the L-(+) form. B. subtilisy Seratia marcescens and A. hydrophia produce 
mixtures of different forms (218). A newly isolated Enterobacter cloacae NRRL 
B-23289 produces meso-2,3-butanediol (0.35-0.43 g/g sugar) from a variety of 
sugar substrates including corn fiber hydrolyzates (219). The typical 2,3-BD yield 
was 0.30-0.45 g/g sugar (214, 220). Ui et al. (221) cloned a gene fragment 
including genes coding for three enzymes (α-acetolactate synthase, a-acetolactate 
decarboxylase and meso2,3-BD dehydrogenase (D-acetoin forming) involved in the 
formation of meso-BD of Κ pneumoniae IAM 1063 in E. coli JM 109 after its 
insertion into pUCl 18. The resulting E. coli JM109/pBDOl 18 produced 17.7gof 
meso-BD from 100 g of glucose per L. 

Butanediol is produced during oxygen limited growth by a fermentative 
pathway known as mixed acid-butanediol pathway (Figure 4) (222). The 2,3-BD 
pathway and the relative proportions of acetoin and butanediol serve to maintain the 
intracellular NAD/NADH balance in changing culture conditions. The theoretical 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

Se
pt

em
be

r 
7,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
29

, 2
00

4 
| d

oi
: 1

0.
10

21
/b

k-
20

04
-0

88
9.

ch
00

1

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



24 

maximum yield of 2,3-BD from monosaccharides is 0.5 g/g (223). The efficient 
biological conversion of all the available sugars in agricultural biomass residues to 
fuels and chemicals is crucial to the efficiency of any process intended to compete 
economically with petrochemical products (217). 

The high boiling point of 2,3-BD, its high affinity for water, and the dissolved 
and solid substances of the fermentation broth make it difficult for 2,3-BD to be 
purified and recovered from fermentation slurry (224). Various methods such as 
solvent extraction, liquid-liquid extraction and salting out have been used to recover 
butanediol. Another feasible method to recover butanediol is by countercurrent 
stream stripping (225). 

Production of Vanillin 

Ferulic acid is the major cinnamic acid found in a variety of plant cell walls. 
Corn fiber contains about 3% ferulic acid. Wheat bran is another source of ferulic 
acid (0.5-1%). Faulds et al. (226) developed a laboratory scale procedure to 
produce free ferulic acid (5.7 g) from wheat bran (1 kg) by using a Trichoderma 
xylanase preparation and A. niger ferulic acid esterase. Using filamentous fungi, 
a two-stage process for vanillin formation was developed in which a strain of 
A. niger was first used to convert ferulic acid to vanillic acid, which was then 
reduced to vanillin by a laccase-deficient strain of Pycnoporus cinnabarinus (227). 

Concluding Remarks 

Lignocellulose biodégradation and its conversion to a wide variety of commodity 
chemicals holds enormous potential. At present, the conversion of lignocellulosic 
biomass to fermentable sugars is not cost-effective. Some of the emerging 
pretreatment methods such as alkaline peroxide and AFEX generate solubilized and 
partially degraded hemicellulosic biomass that need to be treated further with 
enzymes or other means to produce fermentable sugars from them. With the 
development of a suitable pretreatment method minimizing the formation of 
inhibitory compounds for fermentative organisms and use of proper mixture of 
cellulases and hernicellulases (enzyme cocktail) tailored for each biomass 
conversion, this vast renewable resource can be utilized for production of fuels and 
chemicals by fermentation or enzymatic means. Research emphasis should be to 
develop efficient and cost-effective pretreatment method, enzymes for use in 
cellulose and hemicellulose conversion in an industrial scale, robust efficient 
microorganism to ferment lignocellulosic hydrolyzates in a cost-competitive way 
and method for cost-effective recovery of fermentation products. Finally, 
integration of various process steps such as biomass pretreatment, enzymatic 
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CH3CHOHCOOH 
Lactate 

CH3C0-C0A 
Acetaldehyde 

NADH2 <x| 
N A D ^ I 

CH3CHO CH3CO-P 
Acetaldehyde Acetyl Phosphate 

NADH2 >J ADP \J 
N A D ^ I Α Τ Ρ ^ Ί 

CH3CH2OH CH3COOH 
Ethanol Acetate 

C H 3 C C O C H 3 
I 
COCH3 

Acetolactate 

Acetoin 
NADH2 1̂ 

N A D ^ I 

H3CHOH 
2,3-Butanediol 

Dlacetyl 

Figure 4. Metabolic pathway of 2,3-butanediol production from glucose. 

saccharification, detoxification, fermentation of the hydrolyzates and recovery of 
products will greatly aid in reducing the overall cost of using lignocellulose for 
practical purposes. 
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Chapter 2 

Pretreatment for Enzymatic Hydrolysis 
of Used Newspaper 

Sung Bae Kim and Jin Won Chun 

Division of Applied Chemical Engineering and ERI, 
Gyeongsang National University, Jinju 660-701, Korea 

Wastepaper is one of the plentiful and low cost feedstockes for 
making bioethanol. A pretreatment method suitable for 
wastepaper was developed using ammonia with nonionic 
surfactants (NP series) and/or hydrogen peroxide. The 
enzymes used were commercially available cellulase and β-
glucosidase, and a mixture of both enzymes was used to 
alleviate the end-product inhitition by cellobiose. In order to 
avoid that ink and additives contained in newspaper are 
solubilized or reacted with ammonia in high temperature, 
newspaper was pretreated with aqueous ammonia solution on a 
shaking bath at 40°C using 130 strokes/min for 3 h. The 
enzymatic digestibility of newspaper, office paper, and 
corrugated paper at enzyme loading 30 IFPU/g glucan was 
found to be 70%, 85%, and 88%, respectively. The lowest 
digestibility value of newspaper means that it is the hardest 
substrate for enzymatic hydrolysis among them. Effect of 
surfactant in ammonia solution on digestibility was found to be 
very significant. Digestibility achieved by the treatment with 
ammonia and NP-5 was the same as the simultaneous 
treatment with ammonia, hydrogen peroxide, and NP-5, which 
means that hydrogen peroxide does not need if surfactant is 
added in ammonia solution. In the ammonia and NP-5 
treatment, the effect of input stage of NP-5 on digestibility was 
also investigated. It was found that surfactant addition in 
pretreatment stage was a little more effective on cellulose 
hydrolysis than surfactant addition in enzymatic hydrolysis. 

36 © 2004 American Chemical Society 
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Introduction 

Since the first oil crisis in the 1970s, oil prices are steadily going up because 
of limitations in the discovery of new oil fields. Before its depletion, alternative 
sources of energy need to be developed in the near future. A significant part of 
this effort has been devoted to the utilization of renewable resources, particularly 
in biomass. Biomass has been shown to have a considerable promise as a raw 
material for liquid fuels such as ethanol that can replace gasoline. 
Lignocellulosic materials such as agricultural residues, wood, and municipal 
solid waste could be a raw material for bioethanol. Among those resources, 
wastepaper is one of the plentiful and low cost feedstocks for making bioethanol 
(1). Especially in Korea, any biomass except wastepaper is not enough to make it 
into energy. Moreover, the possibility for converting waste biomass to energy 
source may serve as a means of waste disposal. 

Typically, wastepaper constitutes half of municipal solid waste, and 
newspaper alone 14% of the waste (2). Generally, over 50% of wastepaper is 
relatively well recycled. In the past, most of it was used only once and then 
landfilled or incinerated. Even recycled wastepaper can be used only two to three 
times before the fibers become unacceptably short. Currently only relatively long 
fibers obtained after deinking process are recycled for paper production, but the 
residues constituting mostly short fibers are discarded. 

Cellulose, the major component of wastepaper, can be transformed into 
fermentable sugars by enzymatic hydrolysis. Newspaper is mostly derived from 
softwood and exhibits low enzymatic digestibility because of its high lignin 
content and dense structure. Additionally, chemicals such as fillers, ink, and 
other additives make it difficult to hydrolyze enzymatically. Thus, effective 
pretreatment is needed to increase enzymatic hydrolysis of newspaper. 

Of numerous studies on the pretreatment of lignocellulosic biomass, there 
have been very limited studies on partially delignified biomass such as 
wastepaper (3-8). The methods used in most of these studies, however, were the 
same as those used on woody and herbaceous materials. Since the paper was 
made after treating wood physically and/or chemically in pulping process, 
wastepaper does not require the severe pretreatment developed for other 
lignocellulosic biomass. Our previous studies revealed that an ammonia-
hydrogen peroxide mixture proved to be very effective in pretreating newspaper 
(9,10). Surfactant as well as ammonia and hydrogen peroxide was used in this 
study, because it can aid in reducing the adhesion of the ink to the fibers (11). 
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In this chapter we discussed our previous studies briefly and presented 
ongoing studies about the pretreatment and enzymatic digestibility of used 
newspaper. 

Materials and Methods 

Substrates and Surfactants 

A mixture of three newspaper issued in Korea was used as substrate. Office 
paper and corrugated paper were arbitrarily selected from our lab. Paper sample 
was cut into approx. 0.5x0.5 cm pieces. The nonionic surfactants (TCI, Japan) 
used in this study were listed in Table 1. 

Table I . Nonionic surfactants 

Surfactant Chemical Λ . . rrr r*** Appearance EO content HLB name composition 
NP-5 Polyethylene Oily liquid 5 mol 10.0 

Glycol 
NP-10 Mono-4- Oily liquid 10 mol 13.3 

nonylphenyl 
NP-20 Ether White solid 20 mol 16.0 

*EO = ethylene oxide, **HLB = hydrophile-lipophile balance 

Pretreatment 

Pretreatment was performed on a reciprocating shaking water bath. Five 
grams of substrate were added to a 500 mL autoclavable bottle with 100 g of 
ammonia-hydrogen peroxide solution. The concentration of each component was 
expressed as wt% based on the total amount of the solution. Then 0.5~1.5 wt% 
of a surfactant was added to this solution. The concentration of the surfactant 
was calculated as wt% based on the substrate (5 g). The bottle was placed for 3 h 
on a shaker operating at 40 °C and 130 strokes/mm. After pretreatment, the wet 
solid was washed with deionized water until neutral and then it was separated 
into two portions. One was oven-dried overnight at 105°C to measure the 
moisture content and subsequently, the weight loss in pretreatment. It was 
further subjected to composition analysis. The other was stored in a refrigerator 
to carry out the enzymatic digestibility test. 
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Enzyme and Digestibility Test 

Commercial cellulase and β-glucosidase (Novo Nordisk, Bagvard, 
Denmark) supplied from Novozymes Korea Ltd were used for digestibility test. 
A mixture of Celluclast (80IU or international filter paper units [IFPU]/mL) and 
Novozym 188 (792 cellobiase units [CBU]/mL) was used with a ratio of 4 IU of 
Celluclast/CBU Novozym to alleviate the end-product inhibition by cellobiose. 

Enzymatic digestibility of pretreated substrate was performed in duplicate 
according to National Renewable Energy Laboratory (NREL) standard 
procedure no. 009 (12). The amount of solid required to give 0.5 g glucan in 50 
mL was added to 250-mL flask. The buffer solution was 0.05 M citrate, pH 4.8 
and the cellulase enzyme loading was 30 IFPU/g glucan. The content of the flask 
was preheated to 50°C before the enzyme was added and the flask was placed on 
a shaking bath that operated at 50°C and 90 strokes/min. Samples were taken 
periodically and analyzed for glucose using HPLC. The glucose content after 72 
h of hydrolysis was used to calculate the enzymatic digestibility. 

Analytical Methods 

The solid biomass sample was analyzed for moisture, sugars, klason lignin, 
and ash by NREL standard procedures no.001-005 (12). Sugars were measured 
by HPLC (Thermo Separation Products) using Bio-Rad HPX-87H (condition; 
0.6 mL/min, 65°C, 0.005M H 2S0 4). Since this column does not resolve xylose, 
mannose, and galactose, the combined value of XMG is used in this article. All 
sugar contents of solid residue were expressed as wt% based on the original 
oven-dried untreated biomass and expressed as glucan, xylan, mannan, and 
galactan equivalents. 

Results and Discussion 

We investigated factors that affect enzymatic hydrolysis of newspaper, such 
as ash content, substrate size, and ink (10). Results showed that ink had a 
significant effect on enzymatic digestibility, whereas ash content and substrate 
size had a very small effect. Therefore, it was concluded that ink removal from 
newspaper is prerequisite for enzymatic hydrolysis. 
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Pretreatment by Percolation Process 

This process has shown a proven performance when treating oak and corn 
stover in ammonia and/or hydrogen peroxide solution (13,14). The main 
advantage of this process is its ability to attain high sugar yield without causing 
significant sugar decomposition. Newspaper was pretreated at 170°C, 60 min, 
and 1 mL/min with 10 wt% and 20 wt% ammonia solution (10). The results 
found in this study were quite different from our previous results (15) obtained 
when oak was pretreated in the same condition. Percent solid remaining of oak 
was 70%, but that of newspaper was about 90%. When 10% of ammonia was 
used, the removal percent of cellulose, hemicellulose, and klason lignin in oak 
was 5%, 33%, and 45%, respectively, but that of each component in newspaper 
was 1%, 10%, and 23%, respectively. Such low removals in three major 
components can be explained by the fact that easily removable portion in each 
component was already removed during pulping process. 

Digestibilities at both ammonia concentrations, however, were almost same 
or 15% less than that of untreated sample. Here, untreated sample means a 
substrate that is soaked in water for 3 hr at room temperature. This means that no 
pretreatment effect can be expected even though a significant amount of lignin 
was removed at each ammonia condition. 

After the pretreatment, sample was recovered, washed, and then dried for 
composition analysis. The appearance of newspaper sample was found to be 
pretty hard. It was thought that some sticky material was dissolved in ammonia 
solution, bound to solid residues, and became hard film after drying. It was not 
observed when prereating hardwood and herbaceous materials (13,14). This 
might be due to some additives from paper or binders contained in ink. These 
materials could be solubilized in high temperature and high pH solution (16). 
Actually, pH of 10% ammonia solution is approx. 11.5. And then, they were 
dispersed and made a film on fiber surface, resulting in the interference of 
enzyme access to fibers. Therefore, it could be concluded that percolation 
process, which has shown a good performance in hardwood and herbaceous 
substrate treatment, was not suitable for newspaper pretreatment. 

Pretreatment by Batch Process 

Ammonia-hydrogen Peroxide Treatment 

When it was considered that ink and additives added in paper production 
could be solubilized or reacted with ammonia in high temperature, newspaper 
should have been pretreated under 100 °C. Since ammonia alone was not 
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effective in preheating newspaper at low temperature, hydrogen peroxide was 
added to ammonia solution as an oxidant. In addition, hydrogen peroxide can 
help ink removal to break chemical cross-linkage between the binders of the ink 
(11). 

With the concept above, the pretreatment process was devised that can 
remove ink and swell the substrate easily. In this study (9), we investigated 
parameters that affect enzymatic digestibility when treating newspaper in 
ammonia-hydrogen peroxide mixture on a shaking bath. Optimum condition was 
found to be 40°C, 3h, 130 strokes/min, and 4 wt% ammonia-2 wt% hydrogen 
peroxide. In this condition, the digestibility obtained was almost 90% of 
theoretical or 25% higher than digestibility of untreated or 4 wt% ammonia 
treated substrates when enzyme loading was 60 IFPU/g glucan. Such an increase 
in digestibility probably depends on ink removal and substrate swelling because 
the appearance of the ammonia-hydrogen peroxide treated sample was very 
different from that of the ammonia-treated sample. The volume of the former 
was about 1.5 times bigger than the latter's volume. Also a significant amount of 
dark-colored ink components was observed in the upper portion of the bottle, 
whereas a very small amount of ink was observed in ammonia-treated sample. 

Enzymatic Digestibilities ofWastepapers 

In order to compare the enzymatic digestibilities of different wastepapers, 
these papers were arbitrary selected from our lab: newspaper, office paper, and 
corrugated paper. Their typical initial compositions are listed in Table 2. 
Newspaper has the highest hemicellulose and klason lignin, and the lowest 
glucan and ash among them. It can be expected from the fact that newspaper is 
made from mainly groundwood pulp with a small amount of fillers. Office paper 
has the lowest hemicellulose and lignin and highest glucan and ash contents. 

Table Π. Initial composition of newspaper, office paper, and 
corrugated paper 

Substrate Glucan(%) XMG(%) Klason 
lignin(%) Ash(%) 

Newspaper 58.7 13.9 14.4 5.8 
Office paper 66.1 8.5 2.3 16.5 
Corrugated paper 62.1 11.8 11.0 10.0 
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Before measuring enzymatic digestibility, each substrate was treated with a 
4 wt% ammonia and 2 wt% hydrogen peroxide solution and the results were 
listed in Table 3. Noticeable point in this table is the solid remaining after the 
treatment: newspaper, office paper, and corrugated paper lost 4%, 18%, and 
15% of original weight, respectively. This means that lots of materials in office 
and corrugated papers were removed from this pretreatment. 

Table ΙΠ. The composition of solid residue of newspaper, office paper, 
and corrugated paper after pretreatment with 4 wt% ammonia 

and 2 wt% H 2 0 2 

Substrate Solids 
remaining(%) Glucan(%) XMG(%) Klason 

liznin(%) 
Newspaper 96.1 57.8 12.8 14.2 

Office paper 81.9 63.4 8.3 2.0 

Corrugated paper 85.0 55.8 9.5 8.7 

Enzymatic digestibility was measured at enzyme loading, 30 IFPU/ g glucan, 
and the results are shown in Fig. 1. Digestibility of newspaper, office paper, and 
corrugated paper was 70, 85, and 88%, respectively. These values were much 
higher than those of untreated samples, meaning that wastepaper should be 
pretreated before enzymatic hydrolysis. The digestibilities of office and 
corrugated papers at enzyme loading, 30 IFPU/g glucan, were almost equal to 
that of newspaper hydrolyzed at 60 IFPU/g glucan (9). Therefore, it is said that 
newspaper is the toughest substrate for enzymatic hydrolysis. 

Most office paper is made from chemically pulped fibers and has much less 
lignin content. Lower lignin content in office paper may result in higher 
digestibility. The highest digestibility value was, however, achieved with 
corrugated paper even it has almost four times lignin content than office paper. 
In Korea, corrugated paper is generally made from recycled pulp obtained 
through deinking pulping process. Both mechanical and chemical actions during 
this process could change the structure of cellulose chain. Otherwise it is 
difficult to explain why the digestibility of corrugated paper is higher than that of 
office paper. 

Surfactant Effect 

Surfactants have been used in deinking process of recycled paper to promote 
ink detachment from fibers and help the dispersion of detached ink in process 
water (17). Their typical dosages are 0.25-1.5 wt% based on dry paper weight. 
Surfactant, also, improves cellulose hydrolysis when it is added with enzyme 
because it helps cellulase to desorb easily from the cellulose surface after 
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Figure 1. Enzymatic digestibility of newspaper, office paper and corrugated 
paper treated with 4 wt% ammonia and 2 wt% H202 solution. 

hydrolysis reaction (18). Since nonionic surfactants are most common in 
deinking (M), NP series surfactants were selected as listed in Table 1. 

Fig. 2 shows the effect of hydrogen peroxide and nonionic surfactant (NP-5) 
on enzymatic digestibility when newspaper was pretreated with 4 wt% ammonia 
solution. In this figure, control sample means a substrate pretreated with a 4 wt% 
ammonia and 2 wt% hydrogen peroxide solution. In the case of control run, the 
dark-colored band was observed in the upper portion of the bottle. This band 
was, however, disappeared when NP-5 was added. It was apparent that the dark-
colored components were emulsified by surfactant, so these components were 
evenly distributed among the fibers. A most notable point is digestibility 
achieved by (ammonia+NP-5) run, which has the same as the (ammonia+H202 

+NP-5) run. If the digestibility of (ammonia+H202+NP-5) run is compared with 
that of control, which uses the same concentrations of ammonia and hydrogen 
peroxide without NP-5, NP-5 effect on digestibility is very obvious. This means 
that hydrogen peroxide does not needed if NP-5 is added in ammonia solution. 
Hydrogen peroxide is almost ten times more expensive than ammonia. If 
hydrogen peroxide does not need in this pretreatment, a lot of money can be 
saved and consequently brings a substantial reduction of pretreatment cost. 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
2

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



44 

100 

Time(h) 

Figure 2. Effect of H202 and/or NP-5 on enzymatic digestibility of newspaper. 

To find out NP-5 effect on digestibility, solid residues recovered after 
pretreatment were analyzed and listed in Table 4. From this table, it shows that 
hydrogen peroxide or NP-5 in ammonia solution did not affect that much on the 
composition of solid residue. Such a high digestibility caused by NP-5 must not 
be due to residual solid components because the compositions of both samples 
are almost same. Pretreated sample in our study is washed with water to remove 
chemicals and detached ink particles. In this stage detached ink particles are 
dispersed in the aqueous phase and some of them redeposit on the fiber surface. 
This redeposition may interfere enzyme access to substrate. After washing the 
pretreated sample with water, we found much less ink particles in the NP-5-
contained sample than those in the control sample through microscope. But we 
cannot explain this digestibility enhancement by NP-5 clearly yet. 

Fig. 3 shows the effect of NP-5 loading on digestibility when substrate was 
treated in 4 wt% ammonia solution. NP-5 loading was not affected on 
digestibility, so 0.5 wt% was selected for further experiments. 

Fig. 4 shows the effect of HLB value on digestibility when substrate is 
treated in 4 wt% ammonia solution. The hydrophile-lipophile balance (HLB) 
represents the relative attraction of an emulsifier for water and oil. Generally, 
values below 7 refer to hydrophobic agents and values above 7 refer to 
hydrophilic ones. The optimum HLB value depends on ink composition (17). 
For washing deinking, the values are usually above 10. As shown in Fig. 4, 
digestibility seems to decrease a little if HLB value is increased. NP-5 (HLB 
10.0) shows the highest digestibility among them. 
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Table IV. Effect of hydrogen peroxide or surfactant in 4 wt% ammonia 
solution on the composition of solid residue of newspaper 

Pretreatment 

4 wt% ammonia 

4 wt% ammonia 
+ 2wt%H202 

4 wt% ammonia 
+ 0.5wt%NP-5 

Solids 
remaining^) 

Glucan(%) XMG(%) Klason 
lignin(%) 

96.8 57.6 12.8 14.2 

97.0 57.5 12.3 14.2 

94.4 56.0 12.4 14.2 

So far, surfactant was added in pretreatment stage with ammonia solution. 
Since surfactant can enhance digestibility if it is added in hydrolysis stage with 
enzyme, the effect of input stage of NP-5 on digestibility was investigated. As 
shown in Fig. 5, the digestibility obtained when surfactant was added in 
pretreatment stage was approximately 3% higher than digestibility obtained 
when surfactant in hydrolysis stage. This difference does not seem too much, but 
it is said that surfactant addition in pretreatment stage is a little more effective on 
cellulose hydrolysis than that in enzymatic hydrolysis. 

Conclusions 

Pretreatment condition for wastepaper requires much milder condition than 
those for woody and herbaceous materials. In order to increase enzymatic 
digestibility of newspaper, the method that adds nonionic surfactant into 
ammonia or ammonia-hydrogen peroxide solution was found to be very effective. 
We have believed from our previous studies that enzymatic digestibility can be 
increased only when ammonia is used with hydrogen peroxide together. But if 
ammonia was used with nonionic surfactant, the same digestibility was achieved 
without hydrogen peroxide. This means that ammonia-surfactant pretreatment 
does not need hydrogen peroxide and consequently brings a substantial reduction 
of pretreatment cost. It was also found that newspaper was the hardest substrate 
for enzymatic hydrolysis among newspaper, office paper, and corrugated paper. 
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Figure 3. Effect of NP-5 loading in 4 wt% ammonia solution on enzymatic 
digestibility of newspaper. 

Figure 4. Effect of HLB value in 4 wt% ammonia solution on enzymatic 
digestibility of newspaper, (surfactant loading = 0.5 wt%) 
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Figure 5. Effect of input stage of NP-5 on enzymatic digestibility of newspaper. 
(1:4 wt% ammonia and NP-5 add together in pretreatment stage, 2: 4 wt% 
ammonia adds in pretreatment stage and then NP-5 in hydrolysis stage.) 
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Chapter 3 

Ethanol from Lignocellulosic Materials: 
Pretreatment, Acid and Enzymatic Hydrolyses, 

and Fermentation 

Mohammad J. Taherzadeh1,2 and Claes Niklasson1 

1Department of Chemical Engineering and Environmental Science, 
Chalmers University of Technology, SE-412 96, Göteborg, Sweden 

2Department of Chemical Engineering, Isfahan University of Technology, 
Isfahan, Iran 

Ethanol production from lignocellulosic materials is a major global 
task in producing liquid fuel by sustainable processes. The structure of 
the lignocellulose is usually opened by dilute-acid hydrolysis or steam 
explosion in a pretreatment step, while the resulting cellulose and 
hemicelluloses can be cleaved to the monomers (sugars) by acid or 
enzymatic hydrolyses. The hydrolyzates are then fermented to ethanol 
by using baker's yeast or other microorganisms. The acid hydrolysis 
suffers from a number of inhibitory by-products including furans, 
phenolic compounds and carboxylic acids, whereas the enzymatic one 
is still expensive and slow. Very good progress has been made within 
the last two decades on development of pretreatments, hydrolyses, 
fermentation techniques and recombinant microorganisms. These 
advances are briefly reviewed here. 
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Introduction 

Lignocellulosic materials represent an abundant, and largely unused, source 
of raw materials for the production of fuel ethanol. These materials can be 
obtained at a low cost from a variety of resources, e.g. forest residues, municipal 
solid waste, waste paper and crop residue resources (4). The amounts of the three 
major groups of polymers, i.e. cellulose, hemicellulose and lignin, depend on the 
type of material. Garotte et ai (5) present a compilation of compositions of 
lignocelluloses of different hardwoods, softwoods and agricultural residues 
reported in publications. The hardwoods (white birch, aspen, red maple, 
Eucalyptus, Populus and oak) contain 39%-54% cellulose, 14%-37% 
hemicellulose and 17%-30% lignin. The corresponding values for softwoods 
(pines and firs) are 41%-50% cellulose, 11-27% hemicellulose and 20-30% 
lignin. The composition of different agricultural residues varies widely. For 
instance, wheat straw may consist of up to 50% cellulose, whereas the cellulose 
content reported for sunflower seed hulls is only 24%. 

The basic steps necessary for obtaining fermentable sugars include a 
pretreatment, followed by one or several hydrolysis steps, in which the actual 
hydrolysis of the polymers into monomeric sugars takes place. The sugars are 
then fermented to ethanol by using several types of microorganisms. These three 
steps are discussed separately below. 

Pretreatment 

The purpose of the pretreatment is primarily to open up the structure of the 
material to facilitate access to the cellulose structure. However, a small amount 
of sugars from the hemicellulose may be formed already during the pretreatment 
process. The pretreatment process can be carried out with a variety of methods 
(6, 7): 

1. Physically by e.g. ball-milling, two-roll milling, colloid milling, hammer 
milling, vibro energy milling, high pressure steaming, extrusion, expansion, 
pyrolysis, and high energy radiation. 

2. Chemically by e.g. alkalis (NaOH, NH 3 , (NH 3) 2S0 4), acids (H 2S0 4, HC1, 
H3PO4), gases (C102, NO x , S0 2), oxidizing agents (H 2 0 2 , 0 3), cellulose 
solvent (Cadoxen - ethylene diamine and water, or CMCS - sodium 
tartarate, ferric chloride, sodium sulfite and sodium hydroxide solution) and 
solvent extraction by ethanol-water, benzene-ethanol, ethylene glycol, or 
butanol-water. 

3. Biologically by e.g. enzymes or fungi. 
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However, not all of these methods are desired for pretreatment of the 
lignocellulosic materials because of technical or economic feasibility. In some 
cases, a method is used to increase the efficiency of another method. For 
instance, milling could be applied to create a better steam explosion by reducing 
the chip size (8). Furthermore, it should be noticed that the selection of 
pretreatment method should be compatible with the selection of hydrolysis. For 
example, if acid hydrolysis is to be applied, a pretreatment with alkali may not be 
beneficial. The most commonly applied pretreatment methods will be discussed 
here. 

Steam Explosion 

Steam explosion is among the most frequent methods for the pretreatment of 
lignocellulosic materials. The method involves treatment of the chipped biomass 
with high-pressure saturated steam followed by a rapid reduction of the steam 
pressure to obtain an explosive decompression. Either high temperature and low 
residence time (eg. 270°C and 1 min) or lower temperature and longer residence 
time (e.g. 175°C and 30 min) could be applied for an optimal pretreatment (9). 
Early processes were running at high pressure (220-270°C) and short residence 
time (40-90 s), whereas recent investigators use lower temperature (190-200°C) 
and a longer residence time of about 10 min (10). However, the type of 
lignocellulose, residence time, temperature, chip size and humidity are important 
factors in optimizing the treatment conditions of a steam explosion process (11). 
The variation in these factors results in various degrees of degradation of lignin, 
hemicellulose and cellulose (12, 13). Gregg and Saddler (14) give examples of 
recommended time and temperature/pressure to be used for various feedstocks. 

Dilute-acid Pretreatment 

It is known that the addition of any kind of acid or gases that results in acidic 
conditions for steam explosion, such as H 2 S0 4 , S0 2 (or H 2S0 3), or C 0 2 (or 
H 2 C0 3 ) , will successfully improve the enzymatic hydrolysis, decrease the 
formation of inhibitory compounds, and lead to a better removal of hemicellulose 
(15). The effects are almost similar for hardwoods, softwoods and herbaceous 
materials. S0 2 presumably diffuses into the wood chips as sulfiirous acid, H 2 S0 3 , 
which turns into sulfuric acid during steaming (16). Sulfuric acid is the most 
extensively studied, apparently because of its low price and high efficiency (17). 
In addition to the factors affecting steam explosion, the acid concentration plays 
an important role in dilute-acid pretreatment. There are a number of examples of 
the treatment conditions for various feedstocks in the literature. As examples we 
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may mention 220°C, 30 s residence time, and 1% H 2 S0 4 for the treatment of 
sugar cane bagasse (18) and 210°C, 2 min residence time and 0.175% H 2 S0 4 for 
the treatment of Eucalyptus grandis (19). More severe conditions (e.g. higher 
acid concentration, higher temperature and/or longer residence time) will result 
in degradation of cellulose (2), which will be discussed later in more detail. 

Ammonia Fiber (or Freeze) Explosion (AFEX) 

The concept of AFEX is similar to steam explosion, except in the type of 
gas: lignocelluloses are exposed to ammonia instead of water vapor. In a typical 
treatment, one kg dry biomass is exposed to 1-2 kg liquid ammonia at high 
temperature (e.g. 50-90°C) and high pressure for a period of time (e.g. 30 min), 
and then the pressure is swiftly reduced (7, 20). The efficiency of the AFEX 
method in cellulose decrystallization, with increased accessible surface area, 
dramatically increases lignocellulose susceptibility to enzymatic attack in the 
hydrolysis step (21). In spite of acid pretreatment, AFEX does not dissolve 
hemicellulose, which is an advantage for the enzymatic hydrolysis (22). 
Furthermore, no inhibitory compounds for the fermentation step are formed (23), 
and the method is not affected by the chip size so that milling is unnecessary. 
There are many adjustable parameters in the AFEX process: ammonia loading, 
water loading, temperature, time, blowdown pressure, and number of treatments 
(21). A lower lignin content of the lignocellulose results in a higher efficiency of 
the AFEX-pretreated enzymatic hydrolysis. While 90% hydrolysis of cellulose 
and hemicellulose of Bermuda grass (5% lignin) was obtained, the efficiencies 
for the hydrolysis of newspaper (18-30% lignin) and aspen chips (25% lignin) 
were less than 40% and 50%, respectively (24). 

Alkaline Pretreatment 

Some bases such as NaOH, Ca(OH)2, NH 4 OH can be used for pretreatment 
of the lignocelluloses (25). Dilute sodium hydroxide with concentration of 0.8 to 
50 g/1 (26) or 5-10 g NaOH/100 g feedstock (6) has primarily been used for this 
purpose. The mechanism behind this method is believed to be saponification of 
intermolecular ester bonds crosslinking xylan hemicelluloses and other 
components (7). Consequently, the base causes swelling, leading to an increased 
internal surface area, decrease in the degree of polymerization, decrease in the 
crystallinity, separation of structural linkages between lignin and carbohydrates, 
and disruption of the lignin structure (6). NaOH showed more effective results in 
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increasing the susceptibility of the residual corn husk towards enzymes, 
compared to sulfuric and phosphoric acids, yielding 83-96% reducing sugars 
(26). 

Hydrolysis 

Hydrolysis is the second step in production of ethanol from lignocellulosic 
materials. It involves cleaving the polymers of cellulose and hemicellulose. The 
cellulose usually contains only glucan, whereas hemicellulose contains polymers 
of several sugars such as mannan, xylan, glucan, galactan and arabinan. 
Consequently, the main hydrolysis product of cellulose is glucose, whereas the 
hemicellulose gives rise to several pentoses and hexoses. However, softwood 
hemicellulose is mainly composed of mannose, whereas the dominant sugar in 
hardwood hemicellulose is xylose (2). The hydrolysis can be obtained chemically 
or enzymatically. 

Chemical Hydrolysis 

Chemical hydrolysis involves exposure of lignocellulosic materials to a 
chemical for a period of time at a specific temperature, and results in sugar 
monomers from cellulose and hemicellulose polymers. Acids are dominantly 
applied in chemical hydrolyses. Sulfuric acid is the most investigated acid (27), 
although other acids such as HC1 (28) have also been used. Acid hydrolyses can 
be divided into two groups: (a) concentrated-acid hydrolysis and (b) dilute-acid 
hydrolysis. 

Concentrated-acid hydrolysis 

Hydrolysis of lignocellulose by concentrated sulfuric or hydrochloric acids 
is a relatively old process. Braconnot in 1819 first discovered that cellulose could 
be converted to fermentable sugar by concentrated acid (29). Concentrated-acid 
processes are generally reported to give higher sugar and ethanol yield, 
compared to dilute-acid processes. However, dilution and heating of the 
concentrated acid during the hydrolysis process make it extremely corrosive. 
Therefore, the process requires either expensive alloys or specialized non-
metallic constructions, such as ceramic or carbon-brick lining. The high 
investment and maintenance costs have greatly reduced the commercial potential 
for this process. Furthermore, the environmental impact strongly limits the 
application of hydrochloric acid (30). 
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Dilute-acid hydrolysis 

Among the chemical hydrolysis methods, dilute-acid hydrolysis is probably 
the most commonly applied. It is a method that can be used either as a 
pretreatment preceding enzymatic hydrolysis, or as the actual method of 
hydrolyzing lignocellulose to the sugars (31). The first established dilute-acid 
hydrolysis process was probably the Scholler process. This was a batch process, 
in which the wood material was kept in 0.5% sulfuric acid at 11-12 bar for 
approximately 45 minutes (32). Nowadays, almost all dilute-acid hydrolysis 
processes are performed in a batch mode with a retention time of a few minutes. 
However, there have been some studies concerning continuous hydrolysis in plug 
flow reactors (33). A recent study (2) presents data for one-stage dilute-acid 
hydrolysis, where 0.5% sulfuric acid was used at temperatures of 188-234°C and 
a retention time of 7 minutes. A major part of the hemicellulose (more than 80%) 
could be hydrolyzed by dilute-acid hydrolysis at temperatures less than 200°C, 
but the maximum overall glucose yield occurred at a hydrolysis temperature 
higher than 220°C. This is due to the larger recalcitrance of cellulose to 
hydrolysis. In no case was a better yield than 40% of the theoretical glucose yield 
from glucan obtained (Figure 1). 

1 

0.8 

0.6 

Φ 
> 0.4 

0.2 

?80 200 220 240 
Temp (°C) 

Figure 1. Glucose yield from glucan (Ώ) and mannose yield from 
mannan (M) in a one-step dilute-acid hydrolysis of (25% dry 
weight) spruce as a function of hydrolysis temperature (1). 

To avoid degradation of monosaccharides at high temperatures, the dilute-
acid hydrolysis can be carried out in two (or more) stages. In the first stage, 
which should be carried out at relatively mild conditions, hemicellulose is 
converted to sugar monomers. It is considered as equivalent to a dilute-acid 
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pretreatment step. In the second stage, the residual solid is hydrolyzed at more 
severe conditions allowing cellulose to be hydrolyzed (34). When dilute-acid 
hydrolysis is used for pretreatment of lignocellulosic materials, considerably 
milder conditions than those mentioned above are applied. In a one-stage 
pretreatment, a temperature between 140 and 170 °C can be used, but two 
treatments at about 120°C for a longer time may also be used (35). 

The main drawback of the acid hydrolysis processes is the formation of 
undesirable by-products. This not only lowers the yield of sugars, but several of 
the by-products severely inhibit the formation of ethanol in the fermentation 
process. Potential inhibitors are furfural, 5-hydroxymethylfurfural (HMF), 
levulinic acid, acetic acid, formic acid, uronic acid, 4-hydroxybenzoic acid, 
vanillic acid, vanillin, phenol, cinnamaldehyde, formaldehyde, etc. (I, 36). Some 
inhibitors, such as terpene compounds, are initially present in the wood, but 
apparently most of the inhibitors are formed in the hydrolysis process. 

Enzymatic Hydrolysis 

Enzymatic hydrolysis of cellulose and hemicellulose can be carried out by 
highly specific cellulase and hemicellulase enzymes (glycosylhydrolases). This 
group includes at least 15 protein families and some subfamilies (37). A 
complete cellulase system consists of three classes of enzymes: 1,4-P-D-glucan 
cellobiohydrolases, endo-1,4-p-D-glucanases and 1,4-p-D-glucosidases. While 
the first and second enzymes cleave the cellulose to cellobiose, it is further split 
to glucose by the third enzyme, β-glucosidase is not a cellulase, but its action is 
very important to complete depolymerization of cellulose to glucose. Since 
hemicellulose contains different sugar units, the hemicellulytic system is more 
complex and involves at least endo-l,4-p-D-xylanases, exo-l,4-p-D-xylosidases, 
endo-l,4«p-D-mannanases, p-mannosidases, α-glucuronidases, acetyl xylan 
esterases, a-L-arabinofiiranosidases, and a-galactosidases (38). Several species 
of bacteria including Clostridium, Cellumonas, Bacillus, Thermomonospora, 
Ruminococcus, Bacteriodes, Erwinia, Acetovibrio, Microbispora, and 
Streptomyces and fungi including Tricoderma, Pénicillium, Fusarium, Humicola, 
Phanerochaete and Schizophillum spp. are able to produce cellulases and 
hemicellulases (7, 37). Among these microorganisms, Trichoderma was 
mentioned as the most efficient cellulose-hydrolysing organism (17). The 
maximum cellulase and p-glucosidase activities occur at 40-60°C and a pH of 4.0 
to 5.0. However, the optimal condition may change with the hydrolysis residence 
time (39, 40). The order of magnitude for the incubation time is 1-3 day. 

There are several advantages and disadvantages of dilute-acid and enzymatic 
hydrolyses compared to each other (Table I). Enzymatic hydrolysis is carried out 
under mild conditions, whereas high temperature and low pH result in corrosive 
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conditions for the acid hydrolysis. While it is possible to obtain a cellulose 
hydrolysis of close to 100% by enzymatic hydrolysis after a pretreatment (41), it 
is difficult to achieve such high yield with the acid hydrolysis. Furthermore, the 
previously mentioned inhibitory compounds are formed during acid hydrolysis, 
whereas this problem is not so severe for enzymatic hydrolysis. 

Enzymatic hydrolysis has its own problems in comparison to the dilute-acid 
hydrolysis. A hydrolysis of several days is necessary for enzymatic hydrolysis 
(39), whereas a few minutes are enough for the acid hydrolysis (2). The prices of 
the enzymes are still very high and could be decreased dramatically by increasing 
the enzyme-specific activity (42). Another problem of the enzymatic hydrolysis is 
that the sugars released inhibit the enzymes during hydrolysis. In order to 
overcome this latter problem, simultaneous saccharification and fermentation 
(SSF) was invented, as distinct from a separate hydrolysis and fermentation 
(SHF). In SSF, the glucose produced by the hydrolysis is consumed immediately 
by the fermenting microorganism, which avoids end-product inhibition of β-
glucosidase. However, since the optimal temperatures of the hydrolysis and 
fermentation are 45-50°C and 30°C, it is difficult to obtain the entire process at 
optimum conditions (17). 

Comparing variable Dilute-acid Enzymatic 
hydrolysis hydrolysis 

Mild hydrolysis conditions No Yes 
High yield of hydrolysis No Yes 
Avoiding formation of inhibitory by-products No Yes 
Avoiding product inhibition during hydrolysis Yes No 
Low cost of hydrolysis Yes No 
Short time of hydrolysis Yes No 

Fermentation of the hydrolyzates 

Fermentation of the lignocellulosic hydrolyzates is more difficult than the 
well-established processes of ethanol production from e.g. molasses and starch. 
Hydrolyzates contain a broader range of inhibitory compounds, where the 
composition and the concentration of these compounds depend on the type of 
lignocellulosic materials and the chemistry and nature of the pretreatment and 
hydrolysis processes. Secondly, the hydrolyzates of hemicelluloses contain not 
only hexoses but also pentoses, where xylose is the dominant sugar in the 
hydrolyzates from hardwood hemicelluloses. Therefore, the fermenting 
microorganism should be able to produce ethanol from the hydrolyzates with a 
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high yield and productivity, withstand potential inhibitors, and produce ethanol 
from pentoses, as well as being safe for humans. Baker's yeast (Saccharomyces 
cerevisiae) is the most commercially used microorganism for ethanol production, 
but it cannot take up xylose. This section is devoted to the effect of the inhibitory 
compounds, different fermentation techniques, and the xylose-fermenting 
microorganisms. 

The effects of inhibitory compounds on the fermentation 

The by-products mentioned earlier inhibit the fermentation by different 
mechanisms. As a function of conditions and method of hydrolysis, different by
products will dominate. Most likely, a combination of the action of several 
substances is the reason for observed inhibition (43). Furthermore, it is not only 
the quantitatively dominant inhibitors which determine the fermentability of a 
hydrolyzate. The toxicity of a hydrolyzate is found to differ from that of a 
synthetic medium with the same amount of the major hydrolyzate inhibitors 
added, indicating the importance of other inhibitors present in small amounts 
(44). 

Carboxylic acids 

Acetic acid, formic acid and levulinic acid are the most common carboxylic 
acids found in the hydrolyzates. Acetic acid is not only a by-product of 
hydrolysis (45) but is also a well-known by-product in fermentation (46). Acetic 
acid is mainly formed from acetylated sugars in the hemicellulose, which are 
cleaved off already at mild hydrolysis conditions. Therefore, the acetic acid yield 
in the hydrolysis does not significantly depend on the severity of the hydrolysis 
process (2). Hydrolysis of hardwoods (alder, aspen and birch) at 198-234°C, 0.5 
g/1 H 2 S0 4 , and 33% wood dry materials for 7 min resulted in approximately 10 
g/1 acetic acid, whereas the hydrolysis of softwoods (pine and spruce) produced 3 
g/1 acetic acid at similar conditions (2). 

Acetic acid is sometimes mentioned as an important inhibitor (47, 48). Since 
acetic acid has a dissociation constant of 4.75 in water, it will be partly 
dissociated at a pH of 5-5.5 (typical values for the fermentation). It is generally 
accepted that the effect of the undissociated part of the acid is larger than the 
effect of the dissociated part (49). The undissociated carboxylic acids can diffuse 
through the cell membrane (50, 51). Since the intracellular pH is higher than that 
of the extracellular medium (52), the undissociated acid which has diffused into 
the cell is partly dissociated into acetate and hydrogen ions, thereby potentially 
lowering the intracellular pH (53, 54). The optimum extracellular pH for growth 
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of S. cerevisiae is about 5 (55), although growth is possible down to a pH as low 
as 2.5. Without added acetic acid, there is no clear effect on the specific growth 
rate of the yeast cells down to a pH of 3.5 (3). However, a clear effect on both 
YATP/X and the minimum pH of growth can be observed in the presence of acetic 
acid in the medium (Figure 2). 

Formic and levulinic acids are other weak carboxylic acids (dissociation 
constants 3.75 and 4.4 respectively), which are found in hydrolyzates. Formic 
acid is most likely formed from degradation of HMF (56, 57), although other 
parallel formation routes are possible. Formic acid is a stronger inhibitor than 
acetic acid (57), and acts inhibitory to the fermentation process above a 
concentration of about 1 g/1 (58). Levulinic acid is a degradation product of HMF 
(56), and was shown to have a negative effect on fermentability of the 
hydrolyzates (57). However, due to the low concentration of formic and levulinic 
acid normally found in hydrolyzates, they are probably of secondary importance 
with respect to inhibitory effects. 

Undissociated acetic acid [g/1] Total acetic acid [g/1] 

Figure 2. (a) The ATP demand for the growth of S. cerevisiae in 
media containing different concentration of undissociated acetic acid, 
and (b) region of anaerobic growth of S. cerevisiae as a function of 
medium pH and total acetic acid concentration. Under the lower line 
no growth occurs and above the upper line μ £0.2 h"1 (Reproduced 
from reference (3). Copyright 1997 Elsevier) 

Furans 

Furfural and HMF are the only furans usually found in hydrolyzates in 
significant amounts (2, 59). The inhibitory effects of these furans have previously 
not been quite clear, and partly contradictory results have been reported in the 
literature (see e.g. (60-68)). However, studies in the past few years have provided 
a better understanding of the physiological effects of these inhibitors (69-74). 
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Furfural has been found to inhibit the in vitro activity of several important 
enzymes in the primary carbon catabolism such as hexokinase, aldolase, 
phosphofructokinase, triosephosphate dehydrogenase and alcohol 
dehydrogenase. Of these, triosephosphate dehydrogenase and alcohol 
dehydrogenase appeared to be the most sensitive enzymes (64). However, the 
inhibition of certain non-glycolytic enzymes, such as pyruvate dehydrogenase 
and aldehyde dehydrogenase, is even more severe (72). Consequently, cell 
growth is more sensitive to the presence of furfural than the ethanol production 
from glucose. Interestingly, furfural can be converted by the yeast, forming 
mainly furfwyl alcohol and furoic acid. This conversion has been reported not 
only for Saccharomyces cerevisiae, but also for a number of other yeasts of the 
genera Torulopsis, Pichia and Rhodotorula (70, 75-77). The yeast S. cerevisiae 
has a capacity to convert furfural at a maximum specific conversion rate of 0.6 
g/g-h. However, at that conversion rate, cell growth stops. The maximum 
conversion rate with a maintained cell growth is approximately 0.15 g/g-h. The 
clearly dominating product is furfuryl alcohol, and less than 1% of the furfural is 
converted to furoic acid (70). In addition to furfuryl alcohol and furoic acid, an 
acyloin product of furfural has been reported (I). This metabolite, 3-(2-furfuryl)-
2-hydroxy-2-methyl-3-oxo-propanoic acid, is produced when the cells are 
growing on glucose and a high concentration of furfural (above 2 g/1) is present 
in the medium. 

HMF is not as severely toxic to S. cerevisiae as furfural (69). This is in line 
with the observation that the in vitro inhibition of the enzymes pyruvate 
dehydrogenase and aldehyde dehydrogenase is smaller by HMF than by furfural. 
On the other hand, the conversion rate of furfural is about 4 times faster than the 
conversion rate of HMF. This means that HMF remains much longer than 
furfural in the medium, and consequently, the effects of HMF last longer than 
those of furfural Furthermore, when furfural and HMF are present 
simultaneously in the medium, the conversion rates of both compounds are 
lowered. This results in the presence of inhibitors for a longer time in the 
medium, and in a higher toxicity for the cells (69). The main products of HMF 
conversion by S. cerevisiae were shown to be hydroxymethyl-furfuryl alcohol, 5-
hydroxymethyl-furan-carboxylic acid and a condensation product of HMF and 
pyruvic acid. Each of these compounds could be the dominant product of HMF 
depending on the cultivation condition. 

Phenolic compounds 

A large number of phenolic compounds have been found in hydrolyzates 
(78, 79). However, reported concentrations are normally a few milligrams per 
liter (57). This could be due to the low water solubility of many of the phenolic 
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compounds, or a limited degradation of lignin during the hydrolysis process. 
Among the phenolic compounds, less heavily substituted phenolics are probably 
the most inhibitory materials in the hydrolyzates (43, 80). The inhibition effects 
of some of the phenolic compounds are summarized in Table II. Like furans, 
many of the phenolic substances can be converted by microorganisms. For 
instance, vanillin, hydroxybenzaldehyde, and syringaldehyde are assimilated by 
S. cerevisiae in the fermentation process (81), and conversion of vanillin to 
vanillyl alcohol by Klebsiella pneumoniae has also been reported (80). 

Table IL The inhibition effects of some phenolic compounds 
Name Concentration Inhibition effect Reference 

Phenol 1 Strong (82). 
Vanillin 5 Strong (SI), 
Vanillin 1 Weak (81, 82) 
Vanillic acid <1 No effect (83) 
Hydroxybenzaldehyde 0.5 Some inhibition (81) 
Syringaldehyde <0.5 No effect (81) 
Syringaldehyde 1.5 Almost strong (81) 
4-hydroxybenzoic acid 2 No effect (84) 

Fermentation Techniques 

Several of the inhibitory compounds found in hydrolyzates can be 
biotransformed, or, in a few cases, even be fully metabolized by yeast. 
Conversion occurs for several of the carboxylic acids, furans and phenolic 
compounds. This suggests that continuous in situ detoxification of the 
hydrolyzate during the fermentation may be possible. However, this requires a 
suitable mode of operation, and the bioconversion of inhibitors must be taken 
into account in the design of the process. 

Batch cultivation 

Batch cultivation is the least demanding method of fermentation with respect 
to requirements of the control system. After initial pH adjustment the hydrolyzate 
is used as it is, with the exception of possible additions of minerals or other 
supplementary nutrients needed, and only temperature and pH need to be 
controlled during the process. In a completely non-inhibiting hydrolyzate, 
exponential growth will be obtained after inoculation of the bioreactor. If the 
hydrolyzate is slightly inhibiting, there will be a relatively long lag phase, during 
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which part of the inhibitors are converted (e.g. (2, 62)). However, if the 
hydrolyzate is severely inhibiting, no conversion of the inhibitors will occur, and 
neither cell growth nor fermentation will occur (see Figure 3). A slightly 
inhibiting hydrolyzate can thus be detoxified during batch fermentation. 
However, too high concentration of the inhibitors will cause a complete 
inactivation of the metabolism. In-situ detoxification in batch fermentation may 
be improved by increasing the initial cell density (67), by adaptation of the cells 
to the medium before inoculation (65, 85), by choosing optimal reactor 
conditions to minimize the effects of inhibitors (3), or by genetic modification of 
the microorganism used to increase its tolerance against the inhibitors. 

Figure 3. The maximum ethanol 
production rate (qmax) in batch 
cultivations of S. cerevisiae (10 g/l) 
on a large number of different 
hydrolyzates containing various 
amounts of inhibitors (Reproduced 
from reference (2). Copyright 1997 
American Chemical Society) 

0 20 40 60 80~ 100 

Sum of furfural and HMF concentrations [mmol/1] 

Fed-batch cultivation 

Fed-batch technique is a promising method for the fermentation of dilute-
acid hydrolyzates, and its application for this purpose has recently been studied 
(44, 86-88). The basic concept behind the success of this technique is the 
capability of in situ detoxification by the cells. Since the yeast has a limited 
capacity for the conversion of the inhibitors, the achievement of a successful 
fermentation strongly depends on the feed rate of the hydrolyzate. At a too high 
feed rate using an inhibiting hydrolyzate, both ethanol production and cell 
growth can be expected to stop, whereas at a very low feed rate, the hydrolyzate 
may still be converted but at a very low productivity, which was experimentally 
confirmed (44). Consequently, there should exist an optimum feed rate (or 
dilution rate) specific to a particular hydrolyzate. If the hydrolyzate is only 
slightly inhibitory, a high feed rate can be applied. On the other hand, for a 
severely inhibiting hydrolyzate, a low feed rate is necessary to prevent build-up 
of the concentration of inhibitors in the bioreactor to levels which completely 
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stop the cellular metabolism. Since the optimum feed rate is difficult to 
determine beforehand, and, furthermore, may vary during the cultivation, it 
would be advantageous to control the feed rate on-line (Figure 4). The variable 
upon which to base the control should preferably be easy to measure and be 
measurable on-line, and should be directly related to the fermentation. Carbon 
dioxide evolution rate (CER) is a good candidate to meet these criteria. A feed 
rate control based on measured changes of carbon dioxide evolution rate (CER) 
and different algorithms has recently been developed, which shows good 
performance in fermentation of fermentable or inhibiting dilute-acid hydrolyzates 
(44, 86-88). 

Figure 4. A schematic picture of on-line control offed-batch cultivation (1). 

Continuous cultivation 

Continuous cultivation is the third mode of operation for fermentation of 
hydrolyzates. In spite of a number of potential advantages in terms of 
productivity, this method has not been much developed in the fermentation of the 
acid hydrolyzates. The major drawback of the continuous fermentation is that 
inhibitors present in the medium will limit the specific growth rate of the cells. 
This will result in the wash-out of the bioreactor, unless a very low dilution rate 
is applied, giving a very low productivity. Furthermore, at a very low dilution 
rate the conversion rate of the inhibitors can be expected to decrease due to the 
decreased specific growth rate of the biomass. Thus, wash-out may occur even at 
very low dilution rate. Chung and Lee (67) faced this problem when they tried to 
continuously ferment acid hydrolyzates. They reported 90% decrease in the 
viable cell number after only three residence times. A straightforward continuous 
cultivation is therefore not an option, but some kind of cell retention is necessary 
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to avoid wash-out. Options include recirculation of the biomass or cell retention 
by filtration or immobilization of the biomass. Lee et al. (89) suggested a 
continuous cultivation with total cell retention (using an internal filter system 
with pore size of 2 μηι). These authors obtained higher ethanol productivity of S. 
cerevisiae fermenting enzymatically hydrolyzed oak wood, but the cell 
concentration did not increase due to effects of toxic materials. 

In a recent work, immobilized cells of S. cerevisiae entrapped in Ca-alginate 
were used to continuously ferment hydrolyzate (90) (see Table III). It was 
concluded that the method could be successfully applied to dilute-acid 
hydrolyzates, giving a several-fold increase in the fermentation rate compared to 
a suspended cell process. However, the method still needs further improvement 
in order to ferment more inhibiting hydrolyzate. Probably, a partial detoxification 
is still needed in addition to cell immobilization for highly inhibiting 
hydrolyzates. 

Table III. Results of continuous cultivation of a spruce hydrolyzate at 
steady state conditions by free and immobilized S. cerevisiae at different 
_ _ dilution rates (90). 
Parameter Immobilized 

cells 
Immobilized 

cells 
Immobilized 

cells* 
Immobilized 

cells 
Free 
cells 

Free 
cells 

Dilution rate (h"1) 0.3 0.5 0.5 0.6 0.1 0.2 
Glucose consumption (%) 86 83 83 79 92 Wash 
Mannose consumption (%) 72 67 67 55 63 out 
Furfural conversion (%) 98 97 97 97 100 
HMF conversion (%) 60 66 68 60 66 
Residual glucose (g/1) 1.4 1.7 1.8 2.2 0.60 
Ethanol yield5 (g/g) 0.45 0.47 0.48 0.47 0.44 
Glycerol yield§ (g/g) 0.04 0.05 0.03 0.04 0.035 
•Furfural concentration in the hydrolyzate was manually increased to 2.5 g/l 
5 All the yields are reported in grams per gram of consumed glucose and mannose 

Pentose Fermentation 

Saccharomyces cerevisiae does not have genes encoded for xylose reductase 
and xylitol dehydrogenase (91). Therefore, it cannot produce ethanol from 
xylose. There have been several attempts to introduce these genes into S. 
cerevisiae and to overexpress some other genes such as xylulokinase (e.g. (92)). 
However, the yeast still suffers from low ethanol yield and productivity (93). 
There are several other naturally occurring and recombinant microorganisms 
reported to produce ethanol from xylose. Olsson and Hahn-Hagerdahl (94) 
presented a list of ethanol-producing bacteria, yeast and fungi from xylose. 
Among the naturally occurring organisms, we can name yeasts Candida, Pichia 
Schizosaccharomyces, Kluveromyces and Pachysolen species, fungi Fusarium, 
Mucor, Monilia and Paecilomyces species, and bacteria Clostridium, Bacillus, 
Bacteroides, Thermoanaerobacter and Ervinia species. Among these 
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microorganisms, Candida shehatae, Pichia stipitis and Fusarium oxysporum 
resulted in a high yield (>0.45 g ethanol/g xylose) and a reasonable productivity 
(>0.17g/l.h). 

Several attempts have been made to genetically modify other 
microorganisms than S. cerevisiae in order to produce ethanol from both hexoses 
and pentoses. The method principally involves addition and expression of all the 
genes which are not present in the genome of the microorganisms and are 
necessary to run the pathway from the sugars to ethanol. For example, the genes 
for xylose isomerase, xylulokinase, transketolase and transladolase were inserted 
into bacteria Zymomonas mobilis which resulted in an ethanol-produeing 
organism from xylose (95). So far, the most successful recombination has 
probably been made by Ingram and his group, where they added the genes for 
pyruvate decarboxylase and alcohol dehydrogenase to Escherichia coli (96). The 
resulting recombinant was able to produce 41 g/1 ethanol from 80 g/1 xylose with 
a productivity of 0.87 g/l.h. Furthermore, they made a similar recombination to 
Klebsiella oxytoca, which is natively able to ferment cellobiose and cellotriose, 
in order to eliminate the need for β-glucosidase. The strain was further 
recombinated to contain endoglucanase (97). 

Conclusion 

The process of producing ethanol from lignocellulose is not a simple task. It 
has made good progress in the last two decades, but still needs work to become 
commercialized. Pretreatment can be combined with acid hydrolysis, while 
enzymatic hydrolysis may be combined with fermentation if a suitable organism 
(recombinant or natural) can be applied. Hydrolyzates contain quite a number of 
hydrolysis by-products which are inhibitory to fermentation by S. cerevisiae and 
the other organisms. However, the yeast and some of the organisms are able to 
degrade or convert many of these inhibitors to less inhibitory compounds, 
provided that a suitable mode of fermentation is applied. A necessary 
requirement is to avoid high concentrations of the inhibitors in the culture, which 
can be achieved by fed-batch or continuous cultivations with a high cell content 
in the bioreactor. 
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Chapter 4 

Recent Progress in Transformation 
of Lignocellulosics to Fuels and Chemicals 

by Supercritical Water Technology 

Katsunobu Ehara1,2 and Shiro Saka 1 

1Graduate School of Energy Science, Kyoto University, Yoshida-Honmachi, 
Sakyo-ku, Kyoto 606-8501, Japan 

2Current address: Kyoto University as New Energy and Industrial 
Technology Development Organization (NEDO) Fellow, Kyoto University, 

Kyoto, Japan 

Lignocellulosics were treated in supercritical water (>374 °C, 
>22.1 MPa), and fractionated into the water-soluble portion, 
precipitates, methanol-soluble portion md supercritical water-
insoluble residue. The water-soluble portion contained 
carbohydrate-derived hydrolyzed products, dehydrated 
products, fragmented products and organic acids. The 
precipitates were found to be glucan which is insoluble in 
ordinary water but soluble in supercritical water. On the other 
hand, methanol-soluble portion was found to be derived from 
lignin, and mainly consisted of condensed-type linkages of 
lignin due to the preferential degradation of the ether linkages 
of lignin. From these findings, the supercritical water 
treatment was concluded to be appropriate to use as a 
pretreatment for ethanol producing system that is followed by 
enzymatic saccharification or dilute acid hydrolysis and 
fermentation. 

© 2004 American Chemical Society 69 
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Due to the global warming by the excessive use of fossil resources, biomass 
resources will become more important in the future as alternatives to fossil 
resources. The features of biomass are renewable, caibon-neutral and abundant. 
However, these resources have not been utilized efficiently and their non-used 
portions are often wasted (/). Therefore, it is essential to develop a technology 
for efficient utilization of biomass resources. 

For the conversion of biomass resources into useful chemicals and bio-
energy, saccharification of cellulosic resources followed by fermentation is one 
of the directions. For this purpose, two major methods exist for hydrolysis of 
carbohydrates, by acid catalyst (2) and enzymatic saccharification (3). Although 
these processes have been refined and considerably developed, they have at least 
the following drawbacks; the foimer has a corrosion problem of the reactor by 
acid, while the latter involves the use of enzyme expensive for its preparation (4). 
Besides these approaches, supercritical water (>374 °C, >22.1 MPa) technology 
has recently received increasing attentions. 

Supercritical water behaves veiy differently from water under normal 
condition as follows (5): The ionic products of water (Kw) is about three to four 
orders of magnitude larger in its supercritical state than that in an ordinary 
condition. Therefore, supercritical water can act as an acid catalyst. Furthermore, 
the dielectric constant of supercritical water is in a range between 10 and 20 
since water in ordinary condition is about 80 in its dielectric constant. Thus, the 
hydrophobic substances can be solvated with the supercritical water. 

This chapter, therefore, reviewed recent progress in transformation of 
lignocellulosics to fuels and useful chemicals by the supercritical water 
technology. Based on the obtained results, the appropriate process for ethanol 
production using supercritical water technology was discussed. 

Treatment Systems and Separation 

Supercritical Fluid Biomass Conversion Systems 

Several types of systems such as batch, semi-flow and flow are established 
to treat various biomass resources. The batch-type system is the simplest, and 
can endure a relatively higher pressure compared with the flow-type system. 
However, this system requires some time to heat up ordinary water to 
supercritical condition and cool down supercritical water to ordinary condition. 
Accordingly, excessive decomposition of target products is often found 
inevitably (6). For the semi-flow system, the sample is fixed in a reaction tube 
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and water is continuously delivered into the reaction tube. This system permits 
elution of only water-soluble products from reaction tube, and is often used to 
extract hemicelluloses from lignocellulosics (7). Thus, compared with the batch-
type system, the decomposition of target products is restrained (£). 

Figure 1 shows our flow-type supercritical water biomass conversion 
system. This system can cover a range up to 45 MPa in pressure and 450 °C in 
temperature, and can be divided into slurry pumping section, solvent-pumping 
section, supercritical treatment tube and cooling section. 

For the slurry pumping section, the slurried sample with water (2.0 -
8.0wt %) is routinely stirred by the circulating pump. This can keep its 
concentration constant, which prevents the sample from precipitating. The 
sample is injected into the reaction tube of 1.9 on, and pressurized by the slurry 
injector up to an appropriate pressure. The sample is then mixed with the 
supercritical water prepared by the solvent pumping section. After the reactant 
had passed through the reaction tube, an appropriate amount of the water is 
injected into the reactant to quench the reaction and its mixture is further cooled 
by passing through the cooler. 

The immediate heating and cooling system enable us to regulate the 
residence time within 0.1 s, and prevent target products from excessive 
decomposition. Detailed information of our batch-type and flow-type systems is 
described elsewhere (9, 10). 

Figure 1. Schematic diagram of flow-type supercritical water biomass 
conversion system. 
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Separation of Treated Lignocellulosics 

Figure 2 shows the separation scheme of the lignocellulosics treated in 
supercritical water. The supercritical water-soluble portion is retrieved by 
filtration from the supercritical water-insoluble portion, immediately after the 
treatment. During standing for 12 hours, the former generates the precipitates 
and oily substances due to the change of dielectric constant of water from the 
supercritical water to the ordinary one. They arc filtrated to separate from the 
water-soluble portion. The precipitates and oily substances are, then, extracted 
with methanol, and also separated to precipitates and methanol-soluble portion 
by filtration. 

Consequently, the water-soluble portion, water-insoluble portion 
(precipitates), methanol-soluble portion (oily substances) and methanol-
insoluble portion are obtained from the treated sample. The latter two portions 
are not obtained when cellulose is treated appropriately in supercritical water. 
On the other hand, lignin sample such as milled wood lignin (MWL) is only 
separated to the latter two portions. Therefore, the former and latter two portions 
mainly consist of carbohydrate-derived and lignin-derived products, respectively 
mi 

Lignocellulosics | 

Supercritical water treatment 
(380°C,40MPa) 

I . 
Treated sample 

(Filtration 

Supercritical water-soluble 

12 h standing 
Methanol extraction 
Filtration 

i 
Supercritical water-insoluble 

(Methanol extraction 
(Filtration 

Water-soluble Water-insoluble 
(Precipitates) 

Methanol-soluble 
(Oily substances) 

Methanol-insoluble 

Figure 2. Separation of lignocellulosics treated in supercritical water. 
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Characterization of Water-Soluble Portion 

Cellulose was decomposed by supercritical water and separated to water-
soluble portion. This portion contained cello-oligosaccharides (oligomers) and 
glucose as a hydrolyzed product, while levoglucosan, 5-hydroxymethyl furfural 
(5-HMF) and furfural were found as dehydrated products. In addition, 
fiagmented products such as methylglyoxal, glycolaldehyde, dihydroxyacetone 
and erythrose were also found (10). 

In addition to these compounds, furfural, which was removed during the 
evaporation process to condense the water-soluble portion, was apparently 
present. Furthermore, low-molecular weight organic acids, such as pyruvic acid, 
lactic acid, glycolic acid, levulinic acid and acetic acid, were identified by 
HPLC system equipped with electric conductivity detector. 

Hemicelluloses were also decomposed by supercritical water and separated 
to water-soluble portion. There were expected hydrolyzed products such as 
glucose and mannose from glucomannan, and xylose from xylan. On the other 
hand, lignin was surely decomposed by supercritical water but not separated to 
this portion (11). 

To characterize the oligosaccharides in detail, matrix assisted laser 
desorption ionization-time of flight mass spectrometric (MALDI-TOFMS) 
analysis of this portion was carried out. As a result, it was clarified that this 
portion contains cello-oligosaccharides up to cello-dodecaose (Degree of 
polymerization; DP = 12), and the reducing aids of some oligosaccharides were 
found to be decomposed to levoglucosan, erythrose and glycolaldehyde (10). 

Characterization of Precipitates 

The formation of the precipitates after supercritical water treatment of 
cellulose is reported by some research groups (12, 13). However, their 
distribution of the DP had not been known yet. Thus, GPC chromatographic 
study was performed after derivatization of the precipitates by phenylisocyanate. 
From the chromatogram, the DP of the precipitates was estimated to be in a 
range between 13 and 100. 

On the other hand, once the precipitates were dried, X-ray difiraetometry 
showed that they were clearly crystallized to be cellulose Π which is usually 
prepared as regenerated cellulose after its dissolving (10). 
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From these results, we concluded that the precipitates are glucan which is 
insoluble in ordinaiy water but soluble in supercritical water (10). 

Decomposition Pathway of Cellulose 

Table I shows chemical composition of cellulose treated in supercritical 
water. The total yield of hydrolyzed products, which are polysaccharides 
(precipitates), oligosaccharides, glucose and fructose, is 75.6 % for 0.12 s 
treatment time, and decreased when the treatment time is prolonged. On the 
other hand, the yields of dehydrated products, fragmented products and organic 

Table I. Chemical composition of cellulose treated in supercritical water 
at 380 °C and 40 MPa using flow-type system 

Yield (%) 
Product name 0.12 s 0.24 s 0.48 s 

Hydrolyzed 
Polysaccharides 31.2 12.1 n.d.** 
Oligosaccharides 41.1 37.6 7.5 
Glucose 2.8 8.4 8.9 
Fructose 0.5 3.4 10.0 

(Subtotal) (75.6) (61.5) (26.4) 
Dehydrated 

Levoglucosan 0.2 2.4 3.7 
5-HMF 0.1 1.9 7.3 
Furfural n.d.** 1.0 3.4 

(Subtotal) (0.3) (5.3) (14.4) 
Fragmented 

Erythrose 0.7 0.9 1.9 
Methylglyoxal 0.6 3.0 6.7 
Glycolaldehyde 2.5 6.7 14.6 
Dihydroxy acetone 0.2 1.6 2.4 

(Subtotal) (4.0) (12.2) (25.6) 
Organic acid 

Pyruvic acid n.d.** 0.5 0.7 
Glycolic acid 1.3 2.9 3.9 
Lactic acid 0.7 3.2 4.0 
Formic acid 0.3 1.6 2.5 
Acetic acid 0.1 0.7 1.0 

(Subtotal) (2.4) (8.9) (12.1) 
Others* 17.7 12.1 21.5 

Total 100.0 100.0 100.0 
Note: * Others consist of unidentified products, gasified products and water 
derived from dehydration of saccharides. ** Not detected. 
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acids are increased when the treatment time is prolonged. Thus, shorter 
treatment time is favorable to obtain the hydrolyzed products which can be used 
as a feedstock of ethanol production. 

The supercritical water, which is low in viscosity and has a high difiusibility, 
can be liable to diffuse into cellulose macromolecules. In addition, flee water 
around cellulose microfibril would behave as supercritical water. Therefore, 
cellulose microfibril would be released into the supercritical water. Furthermore, 
the crystalline structure of cellulose would be possibly broken down because 
hydrogen bonds of cellulose would be cleaved under supercritical condition, as 
observed in water (14). That is to say, cellulose macromolecules would be 
degraded both internally and externally by supercritical water (15). 

From these lines of evidence, we propose a pathway of cellulose 
decomposition by hydrolysis, dehydration and fragmentation in Fig. 3. Cellulose 
is hydrolyzed to polysaccharides whose DP is in a range between 13 and 100. 
Subsequently, polysaccharides are further hydrolyzed to oligosaccharides with 
DP between 2 and 12, whose reducing end of glucose is dehydrated or 
fragmented to levoglucosan, erythrose and glycolaldehyde. These dehydrated 
and fragmented oligosaccharides are, further, hydrolyzed to glucose, which is 
isomerized to fructose. The resultant hexoses are then further decomposed, if the 
treatment is prolonged, to levoglucosan, 5-HMF, erythrose, glycolaldehyde, 
methylglyoxal, and dihydroxyacetone by way of dehydration or fragmentation, 
(10, 16, 17). The dehydrated and fragmented products are further oxidized to 
low-molecular-weight organic acids such as pyruvic, glycolic, lactic, formic and 
acetic acid. 

It is very important to control this reaction pathway to obtain the targeted 
products in high yield. Therefore, basic and applied researches have been 
conducted by some research groups. We reported that the crystal structure of 
cellulose Π is easier to be hydrolyzed to glucose than that of cellulose I (18). 
The flow-type system can hydrolyze cellulose with minimizing pyrolyzed 
products compared with batch-type system (10). Sasaki et al. reported kinetic 
study of cellulose decomposition using some model compounds. They suggested 
that cellulose macromolecules would possibly be diffused into the supercritical 
water (12), and clarified that fragmentation of glucopyranoside increased with 
decreasing treatment pressure (19). The extraction of hemicelluloses from 
lignocellulosics has also been carried out by subcritical water using a semi-flow 
system (7, 20). Furthermore, addition of catalyst such as H 2 0 2 , NaOH in the 
supercritical water is also conducted to obtain the low-molecular-weight organic 
acids (21, 22). 
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Decomposition of Lignin Model Compounds 

To simulate the reaction of lignin, dimeric β-Ο-4 (non-condensed) and 
biphenyl (condensed) types lignin model compounds were treated with 
supercritical water. As a result, β-Ο-4 type lignin model compound was readily 
cleaved in their ether linkages, whereas biphenyl type compounds were stable 
during supercritical water treatment. The same result was also obtained when the 
non-phenolic model compounds were treated in supercritical water. This result 
clearly indicated that the β-Ο-4 linkages of lignin are easily cleaved under 
supercritical water treatment, whereas the 5-5 linkages of lignin are rather stable 
(23). 

Characterization of Methanol-Soluble Portion 

As above-mentioned, the methanol-soluble portion (oily substances) was 
only obtained from the sample containing lignin, and the yield of that was close 
to the lignin contait of the sample when the appropriate condition was selected. 
Therefore, methanol-soluble portion mainly consists of lignin-derived products 
(11). 

Table II shows characteristic features of the methanol-soluble fraction from 
Japanese cedar (Cryptomeria japonica D. Don). The number of the phenolic 
hydroxyl groups of untreated lignin in Japanese cedar was determined to be 16.7 
per 100 units of phenylpropane (C6-C3) residues. However, the methanol-soluble 
portion was found to have more phenolic hydroxyl groups than untreated lignin. 
On the other hand, the total yield of nitrobenzene oxidation products from 
methanol-soluble portion was lower than that of untreated lignin. 

The phenolic hydroxyl groups are formed by splitting of ether linkages of 
lignin. This result is consistent with the lignin model compound study described 
above. Because alkaline nitrobenzene oxidation products would mainly be 
derived from ether linkages of lignin, it is a measure of the non-condensed types 
of the lignin linkages present. Therefore, this result suggests that the methanol-
soluble portion consists of the condensed-type linkages of lignin. This is due to 
the preferential degradation of ether linkages in supercritical water (23). 

Monomelic and Dimeric Products in Methanol-Soluble Portion 

The molecular weight of the methanol-soluble portion was found to be less 
than 2000. Thus, it was expected that this portion contains lignin-derived 
monomelic, dimeric, trimeric and some oligomeric products (24). 
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Table IL Comparative analysis of untreated lignin and methanol-soluble 
portion from Japanese cedar after the supercritical water treatment 

(400 °C, 115 MPa, 8 s, Batch-type system) 
Phenolic hydroxyl groups Nitrobenzene oxidation products 

(Number/100 ofC6-€$) (mmol/g of lignin) 
Untreated lignin 16.7 31.3 
Methanol-soluble 1.9 0.5 

Figure 4 shows a total ion chromatogram of the methanol-soluble portion 
from Japanese cedar as treated in supercritical water. Al l identified products in 
Fig. 4 had guaiaeyl nuclei (2-methoxyphenol), except for 5-HMF. 5-HMF was a 
contaminant derived from cellulose and separated predominantly into the water-
soluble portion (10, 11, 18). Eugenol, propylguaiacol, os-iso-eugenol, trans-iso-
eugenol, propioguaiacone, guaiacylacetone, 2-methoxy-4-(l -hydroxypropyl)-
phenol, 2-methoxy-4-fcrop-l-m-3-one)phenol, trans-coniferylaldehyde and 
feruric acid were composed of phenylpropane units (C6-C3). These products 
would be derived through the cleavage of ether linkages of lignin as above-
mentioned. 

In addition to C 6 -C 3 units, C 6 - C 2 and C 6 -Ci units of products were also 
detected. The C 6 - C 2 units were ethylguaiacol, vinylguaiacol, homovanillin, 
acetoguaiacone and homovanillic acid, while the C 6 -Ci units were 
methylguaiacol and vanillin. In our previous study of lignin model compound in 
the supercritical water, the cleavage between C f i and C Y (Co/ Cj) bond in the C 6 -
C 3 unit was observed (23). Therefore, the existence of these products suggests 
that the cleavage between Cu/ C Y and C a / CQ linkages of lignin take place in 
supercritical water. Sato also reported that the dealkyiation of propyl chain of 
alkyl phenols took place in supercritical water (25). 

Furthermore, four dimeric lignin-derived products were estimated to be 
biphenyl-type (5-5), diphenylethane-type (β-1), stilbene-type (β-l) and 
phenylcoumaran-type (β-5) compounds. These products were considered to be 
more stable than those that have ether linkages such as β-Ο-4 and a-O-4 because 
preferential degradation of ether linkages of lignin occurs during supercritical 
water treatment (24). 

Supercritical Water Process for Efficient Use of Biomass 

Lignocellulosics consist of chemical components such as cellulose, 
hemicelluloses and lignin. Therefore, it is essential to depolymerize these 
polymers at once in supercritical treatment of water. The obtained results clearly 
demonstrate that cellulose is hydrolyzed to be polysaccharides (DP 13-100), 
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oligosaccharides (DP 2-12) and glucose with a trace of the fragmented and 
pyrolyzed products such as 5-HMF and furfural under an appropriate condition. 
At the same time, ether linkages of lignin are readily cleaved to produce various 
aromatic products. Therefore, the supercritical water treatment can be 
appropriate for the pretreatment of ethanol production if it is combined with the 
subsequent enzymatic saccharification or diluted acid hydrolysis and 
fermentation. We and Sasaki et al. reported that polysaccharides and 
oligosaccharides prepared from cellulose by supercritical water treatment was 
effectively hydrolyzed to glucose by dilute sulfuric acid (26) or cellulase (27). 

Figure 5 shows our proposed system which is the ethanol producing process 
using supercritical water technology. This process consists of supercritical water 
treatment followed by the separation of the products of the water-soluble and 
methanol-soluble portions. For water-soluble portion derived from cellulose and 
hemicelluloses, enzymatic saccharification or diluted acid hydrolysis is carried 
out to produce monosaccharides of glucose, mannose and xylose. The obtained 
monosaccharides are, then, fermented to ethanol by genetically engineered yeast. 
For methanol-soluble portion, various aromatic compounds derived from lignin 
would be converted into the value-added products by hydrogenolysis, etc. For 
example, they are fuels as octane number enhancer, and chemicals such as 
benzene, phenol and pyrocatechol and their related products. 

This process can provide some advantages for ethanol production, 
compared with acid hydrolysis process; because of the extremely rapid reaction, 
rather small and simple plant may be designed without use of acid catalyst. In 
addition, lignin-derived products are not contaminated as in sulfuric acid lignin 
in the acid hydrolysis process, so that they can be appropriate to be converted 
into the value-added aromatic products. Thus, the overall process would lead to 
the efficient utilization of the whole lignocellulosics. 

To realize this process, not only basic but also applied studies are necessary 
concerned with chemical, physical, biological and industrial approaches. As a 
result, biomass resources will be effectively used as alternatives of fossil 
resources. 
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Chapter 5 

Thermochemical Treatment, Separation, and 
Conversion of Corn Fiber to Ethanol 

Charles Abbas, Kyle Beery*, Eric Dennison, and Pam Corrington 

James Randall Research Center, Archer Daniels Midland Company, 
Decatur, IL 62521 

Corn fiber is composed of approximately 20% starch, 35% 
hemicellulose, 18% cellulose, 11% protein, 3% oil, and 6% 
ash. The hemicellulose is primarily composed of xylose 
(~55%) and arabinose (~36%). Corn fiber can be fractionated 
using combinations of enzymatic and thermochemical (heat 
plus acid or base) methods. Many different hydrolysis schemes 
have been carried out on the corn fiber to obtain various 
industrially useful components. The hydrolysis step creates 
mainly oligosaccharides, with lower concentrations of 
monosaccharides and degradation products. These 
oligosaccharides are further hydrolyzed to monosaccharides by 
a secondary hydrolysis. In this experiment, the corn fiber was 
hydrolyzed at 30% solids at 140°C for 30 minutes followed, 
optionally, by an acid hydrolysis or enzyme hydrolysis. The 
most optimal hydrolysis method was the initial 
thermochemical hydrolysis method without the further acid or 
enzyme hydrolysis. The glucose and xylose monosaccharides 
present in the hydrolysates were fermented to ethanol by a 
recombinant strain of Saccharomyces cerevisiae 424A to 
produce up to 58 g/L of ethanol in the fermentation broth. 

84 © 2004 American Chemical Society 
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Introduction 

A corn wet-milling biorefinery processes corn to such products as corn 
syrup, high fructose corn sweetener, corn oil, Vitamin E, food and industrial 
starches, beverage and industrial alcohol, carbon dioxide, corn gluten animal 
feed, corn gluten meal, and glucose. The glucose can be sold as is or it can be 
converted to other products by fermentation or catalytic conversion. Ethanol is 
the major fermentation product. The corn is subjected to steeping with sulfur 
dioxide to soften the corn and break down the starch-protein matrix. After 
steeping, the corn is milled to separate the germ from the starch and fiber. The 
fiber and starch are then milled and the fiber is separated and washed to remove 
residual starch. The fiber is dried and mixed with the corn gluten, and then corn 
steep liquor and stillage are sprayed on the corn fiber. The mixture is then dried 
and pelletized. The pelletized fiber is sold as corn gluten feed (CGF). As the 
demand for corn gluten feed is not anticipated to significantly increase over the 
next decade, an increase in corn wet-milling would cause an oversupply of CGF. 
Therefore, an additional use for the corn fiber stream is needed. 

Corn fiber contains several components that, if separated, can be readily 
upgraded to value-added products using current commercial technology. Over 
13,000 tons of corn fiber are produced per day in the U.S. and over 80% of that 
is exported (i). Corn fiber is an ideal feedstock, because it is abundant and 
requires no special harvesting or additional transportation costs as it is already in 
the plant. If the corn fiber volume can be reduced by a conversion process, the 
biorefinery would be able to process additional corn and also potentially increase 
the ethanol yield from each bushel of corn by up to 0.3 gallons/bushel (2), while 
exporting less corn gluten feed. 

Several approaches to converting corn fiber to value-added products have 
been attempted. The main areas of research have consisted of treating a corn 
fiber slurry with acid, base, or enzymes. Acid hydrolysis of the corn fiber leads 
to degradation of the starch and hemicellulose fractions to oligosaccharides (5-
6). The cellulose portion will also be hydrolyzed if the conditions are adequately 
severe. Generally, the research on acid hydrolysis follows a mild acid treatment 
with enzyme hydrolysis of any remaining carbohydrate polysaccharides or 
oligosaccharides. Base treatment is generally concerned with solubilization of 
the hemicellulose fraction for purification into corn fiber gum (7-i2). However, 
ammonia fiber explosion facilitates hydrolysis of the carbohydrate fractions by 
reducing enzyme requirements by creating more surface area (13-15). Enzyme 
hydrolysis is almost always paired with an acid or base pretreatment. In this 
research, we examined dilute-acid hydrolysis of the corn fiber with a secondary 
acid hydrolysis step to hydrolyze the oligosaccharides to monosaccharides. 

In the process described in the following, the corn fiber is subjected to an 
initial thermochemical hydrolysis step, in which the SO2 contained in the corn 
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fiber is utilized as an acid catalyst to hydrolyze the starch and hemicellulose 
polymers. The residual S0 2 contained in the corn fiber originates with the corn 
kernel steeping step. Corn fiber contains 35% hemicellulose, 18% cellulose, 
17% starch, 11% protein, 6% ash, 5% galactan, 3% oil, 1% mannan, and 4% 
other materials. The starch and hemicellulose are hydrolyzed to 
oligosaccharides, and are further hydrolyzed to monosaccharides. Cellulose 
hydrolysis is not desirable as it is needed as a carrier for the corn steep liquor 
and stillage. The corn steep and stillage streams are valuable sources of protein 
for animal feed, but they need a carrier in order to be dried and utilized. The 
hydrolysis of the starch yields glucose, and the hydrolysis of the hemicellulose 
yields xylose, arabinose, galactose, and mannose. Other components of the 
hemicellulose are ferulic acid, coumaric acid, acetic acid, and glucuronic acid. 
The ferulic acid has been shown to be linked to the hemicellulose chain and 
forms diferulic linkages between the hemicellulose strands thereby facilitating 
the formation of the hemicellulose matrix (16-18). The glucose, xylose, and 
arabinose can be converted to ethanol or other fermentation products or 
catalytically converted to ethylene glycol, propylene glycol, and glycerol. The 
acid hydrolysis of the corn releases acetic acid from the hemicellulose polymer 
and also causes a fraction of the monosaccharides to degrade to hydroxymethyl 
furfural and furfural. These components have been reported to cause inhibition 
of the yeast during fermentation of corn fiber hydrolysates to ethanol (19-29). 
The residual fiber contains primarily cellulose and protein. Since the protein 
passes through the process unutilized, the volume reduction of the hydrolyzed 
fiber leads to a higher protein content on the corn gluten feed. This presumably 
leads to a higher value, since the corn gluten feed is sold on protein content. 

Materials and Methods 

Corn Fiber Hydrolysis Experiments 

Initial Thermochemical Hydrolysis Method 

Corn fiber (Archer Daniels Midland, Co., Decatur, IL) was treated by three 
methods in a custom-made, jacketed, 50 gallon rotary reactor to hydrolyze the 
starch and hemicellulose fractions of the fiber. The reactor was equipped with a 
0.55 MPa pop-off valve. All of the methods included initially hydrolyzing a 30% 
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solids corn fiber slurry, and the remaining two methods added a 1% sulfuric acid 
hydrolysis or a glycohydrolyase enzyme hydrolysis step. 

A 13.6 kg sample of corn fiber from the plant at 35% solids was mixed with 
2.26 kg of deionized water to lower the solids content to 30%. The slurry was 
loaded into the 50 gallon reactor and hydrolyzed for 30 minutes at 140°C and 1 
RPM. The reactor was vented and the hydrolyzed corn fiber was dewatered by 
processing with vacuum filtration through cheesecloth (Fisher Scientific, 
Pittsburgh, PA). The residual hydrolyzed corn fiber was washed twice with a 
total of 8 gallons of 95°C water and dewatered between washings. 

The filtrates were pooled and concentrated using a vacuum evaporator to 
21.3% dry solids. This concentrate was then subjected to a secondary acid 
hydrolysis step as follows: 1% sulfuric acid (Aldrich Chemicals, Milwaukee, 
WI) treatment at 121°C for 30 minutes to degrade the oligosaccharides to 
monosaccharides. A sample of the corn fiber filter cake was dried and weighed 
to determine the extent of corn fiber solubilization. 

Acid Hydrolysis 

A 14.0 kg sample of corn fiber from the plant at 36.0% solids was mixed 
with 2.80 kg of deionized water to lower the solids content to 30%. The slurry 
was loaded into the 50 gallon reactor and hydrolyzed for 30 minutes at 140°C 
and 1 RPM. The reactor was vented and 168 g of sulfuric acid (Aldrich 
Chemicals, Milwaukee, WI) were added to the slurry. The reactor was 
pressurized and run at 130°C for 45 minutes at 1 RPM. The reactor was vented 
and the hydrolyzed corn fiber slurry was dewatered by processing with vacuum 
filtration through cheesecloth. The residual hydrolyzed corn fiber was washed 
twice with 4 gallons of 95°C water each time and dewatered between washings. 

The filtrates were pooled and concentrated using a vacuum evaporator to 
33.9% dry solids. This concentrate was then subjected to the secondary acid 
hydrolysis step. 

Enzyme Hydrolysis 

A 12.7 kg sample of corn fiber at 36% solids was mixed with 2.6 kg of 
deionized water to lower the solids content to 30%. The slurry was loaded into 
the 50 gallon reactor and hydrolyzed for 30 minutes at 140°C and 1 RPM. The 
reactor was vented and 50 mL each of the following enzymes were added to the 
reactor: Dyadic International (Jupiter, Florida) hemicellulases: FoodCel Plus, 
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ViscoStar 150 L, ViscoStar CL CONC, Neutral Fungal Cellulase; and Genencor 
(Rochester, NY) Spezyme FRED α-amylase and Novozymes (Bagsvaerd, 
Denmark) Optidex L-400 amyloglucosidase. The temperature was kept at 60°C 
for 48 hours with the reactor rotating at 1 RPM. After the enzyme hydrolysis, the 
corn fiber slurry was dewatered by processing with vacuum filtration through 
cheesecloth. The residual hydrolyzed corn fiber was washed twice with 4 gallons 
of 95°C water each time and dewatered between washings. 

The filtrates were pooled and concentrated using a vacuum evaporator to 
26.6% dry solids. The concentrate was then subjected to the secondary acid 
hydrolysis step. 

Secondary Acid Hydrolysis 

In order to hydrolyze the oligosaccharides in the various corn fiber 
hydrolysates to monosaccharides, the hydrolysates were subjected to a secondary 
acid hydrolysis step. This step consisted of taking the concentrated hydrolysate 
and adding 1% H 2 S0 4 , followed by heating of the mixture to 121°C for 30 
minutes in a stirred reactor 

Hydrolysate Fermentation 

The hydrolysate from the initial corn fiber hydrolysis was used as the feed 
for continuous fermentations using Saccharomyces cerevisiae r424A (30-31) in 
a set of three New Brunswick BioFlo III fermentors (Edison, New Jersey). The 
recombinant yeast was provided by Nancy Ho of the Laboratory of Renewable 
Resources Engineering at Purdue University, West Lafayette, IN. One mL of 
amyloglucosidase (EC 3.2.1.3, ADM, Decatur, IL) per liter of fermentation 
media was added to the fermentors at the start of the fermentation to hydrolyze 
any maltooligosaccharides remaining in the corn fiber hydrolysate. The initial 
fermentation media compositions in the fermentation vessels are shown in Table 
I, the remainder of the initial fermentation media was water. The initial 
fermentation volume was 1500 mL and the yeast inoculum was 10%. The 
fermentations were run at 31°C, pH 4.5, agitation on a single impeller at 150 
rpm, and a working volume of 2100mL. The fermentation was run without air 
addition. The pH was controlled by ammonium hydroxide addition. The only 
feeds to the fermentors were corn fiber hydrolysate and ammonium hydroxide. 
Samples were taken periodically and the concentrations of sugars, organic acids, 
glycerol, and degradation products were determined by HPLC. 
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Table I: Initial Fermentation Vessel Compositions 

Dried Yeast 
Extract 

Hydrolysate Corn Steep 
Liquor 

Fermentation Vessel 1 1.6% 33% 
Fermentation Vessel 2 33% 20% 
Fermentation Vessel 3 33% 20% 

Analytical Methods 

Carbohydrates via Gas Chromatography 

The carbohydrates in the hydrolysates and fermentation media: xylose, 
arabinose, fructose, glucose, mannose, galactose, maltose, maltotriose, and 
sucrose are analyzed by gas chromatography. The liquid samples are derivatized 
with Trimethylchlorosilane solution (Pierce Biotechnology, Inc., Rockford, IL) 
for detection. The GC was a Shimadzu GC-17A (Kyoto, Japan) with an injection 
volume of 1 and a temperature of 340°C. The column is a Phenomenex ZB-5 
(Torrance, CA) and the detector is a flame ionization detector (FID) set at 
340°C. The column carrier gas is helium with a flowrate of 1.1 mL/minute. 

High Performance Liquid Chromatography Organic Acid Column 

Organic acids, glucose, ethanol, hydroxymethyl furfural (HMF), and furfural 
concentrations were determined by high performance liquid chromatography 
(HPLC) using an organic acid column. The system was composed of all 
Shimadzu (Kyoto, Japan) equipment except for the column, which was a Bio-
Rad HPX-87H column (Hercules, CA) kept heated to 65°C, and the solvent 
degasser, which was a Phenomenex Degassex DG-4400 (Torrance, CA). The 
injection volume is 10 and the mobile phase flowrate is 0.5 mL/min. 
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Results and Discussion 

Corn Fiber Hydrolysis 

Initial Thermochemical Hydrolysis Method 

The effect of three high-solids hydrolysis methods on corn fiber were 
determined by the monomer sugar concentrations and the solubilization 
percentage. Generally, the hydrolysis of corn fiber proceeds, as severity of 
treatment increases, in the order of starch, hemicellulose branches, hemicellulose 
xylose backbone, and then cellulose (4). 

The high-solids treatment in the jacketed reactor is unique, as most corn 
fiber hydrolyses in the literature are performed at solids concentrations below 
15%, or at high solids in steam or ammonia explosion equipment. The high-
solids hydrolysis is useful for keeping the concentrations of monosaccharides in 
the hydrolysate high. 

Each of the three treatments were exposed to the same initial 
thermochemical hydrolysis at 140°C. In this case, the residual sulfur dioxide will 
act as an acid catalyst to hydrolyze the polysaccharides in the corn fiber. The 
results are shown in Table II. As can be seen, the larger part of the starch was 
hydrolyzed: 17.3% of the corn fiber was recovered as starch, where the starch 
content in corn fiber ranges from 15 to 20%. Approximately 72% of the 
theoretical 35 to 40% hemicellulose was hydrolyzed. This would be expected in 
a mild thermochemical hydrolysis. The main hemicellulose sugar present in the 
hydrolysate is arabinose, as that is the main component of the hemicellulose 
branch chains and is also hydrolyzed before the xylose backbone (4, 16). 42% of 
the total protein was solubilized by the treatment and small amount of organic 
acids were released or generated. The degradation products concentration is low 
at 0.1%. The low concentrations of organic acids and degradation products will 
keep the inhibition of the yeast fermentation to a minimum (26, 27). 

Acid Hydrolysis 

In this step, the corn fiber was subjected to the initial hydrolysis method 
followed by adding 1% sulfuric acid and hydrolyzing again for an additional 30 
minutes at 140°C. The additional hydrolysis leads to a more severe treatment as 
can be seen from the degradation products concentrations in Table III. The 
overall solubilization liberates 17.7g/100g corn fiber more than the initial 
thermochemical hydrolysis method. The degradation product concentration is 
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Table II: Corn Fiber Hydrolysate Components - Initial Hydrolysis Method 

Per 100g Corn Fiber (%) 
Starch - Hexoses 17.3 
Hemicellulose - Pentoses and Hexoses 25.2 
Degradation Products 0.1 
Protein 4.6 
Organic Acids 1.1 
Total Mass 48.3 

9.7g/100g corn fiber higher than the initial thermochemical hydrolysis, due to 
the more severe treatment. The sulfuric acid will degrade the oligosaccharides to 
monosaccharides and then further to hydroxymethyl furfural (HMF) and furfural. 
The organic acid concentration liberates 1.7g/100g corn fiber higher, because 
more acetic acid is released from the hemicellulose polymer by the sulfuric acid 
hydrolysis. Acetic acid, HMF and furfural in any concentrations will cause a 
decrease in the yeast specific growth rate and the specific ethanol production rate 
of Saccharomyces cerevisiae (24, 26, 27). At 2 g/L of both HMF and furfural or 
10 g/L of acetic acid, the specific growth rate of S. cerevisiae drops to 
approximately zero (24, 27). Also, 5.2 g/100g corn fiber of additional protein is 
solubilized by the more severe treatment. 

Table III: Corn Fiber Hydrolysate Components - Initial Hydrolysis Method 
Followed by Acid Hydrolysis of the Solid Fiber 

Per 100g Com Fiber (%) 
Starch - Hexoses 15.4 
Hemicellulose - Pentoses and Hexoses 25.6 
Degradation Products 9.5 
Protein 9.8 
Organic Acids 2.8 

Other 2.8 
Total Mass 66.0 

Enzyme Hydrolysis 

The corn fiber was subjected to the initial thermochemical hydrolysis at 
140°C for 30 min, and then glycohydrolases were added at an approximately 1% 
level. The fiber was held at 60°C for 48 hours while rotating. Table IV shows the 
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results of the enzyme hydrolysis. The results show only slightly higher levels of 
starch, organic acids and degradation products than the results from the initial 
hydrolysis method. 

The pH of the corn fiber was not adjusted before addition of the enzymes. 
This was done so that the process would be similar to the manufacturing-scale 
process. The pH of the slurry is approximately 3.5 at this point in the process. 
The glycohydrolases utilized included α-amylase, amyloglucosidase, several 
hemicellulases, and a cellulase. Almost all of the starch was hydrolyzed to 
glucose by the initial thermochemical hydrolysis step, so the starch-degrading 
enzymes would not be able to generate a large concentration of glucose. The 
hemicellulases are general (mainly food-grade enzymes for the brewing industry) 
and not specific for corn fiber. The overall solubilization of the corn fiber was 
increased 8g total/100g corn fiber by the hemicellulase treatment over that of the 
initial thermochemical hydrolysis. The increase in solubilization by the starch 
enzymes and hemicellulases is accounted for partially by the additional 2 g 
organic acids/100g corn fiber, acetic acid being the main organic acid in the 
mixture. Acetic acid is formed when the acetyl groups on the side chains on the 
arabino-xylan backbone are released. The degradation products concentration is 
increased an additional 2.5g/100g corn fiber, and an additional l . lg starch/100g 
corn fiber is liberated as glucose. Cellulase enzymes were not used, because the 
cellulose is needed for use as a carrier for the corn steep liquor and stillage from 
the corn wet-milling process. It has been noted previously that corn fiber 
arabinoxylan is not easily hydrolyzed by hemicellulase enzymes due to diferulic 
acid cross-linkages between ferulic acid molecules on separate hemicellulose 
chains (5, 16). 

Table IV: Corn Fiber Hydrolysate Components - Initial Hydrolysis Method 
Followed by Enzyme Hydrolysis of the Solid Fiber 

Per 100g Com Fiber (%) 
Starch - Hexoses 18.4 
Hemicellulose - Pentoses and Hexoses 24.6 
Degradation Products 2.6 
Protein 4.9 
Organic Acids 3.1 
Other 3.0 
Total Mass 56.5 

Secondary Acid Hydrolysis 

The secondary acid hydrolysis step is important in preparing the hydrolysate 
as a fermentation media. In the initial hydrolysis step, the polysaccharides are 
hydrolyzed to oligosaccharides without generating a large concentration of 
monosaccharides. Table V shows the concentration of oligosaccharides in the 
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extract and secondary acid hydrolyzed extract. The glucose concentration 
derived from the starch increases by over an order of magnitude during the 
secondary hydrolysis step. The monosaccharides derived from the hemicellulose 
increase less severely due to the liberation of monosaccharides from the side 
chains during the primary hydrolysis step, mainly arabinose. The organic acid 
concentration also increases due to the acetyl group liberation from 
hemicellulose oligomers. 

The severity of the overall treatment increases when the secondary acid 
hydrolysis step is added. This can be seen by the increase in the degradation 
product concentration between the primary and secondary hydrolysis steps. As 
the monosaccharides are created, they are exposed to conditions that can cause 
degradation to HMF and furfural. 

Fermentation 

Due to the high percentage of glucose and xylose in corn fiber, it is 
necessary to have an organism that ferments both sugars with high performance 
simultaneously. The organism also needs to have a high resistance to inhibitors 
in the fermentation media as well as to the product ethanol. Saccharomyces 
cerevisiae has a high ethanol tolerance and a resistance to other common 
inhibitors in lignocellulosic hydrolysates (24, 26, 27). The S. cerevisiae r424A 
organism is genetically engineered by cloning the xylose reductase and xylitol 
dehydrogenase genes from Pichia stipitis and the xylulokinase gene from S. 
cerevisiae into S. cerevisiae (30). This allows the organism to convert xylose to 
ethanol. 

Table VI shows the results of the three continuous fermentations completed 
with the r424A organism. The carbon squrce in the fermentation media was corn 
fiber hydrolysate produced by the initial hydrolysis method followed by 
secondary acid hydrolysis. The yeast metabolized over 60% of the total 
carbohydrates with a g ethanol/g carbohydrate yield between 0.50 and 0.55. The 
lower percentage of total carbohydrates metabolized is likely due to the 
continuous fermentation method, as shake flask fermentations, albeit at lower dry 
solids, metabolized up to 91% of the carbohydrates (unpublished data). The 
carbohydrate utilization will be optimized in future fermentations. The g/g yield 
is near theoretical, therefore the metabolized carbohydrate is converted solely to 
ethanol. The organic acids, ethanol and dextrose concentrations for a sample 
fermentation are shown in Figure 1. The ethanol concentration in the fermentor 
at the end of the run was 55g/L. The concentrations of the citric acid, lactic acid 
and glycerol increase substantially during the fermentation, which are normal 
byproducts of the ethanol fermentation by Saccharomyces cerevisiae. The 
volume of the fermentation was doubled with hydrolysate fed into the fermentor. 
These fermentations show that the organism can ferment the glucose and xylose 
from the corn fiber hydrolysate to ethanol without detoxification of the 
hydrolysate. The fermentation conditions were not optimized, so additional 
improvement in the fermentation is expected. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
5

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



94 

Table V: Effect of Secondary Acid Hydrolysis on Corn Fiber Hydrolysis 

Starch -
Hexoses 

(g/L) 

Hemicellulose 
- Pentoses and 
Hexoses (g/L) 

Degradation 
Products 

(g/L) 

Protein 
(g/L) 

Organic 
Acids 
(g/L) 

Other 
(g/L) 

Extract (before 
secondary acid 
hydrolysis) 

2.39 17.31 1.05 20.00 0.92 0.06 

Secondary 
Acid 
Hydrolyzed 
Extract 

35.80 43.10 2.77 24.00 2.52 0.04 

Table VI: Ethanol Yields from Continuous Fermentation 

Fermentor Fermentation Ethanol Percent Total Gram of Ethanol 
Number Method Titer g/L Carbohydrate /gram of consumed 

Consumed carbohydrate 
1 Continuous 55 g/L 63% 0.51 
2 Continuous 54 g/L 63% 0.50 
3 Continuous 58 g/L 61% 0.55 
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60 

0+ 23.5 45 63 

Time (hrs) 

Figure 1. Corn Fiber Hydrolysate Fermentation with S. cerevisiae r424A 
(fermentor 1 ). 

Conclusions 

High-solids corn fiber hydrolysis is more likely to be commercially feasible 
than dilute corn fiber hydrolysis. This method keeps the concentration of sugars 
at high concentrations, which will increase the ethanol concentration, which is 
necessary for an economical ethanol distillation. 

The most commercially feasible hydrolysis method is the initial hydrolysis 
at 140°C for 30 minutes. This method hydrolyzes most of the starch and 72% of 
the hemicellulose. This leaves the cellulose and a portion of the hemicellulose to 
act as a carrier for the corn steep liquor and stallage to make corn gluten feed. 
The additional acid hydrolysis step creates a large amount of degradation 
products, which would be inhibitory to the ethanol fermentation, without giving 
a greater monosaccharide concentration. The enzyme hydrolysis step is not 
feasible without enzymes that contain activities specifically for the corn fiber 
hemicellulose matrix. These types of enzymes are not commercially available, or 
would be prohibitively expensive, therefore, enzyme hydrolysis of corn fiber is 
not currently commercially feasible. 

The fermentation of the corn fiber hydrolysate generated by the initial 
hydrolysis method proved to be successful in producing a high concentration of 
ethanol from glucose and xylose. The total carbohydrate conversion is lower 
than the best possible, but the fermentation method has not been optimized. 
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Chapter 6 

Unconventional Relationships for Hemicellulose 
Hydrolysis and Subsequent Cellulose Digestion 

Bin Yang, Matthew C. Gray, Chaogang Liu, Todd A. Lloyd, 
Suzanne L. Stuhler, Alvin O. Converse, and Charles E. Wyman 

Thayer School of Engineering, Dartmouth College, Hanover, NH 03755 

Cellulosic biomass can be pretreated with dilute sulfuric acid 
to recover high yields of sugars directly from hemicellulose 
and subsequently by enzymatic hydrolysis of the residual 
cellulose, and these sugars can be used to produce fuels and 
chemicals with unique and powerful economic, environmental, 
and strategic benefits. Pretreatment is costly for such 
biological routes, and we seek to better understand hydrolysis 
kinetics to support emerging applications and needed 
technology advances. Hemicellulose removal is affected by 
solids concentration and flow through the solids, contrary to 
customary first-order reaction models. We also measure a 
wide range of oligomer species, particularly at lower acid 
levels, that most kinetic models ignore or oversimplify, and a 
model is proposed to more accurately predict their behavior. 
The solubility of oligomers is also being measured by a new 
technique to better understand its effect on kinetics. New data 
suggests that lignin alterations during hemicellulose hydrolysis 
are important in improving enzymatic hydrolysis of cellulose. 

100 © 2004 American Chemical Society 
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Biological production of fuels and commodity chemicals from inexpensive 
and abundant sources of cellulosic biomass can provide unparalleled 
environmental, economic, and strategic benefits (7,2). For example, enzymatic 
hydrolysis of the cellulose in these materials to glucose followed by fermentation 
to ethanol is an economically attractive route to production of alternative liquid 
transportation fuels (3,4,5,6,7). However, biomass must be pretreated to open up 
its structure prior to such biological operations so that high yields vital to 
economic success can be realized. Pretreatment is currently one of the most 
expensive steps in bioconversion routes, and advanced pretreatment technologies 
are needed to significantly reduce costs, improve cellulose digestibility, simplify 
upstream and downstream operations, and provide the potential for additional 
revenues from co-products (8,9,10,11). Better knowledge of pretreatment 
systems would facilitate such advances and accelerate commercial applications 
by giving practitioners and financial organizations greater confidence in scale-up 
(9). 

Dilute Acid Hydrolysis 

A number of organizations favor hemicellulose hydrolysis by dilute sulfuric 
acid for pretreatment because high sugar yields can be realized from 
hemicellulose during pretreatment and from cellulose in subsequent enzymatic 
hydrolysis of the solid residue (11,12,13,14,15,16,17). Compared to water-only 
processes, sulfuric acid pretreatments increase the ratio of monomeric to 
oligomeric sugars and can produce monomeric sugar yields of up to 90% of the 
theoretical maximum (19,20,21,22,23). Novel technologies based on flowing 
liquid through solid biomass have been shown to produce higher hemicellulose 
sugar recoveries, greater lignin removal, less inhibitors in the hydrolyzate liquid, 
and highly digestible cellulose when compared to conventional systems 
(25,26,27,28,29). However, the high water consumption required for such flow 
systems results in excessive energy consumption for pretreatment and product 
recovery, and development of satisfactory equipment would be challenging. 
Nonetheless, understanding the cause of the enhanced performance of flow 
systems could lead to novel advanced pretreatments that reduce costs. 

Data and kinetic models of dilute acid pretreatment are vital to provide a 
foundation for understanding hemicellulose hydrolysis and the cause of 
enhanced performance by flow system systems. Initial hemicellulose hydrolysis 
models were adapted from Saeman's first-order homogeneous kinetic model of 
cellulose hydrolysis in a dilute acid batch system (30) and later modified to 
include two different fractions of hemicellulose, one of which is more easily 
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hydrolyzed than the other (31). Oligomers were eventually included as reaction 
intermediates in a few studies (32,33), but these models either ignored oligomers 
or treated them as only one or two discrete compounds. Although other models 
have been devised over the years (34,35,36), they all evolve from the same first-
order kinetic representation, and none reported in the literature is robust enough 
to adequately describe the changes in observed performance for different reactor 
configurations. 

Jacobsen and Wyman studied the effect of solids loading on the total yield 
of xylose as both monomers and oligomers for hydrolysis of sugarcane bagasse 
in water at 200°C and found a statistically significant increase in yield by 
reducing solids loading from 1% to 0.5% (37). Others have shown that sugar 
recovery increases with water content in batch systems (38,39). Such results 
suggest that flowthrough operations benefit from the large amounts of water 
applied, but a complete explanation has not yet been established. In addition, 
the effect of solids concentration is not consistent with the Saeman model or any 
of its derivatives (30,32). 

To reconcile these differences, we have proposed that pretreatment models 
should combine reaction with mass transfer and solubility limitations so that the 
concentration gradient between the solid and the liquid phases is taken into 
account. Furthermore, we have applied depolymerization kinetics to account for 
the production of sugar monomers and oligomers observed during the hydrolysis 
of cellulosic biomass, particularly at low acid levels. Some aspects of these 
studies will be summarized in this chapter. 

Enzymatic Hydrolysis of Pretreated Cellulose 

Several structural and compositional attributes of biomass are thought to 
influence the enzymatic hydrolysis of cellulose to glucose including cellulose 
crystallinity, lignin levels, hemicellulose removal, accessible surface area of 
cellulose, and the presence of acetyl groups (40,41). However, the complex 
structure of biomass makes it difficult to discern the relative importance of these 
features and their roles, and reducing one barrier to digestion can alter the 
importance of others. For example, removing hemicellulose also removes acetyl 
groups and usually changes the lignin left in the material making it difficult to 
ascertain which factor was most influential in improving performance. Various 
studies have reported that cellulose hydrolysis improves with increased lignin 
removal although differences were reported in the degree of lignin removal 
needed (42,43,44). The ratio of syringyl to guaiacyl lignin groups was also 
shown to have important effects on enzymatic digestibility (45). It is probable 
that one of the more significant factors is the impact of lignin on fiber swelling 
which in turn influences cellulose accessibility (46,47). Lignin has also been 
claimed to depolymerize and then repolymerize in a different morphology during 
hemicellulose hydrolysis (48,49). 
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The removal of lignin not only increases cellulose accessibility but also 
enhances cellulase availability. Lignin and its complexes physically and 
chemically resist enzymatic attack, and condensed lignin also has the ability to 
adsorb protein from aqueous solutions (50). Thus, it appears that lignin 
removal not only opens up more space for enzymes but also reduces non-specific 
enzyme adsorption, improving the efficacy of hydrolysis (41, 51,52,53,54). 

On the other hand, several studies showed a direct relationship between 
cellulose digestion and hemicellulose removal. Knappert et al showed that 
removal of hemicellulose in poplar by dilute acid hydrolysis increased the 
susceptibility of cellulose to enzymes (12). Grohrnann et al also showed a direct 
relationship between hemicellulose removal and cellulose digestion and 
concluded that although lignin removal could enhance digestibility, it was not 
necessary to achieve good cellulose conversion (55,56). However, some 
substrates required higher temperatures for effective cellulose hydrolysis at the 
same degree of hemicellulose removal, suggesting that hemicellulose is not the 
only factor impacting digestibility, while other studies do not support a role for 
hemicellulose in changing cellulose digestibility (16,57,58). It is important to 
note that lignin could be altered at the high temperatures typically employed for 
hemicellulose hydrolysis, thereby impacting cellulose digestion rates (16). 

As part of our pretreatment research, we have evaluated the digestibility of 
corn stover cellulose following pretreatment and found that it changes 
significantly with pretreatment reactor configuration. Furthermore, we have 
observed that these differences in performance can be related to modification or 
removal of lignin as well as removal of hemicellulose, and this chapter will 
include a summary of some of these findings along with our results for 
hemicellulose hydrolysis. 

Materials and Methods 

Sample Preparation 

The National Renewable Energy Laboratory (NREL) in Golden, Colorado 
graciously provided corn stover from a large lot they obtained from Harlan, Iowa 
and maintained at controlled conditions. This material was milled to pass 
through a 2 mm opening and then screened to obtain a -420 +250 μπι fraction 
which was stored in plastic Ziploc bags and kept in a freezer (-20°C) for all tests. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
6

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



104 

The composition of the corn stover was determined through application of 
NREL LAP procedures 001, 002, and 012 (59,60,61), and this substrate was 
found to contain 37.8% glucan, 21.3% xylan, 1.6% arabinan, 3.8% mannan, 
1.4% galactan, 17.8% lignin, 7.8% ash, and 5.8% moisture by weight. 

Reactors 

For water-only tests, batch reactors were constructed by cutting stainless 
steel or Hastelloy C276 tubing (0.5" OD χ 0.035" wall thickness) into 4" 
sections that were fitted with Swagelok couplings and removable threaded end 
caps, giving a total reactor volume of 9.5 mL. For dilute acid tests, Hastelloy 
C276 tubing was used, and Teflon plugs were inserted in the ends to protect the 
stainless steel caps as utilized by researchers at Auburn University (35). 

Work was also performed with a mixed batch reactor to gain insight into the 
effects of agitation on batch systems and the possible influence of fluid velocity 
on hemicellulose removal. For these tests, a 1-L Parr bomb constructed of 
Carpenter-20 (Parr Instruments, Moline, IL) was fitted with a flat-blade impeller 
on a one-piece shaft and operated at varying speeds using a Parr DC motor drive 
(A1750HC, Parr Instruments, Moline, IL) (62). 

Two flowthrough systems were employed in this work: a smaller reactor 
(1/2-in ID χ 1.84-in length with an internal volume of 3.6 mL) and a larger 
reactor (1/2-in ID χ 6-in length with an internal volume of 14.3 mL). Al l reactor 
parts were obtained from Maine Valve and Fitting Co., Bangor, ME. A 1/8-in 
stainless steel thermocouple (Omega Engineering Co., Stamford, CT) was 
installed at the outlet of the reactor to monitor temperature, and 316 stainless 
steel tubing was used as a preheating coil (1/4-in OD χ 0.35 inch wall), to 
connect the reactor with other components of the system, and as a cooling coil 
(1/8-in OD χ 0.028 inch wall). The preheating coil was long enough to allow the 
incoming water to reach the desired temperature before it entered the reactor. 
To operate the flowthrough unit, about 2 grams of corn stover was loaded into 
the reactor, and the reactor was then connected to the system. Distilled water at 
room temperature was pumped through the reactor to purge air, completely wet 
the biomass in the reactor, and pressurize the system to the set pressure. Then, 
the reactor and preheating coil were submerged for 2 minutes in a 4-kW 
fluidized sand bath (model SBL-2D, Techne Co., Princeton, NJ) set at a 
temperature of 100°C and then moved to a second sand bath set at the target 
reaction temperature. Flow was maintained until the desired reaction time, at 
which point the reactor and preheating coil were transferred to an ice water bath 
to stop the reaction (63,64). 
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Solubility Measurements 

The solubility of monomelic and oligomeric sugars was measured by an 
inline refractive index detector (AFAB Enterprises, Eustis, FL) attached to a 
1" stainless steel tee with a plug at the bottom and a rubber stopper to 
cover the top. During operation, this device was loaded with a known 
mass of water and sugar, placed on a programmable hotplate/stirrer, 
and covered with styrofoam insulation to minimize heat losses. The RI 
signal rapidly increased with temperature as the sugars dissolved and 
more slowly once they were all in solution. Thus, the solubility could 
be determined from the total amount of sugar and water added and 
the temperature at which the slope of the RI signal versus 
temperature changed. Solubilities were also measured by a standard 
method in which a vial containing a sugar/water mixture was 
submerged in a constant temperature water bath and samples taken at 
equilibrium were analyzed by HPLC and gravimetric methods (65). 

Enzymes 

Cellulase (Spezyme CP, Lot No. 301-00348-257, Genencor, Palo Alto, CA) 
at 28 FPU/mL supplemented with β-glucosidase (Novozyme 188 at 250 β-
glucosidase IU/mL, Sigma, St. Louis, MO) at a ratio of l:1.75FPUase:CBUase 
was used for all hydrolysis experiments. Enzymatic treatments were performed at 
60 FPU/g cellulose with the activity as calculated by adding the activities of both 
the Spezyme CP and Novozyme 188 (66). 

Enzymatic Hydrolysis 

Enzymatic hydrolysis of pretreated cellulose from both the batch and 
flowthrough systems was conducted at a 2% solids concentration (g dry 
weight/100 mL) in 50 mM acetate buffer (pH 4.8) containing 40 μg/mL 
tetracycline and 30 μg/mL cycloheximide. Flasks were pre-incubated at 50°C in 
water using an orbital shaker bath (3540, Barnstead International, Dubuque, IA) 
at 150 rpm for 10 minutes, and the enzymes were added to start the hydrolysis 
after acclimation. Aliquots of 0.5 mL were taken at different times (0,4, 24,48, 
72 h), immediately chilled on ice, and centrifiiged at 5000 G for 10 min. Total 
sugar analyses were carried out on the resultant supernatants. 
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Analytical Procedures 

Sugar and acid insoluble lignin content of solids were determined using the 
Klason lignin procedure published as NREL LAP 003 and 014 (67,68). The 
sugar concentrations were measured with a high performance liquid 
chromatography system (Waters 2695, Milford, MA) equipped with a pulsed 
refractive index detector (Waters 2410, Milford, MA). The column was 
equilibrated with deionized water at a flow rate of 0.6 mL/min. An Aminex 
HPX-87P (Bio-Rad, Sunnyvale, CA) column was used for sugar separations. 

Results and Discussion 

Effects of Flow Rate on Corn Stover 

Total solids removal 

As presented in Table 1 and Figure 1, our results show that the rate of total 
solids removal increased with both temperature and flow rate for both water-only 
and dilute acid pretreatment of corn stover. However, for water-only 
pretreatment, about 94-97% of the total material was accounted for in all runs at 
180°C after 16 minutes, suggesting little of this loss in mass was due to 
decomposition at this temperature. However, the overall mass recovery 
decreased with increasing temperature, especially for batch and low flow rate 
runs, indicating that more mass was lost at these operating conditions. These 
results show that increasing flow rate increases removal of solids, supporting the 
idea that at longer residence times and higher temperatures, dissolved sugars 
decomposed to furfural and other volatile degradation products. It is expected 
that most of the overall loss in mass was due to dissolved xylan, as much less 
glucan was dissolved over this range of temperatures and times (Table 1). 

Xylan removal 

Xylan removal increased with flow rate and temperature for both water-only 
and very dilute acid pretreatment, as illustrated by Figure 1. As can be seen 
from this figure, flowthrough pretreatment of corn stover with hot water at a flow 
rate of 10 mL/min removes more xylan at the same temperature and time than 
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Table 1. Total mass dissolution (TMD), total mass remaining (TMR), xylan 
remaining, and glucan remaining in the solid residue for water-only 

pretreatment of corn stover. 

Temp. Flow Time TMD TMR OMB' Xylan Glucan 
(°Q rate (min) (%) (%) (%) remaining remaining 

(mL/min) (%) (%) 
180 0 12 13.3 82.7 96.0 91.3 102.3 

16 18.1 78.9 97.0 80.0 101.5 
ISO 10 12 27.0 66.5 93.5 60.8 

16 32.4 62.3 94.7 42.5 99.4 
200 0 12 22.5 63.5 86.0 40.1 101.0 

16 23.4 62.2 85.6 29.9 99.9 
200 1 12 28.4 56.6 85.0 36.4 -

16 32.7 53.0 85.7 29.4 99.5 
200 10 12 51.2 48.5 99.7 14.1 99.3 

16 52.4 43.3 95.7 9.5 98.5 
220 0 12 28.7 55.2 83.9 13.5 -

16 30.2 53.1 83.3 8.7 98.8 
OMB1: overall mass balance = TMD + TMR 

batch pretreatment of stover with 0.05 wt% sulfuric acid. Although it has been 
postulated that autohydrolysis of hemicellulose is catalyzed by acetic and other 
organic acids released during the breakdown of hemicellulose (69), this 
mechanism cannot fully explain flowthrough reactor behavior in which 
hemicellulose solubilization is enhanced by flow without acid addition, 
especially at high flow rates. At such high flow rates, the acids will have little 
time to act before they are swept from the reactor, and the large volumes of 
water used also decrease the concentration of organic acids. In addition, other 
studies demonstrated that adding supplemental acetic acid did not accelerate the 
solubilization of hemicellulose during pretreatment of biomass with hot water, 
suggesting that the organic acids released are not the primary hydrolytic agent 
(70,71). 

Almost all of the dissolved xylan was in oligomeric form for water-only 
pretreatment of corn stover over a temperature range of 160-220°C. Addition of 
very small amounts of acid accelerated hydrolysis of xylose oligomers to 
monomers and increased the monomelic fraction, but the largest portion of the 
overall xylan dissolved remained in oligomeric form. These results demonstrate 
that oligomers are important intermediates during hemicellulose hydrolysis, 
especially at no acid or very low acid conditions. The yield of oligomers also 
increased tremendously with flow rate, suggesting that flow rate accelerates 
solubilization of hemicellulose. Together, these studies demonstrate that factors 
other than acid concentration and temperature impact hemicellulose hydrolysis, 
and although a detailed mechanism responsible for this behavior is still under 
investigation, we postulate that mass transfer plays an important role in 
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hemicellulose hydrolysis, with this effect being especially important at no acid or 
very low acid conditions (37,63). 

Lignin removal 

Our results show the amount of lignin removed increased with flow rate and 
a positive correlation was observed between xylan and lignin removal for 
flowthrough pretreatment, as shown in Figure 2. Consistent with observations by 
others that lignin and hemicellulose are covalently linked in native materials, we 
expect that hemicellulose oligomer-lignin compounds are released initially. In 
addition, these hemicellulose oligomer-lignin materials are expected to be 
soluble at high temperatures and can therefore be swept from a flowthrough 
system, especially with the large volume of water at high flow rates. However, 
when held at reaction conditions, the hemicellulose oligomer-lignin compounds 
are expected to break down to separate sugar oligomer and lignin fragments that 
can in turn form sugar monomers and monomeric lignin, respectively, depending 
on temperature, acid concentration, and residence time. The lignin species 
formed have a limited solubility and can form other low solubility products 
through condensation reactions. Thus, for batch runs with longer residence 
times, the overall result is dramatically lower lignin removal. For intermediate 
flow rates, some of the hemicellulose oligomer-lignin compounds are removed 
while the remaining portions have enough time to react to insoluble lignin-based 
products. Such a mechanism would explain the relationship between xylan and 
lignin removal shown in Figure 2 and why lignin removal is impacted by flow 
rate and temperature (63). 

Effect of Solids Concentration 

The effect of solids loading on hemicellulose hydrolysis was studied by 
Jacobsen and Wyman (37) and Stuhler (71). Water-only batch tube experiments 
with corn stover were performed at 200°C for 15 minutes at solids loadings of 5 
and 21%, and a number of performance criteria including total solids remaining 
and total soluble xylan oligomer yields were evaluated (71). Statistically 
significant differences in several results were observed at a 95% confidence 
level, as summarized in Figure 3. 

It is interesting to note that xylan remaining in the solids decreases with 
increasing solids loading, which is opposite of what would be expected if 
solubility were limiting. A more likely reason for this is that the increased 
hydronium ion concentration at higher solids loadings accelerates sugar release. 
On the other hand, solubilized oligomers and total mass removal decrease while 
monomers and furfural increase with increased solids loading, consistent with 
this hypothesis. 
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Figure L Effect of flow rate and acid concentration on xylose remaining in the 
solids at 180°C 
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Figure 2. The effect of flow rate and temperature on the relationship between 
solubilization of xylan and lignin for water-only hydrolysis. 

Figure 3. Effect of solids concentration on xylan hydrolysis yields after 15 
minutes at 200°C. 
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The significant decrease in the xylan balance with increasing solids has two 
possible explanations: the degradation reactions are more complete (as 
evidenced by the higher furfural content) or higher concentrations of other 
solubilized components such as lignin remove more sugars from solution through 
condensation reactions. It is most likely that the observed effect results from a 
combination of these two mechanisms. 

Traditional hemicellulose hydrolysis kinetic models cannot account for a 
change in hemicellulose sugar yields with solids concentration and suffer from 
inconsistencies that bring into question their mechanistic accuracy. Thus, 
although current models can be useful for a given flow regime, their ability to 
describe different systems such as flowthrough reactors on a consistent basis is 
unproveii (29). 

Modeling Mass Transfer Effects 

A model which includes the effects of mass transfer on hemicellulose 
hydrolysis has been developed by Brennan and Wyman with the following 
equations applied to describe a batch system (62). 

(1) 

dX 
η 

dt 
= LH-kJ^ (2) 

J 

(3) 

(4) 

Equation [1] expresses the reaction of hemicellulose, H, in the solid phase 
over time t to form oligomers Xn, where ki is a rate constant with units of time"1. 
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Equation [2] is the differential equation describing the amount of soluble but still 
undissolved oligomers inside the particle, Xn, by accounting for their 
accumulation by chemical reaction and removal by mass transfer across a 
diffusive boundary layer. kd is a mass transfer coefficient (length2/time), Xs is the 
amount of xylan oligomers dissolved in the bulk solution (moles or mass), A is 
the surface area of a solid particle (length2), V p is the volume of the solid phase 
(length3), and Vt is the total volume of the bulk solution (length3). Equation [3] 
is the differential balance describing mass transfer of solubilized xylan into the 
bulk solution and its degradation to furfural, tars, etc. with k4 being the 
degradation rate constant. Equation [4] is the differential balance for the 
chemical degradation of solubilized xylan to degradation products, D. Together, 
Equations 1-4 account for the effects of both mass transfer and chemical reaction 
during hemicellulose hydrolysis, a process that has been perceived to be 
completely reaction-controlled in the past. 

Table 2 summarizes the mass transfer coefficients determined for this model 
for batch tubes, stirred batch, and flowthrough reactor configurations and shows 
that the diffusive mass transfer coefficient kd increases in this order of reactor 
type. However, one would expect the mass transfer coefficient to follow such a 
pattern as flow is increased. On the other hand, although the rate constants for 
conventional models based on only chemical reaction can also be fit to data from 
these three reactor types, rate constants for these models should only depend on 
temperature, and these variations would not be expected. Thus, coupling mass 
transfer to reaction appears to provide a more meaningful explanation for the 
effects of flow on performance, but further work is needed to fully develop and 
evaluate this approach. 

Oligomer Solubility 

One of the factors that we need to integrate into our mass transfer model is 
the solubility limits of the sugars and oligomers involved and how they are 
influenced by the presence of other species. However, there is surprisingly little 
information available in the literature on the solubility of pure sugars in a two 
component (i.e., single sugar/water) mixture and almost none for sugar 
oligomers. For this reason, the in-situ solubility device described earlier was 
developed for measuring oligomer solubilities and was tested using β-
cyclodextrin, an inexpensive starch oligomer of limited solubility (72,73). Data 
was collected at various solids levels using both in-situ and water bath methods, 
with the results shown in Figure 4. The 95% confidence intervals on the data 
from this device intersect those of the literature data at every temperature except 
for at 55°C, where it is slightly higher. The in-situ method had a tighter 
confidence range than the water bath method, possibly because the latter method 
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requires filtering a solution and removing it from a hot environment before 
analysis while the former method measures solubility instantly. We are now 
investigating using a much smaller apparatus to collect data with significantly 
less of the expensive oligomers needed for this research. 

Table 2. Mass transfer coefficient (cm2/sec) determined for various 
reactor configurations for corn stover treated at 180 °C. 

Reactor Type Water-Only 0.05wt% 
H2SO4 

0.1 wt% 
H2SO4 

Batch Tube 0.0025 - 0.0036 

Stirred Batch 0.0058 - -

Flowthrough -1 ml/minute 0.004 0.0075 0.02 

Flowthrough -10 ml/minute 0.011 0.025 0.15 

0.065 

0.015 40 45 Temperature (°C) 
Figure 4. Solubilities of β-cyclodextrin obtained with the in-situ device (Ώ), 
compared to isothermal water bath data (Q)and literature values (Φ (72) and 
m(73)). The dotted lines are 95% confidence intervals for the in-situ data. 
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An important goal of this element of our research is to develop tools to 
predict the solubility of oligomers at pretreatment temperatures at which it is 
difficult to collect solubility data. In this regard, we were able to estimate the 
experimental solubility data of low molecular weight xylo-oligomers using the 
ideal solubility law. However, many of the physical parameters needed in this 
model are unrecorded and had to be estimated. Subject to this limitation, the 
solubilities for xylobiose through xylohexaose at room temperature were 
predicted to be over 1% by mass and increased to greater than 55% at 120°C. 
This projection implies that solubility is not expected to be a limiting factor in 
water-only hydrolysis for oligomers with a degree of polymerization less than 6 
(65). However, additional data and modeling are needed to substantiate this 
finding and extend the method to higher molecular weight oligomers. 

Oligomer Production, and Hydrolysis 

We also studied the autohydrolysis of xylan at 200°C in hot water to help 
clarify the behavior of hemicellulose hydrolysis. After 5 minutes, around 37% 
of the potential xylose was present as soluble oligomers, as determined by post-
hydrolysis of the resulting liquid fraction. These oligomers appeared to be high 
molecular weight compounds with a degree of polymerization (DP) greater than 
10 because they could not be analyzed directly on our ion-moderated partition 
(IMP) chromatography column. However, after reaction for 10 minutes, most of 
the oligomers had a DP of less than ten and could be measured by the IMP 
column (74). 

To understand how the soluble oligomers react in solution, the kinetics of 
water-only hydrolysis of pure oligomers of DP 1 to 5 was followed at 200°C. 
Disappearance of each of these oligomer species could be described well by 
first-order homogeneous kinetics. It was further found that the decomposition 
rate constants of xylopentaose and xylotetraose were found to be similar. The 
rate constants of xylotriose and xylobiose were about two-thirds of the rate of 
xylotetraose and xylopentaose. Xylose decomposed at about half the rate of 
xylobiose. The formation of shorter oligomers from each of these pure 
oligomers was also tracked, and it was found that the release of lower DP species 
from the higher DP oligomers could not be accurately described unless 
degradation (products other than xylose or its DP 2 to 5 oligomers) of a 
significant fraction of the oligomers was integrated into the kinetic pathway. 
This result could help account for why yields are low for hemicellulose 
hydrolysis without acid addition. 
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Depolymerization Model 

A primary limitation of traditional kinetic models is their inability to 
describe the time course distribution of oligomeric species of varying chain 
lengths that were observed in the experiments described in the previous sections. 
Because of the polymeric nature of hemicellulose, we would expect a 
distribution of hemicellulose fragments with varying chain lengths, and by 
adapting an approach developed by Simha (75), the hydrolysis of corn stover 
hemicellulose was modeled as a depolymerization reaction (35). Assuming that 
all bonds in the xylan chain are cleaved at the same rate, the instantaneous 
distribution of depolymerization fragments can be expressed by the following 
differential equation: 

in which kh is the hydrolysis rate constant, 2V® is the initial concentration of 
polymer of initial length n, Nj = molar concentration of a fragment of length j , 
and α=ΐ-έΓ* Λ ' . 

Figure 5a reveals that this depolymerization model shows trends consistent 
with data but is not particularly accurate. However, a modified model was 
developed in which the right-hand side of Equation [5] was multiplied by a first-
order reactivity term, a = e1*, with a being the reactivity, ka a proportionality 
constant, and t the time, and application of this model did a much better job of 
describing the time course of xylan hydrolysis, as shown in Figure 5b. The fact 
that declining bond reactivity describes the data well suggests that the original 
assumption that all xylan bonds are broken equally at random is not valid. An 
obvious next step is the determination of individual bond energies within the 
hemicellulose molecule and incorporation of this information into a modified 
model. 

dNj 
= 2khféNi-khU-l)NJ (5) 

dt 

or 

a[2+(n-j-l)a] (6) 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
6

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



(a
) 

Ο
 

20
 

40
 

60
 

80
 

10
0 

12
0 

14
0 

16
0 

18
0 

20
0 

T
im

e 
(m

inu
te

s)
 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
6

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



Fi
gu

re
 5

. C
om

pa
ri

so
n 

of
 a

n 
un

m
od

ifi
ed

 a
nd

 m
od

ifi
ed

 d
ep

ol
ym

er
iz

at
io

n 
m

od
el

 
ap

pl
ie

d 
to

 b
at

ch
 h

yd
ro

ly
si

s 
of

 co
rn

 s
to

ve
r a

t 1
40

 °C
 w

ith
 0

.5
%

 s
ul

fu
ri

c 
ac

id
 a

dd
ed

. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
6

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



118 

The Relationship between Digestibility and Hemicellulose and Lignin 
Removal 

Figure 6a shows the relationship of enzymatic digestibility of cellulose 
to xylan removal for both water-only and very dilute acid hydrolysis 
pretreatment in flowthrough and batch reactors. When no acid was used, less 
xylan removal was required to achieve the same enzymatic digestibility of 
cellulose in the solid residue from a flowthrough reactor as from a batch system. 
For example, removal of only about 20% of the xylan in a flowthrough reactor 
without addition of acid achieved a cellulose digestibility of approximately 55% 
while 78% of the xylan had to be removed in a batch system to achieve about the 
same yield. Alternatively, the digestibility of cellulose for corn stover pretreated 
in a flowthrough system was about 20% higher than that from the batch system at 
the same level of xylan removal. Because digestibilities peak at high xylan 
removal, this difference decreased when xylan removal was greater than about 
85%. 

Figure 6a also indicates that less xylan removal is needed for the 
flowthrough reactor to achieve the same level of enzymatic digestibility as a 
batch system when very dilute sulfuric acid is added. However, the relative 
advantage of flowthrough operation decreased with addition of sulfuric acid, and 
flowthrough reaction gave about a 10% greater enzymatic digestibility compared 
to the batch approach, with the differences again declining at high xylan removal 
levels. Nonetheless, acid addition improved the extent of enzymatic digestion of 
cellulose for both flowthrough and batch operations. 

While the enzymatic digestibility of cellulose could be directly related to 
xylan removal for both batch and flowthrough operations, its relationship to 
lignin removal was not as consistent, as shown in Figure 6b. In particular, lignin 
removal tended to peak at about 20% in batch reactors with acid added and at 
about 30% when corn stover was treated without acid. Nonetheless, cellulose 
digestibility was as high as 90% for batch operations. On the other hand, 
cellulose digestibility was found to increase almost linearly with lignin removal 
for corn stover pretreated by the flowthrough reactor with or without added 
sulfuric acid, and the digestibility reached nearly 100% at the maximum of about 
75% lignin removal observed for flowthrough pretreatment. In addition, while 
adding acid to the batch system decreased lignin removal but increased 
digestibility, the relationships between lignin removal and cellulose digestibility 
were quite similar for flowthrough operation whether acid was added or not. 

Coupling the relationship between removal of xylan and lignin in Figure 2 
with the digestibility results in Figure 6 leads us to conclude that adding dilute 
acid to biomass may enhance lignin solubilization, but for batch operations that 
lignin may precipitate as different species that interfere less with enzyme action 
than native lignin. The result would be that acid addition improves cellulose 
digestion relative to an uncatalyzed batch reactor while not being as effective as 
flowthrough systems that remove much more solubilized lignin before it can 
condense. Furthermore, it could be that lignin modification is more important 
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than xylan dissolution and that the latter provides a convenient marker of lignin 
alterations that improve cellulose digestibility. This leads us to believe that 
lignin modification is important to enhance the digestibility of cellulose and that 
lignin removal provides even greater benefits. Of course, removing lignin also 
reduces non-productive binding of cellulase, increasing its efficiency during 
hydrolysis, and we believe it likely that enhancing accessibility of cellulose and 
reduction of nonproductive binding of enzyme both improve performance. 
Unfortunately, it is difficult to prove this mechanism, but further research is 
planned to clarify these possibilities (64). 

Conclusions 

Our results show that increasing flow rate in a flowthrough reactor 
significantly enhanced xylan removal for pretreatment of corn stover with just 
hot water or when acid was added. In addition, yields of xylose monomer and 
oligomers increased with decreasing solids concentration in batch systems. This 
variation in xylose removal with flow rate and solids concentration is not 
consistent with predictions from first-order homogeneous kinetic models that 
incorporate only the effects of temperature, acid concentration, and time. 
Furthermore, these variations cannot be attributed to acetic acid released from 
biomass during hydrolysis as this effect should decrease, not increase, with flow 
rate. Our preliminary models show that coupling chemical reaction of xylan to 
soluble oligomers in the solids with mass transfer of these oligomers into 
solution followed by further reaction once in solution could more appropriately 
account for the change in reaction rate with flow rate and solids concentration. 
A novel apparatus is being applied to gather new data on oligomer solubility to 
better understand whether solubility limitations could also play an important role 
in this sequence. We have measured a range of oligomer chain lengths during 
xylan hydrolysis, and soluble oligomers were projected to directly degrade to 
nonsugars such as furfural as well as form lower DP species. Although existing 
models do not consider oligomer reactions in any detail, we have found that a 
depolymerization model can describe their basic features provided consideration 
is given to a change in reactivity as the reaction progresses. Further research 
targets enhancing our data and bringing these observations about oligomer 
behavior into a single analytical framework that can explain the effects of solids 
concentration and flow rate on hemicellulose hydrolysis on a consistent basis. 

Lignin removal was limited to about 30% for a batch reactor without 
acid addition and dropped to about 20% when dilute sulfuric acid was used, and 
the enzymatic digestibility of cellulose in the residual solids increased with xylan 
removal for both, consistent with observations by others. On the other hand, 
introducing flow of liquid through the solids enhanced removal of lignin 
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100 

Xylan removal (%) 

Ugnin removal {%) 
Figure 6. Effect of xylan removal (a) and lignin removal (b) on enzymatic 
digestibility of cellulose produced by hemicellulose hydrolysis of corn stover at 
the conditions noted. 
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considerably compared to batch operations, with as much as 70% of the total 
lignin being removed at high flow rates. In addition, the enzymatic digestibility 
of the cellulose in the solids from a flowthrough reactor was always greater than 
that from a batch system at the same degree of xylan removal. These 
flowthrough findings imply that lignin removal augments digestibility. Yet, 
adding acid to a batch system also increases cellulose digestibility even though 
lignin removal drops. The direct relationship observed between removal of 
lignin and xylan at high flow rates for flowthrough operations leads us to believe 
that lignin is solubilized during hemicellulose hydrolysis in both batch and 
flowthrough systems but that much of the lignin will react and precipitate back 
on the solid surface unless it is removed during pretreatment. Nonetheless, we 
believe that modification of lignin in this way improves the accessibility of 
enzymes to cellulose, increasing digestion yields. However, removal of lignin 
altogether before it can reform on the surface prevents it from adsorbing enzyme 
and from interfering with enzyme action, further enhancing performance. 
Although difficult to prove, lignin disruption or removal may actually be more 
important than xylan dissolution, and the latter may provide a simple marker of 
lignin alteration in batch systems. Our research continues to explore these 
relationships with the goal of improving the effectiveness of pretreatment in 
recovering hemicellulose sugars and enhancing cellulose digestibility. 
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Chapter 7 

Laccase Modification of the Physical Properties 
of Bark and Pulp of Loblolly Pine and Spruce Pulp 

William Kenealy1, John Klungness1, Mandla Tshabalala1, 
Eric Horn2, Masood Akhtar2, Roland Gleisner1, 

and Gisela Buschle-Diller3 

1Forest Service, Forest Products Laboratory, U.S. Department 
of Agriculture, One Gifford Pinchot Drive, Madison, WI 53726-2398 

2Biopulping International, 2403 Industrial Drive, Madison, WI, 53713 
3Textile Engineering Department, Auburn University, 115 Textile Building, 

Auburn, A L 36849 

Pine bark, pine pulp, and spruce pulp were reacted with laccase 
in the presence of phenolic laccase substrates to modify the fiber 
surface properties. The acid-base and dispersive characteristics 
of these modified steam-treated thermomechanical loblolly pine 
pulps were determined by inverse gas chromatography. Different 
combinations of substrates with laccase modified the Lewis 
acid-base characteristics of the pulp. The binding of methylene 
blue was found unsuitable as an indicator of negative charges on 
pulps modified by laccase with phenolic substrates; however, its 
binding did indicate undefined changes in the pulp. 
Thermomechanical spruce pulp treated with manganese 
peroxidase or laccase with 4-hydroxyphenylacetic acid increased 
handsheet strength. Manganese peroxidase treatment also 
decreased the amount of refining needed to obtain the same 
freeness, which would indicate potential energy savings. 
Incremental addition of resorcinol in the presence of laccase 
altered spruce pulp to a greater extent than did bulk addition. 
Laccase with substrates also altered the binding of phosphate by 
modified pine bark. 

126 U.S. government work. Published 2004 American Chemical Society 
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Introduction 

Many species of woody plants are used for particular purposes, with their 
end use being directed by the properties of the wood and economic concerns. 
Generally, the functional use of wood products is determined by the hydrophilic, 
hydrophobic, dimensional, and ionic properties of the cellulosic fiber. Small 
diameter and mixed species of wood have limited uses and are thus low in value. 
If we could understand how to change the cellulose fiber properties of such 
materials, alternative sources of fiber could be better exploited and more 
valuable products made from mixed woody species or recycled fiber. 

The structure of wood and other lignocellulosic materials is on first 
inspection quite simple. It consists of very few polymeric materials: cellulose, 
hemicellulose, and lignin. Upon further consideration, three-dimensional aspects 
and species-specific variability make the structure of lignocellulose very 
complicated. Understanding and optimizing the surface properties of 
lignocellulosic materials for structural or paper applications will result in better 
use of these resources. 

Our knowledge of lignocellulose structure and function is increasing, but we 
cannot as yet convert a source of lignocellulose to a desired product at will. 
Much of our knowledge is based on empirically separating the components of 
the material to create a product with the desired strength and flexibility. 
Processes following this approach, which are still being developed, will reduce 
costs and provide enhanced products. Thus to use lower value resources, the best 
approach might be to regard them as a mixture of polymeric materials and 
empirically derive ways of altering their properties with a target product in 
mind. The next stage in our understanding will come from developing ways to 
actively build strength and other properties into the materials. 

The goal of this research is to investigate the feasibility of grafting 
compounds or polymers onto softwood materials to alter the surface 
characteristics. Laccase and peroxidases have been used to modify the properties 
of lignocellulosic materials (1-7). We have used laccase with substrates and 
manganese peroxidase to alter lignocellulose materials. Methylene blue binding 
(to determine carboxylic acid content), inverse gas chromatography (to 
determine Lewis acid-base characteristics), and pulp handsheet properties were 
used to explore the effectiveness of the treatments in altering surface properties. 
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Materials and Methods 

Pulp Sources 

Dried thermomechanical pulp (TMP) (mature loblolly pine, Pinus taeda) 
was obtained from the U.S. Department of Agriculture at Pineville, Mississippi. 
Steam pressures used during the TMP process were 4, 8, and 12 bar. Spruce 
{Picea glauca) chips were refined at 103 kPa, followed by atmospheric refining 
to -600 mL Canadian standard freeness (CSF). Spruce pulps were further 
refined to 70 mL CSF after enzyme treatments using a PFI mill to reduce the 
freeness. 

Laccase Treatment 

Dry loblolly pine pulp samples (2 g) were weighed into Erlenmeyer flasks, 
75 mL deionized water was added, and the mixture was stirred for at least 3 h at 
room temperature to ensure complete wetting. Sodium tartarate buffer (5 mL, 
200 mM, pH 5) and one unit laccase (NovoSample 51002, 1 ηηη75μί, unit = 1 
μΜοΙβ syringaldazine oxidized/min at 30°C, pH 5.5) were added and stirred for 
20-25 min before 1 mL substrate (0.3 M) was added. After approximately 
25 min of stirring, another 20 μΐ. laccase was added. The samples were stirred 
for 1 to 2 h at room temperature, then loosely covered with foil and refrigerated 
for 15 to 17 h. After warming to room temperature, the supernatant solution was 
filtered off and the pulps were washed three times with 1.5 L distilled water. 
Finally the pulps were strained through a sieve, freeze-dried for at least 48 h, and 
stored in a desiccator until analyzed. 

Spruce pulps were treated at 37°C for 24 h with manganese peroxidase at 
12% consistency with 50 mM malonate buffer (pH 5), 0.1 mM MnS0 4 , and 0.8 
mM H 2 0 2 (added slowly with time). Treatment of spruce pulp with 4-
hydroxyphenylacetic acid was performed under the conditions described by 
Chandra and Ragauskas (8). For treatments with resorcinol, samples of 243 g 
spruce pulp (37% solids) were weighed into plastic bags and mixed with 64 mL 
200-mM tartarate buffer pH 4.5 and 250 mL distilled water. Laccase (0.6 mL) 
was added in 43 mL distilled water. Resorcinol (2 g/50 mL water) was either 
added with the 250 mL distilled water or added in increments (1/3 added at 0, 
60, and 105 min of incubation). The bags were sealed and incubated at 37°C for 
2 h with the contents mixed by hand every 30 min, followed by storage overnight 
at 5°C. Pulps were rinsed with distilled water until the filtrate was colorless; the 
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filter cake was then dewatered by pressing on adsorbent sheets and frozen until 
used. Where oxygen was used, the plastic bags were flushed with a stream of 
oxygen for 1 min, then sealed. 

Methylene Blue Binding 

Known weights of dry pulp (up to 150 mg) were placed in 50-mL disposable 
centrifuge tubes with 5 mL 1M borate buffer (pH 8.5) and five clean steel balls 
and mixed to break clumps. Aqueous methylene blue (35 mL of 1 mM) was 
added, and the tubes were tumbled for 1 h. Samples (1.5 mL) were removed and 
centrifugea at 20,000x g for 5 min. Duplicate dilutions were made of 0.5 ml 
supernate into 5 mL H 2 0 + 0.125 mL 1 Ν HC1. Two samples (0.2-mL) from 
each dilution were analyzed at 610 nm on a Molecular Devices Spectra Max 
Plus microtiter plate reader. Micromoles of dye adsorbed by pulp equals 35(1-
Asampk/Abiank)- Methylene blue binding was determined by plotting amount of dye 
bound as a function of weight of pulp and determining the slope of the line (with 
at least three points). Al l methylene blue results in which less than half the 
methylene blue was adsorbed from the assay were combined for one calculation 
for each sample. 

Inverse Gas Chromatography 

Approximately 1 g pulp was packed into stainless steel chromatographic 
columns of 0.5 m length and 0.63 mm diameter. A Hewlett Packard 5790A gas 
chromatograph was used with helium as carrier gas at a flow rate of 15 mL/min. 
The flame ionization detector was set to 200°C and the injector at 150°C. 
Measurements were performed at five different oven temperatures, from 40°C to 
80°C in 10°C increments. The reference line used five n-alkanes (n-pentane to n-
nonane), and tetrahydrofuran, acetone, and chloroform were selected as the 
basic, amphoteric, and acidic probes, respectively. Results for the dispersive 
energy component were obtained according to Felix and Gatenholm (9) by 
plotting RT\nVn versus 2Na(yid)in, with Vn the net specific retention volume, a 
the surface area occupied by the probe, yid the dispersive energy of the probe, R 
the gas constant, and Γ the temperature. The plot of RT lnVa versus 2Na(yi

a)m 

gives a straight line. From the slope of this line, the surface energy of the 
substrate can be determined at each temperature. Polar probes deviate from the 
straight relationship due to specific interactions, including Lewis acid-base 
interactions. If the vertical distance of each polar probe is measured to the 
straight line, the free energy of sorption can be determined and plotted as a 
function of temperature (10). The slope of that line is related to the free enthalpy 
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of adsorption/desorption. Donor (DN) and acceptor (AN) numbers of the polar 
probes are available from the literature. A plot of the free enthalpy of sorption 
versus DN/AN allows the determination of acidity (KA, slope) and basicity (KD, 
intercept) of the substrate (10). Determinations were made for two independent 
samples and the results averaged. 

Paper Testing 

Handsheets (60-g/m2) were made according to TAPPI standard Τ 205 sp-95 
(11). Burst, tear, and tensile strengths were determined according to TAPPI 
standards Τ 403 om-97, Τ 414 om-98, and Τ 494 om-96, respectively (11). 
Results represent the average of 10 handsheets. 

Bark Reactions 

Bark of P. taeda obtained from a pulp mill in Mississippi was milled, 
extracted, activated, and reacted with bisaminopropylethylenediamine (BAPED). 
The modification was made to increase the capacity of the bark to adsorb anions. 
Modified bark (0.5 to 0.7 g) in 5 mL of 40 mM tartarate buffer pH 5.0 and 10 
\kL laccase was mixed for 30 min at room temperature. Phloroglucinol (1 mL of 
0.3 M in ethanol) or catechol (1 mL of 0.3 M) were added and incubated for 3 h 
at room temperature, followed by 18 h at 5°C. The particles were rinsed and 
recovered by filtration and freeze dried. Controls included laccase addition 
without substrate and untreated modified bark. The bark was tested for the 
ability to remove phosphate from solution. 

Results and Discussion 

In initial testing, loblolly pine fiberboard furnishes produced at 4, 8, and 12 
bar steam pressure were evaluated for laccase reactivity. Laccase was incubated 
with a sample of each furnish at 37°C, and the rate and extent of oxygen 
consumption were measured. Oxygen consumption by laccase was highest and 
fastest for the 12 bar furnish, with 12.0 nmoles oxygen consumed per milligram 
furnish. This would correspond to 48 nmoles of one-electron oxidative events 
per milligram of furnish. Assuming the reaction was with lignin and 28% lignin 
in loblolly pine, this corresponds to the reaction of approximately 1 
syringaldehyde-like unit in 30. The 4 bar and 8 bar furnishes had 4.0 and 8.4 
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nmoles oxygen consumed per milligram furnish. The majority of subsequent 
screening work was performed with the 12 bar pulp. 

Oxygen was consumed during laccase treatment, but the actual structures in 
lignocellulose that are substrates could not be determined. The affinity of laccase 
for its substrates depends upon the structure and its accessibility. The affinity of 
enzymes for substrates and concentrations of substrates will alter the rate of 
reaction. Although it is difficult to assess the enzyme affinity for substrates 
already present in the lignocellulose, the affinity of the enzyme for phenolic 
substrates was measured. The approximate Km values for several substrates were 
determined by measuring the oxygen consumption rate at different substrate 
concentrations (data shown in Table I). The laccase substrates tested ranged 
from quite insensitive with phenol (18 mM) to sensitive with 2,5-dihydroxy 
benzoic acid (0.04 mM). Though there are some differences with various 
laccases and their affinity for the substrates, the values presented here are similar 
to those reported for Polysporous pinsitus laccase (12). 

Table I. Approximate K m for 
Laccase Substrates Tested 

Substrate0 * m (mM) 
Phenol 18 
4-hydroxyphenylacetic acid 7 
Guaiacol 3 
4-methylcatechol 2 
Resorcinol 2 
o-coumaric acid 2 
Isovanillic acid 2 
Vanillic acid 1 
/7-coumaric acid 1 
Hydroquinone <1 
3,4-dihydroxybenzoic acid <1 
Catechol <1 
3,4-dihydroxyphenylacetic acid <1 
2,5-dihydroxybenzoic acid <1 
aSubstrates were tested in 20 mM pH 5.0 tartarate buffer and 
0.2 units laccase using a YSI oxygen meter with a temperature-
controlled stir cell (2 mL). Substrates are listed in order of 
increasing reactivity with laccase. 
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Laccase creates free radicals that can further react with other compounds. 
Ideally, conditions for each substrate would be optimized for the grafting 
reaction, which would require investigation of concentration, pH, affinity of the 
enzyme, and other reactants in the pulp. Because optimizing the conditions for 
each substrate is beyond the scope of a screening test, the concentration of 
substrate (3.75 mM), enzyme (5 units), and fiber were held constant. We 
incubated 12 bar loblolly pine pulp in the presence of laccase with and without 
various laccase substrates, as described in Methods. These pulps were treated 
with laccase, washed, and freeze dried. High affinity laccase substrates were 

. oxidized once before 1 h had elapsed. The enzyme reaction was continued for 
several hours to allow for lower affinity substrates to react. 

Carboxylic acid groups are beneficial in the bonding of pulp fibers in paper 
and can increase the strength of the paper (13). Phenolic substrates containing 
carboxylic acid groups could be attached by the grafting of the substrate. 
Carboxylic acids could also be created by extensive oxidation of substrates or 
the fiber. Anionic groups from dissociated carboxylic acids can be estimated by 
conductometric titrations or by adsorption of cations such as metal atoms or dyes 
(e.g., methylene blue) (14, 15). Conductometric titrations are very time 
consuming, and methylene blue adsoiption correlated well with the 
conductometric results on pulp (14). Thus, we modified a method of methylene 
blue adsorption (15) to the fibers to determine the amount of anionic groups 
bound to the fiber. 

Single measurements of methylene blue adsorption on pulp fibers gave 
different results, probably as a result of non-specific binding. The conditions of 
the assay (volume, sample amount, and use of new glassware and plastic ware) 
were adjusted so that the adsorption of methylene blue to a pulp sample could be 
determined reproducibly. The final form of the assay is described in Methds and 
uses at least three different samples of pulp, all of which adsorb less than half the 
methylene blue in the assay. The adsorption of methylene blue was determined 
from the slope of methylene blue adsorbed as a function of weight of the pulp 
(Figure 1). 

Methylene blue is positively charged at pH 8.5, and adsorption should be 
correlated to negative charges on the pulp. We expected that the laccase 
substrates containing carboxylic acid groups would interact more than those 
without acid groups. However, methylene blue adsorption did not directly 
correlate with acid content of the substrate. The highest values of methylene blue 
adsorption were observed for pulp treated with resorcinol, which by itself 
contains no carboxylic acid groups. The nature of the attachment of resorcinol 
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Figure 1. Methylene blue adsorption to 12 bar loblolly pine pulp after treatment 
with laccase and indicated substrates. 

(or other substrates) to the pulp is unknown. A resorcinol free radical could also 
have reacted with oxygen, possibly increasing the acidity of the fiber. 

We analyzed many of these pulps by IGC to determine if there was an 
increase in donor or acceptor character for the pulp or if the dispersive energy 
characteristics of the pulp were changed in a manner that correlates to the 
methylene blue binding results. Table II shows the surface acid-base 
characteristics and dispersive component for these pulps. The ability to act as a 
Lewis acid was the only statistically significant correlation when compared with 
methylene blue binding, with r s = -0.56 (Spearman rank-order correlation 
coefficient) and Ρ = 0.03. The ability to act as a Lewis base, the dispersive 
component, and the ratio of acid to base had no relationship with methylene blue 
binding. 

Because methylene blue is a cationic dye, it would be expected to have 
activity as a Lewis acid. The correlation with methylene blue was weak but 
showed the expected trend, with increased methylene blue binding being 
negatively correlated to increased KA. Phloroglucinol and isovanillic acid were 
the only laccase substrates that increased the of the fiber. Al l substrates other 
than resorcinol, 4-hydroxyphenylacetic acid, 1,2,3-trihydroxybenzene, and 1,2,4-
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trihydroxybenzene increased the KA of the fiber. The ratio of KA/KD was 
increased for many samples after these treatments. We expected that the 
methylene blue adsorption would decrease for those treated fibers with ΚΑ/ΚΌ 

ratios greater than the control, but for many substrates the opposite effect was 
observed. This indicates that methylene blue does not interact with the fibers 
solely by Lewis acid-base interactions. 

Table II. Analysis of Laccase Treated Pulps by IGC 

Substrate for 12 bar pulp 
or pulp controls" KA/KD 

Dispersive 
component 

2,5- Dihydroxybenzoate 0.261 0.019 13 29 

12 bar control + laccase 0.223 0.037 6 28 
Catechol 0.276 0.010 28 31 
12 bar control - laccase 0.199 0.052 4 30 
Hydroquinone 0.245 0.049 5 27 
4-Hyroxyphenylurea 0.224 0.011 20 30 
Phenol 0.268 0.017 16 27 
Guaiacol 0.271 0.010 26 27 
Isovanillic acid 0.277 0.074 4 28 
Phloroglucinol 0.244 0.119 2 27 
4-Methylcatechol 0.207 0.023 9 28 
4-Hydroxyphenylacetic acid 0.180 0.035 5 29 
1,2,3-Trihydroxybenzene 0.182 0.043 4 29 
1,2,4-Trihydroxybenzene 0.186 0.011 16 26 
Resorcinol 0.172 0.040 4 30 
4 bar control - laccase 0.208 0.065 3 36 
8 bar control - laccase 0.214 0.041 5 32 
3 The substrates are listed for the 12 bar pulp reacted with the substrate and 
laccase. The 4 bar, 8 bar, and 12 bar controls were also included. 

Methylene blue binding does not predict the Lewis acid-base characteristics 
of the pulp but might be useful as an indicator of other properties in a product 
derived from the pulp. It does indicate that some change was made in the binding 
properties of the pulp. 

Several conditions were selected to test the effects of oxidative enzyme 
treatment on spruce pulps and determine if handsheet properties were altered by 
the treatment. Spruce pulp of high freeness (CSF 600 mL) was treated with 
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manganese peroxidase or laccase in the presence of 4-hydroxyphenylacetic acid, 
followed by refining in a PFI mill. Handsheets were made from the treated pulps. 
The results of methylene blue binding by the pulps and strength testing on 
handsheets made from these pulps are shown in Table III. 

Table III. Properties of Treated Spruce TMP After Refining by PFI Mill 
and Handsheet Preparation 

Methylene Burst Tensile 
blue adsorp. Tear index index index CSF 

Pulp treatment (μΜοΙ/g) (mNm2/g) (kN/g) (Nm/g) (mL) 
Control ND 3.52 1.54 33.5 65 
MnP complete 54 3.80 1.64 34.1 69 
H 2 0 2 + Mn 50 3.51 1.52 33.5 70 
Buffer 42 3.56 1.50 33.4 71 
Laccase + 4-HPA 101 3.61 1.59 32.3 69 

ND= not determined; 4-HPA is 4-hydroxyphenylacetic acid; and the complete 
reaction mix for MnP contained enzyme, buffer, H 2 0 2 , and Mn. 

Handsheets from manganese peroxidase (MnP) treated pulp showed 
increases in burst, tear, and tensile indexes. The manganese peroxidase treated 
pulp also required less refining in the PFI mill to obtain the same degree of 
freeness (requiring only 8,500 revolutions compared with 10,000 for the controls 
and laccase treated material). This may indicate a savings in refining energy 
(16). The buffer, Mn, and H 2 0 2 had no effect on the strength of the handsheets. 
The laccase treatment with 4-hydroxyphenylacetic acid brought about small 
increases in the burst and tear indexes and a decrease in the tensile index. 
Chandra and Ragauskas (8) reported an 18% increase in the burst index, an 11% 
increase in the tear index, and about an 8% increase in the tensile index for 
softwood linerboard pulp treated with laccase and 4-hydroxyphenylacetic acid. 

The MnP treatment did not increase the binding of methylene blue above 
that of the controls. The laccase together with 4-hydroxyphenylacetic acid did 
increase the adsorption of methylene blue. Both the MnP treatment and laccase 
treatment together with 4-hydroxyphenylacetic acid increased handsheet 
strength. Methylene blue adsorption does not appear to correlate with handsheet 
strength. 

The conditions under which the pulp is treated can influence the extent of 
the modification. Using resorcinol as the modifying substrate on spruce TMP, 
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we investigated the method of substrate addition using the adsorption of 
methylene blue to assay the treated pulp. Table IV shows the results of the 
methylene blue adsorption on pulps treated with the same amount of resorcinol 
but under different conditions. When the entire amount of resorcinol was added 
at the start of the experiment, there was an increase in methylene blue adsorption 
above that of the laccase treated control. If the atmosphere of the incubation bag 
was replaced with oxygen, then no discernable changes in methylene blue 
adsorption were observed. Methylene blue adsorption was highest when 
resorcinol was added in three aliquots during incubation. The color of all the 
resorcinol treated pulps changed from brown to deep red and could not be 
removed by washing with distilled water. Samples reacted in an oxygen 
atmosphere turned red much more rapidly those reacted in air. 

The conditions used for these experiments indicate that a greater effect can 
be created by metering in the substrate. Oxygen is required in these incubations 
to reoxidize the laccase. It might also react with laccase generated radicals and 
propagate oxygen free radicals that could be additional reactants. 

Table IV. Effect of substrate addition on 
methylene blue binding to treated spruce TMP 

Methylene blue 
adsorption 

Pulp treatment (μΜοΙ/g) 
No substrate + Laccase 66 
Resorcinol-all at start 99 
Resorcinol-all at start-Oxygen 60 
Resorcinol-3 aliquots 126 

Southern pine bark treated with BAPED is effective at removing 
phosphorous from aqueous solutions. The bark was treated with laccase and also 
with phloroglucinol and catechol to generate additional sites where more 
BAPED could be bound. The laccase treated material decreased the capacity of 
the bark to remove phosphorous by 31%. The catechol and phloroglucinol 
treatments decreased this capacity by 38% and 45%, respectively. It appears the 
reaction with laccase and substrate competes for sites already occupied by 
BAPED, diminishing the capacity of the bark. It is also possible the phenolic 
substrates attached to the nitrogen of BAPED and reduced the phosphorous 
binding capacity. These reactions will be explored further. 
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Conclusions 

Laccase and manganese peroxidase are able to generate free radicals in 
pulps and substrates. In this paper, we showed that oxygen was consumed but we 
did not directly demonstrate free radical formation. The results of fiber treatment 
are influenced by treatment of the pulp prior to enzyme treatment, the conditions 
under which the pulp is treated with enzymes, and the types of substrates used 
for the treatment. Laccase reactions changed the surface characteristics of the 
fiber, and the changes were different with different substrates. Results obtained 
with IGC indicated that both acidic and basic modifications could be made. If 
these changes can be made economically, there may be some use in increasing 
paper strength. Methylene blue adsorption did correlate with the KA results from 
IGC but is not suitable as a primary indicator of carboxyl group attachment on 
these treated pulps. Incremental additions of laccase substrate appeared to alter 
the fiber to a greater extent than did bulk addition. Some oxidative modifications 
by enzymes can result in increased strength properties or lower energy needs 
during refining. These enzyme studies need to be explored further to determine if 
there is a possibility of applications in industry. 
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Chapter 8 

Degradation of Wood and Pulp by Three Fungi, 
Pycnoporus cinnabarinus. Trichophyton rubrum 

LKY-7 and Trichophyton rubrum LSK-27 

Xinglian Geng1, Hyunchae Jung2, and Kaichang Li1 * 

1Department of Wood Science and Engineering. Oregon State University, 
Corvallis, OR 97331 

2Department of Forest Resources, Sunchon National University, 
Sunchon 540-742, Korea 

Degradation of pine, yellow poplar and sweet gum by three 
fungi Pycnoporus cinnabarinus, Trichophyton rubrum LKY-7 
and Trichophyton rubrum LSK-27 was investigated. The two 
Trichophyton species have not been identified, i.e., they are 
unknown. However, they have been putatively characterized 
with a chemical signature method. Their chemical signatures 
were compared to known fungi in a database of Microbe 
Inotech Labs, Inc. (St. Louis, MO). P. cinnabarinus degraded 
pine block samples much faster than Τ rubrum LKY-7 and Τ. 
rubrum LSK-27, whereas P. cinnabarinus and Τ. rubrum 
LSK-27 degraded yellow poplar and sweet gum at almost the 
same rate. Among three fungi, LKY-7 had the lowest ability to 
degrade all three types of wood. In an effort to get a better 
understanding of how fungi degrade lignin in wood, contents 
of various functional groups were analyzed. After three-
months of degradation of pine flour by the three fungi, the 
following changes were observed: an increase in condensed 
phenolic OH group content and carboxylic acid group content, 
a decrease in the guaiacyl phenolic OH content, and little 
change of aliphatic OH group content. Further studies in the 
degradation of pine flour by P. cinnabarinus revealed that the 
increase in condensed phenolic OH group content and the 
decrease in guaiacyl phenolic OH group content occurred in 
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the first month of the degradation. The changes of functional 
group contents in the degradation of unbleached softwood 
kraft pulp by P. cinnabarinus had the same trends as those in 
the degradation of pine flour. In other words, structural 
alterations of lignin due to the kraft pulping process had little 
effect on how P. cinnabarinus degraded lignin. Action modes 
in the fungal degradation of lignin are discussed. 

Lignin is the second most abundant renewable biopolymer on earth and its 
biodégradation is of great importance for the global carbon cycle. Selective 
biodégradation of lignin has drawn particular attention because lignin is one of 
the major obstacles for the efficient utilization of lignocellulosic materials in 
many industries such as the pulp and paper industry and the animal feed 
industry. White-rot fungi are the only microorganisms able to selectively and 
efficiently degrade lignin in natural environments. However, the mechanisms by 
which white-rot fungi degrade lignin are still poorly understood. 

It is believed that three types of potentially ligninolytic enzymes, lignin 
peroxidase (LiP), manganese peroxidase (MnP) and laccase are involved in the 
fungal degradation of lignin. Extensive studies reveal that these enzymes 
degrade lignin in different ways. For instance, LiP is able to degrade non-
phenolic lignin substructures that account for 90% of all lignin substructures in 
wood, whereas MnP and laccase are only able to degrade phenolic lignin 
substructures that accounts for only about 10% of all lignin substructures in 
wood. White-rot fungi secrete one or more of these three enzymes for lignin 
degradation, which suggests that there is likely more than one mechanism for 
fungal degradation of lignin. 

We have been using the white rot fungus Pycnoporus cinnabarinus as a 
model white-rot fungus for studying mechanisms of fungal degradation of lignin 
because of its simple ligninolytic enzyme system. Only one of the three 
ligninolytic enzymes, laccase, is produced in the degradation of lignocellulosic 
materials by P. cinnabarinus although the fungus can degrade lignin efficiently 
(1-4). It is well established that laccase can only oxidize non-phenolic lignin 
substructures in the presence of a redox mediator (5,6). Our recent studies 
revealed that P. cinnabarinus was able to degrade non-phenolic lignin 
substructures (7). However, identification of a natural mediator compound that 
enables laccase to degrade non-phenolic lignin substructures remains elusive 
despite extensive efforts (8). 

We are also investigating two newly isolated wood-degrading fungi, 
Trichophyton rubrum LKY-7 and Trichophyton rubrum LSK-27, for their ability 
to degrade lignin. In this study, we investigated the abilities of P. cinnabarinus, 
Τ rubrum LKY-7 and T. rubrum LSK-27 to degrade wood and unbleached kraft 
pulp. We analyzed the changes of various functional group contents in pine 
lignin and kraft lignin during the degradation of wood and unbleached kraft pulp 
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by these fungi in an effort to gain a better understanding of how white-rot fungi 
degrade lignin. 

Materials and Methods 

Microorganisms 

Two fungal strains, Trichophyton rubrum LKY-7 and Trichophyton rubrum 
LSK-27 were maintained on yellow poplar blocks at -80 °C before use. P. 
cinnabarinus, strain PB (ATCC 204166) was maintained on 2% (w/v) potato 
dextrose agar (PDA) plates at 4 °C. P. cinnabarinus, Τ rubrum LKY-7 and Τ 
rubrum LSK-27 were separately inoculated on PDA plates and incubated at 30 
°C for 5 days before inoculated on wood blocks. P. cinnabarinus on a PDA plate 
was inoculated on autoclaved long-grain polished rice (60 g/l-L flask) for 
production of fungal spores. After cultivation at 30 °C for 8 days, the fungal 
spores were extracted with sterile 0.9% (w/v) NaCl solution, filtered with 
cheesecloth to remove the rice, and extensively washed with sterile 0.9% (w/v) 
NaCl solution (4). The spore suspension contained about 3 χ 107 spores/mL and 
was used for the degradation of pine wood flour. 

Degradation of Wood Blocks by Three Fungi 

A scaled-down version of the soil block test developed by Scheffer et al 
was used to investigate the fungal degradation of wood blocks (9,10). More 
specifically, glass chambers (300 mL) were half-filled with moist garden loam 
followed by addition of 50 mL tap water. An Alder feeder block (3 cm χ 3 cm χ 
2 cm) was put on the surface of the soil and autoclaved at 121 °C for 45 min. 
After it was cooled down to room temperature, the feeder block in the soil-
containing chamber was inoculated with a PDA disc (Φ 6 mm) taken from the 
hyphal tip in a fungus-growing PDA plate, and incubated at 30 °C until the 
fungus had thoroughly colonized the feeder. A wood block specimen (1 cm χ 1 
cm χ 1cm) cut from pine sapwood, sweet gum or yellow poplar was dried at 104 
°C overnight, cooled in a desiccator, and then weighed. Al l wood block 
specimens were autoclaved at 121 °C for 45 min, cooled in a desiccator and 
placed on the corner of the feeder block in the chamber. The yellow poplar and 
sweet gum block specimens were incubated for 2 months at 30 °C, while the 
pine block specimens were incubated for 3 months at 30 °C. After the mycelia 
were carefully removed, the decayed wood block specimens were rinsed with 
water, dried at 105 °C, and then weighed to determine the weight loss. Nine 
replicates were investigated for each fungus on each wood species. 
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Degradation of Pine Flour by Three Fungi 

Experiments for fungal degradation of pine flour were carried out by 
following an established procedure for fungal degradation of pulp (3). 
Pondarosa pine sapwood flour (30 mesh) was extracted with acetone/water (v/v, 
9/1) and dried under vacuum. The moisture content was determined as 9.8 %. A 
mixture of wood flour (9.07 g oven-dried) and de-ionized water (10 mL) was 
autoclaved in 250 mL Erlenmeyer flask at 121 °C for 1 h. The autoclaved wood 
flour was inoculated with the P. cinnabarinus spore suspension (5 mL), and the 
moisture content of the wood flour adjusted to 80% with sterilized water. The 
culture was then incubated at 30 °C for pre-determined times. Twelve replicates 
were carried out for each cultivation time. 

Twelve PDA discs (Φ 6 mm) of the pre-incubated T. rubrum LKY-7 and 7! 
rubrum LSK-27 were inoculated with 250 mLof a cultivation medium in a 1-L 
flask and incubated at 30 °C in a shaker (120-150 rpm, Φ 18 mm). The culture 
medium (per liter) for T. rubrum LSK-27 contains 30 g glucose, 10 g Bacto-
peptone, 1.5 g KH 2 P0 4 5 0.5 g MgS0 4, 20 mg CuS0 4, 50 mg MnS0 4 and 10 mg 
thiamine-HCl. The culture medium (per liter) for 71 rubrum LKY-7 contains 30 
g glucose, 10 g Bacto-peptone, 1.5 g KH 2 P0 4 , 0.5 g MgS0 4, 20 mg CuS0 4, 50 
mg MnS0 4 and 2 mg thiamine-HCl. The fungal mycelia were filtered with filter 
paper, washed with sterilized water and then homogenized in 40 mL water. 
Mycelial suspension (5 mL) was inoculated on pine flour (3.61 g, oven-dried) in 
a 125 mL flask and the moisture content adjusted to 83%. Six replicates were 
inoculated for each fungus. 

After a predetermined incubation time at 30 °C, fungal mycelia were 
carefully removed from wood flour, and wood flour was dried under vacuum at 
40 °C for further analyses. 

Isolation of Lignin from Wood 

Lignin in pine flour was isolated before and after the fungal degradation 
with an acidic dioxane extraction method, i.e., the pine flour samples (10 g) 
were refluxed under nitrogen for 2 h with 200 mL 0.1 M HC1 in dioxane/water 
(85/15, v/v) at solvent/wood weight ratio 20:1 (11,12). The dioxane-water 
extract was neutralized with solid sodium bicarbonate. Dioxane in the extract 
was removed through a rotary evaporator, and lignin left in the solution was 
precipitated in water (500 mL, pH 2-3). The precipitated lignin was collected by 
centrifugation, washed with acidified water (pH 2-3) and then freeze-dried. 
lignin extracted from pine flour before the fungal degradation was used as a 
control. 
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Degradation of Unbleached Softwood Kraft Pulp by P. cinnabarinus 

This experiment was carried out in accord with an established procedure 
(3). Unbleached softwood kraft pulp (USKP) from Douglas fir was obtained 
from Pope and Talbot (Halsey, Oregon) and washed with deionized water until 
the effluent was neutral and colorless. USKP (8.0 g, oven-dried) was autoclaved 
at 121 °C for 40 min, cooled down at room temperature and then inoculated with 
3 mL of P. cinnabarinus spore suspension (ca. 9 χ 107 spores/mL). The moisture 
content of the culture was adjusted to 80% and the culture was incubated 
statically at 30 °C. After a pre-determined incubation time, mycelia were 
carefully removed from pulp. The treated pulp was analyzed for kappa number. 

Measurement of Kappa Number 

The kappa number was determined in accordance with TAPPI Test 
Methods (1994-1995) T236 om-85. At least two replicates were performed for 
each sample. 

Isolation of Lignin from Puip 

The pulp samples before and after the fungal degradation were air-dried and 
milled with Wiley Mill to flour (30 mesh). Lignin in pulp was isolated with the 
acidic dioxane extraction method described previously. Lignin extracted from 
the milled pulp before fungal degradation was used as a control. 

Quantitative Analysis of Lignin Functional Groups with 3 1 P NMR 

Lignin structures were characterized with 3 1 P NMR according to 
established methods (13-15). Accurately weighed lignin (40 mg/mL) together 
with cholesterol (3.5 mg/mL, an internal standard) and chromium 
acetylacetonate (5.0 mg/mL, relaxation reagent) were dissolved in a mixture of 
pyridine/CDCl3 (1.6/1, v/v) in a 4-mL vial with magnetic stirring. The 
phosphorylation agent 2-chloro-4, 4, 5, 5-tetramethyl-l, 3, 2-dioxaphospholane 
(100 μϊ) was added and stirred for 20 min. The resulting solution was then 
transferred to a 5 mm NMR tube for the acquisition of 3 l P NMR spectra. The 3 1 P 
NMR spectra were acquired by the inverse gated decoupling sequence on a 
Bruker 300 MHz NMR spectrometer (13,16). Al l chemical shifts in this paper 
were referenced by the reaction product of water with the phosphorylation agent, 
which gives a sharp 3 1 P NMR signal at 132.2 ppm in pyridine/CDCl3 (14). The 
integral value of the internal standard (31P NMR signals at 146.1 ppm) was used 
to calculate the amount of various hydroxyl groups. The peaks of quantitative 
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3 1 P NMR spectra were assigned as follows: aliphatic alcoholic units 149.6-146.4 
ppm; condensed phenolic units 145.7-141.6 ppm; guaiacyl phenolic units 141.6-
140.1 ppm; and carboxylic acids 136.8-135.8 ppm. 

FTIR Spectroscopy 

Fourier Transfer Infrared (FTIR) spectra of lignin were acquired on a 
Thermo Nicolet Nexus™ 470 FTIR spectrometer with a Golden Gate Heatable 
Diamond ATR (attenuated total reflectance) accessory at room temperature. The 
number of scans for each sample was 32. The assignments of absorbance peaks 
were based on published FTIR database for lignin (77). 

Results and Discussion 

Weight Loss of Decayed Wood Blocks 

After three months of degradation, the weight losses of pine blocks caused 
by P. cinnabarinus, T. rubrum LSK-27 and T. rubrum LKY-7 were 87.6%, 
39.2%, and 3.1%, respectively, for these three fungi (Table I). Because lignin 
content in pine is at least 30%, a weight loss of 87.6% implies that P. 
cinnabarinus efficiently degrade all wood components including lignin. The 
degradation ability of T. rubrum LKY-7 on pine was much lower than that of P. 
cinnabarinus and 7! rubrum LSK-27. As a matter of fact, T. rubrum LKY-7 
only caused a slight decrease in weight loss as compared to the control. 

The ability of these three fungi to degrade the hardwoods yellow poplar and 
sweet gum was also investigated (Table II). The weight losses of yellow poplar 
blocks after two months of degradation by P. cinnabarinus, T. rubrum LSK-27 
and T. rubrum LKY-7 were 30.1%. 39.2%, and 7.5%, respectively (Table II). 
Statistically, P. cinnabarinus and T. rubrum LSK-27 degraded yellow poplar 
blocks at the same rate. However, P. cinnabarinus and T. rubrum LSK-27 
degraded yellow poplar blocks much more efficiently than T. rubrum LKY-7. 
For the degradation of sweet gum blocks, there were no statistically significant 
difference of the weight losses caused by P. cinnabarinus and T. rubrum LSK-
27. T. rubrum LKY-7 degraded sweet gum blocks much slower than P. 
cinnabarinus and T. rubrum LSK-27. 

It is perplexing that P. cinnabarinus degraded pine blocks much more 
efficiently than T. rubrum LSK- 27 and T. rubrum LKY-7, whereas P. 
cinnabarinus and T. rubrum LSK-27 degraded hardwood blocks (yellow poplar 
and sweet gum) at the same rate. Both T. rubrum LSK-27 and T. rubrum LKY-7 
were recently isolated from a decayed hardwood chip pile in the vicinity of 
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Chonnam, Korea. The species of these two fungi were characterized through a 
GC-FAME (gas chromatography-fatty acid methyl ester) method (Microbe 
Inotech Labs, Inc., St. Louis, MO). When searched against the database of 
Microbe inotech Labs, Inc., the most similar fungal species for these two fungi 
was Trichophyton rubrum. The Similarity and Distance Coefficient of these two 
fungi to Trichophyton rubrum were 0.442 and 4.426 for T. rubrum LKY-7 and 
0.688 and 2.995 for Τ rubrum LSK-27. Two identical fungal strains in the 
database would have similarity coefficient of one and a distance of zero. 
Therefore, these two fungi may not truly belong to Trichophyton rubrum. The 
great difference of these two fungi's ability to degrade both softwood and 
hardwood blocks suggests that they might belong to different species. 

Activities of three ligninolytic enzymes, lignin peroxidase, manganese 
peroxidase, and laccase were detected during the incubation of pine flour with Γ. 
rubrum LSK-27 and Τ rubrum LKY-7, whereas only laccase activity was 
detected with P. cinnabarinus (data not shown). It appeared that these three 
fungi used different ligninolytic enzyme systems for lignin degradation. To gain 
a better understanding of the mechanisms by which these three fungi degraded 
lignin, we investigated the structural changes of lignin during the course of the 
fungal degradation of wood. Pine flour samples rather than pine block samples 
were used for the fungal degradation experiments so that lignin could be directly 
and efficiently extracted with dioxane/water from the decayed wood residue 
without a post-degradation grinding because the grinding may cause structural 
changes in the lignin. There were large variations in the weight loss results 
because fungal mycelia were difficult to remove from the decayed pine flour 
samples. Therefore the weight loss results are not reported here. It is worthy 
noting that T. rubrum LKY-7 degraded pine flour much faster than pine blocks. 
As much as a 20% weight loss of pine flour was detected after a three-month 
incubation with T. rubrum LKY-7 even though the fungal mycelia could not be 
completely removed. 

Fungal Modification of Lignin Structures in Wood 

Extracted lignin samples were analyzed with 3 1 P NMR for the content of 
various functional groups (Table III). Aliphatic hydroxyl groups in lignin mainly 
refer to those hydroxyl groups of compound I (Figure 1). Compound II in 
Figure 1 is a representative lignin substructure with condensed phenolic 
hydroxyl groups. Compound III is a representative lignin substructure 
containing guaiacyl phenolic hydroxyl groups (Figure 1). When compared with 
the control, the contents of condensed phenolic OH groups and carboxylic acid 
groups increased, the content of guaiacyl phenolic OH groups decreased, and the 
contents of aliphatic OH groups remained statistically the same after a three-
month's degradation of pine flour by P. cinnabarinus. For T. rubrum LSK-27, 
the trends in functional group changes were the same as those for P. 
cinnabarinus, i.e., the contents of the aliphatic OH groups were basically the 
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Figure L Representative lignin substructure (L = lignin matrix) 

same, the contents of condensed phenolic OH groups and carboxylic acid groups 
slightly increased; and the content of the guaiacyl phenolic hydroxyl groups 
decreased. For T. rubrum LKY-7, the only difference for the trends of the 
functional groups change was that the carboxylic acid contents remained 
virtually the same after three months of fungal degradation. 

Pine lignin is predominately derived from conifer alcohol. In pine lignin, 
about 10% of lignin substructures are phenolic, i.e., those substructures with a 
guaiacyl phenolic hydroxyl group, whereas about 90% of lignin substructures 
are non-phenolic, i.e., the guaiacyl phenolic hydroxyl group is covalently linked 
to the lignin matrix. It is well established that a phenolic hydroxyl group is easy 
to oxidize. In other words, a phenolic lignin substructure is easier to oxidize than 
a non-phenolic lignin substructure with the exception that condensed lignin 
structures are especially difficult to degrade because of the carbon-carbon 
linkages between two phenylpropane units. The 3 1 P NMR results indicated that 
three fungi used in this study all caused decreases in the guaiacyl phenolic OH 
group content and increases in the condensed phenolic hydroxyl group content, 
which implied that these fungi first degraded the easily oxidizable lignin 
substructures with guaiacyl phenolic OH group and left the condensed lignin 
substructures behind regardless of the ligninolytic enzymes they secreted for 
lignin degradation. Little change of the aliphatic OH groups suggested that the 
oxidization of the phenylpropane side chain in the pine lignin was not the 
important action mode in the degradation of lignin by these three fungi. The 
increase in the carboxylic acid content probably resulted from the ring-opening 
reactions in the oxidation of the guaiacyl phenolic substructure. 

The previously proposed action modes for the fungal degradation of lignin 
were derived from a three-month fugal degradation of pine flour. Additional 
studies were performed to determine the effect of incubation time, i.e., the 
degree of wood degradation. Results in Table IV revealed that the incubation 
time had little effect on the change of the aliphatic OH content. The condensed 
phenolic OH content significantly increased in the first month of the incubation, 
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remained at the increased level during the second and the third months of the 
incubation, and then decreased after the fifth month of the incubation (Table 
IV). In contrast with the significant increase of the condensed phenolic 
structures, there was a significant reduction of the guaiacyl phenolic OH content 
after one month of degradation. The guaiacyl phenolic OH content remained 
unchanged between one month and three months of incubation. However, the 
guaiacyl phenolic OH content further decreased when the pine flour samples 
were incubated with P. cinnabarinus for five months. Carboxylic acids content 
gradually increased in the first two months of the fungal degradation and 
remained constant thereafter. 

It appeared that some easily accessible guaiacyl phenolic substructures were 
preferentially degraded in the first month, which led to the increase in the 
relative content of the condensed phenolic substructures. Lignin is a complex 
polymeric material. Guaiacyl phenolic substructures are widely distributed in the 
lignin matrix. Therefore, some guaiacyl phenolic substructures were not readily 
accessed by the fungus P. cinnabarinus, which accounts for the detection of a 
significant amount of the guaiacyl phenolic OH group even after five months of 
degradation. The 3 1 P NMR data indicated a rapid and preferential degradation of 
guaiacyl phenolic substructures. This appeared to be in accord with the FTIR 
results: the intensity of the characteristic absorbance of guaiacyl substructures at 
1265 cm'1 significantly decreased after one-month of degradation, and the 
intensity ratio of the absorbance at 1510 cm"1 vs. 1452 cm*1, another 
characteristic for guaiacyl phenolic substructures, decreased from 1.38 in pine 
lignin before decay to 1.21 in pine lignin after one month of degradation (17). 

It is not clear whether all lignin substructures including the predominant 
non-phenolic lignin substructures and the condensed phenolic substructures 
were degraded at approximately the same rate after the readily accessible 
guaiacyl phenolic substructures were degraded in the first month of the 
incubation. The small changes in the guaiacyl phenolic OH group content during 
the one to three months of the fungal degradation appeared to suggest that the 
fungal degradation of guaiacyl phenolic substructures were controlled by the 
accessibility of these substructures to the fungus. The relatively constant level of 
the condensed phenolic substructures appeared to suggest that the condensed 
phenolic substructures were also degraded at the time when non-phenolic lignin 
substructures were degraded. 

The structures of lignin in unbleached softwood kraft pulp (USKP) were 
significantly altered during the Kraft pulping process. We investigated whether 
the alteration of lignin structures had effects on the action modes of degradation 
for P. cinnabarinus (Table V). In contrast to the initial increase in the condensed 
phenolic OH group content in the degradation of pine flour, the condensed 
phenolic OH group content gradually decreased in the degradation of USKP. 
The aliphatic OH group content first increased and then decreased during the 
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Table V. The Contents of Various Functional Groups (mmol/g Lignin) in 
the Degradation of Unbleached Softwood Kraft Pulp by P. cinnabarinus a 

Incubation Phenolic OH 
time (day) Aliphatic OH Condensed Guaiacyl R-COOH 

Control 2.18 ±0.04 0.76 ±0.02 0.68 ±0.01 0.21 ±0.04 
25 2.72 ±0.04 0.72 ± 0.01 0.48 ± 0.00 0.28 ±0.01 
40 2.37 ± 0.26 0.60 ±0.15 0.33 ± 0.04 0.46 ±0.19 
3 Data were the mean of results from three pulp samples 

fungal degradation of USKP, which is also contrary to the small changes 
observed in the aliphatic OH group content in the fungal degradation of pine 
flour. The trends of the content change for guaiacyl phenolic OH group and 
carboxylic acids group during fungal degradation were the same for both pine 
flour and USKP. It is worth noting that both the increased rate of loss of the 
guaiacyl phenolic OH group content and the decreased rate of loss of the 
carboxylic acid group content in the fungal degradation of USKP were higher 
than those in the fungal degradation of pine flour. This is probably due to the 
fact that the guaiacyl phenolic substructures in USKP were more accessible than 
those in pine flour. 

Treatment of USKP with the fungus P. cinnabarinus led to decrease in 
Kappa number, which implied that the fungus selectively degraded lignin (Table 
VI). The Kappa number decreased from 23.34 to 5.46 after a 25-day-incubation. 
However, an increase of the incubation time from 25 to 40 days resulted in little 
change of the Kappa number. The fungus was also able to degrade cellulose and 
hemicelluloses although it preferentially degraded lignin. Where the lignin 
content was low, the fungal degradation rates for carbohydrates increased, which 
might account for the small change in Kappa number when the incubation time 
increased from 25 days to 40 days. 

Table VI. Kappa Number of Pulp before and after Treatment of 
Unbleached Softwood Kraft Pulp by jP. cinnabarinusa 

Incubation time (day) Kappa number 
Control 23.34 ±0.10 
25 5.46 ± 0.30 
40 5.67 ± 0.39 
a Data were the mean of results from three pulp samples 
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Chapter 9 

Productive Cellulase Adsorption on Cellulose 

Hanshu Ding and Feng Xu* 

Novozymes Biotech, 1445 Drew Avenue, Davis, C A 95616 

Hydrolysis of insoluble polymeric cellulose by cellulases 
requires enzyme adsorption onto the substrate. Being 
heterogeneous on its surface, cellulose in general has different 
sites for different cellulases to adsorb. Only a portion of the 
adsorbed cellulase is productive, able to lead to subsequent 
glycosidic bond cleavage. We applied the dependence of 
initial hydrolysis rate on the concentration of enzyme and 
substrate to probe the "productive" adsorption of four different 
cellulases on two types of cellulose. We found that different 
celluloses could have significantly different cellulase 
accessibility; that different cellulases, even from the same 
family, could have significantly different "productive" 
adsorption on cellulose; and that functionally analogous 
cellulases could have overlapping adsorption sites, while 
functionally dissimilar cellulases could have separate 
adsorption sites. The usefulness of the method for mechanistic 
study and industrial application of cellulases was discussed. 

154 © 2004 American Chemical Society 
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To efficiently hydrolyze cellulose, cellulases are often required to tightly 
bind onto their insoluble substrate (1-6). Many cellulases are modularly 
structured, possessing a catalytic core and one or more carbohydrate-binding 
modules (CBM) (2, 3, 7-9). The function of CBM, which has high affinity for 
crystalline cellulose, is believed to include anchoring the catalytic core onto the 
surface of a cellulose microfibril, disrupting hydrogen bonds in cellulose, and 
facilitating the binding of the cellulose chain at core's active site. For 
cellobiohydrolases (CBH), the typical catalytic cycle involves binding at the end 
of a cellulose chain, cleavage of a β-1,4 glycosidic bond to yield cellobiose, and 
finally translocation along the chain for the next cycle ("processivity") or 
desorption into solution when the chain end is reached. Trichoderma reesei and 
Humicola insolens CBH-I (Cel7A) act from the reducing end of a cellulose 
chain, while their CBH-II (Cel6A) prefer the non-reducing end (10, 11). For 
endo-P-l,4-glucanases (EG), the typical catalytic cycle involves random binding 
along a cellulose chain, cleavage of a β-1,4 bond to fragment the chain or release 
soluble cellooligomers, and desorption from the chain before the next cycle. It 
has been proposed that it is the core, rather than CBM, that specifies where on 
the cellulose the cellulase adsorbs (12). 

In the past two decades, tremendous progress has been made in determining 
the structure of cellulases (2, 13-16). Many cellulase families have been 
discovered based on sequence homology (17). Available crystallographic data 
indicate that cellulases belonging to the same family share highly homologous 3-
D structures. Substrate specificity, reactivity and mechanism of cellulases have 
been probed by various techniques including X-ray crystallography and site-
directed mutagenesis. For CBH, their processivity has been related to the tunnel 
morphology of their catalytic site where long loops can open/close to facilitate 
CBH to adsorb to, slide along, or desorb from a cellulose chain (18, 19). 
Principles of cellulase action on cellulose have been established (7, 2, 5, 20). 
Several mathematic models have been developed to analyze the multiphasic 
kinetics of the heterogeneous cellulose hydrolysis by cellulase (6,10,21-28). 

Despite the significant progress achieved so far, several mechanistic details 
governing CBM-cellulose interaction and its effect on catalysis remain unclear 
(3, 12, 16, 29-31). Al l fungal CBM belong to CBM family 1 because of their 
sequence homology (16). Yet different fungal cellulases can have significantly 
different cellulose adsorption in terms of adsorption rate, affinity constant (Ka) 
and reversibility. For instance, T. reesei CBH-I binds cellulose reversibly while 
T. reesei CBH-II binds irreversibly (32, 33). It is not known whether CBH-I and 
CBH-II, or even CBH-I analogs from different fungi, adsorb onto the same or 
different regions of a cellulose microfibril. A general correlation between 
cellulose affinity and catalytic reactivity for cellulases has yet to be established. 

Conventionally, cellulase adsorption onto (or accessibility for) cellulose, 
such as that of Γ. reesei cellulases onto amorphous/crystalline/lingo-cellulose, 
has been investigated by Langmuir-type isotherms (20, 34). They measure 
overall cellulase protein adsorption, assuming a uniform cellulose surface, 
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adsorption enthalpy independent on surface coverage, and negligible interaction 
among adsorbed molecules. The main shortcoming of the methods is their 
inability of differentiating "productive" adsorption, which leads to subsequent β-
1,4 glycosidic bond cleavage, from "nonproductive" adsorption, which leads to 
either desorption or enzyme-inactivating immobilization (70, 35). We 
developed a new method capable of measuring the "productive" cellulase 
adsorption, based on the dependence of initial hydrolysis rate on the 
concentration of cellulase and cellulose. In contrast to the "static" cellulose 
accessibility revealed by Langmuir isotherm, the accessibility detected by the 
new method is "kinetic" since it relates to the surface region hydrolysable by 
adsorbed cellulase. Four representative cellulases (CBH-I from T. reesei and Κ 
insolens, CBH-II from H. insolens and EG-I (Cel7B) from 7! reesei) were 
studied for their "kinetic" accessibility (related to their "productive" adsorption) 
towards two representative celluloses (amorphous phosphoric acid-swollen 
cellulose (PASC) and microcrystalline Avicel), in comparison with their "static" 
Langmuir accessibility. In addition to the cellulose accessibility, we also probed 
whether these cellulases bind onto the same or different regions of the celluloses. 

Mathematic modeling for cellulase.cellulose interaction 

When CBH encounters cellulose, it first adsorbs/binds onto cellulose, 
complexes a cellooligomeric chain at its active site, hydrolyzes a β-1,4 bond to 
release a cellobiose product, then slides along the chain processively for the next 
hydrolysis (7, 2, 75-75, 36). At the initial stage of hydrolysis, when product 
inhibition is negligible, the reaction can be represented by the simplified 
mechanism shown in Figure 1, with the following symbols: E, free enzyme; S, 
enzyme-accessible/hydrolysable cellobiosyl unit in cellulose; β, number of the 
cellobiosyl units covered by a bound CBH molecule; E a ^S , adsorbed enzyme; 
"Ε·β8", pseudo-Michaelis intermediate ("pseudo" because of the insoluble 
nature of substrate); P, released hydrolysis product (cellobiose); Ea-(P-l)S, 
enzymexellulose complex right after cellobiose release. Four major steps are 
depicted in Figure 1 : Enzyme adsorption onto cellulose (ΚΛ = k\lk.{)y substrate 
activation (pseudo-Michaelis constant Km= (k.2^)/k2), hydrolysis (rate constant 
£3), and processive translocation (procession constant Kp = Α4/Λ.4). 

Figure 1. Simplified mechanism of cellulose-catalyzed cellulose hydrolysis. 
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Under steady-state conditions, the hydrolysis step becomes rate-limiting, 
while other steps reach equilibrium, yielding the following kinetic equations: 

d[EpS]/dt=*2[EapS]-(*.2+*3)[EpS]=0, or [E^S]=ik.2+k3)mS]/k^Km[E^S] (1) 

[E][pS]/[EapS]=P[E][S]/[E„pS]=p/̂ , or [E]=[EapS]/(/:a[S])=/:nl[EpS]/(/:a[S]) (2) 

[EapS]/[Ea(P-l)S] = Kp, or [Ea(p- 1)S] = [EapS]/u:p = Km[EpS]/Kp (3) 

From eqs 1 to 3 and the mass balance [E]0 = [E]+[EapS]+[EpS]+[Ea(P-l)S], 
in which [E]0 is the total enzyme concentration, eq 4 is obtained: 

[EpS] = [E]0[S]/{(l + /:*)(a + [S]} (4) 

in which K* = Km(\ + 1/KP), a = KJ{Ka(l + K*)}. 
The mass balance [S]0 = [S] + P[EapS] + p[EpS] + (p-l)[Ea(p-l)S] + [P], in 

which [S]0 is the total enzyme-accessible/hydrolysable cellobiosyl unit 
concentration, applies to the substrate. Because β ~ 39 (22, 37, 38), 1/p « 1. 
When hydrolysis extent is low, [P] is negligible, thus [S]o=[S]+p{[EapS]+[EpS] 
+[Ea(p-l)S]}=tS]+p[EpS]{^ra+l+A:n//:p}. Considering eq 4, this leads to: 

[S]o=[S](a+p[E]0+[S])/(a+[S]), or [S]2 + (a + p[E]„ - [S]0)[S] - a[S]0 = 0 (5) 

Because the hydrolysis rate ν = £3[EpS], eqs 4 and 5 can lead to eq 6: 

v = ̂ E]0[S]o/(a + p[E]0 + [S]) (6) 

in which Κ = k3/(l + l/K*). Since cellulase adsorption on cellulose is generally 
very strong (1/ΚΛ -> 0), α becomes negligible. Assuming [S]0=<i>[S]t, in which 
[S]t is the total cellobiosyl unit concentration of substrate, then the initial rate can 
be expressed as: 

v = ̂ [E]0[S]t/(P[E]0 + [S]) (7) 

in which [S] is a function of [S]t according to [S]t= [S]o/§ and eq 5. 
For non-processive EG, the i 4 , k.4 reactions in Figure 1 can be omitted, and 

the Ee-(|3-l)S can be replaced by Ε + P. Eqs 6 and 7 can be derived with α = 
KJ{K*(\ +Km)} andK = A3/(l + 1 / ^ . 
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Dependence of initial rate on concentration 

When initial substrate concentration [S]t is given, the ν dependence on 
initial enzyme concentration [E]0 can be characterized by an initial linear phase 
and a final saturation phase: When [E]0 « [S]t, [S] « <|>[S]t and eq 7 becomes ν ~ 
K[E]0; when [E]0 » [S]t, eq 7 becomes ν ~ A^>[S]t/p. The two lines intersect at 
[E]0

S, leading to: 

[E]0

s/[S]t = <l>/p (8) 

When initial enzyme concentration [E]0 is given, the ν dependence on initial 
substrate concentration [S]t can also be characterized by an initial linear phase 
and a final saturation phase: When [S]t « [E]0, eq 7 becomes ν ~ ^[S]t/P; when 
[S]t » [E]o, [S] ~ §[S]t and eq 7 becomes ν ~ K[E]0. The two lines intersect at 
[S]t

s, leading to 

IFWiStf-W (8') 

Based on crystallographic data, the number of cellobiose unit covered by 
cellulose-absorbed CBH, β, can be estimated as -39 (22, 37, 38). Thus both 
rate-concentration dependences can reveal φ, a parameter reflecting the initial 
"kinetic" accessibility of cellulose for cellulase. 

Difference between φ and Langmuir-type binding capability 

Langmuir-type isotherms, governed by an adsorption constant and a 
capability N 0 , are widely used to measure the adsorption of cellulase onto 
cellulose. The parameter N 0 reflects the portion of surface cellobiosyl/lattice 
units accessible for cellulase adsorption, regardless whether or not the adsorption 
is followed by hydrolysis. In contrast to the "static" N 0 , φ is "kinetic" and 
measures those "productive" cellulase adsorptions that can lead to subsequent β-
1,4 bond cleavage. 

It is generally believed that EG cleave β-1,4 bonds randomly on the surface 
of cellulose, and CBH cleave β-1,4 bonds in a processive manner from either the 
reducing or non-reducing end of a cellulose chain (2,11,13,15). It is not clear, 
however, whether different cellulases, belonging to either the same or different 
functional group/family, adsorb initially at the same cellulose surface region. 
Measuring φ for individual and mixed cellulases would address this question. 
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Accessibility measurement 

H. insolens CBH-I and CBH-II were purified as reported (39). T. reesei 
CBH-I and EG-I were purified to apparent electrophoretic homogeneity by 
chromatographical methods similar to those published (40). Briefly, a 
commercial T. reesei cellulase mix, Celluclast (activity: ~60 Filter-Paper-
Unit/mL, protein content: ~100 mg/mL, Major component: Cel7A, 6A, 7B and 
5A, Novozymes), was first buffer-exchanged by ultrafiltration (Pall Filtron 
ultrafiltration apparatus and polysulfone membrane of 10K MW cutoff), then 
subjected to Q-Sepharose (pH 7) and Mono-S (pH 4) chromatography (on a 
Pharmacia FPLC). Active fractions were monitored by carboxymethyl cellulose 
(CMC) and PASC-hydrolyzing activity at pH 5 and 30 °C. Purity was measured 
by SDS-PAGE and IEF, and identity was verified by mass spectrometry-based 
protein sequencing. Purified T. reesei CBH-I, T. reesei EG-I, H. insolens CBH-I 
and H. insolens CBH-II showed respectively a molecular mass of 65000, 60000, 
72000 and 65000, isoelectric point of 4.1, 4.8, 4.5 and 4.9, initial PASC-
hydrolyzing activity of 0.86, 36, 2.0 and 5.5 IU/mg, Avicel-hydrolyzing activity 
of 0.12, 0.3, 0.12 and 0.2 IU/mg, and CMC-hydrolyzing activity of 0.6, 84, 0.4 
and 0.1 IU/mg. Table I summarizes the extended CBH-I activity on PASC and 
Avicel in the presence of Aspergillus oryzae β-glucosidase (to prevent cellobiose 
inhibition). 

Table I. Extent og long-term cellulose hydrolysis by CBH-I 

CBH-I PASC Avicel 
2 h 24 h 2 h 24 h 

T. reesei 49% 99% 3% 19% 
H. insolens 54% 83% 1% 5% 

Buffer: 50 mM Na-acetate, pH 5. Temperature: 40 °C. Concentration: 1.8 
g/L PASC, 10 g/L Avicel, 50 nM A. oryzae β-glucosidase, 3 μΜ CBH-I. 

Chemicals used as substrate, chromogenic agent, or buffer were commercial 
products of at least reagent grade. PASC was prepared from Avicel (PHI01 
from FMC) (39). Acid pretreated corn stover (PCS) was obtained from National 
Renewable Energy Laboratory, with a composition of ~57% cellulose, 28% 
lignin, 5% hemicellulose and 4% protein. 

Cellulose-cellulase incubation was done in 50 mM Na-acetate of pH 5 with 
0.5 g/L bovine serum albumin (BSA; to reduce nonspecific binding of cellulase 
on inner surface of reaction vessel) at 40 °C. To study ν dependence on 
[cellulase], 0.3-15 μΜ cellulase was reacted with 1.8 g/L cellulose. To study ν 

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

00
9

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



160 

dependence on cellulose dose, denoted as "[cellulose]" (amount divided by 
suspension volume), 0.2-10 g/L cellulose was reacted with 5 μΜ cellulase. 

Reducing sugar production was monitored with p-hydroxybenzoic acid 
hydrazide (PHBAH) (41). First, 100 \kh sample was mixed with 50 μι 1.5 % 
PHBAH in 0.5 M NaOH in a 96-well plate. After 10 min at 95 °C, 50 μΐ. H 2 0 
was added and 100 μL solution was read at 410 nm in another 96-well plate. D-
Glucose served as quantification standard. Initial ν was derived from five 
samplings taken during the first hour of hydrolysis. 

Because of its endocellulase nature, T. reesei EG-I could hydrolyze a 
cellulose chain without releasing soluble sugar. To detect such endo- reactivity, 
insoluble cellulose, after being incubated with EG-I, decanted and washed, was 
subjected to PHBAH reaction. Reduced PHBAH in solution was measured 
colorimetrically. Under our conditions, the majority (~90%) products of EG-Fs 
initial reaction was found in solution, likely as glucose (36). As detected by 
HPLC, the main initial product from < 1 and > 4 μΜ EG-I was cellobiose and 
glucose, respectively; with > 15 μΜ EG-I, glucose accounted for more than 85% 
of the initial products. When initial rate ν was plotted against initial enzyme 
concentration [EG-I]0, two ν "saturations" were observed: The first one took 
place at ~2 μΜ [EG-I]0 and the second at ~11 μΜ [EG-I]0. Likely the first and 
second saturation corresponded to cellobiose and glucose production by EG-I, 
respectively. Only the first [EG-I]0

S was used to derive φ for EG-I. 

Langmuir adsorption measurement 

Cellulose-cellulase incubation was made at 25 °C with 1 mL of 50 mM Na-
acetate of pH 5, 0.8 - 62 μΜ cellulase, 1.8 g/L cellulose and 8 μΜ BSA in 1.2-
mL Pierce ImmunoWare tubes. After 30 min, the supernatant was decanted, 
filtered (by 0.45 μ Millipore Multi Screen-HV), and assayed by PASC 
hydrolysis activity for free cellulase. Langmuir adsorption equation, l/[E]a<jsorbed 
= 1/([E] 0 - [Ε] ) = 1/(NOA:'[E]) + β/Νο (38), was then applied to calculate 
apparent capacity N 0 (in mole/mole) and adsorption constant K\ 

For PASC hydrolysis assay, 10 μL sample was mixed with 190 μL solution 
containing 2.1 g/L PASC and 8 μΜ BSA in 50 mM Na-acetate of pH 5 in a 96-
well plate. After 30 min at 50 °C, 50 μΐ 0.5 M NaOH was added to stop 
hydrolysis. After 5 min centrifugation at 2000 rpm, 100 μL supernatant was 
subjected to PHBAH reducing sugar assay. 
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Accessibility of individual cellulase 

Under our conditions, mixing cellulase with cellulose led to immediate 
release of reducing sugar. Figure 2A shows the dependence of initial rate ν on 
initial enzyme concentration [CBH-I]0 for the PASC hydrolysis by T. reesei 
CBH-I. At low [CBH-I]0, ν was proportional to [CBH-I]0. At high [CBH-I]0, 
however, a "saturating" phase was achieved where ν became independent on 
[CBH-I]o. Crossing the ν oc [CBH-I]0 and ν = constant lines, a [CBH-I]0

S was 
obtained and φ was deduced according to eq 8. A similar situation was observed 
when [PASC] t varied (Figure 2B). The φ obtained from [PASC] t

s and eq 8' was 
close to that obtained from [CBH-I]0

S and eq 8. Table II summarizes φ measured 
for the four cellulases and two celluloses. 
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Figure 2. PASC hydrolysis by T. reesei CBH-L Initial rate ν dependence on (A) 
[CBH-I]ο or (B) [PASC]t. (A): [PASC]t: 5 mM cellobiose equivalent (1.8 g/L). 
Lines ν = 30[CBH-I]0 and ν = 255 intercept at [CBH-I]£ = 8.5 μΜ (0.55 g/L). 
(B); [CBH-I]0: 4.6 μΜ (0.3 g/L). Lines ν = 35.5[PASC]t and ν = 103 intercept 

at [PASCJf = 2.8 mM cellobiose equivalent (1 g/L). For clarity purpose, 
"saturating" ν data beyond the depicted concentration range are not included. 

For a given cellulase, Avicel's φ was less than PASC's φ, suggesting less 
"productive" cellulase adsorption on more crystalline cellulose surface. With 
crystalline cellulose substrate, it could be more difficult for the cellulase to 
thread a cellulose chain into its active site cleft/tunnel, since more inter-chain Η 
bonds would need to be broken in a highly crystalline region than in an 
amorphous/chain end region. 
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Table II. Cellulase accessibility towards cellulose 

Cellulase Cellulose [E]</fS]t

s [EJo'/fS], Φ 
T. reesei CBH-I PASC 0.0016 0.0016 0.062 
T. reesei EG-I PASC 0.00011 0.00010 0.0043 

Κ insolens CBH-I PASC 0.0011 0.0011 0.043 
H. insolens CBH-II PASC 0.00019 0.00017 0.0070 

T. reesei CBH-I Avicel 0.00035 0.00035 0.014 
T. reesei EG-I Avicel - 0.000032 0.0012 

H. insolens CBH-I Avicel 0.000036 0.000048 0.0016 
H. insolens CBH-II Avicel 0.000029 0.000034 0.0012 

T. reesei CBH-I PCS - 0.00023 0.0090 

[E]0: initial enzyme concentration. [S]t: initial cellulose concentration. [E]0

s/[S]t » 
[E]o/[S]t

s « φ/β, β « 39. 

The ΦΡΑ8€ - φΑνίοεί difference varied among cellulases, indicating differential 
cellulose accessibility of these cellulases, even when they were close 
structural/functional analogs. For instance, T. reesei CBH-I had a φ on PASC ~3 
times larger than that on Avicel, but H. insolens CBH-I had a φ on PASC ~26 
times larger than that on Avicel. 

For a given cellulose, different cellulases (even from the same family) 
showed different φ . For instance, T. reesei and H. insolens CBH-I showed a φ of 
0.014 and 0.0016, respectively, on Avicel, although they both are family 7 
glycoside hydrolase and possess family 1 CBM. 

Accessibility of cellulase mixtures 

Table III summarizes the φ measured with 1:1 binary cellulase mixtures. 
For PASC, T. reesei CBH-I and H. insolens CBH-I mixture showed a φ (0.062) 
similar to that of 71 reesei CBH-I (0.062), rather than the φ sum (0.062 + 0.043 « 
0.11) of the two cellulases (Table II), indicating that the two CBH-I were 
adsorbed at the same region (likely rich in reducing chain ends) on PASC. 
Similar result was seen when T. reesei CBH-I and H. insolens CBH-I were 
mixed at 1.4:1 ratio (φ « 0.07). For Avicel, T. reesei CBH-I and H. insolens 
CBH-I mix showed a φ (0.013) similar to that of T. reesei CBH-I (0.014). 

For PASC, H. insolens CBH-I and CBH-II mix showed a φ (0.055) similar 
to the φ sum (0.043 + 0.007 = 0.05) of the two cellulases, rather than the 
individual φ of either cellulase (Table II), suggesting that the CBH-I and CBH-II 
were adsorbed at different regions on PASC. A similar result was seen when 
CBH-I and CBH-II were mixed at 6.7:1 ratio (φ « 0.06). For Avicel, Κ insolens 
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CBH-I and CBH-II mix showed a φ (0.0023) again similar to the φ sum (0.0016 
+ 0.00012 = 0.0028) of the two cellulases. The φ observation indicated that the 
region CBH-I could "productively" adsorb (likely enriched in reducing ends) 
was separated from that of CBH-II (enriched in non-reducing ends) at the initial 
hydrolysis stage. 

Unlike processive T. reesei CBH-Fs preference for non-reducing cellulose 
chain ends, non-processive T. reesei EG-I is believed capable of randomly act 
along the cellulose chain (2, 13,15). Under our conditions, 1:1 T. reesei CBH-I 
and EG-I mix had a φ of 0.082 for PASC, while 15:1 or 17:1 mix had a φ of 
0.067. For Avicel, 1:1 T. reesei CBH-I and EG-I mix had a φ of 0.015. These φ 
seemed to correspond to the φ sums of the two cellulases, indicating different 
"productive" adsorption regions for them. However, because the φ of T. reesei 
EG-I was -15 times smaller than that of T. reesei CBH-I, our experiment could 
not conclusively differentiate a true φ sum that was -15% higher than φ(ΰΒΗ-Ι) 
from a φ(ΰΒΗ-Ι) with -10% experimental error. 

Table III. Accessibility of 1:1 cellulase mix. 

Cellulases Cellulose [EMSJ,S [E]os/[S], Φ 
T. r. CBH-1/Γ. r. EG-I PASC 0.0023 0.0020 0.082 

T. r. CBH-I///. i. CBH-I PASC 0.0017 0.0015 0.062 
H. i. CBH-I///. ι. CBH-II PASC 0.0014 0.0014 0.055 
T. r. CBH-I/r. r. EG-I Avicel 0.00038 0.00040 0.015 

T. r. CBH-I///. i. CBH-I Avicel 0.00044 0.00021 0.013 
H. i. CBH-I///. i. CBH-II Avicel 0.000053 0.000065 0.0023 

Celluclast PCS 0.00032 0.00030 0.012 
For the definition of [E]0, [S]t and φ, see Table II. 

Comparison between ψ and No 

With 1.8-2.3 g/L or 5.3-6,6 mM cellobiose-equivalent PASC, our Langmuir 
adsorption measurement yielded an N 0 of 0.23, 0.43 and 0.07, as well as a 1C of 
0.01, 0.004 and 0.002 μΜ'1 for T. reesei CBH-I, T. reesei EG-I and H. insolens 
CBH-I, respectively. The N 0 was -4,100 and 1.6 times the φ for these enzymes. 
Thus, only -25, 1 or 60% of adsorbed T. reesei CBH-I, T. reesei EG-I or H. 
insolens CBH-I was "productive" at the initial hydrolysis stage, leading to 
subsequent β-1,4 bond cleavage. 

Assuming β ~ 39, N 0 of -0.03 - 0.05 can be derived for 7! reesei EG-I from 
published Langmuir isotherms on Avicel (42, 43). The N 0 thus derived were 
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-30 times the φ for T. reesei EG-I, indicating that only -3% of adsorbed enzyme 
was "productive" at the initial hydrolysis stage. N 0 of -0.006 - 0.013 (along 
with IC of 0.1 - 0.3 μΜ"1) have been reported for Langmuir adsorption of T. 
reesei CBH-I onto Avicel (20, 44, 45). Thus, T. reesei CBH-Fs N 0 and φ were 
comparable, suggesting that the enzyme's initial adsorption onto Avicel was 
-100% "productive". 

It is known that for crystalline cellulose, T. reesei EG-I has a stronger 
overall adsorption than T. reesei CBH-I, although the former's activity is much 
weaker than the latter (12). The significant difference between the two 
cellulases' "productive" adsorption ("kinetic" accessibility) may contribute to 
the activity difference. 

Being close functional (reducing-end specific, processive) and structural 
(family 7 cellulases) analogs, T. reesei and H. insolens CBH-I showed 
comparable activity on amorphous PASC; however, the former was significantly 
more active on microcrystalline Avicel than the latter (Table I). This difference 
might be related to the high "kinetic" Avicel accessibility of T. reesei CBH-I. 

For bacterial microcrystalline cellulose, N 0 of -0.03 - 0.06 and K* of 0.1 -
0.5 μΜ*1 have been reported with 71 reesei CBH-I (38, 45). For α-cellulose, an 
N 0 of -0.02 has been reported ((f). For acid pretreated filter paper and wood, N 0 

of -0.003 - 0.019 have been reported, respectively (25, 34, 37). They are 
comparable to the φ of T. reesei CBH-I and Celluclast, in which 71 reesei CBH-I 
accounted for -60% of total protein, towards PCS (Tables II, III). 

Structural basis for different φ among cellulases 

Al l of the fungal CBM found so far are grouped to CBM family 1 due to 
their sequence similarity (13,15). Figure 3 compares the CBM of the cellulases 
tested in this study. 

Γ. r.CBH-1 HYGQCGGIGYSGPTVCASGTTCQVLNPYYSQCL 
Γ. r.EG-1 HWGQCGGIGYSGCKTCTSGTTCQYSNDYYSQCL 
H.i.CBH-I RWQQCGGIGFTGPTQCEEΡYTCTKLNDWYSQCL 
H.i.CBH-II TWGQCGGIGFNGPTCCQSGSTCVKQNDWYSQCL 

* * ** * * * 
Figure 3. Sequence alignment of the CBM. "* " denotes the key amino acids 

on the putative cellulose-binding surface (33). 

The CBM from H. insolens CBH-I is 58% homologous to that of 71 reesei 
CBH-I. Between the two CBM, all the key amino acid residues, located at the 
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flat face of the wedge-shaped CBM (12, 46, 47), are conserved, except two 
changes from tyrosine to tryptophan. On PASC, H. insolens CBH-I showed a φ 
(0.043) being 69% of that for T. reesei Cel7A (0.062). On Avicel, however, the 
φ for H. insolens CBH-I (0.0016) was only 11% of that for T. reesei CBH-I 
(0.014). Such accessibility difference towards highly crystalline and amorphous 
celluloses might be attributed to the tyrosine/tryptophan changes, or the variable 
amino acid residues adjacent to the key residues, which might affect CBM 
interaction with cellulose. Since protein adsorption onto carbohydrate involves 
hydrogen bonds, van der Waals interactions, polarization or hydrophobic 
interactions, variation of other amino acid residues might impact CBM 
adsorption as well (12,16, 30, 37, 38, 48). How the amino acid changes from T. 
reesei CBM to H. insolens CBM affect their cellulose adsorption needs to be 
further elucidated by techniques such as site-directed mutagenesis. 

Summary 

Being a heterogenous reaction, the hydrolysis of cellulose by cellulase 
requires adsorption of the enzyme onto the substrate. In general, insoluble 
cellulose has a non-uniform surface due to factors such as shape, crystallinity, 
lattice defect, and non-cellulosic moieties (Le. lignin, hemicellulose). PASC is 
almost completely amorphous. Avicel, having a crystallinity of 0.47, is partly 
amorphous and partly crystalline (49). In the crystalline region of Avicel, 
different faces and corners exist. In PCS, lignin and hemicellulose 
entangle/overlap with cellulose. Thus a cellulose substrate can have different 
binding sites with intrinsically different accessibility for different cellulases (14, 
36). Such heterogeneity may force an enzymatic cellulose hydrolysis system to 
possess multiple cellulases (such as the two CBH and up to six EG secreted by 
T. reesei) with different affinity towards different parts of a cellulose substrate. 

The four cellulases we selected have been characterized in terms of their 
structure, mechanism, synergy, cellulose specificity and Langmuir adsorption 
onto cellulose (3, 4,11,12,18-20, 25, 37, 38, 44, 45, 50-55). Hydrolysis rate 
saturation upon either cellulase or cellulose concentration has been previously 
reported (22, 42, 56, 57). In this study, we used the saturation kinetics to probe β 

the "productive" adsorption, from four cellulases onto two celluloses, that leads 
to β-1,4 glycosidic bond cleavage. Our data showed that for a given cellulase, 
amorphous PASC seemed to be at least four times more "productively" 
accessible than microcrystalline Avicel. T. reesei CBH-I had ten times more 
accessibility than its close structural analog H. insolens CBH-I towards the 
"productive" surface sites on Avicel, although their accessibilities towards PASC 
were comparable. The "productive" adsorption of T. reesei EG-I on PASC or 
Avicel was one-order of magnitude lower than T. reesei CBH-I, although the 
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former had 80% higher overall adsorption than the latter. It appeared that only 
~1% of initial EG-I adsorption could lead to subsequent hydrolysis. Under our 
conditions, T. reesei CBH-I and H. insolens CBH-I seemed to have overlapping 
adsorption sites, while H. insolens CBH-I and CBH-II, as well as T. reesei CBH-
I and EG-I seemed to have different adsorption sites. 

To improve enzymatic cellulose catalysis is of significant interest for not 
only the fundamental understanding of the structure-function relationship of 
cellulases but also various industrial applications, including the development of 
biomass-derived sustainable, environment-friendly industries (such as fuel 
ethanol production from lignocellulosics). Various protein engineering efforts 
have been made in attempt to enhance cellulase adsorption/catalysis by either 
modifying native CBM or creating hybrids with desirable core and CBM derived 
from different sources (12, 16, 30, 37, 38, 48). Our preliminary study pointed 
out the need and usefulness of evaluating the "productive" adsorption onto 
cellulose in analyzing and evaluating cellulases. Conventional Langmuir-type 
isotherms alone are insufficient in probing the effective cellulase concentration 
at the cellulose surface. Future works with other celluloses (such as bacterial 
cellulose), cellulases (from the same or different family or functional group), and 
engineered variants (by site-directed mutagenesis or core-CBM fusion) should 
be conducted to further validate/apply the methodology. 
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Chapter 10 

Cloning and Heterologous Expression of the Gene 
Encoding a Family 7 Glycosyl Hydrolase 

from Penicillium funiculosum 

Yat-Chen Chou, William S. Adney, Stephen R. Decker, 
John O. Baker, Glenna Kunkel, David W. Templeton, 

and Michael E. Himmel 

National Bioenergy Center, National Renewable Energy Laboratory, 
1617 Cole Boulevard, Golden, CO 80401 

The gene encoding for a family 7 glycosyl hydrolase, 
designated cel7a, from the filamentous fungus Penicillium 
funiculosum was cloned from genomic DNA and expressed in 
Aspergillus awamori under the control of the A. niger 
glucoamylase promoter using the E. coli/Aspergillus shuttle 
vector pFE2. Characteristics of the recombinant enzyme were 
compared to those of the native enzyme and to the Cel7A 
enzyme from Trichoderma reesei. Unexpectedly, the glycosyl 
hydrolase isolated from the filamentous fungus Penicillium 
funiculosum broth demonstrated performance superior to that 
of Trichoderma reesei Cel7A when tested as part of a two-
cellulase mixture with Acidothermus cellulolyticus E l 
endoglucanase in the saccharification of pretreated corn stover. 
The mature enzyme consists of a 504 residue glycoprotein 
with a molecular weight of 52,436 Daltons. In pursuit of the 
goal of increasing the heterologous production of this enzyme, 
the endogenous signal peptide was replaced genetically with 
the signal peptides from T. reesei Cel7A, P. funiculosum 
Cel7A and A. niger G A 

170 © 2004 American Chemical Society 
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Introduction 

Pénicillium funiculosum, a common Deuteromycete isolated from soil and 
environmental sources, has been shown to produce a number of biologically 
active compounds of potential interest to the biotechnology industry1*6. The 
organism's ability to secrete a range of cellulases, hemicellulases, and other 
polysaccharide degrading enzymes is of interest to the emerging biomass 
conversion industry7'10. 

Corn stover is a promising feedstock for the development of future bio-
refineries and for fuel ethanol production because it is both readily available and 
less expensive than either corn kernels or sugarcane11. Nevertheless, substantial 
problems must be overcome before these feedstocks can be utilized effectively 
and economically for the fermentative production of ethanol or other byproducts. 
Other viable biomass feedstocks may include wood processing waste, municipal 
solid waste, and agricultural residues, such as rice hulls, straw, and grass. A 
typical lignocellulosic feedstock is comprised of approximately 40-50% 
cellulose, 20-30% hemicellulose, 15-25% lignin, and 10% of other components. 
Saccharification of cellulose releases cellobiose and ultimately glucose, which 
may be converted into ethanol or other products by fermentation12. The 
hemicellulose fraction of biomass is comprised primarily of pentose sugars, 
including xylose and arabinose. 

Fuel ethanol, when derived from lignocellulosic biomass, is relatively 
expensive compared to analogous fuels from other sources11. Cellulase enzymes 
are a significant, if not debilitating cost factor in this process. Commercial 
cellulases are produced today primarily by fungi13. Many fungi have 
demonstrated the ability to produce cellulose degrading enzymes and a number 
of family 7 glycosyl hydrolases (GH 7) have been purified and characterized 
from these sources14. The best-characterized fungal cellulase system today is 
undoubtedly that produced by Trichoderma reesei.15 Enzymes belonging to GH 
family 7 are known to be the principal components in commercial cellulase 
formulations and account for most of the actual bond cleavage in the 
saccharification of cellulose16. Structurally, the GH family 7 cellobiohydrolases 
are members of the Class of beta proteins, the Superfamily of concanavalin A-
like lectins/glucanases, and the Family of glycosyl hydrolase family 7 catalytic 
core proteins17. The GH 7 family of enzymes is known to differ from one 
another by various insertions, deletions, and alterations in the catalytic domain 
and linker peptides and by the extent and types of post-translational 
modifications that occur. These enzymes also contain non-catalytic domains, the 
carbohydrate-binding modules (CBMs), which target the enzyme to the 
appropriate substrate. The CBMs for GH family 7 enzymes are generally more 
highly conserved than other examples18. For specific examples of known GH 
family 7 glycosyl hydrolases see http://afmb.cnrs-mrs.fr/CAZY/acc.html. 
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Signal peptides are known to control the entry of proteins into the secretory 
pathway in eukaryotic organisms19, and are thought to influence the initiation of 
protein folding, thus making them potential targets for engineering more 
effective expression of proteins in recombinant systems. Structurally, signal 
peptides are comprised of three distinct regions consisting of a positively 
charged η-region, followed by a hydrophobic h-region and a neutral but polar c-
region19. The residues at positions -3 and -1 relative to the cleavage site are 
generally small neutral amino acids. Signal peptides are known to vary in length 
and composition. When the gene for a protein of interest is fused with DNA 
fragments encoding a signal peptide, a cleavable linker peptide, and a portion of 
a protein native to the fungal host, higher levels of secreted protein can often be 
obtained, although the functionality and stability of the recombinant protein may 
be affected. 

In this study, we report comparisons of the activities and thermal stabilities 
of purified and recombinant P. funiculosum and T. reesei Cel7A enzymes. All 
assays were conducted in the presence of the catalytic domain of A. 
cellulolyticus EI endoglucanase (Elcd) as expressed in Escherichia coli and 
used the dialysis saccharification assay (DSA) format reported by Baker and 
coworkers20. We also report the cloning of the cel7A gene from P. funiculosum 
in E. coli and exploration of several alternative signal peptide configurations. 

Material and Methods 

Bacterial strains, culture conditions, and plasmids 

Strains and plasmids used in this study are listed below. E. coli DH5a was 
cultured in LB (Luria Broth) at 37°C, 250 rpm whereas Aspergillus awamori 
ATCC22342 and Pénicillium funiculosum ATCC62998 were grown in C M 
media (per liter: glucose 10 g, yeast extract 5 g, tryptone 5 g, and 50 mL 
Clutterbuck's salts solution, pH 7.5) at 29°C, 250 rpm. Clutterbuck's salts 
contain 120 g/L Na 2 N0 3 , 10.4 g/L KC1, 10.4 g/L MgS0 4 .7H 20 and 30.4 g/L 
KH 2 P0 4 . For the selection and maintenance of pFE2 and its derivatives, 
antibiotics were supplemented to the media at the following concentrations: 
Zeocin (Z or Zeo), 170 //g/mL for the initial selection of A. awamori 
transformants, 300 μg/mL for the growth of transformants for cellulase 
production; Ampicillin (Amp), 100 μg/mL for E. coli. For agar media, Bacto 
Agar (Difco) was added to C M at 2% and LB at 1.5%. 
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List of plasmids used in this study. 

pFE2: Ampr, Zeor (PanLabs) 

pFcbhI(Tr): Ampr, 2eor ; T. reesei cel7a expressed under native T. reesei cel7a 
signal sequence. 

pFcbhI(Pf)3726: Ampr, Zeoi; P. funiculosum cel7a expressed under native P. 
funiculosum cel7a signal sequence. 

pFcbhI(Pf)ml42: Ampr, Zeor\ P. funiculosum cel7a expressed under A. niger 
GA signal sequence 

pFcbhI(Pf)A5-2: Amp1, Zeor; P. funiculosum cel7a expressed under T. reesei 
cel7a signal sequence. 

List of strains and descriptions 

E. coli OHSa F F80d lacZD Ml5 D(lacZYA-argF)U169 hsdR17(rkmk

+) deoR 
recAl endAI supE44l- thi-l gyrA96 relAl (Invitrogen) 

Pénicillium funiculosum ATCC62998 

Aspergillus awamori ATCC22342 

3726: pFcbhI(Pf)3726 transformed A. awamori, Zeor\ P. funiculosum cel7a 
expressed under native P. funiculosum ceVJa signal sequence and integrated in 
ATCC22342 genome 

ml42: pFcbhI(Pf)ml42 transformed A. awamori, Zeor\ P. funiculosum cel7a 
expressed under A. niger GA signal sequence and integrated in ATCC22342 
genome. 

A5-2: pFcbhI(Pf)A5-2 transformed A. awamori, ZeoT; P. funiculosum cel7a 
expressed under T. reesei cel7a signal sequence and integrated in ATCC22342 
genome 

PCR amplification and cloning 

All the PCR reactions were carried out using Pfu polymerase (Stratagene, 
La Jolla, CA) in a Gene Amp PCR System 9700 or 2400 machine (PE Applied 
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Biosystems). The Cel7A gene (cel7a) of P. funiculosum ATCC62998 was 
cloned in the vector pFE2 (Figure 1) and expressed in A. awamori under three 
different signal sequences including that of 1) native P. funiculosum cel7a, 2) A. 
niger glucoamylase (GA), and 3) Trichoderma reesei cel7a. The glucoamylase 
promoter (Pga) and TrpC terminator (both present in pFE2) were used in all three 
constructs. Using overlap extension PCR technique21, P^, signal sequence and P. 
funiculosum cel7a mature protein coding sequence were synthesized and 
precisely fused to each other without the use of restriction enzymes, thus the 
introduction of exogenous nucleotides was prevented. PCR primers are listed in 
Table 1. 

Figure I. Plasmid map and features of vector pFE2 

Pvul, Ncol 

Three PCR reactions were carried out for each construct. In the first 
construct (Figure 2A and Table 1A), 824-bp Pga region was amplified with 
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Primers i (forward) and 2 (reverse) using pFE2 as the template. Primer 
sequences were based on the sequence of pFE2 (Paniabs, private 
communication). Primer 2 comprised 34 nucleotides in which 19 nucleotides 
anneal to the 3* end of the Fga region and 15 nucleotides (underlined) would 
anneal to the 5'end of the P. funiculosum cella starting at ATG codon. After 
PCR 1, Pga fragment was synthesized with an addition of a short 15-bp DNA of 
P. funiculosum ceUa. The 1587-bp P. funiculosum cel7a was amplified with 
Primers 3 (forward) and 4 (reverse) using genomic DNA as template. Primer 
sequences were based on GenBank sequence of P. funiculosum 
xylanase/cellobiohydrolase gene (AJ312295). Primer 3 comprised 34 
nucleotides in which 15 nucleotides (underlined) anneal to the 5'end of P. 
funiculosum cel7a starting at ATG codon and the 19 nucleotides anneal to the 
3'end of the ? g a . After PCR 2» P. funiculosum ceUa was synthesized with an 
addition of a 19-bp DNA of 3* Pga. The P^ and cel7a PCR products were 
purified from agarose gels and used as templates in PCR3. Since Primers 2 and 
3 are complementary, the last 34 bps of ? g a and the first 34 bps of the cel7a are 
identical. Therefore these overlapping ends denatured and annealed to each 
other and were extended by polymerase in PCR3. The result was a precise fusion 
between Fga and cel7a. Using Primer 1 and 4, the full-length 2.4-kb DNA 
fragment containing P^ + native P. funiculosum cel7a signal + mature protein 
coding sequences was further enriched. Note that a NotI site (boldfaced) was 
incorporated in Primer 4 for the cloning of PCR fragment in pFE2. The 2.4-kb 
PCR product was digested with BamHI (located in the Pga region, see primer 1) 
and treated with Klenow Fragment of DNA Polymerase I followed by NotI 
digestion. This fragment was ligated with a 5.5-kb vector backbone of pFE2 
(devoid of Fga and GA signal sequences), which was digested with SacI and 
treated with T4 DNA polymerase followed by NotI digestion. Essentially, the 
? m and GA signal sequences in pFE2 were replaced with the 2.4-kb PCR 
fragment. The final construct was named pFcbhI(Pf)3726 (Figure 2A). 

The second (pFcbhI(Pf)ml42) and third (pFcbhI(Pf)A5-2) constructs were 
made according to the protocol used for the first construct. For pFcbhI(Pf)ml42 
(Figure 2B and Table IB), a 916-bp DNA carrying Pga and GA signal sequences 
was synthesized with Primers 1 and 2. A 1518-bp cella mature protein coding 
sequence was synthesized with Primers 3 and 4. Underlined sequences (Table 
IB) were the starting of cella mature protein coding whereas the other part was 
the end of GA signal. As a result of PCR3, the precise fusion was between GA 
signal and cel7a mature protein coding sequence. GA signal sequence was 
based on the sequence of pFE2. 

For pFcbhI(Pf)A5-2 (Figure 2C and Table 1C), a 874-bp DNA carrying P^ 
and T. reesei cella signal sequences was synthesized with Primers 1 and 2. A 
1518-bp P. funiculosum cella mature protein coding sequence was synthesized 
with Primers 3 and 4. Underlined sequences (Table 1C) were the starting of P. 
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A. pFcbhI(Pf)3726 
pFE2 pFE2 

PGA P. funiculosum Cel p- funiculosum Cel 7A 
7A signal mature protein coding 

Β. pFcbhI(Pf)mi42 
pFE2 

PGA OA signal 

C. PFcbhI(Pf)A5 2 

P. funiculosum Cel 7A mature 
protein coding 

trpC Τ 

Not! 

pFE2 

trpC T 
Noli 

pFE2 pFE2 

I trpC Τ 
T. reesei Cel 7 A p- funiculosum Cel 7 A 1 

sjona{ mature protein coding 
Noll 

Figure 2. Cloning and expression of P. funiculosum ceUa under three different 
signal sequences in pFE2. 
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funiculosum cel7a mature protein coding whereas the other part was the end of 
T. reesei ceUa signal. The fusion point for this construct was between T. reesei 
cel7a signal and P. funiculosum cel7a mature protein coding sequences. T. 
reesei cella signal sequence was based on a previously constructed 
pFchbl(Tr)21, in which Pga and T. reesei cel7a were fused together precisely 
using overlap extension PGR. 

Transformation 

All the plasmids were initially constructed and cloned in the host E. coli 
DH5a. Transformation of E. coli was achieved by electroporation using a Bio-
Rad Gene Puiser at 25 MFD, 200 ohms, and 16 KV/cm. SOC medium (BRL) 
was added to E. coli transformation mixture after electroporation and incubated 
at 37°C (250 rpm shaking) for one hour before plated on selection plates. After 
confirmed correct by either PCR screening or restriction digestions, the plasmids 
were purified from DH5a and used to transform A. awamori. A spheroplast 
transformation protocol22 was used to transform A. awamori. Transformants 
were regenerated and selected on C M plates with 170 μg/mL Zeocin. Zeocin 
resistant colonies were streaked on C M plates containing 300 μg/mL Zeocin 
(CMZ300) to obtain the single isolates. 

Activity assay for screening for Cel7A-positive transformants 

To screen for the CelA-positive clones, an endpoint assay using p-
nitrophenyl β-D-Iactopyranoside as substrate was used to measure 
cellobiohydrolase activity in the supernatants of the grown transformants. 
Several single isolates from the transformation of each construct were inoculated 
in 40-mL CMZ300 in 250-mL baffled Erlenmeyer flasks and incubated at 29°C 
with shaking (250 rpm) for 3-4 days. Ten microliters of supernatant was assayed 
in a 50-μΙ reaction containing 40 mM sodium acetate buffer (pH 5) and 2.2 mM 
pNPL in a microtitre plate and incubated at 50°C for 3 hours. For the control, 
pNPL was substituted with buffer. The reactions were stopped by the addition 
of 150-pL 1 M sodium carbonate. The intensity of the yellow color was 
measured at 405 nm in a Spectra Max 190 microtiter plate reader. The 
transformants with the highest pNPL activity were subjected to 1 L growth and 
were used for protein purification and characterization. 
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Cel7A enzyme production and activity change during the growth of 
recombinant A. awamori 

To monitor the enzyme production and activity levels over the course of 
growth, supernatant from the culture broths of recombinant A. awamori were 
assayed using pNPL as a substrate. The reaction rates were measured by 
following the release of p-nitrophenol from timed fermentation samples. Frozen 
spores were inoculated in 100-mL CMZ300 in 500-mL baffled Erlenmeyer 
flasks and grown for 3-4 days and transferred into l-L CMZ300 in baffled 2.8-L 
flasks. Culture broths were sampled routinely and supernatant generated by 
filtering through Miracloth followed by glass fiber filters. The assay was set up 
as followed: In a 1-mL total reaction mix containing 0.5 mM pNPL and 50 mM 
sodium acetate (pH 5), different volumes of supernatant were included. The 
reactions were incubated in a 50°C water bath. Fifty microliters of reaction was 
taken to a microtitre plate well at different time points and mixed with 150-uL 1 
M sodium carbonate to stop the reaction. The yellow color was measured at 405 
nm in a Spectra Max 190 microliter plate reader. The activity was determined 
against a standard curve generated by known concentrations of p-nitrophenol. 
Specific activity was calculated based on the total protein concentration in the 
supernatant. Total protein concentrations in supernatants were determined using 
the micro BCA method (Pierce Biochemicals). For purified native Cel7 
solutions the protein concentrations were determined by absorbance at 280 nm 
using the extinction coefficient and molecular weight calculated for Cel7A by 
the ProtParam tool on the ExPASy website 
(http://www.expasy.ch/tools/protparam.html). 

Protein purification 

The purification of rCel7a from fungal broths was initiated by removal of 
the fungal hyphae from a 1 L shake flask growth by passing the broth first 
through miracloth and then through glass fiber filters. The broth was then 
concentrated to a final volume of approximately 20 mL using an Amicon stirred 
cell concentrator with a PM-10 membrane at 4°C. Buffer exchange was 
accomplished using a HiPrep 26/10 desalting column (Amersham Biosciences) 
equilibrated with 20 mM Bis-Tris pH 5.8 buffer. The column void volume 
fraction was collected and applied to a HiPrep 16/10 DEAE FF column 
(Amersham Biosciences) equilibrated with 50 mM Bis-Tris, pH 5.8 buffer with a 
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flow rate of 10 mL/min. 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 0.5 M NaCl in the same equilibration buffer. The fractions 
containing activity on p-nitrophenol β-D lactopyranoside were pooled and 
concentrated to a final volume of 10 mL using Amicon stirred cell concentrators 
and PM-10 cutoff filters (10,000 kDa nominal molecular weight cutoff). The 
concentrated enzyme was then subjected to size exclusion chromatography using 
a Superose 12 Prep grade 35/600 column in 20 mM acetate, 100 mM NaCl pH 5 
buffer. 

The purification of the native Cel7 from P. funiculosum broth was started by 
filtration through glass fiber filters followed by concentration of the broth by 
using a 500 mL Amicon stirred cell concentrator with PM-10 cutoff membranes. 
The broth was first concentrated to a volume of approximately 50 mL followed 
by extensive diafiltration by successively diluting and concentrating the broth 
with 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 6 mL 
Resource Q column (Amersham Biosciences) equilibrated with 50 mM Bis-Tris, 
pH 5.8 buffer with a flow rate of 6 mL/min. After the sample was loaded, the 
column washed extensively with equilibration buffer and 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 β-D-lactopyranoside were 
pooled and concentrated to a final volume of 10 mL using Amicon stirred cell 
concentrators and PM-10 cutoff filters (10,000 kDa nominal molecular weight 
cutoff). The 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. The 
purity was confirmed as a single band using a NuPage 4-12 % Bis-Tris gradient 
gel and MOPS-SDS buffer (Invitrogen) using the manufactures recommended 
conditions. 

Diafiltration Saccharification Assay (DSA) and Protein Stability 
Measurements 

Diafiltration saccharification assays were carried out as described earlier20. 
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). 
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Thermograms were collected for samples containing 50 μg/mL protein at pH 5.0 
in 20 mM sodium acetate with 100 mM NaCl. Calorimeter scan rate was 
60°C/h. 

SDS-PAGE analysis of crude supernatant proteins 

The supernatants from the culture broths were analyzed on PAGE. 
Electrophoresis was conducted using NuPAGE pre-cast gels (Invitrogen) 
according to the provided protocol. 

Results and Discussion 

Cellobiohydrolase enzymes from glycosyl hydrolase family 7 are considered 
key components in the suite of enzymes produced by fungi for cellulose 
hydrolysis. Historically, the CBH I (Cel7A) enzyme from F. reesei was among 
the first member of this family to be studied in detail23. Very early on, 
researchers began considering the mechanisms by which these enzymes 
decrystallized cellulose and presented a cellodextrin chain to the active site 
tunnel. The three distinct peptide domains of this enzyme have been considered 
in detail24-26, yet a mechanistic model describing the action of family 7 
cellobiohydrolases on cellulose does not yet exist. Today, some 25 members of 
family 7 can be identified as cellobiohydrolases. We have chosen to study the 
cloning, expression, and characterization of a Cel7A enzyme isolated from P. 
funiculosum broth and cloned from genomic DNA. Among the Cel7A enzymes 
tested in our lab, the P. funiculosum Cel7A has the highest activity on pretreated 
biomass using a binary enzyme assay and diafiltration reactor. In this study, a 
new family 7 glycosyl hydrolase (cel7A) was successfully cloned and expressed 
in Λ. awamori using the native P. funiculosum signal sequence and the 
Aspergillus GA promoter. 

Expression of P. funiculosum cella in pFE2 vector 

Pénicillium funiculosum cella mature protein coding sequence was 
expressed under three different signal sequences in pFE2 vector (Figure 1). 
These three signal sequences included the native P. funiculosum cella, T. reesei 
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ceila and Λ. niger glucoamylase signal sequences. and trpCT were used in 
all three constructs to promote and terminate the transcription. Overlap 
extension PCR was used for the construction of plasmids so that the only 
difference between these constructs was the signal sequences and no potential 
frameshift or extra amino acids were introduced due to the use of restriction 
enzymes. Three constructs (pFcbhI(Pf)3726, pFcbhI(Pf)ml42 and 
pFcbhI(Pf)A5-2) were made and used to transform A. awamori expression host. 
An SDS-PAGE gel comparing these purified proteins is shown in Figure 3. 

After transformation of A. awamori with each construct, at least 12 
transformants were analyzed using pNPL assay. The assay was an endpoint 
assay and was used for the initial screening for the best Cel7A producers. In 
general, 3726 showed the highest activity among the three constructs. Although 
the majority of the transformants from the three constructs were active in pNPL 
assay, we observed various levels of activity within the same construct (data not 
shown). One possible cause might be the integration loci in the genome which 
could influence the expression level of the gene. It was indicated that the 
integration of pFE2-based plasmids is a random event in the genome of A. 
awamori11. Two to four best producers were further inoculated in 1-L CMZ300 
for protein purification and further analysis. 

Characterization by differential scanning calorimetry 

Comparisons of P. funiculosum Cel7A to T. reesei Cel7A using differential 
scanning calorimetry showed a 1.8°C difference in thermal transition temperature 
(Figure 4). The higher thermal transition temperature for the P. funiculosum 
possibly indicates either differences in the peptide secondary structures or 
differences in the extent and nature of glycosylation of the two enzymes (or 
possibly a combination of both).. Additional analysis of the AMinked 
glycosylation motifs show similar W-linked glycosylation sites on the surface of 
the protein based on homology models generated by SWISS- MODEL (not 
shown). 

Cel7A activity at different growth stages 

We attempted to monitor the enzyme production and the stability of the 
enzyme for the three constructs over the course of growth. Strains 3726, m 142 
and A5-2 were cultured in 1-L CMZ300 for 10 days. The supernatants were 
analyzed using pNPL assay and specific activity was determined. A profile of 
specific activity is shown in Figure 5. 
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Figure 3. SDS-PAGE analysis of purified P. funiculosum Cell A enzymes. Lane 
1- native P. funiculosum Cell A purified from culture broth ofATCC62998t 

Lane 2-purified Cell A enzyme from 3126 native signal, Lane 3 - purified Cell A 
enzyme from A5-2 T. reesei signal, Lane 4 - Mark 12 MW standard, Lane 5 -

See Blue Plus2 MW standard 
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5e-5 

-1Θ-5 I Ι 1 1 1 1 1 1 ι 1 

56 58 60 62 64 66 68 70 72 74 
Temperature °C 

Figure 4. Co-plotted DSC thermograms of A. awamori expressed R 
funiculosum Cel7A (dashed line) to native T. rcesei expressed Cell h (solid line) 
by differential scanning calorimetry. Solid line shows the thermal denaturation 
of T. reesei CelJA with a maximum at 65°C, the dashed line shows the thermal 

denaturation of A. awamori expressed P. funiculosum with a maximum at 
66.8°C Conditions: pH 5.0 in 20 mM acetate, 100 mM NaCl, 50 ug/mL 

protein, scanned at 60°C/h. D
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Strain 3726 (native P. funiculosum signal) produced the enzyme at the 
highest level during the 10-day growth period. After the 6 t h day, the specific 
activity started to drop. According to the SDS-PAGE analysis (Figure 6), the 
loss of activity was not caused by the protein degradation. The protein band 
pattern remained the same throughout the growth. The higher MW predominant 
band co-migrated with the purified Cel7A from strain 3726. The other bands 
including the lower MW predominant band were host background proteins (data 
not shown). No obvious degradation products were detected using this method. 
The low activity of strains ml42 and A5-2 was confirmed by the lack of the 
Cel7A band. Similar amounts of the total proteins were loaded on the gel yet no 
bands were present in the m!42 and A5-2 lanes to compensate the loss of Cel7A 
band indicating very small proteins may be present in the supernatants and not 
visible on the gel using Coomassie stain method. Whether those are degradation 
products of Cel7A requires further investigation. In this study, we intended to 
focus on the expression level of Cel7A by different signal sequences. It was 
shown clearly that native P. funiculosum expressed the cel7a at the highest level. 
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DNA sequence comparison between P. funiculosum ATCC62998 and 
GenBank sequence (AJ312295) 

A GenBank sequence of P. funiculosum xylanase/cellobiohydrolase 
(AJ312295) was based on for the design of primer sequences for the 
amplification of cel7a using the genomic DNA of P. funiculosum ATCC62998 
as template. We found significant differences in the nucleotide sequences 
between the GenBank sequence and the PCR fragments sequences we amplified 
from ATCC62998. The differences were also confirmed by sequencing the PCR 
products of cel7a from 3926 genomic DNA. The deduced amino acid is shown 
in Table 2. Thirty-seven amino acids were changed due to the difference in the 
DNA sequences. None of them changed the length of the protein. According to 
the GenBank interpretation of the sequence, there are 24 amino acids in the 
signal peptide. The cleavage site is between glycine and alanine leaving the N-
terminus of mature protein with an alanine followed by a glutamine. This 
interpretation is different from the observation of the fact that most of the Cel7 A 
enzymes' cleavage site is between a small neutral amino acid (such as alanine) 
and a glutamine and that mature proteins start with a glutamine. PCR primers 
for pFcbhI(Pf)ml42 and A5-2 were designed according to the GenBank 
interpretation of the sequence. Whether the cleavage occurred before or after the 
alanine and the effect on the enzyme activity need to be further investigated. 

GenBank cleavage site 

ι 
MS ALNS FNMYKS AL I L G S L L AT AG A QQIGTY .-

t 
general Cel7 A cleavage site 

There are three potential iV-glycosylation sites in ATCC62998 whereas there 
are four in the GenBank sequence AJ312295. It was unclear whether the 
GenBank sequence was a xylanase or a cellobiohydrolase gene and there was no 
strain name designated for the P. funiculosum either. Therefore the sequence 
discrepancy might be the result of different strains or different genes. 
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Table 2. Amino acid sequence of P. funiculosum Cel7 A from ATCC62998. 
Mature protein sequence shown in capital letters with the signal sequence 

designated by small script 

ms a 1 n s f nmy k s a l i l g s l l a t agaQQ I G T Y T A E T H PSLSWSTCKSGGSCTTNSG A I T L D ANWRWVH 
GVOTSTNCYTGOTWNSAICDTDASCAQDCALDGADYSGTYGITTSGNSLRLOTVTGSNVGSRTYLMA 
DOTHYQIFDLLNQEFTFTVDVSHLPCGLNGALYFOTMDAIX5GVSKYPNNKAGAQYGVGYCDSQCPRD 
L K F I A G Q A N V E G W T P S A N N A N T G I G N H G A C C A E L D I W E A N S I S E A L T P H P C D T P G L S V C T T D A C G G T 
Y S S D R Y A G T C D P D G C D F N P Y R L G V T D F Y G S G K T V D T T K P F T W T Q F V T N D G T S T G S L S E I R R Y Y V Q N 
G W I P Q PS S K I SGISGNVINSDYCAAEISTFGGTASFSKHGGLTNMAAGMEAGMVLVMSLWDDYAVN 
M L W L D S T Y P T N A T G T P G A A R G T C A T T S G D P K T V E S Q S G S S Y V T F S D I R V G P F N S T F S G G S S T G G S T T 
T T A S R T T T T SAS S T ST S ST STGTGVAGHWGQCGGQGWTG P T T C V S G T T C T W N P Y Y SQC L 

Figure 6. SDS-PAGE analysis for the supernatant of A. awamori expressed P. 
funiculosum Cel7A. Lane 1- 3726 day 3, Lane 2- 3726 day 6, Lane3- 3726 day 

8, Lane 4- 3726 day 10, Lane 5- ml42 day 3, Lane 6- ml42 day 6, Lane 7-
m!42 day 8, Lane S- purified 3726 rCel7A, Lane9- Mark 12 MW Standard, 

Lane 10- A5-2 day 3, Lane 11- A5-2 day 6, Lane 12- A5-2 day 8, Lane 13- A5-2 
day 10, Lane 14- purified 3726 rCeUA, Lanel5- Mark 12 MW Standard, 
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Activity of P. funiculosum Cell A on pre-treated corn stover 

In this study, a new family 7 glycosyl hydrolase (cel7A) was successfully 
cloned and expressed in A. awamori using the native P. funiculosum signal 
sequence and the Aspergillus G A promoter. The Diafiltration Saccharification 
Assay (DSA) was used to compare native and recombinant enzymes produced 
during this study. The recombinant Cel7A from P. funiculosum produced in A. 
awamori showed activity similar to that of the native enzyme when tested on 
pretreated corn stover in a binary mixture with the EI endoglucanase from A. 
cellulolyticus (see Figure 7). P. funiculosum Cel7A was cloned using PCR and 
expressed under three different signal sequences in A. awamori. With one-half 
loading in DSA, A. awamori expressed rCeI7A performed significantly better 
than full loading of T. reesei Cel7 A on pretreated corn stover (see Figure 8). 

Our results on pretreated biomass using a binary enzyme system indicated 
that this non-Trichoderma Cel7A enzyme was superior to the Trichoderma 
enzyme, at least under conditions such that the entire process of saccharification 
must be carried out by a single endoglucanase and a single cellobiohydrolase. It 
is possible that the P. funiculosum Cel7 A may perform differently when directly 
substituted for T. reesei Cel7A in a commercial enzyme mix containing larger 
numbers of at least partially overlapping endoglucanase and cellobiohydrolase 
activities. Furthermore, , even though our testing was performed in a buffer-
swept membrane reactor designed to reduce end product inhibition and permit 
more direct testing of cellulases under conditions where this variable has been 
removed or reduced, neither the instantaneous concentration of cellobiose nor 
that of glucose is reduced to zero in the DSA reaction volume as set up in these 
experiments.. It therefore remains possible that some portion of the differences 
noted between the P. funiculosum and T. reesei Cel7 enzymes may arise from 
differences in susceptibility to end-product inhibition. . We continue to test this 
important family 7 enzyme under use-relevant conditions and on industrially 
important feedstocks. 
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80 

0 Ο 1 1 1 1 1 1 1 1 
0 20 40 60 80 100 120 140 160 

Time (hours) 

Figure 7. Hydrolysis of corn stover by binary mixtures of P. funiculosum Cel7A 
and A. cellulolvticus El. Open circles demonstrate the hydrolysis kinetics of the 
recombinant enzyme produced in A. awamori and closed circles demonstrate the 

kinetics of Cellk enzyme purified from the native P. funiculosum host. Each 
cellobiohydrolase was loaded at 27.8 mg/g cellulose in the presence of A. 
cellulolvticus rElcd loaded at 1.13 mg/g cellulose (95:5 molar ratio of 

cellobiohydrolase to endoglucanase). DSA at pH 5.0(20 mM acetate/sodium 
acetate), 38°Ct with pretreated corn stover loaded at 4.4% (w/v) total solids for 

2.5%(w/v) cellulose. 
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Time (hours) 

Figure 8. Comparison of the activities of P. funiculosum Cel7A (filled square 
and open triangle) and T. reesei Cell A (filled circle) on pre-treated corn stover, 
when used in combination with A. cellulolvticus rEIcd as the endoglucanase. 

The P. funiculosum Cell A enzyme was loaded at two different levels, 27.8 mg/g 
cellulose (square) and at 'Δ loading, or 13.9 mg/g cellulose (triangle); the T\ 
reesei Cel7A enzyme was loaded at 27.8 mg/g cellulose. The loading of A. 
cellulolvticus rEIcd was held constant at 1.13 mg/g cellulose for all curves 

shown. 
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Chapter 11 

Effect of Rational Mutagenesis of Selected Cohesin 
Residues on the High-Affinity Cohesin-Doekerin 

Interaction 

Tal Handelsman1, Adva Mechaly2, Yoav Barak2, David Nakar2, 
Raphael Lamed3, Yuval Shoham1, and Edward A. Bayer2,* 

1Department of Food Engineering and Biotechnology, Technion - Israel 
Institute of Technology, Haifa, Israel 

2Department of Biological Chemistry, The Weizmann Institute of Science, 
Rehovot, Israel 

3Department of Molecular Microbiology and Biotechnology, Tel-Aviv 
University, Ramat Aviv, Israel 

The high-affinity cohesin-dockerin interaction that dictates 
cellulosome assembly was probed by site-directed mutagenesis 
of suspected recognition residues on the cohesin domain. The 
involvement of two loops that flank the 8,3,6,5 β sheet of a 
cohesin domain of the cellulosomal scaffoldin from 
Clostridium thermocellum was examined by their partial 
replacement with analogous portions of a cohesin domain from 
Clostridium cellulolyticum. Similarly, several amino acids 
located on this β sheet were replaced with matching residues 
on the counter species cohesin. The dockerin-binding 
specificity of the cohesin was not altered by those mutations. 
However, the binding affinity of certain mutants significantly 
decreased, thus corroborating the notion that the dockerin-
binding site stretches along this particular face of the cohesin 
molecule and that some of the mutated surface residues play a 
significant role in the binding process. 

194 © 2004 American Chemical Society 
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Introduction 

Many cellulolytic microorganisms produce extracellular multi-enzyme 
complexes that efficiently degrade cellulose (1-3). The bacterial cellulosomes 
consist of a suprastructural organizing component, termed scaffoldin, and various 
enzymatic components attached to it. The scaffoldin - a large multimodular, 
multifunctional protein subunit consists of a cellulose-binding module (CBM) 
and a series of highly homologous domains, termed cohesins. The hydrolytic 
subunits, including various cellulases and hemicellulases, bind to the scaffoldin 
via specialized inherent domains, termed dockerins, which interact with the 
cohesins on the scaffoldin. The scaffoldins of some bacterial species, e.g. 
Clostridium thermocellum, also contain a divergent type of dockerin that serves 
to attach the complex to the bacterial cell surface via complementary divergent 
cohesins of cell-surface anchoring scaffoldins. 

The scaffoldin of the C thermocellum cellulosome has been fully 
sequenced, as have other scaffoldins from a growing number of bacterial species. 
Dockerin domains of many cellulosomal enzymes have also been identified and 
sequenced. However, several important issues concerning cellulosome 
assemblage are still unclear. Previous experiments have shown that the cohesins 
of both G thermocellum and G cellulolyticum recognize nearly all the dockerins 
on their own enzymatic subunits (4, 5), which would seem to be consistent with 
the intrinsic similarity of their sequences. It thus seems that, within a given 
species, the incorporation of the cellulosomal enzymes into a complex is a non
selective process, and the catalytic subunits would appear to interact randomly 
along the scaffoldin. However, despite the high sequence homology, interaction 
among cohesins and dockerins between the two Clostridia was found to be 
species specific, i.e., the cohesin domain from one bacterium interacts with the 
dockerins from its own cellulosome but fails to recognize dockerins from the 
other species (J). Moreover, the C-terminal dockerin of the scaffoldin fails to 
recognize any of its own complement of "type-Γ cohesins; rather, it binds 
specifically to a divergent type of cohesin (termed "type-ΙΓ cohesin) harbored by 
another type of scaffoldin located on the cell surface (6). 

The crystal structures of three cohesins, two from G thermocellum and one 
from C cellulolyticum, have been reported (7-9). The cohesin domains form a 
nine-stranded β sandwich with a jelly-roll topology. The β sandwich results 
from the association of a four-stranded antiparallel β sheet, and a five-stranded 
mixed β sheet, stabilized by a hydrophobic core. The two β sheets are composed 
of strands 8,3,6,5 and strands 9,1,2,7,4 respectively. In addition, the three-
dimensional structure of one dockerin (from the family-48 G thermocellum 
cellulosomal enzyme, CelS) was solved by NMR spectroscopy (10). The 
dockerin structure consists of two Ca2+-binding loop-helix motifs connected by a 
linker. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

01
1

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



196 

The objective of one direction of ongoing research in our group has been to 
define the molecular basis behind the highly specific, tenacious cohesin-dockerin 
interaction (71). During the course of our work, we have employed site-directed 
mutagenesis in attempts to assess the dockerin residues that may contribute to the 
observed interspecies specificity of cohesin binding. 

Using a bioinformatics-based approach, we first compared sequences of 
various enzyme-borne dockerin domains from C. thermocellum and C. 
cellulolyticum. In this approach, we sought conserved residues among the 
intraspecies sequences versus divergent residues among the interspecies 
sequences. Using this strategy, we identified a series of positions in the dockerin 
sequences whose residues could serve as potential recognition codes in the 
selective interaction with the cohesins (5, 11). The primary recognition residues 
included two tandem pairs at positions 10 and 11 of the duplicated dockerin 
sequence that were conserved in one species but different in the other species. 
Thus, instead of conventional alanine scanning, the objective of this approach 
was to convert the specificity from one species to another by switching the 
divergent amino acids at the suspected positions. When comparing two very 
similar proteins, we consider this approach superior to alanine scanning, as it 
reduces the probability that the mutation would result in non-specific 
destabilization of the complex due to unfolding of the mutated protein. Indeed, 
mutagenesis of positions 10 and 11 of the duplicated dockerin sequences 
suggested their involvement in the cohesin-dockerin interaction (12, 13), but the 
results implied that additional residues would also play a role in the selective 
interaction with the cohesins. In this context, subsequent mutagenic studies (14) 
have indicated that additional dockerin amino acid residues (positions 17,18 and 
22 of the duplicated region) may serve as secondary recognition residues that 
would also be critical to the exclusivity of the interaction. 

In a complementary manner, we have also endeavored to identify cohesin 
residues involved in the cohesin-dockerin interaction, with an aim to eventually 
control the specificity of interaction between different species by rational 
mutagenesis. In this case, however, the identification of cohesin recognition 
residues has proved more challenging, due to the larger size of the cohesin versus 
the dockerin (-140 versus -70 amino acid residues) and the numerous (>30) 
divergent residues identified. Subsequent discovery (15, 16) of a single 
functionally similar cohesin but of divergent sequence (olpA) provided a means 
with which to reduce the number of suspected recognition residues, and a 6-
residue cluster of putative cohesin recognition codes were thus implicated (11). 

In the present work, we have systematically mutated the latter residues and 
have selected additional residues on the cohesin surface as targets for site-
directed mutagenesis. Using an approach similar to that described above for the 
mutagenesis of the dockerin domain, we have tried to convert the specificity of 
the cohesin of one species to match that of the other (i.e., from C. thermocellum 
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to C. cellulolyticum), by replacing the selected residues to the parallel residues of 
the cohesin from the counter species. According to the results of the present 
communication, we were, however, unable to convert the specificity of the 
interaction. Nevertheless, mutagenesis of certain combinations of cohesin 
surface residues resulted in a dramatic decrease in the binding capacity of the 
mutated cohesin to the dockerin domain. These results provide further insight 
into the cohesin interface responsible for dockerin recognition. 

Experimental Procedures 

Protein Constructs and Cloning 

The protein construct containing the cohesin from C. thermocellum, consists 
of cohesin-2 and a cellulose-binding domain from CipA. The construct 
containing the cohesin from C. cellulolyticum, comprises a cellulose-binding 
domain, a hydrophilic domain, and cohesin-1 from CipC. Details of the cloning 
of cohesin constructs (termed Coh2CBD_t and miniCipC_c; where t and c 
denote domains derived from C. thermocellum and C. cellulolyticum, 
respectively) were described elsewhere (4, 17). 

The dockerin constructs comprise the dockerin domain of CelS from C. 
thermocellum (18) or the dockerin domain of CelA from C. cellulolyticum (19), 
fused downstream of the noncellulosomal family-10 xylanase T-6 from 
Geobacillus stearothermophilus (20, 21). These constructs, termed XynDocS_t 
and XynDocA_c, respectively, were cloned using a specially designed cassette 
produced for this purpose. The cassette consisted of the gene for G. 
stearothermophilus xylanase T-6 with a His-tag and a BspHI site at the 5'-
terminus and a Kpnl site at the 3'-terminus. This construct was ligated at the 
Kpnl site with the PCR product of a C. thermocellum CelS (Cel48A) dockerin 
(containing a 5'-terminal Kpnl site and a 3'-terminal BamHI site) and inserted 
into the pET9d vector at the Ncol and BamHI sites. This plasmid allows 
replacement of the CelS dockerin with any other desired dockerin by digesting 
with Kpnl and BamHI, and the resultant expressed product constitutes a His-
tagged xylanase T-6 fusion-protein bearing a dockerin at the C-terminus. 

Site-Directed Mutagenesis 

Generally, mutated cohesins were produced in a sequential manner, in which 
one mutant served as a template for the subsequent one, as detailed in Table I. 
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For the preparation of mutants 18-20, site-directed mutagenesis was performed 
using overlap-extension PCR (22, 23). The primer for N122GD123T was used 
with the T7 promoter, and the primer for A89L was used with the T7 terminator. 
The resulting two overlapping fragments were then used to generate the entire 
mutated cohesin fragment, which was subsequently ligated into pET9d by 
restriction via BamHl and Ncol. The resultant mutant was then used as a 
template for further mutations in the same general manner, using S63N plus the 
T7 terminator and E81DG84 plus the T7 promoter. Mutant proteins 23-50 were 
prepared using the QuikChange site-directed mutagenesis kit (Stratagene, La 
Jolla, CA). Mutagenic primers are given in Table I. 

The presence of the mutations was first verified (when possible) by 
restriction analysis utilizing the unique enzyme restriction sites designed within 
the primers, followed by sequencing of the coding region. 

Expression and Purification of Proteins 

All proteins were expressed in Escherichia coll BL21(DE3) grown 
overnight in Terrific Broth medium (24). For the production of miniCipCLc 
cloned in pET22b, the medium was supplemented with 0.1 mg/ml ampicillin, and 
protein expression was induced with 0.4 mM isopropyl β-D-thiogalactoside. For 
all other proteins cloned in pET9d, medium was supplemented with 25 μg/ml 
kanamycin, and growth was carried out without induction. Following growth, 
cells were harvested, resuspended in TrisNC buffer (50 mM Tris, 100 mM NaCl, 
2 mM CaCl 2, 0.02% sodium azide, pH 7.5), disrupted by two passages through a 
French® press (Spectronic Instruments, Inc., Rochester, NY, USA), and 
centrifiiged for the production of clear crude protein extracts, that were further 
purified as described below. 

Xylanase-containing constructs (XynDocS„t and XynDocA_c) were purified 
by gel filtration using a Superdex 200 26/60 column, AKTA explorer 
(Pharmacia), running at 2.5 ml/min with TrisNC buffer. CBD-containing 
constructs (Coh2CBD_t and Cohl_e) were purified by affinity chromatography 
on cellulose. Microcrystalline cellulose (Avicel Type PH-101 FMC) was added 
to the crude protein extract, originating from a 1-liter cell culture. The ratio of 
cellulose to cells was 0.7 g per 1 unit O D ^ . The resultant suspension was 
stirred for 1 h. After centrifugation the pellet was washed twice with TrisNC 
buffer, containing 0.1 M NaCl and twice with TrisNC buffer, containing 1 M 
NaCl. The CBD-containing proteins were eluted from the cellulosic matrix with 
11 ml of 1% (v/v) triethylamine. The eluent fractions were neutralized with 
TrisNC buffer. Purity of all proteins was estimated by SDS-PAGE, and protein 
concentration was estimated by Bradford (25). 
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Table I. Primers Used for Site-Directed Mutagenesis of Cohesin-2 
from C. thermocellum 

Mutated Template Primerb Restriction 
Cohesin0 Site Change0 

mut 18 wild-type T7 promoter and 
Kpnl C C T T C T G T T C T A C C A O G G T A C C A T C T G C A A A T C C Kpnl 

T7 terminator and 
Bell GGAACAGGAGCGTATCTGATCACTAAAGACGGAG Bell 

mut 20 mut 18 T7 promoter and 
-BpuAI A G A T A C G C T C C T G T G C T G T C G T C C G C A A A C A G G -BpuAI 

T7 terminator and 
Xmnl C C C G A A T C C T A C G A A G A A C T T C G A T A C T G C Xmnl 

mut 23 wild-type C C T A C C A A G A G C T T T A G T A C T G C A A T A T A T C C Seal 
mut 25 mut 23 C C A A A G G A A T C G C G A A C T G C A A C T T T G T G T T C NruJ 
mut 27 wild-type G A G C T T T G A T A C T G C A A T A C C C G A T C G A A A G A T A Pvul 

G T A T T C C T G T T T G C G G 

mut 28 mut 27 G C T T T G A T A C T G C A A T A T C C A A T G G A A C G A T A G T -Pvul 
A T T C C T G 

mut 30 mut 25 G A C A G A A A G A T A A T A T C A T T C C T G T T T G C G G none 
mut 32 mut 30 G A G C T T T A G T A C T G C A A T A C C C G A T C G A A A G A T A Pvul 

T C A T T C C T G T T T G C G G 

mut 33 mut 32 G C T T T A G T A C T G C A A T A T C C A A T G G A A C G A T A T C -Pvul 
A T T C C T G 

mut 39 mut 30 G C T C C G G G C T A T A T T A C T T T T A A A G A A G T A G G T G Dral 
G A T T T G C 

mut 42 mut 30 GAATCGCGACC2S£AACTTTGTGTTC BspMI 
mut 46 mut 42 T T C C T G T T T C T C G A A G A C A G C G G A A C A G none 
mut 49 mut 39 C G C G A A C T G C A A C T T T T A C T T C A G A T A T G A T C C G none 
mut 50 mut 49 GGAATCGCGAgeTSQAACTTTTACTTC BspMI 

a Mutated amino acids relevant for the results are detailed in Tables II and III. 
b Bold characters indicate mutated bases. Restriction sites are underlined. 
c (-) indicates the deletion of an existing restriction site at the position of mutation. 
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Noncompetitive Enzyme-Linked Interaction Assay (ELIA) 

Microliter plates (MaxiSorp-immunoplates, NUNC A/S, Roskilde, 
Denmark) were coated overnight at 23°C with the cohesin test samples (200 
μΐ/well, 270 nM of miniCipC_c, wild-type or mutated Coh2CBD_t). The plates 
were blocked for 2.5 h with blocking solution (300 μΐ/well 3% (w/v) bovine 
serum albumin in TrisNC buffer) and washed three times with TrisNC buffer 
(300 μΐ/well). The cohesin-dockerin interaction was initiated upon addition of 
dockerin samples (200 μΐ/well, 94 nM of XynDocA_c or XynDocS_t), and the 
plates were incubated for 2.5 h. After five washes, the bound dockerins were 
detected by means of the fused-xylanase activity: substrate solution (240 μΐ/well 
2.9 mM /7-nitrophenyl β-D-cellobioside) was added followed by incubation at 
60°C. Optical density was determined at 420 nm on a VERSAmax microplate 
reader (Molecular Devices Corp., Sunnyvale CA). 

Competitive Enzyme-Linked Interaction Assay (cELIA) 

Microtiter plates were coated overnight with wild-type C. thermocellum 
cohesin samples (200 μΐ/well, 270 nM of Coh2CBD_t). Plates were blocked for 
2.5 h with the above-described blocking solution, and washed three times with 
TrisNC buffer. The cohesin-dockerin interaction was carried out by the addition 
of 100 μΐ of the desired competitor cohesin sample (i.e., wild-type or mutant 
Coh2CBD_t at various concentrations, up to a maximum of 1.3 μΜ), 
immediately followed by the addition of dockerin solution (100 μΐ of XynDocS_t 
to final concentration of 47 nM). Dilutions of the competitor cohesins were 
carried out in TrisNC buffer containing Β SA, to maintain a constant protein 
concentration. After incubation for 2.5 h, the wells were washed five times, and 
the amount of dockerin bound to the coating cohesin was detected by means of 
the fused-xylanase activity, as described above. 

Results were expressed as percentage of binding, derived from the mean 
optical density values of five repetitions for each competitor concentration 
(percentage of binding = 100 χ optical density of the test competitor 
concentration / optical density without competitor). 
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Rational Mutagenesis 

In previous work, we employed a combined bioinformatics-based approach 
with site-directed mutagenesis, in order to identify and corroborate the 
involvement of dockerin residues in the recognition of the cohesin domain. This 
approach revealed a group of 8 positions on the dockerin domain suspected to be 
critical to the observed species-specific selectivity of the cohesin-dockerin 
interaction. In like fashion, we attempted to employ a similar approach for 
identification of recognition residues on the surface of the molecular counterpart 
- the cohesin. 

For this purpose, multiple sequence alignment of cohesins was combined 
with the superposition of the three-dimensional structures of cohesins from C. 
thermocellum (7) and C. cellulolyticum (9). Using this strategy, we identified a 
series of putative residues, which may be important for dockerin recognition. 
Generally, we were guided by the following assumptions: (i) The cohesin domain 
has a compact structure, devoid of any obvious binding pocket or cleft. Hence, 
its binding to the dockerin domain most likely results from interactions between 
exposed surface residues, (ii) The overall dockerin-binding site of the cohesin 
domain would in general be considerably conserved, while amino acid residues 
specifically responsible for dockerin recognition would be conserved within a 
given species but would show a high degree of dissimilarity between the two 
divergent species, (iii) The inner hydrophobic/aromatic core of the two species 
of cohesins is very similar. Thus, the fold and stability of the mutated molecules 
would likely be retained. 

In order to challenge our prediction, the suspected residues were subjected 
to site-directed mutagenesis with the intent of altering the binding specificity. 
The general idea was to mutate the cohesin molecule of one species (i.e., in this 
case, cohesin-2 of the C. thermocellum scaffoldin) and redirect its specificity to 
recognize and/or prefer the enzyme-borne dockerin of the competing species 
(i.e., C. cellulolyticum). Using this approach, mutated cohesins, which include 
different combinations of positions N32, D34, V36, D65, V76, A80, D114 and 
the loop of YPDRKI at positions 69-74 were prepared. These positions are all 
located in the highly conserved 8,3,6,5 β sheet. Several mutations were also 
designed to test the possibility that a recognition strip lies at the "crown" of the 
cohesin domain (11). 
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The Cohesin-Dockerin Interaction 

The mutated cohesins were overexpressed, purified, and their binding 
specificities towards the dockerins from G thermocellum and G cellulolyticum 
were tested, using native cohesins from the two bacterial species as controls. 
Qualitative binding analysis (ELIA) showed that all the tested mutant cohesins, 
listed in Table II, still retained their innate binding specificity. That is, the 
mutated cohesins (all prepared from a G thermocellum cohesin template) 
continued to recognize the G thermocellum test dockerin to varying degrees, but 
they all failed to bind to the test dockerin from G cellulolyticum. This indicates 
that the residues we selected did not comprise the entire complement of residues 
essential for recognition. Due to the nature of the ELIA assay employed, these 
results can only be viewed as qualitative and did not reflect a quantitative 
assessment of cohesin-dockerin interaction 

Table II. Sites and Mutations of the Cohesin-2 from G thermocellum 

Mutated Position0 and Mutation 
Cohesins 
mut 20 A89L+N122G+D123T+S63N+E81D+AG84 
mut 28 YPDRKI(69-74)SNGT 
mut 30 D65S+D34N+V76S 
mut 33 D65S+ D34N+V76S+YPDRKI(69-74)SNGT 
mut 46 D65S+D34N+V76S+N32T+A80L 
mut 49 D65S+D34N+V76S+D114K+V36Y 
mut 50 D65S+D34N+V76S+D114K+V36Y+N32T 

8 Numbering refers to the positions of the indicated residues in the cohesin crystal 
structure (7). 

Consequently, in order to determine whether any of the combination of 
mutations did in fact include binding-site residues, the binding affinities of the 
mutated cohesins were also evaluated in a quantitative manner. The results are 
presented in Figure 1. In competitive enzyme-linked interaction assay, cELIA, 
the native cohesin was used as a standard to coat microtiter plates. The 
immobilized cohesin was then allowed to interact with an enzyme-linked 
dockerin solution together with a competitor cohesin (native or mutated) in the 
solution phase. The measured enzymatic activity, expressed as the percentage of 
activity detected in the absence of the soluble competitor, reflects the amount of 
dockerin bound to the immobilized cohesin standard. The IC 5 0, i.e., the 
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Figure L Competitive-ELIA of native and mutated cohesins from C. 
thermocellum interacting with a native dockerin of the same species. A solution 

containing the native cohesin was used to coat microtiter plates, and the 
immobilized cohesin was allowed to interact with an enzyme-linked dockerin in 
the presence of native (O) or mutated competitor cohesin [A, mut 20 (O); B, 
mut 28 (Δ); C, mut 30 (V); D, mut 33 (•)]. The observed enzymatic activity 

reflects the amount of dockerin bound to the immobilized cohesin. 
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Table m. IC5 0 Values of Mutated Cohesin-2 from C. thermocellum 
Cohesin Position" and Mutations ICso(nM) 

wild type none lxlO 1 

mut 20 A89L+N122G+D123T+S63N+E81D+AG84 2xl0 2 

mut 28 YPDRKI(69-74)SNGT 5X102 

mut 30 D65S+D34N+V76S » 2xl0 3 

mut 33 D65S+ D34N+V76S+YPDRKI(69-74)SNGT » 2xl0 3 

a Numbering refers to the positions of the indicated residues in the cohesin crystal 
structure (7). 

concentration of competitor that resulted in 50% inhibition of the binding of the 
positive control, was determined for each mutated protein (Table III). 

The high IC 5 0 values obtained for the mutated cohesins reflect the decrease 
in their affinities towards the dockerin, compared to that of the native cohesin. 
This suggests that one or more of the mutated residues are located at or near the 
binding site. It is clearly shown that the maximum tested concentration of mutant 
33 (Figure 1-D) failed to compete at all with the wild-type cohesin. Moreover, 
the apparent affinity of mutant 30 (Figure 1-C), in which only three residues were 
replaced, is at least two orders of magnitude lower than that of the native 
molecule, implying that D34, D65 and/or V76 may play a significant role in the 
dockerin binding, either individually or in any combination thereof. 

As mentioned above, in mutant 20 the mutated residues (S63, E81, G84, 
A89, N122, D123) are located at the crown of the cohesin mainly facing the 
8,3,6,5 β sheet. These combined residues were suspected earlier, mainly on the 
basis of bioinformatics analysis, to be critical to dockerin binding. The results of 
the cELIA revealed a decrease in the observed affinity of one order of 
magnitude, thus indicating a definite but minor involvement in dockerin binding. 
Mutant 28 was designed so as to replace a loop at the other side of this β sheet, 
i.e., the loop that connects β strands 5 and 6 - namely, replacement of residues 
Y69, P70, D71, R72, K73, 174 of C. thermocellum cohesin-2 with the 
corresponding loop (2-residues shorter) of cohesin-1 from C. cellulolyticum. 
Replacement of this loop resulted in an even greater impairment of binding. 

The combined mutated residues and loops are positioned at or near the 
8,3,6,5 β sheet of the cohesin domain. The observed reduction in affinity of the 
mutants would thus support the notion that the dockerin-binding site stretches 
along this particular face of the cohesin molecule. This assessment is in line with 
the strong negative potential and the conserved region associated with the 8,3,6,5 
face (7), as well as previous mutagenesis experiments (26). 
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Concluding Remarks 

In the work presented here, site-directed mutagenesis was applied in order to 
gain insight into the cohesin residues involved in the interaction with the 
dockerin. Whereas the commonly used alanine scanning is characterized by an 
innate uncertainty as to whether mutation-generated inhibition of activity would 
reflect a selective involvement (or lack thereof) of the mutated residue or a more 
general structural impairment of the molecule, a different approach is promoted 
in this communication. The alternative approach involves the swapping of 
divergent residues that occur at homologous positions in highly similar proteins 
that exhibit dissimilar specificities. The concept behind this approach is that 
successful and exclusive conversion of the specificity from one species to the 
other would intrinsically preclude any ambiguity regarding improper folding or 
non-specific interaction. This approach has been successfully applied in our 
laboratory for interspecies conversion of specificity of the dockerin domain. 

We have hitherto been unable to convert the cohesin specificity, indicating 
that we have yet to identify the relevant recognition residues. However, as 
shown in this chapter, the mutation of relatively few residues (i.e., comparatively 
conservative mutations of only three residues in mut 30) was sufficient to effect 
complete or near-complete inhibition of binding. These results imply that one or 
more of the three mutated residues may be involved in the recognition and/or 
binding process. Future studies in our laboratory will thus concentrate on the 
individual contribution of the implicated residues. In addition, alternative 
strategies, e.g., gene swapping and/or directed evolution, will also be adopted to 
provide meaningful insight into the recognition and binding properties of the 
cohesin-dockerin interaction. 
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Chapter 12 

Structure-Reactivity Studies of Trichoderma reesei 
Cellobiohydrolase CeI7A 

Kathleen Piens1,3, Jerry Ståhlberg2, Wim Nerinckx1, Tuula T. Teeri3, 
and Marc Claeyssens1 

1Department of Biochemistry, Physiology and Microbiology, Ghent 
University, K. L. Ledeganckstraat 35, B-9000 Ghent, Belgium 

2Department of Molecular Biology, Swedish University of Agricultural 
Sciences, Box 590, SE-75124 Uppsala, Sweden 

3Department of Biotechnology, Royal Institute of Technology, 
Albanova University Center, SE-106 91 Stockholm, Sweden 

The major cellulase secreted by the filamentous fungus 
Trichoderma reesei is cellobiohydrolase Cel7A. It hydrolyzes 
the β-l,4-linkage of a cellulose chain by means of a double-
displacement mechanism. A series of substituted aryl β-
lactosides was used for reactivity studies. The Hammett plot 
shows that the formation of the glycosyl-enzyme intermediate 
is the rate-limiting step, also with highly activated substrates. A 
catalytic triad of carboxylate residues Glu212-Asp214-Glu217 
is directly involved in the retaining mechanism. As previously 
revealed by protein X-ray crystallography, their specific 
function is presently confirmed by a detailed kinetic analysis of 
the mutants E212Q, D214N and E217Q. 

© 2004 American Chemical Society 207 
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Introduction 

Filamentous fimgi secrete enzymes capable of fast and efficient degradation 
of crystalline cellulose. The soft-rot fungus Trichoderma reesei (Tr) produces a 
well-studied and industrially important cellulase system. It consists of two 
cellobiohydrolases that remove cellobiose units from one or the other end of a 
cellulose chain, and a range of endoglucanases involved in the cleavage of 
internal bonds in cellulose chains (1). The cellobiohydrolase Cel7A, the most 
abundant component, plays a key role in the hydrolysis of the more inaccessible, 
crystalline regions of cellulose. This is attributed to the special active site design 
of Cel7A, a long tunnel created by four surface loops covering as many as ten 
glucose binding sites (i.e. sites -7 to +3) (2, 3). Structural studies and 
biochemical data with Tr cellobiohydrolases and several mutants support the 
model in which a single glucan chain enters the tunnel from one end and threads 
through the entire tunnel for bond cleavage; the products are then released from 
the opposite end of the tunnel (2-4). One of the loops, the exo-loop forming the 
roof of the tunnel at the catalytic center, was shown to be important for the 
processive action of Cel7A (5), i.e. the performance of multiple rounds of 
catalysis before dissociation of the enzyme-substrate complex. 

Tr Cel7A is a member of the glycoside hydrolase (GH) family 7, which 
comprises both cellobiohydrolases and endoglucanases (6). While this family has 
an excellent correlation with the overall protein fold, the endoglucanases lack the 
active site covering loops and thus have a more open active site cleft (7-10). A 
close structural relationship was discovered between GH family 7 and GH family 
16, which contains e.g. 1,3-1,4-p-glucanases, l,3-p-glucanases, κ-carrageenases, 
l,3-a-l,4-P-galactanases and xyloglucan endotransglycosylases (11). Both 
families - grouped in the GH clan-B (12)- share the β-sandwich topology and a 
limited number of residues in the active site, including a catalytic triad of 
carboxylate residues. These are directly involved in the retaining mechanism of 
the clan-B enzymes. 

The reaction is a double-displacement mechanism, as shown in Figure 1 for 
the hydrolysis of aryl β-lactosides by Tr Cel7A. One carboxylate residue 
(Glu217) acts as the general acid in the first step (gtycosylation) and protonates 
the glycosidic oxygen, while in the second step (deglycosylation) this residue 
acts as the general base, which deprotonates the incoming water molecule. A 
second carboxylate residue (Glu212) is the enzymatic nucleophile, which attacks 
the anomeric center (CI) to give a glycosyl-enzyme intermediate in the 
glycosylation step. Both steps proceed via transition states with considerable 
oxocarbenium ion character (13). 

In the first Cel7A wt structure with o-iodobenzyl-l-thio^-glueoside bound 
in the product sites +1/+2 (2), three carboxylate residues were proposed to play a 
catalytically important role: Glu212 as the nucleophile and Glu217 as the proton 
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donor; the third residue, Asp214, which interacts closely with Glu212, was 
suggested to be a nucleophile assisting residue, influencing the position and/or 
the protonation state of the nucleophile. Results from activity measurements with 
catalytically impaired mutants of Cel7A lent support to this hypothesis (14). 
Three isosteric amide mutations were introduced to produce the mutants E212Q, 
D214N and E217Q. On insoluble crystalline cellulose no significant activity was 
detected for the E212Q and E217Q mutants, whereas the D214N mutant 
displayed some residual activity. On the chromophoric substrate CNPLac, the 
kcat values were reduced to 1/2000 (E212Q), 1/85 (D214N) and 1/370 (E217Q) 
of the wild type activity, whereas the K M values were unaffected. Crystal 
structures of the mutants proved an unchanged active site (3, 14). Crystallization 
of the variants E212Q and E217Q with different cellooligosaccharides revealed 
glucose moieties covering the subsites -7 to +4 (3). This allowed modelling of a 
continuous cellulose chain in the active site of Cel7A, with the sugar in subsite -
1 residing in a non ground state conformation (Figure 2, PDB accession code 
8CEL). This model is again in good agreement with the proposed catalytic 
functions for the carboxylate residues in the -1 site. 

Thus, from several kinetic and crystallographic studies with Tr Cel7A, but 
also with other family 7 and family 16 glycosyl hydrolases (7, 8, 10, 11, 15-17), 
it is clear that Glu212 and Glu217 function as the catalytic nucleophile and the 
catalytic acid/base, respectively. 

The aim of this study was to further investigate the catalytic mechanism of 
Tr Cel7A and the specific role of the catalytic carboxylate triad through detailed 
structure-reactivity experiments. 

Experimental 

Substrates 

2-Chloro-4-nitrophenyl β-glycosides derived from lactose (CNPLac) and 
cellobiose (CNPG2), and 4-methylumbelliferyl β-lactoside (MULac) were 
prepared as described (18, 19). The β-lactosides having a 4-bromophenyl 
(PBrPLac), 4-nitrophenyl (PNPLac) or 2,4-dinitrophenyl (2,4DNPLac) aglycon 
were synthesized according to published procedures for the corresponding β-D-
glucopyranosides and β-cellobiosides (20, 21). The synthesis of (R,S)-3,4-
epoxybutyl β-cellobioside (G2-0-C4) is described in (22). 
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Figure 2. Divergent stereo view of subtrate binding and hydrogen bonding at 
the catalytic center oflr Cell A. The glucose residues at sites -1 and +i are 
from a model of a bound cellulose chain with 9 Glc residues (3; PDB code 

8CEL) based on overlapping oligosaccharide complex structures with Cel7A 
mutants, and with the glucose residue at site -1 adapted from a complex of 

Fusarium oxysporum EG1 (Cel7B) with a nonhydrolysable substrate analog (9; 
PDB code lOVW). The indicated distance is the short low-barrier hydrogen 

between D214 and the catalytic nucleophile E212 (2.50 to 2.67 Â in the 
structures 1CEL, 7CEL, 1DY4, 1EGN, 1Q2B, 1Q2E). With the mutants E212Q 
andD214N, respectively, the corresponding distance was longer (2.9-3.5 À ; 

structures 2CEL, 3CEL, 4CEL, 5CEL, 6CEL). 
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Enzymes 

The mutagenesis experiments, the cultivation of the T. reesei wild-type 
(QM9414) and mutant strains (E212Q, D214N, E217Q), as well as the 
purification of intact Cel7A are reported in (14). Core proteins (i.e. catalytic 
domains) were prepared by partial proteolytic cleavage with papain (23, 24) and 
purified using affinity chromatography (25,26). In order to remove minor Cel7B 
contamination the Cel7A samples were further purified on a diethylaminoethyl-
trisacryl column (LKB) at pH 5.0 and 4.2 using an ammonium acetate gradient 
(10 to 300 mM). All samples were concentrated and dialysed in 10 mM sodium 
acetate, sterile filtered and stored at -20 °C. The concentration of Cel7A core 
(wild-type and mutants) was determined spectrophotometrically at 280 nm using 
an extinction coefficient of 73,000 M ' W 1 (23). 

Activity measurements 

The catalytic domain of Cel7A (wild-type and mutants E212Q, D214N and 
E217Q) was used in all the activity measurements on small, soluble chromogenic 
substrates. 

As the mutants were expressed in T. reesei (strain QM9414), all Cel7A 
samples were carefully checked for contamination with the homologous Cel7B 
enzyme which has a much higher specific activity than Cel7A for soluble 
substrates. The specific activity of all Cel7A samples on CNPLac and CNPG 2 

was measured at room temperature by mixing 180 μΐ of 6 mM substrate in 50 
mM phosphate buffer (pH 5.7) and 20 μΐ enzyme solution. The release of CNP 
was monitored continuously during 10 minutes for wt Cel7A and during two 
hours for the mutants at 405 nm in a microplate reader (Benchmark Easy Reader, 
Bio-Rad). A ratio of 1/12 for the specific activity on CNPG 2 versus CNPLac is 
indicative for pure Cel7A (27). 

To check for potential contamination with wt Cel7A in the mutant enzyme 
preparations, the irreversible inhibition of these enzymes with (R,S)-3,4-
epoxybutyl β-cellobioside (G2-0-C4) was followed in function of time (28). A 
solution of 90 μΜ Cel7A wt and 180 μΜ E212Q, D214N and E217Q in 10 mM 
acetate buffer (pH 5.0) was added to 0.5 mM G 2-0-C 4 in the same buffer. The 
reaction was incubated at room temperature during nine hours. At different time 
intervals, aliquots were withdrawn to measure the residual activity on 4 mM 
CNPLac in 50 mM phospate buffer, pH 5.7 following the procedure described 
above. 

The kinetic parameters K M and k c a t for the different chromogenic substrates 
were determined in triplicate at 37 °C in 50 mM phosphate buffer, pH 5.7. 
Substrate concentrations between 0.05 and 2.0 mM were used in all the 
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experiments, and standard curves for the released phenols were obtained under 
the same conditions as in the enzyme kinetic experiments. With the substrates 
CNPLac and 2,4 DNPLac the experiments were performed in 1 ml cuvettes and 
the release of the aglycon was followed continuously at 405 nm (Vitatron DCP 
colorimeter). Discontinuous assays were used with the other chromogenic 
substrates. With PNPLac aliquots were taken into a microtiterplate at regular 
time intervals and diluted in 10 % Na 2C0 3. The released PNP was measured at 
405 nm in a microplate reader (Model 450, Biorad). The hydrolysis of PBrPLac 
was followed by measuring the released PBrP at different time points. A 
colorimetric (490 nm) assay with 4-amino-antipyrine in the presence of an 
alkaline oxidant was used (29). A discontinuous fluorometric measurement 
(emission wavelenght > 435 nm, extinction 366 nm) was used to measure the 
MUF released from MULac (19). 

Values for K M and k c a t were derived from the linearized Hanes equation. 

Results 

Activities of the purified Cel7A wt and mutant preparations 

Kinetic studies of Cel7A, especially the low activity catalytic mutants, 
require a thorough control of the purity of the protein samples. The mutated 
proteins studied in this work were expressed in T. reesei entailing possible minor 
contamination with cellulases (e.g. Cel7B), which could have activity on the 
small chromogenic substrates. The catalytic activity of the three mutants E212Q, 
D214N and E217Q was initially determined on CNPLac and this revealed a 
drastic effect on the k^ values, while the K M values remained essentially 
unchanged (average K M on CNPLac = 0.5 mM at pH 5.7 and 37 °C) (14). Since 
the K M value of the endoglucanase Cel7B on this substrate is considerably 
higher, namely 2.4 mM at pH 5.7 and 37 °C, it is unlikely that this cellulase 
would be responsible for the residual activity observed with the Cel7A mutants. 
Furthermore, the Cel7A mutants have a lower specific activity on the 
chromogenic β-cellobioside than on the β-lactoside (data not shown), indicating 
again that the mutant samples are essentially free of Cel7B contamination (30). 

Given the similarity of the K M values measured for the mutants to those of 
the wild-type enzyme, it was necessary to further investigate the possibility that 
residual activity of the active-site mutants arises from traces of wild-type 
enzyme, either by contamination during the purification process, by spontaneous 
deamidation or translational misreading (31, 32). Active site titration with the 
mechanism-based inactivator 2,4-dinitrophenyl-2-deoxy-2-fluoro β-cellobioside 
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did not allow to determine the initial concentration of active wt Cel7A, as no 
initial burst could be observed (14). Therefore, irreversible inactivation of Cel7A 
wt with the inhibitor (R,S)-3,4-epoxybutyl β-cellobioside (G2-0-C4) was used to 
eliminate the possibility of wild-type contamination (28). Cel7A wt in the 
presence of 0.5 mM G 2-0-C 4 is exponentially inactivated in function of time with 
a pseudo-first-order rate constant kapp of 0.0030 min*1. Inactivation of the 
catalytic mutants under the same conditions allowed to derive the following k a p p 

values: 0.00022, 0.00066 and 0.00060 min'1 for E212Q (and control sample 
Cel7A wt without G 2-0-C 4), D214N and E217Q respectively (data not shown). 
The five to fourteen times slower inhibition of the mutants indicates that their 
residual activty is not, or only to a very small extent, due to wild-type 
contamination. 

Structure-reactivity studies with chromogenic substrates 

The aryl β-lactosides 2,4DNPLac, CNPLac, PNPLac, MULac and PBrPLac 
were used as substrates for the cellobiohydrolase-catalysed reaction to evaluate 
the effect of the aglycon leaving group on the reaction rates. This study was 
performed with the lactoside substrates and not with the corresponding 
cellobioside substrates, as the former exhibit much higher K M and k^ values and 
are thus better substrates for a reliable kinetic analysis of the Cel7A mutants 
(30). The Michaelis-Menten parameters were determined with wild-type Cel7A 
as well as with the three active-site mutants E212Q, D214N and E217Q at 37 °C 
and pH 5.7 (Table I). This pH, above the optimum of 4.2 for Cel7A wt (33), 
allows the continuous measurement of CNP (pKa = 5.45) at 405 nm. 

Mutation of Glu212, Asp214 and Glu217 to their respective amide functions 
has a significant effect on the catalytic constant k c a t for the hydrolysis of all the 
aryl β-lactosides. The smallest effect is observed with the D214N mutant for 
which a 20- to 80-fold reduction in k c a t could be measured. The E212Q mutant 
retained 1/2000, 1/850 and 1/750 of the wild-type activity against CNPLac, 
PNPLac and MULac respectively. A strong dependence on the aglycon acidity is 
observed with the E217Q mutant, with hardly a 10-fold reduction of k c a t for the 
hydrolysis of 2,4DNPLac but a 6400-fold reduction for the hydrolysis of 
MULac. The very low residual reactivity of the mutant enzymes on PBrPLac 
(aglycon pK a = 9.34) precluded a reliable determination of the kinetic constants. 
The specific activity was measured with a 2 mM solution of PBrLac: 0.67 min"1 

for Cel7A wt, 0.0082 min 1 for D214N, 0.00029 min*1 for E217Q and 0.00065 
min1forE212Q. 
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Table I. Michelis-Menten parameters for the hydrolysis of aryl β-lactosides 
by Tr Cel7A (wt, E212Q, D214N and E217Q) 

Phenol 
Substrate 

pKf Cel7A KM(mM) kcat (min1) KO/KM 
(mAf'min1) 

2.4DNP 3.96 wt 0.5510.03 104 ±11 190 
E212Q ndb nd nd 
D214N 0.67 ± 0.05 2.9 ±0.6 4.3 
E217Q 0.61 ±0.07 12.2 ±0.2 20 

CNP 5.45 wt 0.46 ±0.02 12.8 ±0.2 28 
E212Q 0.68 ±0.10 0.0063 + 0.0005 0.0096 
D214N 0.57 ±0.07 0.15 ±0.05 0.26 
E217Q 0.78 ±0.10 0.035 ±0.005 0.045 

PNP 7.18 wt 0.22 ±0.01 3.5 ±0.1 16 
E212Q 0.27 ±0.05 0.0041 ±0.0005 0.015 
D214N 0.37 ± 0.02 0.042 ±0.002 0.11 
E217Q 0.21 ±0.08 0.00066 ± 0.00005 0.0031 

MUF 7.50 wt 0.52 ±0.02 47 ±5 90 
E212Q 0.53 ±0.07 0.063 ± 0.005 0.12 
D214N 0.79 ±0.05 2.3 ±0.5 2.9 
E217Q 0.65 ±0.10 0.0073 ±0.0006 0.011 

PBrP 9.34 wt 0.52 ±0.05 1.7 ±0.5 3.3 
All measurements were performed at 37 °C in 50 mM phosphate buffer, pH 5.7 
a Phenol pK a values were taken from (21) 
b nd = not determined 

The most drastic effect was observed for E217Q (a factor 1/2300 compared 
to Cel7A wt). A reduction of the specific activity for the mutants D214N and 
E212Q with a factor 1/80 and 1/1000 respectively is comparable to the data 
observed with the other aryl β-lactosides. For all three mutants, the Michaelis 
constant K M on the lactoside substrates remains essentially the same as that of 
the wild-type enzyme. 

Values of k c a t and k c a t / K M for Cel7A wt, D214N and E217Q are plotted as a 
function of the aglycon pK a in the form of Hammett-plots. For k c a t / K M a linear 
dependence is observed over the entire pK a area, except for the hydrolysis of 
MULac (Figure 3A-C). Excluding this data point a slope (Bronsted coefficient 
β) of -0.3, -0.5 and -1.2 can be deduced for Cel7A wt, D214N and E217Q 
respectively. The pK a dependence of k c a t is more difficult to interpret, although 
the Hammett-plot does show a trend: a linear relationship for substrates with a 
good leaving group (pKa phenol < 7.2). The β-values are -0.5, -0.6 and -1.3 for 
Cel7A wt, D214N and E217Q respectively (Figure 3D-E). Again the value for 
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MULac clearly deviates from the linear trend observed with the other aryl β-
lactosides. In the case of Cel7A wt, the logkcat versus pK a plot seems to level off 
at the higher pK a values (PBrP). 

Discussion 

A series of substituted aryl β-lactosides were used as substrates of Tr Cel7A 
wt to evaluate the effect of the aglycon leaving group on reaction rates. The 
study was extended to the catalytic mutants E212Q, E217Q and D214N to check 
if their kinetic behaviour could be correlated with the proposed roles for Glu212, 
Glu217 and Asp214 in a double-displacement mechanism: nucleophile, proton 
donor and nucleophile assisting residue, respectively. 

Enzyme mechanism: structure-reactivity studies with T. reesei Cel7A wt 

Substrate reactivity 

The small chromogenic substrates used in this study are only cleaved at the 
heterosidic bond with release of the aryl aglycon. In a double-displacement 
mechanism, deglycosylation will be the same for all lactoside substrates, while 
glycosylation will be influenced by the substituents on the phenol group. The 
effect of these substituents on the rate constants can be evaluated by means of a 
Hammett analysis (See e.g. (20, 21, 34, 35) for application in glycosidase 
research). The reaction constant β (the slope in a log k c a t or a log k c a t / K M versus 
pK a plot) reflects the sensitivity of the reaction for the electronic effects of the 
substituents, the latter expressed as the pK a of the free phenol. 

The second order rate constant k c a t / K M contains rate constants up to the 
glycosylation step and thus a leaving group dependency is expected. For Cel7A 
wt the Hammett plot for %JKU (Figure 3A) is linear over the entire range of pK a 

values. However, the slope for log ka/KMt the Bransted constant, is considerably 
smaller (β = -0.3) than that seen for retaining β-glycosidases (β between -0.7 and 
-1.0) (20, 34-36). The Brisnsted constant is dependent on two factors: a large 
degree of C-0 bond cleavage at the transition state gives a larger negative β-
value, whereas efficient proton donation lowers the β-value. Independent results 
from hydrolysis experiments with 1-fluoro-lactosyl fluorides (hardly detectable 
hydrolysis) and lactosyl fluorides point towards a transition state with substantial 
oxocarbenium ion character, and thus extensive C-O bond cleavage (Weber, M., 
Becker D., Vasella, Α., and Sinnott, M . L., unpublished results, 1998). Therefore 
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the rather small negative β-value could possibly be ascribed to efficient proton 
donation by the acid/base residue Glu217 in Tr Cell A. X-ray studies have 
revealed that Glu217 is solvated and has a polar microenvironment (3, 33). 
These factors possibly contribute to the proton donation capacity of this residue. 

The Hammett plot log k c a t versus pK a (Figure 3D) is curved and cannot be 
interpreted in detail due to the limited number of data. Still, the general trend is a 
decrease in with increasing pK a (β = -0.5 for 2,4DNPLac, CNPLac and 
PNPLac) and indicates that the glycosylation step is rate determining even for 
the most activated substrates. For deglycosylation to become rate limiting, k c a t 

would level off in the low pK a range, as observed in the biphasic plots for many 
retaining glycosidases (20, 21, 34). It is remarkable that a biphasic log k c a t versus 
pK a plot with an upward curvature at low pK a values was observed with the 
Bacillus licheniformis (ΒΓ) l,3-l,4^-glucanase, a family 16 glycosyl hydrolase, 
belonging to the same clan-B as Tr Cel7A (17, 35). A change in transition-state 
structure depending on the aglycon was suggested to explain this behavior (35). 
In this respect it is also interesting to point out the divergent result with MULac, 
which indicates that the type of aglycon can give rise to an independent 
structure-activity relationship. The interaction of MUF (a bicyclic system) in the 
+1 site might be very different from this with the mono-and di-substituted 
phenols. 

Glycosylation is the rate-limiting step even with activated substrates 

For both Tr Cel7A and Bl l,3-l,4^-glueanase, glycosylation is rate 
determining for the hydrolysis of aryl β-glycosides, also for the reactive 
2,4DNP-substrate. Remarkably, other Hammett studies for retaining β-
glycosidases (e.g. family 1 β-glucosidases and Cellulomonas fimi (CJ) XynlOA) 
report a change in rate-limiting step from glycosylation to deglycosylation with 
highly activated substrates (20, 21, 34). This different behavior might be related 
to the high degree of oxocarbonium ion character in the transition state of Tr 
Cel7A. Indeed, when using a substrate with a good leaving group (e.g. 2,4 DNP), 
which will inherently have a higher oxocarbenium ion character at the transition 
state than one with a bad leaving group (e.g. PNP), the effect on the 
glycosylation step will be less pronounced in an enzyme which is able to 
stabilize the oxocarbenium ion-like transition state more efficiently. Specific 
protein-ligand interactions in the different binding sites and the polar 
microenvironment will be important factors in this stabilization. 

The position of the proton donor with respect to the 05-C1 bond can also be 
a determining factor. In 1999, Heightman and Vasella introduced the syn-anti 
mechanistic concept: the orientation of the lone pair of the glycosidic heteroatom 
in the plane of the sugar ring requires the interaction with the catalytic acid in 
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this plane and defines a protonation trajectory: either syn or anti to the 
endocyclic 05-C1 bond. Crystal structures of β-glycosyl hydrolases with ligands 
in their active site allow to classify the enzymes as syn- or awtf-protonators (37). 
The position of the proton donor in a ,sy?f-protonating glycosyl hydrolase is close 
to the 05-C1 bond. The developing anion character during the protonation step 
will allow stabilization of the developing oxocarbenium ion character at the 05-
C l bond on its way to and during the transition state. In imtf-protonators the 
acid/base catalyst is closer to the C1-C2 bond and will thus have a less 
pronounced effect on oxocarbenium ion stabilization. 

Both Tr Cel7A and Bl l,3-l,4^-glucanase (Clan-B) are syw-protonators, 
whereas the family 1 β-glucosidases and Cf XynlOA (Clan-A) are anti-
protonators (37). The fact that glycosylation remains the rate-limiting step with 
the clan-B enzymes might be related to their sy#-protonation trajectory, but 
whether this is a general phenomenon among β-glycosyl hydrolases cannot be 
stated due to the limited number of Hammett studies reported in literature. 

Reactivity of the Cel7A mutants E212Q, D214N and E217Q 

A kinetic analysis of the three mutants E212Q, D214N and E217Q with a 
series of chromogenic β-lactosides allows to interpret more accurately the earlier 
obtained kinetic constants k^ and K M for CNPLac (14). As discussed above for 
wild-type Cel7A, glycosylation is rate-determining even for highly activated 
substrates. This also seems to be the case with the mutants since the K M values 
do not change significantly compared to those of the wild-type enzyme. Indeed, 
a drop in K M would be expected if deglycosylation becomes rate limiting (38). 

Glu217 as the acid/base catalyst 

For an acid/base mutant, a strong dependence on aglycon leaving group 
ability can be expected. The kcat value of the E217Q mutant drops with only a 
factor 9 for the activated substrate 2,4DNPLac (pKa 2,4DNP 3.96), whereas a 
large decrease in activity (factor 6400) is observed for MULac (pKa MUF 7.50). 
The change of the Bransted-constant β from -0.3 for Cel7A wt to -1.2 for E217Q 
(in the plot log kc a t/KM versus pK a, Figure 3A, B) indicates a larger degree of 
negative charge accumulation on the phenolate oxygen in the transition state, 
exactly as expected in the absence of the proton donor. The same effect was 
observed for the acid base mutant E127A from C/XynlOA (39). 

A direct comparison of the kinetic data for the E217Q mutant with those 
reported for other acid/base mutants of retaining β-glycosidases is difficult, due 
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to different mutations (e.g. alanine instead of glutamine) and due to the fact that 
the rate-limiting step might be different for a specified substrate. Modification of 
the acid/base residue will have an effect on both steps of the retaining 
mechanism, but not necessarily to the same extent (39, 40). For both Tr Ce7A 
and Bl l,3-l,4-p-glucanase, glycosylation is the rate limiting step when a 
2,4DNP substrate is used, thus the effect of the catalytic acid/base mutation can 
be compared for the same step in the reaction mechanism. With the Tr E217Q 
mutant, the activity is reduced by a factor 9, whereas the Bl E138A mutant shows 
a 2400-fold reduction in activity. As the amide function in the E217Q mutant can 
still be involved in electrophilic assistance towards the glycosidic oxygen, these 
data might reflect the importance of this interaction for the observed activity 
with the glutamine mutant, especially on substrates with a good leaving group 
(e.g. 2,4 DNP and CNP). 

Glu212 as the catalytic nucleophile 

For retaining β-glycosidases it is generally stated that modification of the 
nucleophilic carboxylate to an amide or an alanine residue is accompanied by a 
dramatic loss in activity (at least a factor 106 compared to the wild-type enzyme) 
(38). Indeed, the nucleophile mutants E358Q from ̂ /p-glucosidase and E233A 
from C/*XynlOA are essentially inactive towards chromogenic substrates (32, 
39). 

The Tr Cel7A mutant E212Q has a pronounced effect on the hydrolysis of 
chromogenic substrates, but only with an average factor of 103 (Table I). As 
discussed above, contamination by wild-type or endoglucanase activity is 
unlikely to be responsible for the observed activity. Even though it is 
nucleophilic rescue experiments with an alanine mutant or covalent labeling of 
the catalytic nucleophile with a mechanism-based inactivator, such as an 
activated fluoro glycoside, that should be used to obtain an undisputed kinetic 
proof for the role of Glu212, all crystallographic observations of TrCel7A are 
consistent with the role of Glu212 as the nucleophile in a double-displacement 
mechanism. Furthermore, the limited amount of kinetic data with the E212Q 
mutant do seem to agree with its function as catalytic nucleophile since the 
leaving group ability has little effect on the observed activity. 

As compared with related endoglucanases (30), Tr Cel7A has a very low k c a t 

value on small, soluble substrates while it is far superior in the solubilization of 
crystalline cellulose. It seems that there has been little evolutionary pressure to 
optimize the active site of the cellobiohydrolase for fast catalysis, which is 
apparently not the rate-limiting step on crystalline cellulose degradation. 
Therefore, even a "non-optimal" catalytic nucleophile can be efficient enough to 
achieve the catalytic rate required on insoluble substrates. If the nucleophile is 
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not that crucial to begin with, it can be mutated without a complete loss of 
activity, as hereby observed with the E212Q mutant of Tr Cel7A. A similar 
apparent lack of catalytic efficiency has been observed with the inverting 
cellobiohydrolase, Tr Cel6A, which apparently exercises little base catalysis 
(41). 

A possible, although hypothetical molecular explanation for the residual 
activity of the E212Q mutant of Tr Cel7A could be formulated as follows: syn-
protonating β-glycosyl hydrolases may be inherently able to stabilize the 
oxocarbenium-ion-character more efficiently than awtf-protonating enzymes (see 
above). Therefore, both the deprotonated acid/base residue and the nearby 
glutamine residue may contribute to the oxocarbenium-ion stabilization in the 
syw-protomating Tr Cel7A E212Q, thereby giving rise to the observed residual 
activity. A dramatic drop in the kcat value by a factor 105 has been reported for 
the nucleophile mutant, Ε134A, of another syn-protonating enzyme in the clan-
B, Bl l,3-l,4-P-glucanase (17). Even though this is a substantial difference to the 
decrease of a factor of 103 observed for the Tr Cel7A E212Q, it is quite possible 
that an alanine residue cannot be involved in the stabilization of the 
oxocarbenium ion similar to the glutamine residue. Furthermore it needs to be 
stressed again that also the polar character of the active site will be important for 
stabilization of the oxocarbenium ion-type transition state, and this factor can be 
very different, even for enzymes within the same family or clan. 

Asp214 as the nucleophile assisting residue 

Mutation of Asp214 to the isosteric asparagine has a significant, but not a 
dramatic effect on the hydrolysis of the aryl β-lactosides (a factor 1/85 compared 
to Cel7A wt for CNPLac). The Hammett-plot for this mutant is comparable to 
the one obtained with Cel7A wt with nearly the same β-value (Figure 3C, F). 
Thus, with the D214N mutant glycosylation remains the rate-limiting step with 
all tested aryl β-lactosides, and the glycosylation transition state must be nearly 
identical to the one in the wild-type Cel7A with regard to C-0 bond cleavage 
and/or proton donation to the glycosidic oxygen. 

In the active site of Cel7A wt, a short hydrogen bond is formed between the 
carboxyl oxygen atoms of Asp214 and Glu212 (distance between 2.5 and 2.7 Â 
in different Cel7A structures) (2, 3, 33). The oxygen atom Glu212 Ο ε 2, which 
performs the nucleophilic attack on the anomeric carbon, is involved in this 
interaction and thus shares a proton with Asp214 (Figure 2 and 4A). As 
described earlier, Asp214 will most probably control the protonation state and/or 
position of the nucleophile Glu212 and is also well positioned to influence the 
pK a of the acid/base residue Glu217 (2, 3, 14, 33). But, the kinetic data with the 
D214N mutant also indicate a role for Asp214 as determining factor for the 
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Figure 4. Schematic representation of the interaction of the nuclophile residue 
Glu212 with the nucleophile assisting residue Asp214 in Tr Cell A wt (A) and 

with Asn214 in the mutant D214N (B). 
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nucleophilicity of Glu212. In the D214N crystal structure, the hydrogen bond 
between Asp214 and Glu212 is maintained, but longer (3.0 Â) (14), and the 
proton cannot be shared and belongs to Asn214 (Figure 4B). The negative 
charge will thus be localized more strongly on the carboxylic side chain of 
Glu212 and intuitively one could expect this residue to act as a better 
nucleophile in the first step of the double-displacement mechanism. Still, the 
mutant has lower activity, while the K M value is unchanged. For a possible 
explanation, the interaction between Glu212 Ο ε 1 and the C2-OH from the 
glucosyl unit in the -1 site has to be taken into account. This interaction is 
observed in the structure of the glycosyl-enzyme intermediate of some retaining 
β-glycosidases (42, 43) and is likely to be important in Tr Cel7A too, based on 
the modeled structure (Figure 2). Thus, Glu212 is positioned close to 
Asp214/Asn214 and the C2-OH group and might experience a competition 
between its capacity as a nucleophile (attack on the anomeric center) and its 
capacity to form a hydrogen bond with C2-OH. The Glu212-Asp214 diad in 
Cel7A wt will reduce the ability to form a hydrogen bond with C2-OH and will 
preferentially attack the anomeric center, in accordance with the HSAB (Hard 
and Soft Acid Bases) principle (44): the interacting residues Glu212/Asp214 can 
be regarded as a soft base and thus as a good nucleophile, because of the 
derealization of the negative charge and will prefer the attack on a stabilized 
carbocation (a soft Lewis acid) over the interaction with a proton (a hard 
Bransted acid). In the D214N mutant the negative charge is concentrated on 
Glu212, making the carboxylate more basic (a harder base), and thus reducing its 
nucleophilicity and making the interaction with the proton of C2-OH (hard 
proton) more important. 

The nucleophile assisting residue is strictly conserved throughout the clan-B 
glycosyl hydrolases. In all crystal structures of other family 7 endoglucanases (7-
9) and a family 16 1,3-1,4-P-glucanase (45) and κ-carrageenase (11), the close 
interaction between the nucleophile and the assisting carboxylate residue is 
observed and will most probably fulfill the same function in the catalytic 
mechanism. 

Conclusions 

Our kinetic data with Tr Cel7A on soluble chromophoric substrates confirm 
the earlier proposed roles for the three carboxylate residues in the -1 subsite: 
Glu212 is the nucleophile and Glu217 is the acid/base in a double displacement 
mechanism, while Asp214 is well positioned to assist the nucleophile. The 
reactivity studies unambiguously show that - even with the catalytic mutants -
the formation of the glycosyl-enzyme is rate-determining. The large negative β-
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value with the acid/base mutant indicates that the deglycosylation step must be 
very fast compared to the glycosylation step, even when there is no general base. 

However, the key to understanding the catalytic behaviour of Tr Cell A and 
other cellobiohydrolases is to realize that these enzymes have not been optimized 
for efficient catalysis of bond cleavage but have instead evolved for breaking 
down cellulose crystals (3, 5, 46). The following factors are important in this 
process: (1) a mechanism to extract the glucan chain from the cellulose surface, 
and to feed it into the special tunnel-shaped active site; (2) dynamic binding of 
the cellulose chain over althogether 10 subsites enclosed in the tunnel, and (3) 
strong binding in the product sites +1 and +2. The inhibition resulting from the 
strong binding of the product is apparently tolerated as it probably facilitates the 
necessary processive action of the enzyme on the crystalline substrate surface 
(3, 5, 30). As it is the interactions with the crystalline surface that are rate-
limiting, there has been little evolutionary pressure towards rate enhancement in 
the Tr CéuA mechanism. This must be taken into account when interpreting the 
data obtained with catalytic site mutants of crystalline cellulases. 
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Protein Engineering of Xylanases 
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Industrial applications of xylanases require enzymes that are 
thermostable with a wide pH and temperature range. Since the 
availability of such biocatalysts is limited, the use οf protein 
engineering to study and redesign xylanases on the genetic 
level, has gained momentum. X-ray crystallography, site-
directed and random mutagenesis studies have revealed a 
considerable amount of information about the basic structure 
and function of xylanases and have provided the basis for the 
genetic manipulation of the gene for desired enzymatic traits. 

© 2004 American Chemical Society 227 

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 S
ep

te
m

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

01
3

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



228 

As man makes significant advancement in science, he has become more 
aware of the importance of the conservation of energy and natural resources, 
after repeatedly ravaging the environment for commercial gain. The depletion of 
natural resources, the advent of the threat of the greenhouse effect and other such 
catastrophes, led to the idea of utilizing lignocelluloses and other agricultural 
wastes for bioconversion. Lignocellulose is an abundant and renewable resource, 
and is therefore being exploited for the generation of numerous products. In 
addition, microbial degradation of this complex polymer has the capability of 
expanding the potential for this biomass. 
The end ρ roducts ο f such hydrolysis may be later transformed into s ingle c ell 
protein, liquid fuels, and other solvents or chemicals through the utilization of 
particular fermentative microbes. In doing so, this can greatly contribute to the 
elimination of agricultural wastes (1, 2). 

Increasing environmental concerns and governmental mandates have 
encouraged the development of greener chemistry to perform catalytic tasks in a 
variety of industrial processes. Consequently, enzymes have been introduced 
into consumer products such as laundry detergents and are finding increasing 
application in industrial processes in the food, textile and pulp and paper 
industries (3). Initially, suitable enzymes were identified by screening strains 
from various culture collections. However, relatively poor enzyme stabilities, 
decreased catalytic activities under the conditions that characterize industrial 
processes, insufficient enzyme production and the availability or cost of 
producing the enzyme itself have proven to be formidable impediments to their 
large-scale application (4). 

Hemicelluloses, second only to cellulose, represent an enormous 
renewable agricultural resource, and have immense potential to be wielded as 
alternative sources of energy. Xylans are heteropolysaccharides that represent 
the most abundant type of hemicellulose synthesized in the biosphere. In recent 
years, there has been a growing interest in xylanases due to their potential 
application in the pulp, paper and fibre-processing industries. Biologically, 
xylanases are synthesized by microorganisms and secreted to degrade the 
surrounding xylan as food supply. Xylan degradation has been reported in 
bacteria, fungi and yeasts (5). Xylanase-producing microorganisms include the 
thermophilic Deuteromycete, Thermomyces lanuginosus, which is reported to 
rank amongst the best cellulase-free xylanase producers in nature (6). 

Chlorine-free bleaching is usually carried out at acidic pH whilst a hot, 
caustic treatment of the wood ρ recedes chlorine bleaching. Thus, stability and 
activity at high temperatures and extreme pH values are coveted attributes for a 
potential biotechnologically useful xylanase. For the commercial realization and 
economic viability of xylanase production, it is necessary to identify organisms 
that can hyper-produce the enzymes. Therefore, improvement in the hydrolyzing 
efficiency of xylanases has long been anticipated and trials, aided by modern 
recombinant DNA technologies, have been undertaken at an ever-increasing 
pace over the last few years (2). Clearly, the best route for the improvement of 
xylanases to withstand the rigours of pulping processes (alkaline pH, high 
temperatures) would be to genetically tailor the xylanase gene to overcome such 
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bottlenecks. Most investigations have focused on the external parameters 
(environmental pH, temperature, etc.) that maximize xylanase production, but 
improving the enzyme on a genetic level seems to be a much more feasible 
approach for the over-production of a multi-faceted enzyme with unique 
capabilities. 

Protein Engineering - A Broad Perspective 

A primary goal of protein engineering is to generate proteins with new 
or improved properties as a means to complement the limitations of known 
natural enzymes. The three main targets for optimization of enzymes for use as 
industrial biocatalysts are the volumetric productivity or activity of the enzyme, 
the stability of the enzyme under process conditions, and the availability or cost 
of producing the enzyme itself (7). The key to protein engineering is in 
understanding how enzymes adapted to their unique niches. If these adaptive 
mechanisms are understood, then this insight could be used to engineer enzymes 
for non-natural, biotechnological c onditions. Unfortunately, this understanding 
has proven elusive because these systems are both innumerable and intricate. 
Sometimes, it is impossible to determine if the variability between enzymes from 
polar extremes are the results of adaptation or the results of neutral drift. Another 
serious difficulty facing comparative studies is the identification of which 
enzyme properties have evolved under selective pressure. In addition, organisms 
are subject to complex combinations of selective pressures. Furthermore, not all 
differences in enzyme properties reflect adaptation, and biological relevance 
plays an important role in the selection of thermostable enzymes (8, 9, 10). 

Although evolution i s a su perb m eans to d esign ρ roteins, i t is a slow 
process. A process that naturally occurs over millions of years is impracticable 
for laboratory work and, even site-directed mutagenesis in rational protein 
design has its impediments. Despite many advances in protein engineering, 
altering the specificity of an enzyme proves to be a major stumbling block. 
When amino acids are altered to engineer a desired change, it is nearly 
impossible to predict all the small structural changes that occur to resident 
neighbouring amino acids. Even alteration of amino acids far from the active site 
has been shown in numerous systems to have large effects on enzyme capability. 
Orbital steering, which postulates that very small changes in the orientation ο f 
active site residues and substrates play a large role in substrate binding and 
catalysis, can explain some of these difficulties (11). Also, proteins are 
surprisingly resilient toward mutation. Protein tolerance is defined as the ability 
of a protein to undergo mutation without disrupting its fitness or structure. 
Within a protein there is a distribution of tolerances. Some sites that are essential 
for function may not accept any mutations, while other positions can accept any 
amino acid substitutions with limited effect. Functional tolerance is a significant 
factor for the success of protein engineering. A protein that is functionally 
tolerant allows many mutations without disrupting its structure, making it more 
likely that there is a connected path in sequence space of single mutations that 
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leads to regions of higher fitness. Tolerance also affects the quality of the mutant 
library. If the protein is functionally intolerant, the mutant library will consist of 
mostly inactive proteins (12). 

Enzyme engineering is undergoing the most profound and exciting 
transformation in its history and promises unprecedented expansion in the scope 
and applications of modified or improved enzymes with desired physical and 
catalytic properties. Two complementary strategies are currently available: 
rational design and directed evolution. Although both approaches have been met 
with great success, each has its limitations (13). 

Rational Design 

In rational design precise mutations in amino acid sequence are 
determined based on detailed knowledge of protein structure, function and 
mechanism, and are then introduced using site-directed mutagenesis. This 
technology holds much promise for optimizing the desired properties of enzymes 
for commercial applications. It also greatly enhances the basic understanding of 
enzyme binding and catalytic mechanisms, thus increasing the success of future 
enzyme engineering efforts and lays the foundation for functional prediction of 
new protein sequences in databases (14). The power of rational design has been 
demonstrated by the complete inversion of coenzyme specificities for 
isopropylmalate dehydrogenases (15), where individual amino acid substitution 
or secondary structure engineering generated enzymes with desirable properties. 

However, despite some of the sensational successes of rational protein 
engineering, numerous endeavours to genetically redesign enzymes have met 
with limited success. These failures might result, to some extent, from a deficient 
knowledge of the fundamental mechanisms required to enhance the solicited 
enzyme properties. Many original 'rational' engineering experiments were 
abortive since a significant number of attempts were based on primary amino 
acid sequence homologies as the only paradigm for amino acid replacements. In 
many i nstances, these substitutions were made without regard to t he structural 
features of the protein. Such 'homology-based' engineering frequently leads to 
substituting rigidly conserved amino acids that do not affect the desired enzyme 
properties and renders the enzyme inactive because of changes in protein 
structure. This process overlooks key amino acid residues, particularly in the 
comparison of highly divergent enzymes (15). The conventional approach of 
rational design requires confirmation of the mutation by sequencing and 
subsequent purification of the mutant enzymes following each round of 
mutagenesis so that kinetic and functional properties can be determined. Such an 
approach is tedious and expensive, and might be impractical for multiple cycles 
of mutagenesis. An efficient strategy for identifying beneficial mutants using 
kinetics has been put forward to greatly facilitate the rational design of enzymes 
that require many cycles of mutagenesis to improve their properties (14). 
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Notwithstanding intensive investigations into the basic aspects 
governing protein folding and function, there are colossal disparities in the 
comprehension of two pivotal processes: the relationship between sequence and 
structure and the relationship between structure and function. As a result, the 
rational design of novel proteins by the classical 'reductionist' approach can be 
an extremely discouraging exercise (16). The directed evolution of enzymes, 
however, i s d escribed a s a η ew a nd e legant a pproach t ο generate a nd i dentify 
new enzyme variants. 

Directed evolution 

Many clues as to how to engineer better enzymes came from drawing 
parallel comparisons with nature and studying how nature has created authentic 
enzymes. By studying the evolution of bona fide proteins, it h as been learned 
that they are highly adaptable, incessantly changing molecules. They can 
sometimes acclimatize to different environments and can even adopt unique 
functions, at least over evolutionary time scales. It is now known that the natural 
processes of mutation, recombination and se lection resulted in the creation of 
enzymes with varied functions through the evolution of a common ancestral 
protein of the same general structure (16). 

Directed evolution does not require information about how enzyme 
structure relates to function. Experiments that facilitate the evolution of enzymes 
in the laboratory under controlled conditions and well-defined selection 
pressures can help clarify the bedlam introduced by natural evolution. Directed 
evolution allows for the propagation of functional changes of enzymes with only 
small changes in sequence. This approach also allows for the creation of 
different evolutionary possibilities and the monitoring of the adaptation process. 
Moreover, it can be determined whether the mutations are similar to those that 
are found in natural homologous enzymes or whether there are multiple 
evolutionary pathways that culminate in the same desired functional result. 
Laboratory evolution is relatively immune from biological constraints and free to 
access sequence space for all possible enzymes that mutation, recombination and 
selection can generate. The only biological requirement is that the mutant 
enzymes must be functionally expressed in a suitable host organism (17). 

Directed enzyme evolution generally begins with the creation of a 
library of mutated genes. This is accomplished using a variety of methods 
including the synthesis of degenerate oligonucleotides (18). Alternative methods 
are based on the use of chemical mutagens like sodium bisulphate, nitrous acid, 
formic acid, hydrazine or hydroxylamine. However, these methods do not yield 
highly mutagenized fragments and cannot generate all the possible base 
substitutions. Exposure of DNA to ultraviolet light and propagation of a 
particular gene in mutator strains can be used to produce a particular genetic 
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segment containing multiple mutations allows one to mutagenize a gene of 
interest. Alternatively, 'poisoned' primers can be used to introduce mutations 
into a small region of a gene ( 19). Random point mutagenesis by error-prone 
PGR (ep-PCR) involves a modified PCR protocol that uses variations in 
magnesium chloride (MgCl2) and manganese chloride (MnCl2) concentrations to 
achieve a mutation level of 2-5 base substitutions per gene, corresponding to an 
average exchange of one amino acid per mutated protein. Because of the 
inherent mutation bias of ep-PCR and the restrictions imposed by the genetic 
code, this method is not suitable for introducing all 20 amino acid residues at 
each position of the protein, i.e., the mutations are not truly random. In fact, an 
average of 5.7 amino acid substitutions is accessible for any given amino acid 
residue using this method (10). The beginning of the 'modern era' of directed 
evolution can be essentially defined by the invention of DNA shuffling. This 
technology accesses an important facet of natural evolution that was lacking in 
previous formats: the ability to recombine mutations from individual genes akin 
to natural sexual recombination (20, 21). Gene products that show improvement 
with respect to the desired property or set of properties are identified by selection 
or screening and the gene(s) e ncoding those enzymes are subjected to further 
cycles of mutation and screening in order to accumulate beneficial mutations. 
This evolution can involve few or many generations, depending on how far one 
wishes to progress and the effects of the mutations observed in each generation 
of mutant enzymes (22). 

Xylanases 

Commercial potential 
To really appreciate the rationale behind current studies of microbial 

xylanases, it is necessary to consider a broad view that takes into account not just 
their intrinsic interest, but also their undoubted commercial potential. The 
structural polysaccharides cellulose and hemicellulose together account for 
greater than 50% of plant biomass and are consequently the most abundant 
terrestrial organic molecules. The value of plant biomass as a renewable resource 
is thus immediately apparent (23). 

Xylan-degrading enzymes, especially xylanases, have considerable 
potential in several biotechnological applications. In some processes, the use of 
purified enzymes is required. However, in other applications, the presence of 
additional e nzyme a ctivities i s d esired. C ommercial a pplications su ggested f or 
xylanases involve the conversion of xylan, which is present in wastes from the 
agricultural and food industry, into xylose (2). Similarly, xylanases could be 
used for the clarification of juices, for the extraction of coffee, plant oils and 
starch and for the production of fuel and chemical feedstocks (3). 
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Another application ο f χ ylanases is the use of this enzyme in poultry 
diets. Depression in weight gain and feed conversion efficiency in rye-fed broiler 
chicks has been associated with intestinal viscosity (24). The efficiency of 
xylanases in improving the quality of bread has also been demonstrated. The 
introduction of A. niger var. awamori xylanase into bread dough resulted in an 
increase in specific bread volume. This is further enhanced when amylase in 
combination with xylanase is used (25). 

Over the last two decades, much research has been conducted on 
xylanases due to their potential application in the pulp, paper and fibre-
processing industries. In the jute fibre industry, the xylanase pre-treatment of 
low grade fibres before milling may be an alternative to conventional chemical 
softening because t he f ormer e nables t he s elective r emoval of χ ylan, w hich i s 
assumed to be an economic and environmentally safe process. Jute fibre is a 
natural biodegradable product and could replace the usage of plastics and 
synthetic fibres (26). 

During kraft pulping, pulp xylan is first solubilized and later, some of it 
is redeposited back onto the pulp fibres. Xylanases acton these reprecipitated 
xylans by partially hydrolyzing them to facilitate the extraction of lignin during 
pulp bleaching (27). The benefits of using xylanases have been mostly the 
economic and environmental advantages, which include: 

• savings in bleaching chemicals; 
• increased throughput; 
• improved pulp properties such as brightness and strength; 
• marketing advantage; 
• easy adaptation to different bleaching sequences with minimal 

investment costs; and 
• improved effluent with reduced AOX content (28). 

Thermostable Hemicelhilases 

Mounting so cial, ρ olitical a nd e nvironmental ρ ressures on i ndustry t ο 
provide alternatives to chemical-based methods, have given added impetus to the 
search for novel enzymes with unique and industrially significant traits. Thus, 
numerous organisms have been isolated from extreme environments. From the 
frosty A ntarctic ice fields to the fiery ν olcanic ρ ools, these organisms ρ ossess 
unique survival kits that allow them to survive under these extreme conditions. 
In most cases, adaptation to such extreme environments has not required 
completely new molecular machinery: in fact many 'extremophilic' enzymes are 
similar to their mesophilic counterparts found in more hospitable environments. 
Sequence comparisons indicate that these enzymes are derived from a common 
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ancestral e nzyme a nd h ave a ccumulated mutations t hat a llowed t hem t ο a dapt 
over millions of years (29). 

Even though there are so many advantages to using enzymes as 
substitutes for chemical catalysts, practical applications of enzyme catalysis are 
few and far between. This is largely due to their relatively poor stabilities and 
catalytic activities under the conditions that characterize industrial processes: 
high temperatures, extremes of pH or non-aqueous solvents. Enzymes evolved 
for the survival benefit of an organism may not exhibit features essential for in 
vitro application (30). 

Given the natural abundance of hemicellulose, it is not surprising that 
many microorganisms have enzyme systems for its hydrolysis. Moreover, given 
the variety and complexity of hemicelluloses, several biocatalytic steps are 
required to hydrolyze specific polysaccharides completely into simpler sugars 
that can be readily used as carbon and/or energy sources by particular 
microorganisms. Thermophilic microorganisms are sources of thermostable 
saccharolytic and hemicellulolytic enzymes that could either replace those 
currently u sed at 1 ess than optimal ρ recessing temperatures orbe used i η new 
biocatalytic applications (31). 

The rapid growth of the enzyme industry reflects the advantages of 
using enzymes as industrial catalysts, and the real and potential advantages of 
using enzymes from thermophiles have been well documented. The ρroperties 
that allow thermostable enzymes to withstand high temperatures also confer 
resistance to denaturing agents (32), solvents (33) and proteolytic enzymes (34). 
In general, the higher the growth temperature of the organism, the more stable 
are its enzymes. Thus, the most stable enzymes are likely to be extracellular 
enzymes from the most extreme thermophiles. Extracellular enzymes are more 
stable than their intracellular counterparts, since they are not limited by the 
requirements for rapid turnover as a mechanism for controlling metabolite 
fluxes. Cells producing extracellular enzymes may also be subject to 
evolutionary pressure to minimize the loss of exported carbon; high specific 
activities and enhanced molecular stability would be positive consequences of 
such pressures (35). 

The concept of thermodynamic stability applies to the equilibrium 
between the native and unfolded state of a protein. Thermostability is a desired 
property in biotechnological applications for a number of reasons. Substrate 
solubility may be increased, the risk of microbial contamination may be 
minimized and the reaction rates may not only be increased in general, but may 
favour some side reactions over others (35). Biotechnological processes may 
require extremes of pH, or the presence of chelators, proteases and detergents. 
Stability in aprotic environments would make protein catalysts interesting for a 
wide range of applications. Unfortunately, most proteins denature only a few 
degrees above the physiological temperature and this is frequently an irreversible 
process that rapidly draws folded protein out of the equilibrium and into the 
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unfolded state. In general, the reason for irreversible inactivation at high 
temperatures or under other adverse environmental conditions is aggregation of 
the unfolded state (36). 

Biotechnological processes, such as pulping, are best carried out at 
elevated temperatures. The increase in temperature has a significant influence on 
the bioavailability and solubility of organic compounds, and is accompanied by a 
decrease in viscosity and an increase in the diffusion coefficient of organic 
compounds. Consequently, higher reaction rates due to smaller boundary layers 
are expected. The bioavailability of insoluble environmental pollutants can also 
be improved dramatically at elevated temperatures allowing efficient 
bioremediation (37). 

The use of xylanase in biobleaching of wood pulp produced in the 
sulphite (acid) and kraft (alkaline) processes has received much attention (38). 
As the cooking of wood is conducted at temperatures above 145°C, thermostable 
xylanases would be particularly useful in biobleaching directly after this process. 
Many ο f the χ ylanases produced b y m esophilic fungi I ack thermostability and 
this limits their industrial application. Xylanases produced by thermophilic fungi 
are usually more thermostable than those of mesophilic fungi (8). The use of 
thermostable xylanases for enzymatic hydrolysis or pre-treatment of pulp at high 
temperatures might help in achieving technical and economic feasibilities. 
Moreover, as the thermophilic fungus is grown at high temperatures, there is less 
risk of microbial contamination and diminished cooling requirements for the 
fermentation process (39). 

The most thermostable xylanase reported to date is that from the 
extremely thermophilic anaerobic bacterium Thermotoga, which has a half-life 
of more than 20 min at 105°C (40). Despite offering a potentially rich source of a 
variety of very stable enzymes, the commercial development of xylanase 
production by archaebacteria has been impeded by difficulties in the cultivation 
of these organisms. Therefore, thermophilic fungi such as T. lanuginosus are an 
attractive alternative source of thermostable xylanases (39, 41). 

Genetically engineered Xylanases 

Recombinant DNA techniques offer the means to not only enhance 
xylanase production but also to improve the stability and activity of the enzymes. 
Xylanase genes have been cloned from different microbial genera into various 
suitable hosts, of which E. coli features most commonly. The expression in E. 
coli is generally found to be lower than the parent organism, and confined to the 
cytoplasmic or periplasmic fractions. The absence of post-translational 
modifications such as glycosylation in E. coli and the intracellular accumulation 
of the recombinant xylanases have been suggested to be the key reasons for low 
levels of activity (3). 
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In the last five years, a few attempts were made to improve xylanases at 
the genetic 1 evel. I η a η a ttempt t ο i mprove t he t hermostability and a ctivity of 
xylanase for industrial biobleaching, the iV-terminal region of xylanase Β from S. 
lividans was replaced with the corresponding region from T. fusca xylanase A 
(42). The latter xylanase retains 96% of its activity after 1 8 h at 75°C and its 
catalytic domain has a 72% sequence homology to that of S. lividans. The 
stability of the S. lividans xylanase, however, decreases gradually above 37°C. 
DNA shuffling of both xylanases however yielded two promising mutants that 
exhibited significant thermostabilities at 70 C and had markedly higher activities 
than the parent enzymes. This study was a hallmark in the study of 
recombination between xylanases since it proved the theoretical concept that 
random shuffling between a mesophilic enzyme and its thermophilic counterpart 
is a promising approach for the improvement of the thermostability of a 
mesophilic enzyme. 

To reveal structure-function relationships of family 10 glycanases, an in 
vitro molecular level shuffling experiment was conducted to accumulate useful 
amino acid residues from two homologous family 10 xylanases, fxyn of 
Streptomyces olivaceoviridis E-86 and xylA of Thermomonospora alba ULJB1, 
into a single chimeric enzyme. The parent genes were shuffled by crossovers at 
selected module borders using self-priming PCR. The shuffled constructs were 
cloned and two chimeras demonstrated activity against RBB-xylan and were 
over-expressed as His-tag fusion proteins. The chimeric proteins showed 
improved thermal and pH profiles compared to those of parent fxyn. This was 
apparently due to the influence of amino acids inherited from the thermophilic 
xylA (2). 

A procedure for gene shuffling between four thermophilic and two 
mesophilic family 11 bacterial xylanases called degenerate oligonucleotide gene 
shuffling (DOGS) was first described in 2001 (18). This method used degenerate 
primers that allowed control of the relative levels of recombination between the 
shuffled genes by reducing the regeneration of unshuffled parental genes. This 
landmark procedure revolutionized traditional DNA shuffling and demonstrates 
the possibility of shuffling m embers ο f a gene family that are not particularly 
closely related, without compromising the frequency of chimeric molecules. 
These gene shuffling methodologies were developed with a desire to increase the 
temperature ο ptimum ο f XynB from Dictyoglomus thermophilum Rt46B. 1 a nd 
this study is still in progress. 

Another highly successful example of modern recombinant DNA 
technology being used to improve xylanases was when the catalytic domain of 
the xylanase from the anaerobic fungus, Neocallimastix patriciarum was made 
more alkalophilic through directed evolution using error-prone PCR and site-
directed mutagenesis. This was the first reported xylanase to be improved using 
directed evolution. Alkalophilic variants, grown on LB agar, produced large 
clear zones when overlaid with alkaline, xylan-containing agar. Whereas the 
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wild-type xylanase exhibited no activity at pH 8.5, the relative and specific 
activities of six alkalophilic mutants were higher at pH 8.5 than pH 6. Eight 
amino acid substitutions were identified in the selected mutant xylanases and 
seven of these substitutions were assembled in a single enzyme (xyn-CDBFV) 
by site-directed mutagenesis. This composite xylanase not only had a relatively 
high specific activity, but was also more thermostable at 60°C and alkaline 
tolerant at pH 10 than the wild-type xylanase. The composite mutant xylanase 
was a promising and suitable candidate for pulp biobleaching. This study showed 
a combination οf rational and evolutionary protein design can greatly enhance 
the success of any protein engineering endeavour (43). 

Site-directed mutagenesis was also used to study the key amino acid 
residues responsible for the alkali-tolerance of the B. pumilis xylanase. 
Asparagine 7 1 w as observed t o b e highly conserved i η t he a lkaline f amily 11 
xylanases. Substitution of this residue led to a decrease in the specific activity of 
the xylanase, especially in the alkaline pH range. It was noted that although other 
residues could also influence the pH optimum of the xylanase, they did not affect 
their activity in the alkaline pH range as much as that of asparagine 71. In 
addition, all mutant xylanases studied, changed their pH optima to a more acidic 
value. Thus, it was found that this residue was crucial for alkali-tolerance of the 
B. pumilis xylanase (44). 

The effect of increasing the number of surface arginines on the 
enzymatic activity and stability of Trichoderma reesei xylanase II was also 
studied (45). The number of arginines was increased in two mutant series. The 
first set contained six arginines on different sides of the protein surface. These 
arginines had no significant effect on the thermostability. However, the optimal 
pH range became narrower. Another series of five arginines was engineered into 
the Ser/Thr surface of the enzyme. These mutations shifted the activity profile to 
the alkaline region by 0.5-1 pH units. In addition, the arginines on the Ser/Thr 
surface increased the enzyme activity at high temperature, although the enzyme 
stability in the absence of substrate decreased significantly at 50-55°C. However, 
in the presence of the substrate, the thermostability increased 4-5 fold at 60-
65°C. Thus, the substrate was found to neutralize the destabilizing effect of 
Ser/Thr surface arginines and showed a stabilizing effect of the same mutations. 
The stabilizing effect of arginines at high temperatures was seen clearly only 
when five arginines were introduced into the Ser/Thr surface. This study paved 
the way for future site-directed mutagenesis studies of the family 11 xylanases. 

In a recent study, xynA from T. lanuginosus D MS 5 826 was m utated 
using error-prone PCR to improve its thermostability and catalytic activity (46). 
The mutations were random and not restricted to a particular region of the 
protein and it was impossible to correlate amino acid changes with the different 
trends displayed by the mutants in terms of thermal stability and activity. A very 
significant change though was seen with mutant 1D2 where 4 amino acid 
substitutions occurred within the α-helix of the protein. This region was strongly 
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conserved with the more thermostable mutant xylanases generated in this study, 
implying that it is entirely possible that this structural motif plays a more 
significant role in the stability of xynA than previously thought. The most 
profound mutation was observed with mutant 2B7-10, where a glycine residue 
disrupted the disulphide bridge. This disulphide bridge was partly credited with 
the high stability of the wild type xynA (47). The mutant 2B7-10 xylanase was, 
however, m ore st able a nd a cti ve t han xynA, ρ roving that t he d isruption of t he 
disulphide bridge did not have a deleterious effect on the enzyme, and somehow 
contributed to the improvement in its overall stability and catalytic activity. The 
substitution of 3 proline residues could also have contributed to the stability of 
the enzyme (48). 

Conclusion 
Thus, the xylanolytic genes of many microorganisms have been 

sequenced and cloned in a bid to further understand the basic building blocks 
that contribute to the overall structure and function of these enzymes. 
Knowledge of the tertiary structure of an enzyme can facilitate the understanding 
of its function and its relationship with substrates and inhibitors. The advent of 
sophisticated and advanced molecular genetics heralded the beginning of a new 
era in enzyme technology. The availability of suitable methodology and the 
improved prospects for commercialization of the hemicellulases have prompted 
the application of recombinant DNA techniques to the study of xylan-degrading 
enzymes, with the result that a number of genes have been cloned and fully 
sequenced, to further improve them for eventual industrial use. 

Industrial biocataiysis is on the verge of significant growth. Directed 
evolution has rapidly become the method of choice for developing enzyme- and 
microorganism-based biocatalysts. The recent improvement in new screening 
technologies will further accelerate biocatalyst development. Furthermore, the 
ever-expanding capabilities of rational design will lead to more powerful 
biocatalyst design strategies that combine the best of both approaches. Advances 
in other fields such as bioinformatics, functional genomics and functional 
proteomics will also e xtend the applications ο f d irected evolution and rational 
design to more industrial biocatalysts. 

It would thus seem that the speed and quality of evolutionary solutions 
to protein engineering problems is truly impressive because ever less knowledge 
is required about the system being optimized. This is a good indication that 
evolutionary enzyme engineering is rapidly moving biotechnology into a new 
phase. Thus, the solutions obtained by directed evolution offer a remarkable 
opportunity to unravel the mysteries of these amazing molecular machines. With 
evolution, it is clear that the future is now only limited by imagination. 
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Chapter 14 

Microbial α-Glucuronidases 

Β. J. M. de Wet and Β. A. Prior 

Department of Microbiology, University of Stellenbosch, Private Bag X1, 
Matieland 7602, South Africa 

Microbial α-glucuronidases play a crucial role in the 
enzymatic degradation of xylan in nature. They specifically 
hydrolyze the α-l,2-linkage between 4-0-methyl glucuronic 
acid and the xylose units of small oligosaccharides, liberated 
from polymeric xylan by the action of endo-β-1,4-xylanases. 
This review will focus on the assay for α-glucuronidase 
activity, the control of production of α-glucuronidase activity 
by microorganisms, their biochemical properties and substrate 
specificity, as well as the recently described crystal-structure 
of a microbial α-glucuronidase. 

Introduction 

Xylan is one of the main non-cellulosic polysaccharides found in plant cell 
walls and makes up between 10 and 35% of the dry weight. It is an abundant 
and renewable carbon source and its hydrolysis is important to many 
commercial processes. The hydrolysis of xylan is also central to the carbon 
cycle in nature, making the sugars locked up in the intact plant cell wall 
available for growth (i). Xylan consists of a backbone of 1,4-linked β-xylose 
units substituted with arabinofuranose, 4-O-methyl glucuronic acid and acetyl 
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esters (2). The complete degradation of xylan requires the concerted action of 
the main chain cleaving emfo-P-l,4-xylanase, β-xylosidase as well as the side-
chain hydrolyzing enzymes, a-arabinofuranosidase, α-glucuronidase and 
acetylxylan esterase. Several α-glucuronidase enzymes have been purified and 
studied to date and the reaction mechanism has been elucidated. Sequence data 
has led to the clustering of microbial α-glucuronidases into a single family and 
the first crystal structure of a microbial α-glucuronidase has resulted in 
additional insight into the biochemical properties of these enzymes. 

Enzyme assay 

The assay for α-glucuronidase activity is based on the hydrolysis of the α
ϊ,2 bond between 4-O-methylglucuronic acid and the xylose unit of small xylo-
oligosaccharides (3). These substrates are prepared from acid or enzymatic 
hydrolyzates of xylan using anion exchange chromatography to separate the 
acidic and neutral oligosaccharides followed by gel filtration to separate the 
different aldouronic acids (4). Alternatively polymeric xylan or native 
lignocellulosic substrates are used in conjunction with high amounts of xylanase 
activity, generating the aldouronic acid substrates in situ (2). The colorimetric 
detection of the 4-0-methylglucuronic acid released is the most commonly used 
method for determining α-glucuronidase activity (5). This method employs a 
modification of the Somogyi-Nelson procedure for the determination of 
reducing sugars ((5), using high salt and low copper concentrations, for the 
specific detection of uronic acids (7). α-Glucuronidase activity has also been 
measured by determining the amount of product released by high-performance 
liquid chromatography (3, 8), and by gas-liquid chromatography (4). 

/7-Nitrophenyl-glycosides have been used extensively as synthetic 
substrates in the assay of several glycosidase activities. Microbial a-
glucuronidases are,- however, unable to hydrolyze p-nitrophenyl-glucuronide 
and only α-glucuronidases from.mollusks have been shown to be able to use it 
as a substrate {4,9-11). A novel assay has been proposed using 4-nitrophenyl 2-
(4-0-methyl-a-D-glucopyranuronosyl)-P-D-xylopyranoside as a substrate. Its 
hydrolysis by α-glucuronidase is coupled with the hydrolysis of the p-
nitrophenyl xylopyranoside product by excess exogenous β-xylosidase activity. 
The aldobiouronic acid part of the structure serves as the recognition element in 
the substrate and the presence of the p-nitrophenyl group does not appear to 
hinder substrate binding or hydrolysis of the a-1,2 glycosidic bonds. This assay 
offers an improvement over the colorimetric procedure, routinely used, as it is 
not sensitive to the presence of salts or other reducing sugars in reaction 
mixture. The assay has the additional advantage of being highly specific, as no 
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p-nitrophenol is produced in the absence of α-glucuronidase activity (12), and it 
has already been used successfully in the characterization of Cellvibrio 
japonicus α-glucuronidase (13). The utility of the assay is at present limited by 
the availability of the substrate and the requirement for a pure β-xylosidase. 

Production of α-glucuronidase activity by microorganisms 

Several studies have been performed on different microorganisms in which 
the effect of carbon source on the production of α-glucuronidase activity has 
been investigated. These studies seldom use the same collection of carbon 
sources, making direct comparisons difficult. There are definite differences 
between microorganisms in terms of induction of α-glucuronidase activity, 
although a few general principles apply. The production of α-glucuronidase by 
most microorganisms requires growth in the presence of xylan-based or 
lignocellulosic carbon sources, while low levels of α-glucuronidase activity are 
constitutively produced in the absence thereof. This notion is supported by the 
fact that every α-glucuronidase purified so far was from an organism cultivated 
on polymeric xylan or lignocellulosic material. C. japonicus cultivated in Luria-
Bertani broth produced α-glucuronidase activity in the presence of several xylan 
polymers, but no activity in the absence thereof (14). The same effect was 
observed for Streptomyces olivochromogenes and Streptomyces flavogriseus 
cultivated in the presence and absence of 1% oat spelt xylan or lignocellulosic 
material, although low activity was detectable without the inducers (15). 

The oligomeric breakdown products of xylan, rather than the constituent 
monosaccharides, act as inducers for the production of α-glucuronidase activity 
(14,16). A sevenfold increase in α-glucuronidase activity in the culture filtrate 
of a Thermoanaerobacterium sp. was noted when polymeric xylan was used as 
carbon source instead of xylose (16). Similarly, no α-glucuronidase activity 
was found when C. japonicus was cultivated on glucuronic acid. Notably, 
induction of α-glucuronidase is repressed by the presence of glucose, a-
Glucuronidase activity was induced when C. japonicus was grown on 1% oat 
spelt xylan as sole carbon source. However, production of the enzyme was 
completely repressed when the medium contained 1% glucose in addition to 1% 
oat spelt xylan (14). In the case of Fibrobacter succinogenes, growth on pure 
cellulose leads to poorer induction of α-glucuronidase activity compared to 
growth on lignocellulose (17). Contrary to these findings, no difference in 
activity was observed in the rumen anaerobic fungus Piromonas communis 
when grown on cellulose compared to when grown on xylan (18). 
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Northern analysis supports the enzyme activity data. The T. reesei girl 
gene was the most highly induced by growth on xylobiose, an oligosaccharide 
breakdown product of xylan, and not induced at all by growth on xylose. This 
induction was repressed by the presence of glucose. The glucose repressor 
protein Crel is most likely not involved in glucose-induced repression of the 
transcription of the girl gene, as the girl transcript was not detectable in the T. 
reesei crel-1-mutant strain Rut-C30 when cultivated on glucose. Induction of 
the girl gene was also observed on glucuronoxylan from beech, arabinoxylan 
from oat spelts and unsubstituted xylan from birch, as well as cellulose and 
arabitol. Induction of the girl gene was also observed in glucose-depleted 
medium. 

A study of the effect of different carbon sources on the transcript levels of 
the aguA gene of Aspergillus tubingensis showed that transcription was induced 
by the presence of xylose, xylobiose and birchwood xylan but not glucuronic 
acid in the culture medium (19). The transcription of the aguA gene was 
attenuated in the presence of glucose in the medium in addition to xylose and 
completely inhibited when glucose was added with xylan. In A. niger, induction 
of aguA by xylose and xylan is mediated through XlnR, a transcriptional 
activator that controls the expression of several xylanolytic enzymes. No 
induction of the aguA gene was observed in a strain containing a functional 
mutant of xlnR (20). The transcription factor was found to recognize a 
divergent XlnR binding site in the promoter region of the aguA gene. Two 
functional CreA binding sites were additionally found in the areas upstream of 
the aguA coding sequence, indicating that glucose repression is mediated 
through CreA in A. tubingensis. Evidence was also found for an XlnR-
independent regulatory system that induces the transcription of the aguA gene in 
response to glucuronic acid or galacturonic acid, the former being a product of 
xylan degradation (21). 

The production of the complement of enzymes that degrade xylan to 
catabolizable monosaccharides requires a substantial energy investment on the 
part of the organism that produces them. The cellular location of the accessory 
enzymes produced by each organism is therefore likely a reflection of the 
strategy it follows to gain preferential access to the nutrients released from the 
degradation of xylan and its lifestyle. Most of the α-glucuronidases studied thus 
far appear to be secreted although investigation of the exact localization of the 
enzyme activity is not always performed or reported. 

There are exceptions where the activity remains cell-associated or 
intracellular. Two notable examples are the intracellular α-glucuronidase from 
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Bacillus stearothermophilus (22) and the cell surface associated a-
glucuronidase from C. japonicus (14). B. stearothermophilus protects substrate 
access by transporting aldotetraouronic acid, produced by the action of an 
extracellular xylanase (xynA), across the cell wall via a putative four protein 
membrane transporter (orfl-4) that also demethylates 04 of the aldouronic acid. 
It is subsequently cleaved to xylose and glucuronic acid by an intracellular a-
glucuronidase (aguA), xylanase (xynA2) and β-xylosidase (xynB). Al l of the 
genes for glucuronic acid utilization were found on a single cluster in the 
genome of the organism. C. japonicus follows a different strategy by localizing 
the xylanolytic accessory enzymes on its cell surface, thereby hydrolyzing the 
small oligosaccharides, generated by the action of a secreted xylanase, to 
monosaccharides in close proximity to the membrane transporters that carry 
them across the cell wall. Other cell-associated α-glucuronidases have been 
purified from Aspergillus niger (23), Thermoanaerobacterium spp. (9,16) and 
Clostridium stercorarium (9). 

Biochemical properties of purified α-glucuronidases 

The existence of an enzyme capable of releasing glucuronic acid from 
glucuronoxylan was first observed in the culture supernatant of T. reesei (24) 
and several microbial α-glucuronidases have been purified and studied to date 
(Table 1). Based on primary sequence, all of the known α-glucuronidases are 
assigned to family 67 of the Carbohydrate Active enZYmes, and they are the 
sole members of this family (http://afmb.cnrs-mrs.fr/CAZY/). There are two 
distinct groups in this family based on sequence similarity and quaternary 
structure. The fungal α-glucuronidases are monomeric proteins with molecular 
weights between 90 and 150 kDa and acidic pH optima, ranging from 3.0 to 4.8. 
In contrast, bacterial α-glucuronidases are dimeric proteins with subunits with 
monomeric molecular weights of around 70 kDa. An exception is the 
recombinantly expressed Thermotoga maritima enzyme that shows a variable 
oligomeric structure in response to changing salt concentrations. At low salt 
concentrations the enzyme occurs as an oligomer with a molecular weight in 
excess of 630 kDa, while in the presence of high salt concentrations the enzyme 
shows both a hexameric (450 kDa) and a dimeric (140 kDa) conformation (25). 
The pH optima for the bacterial α-glucuronidases, although acidic, are generally 
higher than those for the fungal α-glucuronidases, ranging from 5.4 to 6.5. 

The kinetic properties of several of the purified α-glucuronidases have been 
investigated. Several aldouronic acids have been used as substrates, which 
makes direct comparisons between enzymes from different species difficult. 
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The specific activities for the purified enzymes range between 1.4 and 84.5 
U/mg protein and the α-glucuronidases have ^-values for aldouronic acids 
oligomers in the millimolar range. As a result of the complex structure of the 
xylan polymer and the variety of possible hydrolysis products, a number of 
issues arise in terms of substrate specificity. 

Most of the microbial α-glucuronidases appear to have only very little or no 
activity against polymeric xylan compared to aldouronic acid oligomers. The 
only two exceptions are the α-glucuronidases from Schizophyllum commune 
(26) and Thermoascus aurantiacus (J). The latter enzyme was capable of 
releasing 4-O-methyl glucuronic acid from birchwood xylan at half the rate 
observed for aldotriouronic acid. Paradoxical results have been found by two 
studies that investigated the effect of the presence of substituents on the release 
of 4-O-methyl glucuronic acid from birch glucuronoxylan (5,27). T. reesei 
enzyme was capable of releasing about five times more 4-O-methyl glucuronic 
acid from acetylated than deacetylated birch xylan. Conversely, S. commune 
enzyme was capable of releasing five times more 4-O-methyl glucuronic acid 
from deacetylated than acetylated glucuronoxylan. The latter result would fit 
better with the current paradigm on xylan degradation, as it is believed that the 
presence of substituents limits accessibility of the enzyme to neighbouring 
glycosidic linkages. 

The length of the aldouronic acid oligosaccharide may also have a marked 
effect on activity. The C. japonicus enzyme shows a preference for longer 
substrates and turnover number increases two-fold in the range from 
aldobiouronic to aldopentaouronic acid (30). The opposite trend is observed for 
the α-glucuronidases from Thermoanaerobacterium sp., Phanerochaete 
chrysosporium and Τ reesei (8,16,27). This group of enzymes shows 
increasing activity as the chain length decreases to aldotriouronic acid. 
However, all three enzymes differ in their preference for aldobiouronic acid. 
Thermoanaerobacterium sp. α-glucuronidase shows its highest reaction rate on 
aldobiouronic acid, while the Τ reesei enzyme has its lowest reaction rate on 
this substrate and P. chrysosporium enzyme cannot hydrolyze it at all. Chain 
length may also not influence activity to a significant degree, as is the case for 
the T. aurantiacus enzyme. This α-glucuronidase hydrolyzes aldobiouronic to 
aldooctaouronic acid at the same rate and maintains half of the rate of activity it 
has on aldouronic acids on the xylan polymer (5). 

It appears to be a general rule that α-glucuronidases have a preference for 
4-O-methyl glucuronic acid substituents on the terminal non-reducing end 
xylose unit of the oligosaccharide and almost all of the studies on substrate 
specificity have used substrates of this nature. Only one study so far shows 
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direct evidence to this effect. The α-glucuronidase from A. tubingensis was 
found to lack activity against two aldouronic acid substrates containing non
terminal 4-O-methyl glucuronic acid substituents (12). Additional evidence for 
this fact comes from studies on the effect of combinations of α-glucuronidase 
and other xylanolytic enzymes on the amount of 4-O-methyl glucuronic acid 
released from xylan. In a study on the T. reesei α-glucuronidase, it was 
observed that only the combination of α-glucuronidase, xylanase and β-
xylosidase resulted in release of significant amounts of 4-O-methyl glucuronic 
acid. Very little 4-O-methyl glucuronic acid was released by the combination of 
only α-glucuronidase and xylanase (27). Xylanases of family 11, such as those 
used in this study, release oligosaccharides with the substituents on non-terminal 
xylose units as they cannot access the xylosydic bond adjacent to substituted 
xylose units. Xylosidase activity is strictly required to remove the unsubstituted 
non-reducing end xylose units, resulting in the production of aldouronic acid 
oligomers carrying the 4-O-methyl glucuronic acid linked to the terminal non-
reducing end xylose unit. 

Reaction mechanism of α-glucuronidase 

Glycoside hydrolases follow either a retaining mechanism, involving two 
steps and an enzyme-bound glycoside intermediate, or an inverting mechanism 
involving a single step direct displacement by water at the anomeric center. 
Both mechanisms involve an acid^ase catalytic pair. The distance between the 
catalytic residues differs, being approximately 5Â in enzymes following a 
retaining mechanism, and between 9Â and 10Â in enzymes following an 
inverting mechanism, allowing for the presence of nucleophilic water for direct 
attack at the anomeric center (31). The A. tubingensis α-glucuronidase enzyme 
is the only α-glucufonidase that has been investigated specifically in terms of its 
reaction mechanism. The authors used proton-NMR to show that the a-anomer 
of the 4-O-methyl glucuronosyl residue in the aldotetraouronic acid substrate 
was converted to the β-anomer in the free 4-O-methyl glucuronic acid that was 
produced, indicating an inverting reaction mechanism (12). The highly 
conserved nature of the family 67 α-glucuronidases makes it likely that they all 
follow the same mechanism and this notion is supported by crystallographic 
data on the distance between the catalytic carboxylates in the C. japonicus a-
glucuronidase, as well as the anomeric configuration of the reaction products 
co-crystallized with the enzyme (30). 
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Crystal structure of α-glucuronidase 

The crystal structure of GlcA67A, the α-glucuronidase from C. japonicus 
has recently been solved and has added significant insight into the reaction 
mechanism and substrate specificity of this enzyme. The enzyme is a dimer, 
consisting of two identical subunits, each containing three domains. The 
enzyme can be described as being butterfly-shaped when it is oriented so that 
the dimer-surface runs vertically along the central axis, with the N-terminus at 
the top and the C-terminus at the bottom. The N-terminal domain forms the 
"top wing of the butterfly" and contains a two-layer β-sandwich, with each β-
sheet made up of five strands. It also contains two small helices that interact 
with the central catalytic domain. The central domain itself is situated below the 
N-terminal domain and makes up the "bottom wing of the butterfly". It has a 
(β/α) 8 barrel structure and contains the catalytic residues on the C-terminal side 
of the protein. The C-terminal domain is situated behind the catalytic domain, 
covering one of its faces, and is primarily made up of α-helices. It forms the 
largest part of the dimer surface and also has interactions with the α-helices of 
the N-terminal domain (30). 

Co-crystallization of native GlcA67A with the reaction products glucuronic 
acid, xylobiose and-a combination of glucuronic acid and xylotriose revealed the 
position and identity of the catalytic acid and several of the interactions that 
contribute to substrate specificity (Figure 1) (30). A catalytically inactive 
mutant of GlcA67A, E292A was used to characterize the enzyme-substrate 
complex and kinetic characterization of mutants of evolutionarily invariant 
amino acids in GlcA67A further confirmed their role in substrate recognition 
(13). The catalytic acid involved in the hydrolysis reaction was identified as 
Glu292 based on its position and distance relative to 02 of the terminal xylose 
unit. No acidic side-chain apart from Glu292 was found to be close enough to 
donate a proton to the glycosidic-bond oxygen. A greater than million-fold 
decrease in activity was observed after mutation of this residue to alanine or 
cysteine. The identity of the catalytic base that activates water for nucleophilic 
attack at the anomeric carbon is uncertain. Both Asp365 and Glu393 are ideally 
positioned at the β-face of the glucuronic acid to fulfill this role and mutation of 
either amino acid to alanine results in a greater than a million-fold reduction in 
activity. The position of the glucuronic acid product in the native enzyme is 
very similar to that of the 4-O-methyl glucuronic acid substrate in the E292A 
mutant. Both are in a 4Cj chair conformation and apart from the change from 
the α-anomer in the substrate to the β-anomer in the product, the pyranoid ring 
is also rotated by 27° around the position of the C4 carbon. The position of the 
CI atom in the product, 1.4 Â further away frqm the catalytic base/s and the a-
position of the hydroxyl, create the ideal position for a water molecule to attack 
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C l . In this position the water molecule can be activated by either of the 
catalytic bases (13JO). 

NH His521 

Figure 1. Schematic representation of the recognition elements involved in the 
binding of the reaction products to C. japonicus α-glucuronidase, GlcA67A 
(14). 

The substrate binding site of the enzyme consists of a deep, partially 
hydrophobic pocket, with the specific recognition elements for glucuronic acid 
and the terminal non-reducing end xylose unit situated in the deepest recesses of 
the pocket. The terminal xylose unit is completely enclosed at the non-reducing 
end by Tyr329 and Arg336, the side-chain of the latter being able to form 
hydrogen bonds with 03 and 04 of this xylose unit. This feature explains the 
inability of the C. japonicus α-glucuronidase to hydrolyze 4-O-methyl 
glucuronic acid side-chains from internally positioned xylose units. The 
terminal xylose unit is also in an ideal position to form π-stacking interactions 
with Trp543, stabilizing its position in the active center. In the E292A mutant 
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co-crystallized with aldotriouronic acid, the position of the non-reducing end 
xylose unit could not be determined, as it had no ordered structure. This finding 
might challenge the importance of the role of the xylose-Trp543 interaction in 
substrate recognition. Kinetic analysis of the W543A mutant of GlcA67A, 
however, revealed a 105-fold reduction in catalytic efficiency, confirming the 
essential nature of this interaction (13 JO). 

The 4-O-methyl glucuronic acid binding site is situated in the deepest part 
of the pocket and the carboxylate group is stabilized by three basic amino acids, 
namely Lys288, Arg325 and Lys 360. The importance of these interactions was 
confirmed by studying the kinetic properties of the three mutants K288A, 
R325A and K360A. Removal of any of these positively-charged side-chains led 
to at least 104-fold reduction in the catalytic efficiency. The most important of 
these interactions is that of the guanidinium group of Arg325 with the 4-O-
methyl glucuronic acid carboxylate. It showed the largest reduction in catalytic 
efficiency when mutated, is geometrically and spatially in the most 
complementary position relative to the carboxylate group, and also has a higher 
pK a in solution than the lysine amino groups. Further evidence for the 
importance of the 4-O-methyl glucuronic acid carboxylate in substrate 
recognition comes from the observation native GlcA67A has a twenty-fold 
higher K\ for glucose than for glucuronic acid (13 JO). 

Another structural recognition element is the methyl-group of 4-O-methyl 
glucuronic acid. In the crystal structure of the E292A mutant in association 
with its substrate, it was noted that the methyl-group is buried in a hydrophobic 
sheath made up by Trpl60 and Val210. The role of the conserved Val210 is not 
clear as mutation of this amino acid to polar residues such as serine or 
asparagine did not have the same impact on catalytic efficiency as many of the 
other mutants studied. The inhibition constant of the native enzyme for 
glucuronic acid was, however, ~20 times lower than either V210N or V210S 
confirming the importance of a non-polar side-chain in close proximity to the 
methyl group. Trpl60 is also ideally positioned to form π-stacking interactions 
with the surface of the pyranoid ring and the W160A mutant showed a 106-fold 
reduction in catalytic efficiency. The positioning of the glucuronic acid deeper 
in the active center in relation to the xylo-oligosaccharide implies the sequential 
release of first the xylo-oligosaccharide and thereafter the glucuronic acid and 
may have important implications in terms of the kinetic properties of the 
enzyme (13 JO). 
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The role of α-glucuronidase in xylan degradation 

Few in-depth studies have investigated the synergistic role of a-
glucuronidase in the enzymatic degradation of xylan (8,19,26,27,32). A l l of the 
studies addressed the effect of xylanase and xylosidase activity on the release of 
4-O-methyl glucuronic acid from xylan. As expected, the addition of either 
xylanase or xylosidase activity to the reaction significantly increases the amount 
of 4-O-methyl glucuronic acid released from the xylan polymer by a-
glucuronidase. The addition of both xylanase and xylosidase to a-
glucuronidase resulted in a far greater release of 4-O-methyl glucuronic acid 
from xylan than the addition of either only xylanase or only β-xylosidase to a-
glucuronidase. The combined action of xylosidase and xylanase leads to the 
release of small xylo-oligosaccharides substituted with 4-O-methyl glucuronic 
acid on the non-reducing end xylose unit. This type of compound has been 
shown to be the preferred substrate for most α-glucuronidases and the above-
mentioned findings are thus in line with this view. It stands to reason that other 
substituents on the xylan backbone, such as acetyl and arabinofuranose groups, 
could hinder the access of the α-glucuronidase to the a-1,2 glycosidic bond. 
The addition of side-chain cleaving enzymes increased the amount of 4-O-
methyl glucuronic acid released by α-glucuronidase, whether α-glucuronidase 
was applied alone or in combination with β-xylosidase or endo-β-1,4-xylanase 
or both (8,26). 

The effect of α-glucuronidase activity on the release of reducing sugars 
from xylan by the action of xylanase, xylosidase or a combination of the two has 
also been investigated (19,27,32). The degree to which α-glucuronidase 
enhances the release of reducing sugars from xylan is dependent on the nature 
of the xylanase that is used. The addition of T. reesei α-glucuronidase to Γ. 
reesei ewd!o^-l,4-xylanase I enhanced the release of reducing sugars from 
xylan to a much greater degree than the addition of T. reesei α-glucuronidase to 
T. reesei endo-β-1,4-xylanase II. This result is unexpected as both endo-§-\,4-
xylanases belong to family 11 of the carbohydrate active enzymes and share a 
similar active site architecture (27). The effect of α-glucuronidase on the 
release of reducing sugars from xylan is also more pronounced when β-
xylosidase acts alone than when endo-$-1,4-xylanase acts alone or in 
combination with β-xylosidase. This can be attributed to the difference in the 
nature of the bonds that β-xylosidase and em/o^-l,4-xylanase attack, β-
xylosidase is an exo-acting enzyme and the presence of any substituents linked 
to the terminal non-reducing end xylose unit will prevent it from hydrolyzing 
the terminal xylose, whereas the endo nature of xylanase will allow it to 
hydrolyze p-l,4-xylosidic linkages that might exist further down the chain. The 
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relatively low degree of substitution of xylan with 4-O-methyl glucuronic acid 
(1/10 xylose units in hardwood xylan and 1/5 xylose units in softwood xylan) 
likely allows for a high degree of depolymerization by a combination of endo-$-
1,4-xylanase and β-xylosidase. This leaves few xylosidic linkages to be 
hydrolyzed after removal of the 4-O-methyl glucuronic acid side-chains 
(19,27,32). 

The complete hydrolysis of xylan is dependent on the removal of all 
substituents from the backbone. α-Glucuronidases play a critical role in this 
process by making additional sites available for the further action of endo-^-l,4-
xylanases and β-xylosidases. The accumulated knowledge of the enzymatic 
properties and functioning of α-glucuronidases, as well as the elucidation of the 
crystal structure of a bacterial α-glucuonidase have added another piece into the 
puzzle of lignocellulose biodégradation. 
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Chapter 15 

Microbial Feruloyl Esterases 
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Matieland 7602, South Africa 

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

Feruloyl esterases (EC 3.1.1.73) are referred to as 
carbohydrate esterases with high specific activity for 
hydroxycinnamates. Generally these enzymes are found in 
supernatants of fungal and bacterial cultures grown on plant 
material or plant cell wall extracts. For the identification and 
characterization of feruloyl esterase activity a range of 
different assay methods have been developed, which can also 
be used to group enzymes according to their substrate 
specificity. According to their sequence structure, both fungal 
and bacterial feruloyl esterases are very diverse. Sequence 
information of several feruloyl esterases was used to build a 
phylogenetic tree and to discover homology to other closely 
related enzyme families. 
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INTRODUCTION 

Lignocellulose is considered to be the most important energy and 
commodity source for the future (1). At present, lignocellulose serves as raw 
material for the paper, pulp and fiber industry, the food industry, and the animal 
feed industry. The relative abundance of lignocellulose has resulted in extensive 
biological and chemical investigations on the material. Lignocellulose from 
wood and from grasses and cereals is of special interest for biotechnological 
applications. With the advent of enzyme technology, new methods for the 
extraction of cellulose, the digestion of forages and the production of dietary 
fiber were created (2, 3, 4). Another key area of investigation is the conversion 
of plant biomass to bioenergy and biocommodities (5, 6). Thus, lignoeellulose-
degrading microorganisms, their enzyme systems, and the plant cell wall have 
been extensively investigated with the ultimate goal to apply the knowledge to 
the numerous existing and prospective industries. However, the recalcitrance 
and poor solubility of plant cell wall material is a major challenge in the 
enzymatic degradation of lignocellulose. The extent of wall digestibility by 
microorganisms may well depend upon the cross-linked nature of wall 
polysaccharides (7). Alkaline treatment of the wall dramatically increases the 
microbial digestibility of graminaceous forage, enhancing the nutritional value 
of the forage fiber. Cleavage of alkaline-labile linkages has a major role in the 
increased digestibility and solubility of lignocellulosic material, suggesting the 
involvement of ester bonds (8, 9). Hydroxycinnamic acid ester cross-linkages 
between wall components are present in both the primary and the secondary 
walls. Therefore, hydroxycinnamic acid-polysaccharide complexes are 
important in the structure and function of walls during plant development as 
well as the degradation of the walls for extraction of fibers and for bio-energy. 
These so-called lignin-carbohydrate complexes restrict the extend of enzymatic 
plant cell wall degradation in several industrial applications (10,11). 

Feruloyl esterases have been identified to play a major role in the enzymatic 
decomposition of cell wall polymers. Both microorganisms and the plant itself 
produce these enzymes for degradation and cell wall extension purposes 
respectively. Therefore, feruloyl esterases are diverse in their catalytic 
properties (12). 

PRODUCTION OF FERULOYL ESTERASES BY 
MICROORGANISMS 

The presence of feruloyl esterase activity was first detected in culture 
filtrates of Streptomyces olivochromogenes grown on oats spelt xylan and wheat 
bran (13) and have subsequently been found in a number of bacterial and fungal 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
Se

pt
em

be
r 

7,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

29
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
88

9.
ch

01
5

In Lignocellulose Biodegradation; Saha, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



257 

genera (Table I). Most researchers have found that feruloyl esterases are 
inducible in microorganisms and that a lignocellulosic substrate is required for 
induction. Repression occurs when the growth substrate contains glucose, 
suggesting that feruloyl esterases are catabolically repressed similar to most 
enzymes involved in lignocellulose degradation. The mechanism of induction of 
feruloyl esterase activity is still unclear and also appears to vary between 
different microorganisms. The production rate depends on the type of 
lignocellulosic substrate, especially the content of esterified phenolic acid and 
supplemented free phenolic acid. However, a high amount of esterified phenolic 
acids in the substrate does not always guarantee high activity levels. Feruloyl 
esterase activity found in culture supernatants from S. olivochromogenes grown 
on oat spelt xylan (13) and Schizophyllum commune grown on cellulose (14% 
both of which are substrates containing negligible amounts of esterified 
hydroxycinnamic acids was higher compared to destarched wheat bran that 
contains 1% esterified ferulic acid. However, Aspergillus niger produced a 2.3-
fold increase in feruloyl esterase (FAEA) activity in the supernatant when oat 
spelt xylan was supplemented with free ferulic acid compared to oat spelt xylan 
alone (15). This level of FAEA activity was comparable to the amount of 
enzyme activity produced by growth on destarched wheat bran. Similarly, de-
esterification of the wheat bran prior to incubation led to a 2.4-fold decrease in 
FAEA activity in the supernatant. Additionally, Smith et al. (16) reported that 
growth of several A. niger, Aspergillus phoenicis and Trichoderma reesei strains 
on meadow fescue grass, containing considerable esterified hydroxycinnamic 
acids, led to the induction of feruloyl esterase activity, whereas oat spelt xylan 
did not induce significant amounts of either activity. The growth substrate 
determines also the type of feruloyl esterase induced. Feruloyl esterases with 
different substrate specificities have also been reported to be induced by growth 
of A. niger on oats spelt xylan (/ 7) and sugar beet pulp (18). 

Apparently different bound or unbound phenolic acids act as inducers of 
feruloyl esterase activity in different organisms. Molecular genetic studies on 
the expression of a Butyrivibrio fibrisolvens feruloyl esterase have revealed that 
regulation is mediated by feruloylated oligosaccharides (19). Cloning of the 
cinB gene, encoding the feruloyl esterase enzyme revealed the presence of 
another open reading frame cinR, coding for a protein with high homology to 
bacterial repressor proteins. Expression of the cinB gene was repressed by 
binding of the product of the cinR gene to a specific tandem repeat sequence 
occurring in the 170 base pair region between the two open reading frames. 
Repression of cinB expression was abolished by the presence of 0-{5-0-[(E)-
feruloyl]-a-L-arabinofuranosyl} -( 1,3)-0-/?-D-xylanopyranosyl-( 1,4)-D-
xylanopyranose (FAXX) and 5-0-(fraws-feruloyl)-arabinofuranose, both 
probable xylan degradation products, but not free ferulic or /?-coumaric acid, 
xylose, xylobiose or any other monomeric hemicellulose component. 
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Kroon and co-workers (20) identified two putative binding motifs on the 
faeB promotor of Pénicillium funiculosum. Northern analysis showed that 
transcription of faeB was tightly regulated, being stimulated by growth of the 
fungus on sugar beet pulp but inhibited by free glucose. The faeB promoter 
sequence contains putative motifs for binding an activator protein, XlnR, and a 
carbon catabolite repressor protein, CreA. 

A study on expression profiling of 26 pectinolytic genes of the fungus A. 
niger, amongst them faeA and faeB, both encoding feruloyl esterases, revealed 
that the expression of these genes respond to the presence of ferulic acid (21). 
Neither faeA nor faeB are expressed in response to the presence of D-
galacturonic acid. However, monosaccharides can also act as inducers. For 
example, faeA expression was also observed in the presence of D-xylose and 
this observation was attributed to a xylanolytic activation factor XylR (22). 

ENZYME ASSAYS 

The determination of feruloyl esterase activity is based on the quantification 
of hydroxycinnamic acid released from the substrate. A variety of different 
activity assays have been developed. Separation and quantification of reaction 
products is achieved by chromatographic methods such as high performance 
liquid chromatography (13, 23, 24), thin layer chromatography (14) or gas 
chromatography of the silylated derivatives of the reaction products (23). 
Additionally, hydroxycinnamic acids can be quantified in a photometric assay 
exploring the difference in their molar absorbance at 340 nm to the substrate 
(ferulic acid esters) (25, 26). The assay of feruloyl esterase activity was initially 
performed using native cell wall material in the form of starch-free wheat bran 
as a substrate (13). Alternatively, the methyl and/or ethyl esters of ferulic, 
caffeic, p-coumaric and sinapic acids have been used as substrates (17, 18). 
Carbohydrate oligomers containing esterified hydroxycinnamic acids have been 
isolated from enzymatic hydrolysates of plant cell wall material and successfully 
employed as substrates in the assay of feruloyl esterases. Borneman et al. (23) 
isolated 0-[5-0-(/ra«5-/?-coumaryl)-«-L-arabinofuranosyl]-( 1,3)-0-β-Ό-
xylopyranosyl-(l,4)-D-xylopyranose (PAXX) from Coastal Bermuda grass 
shoots treated with Driselase, a fungal enzyme preparation containing a mixture 
of polysaccharide hydrolases. The feruloylated equivalent (FAXX) of the above 
mentioned oligosaccharide could also be prepared from the same hydrolysate. 
An assay in order to differentiate feruloyl esterases exhibiting affinity for 5-0 
and 2-0-feruloylated α-L-arabinofuranosyl residues was developed by Biely et 
al. (26). The assay uses synthetic p-nitrophenyl 5-O-irans-feruloyl-a-L-
arabinofuranoside and /?-nitrophenyl 2-0-/raws-feruloyl-a-L-arabinofuranoside 
and is based on coupling the feruloyl esterase-catalyzed formation of p-
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nitrophenyl α-L-arabinofuranoside with its efficient hydrolysis by a-L-
arabinofuranosidase to release /?-nitrophenol. The new substrates represent 
convenient tools to differentiate feruloyl esterases on the basis of substrate 
specificity and avoid the tedious isolation of natural substrate from plant 
material. A plate screening method for the detection of feruloyl esterase activity 
by microorganisms has also been developed (27). Colonies are grown on agar 
plates containing the ethyl esters of ferulic or p-coumaric acid that are 
subsequently flooded with a pH indicator, bromocresol green. A yellow zone 
against a blue background is observed around the colonies that release the 
hydroxycinnamic acids from their alkyl esters. 

SUBSTRATE SPECIFICITY 

Several feruloyl esterases have been purified and characterized (Table 1). 
However, comparison of their properties is difficult as the range of natural and 
synthetic substrates used to characterize these enzymes is diverse and the 
enzyme assays are not uniform. The substrates range in size and complexity 
from small, soluble esters such as feruloylated oligosaccharides isolated from 
plant cell walls and phenolic acid methyl esters or synthetic feruloylated 
arabinosides to larger, more complex and often less soluble substrates such as 
feruloylated polymeric plant cell wall fractions (28). The only criterion used in 
all cases is the release of free ferulic acid or another hydroxycinnamic acid by 
hydrolysis of an ester bond. Specificity, as defined by the rate of catalysis (kcJ 
divided by the Michaelis constant (KJ gives the best indication of preferred 
substrates. However, hydrolysis of polymeric substrates is more complicated 
since not all of the esterified substituents are chemically equal, and effects such 
as decreased solubility and steric hindrance further complicates any results 
obtained. Therefore, these data should not be extrapolated to obtain kinetic 
constants. 

The use of small, soluble substrates allows the determination of kinetic 
constants, giving some information on the affinity (from Km values) and 
catalytic efficiency (kcgt Vmax I Km). Substrates in question are effectively two 
components joined by an ester bond: the phenolic component and the sugar 
moiety. Specificity for both of these components defines the overall catalytic 
rate of the reaction. The selectivity for each component gives important 
information for the classification on feruloyl esterases (12). 

Phenolic acids esterified to methyl or ethyl groups instead of the natural 
occurring sugar have been used for the characterization of most feruloyl 
esterases. They are relatively easy to synthesize, a variety of phenolic acids can 
be used to examine the enzymes specificity and the assay is reliable and fast, 
especially useful during purification. 
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Table I. Purified and characterized fungal and bacterial feruloyl esterases. 
M r determined by SDS-PAGE. 

Organism Enzyme M r 

kDa 
pH 
opt. 

Pi MFA Ara5F Ara2F 
Km mM 

Ref. 

Fungi 
Aspergillus, awamori F A E A 112 5.0 3.7 0.93 ND ND (29) 
Aspergillus niger F A E A 29.7 5.0 3.3 0.7 0.006 - (30) 
A. niger F A E B 75.8 6.0 4.8 1.3 0.41 0.29 (18) 
Aspergillus 4.5-
oryzae F A E 30 6.0 3.6 ND ND* - (31) 
Aureohasidium 
pullulons FeE 210 6.7 6.5 0.05 0.268 0.23 (32) 
Fusarium oxysporum FAE-I 31 7.0 9.5 0.6 1.6 0.06 (33) 
F. oxysporum FAE-II 27 7.0 9.9 0.58 1.01 - (34) 
Neocallimastix MC-2 FAE-I 69 6.2 4.2 ND 0.032 ND (35) 
Neocallimastix MC-2 FAE-II 24 7.0 5.8 ND 0.01 ND (35) 
Pénicillium expansum F A E 57 5.6 ND 2.6 ND ND (36) 
Pénicillium 
funiculosum F A E B 53 ND 6 0.047 0.024 0.14 (19) 
Pénicillium 
pinophilum p-CAE/FAE 57 6 4.6 0.14 ND ND (37) 
Piromyces equi FAEB(EstA) 37 6 ND ND 0.004 0.075 (38) 
Bacteria 
C. stercorarium FeE 33 8.0 ND 0.04 ND ND (39) 
Clostridium 
thermocellum FAECDBXYN 45 6.0 5.8 ND 5 ND (40) 
Butyrivibrio 
fibrisolvens CinI (CinA) 30 ND ND ND ND ND (41) 
B.fibrisolvens Cinll (CinB) 35 ND ND ND ND ND (19) 
S. avermitilis CECT F A E ND 6.0 ND ND 0.06 ND (42) 
S. avermitilis UAH 30 FeE ND 6.0 ND ND ND ND (43) 
Streptomyces 7.9-
olivochromogenes FeE 29 5.5 8.5 1.9 0.24 ND (44) 
S. viridosporus CinnAE ND 9 ND ND ND ND (45) 

ND=not determined; NO*=Km value not determined, but substrate is 
catalyzed; - =no activity; MFA=methyl ferulate; Ara5F=feruloyl group on the 
C5 of arabinose; Ara2F= feruloyl group on the C2 of arabinose; 
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The specificity of several fungal feruloyl esterases for the phenolic moiety 
of various cinnamic acid methyl esters such as methyl ferulate, methyl caffeate, 
methyl /?-coumarate and methyl sinapate has been evaluated (32). The feruloyl 
esterase of Aureobasidium pullulons has a broad substrate range and can be 
distinguished from feruloyl esterases from A. niger, P. funiculosum and 
Pénicillium expansum, Aspergillus awamori and Pénicillium pinophilum that 
are more selective. For example, methyl sinapate is a very poor substrate for A. 
niger FAEB and P. expansum and P. funiculosum feruloyl esterases, whereas A. 
niger FAEA shows no activity on methyl caffeate and methyl p-coumarate (20, 
36, 46). A similar order of activity, methyl jp-coumarate > methyl caffeate > 
methyl ferulate > methyl sinapate can be observed for A. pullulans FeE, as well 
as for A. niger FAEB, Fusarium oxysporum FAE-I, P. funiculosum and 
Pénicillium pinophilum feruloyl esterase. A different order of activity, methyl 
sinapate > methyl ferulate > methyl p-coumarate > methyl caffeate can be found 
for A. niger FAEA and F. oxysporum FAE-II. These results suggest that the 
active centers of individual feruloyl esterases must be very different, at least for 
recognition of the phenolic moiety. 

The specificity of feruloyl esterases for the sugar moiety of the substrate is 
more difficult to examine systematically, mainly because only a limited number 
of substrates are available. Substrates are usually obtained by limited hydrolysis 
of plant cell walls, or by organic synthesis. Comparison of catalytic properties 
gives information about the possible existence of catalytic sites on feruloyl 
esterases for the sugar moiety, the significance of the position of attachment of 
the feruloyl group to the sugar, and the type of sugar (12). A feruloyl group can 
be attached to the C2 or C5 position of arabinose, depending on the source of 
the starting material. Only a few feruloyl esterases have been examined from 
this point of view; however, Table 1 shows a summary of fungal and bacterial 
enzymes that exhibit preferences for both or one or the other substrate. A. 
pullulans feruloyl esterase and A. niger FAEB catalyze 2-feruloylated and 5-
feruloylated substrates equally well whereas Piromyces equi and P. funiculosum 
feruloyl esterases show a clear preference for 2-feruloylated substrates. A. niger 
FAEA, A. oryzae feruloyl esterase and F. oxysporum FAE-II show activity 
exclusively on 5-feruloylated substrates. The reasons for this specificity remain 
to be elucidated, but differences in the structure of the active center might be a 
valid explanation. A lack of uniform data does not allow clear prediction on the 
affiliation of individual enzymes to specific groups. Kinetic data of bacterial 
feruloyl esterases is even less available than of fungi. Therefore, an examination 
of all available feruloyl esterases with the same substrates would enable a more 
comprehensive classification of these enzymes. 

Crystal structures of feruloyl esterases from Clostridium thermocellum 
XYNY and XYNZ have been published (47). The enzymes display the α/β-
hydrolase fold and possess a classical Ser-His-Asp catalytic triad. The active 
center reveals the binding site for ferulic acid and related compounds. Ferulate 
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binds in a small surface depression that possesses specificity determinants for 
both the methoxy- and hydroxy-ring substituents of the substrate. There appears 
to be a lack of specificity for the xylan backbone, which may reflect the intrinsic 
chemical heterogeneity of the natural substrate (47). 

SEQUENCE STRUCTURE AND RELATIONSHIP 

Until the beginning of 2003, sequences of nine fungal and seven bacterial 
feruloyl esterases (EC 3.1.1.73) have been published (Table 2) but the derived 
amino acid sequences do not appear to be highly conserved. Similar sequences 
from Bacillus halodurans, Mesorhizobium loti and Agrobacterium tumefaciens 
have been discovered in genomic databases by BLAST searches 
(www.ncbi.nlm.nih.gov/BLAST) but feruloyl esterase activity has not been 
confirmed experimentally. Therefore, conclusions on feruloyl esterase 
classification based on amino acid sequences alone should be done with care. 
All feruloyl esterases, however share one conserved motif (GXSXG) sequence, 
which is a universal signature sequence common to many esterases and lipases. 
Coutinho and Henrissat (48) classified cell wall-degrading enzymes into 
families of carbohydrate esterases and their database (http://afmb.cnrs-
mrs.fr/CAZY/CE.html) shows that certain feruloyl esterases are in family 1 
(including P. funiculosum FAEA and FAEB, Neurospora crassa, Orpinomyces 
sp., P. equi, C. thermocellum XYNY and XYNZ and A. tumefaciens) whereas 
the remaining enzymes are not represented in any family (Table 2). However, 
the alignment of amino acid sequences and using modern phylogenetic analysis 
tool suggests that distant relationships can be established (Figure 1). 

Amongst fungal feruloyl esterases, Aspergillus awamori FAEA, Aspergillus 
tubingensis FAEA and A. niger FAEA are most closely related, exhibiting more 
than 90% average identity over the entire amino acid sequence. This group also 
contains a conserved domain that is found in several lipases of class 3 
(triglyceride lipases EC 3.1.1.3), including those of Thermomyces lanuginosus 
(37% identity), Aspergillus oryzae (34% identity) and Pénicillium camembertii 
(34% identity). The most conserved region in all these proteins is centered 
around a serine residue. However, Aliwan et al. (49) showed, that despite 
sequence identity (32 %), A. niger FAEA does not exhibit lipase activity. 
Andersen and co-workers (50) tested amongst others T. lanuginosus lipase for 
ferulic acid esterase activity. The wild type had no significant ferulic acid 
esterase activity, but rationally designed structural variants showed significant 
activity on ferulic acid esters while their lipase activity decreased. 
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Table II. Fungal and bacterial feruloyl esterases with sequence data 
available. The active serine moiety is underlined. 

Putative active CE 
Gene Enzyme Organism site sequence family Ref. 
Fungi 
FaeB FAEB Aspergillus niger GCSTG - (51) 
FaeA FAEA A. niger GHSLG - (52) 
FaeA FAEA Aspergillus tubingensis GHSLG - (52) 
FerA FAEA Aspergillus awamori GHSLG - (53) 
FaeB FAEB Neurospora crassa GDSLG 1 (54) 
FaeB FAEB Pénicillium funiculosum GSSSG 1 (20) 
FaeA FAEA P.funiculosum GCSPG 1 (55) 
FaeA FAEA Orpinomyces sp. GLSMG 1 (40) 
EstA FAEB Piromyces equi GFSMG 1 (38) 
Bacteria 
CinA CEH Bacillus halodurans GCSEG - (56) 
CinA CEH Mesorhizobium loti not identified - (57) 
XynY XYNY Clostridium thermocellum GFSMG 1 (58) 
XynZ XYNZ C. thermocellum GLSMG 1 (59) 
CinA CINI Butyrivibrio fibrisolvens GHSQG - (41) 
CinB CINII B.fibrisolvens GGSQG - (19) 
EstA CEH Agrobacterium tumefaciens GYSGG 1 (60) 

CE family = Carbohydrate esterase family (48) 
=not represented 

P. funiculosum FAEB and Neurospora crassa FAEB show 50% identity 
and both are closely related to acetyl xylan esterases from A. awamori (44% 
identity; 29), Aspergillus ficuum (44%; 61) and Pénicillium purpurogenum 
(39%; 62). A. niger FAEB is very remotely related to this group (<10%). On the 
other hand, P. funiculosum FAEA, a member of the Trichocomaceae family, 
shows 30% identity to P. equi FAEB that belongs to the completely different 
family of Neocallimasticaceae. Both share a conserved domain that is common 
in enzymes of glycosyl hydrolase family 62. Furthermore, Orpinomyces sp. 
FAEA shows 31 % homology to the bacterial XYNZ of C. thermocellum, an 
endoxylanase from Ruminococcus flavefaciens (28%) and a tributyrin esterase 
from Streptococcus pneumoniae (24%). A. niger FAEB exhibits significant 
identity to tannases from Xanthomonas campestris (26%) and A. oryzae (24%). 
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FAEBJPIREQ 
FAEA^FENFU 
FABAIASPNG 
FAEA_ASPTU 
FAEA^ASFAW 
FAEBJNEUCR 
PAEBJPENFU 
FAEB^ASPNG 
FeEA OEPSP 

Β r— CEHJ9ACHD 
CEHZMESLO 
CINIJBUTFS 

— — ^ CINlijBUTFS 
ESTA_AGRTU 
XYNYCLOTM 
XYNZ CLOTM 

Figure I Phylogenetic tree of fungal (A) and bacterial (B) feruloyl esterases. 
For multiple sequence alignment BLOSUM62 was used as score matrix, gap 

penalty existence was 10, extension 0.1. FAEB_P1REQ: Piromyces equi; 
FAEAPENFU: Pénicillium funiculosum FAEA; FAEA_ASPNG: Aspergillus 
niger FAEA; FAEA FAEA_ASPTU: Aspergillus tubingensis; FAEAjiSPAW: 
Aspergillus awamori; FAEBNEUCR; Neurospora crassa; FAEBJ>ENFU: P. 

funiculosum FAEB; FAEB_ASPNG: A. niger FAEB; FeEAjORPSP: 
Orpinomyces sp.; CEHBACHD: Bacillus halodurans; CEHJdESLO: 

Mesorhizobium loti; C1NIJBUÎFS: Butyrivibrio fibrisolvens CM; 
C1N11_BUTFS: B. fibrisolvens CINII; ESTAjLGRTU: Agrobacterium 

tumefaciens; XYNYCLOTM: Clostridium thermocellum XYNY; 
XYNZ CLOTM: C. thermocellum XYNZ. 

Homologies between different bacterial feruloyl esterases are generally 
lower than those found in fungi. Highest identity values can be found between 
B. halodurans CEH and M loti CEH (39%) and 27% between CINI and CINII 
of B. fibrisolvens. A. tumefaciens ESTA is slightly related to the latter (15% 
identity). XYNY and XYNZ of C. thermocellum are not related to other 
bacterial enzymes but C. thermocellum XYNZ is homologous (31% identity) to 
the fungal Orpinomyces sp. FAEA. 

When sequence data is compared to kinetic data it is even more difficult to 
establish relationships between individual and groups of enzymes. This points to 
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the need for more data on properties of these enzymes before the functional 
properties can be established and before the feruloyl esterases can be organized 
into discrete families based on ancestral origins. Furthermore, it is apparent that 
the feruloyl esterases are highly diverse enzymes with little conservation 
amongst closely related species. 

ROLE OF FERULOYL ESTERASE IN XYLAN 
DEGRADATION 

Together with a-arabinofuranosidase, α-glucuronidase and acetyl xylan 
esterases, feruloyl esterases are referred to as xylan-debranching or 
hemicellulose accessory enzymes (12, 63, 64, 65). Feruloyl esterases remove 
single ferulic and /?-coumaric acid residues from the xylan backbone but also di-
ester groups interlinking xylan molecules (66). Synergy of two or more 
hemicellulolytic enzymes acting together resulting in a greater rate of xylan 
degradation than the sum of the rates of degradation when the enzymes act 
individually, has been extensively reported between most of the accessory 
enzymes and xylanase. The action of xylanase releases substituted 
oligosaccharides that are more readily available and have more favorable 
interactions with the accessory enzymes, while the removal of side-chain 
branches by the accessory enzymes open up previously unavailable sites for 
cleavage by xylanases. The release of substituted oligosaccharides by xylanase 
appears to be of greater importance as many of the xylanolytic accessory 
enzymes have a preference for oligomeric substrates and show very little 
activity against polymeric xylan. Simultaneously, the enzymic liberation of 
acetyl and feruloyl groups from xylan through the action of carbohydrate 
esterases is essential for the efficient action of xylan degrading enzymes (66, 67, 
68, 69, 70). 

APPLICATION 

Feruloyl esterases show intriguing differences in substrate specificity and 
sequence structure. The main reason for the recent increase in interest in these 
enzymes is their potential application in the production of ferulic acid. Ferulic 
acid is an important precursor in the flavor industry (71) and has multiple uses 
as an ultraviolet light protection agent in sun creams and cosmetics (72) by 
suppressing inflammatory responses and skin tumor development (73). Feruloyl 
esterases can also be used to selectively remove ferulic acid from agro-industrial 
waste products on an industrial scale (74). Ferulic acid is thought to be involved 
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in the processing of foods. For example, an important but yet uncertain role for 
ferulic acid is apparent in the formation of cross-links in the dough during 
baking (75). Furthermore, ferulic acid acts as an antioxidant and is released and 
taken up in the intestines with the help of feruloyl esterases distributed along the 
intestines of mammals (76, 77). There is no doubt that applications together 
with a better understanding of the mechanism of action of feruloyl esterases, 
should increase in the future. 
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Chapter 16 

Cellobiose Dehydrogenase: An Extracellular 
Flavocytochrome from the Phytopathogenic 

Basidiomycete Sclerotium (Athelia) rolfsii 

Dietmar Haltrich1, Roland Ludwig1, and Marcel Zámocky1,2 

1Division of Biochemical Engineering, Institute of Food Technology, BOKU 
- University of Natural Resources and Applied Life Sciences at Vienna 

(Universität für Bodenkultur Wien), Muthgasse 18, A-1190 Wien, Austria 
2Institute of Molecular Biology, Slovak Academy of Sciences, 

845 51 Bratislava, Slovak Republic 

Cellobiose dehydrogenase (CDH) is an extracellular 
flavocytochrome that is produced by wood-degrading and 
plant pathogenic fungi, both basidiomycetes and ascomycetes. 
Typically, CDH is a monomeric protein with a bipartite 
domain organization, consisting of an N-terminal heme 
domain containing a cytochrome b type heme, and a C-
terminal flavin domain with a noncovalently bound FAD. 
These are linked by a protease-sensitive linker region. Based 
on the currently known sequences CDH can be divided in two 
distinct classes, class-1 CDH comprising five known 
sequences from basidiomycetes, and class-2 CDH represented 
by three sequences from ascomycetes. CDH oxidizes 
cellobiose and higher cellodextrins efficiently to their 
corresponding lactones. Concurrently a wide spectrum of 
different electron acceptors including various quinones, 
organic radical species and metal ion complexes are reduced. 
This report reviews recent progress made in understanding the 
physiology, structure and function of CDH. 

© 2004 American Chemical Society 271 
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Sclerotium rolfsii (teleomorph: Athelia rolfsii) was first described by Peter 
Henry Rolfs more than 100 years ago as a plant pathogen causing tomato blight. 
S. rolfsii causes disease (Southern blight or Rolfs Disease) in over 500 plant 
species, many of which are important crop plants such as tomatoes, peppers, 
sunflowers, peanuts, etc., and causes enormous economic damage. During its 
attack on plant material S. rolfsii produces large amounts of different enzymes 
which rapidly destroy host tissue and cell walls, thus enabling it to enter the host 
organism. Additionally, it secretes copious amounts of oxalic acid which binds 
calcium ions from calcium pectate of the host cell wall which enables together 
with acidification the polygalacturonase to hydrolyze pectates of the middle 
lamella. 

5. rolfsii is known to produce cellulolytic and hemicellulolytic enzymes in 
high amounts (1-3), as a matter of fact it has been recognized as one of the few 
producers of these hydrolases that are of industrial interest (4). S. rolfsii secretes 
a complete cellulose degrading enzyme system consisting of endoglucanases (5, 
6), cellobiohydrolases (7), and β-D-glucosidases (8) which have been isolated 
and characterized extensively in the past. In addition, cellobiose dehydrogenase 
was reported as part of the cellulolytic enzyme system of 5. rolfsii (9, 10). 

Cellobiose-oxidizing enzymes were first described 30 years ago in 
cellulolytic cultures of the white rot fungi Phanerochaete chrysosporiam and 
Trametes versicolor (11). In the scientific literature two types of these enzymes 
are described: the hemoflavoprotein cellobiose dehydrogenase (CDH, EC 
1.1.99.18; formerly cellobiose oxidase) and the flavoprotein cellobiose:quinone 
oxidoreductase (CBQ, EC 1.1.5.1), which for a long time was believed to be a 
separate enzyme. However, it was shown that the intact hemoflavoprotein can 
be cleaved by proteases, either by endogenous ones formed by the organism 
itself (12, 13) or by proteases such as papain (14, 15), into a catalytically active 
flavin domain, which is similar to CBQ, and an inactive heme domain. Recently, 
it was shown that the flavin fragment originates from the cdh gene and that the 
primary RNA transcript is not differently spliced. This implies that this heme-
devoid fragment is formed at the protein level by limited proteolysis (16). 

Characterization of Cellobiose Dehydrogenase 

Cellobiose oxidoreductases, both intact CDH and/or the flavin-only 
fragment CBQ, were purified and characterized from a number of fungi, 
including P. chrysosporium (Sporotrichum pulveritlentum) (17, 18), Chrysonilia 
(Monilia) sitophila (19), Coniophora puteana (20), Heterobasidion annosum 
(Fomes annosus) (21), Humicola insolens (22), Irpex lacteus (23), Pycnoporus 
cinnabarinus (24, 25), Schizophyllum commune (26), S. rolfsii (10), Thielavia 
heterothallica (Sporotrichum thermophile) (27, 28), T. versicolor (29), Trametes 
pubescens and Trametes villosa (30). Typically, CDH is a monomeric enzyme 
consisting of the N-terminal heme domain with one heme b, which is 
hexacoordinate (31), and the flavin domain containing one noncovalently bound 
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FAD (or alternatively one 6-hydroxy-FAD (32)). These two domains are 
connected by a protease-sensitive linker region that is rich in serine and 
threonine. 

In accordance with reports on other CDH enzymes, intact CDH from S. 
rolfsii contains both the heme and the flavin as prosthetic groups. The heme 
cofactor was identified as protoheme IX (heme b) and estimated as one heme 
per CDH molecule. Similarly, FAD was quantified as one nucleotide per 
molecule by spectrophotometric analysis. Both the oxidized and the reduced 
spectrum of CDH are shown in Figure 1. The major peak of the oxidized 
spectrum at 421 nm can be attributed to the heme cofactor, whereas the broad 
absorbance shoulder between 450 and 500 nm can be mainly attributed to the 
FAD group. The extinction coefficients for the oxidized state of the enzyme at 
421, 460, 531 and 563 nm were 105,24, 12 and 9 mM^cm*1, respectively. Upon 
reduction of CDH at pH 4 by its substrate cellobiose or reducing agents such as 
sodium dithionite, strong peaks appeared at 429, 533 and 564 nm, representing 
the Soret, β and α peaks of a typical heme protein. Absorption between 450 and 
500 nm decreased drastically, presumably representing the reduced form of 
FAD. The extinction coefficients for 429, 460, 533 and 564 nm were determined 
to be 140, 10, 17 and 28 mM'^cm"1, respectively, for the reduced enzyme. 

Figure I. Absorption spectra of CDH from S. rolfsii in the oxidized and reduced 
state. The reduction was performed with cellobiose. 

Table I lists some properties of CDH enzymes isolated from different 
organisms. Typically, CDH is a monomeric glycoprotein with a molecular mass 
of approximately 90-100 kDa and an acidic pi-value. Cellobiose oxido-
reductases oxidize various sugars at their anomeric carbon atoms to the 
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corresponding lactones. These sugar substrates typically are p-l,4-linked di- or 
oligosaccharides and include cellobiose (glc-p-l,4-glc), which in fact is the 
preferred substrate of CDH (33), cello-oligosaccharides, lactose (gal-P-l,4-glc), 
and even cellulose (34, 35). Some other electron donors that are accepted by 
different cellobiose dehydrogenases as substrates, albeit with sometimes only 
very low activity and / or affinity, include glucose, mannose, mannobiose (man-
P-l,4-man), xylobiose (xyl-P-l,4-xyl) and maltose (glc-0t-l,4-glc) (10, 22, 36). 
The substrate specificity of S. rolfsii CDH for some of its electron donors (sugar 
substrates) is shown in Table II. There are certain differences with respect to 
sugar specificity between CDH from various sources. While CDH from P. 
chrysosporium oxidizes mannobiose and is not active on xylobiose, the enzyme 
from S. rolfsii oxidizes the latter disaccharide and is inactive with mannobiose. 

Table II. Apparent Kinetic Constants of Cellobiose Dehydrogenase from 
Sclerotium rolfsii for Different Electron Donors 

Substrate Km kcat kça/Km 
(mM) (s') (mM s ) 

Glucose 1250 1.5 1.2 x 10" 
Cellobiose 0.12 27 225 
Cellotriose 0.49 26 53.1 
Cellotetraose 0.60 24 40.0 
Cellopentaose 
Lactose 

0.54 
2.4 

24 
26 

44.4 
10.8 

Xylobiose 
Maltose 

5.4 
240 

27 
0.8 

5.0 
3.3 x 10° 

Data are from reference 10. 

Based on kinetic data Henriksson et al. (36) suggested two hexose-binding 
subsites in the active center of the enzyme, the catalytic subsite (site C) and a 
second subsite involved in substrate binding (site B). Based on the crystal 
structure of P. chrysosporium CDH and molecular docking of the substrate 
cellobiose in the active site of the enzyme it was proposed that the enzyme 
discriminates against glucose by favoring interactions with the nonreducing end 
of cellobiose. This confirms the existence of two glucosyl-binding sites, the C 
subsite adjacent to the flavin ring and the B subsite close to the tunnel entrance 
(37). These two subsites seem also to be valid for CDH from S. rolfsii as is 
suggested from the data for the Michaelis constant K m determined for glucose 
and a series of cello-oligosaccharides. The Km-value in the cello-oligosaccharide 
series of G2 to G5 (number of glucose units) is lowest for cellobiose and then 
increases for the higher cello-oligosaccharides (Table II), while the K m of 
glucose is 10,000 times higher than that of cellobiose. 
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In contrast to this relatively high specificity of cellobiose oxidoreductases 
for P-l,4-linked di- or oligosaccharides they are highly non-specific with respect 
to the electron acceptor and can reduce a wide range of quinones, quinone-
analogue dyes such as dichloroindophenol, organic radical species, and 
variously complexed metal ions (29, 33). Some of these electron acceptors of S. 
rolfsii CDH together with their kinetic constants are listed in Table III. 

Table III. Apparent Kinetic Constants of Cellobiose Dehydrogenase from 8. 
rolfsii for Several Electron Acceptors 

Electron acceptor kcat 
(mM'-sl) (tiM) (s') (mM'-sl) 

2,6-Dichloroindophenol 15 30 2,000 
1,4-Benzoquinone 25 30 1,200 
2,6-Dimethyl-l,4- 550 15 27 
benzoquinone 
3,5-Di-/er/-buty 1-1,2- 53 23 434 
benzoquinone (TBBQ) 
Methylene Blue 4.4 18 4,100 
Methylene Green 4.3 18 4,200 
ABTS cation radical 0.4 27 67,500 
Cytochrome c (equine) 0.3 34 113,000 
K3Fe(CN)6 20 37 1,850 
Data are from reference 10; nd, not determined. 

An obvious difference between the hemoflavoprotein CDH and the non-
heme protein CBQ is their ability to reduce one-electron acceptors. Cyt c is 
efficiently reduced only by CDH, while the heme-devoid fragment exerts 
negligible activity with this substrate (38). Whereas the flavin fragments from P. 
chrysosporium and T. versicolor reduce other one-electron acceptors such as 
complexed metal ions [Fe(CN)6

3', Fe(III), Cu(II)] much more slowly (29, 38), 
the S. rolfsii CDH fragment reduces at least ferricyanide as efficiently as the 
intact enzyme (10). In addition, cellobiose oxidoreductases can transfer 
electrons to oxygen, although this activity is only very low compared to the 
above mentioned electron acceptors. Both hydrogen peroxide and superoxide 
anion have been suggested as primary reaction products of molecular oxygen 
(35, 39). It has been shown that H 2 0 2 is formed stoichiometrically from 
cellobiose and oxygen in the absence of alternative electron acceptors (40, 41). 
Recently, an overall mechanism for oxygen reduction by CDH was reported, in 
which electrons are primarily transferred to the flavin, while the heme group is 
reoxidized by the reactive oxygen species superoxide or hydrogen peroxide 
formed in this primary reaction (42). 
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Structure and Phylogenetic Relationship 

The primary structure of CDH was determined for different organisms by 
sequencing the cDNA and/or genomic DNA. These organisms include S. rolfsii 
(gb:AY 187232), P. chrysosporium (43, 44), T. versicolor (45), Py. cinnabarinus 
(46), Tk heterothallica (28), H. insolens (47), and Grifola frondosa (48). At 
least in P. chrysosporium CDH is encoded by two allelic variants, the nucleotide 
sequences of which exhibit 97% similarity. The translation products of these two 
variants, however, have identical amino acid sequences (49). Based on the 
currently known sequences CDH can be divided in two distinct classes: class-1 
CDH which is represented by five known sequences from Basidiomycetes, and 
class-2 CDH represented by three known sequences (one putative from 
Aspergillus fumigatus) from Ascomycetes (50). The typical features of class-1 
CDHs are a rather longer and flexible linker region and no obvious cellulose 
binding motif. Class-2 CDHs possess a shorter linker region probably stabilized 
by disulfide bridges and a separate cellulose-binding domain on their C-
terminus, the latter however has been only shown in Th. heterothallica (28). The 
overall sequence homology is higher within each class than between the two 
classes. However, the typical features of CDHs represented by two heme 
ligands, one intra-domain disulfide bridge in the heme domain, conserved flavin 
binding and catalytic site, and the presence of the Rossman fold at the N -
terminus of the flavin domain are completely conserved among all known CDH 
representatives. These two classes of cellobiose dehydrogenases can also be 
seen from the phylogenetic relationship of eight known CDH sequences, in 
which the ascomycetous sequences are clearly separated from those of the 
basidiomycetes (Figure 2). 

To date the crystal structure of intact CDH has not been elucidated. 
Apparently crystallization of the complete flavocytoehrome is hampered by the 
extensive interdomain peptide linker. The group of Dr. Christina Divne in 
Stockholm has instead determined the crystal structures of the heme and the 
flavin domain of PcCDH separately. The heme domain was shown to have a β-
sandwich fold. The previously proposed ligation (31) of the heme iron in this b-
type cytochrome by Met65 and His 163 was confirmed. This Met/His ligation is 
quite uncommon in è-type cytochromes, in fact, CDH is the first cyt b-
containing enzyme with such a ligation. Furthermore, the heme propionate 
groups are surface exposed, which could indicate a role in the association 
between the heme and the flavin domain as well as in the interdomain electron 
transfer (51). The crystal structure of the flavin domain, which was determined 
at 1.5 Â resolution, shows an overall PHBH (p-hydroxybenzoate hydroxylase) 
fold (52). It can be partitioned into an FAD-binding and a substrate-binding 
subdomain. Based on docking studies of the heme and the flavin domain it was 
proposed that the heme domain covers the active-site entrance of the flavin 
domain and that the resulting distance between the two prosthetic groups of less 
than 15 Â is within acceptable limits for interdomain electron transfer (37). 
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— S. rolfsii 

— P. chrysosporium 

G. frondosa 

P. cinnabarinus 

— T. versicolor 

- A. fumigatus 
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H. insolens 

T. heterothaliica 

0.1 

Figure 2: Unrooted phylogenetic tree for eight protein sequences of cellobiose 
dehydrogenases. The numbers in nodes represent bootstrap values for 100 
replicates. The scale bar indicates the branch length corresponding to 0.1 

amino acid substitutions per site. 

Microbial Production of Cellobiose Dehydrogenase 

Cellobiose oxidoreductases are inducible enzymes that are formed during 
growth of the fungal organisms on cellulose (19, 53, 54) and with some fungi 
also on cellobiose (24, 28, 29). This induction of CDH synthesis was further 
confirmed by Northern blot analysis of total RNA from cellulose-, cellobiose-, 
and glucose-grown P. chrysosporium which indicated that CDH mRNA is 
produced only in cellulose-grown cells (43). Similar results were also obtained 
for Py. cinnabarinus (46). Further, CDH synthesis is repressed in the presence 
of easily metabolizable carbon sources such as glucose and maltose in the 
culture medium (48, 55). It has been proposed that this repression of CDH 
production is mediated at the level of gene transcription. The supplementation of 
the cellulose medium with lignin seems to enhance CDH formation at least for 
Τ versicolor, but this was not further investigated^. A similar enhancing 
effect of lignosulfonate has been suggested for H. annosum but not studied in 
any detail (21). It has been postulated that the initial translation product is the 
hemoflavoenzyme CDH which is then processed to the flavin-only fragment 
CBQ by proteolytic cleavage (45). Only a few studies have been performed in 
which the simultaneous formation of CDH and CBQ under laboratory conditions 
has been investigated (53, 54, 56, 57). Bao et al. (53) reported a strong influence 
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of the pH value and the buffer system used on CDH/CBQ production by P. 
chrysosporium with lower pH values being deleterious for enzyme production. 
A correlation between the ratio of CDH to CBQ formed with the protease 
activity, which was also measured for these cultivations, was not possible. 
However, the proteolytic cleavage of CDH also strongly depends on the pH 
(13). Habu et al. (57) reported that the addition of bovine calf serum 
significantly increased CDH production by P. chrysosporium. This was 
explained in part by a nutritional effect, mainly resulting from the albumin 
fraction of the serum, as well as by an additional factor, probably a protease 
inhibitor. Yet, the addition of serum, and hence also of the putative protease 
inhibitor, to the culture medium only slightly changed the ratio of CDH to CBQ 
formed by the organism. 

We found that the nitrogen (N) source has a significant effect on CDH 
production by S. rolfsii as well as on the ratio of intact to truncated enzyme 
formed, with both the type and the concentration of the Ν source being 
important (54). Complex organic Ν sources such as peptone from meat were 
found to be optimal for CDH production. When concentrations of 60 gT 1 or 
even higher were used, approximately 14,000 units of CDH activity per liter 
were formed; most of this activity could be attributed to the intact form of CDH 
with only a minor fraction occurring as the truncated flavin fragment. Reducing 
the concentration of peptone resulted in the formation of less CDH and 
relatively more of the flavin-only fragment (54). When these complex nutrients 
were replaced by inorganic Ν sources CDH formation was negligible. The 
expensive peptone could partly be replaced by certain amino acids which 
supported excellent CDH production of up to 15,000 UT 1 , corresponding to 225 
mgT1 (Table IV). The nature of the amino acid used in the growth medium 
significantly affected the ratio of cytochrome c (cyt c) to dichloroindophenol 
(DCIP) activity obtained. Intact flavoheme CDH is active with cyt c while the 
flavin-only fragment is not, hence the assay with cyt c is specific for CDH. 
DCIP is reduced by both enzyme species, so that this assay detects both intact 
and truncated CDH. Hence these two activities can be used as a measure for the 
ratio of intact to truncated CDH. While with some of the hydrophobic amino 
acids, e.g., leucine, this ratio was approximately 1.25, indicating that most of the 
cellobiose oxidizing activity can be ascribed to intact CDH, it was as low as 0.23 
when using glutamine. This indicates that up to 80% of the total CDH activity 
formed is transformed to the flavin fragment. Even though protease activity 
varies to some extent when using the different media, there is no clear 
correlation between extracellular protease activity and the fraction of CDH 
cleaved. It was shown however that peptone as well as certain amino acids 
including valine or leucine inhibit the proteases secreted by S. rolfsii, thereby 
preventing the cleavage of CDH during the cultivation (54). 

Recombinant CDH was expressed both homologously and heterologously. 
Homologous expression of P. chrysosporium CDH in cultures supplemented 
with glucose, i.e., under conditions when no endogenous CDH is formed, was 
achieved by placing the cdh-1 gene under control of the D-glyceraldehyde-3-
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phosphate dehydrogenase promoter. Physical, spectral, and kinetic charact
eristics of the homologousty expressed rCDH were similar to those of wtCDH 
(58). Heterologously expressed P. chrysosporium CDH was achieved in the 
yeast Pichia pastoris using the expression vector pPIC9K containing the alcohol 
oxidase promoter. The expression level of 1,800 UT 1 (79 mg-Γ1) is considerably 
higher than that of the wild-type fungus of 750 UT 1 (33 mg-i"1) (57). rCDH had 
a slightly increased molecular mass and similar spectral and kinetic properties as 
compared to wtCDH. in addition, the binding affinities for cellulose were 
similar (59). Recombinant CDH from H. insolens was expressed in Fusarium 
vemnatum and Aspergillus oryzae as hosts but no details were given (47). 

Table IV. Effect of Various Amino Acids on the Production of CDH 
Activities by S. rolfsii. 

DCIP Ratio cyt c Protease 
activity cyt c activity to DCIP activity 

Amino acid (U-mf) (U-mr1) activity (AAsjo/h) 
Blank 1.9 0.80 0.33 0.64 
Valine 5.7 5.7 1.01 0.45 
Leucine 11.0 13.6 1.24 0.31 
Isoleucine 7.2 7.9 1.10 0.33 
Glutamic acid 5.8 2.2 0.38 0.37 
Aspartic acid 4.5 1.6 0.35 0.40 
Glutamine 6.0 1.4 0.23 0.48 
Asparagine 6.2 4.2 0.67 0.35 

Amino acids were added in equal concentrations (30 g -Γ1) to the basal cellulose-based 
medium containing 20 g -Γ1 peptone from meat. CDH activity was measured with 
dichloroindophenol (DCIP) which measures both intact CDH and the eatalytically active 
flavin domain, as well as with cytochrome c (cytc) which selectively determines activity 
of intact CDH. Adapted from reference 54. 

Biological Function of Cellobiose Dehydrogenase 

Cellobiose oxidoreductases have been proposed to be involved in both 
cellulose and lignin biodégradation (33). Bao and Renganathan (60) reported 
that the addition of CDH to Trichoderma reesei cellulases significantly 
increased the degradation of microcrystalline cellulose and suggested that the 
physiological function of CDH is cellulose degradation. A participation of CDH 
in cellulose degradation is also strongly suggested from recent work on CDH 
from T. versicolor. CDH-deficient strains of this basidiomycete were unable to 
grow on agar plates containing highly crystalline cellulose as sole carbon source, 
while the reference strain producing CDH grew efficiently on these plates. In 
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contrast, both the parent strain and the CDH-deficient strain were able to grow 
on amorphous cellulose (CM-cellulose). These mutants also had a greatly 
decreased ability to colonize and degrade native white birch wood, a natural 
substrate of T. versicolor. These data suggest that CDH plays an important role 
in the degradation of native, substantially crystalline cellulose and thus is 
essential for wood invasion and lignocellulose degradation by T. versicolor (61). 
Another proposed degradative function of CDH, which however is less specific, 
is via the production of Fenton's reagent. This is in agreement with the fact that 
CDH can continuously reduce Fe(III) to Fe(II) in the presence of cellobiose 
(which results from the degradation of cellulose by cellulases) and also possibly 
produces H 2 0 2 — although hydrogen peroxide can also be formed by additional 
fungal oxidases or result from the reaction of Fe(II) with molecular oxygen (39, 
62). The hydroxyl radicals thus formed can then degrade not only cellulose, but 
also xylan and lignin (63). Cellobiose oxidoreductases have also been suggested 
to be part of the lignin degrading enzyme system of fungi. Its function could be 
to prevent the repolymerization of aromatic radicals that are formed by the 
action of lignin peroxidases (38, 64, 65). CDH could work in co-operation with 
manganese peroxidase, making Mn(II) available by reducing Mn(IV)02, which 
is found during delignification as insoluble deposits in wood, and 
simultaneously forming suitable complexing agents, i.e., ceilobionic acid, for the 
reactive Mn(III) ion (66). 

An entirely different physiological function of cellobiose dehydrogenase 
has been proposed by Morpeth (67) who suggested that its main role is as a 
fungal defense mechanism. Plants form quinones that are highly toxic for 
microorganisms and serve as one of their main antimicrobial systems. Often 
these are formed in response to fungal attack (68). Toxic quinones are also 
formed during fungal degradation of lignocellulose. By reducing these quinones 
to the corresponding hydroquinones, one of the reactions catalyzed by cellobiose 
oxidoreductases, both phytopathogenic and wood-rotting fungi should have a 
considerable advantage. Hence, CDH could also be involved in pathogenesis. 
This is supported by the fact that different isolates of phytopathogenic 
Sclerotium spp. screened for the formation of CDH activity formed considerable 
amounts of CDH at least under the selected in vitro conditions, accounting for 
up to 2.2% of total extracellular protein (69). In accordance to the above 
described degradative function and the proposed involvement of CDH in the 
initial degradation of highly crystalline cellulose CDH could also play a 
comparable role in plant pathogenesis by loosening tightly packed, rigid 
lignocellulose, thus making it susceptible to further attack by high molecular 
weight enzymes. A possible mechanism for this could be via hydroxyl radicals 
formed through the CDH-catalyzed reduction of ferric ions in the presence of 
hydrogen peroxide. 
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Applications of Cellobiose Dehydrogenase 

Cellobiose dehydrogenases have several proposed applications which 
include their use in biosensors for the detection of soluble cello-oligosaccharides 
(70), for the continuous monitoring of cellulase activity (71), or for the detection 
of diphenols (72). In addition, their application in the pulp and paper industry 
has been suggested (73), e.g., for modifying the degree of polymerization of 
pulp (74). CDH has been used for several bioremediation applications which in 
principle are based on the formation of the hydroxyl radical. It has been shown 
that CDH can depolymerize polyacrylate (75), degrade environmentally harmful 
explosives such as 2,4,6-trinitrotoluene (TNT) or hexahydro-l,3,5-trinitro-1,3,5-
triazine (76), or indirectly degrade many more chemicals (77). Recently, we 
have reported a biocatalytic application of CDH, using the enzyme as biocatalyst 
for the formation of various aldonic acids (78) that have potential as building 
blocks in new glycopolymers with possible biomedical applications (79). 
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Chapter 17 

Improvement of the Enzyme Character 
for Lignocellulose Degradation by Gene Manipulation 

Kiyoshi Hayashi, Mamoru Nishimoto, Farooqahmed S. Kittur, 
and Motomitsu Kitaoka 

Enzyme Laboratory, National Food Research Institute, Tsukuba, Japan 

One of the powerful method to alter enzyme character is 
manipulating the enzyme genes. One example in successful 
result in increasing the catalytic activity of xylanese by fusing 
carbohydrate binding module and die other in shifting 
optimum pH for die catalytic reaction by shuffling the two 
xylanase genes have been described in detail. 

Searching for useful enzymes possessing desirable characteristics is carried 
out in many laboratories commonly by the two methods; conventional screening 
and gene manipulation. Important factor in using a conventional screening 
method successfully is to establish an appropriate method which helps to 
concentrate enzymes with desirable characteristics. 

Other than looking for the enzymes which exist in nature, biotechnological 
methods enable us to modify the character of natural enzymes. One method is to 

286 © 2004 American Chemical Society 
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use site-directed mutagenesis to modify a single amino acid residue among the 
few hundreds comprising the enzyme molecule. However, in this case, a drastic 
change in the enzyme character will not usually occur. Another method for DNA 
manipulation is gene shuffling and prepartaion of chimeric genes which tends to 
drastically alter die enzyme character (1). 

By preparing chimeric xylanase, enzymes with increased catalytic activity 
and altered pH optimum were successfully obtained as described below. 

Preparation of Chimeric Genes by Overlapping PCR 
The construction of the chimeric enzyme genes was carried out by shuffling 

the parental genes at the selected borders using a self-priming polymerase chain 
reaction (2). The chimeric sites were mostly targeted at the homologous regions 
of the amino acid sequences of the two enzymes, as previously reported (3). 
High fidelity KOD-plus-DNA polymerase (TOYOBO Biochemicals, Japan) was 
used in the three step PCR reactions in order to overcome the incorporation of 
the undesired errors during the multiple PCR steps. 

The first PCR step amplified the selected N- and C-terminal regions of the 
two genes, as shown in Fig. 1. The primer 2 (primer 3) consisted with the 20 
bases of the gene 1 (gene 2) and 10 bases of the additional DNA sequence of the 
gene 2 (gene 1). The denaturation and annealing steps were performed at 98°C 
for 1 min and 55°C for 1 min respectively, and primer extension was carried out 
at 68°C for 1-2 min, repeating for 20 cycles. These conditions were also 
employed in the second and the third PCR. Hie amplified PCR products were 
separated by agarose gel electrophoresis and purified. 

The purified PCR products were used as template DNA for the second 
stage-overlapping PCR without primers. In this process, strands having the same 
base pairs (20 bases) overlapped and acted as primers for each other. 

In the third PCR, the combined fragments were amplified using forward and 
reverse primers (primer 1 and 4). 

Enhancing the Catalytic Activity of Xylanase by Fusing the 
Carbohydrate Binding Module 

In order to enhance the catalytic activity of the thermostable xylanase 
(XynB) from Thermotoga maritima, fusion of carbohydrate binding module 
(CBM) was conducted. Streptomyces thermoviolaceus STX-II has a modular 
architecture composed of two distinct domains (4). Residues 1-234 correspond 
to a xylanase catalytic domain belonging to glycoside hydrolase family 11. 
Downstream of the catalytic domain (residues 246-335) is a family 2b CBM. 
The interdomain region is a typical polyglycine linker sequence. T. maritima 
XynB, on the other hand, is a single domain enzyme with a catalytic domain 
belonging to glycosyl hydrolase family 10 (5). 
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Figure 1. Shuffling genes at any designed site by overlapping PCR. 
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The CBM of S. thermoviolaceus was fused at the C-terminus of XynB 
(XynB-CBM2b) as shown in Fig. 2. The chimeric gene was cloned and 
expressed in E. coli BL-21CodonPlus-RIL under the control of the inducible 
phage T7 promoter of vector pET-28b(+). The over expressed protein displayed 
xylanase activity, indicating that fusion of the XynB with the binding domain did 
not result in misfolding. 

When the substrate of solble burchwood xylan is used, chimeric xylanase 
displayed an optimum pH of 6.2 at 50 °C, and it was stable in the pH range 5.0-
11.0 at 70 °C. Fig. 3 shows the temperature optimum and thermal stability 
profiles of chimeric and the parental enzyme. XynB-CBM2b displayed the 
identical temperature activity profile as that of XynB; a temperature optimum at 
90 °C and stability up to 90 °C. These results indicate that fusion of the CBM2b 
to XynB has no effect on die structure and function of the catalytic domain. 

The function of CBMs in xylanases is ambiguous, although they might 
attach/secure the enzymes on cellulose in plant cell walls, resulting in the 
increase of substrate (xylan) concentrations around the enzyme. Since the family 
2b CBMs have affinity for soluble xylan chains, the binding ability and the 
hydrolytic activities of XynB-CBM2b and XynB toward soluble and insoluble 
substrates was investigated. 

The ability of XynB-CBM2b to bind insoluble xylan was investigated by 
incubating enzymes with insoluble birch wood and oat spelt xylan at 0°C for 1 hr. 
XynB-CBM2b bound to the insoluble xylan, whereas XynB was unable to 
adhere to these polymers (Table 1). It also shows difference in the relative 
adsorption values for birch wood and oat spelt xylan, adsorption being higher in 
the case of oat spelt xylan than birch wood. The difference in the binding affinity 
is probably due to the differences in the composition of the two polysaccharides. 
In the case of birch wood xylan, the backbone is decorated with more 4-0-
methyl-a-D-glucuronopyranosyl residues (acidic) (6). a-L-arabinofuranosyl 
residues (neutral) are common side chains in oat spelt xylan. 

Though the binding ability of XynB-CBM2b to insoluble xylan at 50 °C was 
not directly confirmed because the insoluble xylan was readily hydrolyzed in the 
presence of the catalyst, the CBM2b was considered to be intact because the 
binding ability of XynB-CBM2b at 0 °C did not decrease after 30 min of 
incubation at 50 °C. 

When initial rates of reaction were measured at 50 °C in various 
concentrations of birch wood xylan, the Acat values of XynB-CBM2b was 
greater than that of XynB (Table 2). On the other hand, when insoluble birch 
wood xylan was used as substrate, no significant difference in hydrolytic 
activities was observed, suggesting that the family 2b CBM has no role in the 
hydrolysis of insoluble xylan. 
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Figure 3. Temperature optimum and thermal stability of XynB andXynB-
CBM2b. 
Temperature optimum; • , XynB; • , XynB-CBM2b 
Thermal stability; O, XynB; · , XynB-CBM2b 

Table I. Adsorption of XynB and XynB-CBM2b to Insoluble Xylans 

Table II. Activities of XynB and XynB-CBM2b on the Hydrolysis of 
Various substrates 

Birch wood xylan 
Oat spelt xylan 

XynB 
2% 
2% 

XynB-CBM2b 
31% 
71% 

XynB 
Soluble birch wood xylan 

XynB-CBM2b 

Km(%) 0.21 
feat (s1) 33 

Insoluble birch wood xylan 

0.28 
57 

ν at 5 g/1 0.97 
p-Nitrophenyl-B-xylopyranoside 

fin(mM) 9.4 
Acatis'1) 2.8 

9.9 
2.2 

1.05 
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The kinetic parameters for /?-nitrophenyl-B-xylopyranoside, a substrate for 
which family 2b CBMs have no affinity was also investigated as shown in Table 
2. No significant difference in teat was observed. 

Members of families 2b, 6,13, and 22, though, bind soluble chains, but they 
enhance the catalytic activity only toward insoluble substrates. The increase in 
the catalytic activity of XynB toward soluble xylan upon fusion with a CBM is 
not clear at present. 

Grafting of CBM has also been shown to alter the activity and thermal 
stability of the catalytic domain in some cases. Fusion of CBM4 to the feruloyl 
acetyl esterase domain (FAE) of Clostridium stercorarium XynZ was shown to 
result in a drastic decrease in the thermal stability of the FAE domain (7). On the 
other hand, Karita et al. (8) reported improvement in the thermal stability of R. 
albus endoglucanase upon fusion with a family 6 CBM. 

Changing pH Profile of Xylanase by Preparing Chimeric Gene 

Alkaline xylanases are highlighted since they are useful for pulp bleaching 
in the paper industry and in the production of xylooligosaccharides from xylan 
(9). The family 10 xylanase (XynA) produced by the alkaliphilic Bacillus 
halodurans C-125 displays full hydrolytic activity toward /Miitrophenyl-fl-D-
xylobioside (pNPX2) over the pH range from 5.8 to 8.8 (10,11). 

While xylanase Β (XynB) from Clostridium stercorarium F9 belongs to the 
same family (12), it displays 51% identity in the amino acid sequence to the 
XynA. The range of the pH optimum of XynB is between pH 5.3 and 6.6 (13), 
meaning that the acidic range of the pH optimum is similar to that observed for 
XynA, whereas the basic range is significantly narrower than that of XynA. Thus, 
XynB was selected as a shuffling partner for XynA to construct chimeric 
xylanases. 

The reaction mechanism of family 10 xylanases has been studied in detail: 
Glu 127 is acting as a proton donor and Glu233 is acting as the catalytic 
nucleophile (numbering are taken from the Cex from Cellulomonas fimi) (14). In 
general, the typical bell-shaped pH-activity profile that shows loss of activity in 
the direction of increasing acidity is attributed to protonation of the nucleophile, 
while loss of activity in the direction of increasing basicity is thought to be due 
to the dissociation of a proton from the proton donor (15). Therefore, it is 
assumed that the proton donor of XynA (Glul95) has a higher pKa value than 
that of a general xylanase. 

The XynA and XynB were subdivided into four fragments at highly 
homologous regions as shown in Fig. 4: an amino-terminal region (A or a; 
regions originating from XynA are denoted by uppercase letters and those from 
XynB by lowercase letters), a region containing the putative proton donor (P or 
p), a region containing the putative catalytic nucleophile (N or n), and a 
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carboxyl-terminal region (C or c). Six chimeric xylanases (APNc, APnc, Apnc, 
aPNC, apNC and apnC) were constructed by the selective substitution of the four 
fragments using an overlapping PCR technique. Two of the six xylanases, APnc 
and Apnc, were obtained as catalyticaly active form in E. coli while the other 
four xylanases were obtained as inactive form of inclusion bodies. The APnc and 
Apnc chimeric xylanases were purified and characterized. The two chimeric 
enzymes are as active as parental enzymes at pH 6.6 (Table 3). 

The respective pH and temperature stabilities of the purified enzymes were 
observed from pH 5.6 to 11.6 and up to 45 °C, for APnc and Apnc from pH 5.6 
to 11.2 and up to 45 °C. Thus, these enzymes were slightly less stable than the 
parental xylanases (Fig. 5). This relative instability could be due to the loss of 
some interaction in the protein molecule such as a hydrogen bond, caused by 
changing the region of the enzyme. 

An assessment of the pH-activity relationships for the chimeric xylanases 
employed p-nitrophenyl-B-D-xylobioside as the substrate. The p^i values for 
the APnc and Apnc chimeric enzymes were 4.3 and 4.2, respectively, which 
were almost identical to those for the parental xylanases. In contrast, the pK^ 
values obtained for APnc and Apnc were 9.1 and 8.5, respectively; these values 
fall between those for the parental xylanases, XynA (9.4) and XynB (7.8) as 
shown in Table 4 and Fig. 6. These results indicate that the main regions 
necessary to maintain the high pK& value of XynA locate in the A and Ρ 
fragments. It is often reported that chimeric enzymes show properties 
intermediate of those of the parental enzymes (16, 17). In this study, the specific 
activities and pK& values of APnc and Apnc were intermediate of those 
observed for the parental enzymes. 

The pK& value of XynB (apnc) increased from 7.8 to 8.5 by substitution of 
the N-terminal region with that of XynA (Apnc). This result indicates that the N-
terminal fragment contains some region that affects the p£a2 of the proton donor. 
Moreover, the pK& value of Apnc increased to 9.1 by the substitution of the ρ 
fragment of Apnc to give the APnc chimeric enzyme, a value very close to that 
observed for XynA (9.4). The contributions of A and Ρ to the increase in the 
pK& were estimated to be equal because exchange of A and Ρ caused similar 
increases in ρΚ&, 0.7 and 0.6, respectively. This result indicates that the section 
containing the proton donor Glu 195 also contains the main region necessary to 
maintain a high pK& value. However, the pK& value obtained for APnc was still 
slightly less than that obtained for XynA, suggesting that the Ν and/or C parts 
may weakly affect on the pK^ value. 

Chimeric enzyme whose pK& is modified were successfully constructed. 
Roberge et ah reported that the pK& values of the two catalytic residues on XlnA, 
a family 10 xylanase A from Streptomyces lividam, were reduced from 4.9 and 
9.4 to 4.1 and 9.0 by a single amino acid mutation (Asnl27Asp) (18). Similarly, 
Joshi et al observed that a mutation of Asn35Asp of BCX, a family 11 xylanase 
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Figure 5. Thermal stability of the chimeric and parental xylanases. 
· , XynA; O, XynB; Apnc; Δ , APnc. 

Table ΠΙ. Kinetic Parameters of the Parental and Chimeric Xylanases at 
pH6.6 

£ m feat Jtcat/Am 
(mM) (s1) (mNf's1) 

APNC (XynA) 0.196 32.4 165 
APnc 0.074 40.3 544 
Apnc 0.063 38.2 611 
apnc (XynB) 0.086 58.1 676 

Table IV. pKa Values of the Parental and Chimeric Xylanases 

APNC (XynA) 4.1 9.4 
APnc 4.3 9.1 
Apnc 4.2 8.5 
apnc (XynB) 3.9 7.8 
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from Bacillus circulons, decreased both the optimum pH (from 5.7 to 4.6) and 
the pKa values of the enzyme (from 4.6 and 6.7 to 3.7 and 5.7, respectively) (19). 
These results strongly suggest that pH optimum of the enzyme can be designed 
by changing amino acid residues. 

Out Look of Preparation of Chimeric Enzymes 
One of the advantages in preparing chimeric enzymes is that it is not 

necessary to know the three dimensional structure. As long as the amino acid 
sequence of the target enzyme is available, it is not difficult to prepare chimeric 
enzymes, though it is desirable to have the three dimensional structure for 
designing the shuffling position. 

The other advantages of chimeric enzymes is that die character of the 
chiemeric enzymes can be predicted to some extent. In general, they becomes 
admixture of the parental enzymes. This can be quite an advantage especially as 
the prediction of enzyme character based on the three dimensional structure is 
almost impossible at present. 

Preparation of chimeric enzymes will provide a relatively accessible way for 
altering enzyme character. 
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Chapter 18 

Biotechnological Production of Xylitol 
from Lignocellulosic Materials 
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Abstract 

The conversion of xylose into xylitol by microorganisms (mainly yeasts) 
cultivated in hydrolysates obtained by diluted-acid hydrolysis of lignocellulosic 
materials has been extensively investigated. As the hydrolytic process generates 
a variety of toxic compounds that inhibit the xylose metabolism of the 
microorganisms (e.g. acetic acid, furfural, hydroxymethylfurfural and phenolic 
compounds), different detoxification methods have been used to remove these 
inhibitors from the hydrolysates, with a view to improving their fermentability 
and increasing the xylitol production. This paper reviews several studies dealing 
with some of these detoxification methods and also with the major factors in the 
xylose-xylitol bioconversion. 

Xylitol 

Physicochemical properties and natural occurrences of Xylitol 

Xylitol is a five-carbon sugar alcohol (molecular weight=152.15) as sweet as 
sucrose and sweeter than sorbitol. Owing to its high negative heat of solution, 
this white and crystalline powder produces a cooling and fresh sensation in the 
mouth. Xylitol is chemically more stable than sucrose, and when present in some 
product containing aminoacids, it does not participate in 
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the Maillard reactions when this product is heated. This sugar can be found in 
various fruits, cereals, vegetables, and even in some microorganisms, but 
because it always occurs in very low quantities, its extraction on a commercial 
scale is economically unviable. In mammals xylitol is also a normal metabolic 
intermediate in carbohydrate metabolism (i). 

Physiological properties and applications of xylitol 

Xylitol is anticariogenic and cannot be fermented by oral bacteria (2, 3,4, J). 
Studies performed with the oral bacteria Streptococcus mutans showed that 
xylitol also has bacteriostatic effect (6). Besides, it promotes mineral absorption 
and consequently prevents demineralization of the tooth enamel (7). Experiments 
with people that used xylitol-containing chewing gum indicated that the effects 
of this sweetener on the dental plaque persisted for several weeks or even for 
years (4). Xylitol does not depend on insulin to enter the glycogenolytic 
pathways and so it is appropriate to replace glucose in diets of diabetics. It can 
also be consumed by obese people and is apparently absorbed much more slowly 
than glucose (#).When injected intravenously, xylitol has caused only minimal 
insulin release in comparison with other carbohydrates, as well as a reduction in 
the levels of free fetty acid in the blood of both diabetic and healthy persons (/). 
Diseases such as erythrocytic glueose-6-phosphate dehydrogenase deficiencies 
(9), osteoporosis (10), airway infections (//) and otitis (12) can be treated with 
xylitol. This sugar can be utilized either alone or in conjunction with other 
sweeteners in confectionery, food, pharmaceutical or oral care industries (1). 

Industrial production of xylitol 

The industrial production of xylitol is based on the chemical reduction of 
xylose found in hemicellulosic hydrolysates. By this process, xylitol is recovered 
from pentose-rich solutions obtained preferably from xylan-containing raw 
materials. This chemical process comprises hydrolysis of the raw material, 
purification of the hydrolysate by ion exclusion techniques for color removal, 
and chromatographic fractionation of the purified solution for increasing the 
level of xylose for further chemical catalysis. Pure xylitol is then recovered from 
the reaction mixture by chromatographic fractionation. This process has the 
advantage of providing a xylose solution of high purity that ensures 
hydrogénation (13). On the other hand, purifying xylitol of other polyols and 
sugars increases the production cost (14,15). 
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Xylitol production by microorganisms 

Certain microorganisms are known to have the ability to ferment D-xylose to 
xylitol. Most researches on the biotechnological production of xylitol employ 
yeasts (16, 56) although some have employed bacteria (57, 58) or even the 
fungus Petromyces albertensis (59). In bacteria, D-xylose is initially converted 
to D- xylulose by xylose isomerase in a single step (60), while in yeasts and 
filamentous fungi, D-xylose is metabolized mostly via a two-stage oxidative-
reductive pathway (60, 61) consisting in reduction of xylose to xylitol by an 
NADPH/NADH-linked xylose reductase and oxidation of xylitol to xylulose by 
an NAD-linked xylitol dehydrogenase (61). Xylulose is then phosphorylated by 
xylulose kinase to D-xylulose-5-phosphate, which can be catabolized by pentose 
phosphate, Embden-Meyerhof-Parnas, or by phosphoketolase pathways (62). An 
imbalance of die NAD +:NADH redox system in D-xylose metabolism of yeasts 
is avoided by reducing xylose to xylitol with NADH (61). In xylose-fermenting 
microorganisms, xylose reductase generally uses both NADPH and NADH, 
while xylitol dehydrogenase is mainly NAD+dependent (21, 22, 28, 63, 64). The 
oxygen availability greatly influences the cofactors requirements of these 
enzymes. Anaerobic or oxygen-limited conditions cause a redox imbalance 
which interferes with the production of xylitol (14, 22, 61) and of die by
products of this metabolism (ethanol and/or glycerol) (14, 22). The activities of 
xylose reductase and xylitol dehydrogenase are believed to be influenced by 
other carbohydrates (65,66). 

Lignocellulosic Materials for Xylitol Production by 
Microorganisms 

Hydrolysis of lignocellulosic materials 

Forest and agricultural residues are lignocellulosic materials utilized in the 
biotechnological production of xylitol from xylose. Despite the variations in 
their chemical composition, these materials roughly contain about 45% cellulose 
, 30% hemicellulose, 25% lignin and 10% extractives. Cellulose is a linear 
homopolymer of repeating units of beta-D-glucose, while hemicellulose is a 
heterogeneous polymer mainly composed of pentoses (xylose, arabinose) and 
hexoses (glucose, manose, galactose). Some kinds of hemicellulose also contain 
uronic acid. The most common hemicelluloses are xylans, arabinoxylan, 
glucomannan and galacto-glucomannan. Lignin is a complex heteropolymer of 
irregular structure consisting in an aromatic system formed from phenylpropane 
units. Extractives are represented by a great diversity of materials such as 
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aromatic compounds (phenolics), terpenes, aliphatic acids, alcohols and 
inorganic substances (67). 

Hydrolysates obtained from lignocellulosic residues are suitable for xylose-
xylitol conversion by microorganisms, because their hemicellulosic fraction 
contain high quantities of xylose (80% in average, in the case of agricultural 
residues) (68). The literature describes various methods of hydroysis of 
lignocellulosic materials, diluted-acid hydrolysis standing out as the one most 
frequently employed in experiments for xylitol production. This process, which 
requires high pressures and temperatures (54, 69), generates, besides sugars, a 
range of compounds that are toxic to the microorganisms (70). These compounds 
include sugar degradation products such as furfural and hydroxymethylfurfiiral 
(HMF) (derived from pentosans and hexosans, respectively), formic acid 
(formed when furfural and HMF are broken down), levulinic acid (resulting from 
HMF degradation), acetic acid and phenolic compounds. Phenolic compounds 
originate from a partial breakdown of lignin or from carbohydrate degradation 
and include vanillic, syringic and palmitic acids. The types and amounts of 
compounds in the hydrolysates vary according to die lignocellulosic materials 
from which they are obtained (70). The principal drawback of any chemical 
process utilizing lignocellulosic residues on a technical scale or on a laboratory 
scale is the impossibility of separating cellulose, hemicellulose and lignin 
without changing their chemical structures (71). For this reason, it is necessary to 
establish hydrolysis conditions able to provide high concentrations of sugars 
with low concentrations of toxic compounds, in order that high yields and 
productivity rates can be achieved. Pessoa Junior et. al (69) reported that the 
temperature, acid concentration and residence time used in the diluted-acid 
hydrolysis of sugar cane bagasse influenced both the xylose recovery yield and 
the quantity of toxic compounds. According to this author, 140°C, 20min and 
lOOmg sulfuric acid /g of bagasse (dry weight) provided the highest xylose 
recovery yield (83%), a xylose production of 18.5g/l and low concentrations of 
acetic acid (3.9g/l), furfural (2.0 g/I) and HMF (0.08 g/1) (69). Employing the 
same conditions also for hydrolysis of bagasse, Rodrigues et al. (72) detected the 
presence of phenolic compounds in the hydrolysate (p-hydroxybenzoic, vanillic, 
syringic, p-coumaric and ferulic acids), and inorganic constituents such as 
calcium, chrome, iron and potassium. The highest concentrations of syringic, 
vanillic and p-hydroxybenzoic acids were (g/L) 0.005, 0.0042 and 0.002, 
respectively (72). Acid hydrolysis of Eucalyptus grandis chips employing 
140°C, 10min and 0.2 % of sulfuric acid resulted in the highest xylose 
concentration (21.18g/l) and in 6.14g/l acetic acid (33). Roberto et al. (54) found 
that the best conditions for hydrolysis of rice straw were 1% sulfuric acid, 27min 
reaction time and 121°C. Under these conditions, 77% xylose was recovered and 
the concentration of acetic acid was low (2.0g/l). Increasing the reaction time 
and the acid concentration caused the levels of furfural and HMF to increase. 
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The concentrations of arabinose (3.5g/I) was 50% higher than those reported for 
bagasse (72) and eucalyptus hydrolysates (33). 

Detoxification of hydrolysates 

The literature on the methods for removal of toxic compounds from 
hemicellulosic hydrolysates obtained by acid hydrolysis is quite extensive. The 
hydrolysates utilized for xylitol production by microorganisms are usually 
pretreated by overlime (33,34,36,73,74,75), neutralization (33,72,73,76,77), 
adsorption on activated charcoal (34,72,76,77,78) and ion-exchange resins 
(76,79,80), but other detoxification methods such as molecular sieve (74), 
sulfitation (78) and extraction with solvents (81) have also been reported. 
Overlime consists in increasing the initial pH of the hydrolysate with bases 
(CaC03> Ca(OH)2), and then decreasing it with acids (mainly H 2 S0 4 and 
H3P04).When in association with activated charcoal, this method provides an 
effective reduction in toxic compounds and improves the xylitol production. In 
experiments with sugar cane bagasse hydrolysate for xylitol production by 
Candida guilliermondii yeast, Alves et al. (34) attained maximum values of 
xyose-xylitol bioconversion efficiency (86%), xylitol yield (0.79 g/g) and 
productivity (0.47g/l.h_1) increasing the pH of the hydrolysate from 0.5 to 7.0 
with CaO and reducing it to 5.5 with H 3 P0 4 before using activated charcoal 
(2.4%) for adsorption. In another study, the same authors (75) reported that 
treating bagasse hydrolysate with overtiming combined with activated charcoal 
also had a positive effect on the enzyme activity of C. guilliermondii. This 
pretreated hydrolysate attained the high xylose reductase/xylitol dehydrogenase 
ratio of 4.5. The combination of overtiming and activated charcoal was also used 
to detoxify rice straw hydrolysate before fermentation by C. guilliermondii. In 
this case, a hydrolysatexharcoal ratio of 40 :1 (g/g) resulted in a removal of 
27% of phenolic compounds, and in high values of xylitol yield factor (0.72g/g) 
and volumetric productivity (0.61g/l.h "*) (48). Besides reducing the 
concentrations of phenolic compounds in the hydrolysates (48,55,72,76,77), die 
treatment with charcoal also reduces the concentrations of acetic acid 
(55,72,76,77), furfural and HMF (55,72,76). However, undesirable decreases in 
the sugar contents have also been detected (72,77). Overliming combined with 
diethyl ether extraction was capable of improving the xylose-xyiitol 
bioconversion by Debaryomyces hansenii in eucalyptus wood hydrolysate, 
providing a xylitol yield of 0.70g/g and a volumetric productivity of 1.1 lg/l.h*' 
(81). Nilvebrant et. al. (79) reports that one of the most efficient methods for 
removing inhibiting compounds prior to fermentation is treatment of the 
hydrolysate with ion-exchange resins. According these authors the anion 
exchanger effectively removed phenols, furan aldehydes and aliphatic acids from 
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softwood hydrolysate at pH 10.0 (79). In another experiments, the treatment of 
the sugar cane bagasse hydrolysate with the anion exchange resin alone removed 
84% of the acetic acid, while cation exchange resin removed only 27% of acid. 
When the two resins were used in combination, the percentage of D-xylose 
removal was lower than when cation-exchange resin was used alone (80), 
Neutralizing the initial pH of hydrolysates with bases was not sufficient to 
reduce the amount of toxic substances, and so the rates of xylose consumption 
and xylitol production were low (33,72,76,78,81). The pH and temperature 
utilized during vacuum evaporation, a procedure employed for increasing the 
xylose concentration in the hydrolysate, can also promote detoxification, because 
the concentration of volatile compounds decreases as a result of evaporation 
(72,78). 

Another way to overcome the inhibiting effect of toxic compounds on the 
xylose-xylitol bioconversion is adapting the microorganism to the hydrolysate. A 
study by Felipe et al. (25) reports that adapting G guilliermondii cells to sugar 
cane bagasse hydrolysate favored the consumption of xylose and acetic acid by 
the yeast provided a productivity of 0.65 g/l.hagainst 0.22g/l.h"1 observed for 
non-adapted cells. In order to obtain adapted cells of G guilliermondii, Sene et 
ai. (35) cultivated the cells in diluted sugar cane bagasse hydrolysate and 
repeatedly transferred them to more concentrated hydrolysates. These authors 
observed that the necessity for cell adaptation is related to the concentration of 
inhibitors in the hydrolysate, and that the higher the adaptation, the higher the 
xylitol yield and volumetric productivity. According to them, this method 
resulted in a xylitol productivity increase of about 15% (35). In rice straw 
hemicellulosic hydrolysate, the xylose consumption by G guilliermondii 
increased from 52 to 83% after adaptation (46). Isolating Candida sp. by 
continuous adaptation enhanced the tolerance of this yeast to untreated 
neutralized sugar cane bagasse hydrolysate and increased the xylitol yield to 
over 85% (17). The production of xylitol from various hemicellulosic 
hydrolysates by yeasts is presented in Table I. 

Major factors in the xylose-xylitol bioconversion 

Xylose concentration 

The xylose transport across cell membrane is the initial step of the xylose 
utilization by the yeasts. Pentose-fermenting yeasts generally posses multiple 
xylose uptake systems, which can be classified as low- or high-affinity systems. 
The types of transport system vary between the yeasts and depend on nutritional 
conditions ($2,83,84,85). In batch processes, the increase in sugar concentration 
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in the medium usually leads to increased yields and productions rates, if the 
sugar concentration and the osmotic pressure are not above the threshold of 
tolerance of the microorganism (21). Several studies (14, 21, 30, 45, 86, 87) 
show that increasing the xylose concentration in synthetic culture medium has a 
beneficial effect on the xylose-xylitol conversion by yeasts, improving the xylitol 
production rates. As for hemicellulosic hydrolysates, the yeast capacity to 
tolerate non-volatile toxic compounds is a major determinant of the xylose 
concentration, since the evaporation necessary to concentrate this sugar causes 
the concentrations of these compounds to increase as well (72). In experiments 
with Candida sp. grown in sugar cane bagasse hemicellulosic hydrolysate, the 
xylitol production rate increased when the initial xylose concentration was 
increased from 30 to 50 g/1, reaching a maximum of 21.35 g/1 after 72h, when 
the xylose concentration was 60g/l the ethanol production was the highest (76). 
Felipe et al. (26) evaluated the capacity of C guilliermondii to produce xylitol in 
concentrated sugar cane bagasse hemicellulosic hydrolysate and attained a 
xylitol yield of 0.74g/g and a volumetric productivity of OJSg/Lh"1 with a xylose 
concentration of 54.5 g/1. This productivity value was 44% higher than the one 
obtained with 37.6 g/1 xylose, but when the xylose concentration increased to 
74.2 g/1, the xylitol productivity decreased by 24% (26). For C. guilliermondii 
grown in rice straw hemicellulosic hydrolysate, the optimum xylose 
concentration was 82 g/1, which gave a xylitol yield of 0.65 g/g (47). When the 
same yeast was grown in eucalyptus hemicellulosic hydrolysate containing 60.0 
g/1 xylose, the xylitol yield and productivity were only 0.2 g/g and 0.1 g/Lh"1 

respectively, probably due to the high levels of toxic compounds in the 
hydrolysate (44). In rice straw hydrolysate with a xylose concentration of 49.3 
g/1, the xylitol yield after 36h of fermentation by C. mogii was 0.59 g/1, which 
corresponded to 82% xylose consumption. With 69.8 g/1 xylose, the xylitol yield 
reached a peak (0.65 g/g) after 48h, but only 37% of xylose was consumed (88). 

Presence of glucose 

The bioconversion of xylose into xylitol can also be inhibited by glucose 
present in the hydrolysate. The preference of xylose-fermenting yeasts for 
glucose rattier than xylose has been attributed to the catabolic repression exerted 
by glucose on the induction of D-xylose enzymes (66,89,90,91). In experiments 
with Candida parapisilosis grown in aspenwood hemicellulosic hydrolysate, this 
preference was attributed to the low enzyme activities observed during glucose 
consumption. However, the glucose repression of the pentose uptake did not 
affect the xylose conversion to xylitol, since the xylitol yield obtained from the 
mixture of xylose and glucose (0.53g/g) was similar to the one obtained from 
xylose (0.51 g/g) and the volumetric productivity was the same for both cases 
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(0.69 g/Lh1) (91). In synthetic medium, xylose and glucose were simultaneously 
consumed by Candida shehatae, but the cells were previously cultivated in 
medium containing xylose (90). With D. hansenii, when a glucose/xylose 
feeding ratio of 10% was used, the xylitol yield increased by more than 30%, 
whereas higher glucose concentrations brought about die formation of ethanol 
and glycerol (38). The addition of glucose to synthetic medium during xylose 
fermentation alleviated the blockage in xylose metabolism occurring under 
anaerobiosis (22). 

Nitrogen supplementation and inoculum 

The supplementation of aspenwood hemicellulosic hydrolysate with yeast 
extract improved the hydrolysate utilization by C. parapsilosis for growth and 
the xylitol yield, probably because this nitrogen source also minimizes the 
inhibitory action of the toxic compounds present in the hydrolysate (91). 
Ammonium sulfate proved to be a better nitrogen source than urea for growing 
C. guilliermondii in rice straw hemicellulosic hydrolysate, since it caused the 
xylitol yield and productivity to increase (92). In another experiment with the 
same yeast, the xylitol yield (0.65 g/g) obtained from rice straw hydrolysate 
without supplementation was similar to the one obtained from hydrolysate 
supplemented with nitrogen source (47). In several studies (23-27) employing C. 
guilliermondii for xylitol production, ammonium sulfate was added to sugar cane 
bagasse hydrolysate together with rice bran extract solution. The optimal initial 
inoculum concentration for xylitol production by C. guilliermondii cultivated in 
sugar cane bagasse (26) and rice straw (92) hydrolysates was dependent on the 
xylose contained in the hydrolysate. In sugar cane bagasse hydrolysate, a xylitol 
yield of 0.74 g/g and a productivity of 0.75 g/l.h'1 were achieved with 54.5 g/1 
xylose and 3.0 g/1 inoculum, while for 37.6 g/1 xylose, an inoculum 
concentration of only 0.1 g/1 was sufficient to attain a xylitol productivity of 0.52 
g/Lh"1 (26). In rice straw hydrolysate, a similar xylitol yield and a productivity of 
0.56 g/Lh"1 were attained with approximately 62 g/1 of xylose and 0.90 g/1 
inoculum (92). In both cases a 24-h-old inoculum was proved more appropriate 
to produce xylitol. Also in experiments with D. hansenii and wood hydrolysate, 
the xylitol production was enhanced by increasing the initial inoculum 
concentration in the medium (78). 

Temperature and pH 

Temperatures around 30°C have been utilized for xylitol production yeasts 
cultivated in synthetic medium or in hemicellulosic hydrolysates produced from 
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different raw materials. In experiments with C. guilliermondii, Felipe et al. (27) 
used a temperature of 30°C and obtained maximum values of xylitol yield 
(0.75g/g) and volumetric productivity (O^g/Lh 1) from sugar cane bagasse 
hydrolysate containing 40.0g/l xylose and 4.3 g/1 acetic acid. However, pH 
values lower than 4.5 interfered with the consumption of glucose, xylose and 
arabinose, as well as with the production of cells and xylitol (27). An identical 
xylitol yield (0.75g/g) and a productivity of 0.95g/l.h 1 were attained by Sene et 
al. (41) when working with the same yeast and the same kind of hydrolysate at a 
higher temperature (35°C). In this case, 71% acetic acid was consumed. At 25 °C 
the acetic acid consumption reached 73% and the specific activity of NADPH-
linked xylose reductase was the highest. Besides temperature, the pH also had 
influence on the results (41). In a study (92) with C. guilliermondii grown in rice 
stow hydrolysate, maximum values of xylitol yield (0.68g/g) and productivity 
(0.51g/Mi~!) were achieved with pH 5.3. When the same yeast was cultivated in 
sugar cane bagasse hydrolysate containing 60g/l xylose and 4.7g/l acetic acid, 
increasing the pH from 3.5 to 5.5 caused the fermentation time to decrease from 
116 h to 48 h and the xylitol volumetric productivity to be as high as 0.76 g/Lh " 
].The yeast started to use xylose only when the acetic acid was almost 
completely exhausted (55). The ability of the yeast to assimilate acetic acid 
suggests that the yeast cells act as detoxification agents (23,40). The inhibitory 
effect of the acetic acid is basically due to the fact that, in its undissociated form, 
this acid diffuses into die cell cytoplasm and acidifies die cell interior, 
diminishing the growth and the xylose metabolism of the cells in order to keep 
the intracellular pH constant (93, 94, 95, 96). The toxic effect of the acetic acid 
can be potentiated by phenolic compounds (91), but low concentrations of this 
acid can favor the xylose bioconversion by C. guilliermondii (23). 

Oxygen level 

Oxygen is one of the most important factors in the xylose-xylitol 
bioconversion by pentose-fermenting yeasts. The fact that oxygen is required for 
xylose metabolism is frequently ascribed to die apparent redox imbalance 
occurring under anaerobic conditions, due to the difference in the cofactors 
required by xylose reductase and xylitol dehydrogenase, two key enzymes in the 
initial phase of the xylose metabolism (61). The level of oxygen required by the 
yeasts depends on the yeast strain and mainly on the conditions of the culture 
medium such as the presence of glucose and toxic compounds liberated from the 
lignocellulosic materials during hydrolysis. A number of studies have been 
published on the effect of the aeration on xylitol production, but only a few 
describe the effect of this parameter on hemicellulosic hydrolysates. In an 
experiment with sugar cane bagasse hemicellulosic hydrolysate containing 54.0 
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g/1 xylose and 3.75 g/1 acetic acid, die increase in air flow rate from 0.4 to 0.8 
wm resulted in increased rates of both xylose consumption and xylitol 
production by C. guilliermondii, but with the depletion of xylose, the yeast 
started to assimilate xylitol. The xylitol volumetric productivity at 0.8wm was 
low (0.39 g/Lh'1), but after adaptation of C guilliermondii to the hydrolysate, it 
increased to 0.65 g/Lh"1 with 0.6wm (25). The most suitable aeration rate for 
xylitol volumetric productivity was not the same one that provided the highest 
xylose reductase and xylitol dehydrogenase activities (42). Using a continuous 
stirred-tank reactor and an oxygen transfer volumetric coefficient (KLa) of 20h_1 

to grow the same yeast in bagasse hydrolysate resulted in a high xylitol 
volumetric productivity (0.70 g/Lh'1), but when the kLa was raised to 30h4 the 
yeast produced less xylitol and consumed more arabinose and acetic acid (37). 
The oxygen is not only an important factor to optimize the xylitol production but 
it is also an essential component for xylose assimilation (22). According to 
Granstrôm et al. (97) a surplus of NADH during a limited oxygen supply 
inhibited the activity of xylitol dehydrogenase of C. guilliermondii, causing die 
yeast to accumulate xylitol. 

Conclusions 

The properties of xylitol, which attract the attention of pharmaceutical, 
odontological and food industries, along with the discovery of several xylose-
fermenting microorganisms and the great availability of xylan-rich 
lignocellulosic residues, have given an impulse to the researches into new 
technologies for obtaining xylitol by biotechnological process. Efforts have been 
made to find optimal conditions for hydrolysis of lignocellulosic materials, as 
well as to reduce the toxicity of the hydrolysates and to establish the best 
fermentation parameters for xylitol recovery. 

Nevertheless, the xylitol yields, productivities and concentrations so far 
obtained have not yet been sufficiently high (98) to make the biotechnological 
process able to compete with the chemical process currently used to produce 
xylitol (73). Further investigations are necessary to better understand the xylose 
metabolism into xylitol, the effect of the oxygen availability on the 
bioconversion, and the synergistic action of the microbial inhibitors present in 
the hydrolysates. Researches into the utilization of immobilized cells (50, 51, 
99), mixed cultures (100), enzymatic technology (101) and genetic engineering 
techniques (102) have also been carried out with a view to finding new ways of 
improving this bioprocess. 
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Chapter 19 

Biobleaching Efficiency of Aspergillus oryzae 
Xylanases Produced by Solid Substrate Fermentation 

Judit Szendefy1, George Szakacs1, and Lew Christopher2,* 
1Department of Agricultural Chemical Technology, Technical University 

of Budapest, 1111 Budapest, Gellért tér 4, Hungary 
2Sappi Biotechnology Laboratory, Department of Microbial, Biochemical 

and Food Biotechnology, University of the Free State, P.O. Box 339, 
Bloemfontein 9300, South Africa and Sappi Forest Products Technology 

Centre, Sappi Management Services, P.O. Box 3252, Springs 1560, 
South Africa 

The direct use of substrate specific enzymes produced by solid 
substrate fermentation (SSF) without a downstream processing 
represents an innovative method for modification of pulp and 
paper properties and reduction of chemical consumption 
during bleaching that can bring about positive economical and 
environmental benefits to the industry. Screening of a number 
of Aspergillus oryzae isolates on oxygen delignified soda-aq 
pulp of Eucalyptus grandis as carbon source and enzyme 
inducer yielded xylanase activities for the best six strains in the 
range of 500 - 4300 IU/g dry material (DM) with low levels 
(<1.0 FPU/g DM) of simultaneously produced cellulase. The 
in situ produced enzymes (whole SSF culture) were used in 
pulp bleaching without a prior downstream processing of 
xylanase. The brightness gain over control was enzyme dose 
dependent and varied between 0.7 and 1.4 points. The 
optimum moisture content (83%), initial pH (8.3) and time 
course (4 d) of SSF were determined for the best-performing 
strain in the bleaching studies (A. oryzae NRRL 3485). 
Addition of corn steep liquor, an inexpensive nitrogen source, 
enhanced the xylanase yield considerably. The pH and 
temperature optima of the xylanase complex of A. oryzae 
NRRL 3485 was found to be 6.5 and 65°C, respectively. An 

316 © 2004 American Chemical Society 
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improved thermal stability was observed at 50°C and pH 6.5 in 
the presence of eucalyptus pulp substrate. When used at equal 
enzyme costs and charges in biobleaching of eucalyptus soda-
aq pulp, the A. oryzae enzyme outperformed a commercial 
xylanase control in its efficiency to improve pulp brightness. 

Biobleaching of cellulose pulps with xylanase enzymes is a viable 
technology proven in a number of mills worldwide (1). The use of xylanases to 
enhance pulp bleachability was first reported in 1986 by Viikari et al (2). 
Pretreatment of pulp with xylanases was shown to reduce the amount of chlorine 
used in the bleaching process, affording a positive environmental impact. This 
observation has initiated numerous research investigations to improve the 
method of biobleaching, explore and characterize new strains which could be 
suitable for this purpose. The requirements for these microorganisms are to 
produce high levels of xylanase concomitantly with no or low levels of cellulase. 
Furthermore, the xylanase produced by these strains should have a high pH and 
temperature optimum. 

The pulp and paper industry uses liquid xylanase preparations (enzyme 
concentrates) for biobleaching. These enzymes are produced by a conventional 
submerged fermentation (SF) followed by a downstream processing 
(concentration and partial purification). It has been recently demonstrated that in 
situ produced solid substrate fermentation (SSF) materials can be used directly in 
pulp bleaching without a downstream processing of the enzyme (3). SSF offers 
numerous advantages over submerged fermentation, including high volumetric 
productivity, high concentration of the products, less effluent generation and 
simple fermentation equipment (4,5). It has been proven that many enzymes and 
other biochemical s can be produced by SSF at a fraction of the cost of SF 
production (6,7). The possibility that raw SSF enzymes (mixture of substrate 
residue, fungal biomass and different enzymes) can be applied for pretreatment 
of pulp without a prior downstream processing makes this new biobleaching 
approach competitive to the use of commercial enzymes. However, as a 
fermentation method for enzyme production, die SSF has some disadvantages 
over the SF such as incomplete heat removal (temperature gradient inside the 
bed) and difficulties in monitoring and regulation of some basic parameters (pH, 
temperature, moisture content). 

Fungal xylanases including A. oryzae xylanase have been reviewed recently 
by Haltrich et al (8). Xylanases produced by A. oryzae have been already studied 
from different aspects. Induction of xylanase production by a synthetic xylobiose 
analog, β-methyl-D-xyloside, was demonstrated by Bailey et al (9). Purification 
and characterization of xylanase components was studied in detail (10,11). 
Xylanase production in a 10-1 laboratory fermentor was also performed (12). 
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Binding of xylanase components onto insoluble xylan and cellulose has also 
been described (13). Evaluation of the bleach-enhancing abilities of cellulase-
free xylanases of A. oryzae, produced in shake flasks by SF, has been carried out 
on sulfite pulps (8). Although xylanases from A. oryzae has been produced 
exclusively in SF (4,8,14,31), a SSF alternative has been demonstrated most 
recently (15). However, no reports are found in the literature on the use of 
xylanase enzymes produced by this fungus in SSF for biobleaching of cellulose 
pulps. 

To avoid health risks and minimize environmental hazards, safe 
microorganisms should be used. For example, Aspergillus oryzae is a food-grade 
fungus that is widely used for production of fermented food products and 
amylolytic enzymes in the Oriental countries. In this paper, the production of 
SSF xylanases using food-grade strains of A. oryzae is presented together with 
the application of the in situ enzymes (whole SSF material) in biobleaching of 
chemical pulp. 

Materials and Methods 

Cultures 

Aspergillus oryzae strains (14 in total) have been purchased from the 
following culture collections: Institute for Fermentation, Osaka, Japan (IFO); 
University of Sciences Jozsef Attila, Szeged, Hungary (JATE); Merck Sharp 
Dohme Research Laboratories, Rahway, NJ (MSD); Northern Regional 
Research Center, USDA, Peoria, IL (NRRL); Russian Culture Collection, 
Moscow (VKM). The fungi were grown and maintained on potato dextrose agar 
(PDA) Petri plates and slants. The total viable spore number in PDA Petri plate 
culture (6 d old) was determined by counting colonies following serial dilution 
and incubation. 

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 
washed with distilled water until neutral pH of wash waters was attained, 
thereafter pulp was air-dried and stored at 4°C until use. 
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Solid Substrate Fermentation 

Non-optimized SSF was carried out in 500-ml cotton plugged Erlenmeyer 
flasks. Five gram pulp substrate (dry weight equivalent) was wetted with 25 ml 
salt solution setting the moisture content to 83%. The A. oryzae strains were 
screened on two SSF media. Composition of medium I was as follows (in g/1): 
NH4NO3, 5; corn steep liquor (50 % dry weight) 2; KH 2 P0 4 , 5; NaCl, 1; 
MgS0 4 .7H 20,1; and (in mg/1): CoCl 2.6H 20, 2; MnS0 4,1.6; ZnS0 4.7H 20, 3.45; 
FeS0 4.7H 20,5. Medium II contained (in g/1) ): (NHt) 2HP0 4 5 4; corn steep liquor 
(50% dry weight), 2; urea, 1; KH 2 P0 4 , 3; NaCl, 1; MgS0 4.7H 20, 1; and (in 
mg/1): CoCl 2.6H 20, 2; MnS0 4 , 1.6; ZnS0 4.7H 20, 3.45; FeS0 4.7H 20, 5. The pH 
of both media was adjusted before sterilization to pH 9.0 or pH 7.0. These values 
changed after sterilization to pH 8.3 and pH 7.0, respectively. Sterilization was 
carried out in an autoclave 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 the spores from the surface of 6 day-old sporulating PDA 
plates with water containing 0.1 % Tween-80. The inoculated flasks were 
incubated at 30°C for 4 days. Thereafter, the whole SSF material in the flask was 
used for enzyme extraction. Al l SSF experiments were carried out in duplicate 
and results were presented as average values. 

The effect of easily metabolized sugars and mineral salts on xylanase 
production was determined by adding glucose, lactose or xylose in a 10 g/1 
concentration to the above salt solution (medium I), CaCl 2.2H 20 and 
FeS04.7H20 were added to die basal medium in 1.0 and 0.2 g/1 concentrations, 
respectively. 

Ammonium sulfate, ammonium nitrate, potassium nitrate, corn steep liquor 
(50 % dry weight) and defatted soybean meal were compared as 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 9.0 
before sterilization. 

To determine the optimum moisture level of the optimized medium, 
different moisture levels (67-86%) were adjusted with the following optimized 
salt solution (g/1): KH 2 P0 4 , 5; corn steep liquor (50 % dry weight), 75; NaCl, 1; 
MgS0 4 .7H 20,1; and (in mg/1): CoCl 2.6H 20,2; MnS0 4,1.6; ZnS0 4.7H 20, 3.45; 
FeS0 4.7H 20, 5; and water. 

In the time course experiment, 5 g pulp was supplemented to 83 % moisture 
content with the above described optimized and non-optimized medium. The 
composition of the non-optimized medium was identical to medium I described 
above. Before sterilization, the pH of both media was adjusted to pH 9.0. 
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Enzyme Extraction 

The 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, the suspension was centrifiiged (3000 rpm, 10 min) and 
the supernatants were stored at 4°C until use for enzyme activity determinations. 

Enzyme Assays 

Xylanase activity was determined by the method of Bailey et ah (16). The 
substrate solution contained 1% birchwood xylan (Sigma X-0502) solubilized in 
0.05 M citrate-phosphate buffer (pH 6.0). Al l necessary dilutions of the 
supernatants were carried out using the same buffer. 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 equivalents) 
were estimated by the dinitrosalicylic acid method (17). One unit (IU) of 
xylanase was defined as the amount of enzyme releasing 1 μιηοΐ xylose 
equivalents per minute under the assay conditions. Filter paper activity (FPA) 
was assayed as described by Ghose (18). β-Xylosidase was determined by 
measuring the release of p-nitrophenol from p-nitrophenyl-p-D-xylopyranoside 
according to Her et al (19). Laccase was determined as described by Wolfenden 
et al (20). 2,2'-azino-bis(3-ethylbenzthiazoline-6- sulfonic acid) (ABTS; Sigma 
A-1888) was used as substrate. 

Enzyme Characterization 

The pH and temperature optima of xylanase were determined using pH and 
temperature ranges of 4.0-8.0 and 40-80°C, respectively. For pH adjustment, the 
following buffers have been used: 0.05M citrate (pH 4.0-5.5), 0.05 M citrate-
phosphate (5.5-6.5) and 0.05 M phosphate (pH 6.5-8.0). The thermal stability 
was determined by incubating the enzyme at the desired temperature for 
different periods (5, 10, 30 and 60 min) in a 0.05M citrate-phosphate buffer, pH 
6.5. 

Experimental Design 

A 2 factors on 3*4 level design leading to 12 sets of experiments, performed 
in duplicate, was used to verify the effect of total nitrogen content in the salt 
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solution and its composition on xylanase activity. The variables were coded 
according to Eq. 1: 

Xt-XrXo/AXi (1) 

where 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 AX\ is the step change value. 
The significance level of each variable effect and interactions is determined by 
Student's test: 

where bj is the regression coefficient calculated as follows: 

yt - xylanase activity, Xp - transformed factors, b0 - intercept, Ν - number of trials 

2 2 ν 

sbj is the variance of regression coefficient: sb^ = ~ 

The r^ige 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, yt. Response surface was fitted on experimental results. The quadratic 
model for predicting the optimal point was expressed according to Eq. 2: 

Y = b0 + IbiXi + Ibux- + IbijXiXj (2) 

where Y is the response variable, b the regression coefficients, and xt the coded 
levels of the variable. The significance level of each variable effect, and 
interactions is determined by Student's t test, to/2 = 2.052 when α = 0.05 and 
degrees of freedom is 18. Statistica for Windows 2000 (StatSoft, Inc.) was used 
for the regression analysis of the experimental data obtained. 
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Table I. Range of values for the 2 factors on 3*4 level design 
Variables Levels 

-1 -0.33 +0.33 +1 
X , : Total 1 2 3 4 
nitrogen 

content (g/1) 
Levels 

-1 0 +1 
X 2 : 

CSL/(NH4)2S04 

0 
(0% CSL/100% 

(NH4)2S04) 

0.5 
(50% CSL/50% 

(NH4)2S04) 

1 
(100%CSL/0% 

(NH4)2S04) 
CSL: corn steep liquor (SIGMA) 

Enzyme Treatment of Pulp 

Pretreatment of eucalyptus oxygen-delignified soda-aq pulp with the intact 
SSF material was carried out under standardized conditions (60°C, pH 6.5 ,10 % 
pulp consistency, 3 h). As reference, pretreatment of pulp with a commercial 
enzyme product was carried out at optimum conditions as described above using 
a charge of 5 IU xylanase/g pulp or a charge corresponding to a cost of USDl/t 
pulp. The latter was based on a price supplied by the enzyme manufacturer, in 
the case of the commercial enzyme, and a cost for enzyme production of USD 
150 per ton pulp, in the case of the SSF enzyme (7). 

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 following chemical 
bleaching, pulp samples were washed, brightness sheets were prepared and 
analysed for brightness using a ColorTouch 2 brightness machine (Technidyne 
Corp., New Albany, IN, USA) according to the Standard Methods of the 
Technical Association of the Pulp and Paper Industry (Tappi, Atlanta, GA, 
USA). 
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Results and Discussion 

Screening of Aspergillus oryzae Isolates 

Fourteen Aspergillus oryzae isolates were evaluated for xylanase and 
cellulase production on eucalyptus pulp in SSF on two media at two initial pH 
values. Xylanase production varied between 561 and 4131 IU/g dry matter (DM) 
of initial substrate (data not shown). Isolate NRRL 447 showed the lowest 
productivity while strain NRRL 6270 produced the highest results. The xylanase 
production for the best six strains is shown in Fig.l. Most isolates produced 
more xylanase when the initial pH of the substrate was higher (pH 8.3). The only 
exception was isolate 6270 (initial pH of the substrate was pH 7.0). For the best 
enzyme producer (NRRL 6270), the medium composition had a significant 
effect on xylanase activity. 

Six strains that produced xylanase activity of 500 IU/g D M or higher and 
cellulase activity of less than 1.0 FPU/g D M were selected for further studies. In 
the next step, the SSF in situ enzymes (the whole SSF material) of these isolates 
were evaluated for their biobleaching efficiency on eucalyptus soda-aq pulp. 
This substrate was used to induce the formation of substrate specific enzyme 
complexes with enhanced bleaching efficiency. The SSF enzyme of NRRL 3485 
showed the best bleaching ability at equal enzyme costs and equal enzyme 
charges (Fig.2). Interestingly, the best xylanase producer (NRRL 6270) was not 
the most efficient in in the bleaching experiments. One explanation might be that 
xylanase is not the only enzyme that takes part in the biobleaching process. De 
Vries et al studied the synergy between enzymes from Aspergillus niger (21). 
Arabinofuranosidase, arabinofiiranohydrolase, feruloyl esterase and α -
glucuronidase can assist in the degradation of the xylan backbone by endo-
xylanase and β-xylosidase (21). Similar findings have been described for the 
action of Trichoderma reesei and A. oryzae esterases in the deacetylation of 
hemicellulose (31). Based on the bleaching efficiency of the A. oryzae SSF 
enzymes, isolate NRRL 3485 was selected for further optimization studies. 

Evaluation of Optimal Culture Conditions 

Effect of Easily Metabolized Sugars and Mineral Salts 

The effect of three simple sugars as supplements on xylanase production 
was studied by using a basal SSF medium (Fig. 3). Addition of glucose (10 g/1) 
to the wetting solution (0.25 g glucose/5 g eucalyptus pulp) practically did not 
affect xylanase production while lactose and xylose slightly decreased the 
enzyme yield (Fig.3). The influence of CaCl 2, and FeS0 4 on xylanase production 
of A. oryzae NRRL 3485 in SSF was also studied. Although significant effects 
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Initial pH - 7 

<P~ & 

Strains 

Figure /. of medium composition and initial pfi on xylanase production by 
Aspergillus oryzae strains in SSF on eucalyptus pulp (T, 30°C; initial moisture content, 
83%;, initial pH, 8.3, fermentation time, 4 d). Medium I (g/l): NH4N03, 5; Com steep 
liquor (50% dry weight), 2; KH2P04, 5; NaCl, 1; MgS04f Î; trace element solution 1,11 
I mlfl Medium II (g/l): (NH4)2HP04, 4; Com steep liquor (50% dry weight), 2; urea, 1; 
KH2P04, 3; NaCl, I; MgSO* I; trace dement solution I and II, 1 mill 
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Figure 2. Comparison of the bleaching efficiency of the SSF Aspergillus oryzae xylanase 
vs commercial xylanase (control) at equal enzyme costs (a: USDJ/t pulp) and equal 
enzyme charges (b: 5 U/g pulp). 
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on xylanase production of some other Aspergillus strains by CaCk (23) and Fe 2 + 

(28) were reported, none of these salts resulted in any changes in xylanase 
production in our experiment (Fig.3). 

The expression of xylanases in many fungi is subject to regulation by 
catabolite repression. In submerged cultures, the accumulation of reducing 
sugars has been reported to have a negative effect in the production of xylanases 
(14). Solid state systems that have been described as resistant to catabolite 
repression, were so far developed using only wheat bran as substrate (22). Our 
results indicate that cellulose pulps of Eucalyptus grandis can also serve as a 
substrate for xylanase production which is insensitive towards catabolite 
repression. 

Nitrogen Requirements 

It was shown earlier (3) that the nitrogen content of eucalyptus pulp is 
extremely low and not enough to support any growth and enzyme production. 
Therefore the impact of different organic and inorganic nitrogen 
sources/additives on xylanase production was studied. The ammonium nitrate of 
the basal medium (see Materials and methods) was replaced by various inorganic 
and organic ingredients with a total nitrogen content fixed at 1.75 g/1 in the 
wetting solution. Corn steep liquor (CSL) was found to be the best nitrogen 
source for xylanase production. Interestingly, the growth and enzyme production 
was very scarce if K N 0 3 was used as sole N-source (Fig.4.). Similar nitrogen 
sources were evaluated for xylanase production in SSF by Aspergillus terreus on 
wheat straw (23). CSL was found to be efficient in the fermentation process, 
however, the use of ammonium salts such as ammonium sulfate and ammonium 
chloride resulted in the highest xylanase production. 

Although the initial pH for all five media tested was the same (pH 8.3), the 
final pH values of SSF differed. For example, final pH values of 6.8,6.7, 5.5 and 
4.4 were measured for CSL, ammonium nitrate, soybean meal and ammonium 
sulfate containing media, respectively. The final pH of the SSF fermentation can 
have a major impact on xylanase yield (3). The ammonium sulfate containing 
media had the lowest pH whereas the use of CSL produced the highest final pH 
value. Te combination of these two components in the SSF medium seem to 
impact on the final pH and on the regulation of xylanase production. The design 
of this experiment and data obtained are given in Table II. The amount of the 
total nitrogen content in the wetting solution was studied at four levels, namely 
1, 2, 3 and 4 g/1 total Ν concentration. Three ratios for CSL and ammonium 
sulfate were set: 0 (ammonium sulfate alone), 0.5 (ammonium sulfate and CSL 
in a 1:1 ratio, based on their total Ν content) and 1 (CSL alone as nitrogen 
source). Regression analysis was performed to fit the response function with the 
experimental data. The regression coefficients /- and ρ are presented in Table III. 
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2500 

Figure S. Effect of easily metabolized sugars and mineral salts on xylanase production of 
Aspergillus oryzae NRRL 3485. Control wetting solution consisted of (g/l): NH4NO3, 5; 
corn steep liquor (50 % dry weight), 2; KH2PO4, 5; NaCl, I; MgS04, 1; trace element 
solutions I and 11, 1 ml/l. Sugars were added to control salt solution in 10 g/l 
concentration, CaCl2 and FeS04 in I and 0.2 φ concentrations, respectively (T, 30°C; 
initial moisture content, 83%;, initial pH, 8.3f fermentation iimet4 d). 

CSL NH4N03 soybean (NH4)2S04 KN03 
meal 

Nitrogen source (1.75 g/l) 

Figure 4. Effect of different nitrogen sources on xylanase production by Aspergillus 
oryzae NRRL 3485 in SSF on eucalyptus pulp (Tt 30°C; initial moisture content, 83%;, 
initial pH, 8.3, fermentation time, 4 d). CSL, corn steep liquor (5(M dry weight). 
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The fit of the polynomial model (R2) was calculated to be 0.92, indicating that 
92% of the variability in the response could be explained by the model. The 
response equation that represented a suitable model for xylanase production was 
obtained as follows: 

Y = 2559 + 301JC/-561 x? + 864 x2 - 607 x2

2 + 317 xt x2 

The three-dimensional graphs obtained from die calculated response surface are 
presented in Fig.5. The fitted model predicted a maximum point of 3000 IU/g at 
3 g/1 total nitrogen content (#/=+0JJ) with CSL as the only N-component 
(CSL/(NH4)2S04=1; This is in agreement with the experimental results 
measured in this point (see Table II) which verifies the validity of the response 
model. The final pH was around 7.5 in the maximum point with the highest 
xylanase yield. Addition of ammonium sulfate decreased the final fermentation 
pH which had a negative impact on xylanase production of A. oryzae NRRL 
3485. 

Table II. Experimental design and results of the 2 factors on 3*4 level 
design 

Xylanase activity 
Total N-content in CSL/(NH 4) 2S0 4 (IU/g DM) 
wetting solution 

(g/1) 
ratio 

Xl X 2 
Flask I Flask Π 

-1 -1 983 996 
-1 0 1407 1407 
-1 +1 1527 1532 

-0.33 -1 489 687 
-0.33 0 2593 2353 
-0.33 +1 2749 2805 
+0.33 -1 945 743 
+0.33 0 2834 2720 
+0.33 +1 3008 3184 

+1 -1 673 702 
+1 0 2339 2330 
+1 +1 2595 2637 
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Table III. The regression coefficients, t- and ρ values of xylanase production 
2 factors on 3*4 level design design 

Factor Regression 
coefficient 

t(18)-Value p-Value 

Mean/Interc. 2559.438 19.9761 0.000000 
(1) Total nitrogen (L) 300.750 3.73712 0.001509 
Total nitrogen (Q) -560.813 -4.15530 0.000594 
(2) CSL/(NH,)2S04 (L) 863.678 11.75652 0.000000 
CSL/(NH4)2S04 (q) -606.938 -4.76986 0.000153 
l L b y 2 L 317.137 3.21761 0.004774 

R2=0.918; Adj:.89572; MS Residual=86352 

Moisture Content 

The moisture content of the medium/substrate 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 
{24,25). The importance of moisture content in SSF was demonstrated during 
cultivation of A. oryzae (15) and A. sulphureus (2). To examine the effect of 
moisture content on xylanase production of A. oryzae NRRL 3485 in SSF, 
moisture levels of 67, 75, 80, 83 and 86 % were examined (Fig.6). Although at 
67% initial moisture content the growth of fungus was rather poor (by visual 
observation), the production of xylanase was relatively high. The highest 
xylanase production (3004 IU/g DM) however was observed at a 83% initial 
moisture content. 

Initial pH of Substrate 

The initial pH of the substrate had a strong effect on the xylanase production 
of A. oryzae NRRL 3485 in SSF. A maximum xylanase yield was observed at 
initial pH of 8.3 using both the optimized and non-optimized medium (Fig.7). 
However, the majority of Aspergillus strains prefer an initial pH of medium in 
the range of pH 4 to 7 (23,27). For instance, for a A. fumigatus strain, the optimal 
fermentation pH was found to be 3.0 because use of higher pHs enhanced 
production of proteases that partially degraded xylanase (12). On the other hand, 
an alkaline pH tolerant strain of A. nidulans produced maximum xylanase 
activities at a fermentation pH of 10 (28). 
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Figure 5. Fitted surface of xylanase production by Aspergillus oryzae NRRL 3485 in SSF 
on eucalyptus pulp in terms of nitrogen content and composition (corn steep liquor and 
(ΝΗ4)β04) in the wetting salt solution (T, 30°C; initial moisture content, 83%;, initial 
pH, 8.3, fermentation time, 4 d). 

S 3500 Ο 
D) 3000 

^ 2500 

2000 
t> 1500 m 
S ιοοο 
in 

S 500 
Λ 

£ 0 
67 75 80 83 86 

Initial moisture content (%) 

Figure 6. Impact of initial moisture content ofeucalyptus pulp on xylanase production by 
Aspergillus oryzae NRRL 3485 in SSF (T, 30°C; initial moisture content, 83%;, initial 
pH, 8.3, fermentation time, 4 d). 
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Time-course of Xylanase Production 

The time-course of xylanase production was studied on both non-optimized 
and optimized media at 83 % moisture content and initial pH of 8.3 (Fig.8). The 
peak in xylanase production on the optimized medium was on day 4. Through 
medium optimization, a 1.75-fold increase in xylanase yield was attained at a 
shorter fermentation time (Fig.8a). A simultaneous production of β-xylosidase 
and laccase enzymes was also detected (Fig.8b). The pH profiles of fermentation 
on the two media were different (Fig.8c) despite the fact that the initial pH was 
the same for both media (pH 8.3). For an A. oryzae strain, four days was 
reported as the optimum fermentation time in SSF (15). When A. niger was 
cultivated in SSF on wheat bran, 42 h was reported as the most favorable 
fermentation time for the production of mixtures of hydrolytic enzymes 
including xylanase (29). 

Properties of Aspergillus oryzae Xylanase 

Figs. 9 and 10 depict the effect of temperature and pH on hydrolysis of 
xylan by the SSF xylanase of A. oryzae NRRL 3485. The enzyme exhibited 
optimal activity at 65°C and pH 6.5. The xylanase was active over a broad range 
of pH (4.0-8.0) at 50°C. Previously, pH of 5.0 and 6.0 were reported for the 
xylanase of A. oryzae (10,11,30) while temperature optima of 55 and 70°C were 
observed for endoxylanase and β-xylosidase of this fungus, respectively (11). 

The thermostability of the SSF enzyme extract (supernatant) strongly 
depended on the presence of substrate. Without substrate, the enzyme was stable 
only below 50°C (Fig. 11). However, in the presence of pulp, the enzyme 
retained about 85 % of its activity even after 60 min (Fig. 11). The 
thermostability curve at 60°C suggests the presence of a thermostable xylanase 
component (Fig.l 1). Two endo-xylanases (EXI, EXII) of A. oryzae were purified 
and characterized by Bailey et al (10). It was reported that while EX I was 
almost fully stable during a 4 h incubation at 55°C, EX II was completely 
inactive at this temperature. However, the endo-xylanase and β-xylosidase of an 
A. oryzae isolate were unstable over 50°C as described by other authors (//). 

Biobleaching with Aspergillus oryzae Xylanase 

As result of the increase of xylanase yields following media optimization, 
the biobleaching efficiency of the A. oryzae xylanase was also enhanced. The 
brightness gain over control increased by another 0.3 points as compared to the 
use of the SSF enzyme produced on the non-optimized medium. This increase in 
brightness was possible when the enzyme was used at a charge corresponding to 
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3500 

-optimized 
-non-optimized 

5 6 7 8 9 

Initial pH of the substrate 

Figure 7. Effect of initial pH of the substrate on xylanase production by Aspergillus 
oryzae NRRL 3485. Non-optimized wetting solution consisted of (g/l): NH4N03, 5; corn 
steep liquor (50 % dry weight), 2; KH7P04f 5; NaClf 1; MgS04,1; trace element solution 
1 andII, 1 ml/l. Optimized wetting solution consisted of (g/l): corn steep liquor (50 % dry 
weight), 75; KH2P04, 5; NaCl, 1; MgS04,1; trace element solution I and II, I ml/l (T, 
30°C; initial moisture content, 83%;, initialpH, 8.3, fermentation time, 4 d). 
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a 

2 3 4 5 
Time (day) 

-optimized 
medium 

- non-optimized 
medium 

Figure 8. Time course of xylanase, β-xylosidase and laccase production by Aspergillus 
oryzae NRRL 3485 in SSF on eucalyptus pulp (a: xylanase; b: β-xylosidase and laccase, 
c:pH). 
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35 40 45 50 55 60 65 70 75 80 
Temperature (°C) 

Figure 9. Effect of temperature on hydrolysis ofxylan by xylanase of Aspergillus oryzae 
NRRL 3485. Reaction was performed at pH 6.0 for 5 min. 

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 
PH 

Figure 10. Effect of pH on hydrolysis of xylan by xylanase of Aspergillus oryzae NRRL 
3485. Reaction was performed at 50°C for 5 min. 
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Figure 11. Thermal stability of xylanase of Aspergillus oryzae NRRL 3485 without 
substrate (a) and in the presence of SSF solids φ) (pH 6.5; 0.05 M citrate-phosphate 
buffer). 
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USDl/t pulp (Fig. 2a). The biobleaching effect could be translated into 28% 
savings of chlorine dioxide in comparison to the 24% reductions induced by the 
xylanase before media optimization (data not shown). Thus, at equal enzyme 
costs, the SSF xylanase produced under optimized conditions outperformed the 
commercial enzyme by 60%. At equal enzyme charges (5 IU/g pulp), the A. 
oryzae enzyme was 17% more efficient than the commercial product (Fig. 2b). 

Conclusions 

Solid state fermentation was used as a production method for xylanase by 
Aspergillus oryzae strains. Eucalyptus soda-aq pulp served as a fermentation 
substrate for the enzyme and thereafter as an enzyme carrier in pulp bleaching. 
This approach of enzyme production does not require a downstream processing 
of the enzyme prior to its utilization which has the advantage of lower enzyme 
production costs compared to the classical submerged fermentation of enzymes. 
A factorial experimental design, which was employed to optimize xylanase 
production in terms of nitrogen concentration and composition of the solid state 
fermentation medium, led to a 75% increase in the xylanase yields. The observed 
pH and temperature optima and thermostability exhibited by the xylanase of 
isolate NRRL 3485 is uncommon among xylanases of A. oryzae. The enzyme 
complex produced in situ on eucalyptus soda-aq pulp by solid state fermentation 
was able to bleach the same pulp effectively. When used at equal enzyme costs 
and charges, the A. oryzae enzyme outperformed the commercial xylanase 
control in its efficiency to improve pulp brightness. Because this particular 
isolate is a food-grade fungus that has been used for production of miso in 
Taiwan, the whole SSF material (in situ enzyme) may be used directly in pulp 
biobleaching without any health hazard. 
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Chapter 20 

Laccase: A Harbinger to Kraft Pulping 

T. J. Dyer and A. J. Ragauskas 

Institute of Paper Science and Technology, Georgia Institute of Technology, 
500 10th Street N.W., Atlanta GA 30332 

Southern pine wood chips were subjected to a series of 
laccase-mediator (LMS) bio-pretreatments for kraft pulping 
employing 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonate) 
(ABTS), 1-hydroxybenzotriazole (HBT), and violuric acid 
(VA) as mediators. These studies were the first of their kind in 
demonstrating the potential of LMS as a pretreatment to 
improve kraft pulping properties. The HBT bio-pretreatments 
had the greatest impact on kraft pulping, enhancing 
delignification while concomitantly increasing pulping yield. 
13C NMR analysis of black liquor lignins indicated increases in 
the ratio of substituted to unsubstituted aromatic carbons, 
suggesting that lignin from these bio-pretreatments may be 
more condensed than that obtained from a normal kraft pulp. 

This paper is dedicated to 
Loretta H. Dyer and Dr. Barry W. Crouse 

© 2004 American Chemical Society 339 
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Introduction 

Kraft pulping is the cornerstone of modem chemical pulp production and a 
key operation in determining final pulp properties. Despite the predominance of 
this technology, the kraft pulping process will continue to adapt as challenges are 
directed toward the pulp and paper industry. Over the past several years, 
growing concerns over the use of chlorine and chlorine-containing chemicals 
have forced the pulp and paper industry to investigate not only alternative 
bleaching processes (1-6) but have also promoted renewed interest in enhancing 
delignification and increased digester productivity (7-27). The benefits of 
enhancing digester productivity or increasing pulp yields include reduced pulp 
manufacturing costs, improved wood utilization practices, reduced operating 
costs, and improved profits. In addition, the advantages of enhancing 
delignification include diminished environmental impacts due to decreased total 
reduced sulfur (TRS) emissions, reduced chlorinated organics in the bleach plant 
effluents, and reduced chemicals necessary for pulp bleaching. 

One appealing approach for improving pulp yields consists of halting the 
kraft cook prior to reaching the terminal phase. In the terminal phase of kraft 
pulping, the selectivity between lignin and carbohydrates is significantly 
reduced, resulting in significant degradation of pulp carbohydrates. Halting the 
kraft cook prior to reaching the terminal phase reduces pulp carbohydrate losses 
but produces a pulp with a high lignin content (kappa number 40-50). The 
residual lignin in these high kappa kraft pulps must be removed through 
bleaching processes, typically an oxygen delignification stage. Several research 
groups have reported that pulp yields can be increased in the range of 2-6% by 
employing this approach (4,8,10-12). 

Biotechnology provides an alternative approach for adapting to challenges 
faced by the pulp and paper industry (28). For example, lipase treatments have 
shown promise in degrading pitch (29-34) while concomitantly improving paper 
strength properties due to the formation of fatty acid groups (31). Xylanases 
have been used to enhance the bleachability of pulps by improving the diffusion 
of entrapped lignin from the cell wall (35-52). Meanwhile, pectinases are used 
for improved bark removal and to improve the cationic demand of pulps (53). 

Several research groups have utilized fungal pretreatments in an attempt to 
improve delignification and digester productivity in kraft pulping (54-66). Wall 
et al. demonstrated that pretreating hardwood chips with a colorless strain of 
Ophiostoma piliferum improved kraft pulping efficiency by improving the 
penetration of pulping chemicals into the wood chips (67). They found a kappa 
number reduction of up to 29%, correlating to a 20% reduction in required active 
alkali. Furthermore, it was demonstrated that these fungal pretreatments 
provided an increased degree of polymerization and constant screened yield at a 
constant kappa number. Meanwhile, Wolfaardt et al. pretreated Pinus patula 
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wood chips with a strain of Stereum hirsutum (62). The results of these studies 
suggested that this fungal strain can provide a substantial reduction in pulp lignin 
content or decrease the pulping time. However, the reduction in lignin content 
came at the expense of reduced pulp yield and increased alkali consumption. 
Hatakka et al. screened almost 300 wood rotting fungi and applied the most 
promising fungi as pretreatments to spruce wood chips (68). They showed that 
fungi having both good growth characteristics and selectivity for lignin are 
difficult to find. They also observed decreased lignin contents and pulp yields 
due to fungal pretreatment. As a result of these promising laboratory 
investigations, industrial studies are currently underway. 

Jacobs et al. attempted to mimic a selective fungal pretreatment system by 
applying an enzyme mixture of hemicellulases, pectinases, and cellulases to 
sycamore wood chips (69). It was demonstrated that enzyme pretreatment of 
wood chips prior to kraft pulping enhanced delignification while maintaining 
similar viscosities and pulp yields. In addition, the pretreatments resulted in 
pulps with higher brightness and enhanced bleachability compared to the control 
kraft pulp. Jacobs et al. subsequently studied the impact of enzyme 
pretreatments on southern pine wood chips (70). They demonstrated that 
southern pine wood chips were delignified more efficiently after acetone 
extraction, producing pulps with lower kappa numbers and rejects while having 
higher pulp viscosities and yields. 

Recent studies have shown the efficiency of employing lignin degrading 
enzymes, more specifically, laccase-mediator systems (LMS), to delignify high 
kraft pulps (1,71-74). Although laccase alone is ineffective in delignifying pulp 
fibers, it has been shown to effectively oxidize phenolic compounds and 
phenolic lignin model compounds (75-79). In the laccase-mediator concept, 
diffusion limitations due to the limited pore size of pulp fibers, as well as by the 
molecular size of extractable molecules, are circumvented by adding a low 
molecular weight compound known as a mediator (80). Bourbonnais et al. first 
demonstrated the laccase-mediator concept when they reported that laccase in 
the presence of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) could 
effectively delignify kraft pulps (81). Under the conditions employed for the 
LMS, laccase oxidizes a mediator in the presence of oxygen. The enzyme 
oxidized mediator then acts directly on lignin and results in efficient 
delignification. The reduced ABTS mediator is subsequently reoxidized by 
laccase, resulting in a reduction-oxidation cycle. A host of alternative mediators 
have been discovered, but the most effective mediators in delignification usually 
contain N-OH functional groups, such as 1-hydroxybenzotriazole (HBT), 
violuric acid (VA), and iV-acetyl-iV-phenylhydroxylamine (NHA) (82,83). 
Despite their efficacy in delignification, these alternative mediators are not as 
catalytic in nature as the ABTS mediator during the laccase-mediator reaction. 
The redox potential of mediators has a great influence on its efficiency and 
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reactivity. Xu et al. examined the redox potential of N-hydroxy based mediators 
and found that for a given pH, the redox potential was greatest in HBT, followed 
by violuric acid and NHA, respectively (84). Earlier redox potential studies by 
Bourbonnais et al. indicated that the redox potential of ABTS was lower than 
violuric acid but greater than NHA (85). Although all the redox potential 
measurements fall within a very narrow range, the redox potential difference 
between the mediator and laccase is an important factor in determining the 
overall system reactivity and efficiency. Laccase-mediator systems have 
typically been utilized for investigations on lignin model compounds, low-lignin 

. kraft, and sulfite pulps (86-98). 

Chakar et al. have recently demonstrated that an LMS treatment, using 
HBT, VA, or NHA as mediators, can remove significant amounts of lignin from 
high-kappa kraft pulps (/, 71-74). NMR analysis of the high kappa kraft residual 
lignin in the pulp after an LMS treatment indicated that the biotreatment 
extensively oxidizes C-5 noncondensed phenolic lignin structures, whereas C-5 
condensed phenolic lignin structures were resistant to oxidation. The primary 
product detected from these oxidative treatments has been the formation of 
carboxylic acid groups. The efficiency of laccase mediator systems on high 
kappa kraft pulps has been well established (99). 

It was envisaged that by applying laccase mediator systems to wood chips, 
we could enhance delignification during kraft pulping. The purpose of this study 
was to examine the feasibility of employing LMS as a bio-pretreatment for kraft 
pulping. In addition, this study investigates the impact of a LMS treatment on 
kraft pulp delignification, yield, and chromophore content as well as on the 
structural changes in LMS effluent samples and black liquor lignin. 

Experimental 

Chemicals 

Al l chemicals were purchased from Aldrich Co., Milwaukee, WI, and used 
as received, except for p-dioxane and laccase. /?-Dioxane was freshly distilled 
over NaBH 4 prior to using it for lignin isolation experiments. The laccase was 
NS51002 isolated from Trametes villosa and was donated by Novozymes 
Biotech, Franklinton, NC. 
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Wood 

The softwood chips employed in this study originated from two 25-year-old 
Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. 
The wood was debarked, split, and chipped at the Institute of Paper Science and 
Technology. After chipping, the chips were screened by thickness with a Rader 
screen. Accept wood chips were those that ranged from 2-8 mm in the thickness 
direction. The accept wood chips were subsequently sorted by size with a chip 
class screen according to SCAN-CM 40:94. The accept wood chips were those 
that passed through an oversize screen comprised of 45 mm round holes and an 
overthick screen having 8 mm slots but remained on the accepts screen which is 
composed of 7 mm holes. 

Laccase assay 

Laccase activity was measured by monitoring the rate of oxidation of 
syringaldazine. Laccase activity was measured according to Sealey (87,88). 
Briefly, one unit of activity (U) was defined as the change in absorbance at 530 
nm of 0.001 per minute per milliliter of enzyme solution, in a 100 mM potassium 
phosphate buffer (2.2 ml) and 0.216 mM syringaldazine in methanol (0.3 ml, pH 
6.7). The procedure was carried out at 23°C. The activity of the laccase was 
4.27E + 07 U/ml of enzyme solution. 

Laccase-mediator pretreatment procedure 

A 1000-ml capacity stainless steel autoclave equipped with a pressure gauge 
and thermocouple was charged with 100 g of o.d. wood chips. The consistency 
was adjusted to 12% with distilled water. ABTS, HBT, or VA was charged in 
varying amounts to the vessel with subsequent mixing. The pH of the solution 
was adjusted to 4.5 with glacial acetic acid. Laccase (0.2 mL of enzyme 
solution/ g of o.d. wood chips) was added and the reactor was sealed and 
pressurized with oxygen to 150 psig. The autoclave was placed into an 
electrically-heated, rotating, multi-unit digester where the slurry was brought to 
a temperature of 45°C. The temperature was maintained throughout the 
incubation period. After mixing for 2 hours, the wood chips were removed and 
washed thoroughly with distilled water (5 L per 10 g of o.d wood chips) until the 
filtrate was pH neutral and colorless. The pretreated wood chips were then 
subjected to kraft pulping under varying conditions of alkali and sulfidity. 
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Kraft pulping 

Conventional kraft pulping conditions were simulated in an electrically-
heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) 
was charged to six individual 1 L stainless steel autoclaves. A mixture of 
sodium hydroxide and sodium sulfide (white liquor) was also charged to the 
autoclaves with additional make-up water to reach a constant liquor to wood 
ratio of 4:1. The exact amount of sodium hydroxide and sodium sulfide was 
adjusted to meet specific pulping conditions; more specifically, one pulping 
condition had a high effective alkali (EA) and low sulfidity (Condition A) and 
another had a low effective alkali and high sulfidity (Condition B). The 
individual vessels were then placed in a rotating, multi-unit digester. The 
temperature in each autoclave was increased as a ramp function from 23°C to a 
maximum cooking temperature of 170°C over 90 minutes. The kraft cook was 
interrupted at the appropriate Η-factor and each vessel was cooled immediately 
in a cold water bath. The cooked wood chips were disintegrated in an industrial 
blender and screened and washed in a Valley screen. The pulping conditions 
employed to manufacture the pulps in this study are summarized in Table I. 

Table I . Summary of Kraft Pulping Conditions 

Condition %EA % Sulfidity H-factor 
A 21.4 23.2 863 
Β 14.6 56.8 1151 

UV/vis Diffuse Reflectance Spectroscopy 

The UV/vis spectra were recorded on a Perkin-Elmer Lambda 900 UV/vis 
spectrometer equipped with a diffuse reflectance and transmittance accessory 
(PELA-1000). The accessory is essentially an optical bench that includes 
double-beam transfer optics and a six-inch integrating sphere. Background 
corrections were recorded using a Labsphere SRS-99-020 standard. The 
reflectance data from were converted to k/s values by using the Kubelka-Munk 
theory (1931). The Kubelka-Munk equation describes the infinite reflectance as 
a function of absorption and scattering: 

— + — 

2 

(1) 
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k ίαλ 
- = £ F (2) 

where is the infinite reflectance, k is the absorption coefficient, s is the 
scattering coefficient, q is a proportionality constant and c is the chromophore 
concentration. The total visible reflectance was taken as the integral or area 
under the k/s vs. wavelength curve from 400 ran to 700 nm. Based on the 
Kubelka-Munk theory, we can assume that the total reflectance value is directly 
proportional to the total chromophore content. In addition, we can assume that 
changes in k/s (Ak/s) are directly proportional to changes in the chromophore 
content. 

Isolation of black liquor lignins 

The isolation of black liquor or kraft lignins was carried out following 
standard literature methods (100,101). In summary, the black liquors extracted 
at the end of each cook were isolated by precipitating the lignin from solution by 
acidification. The black liquors were first filtered through filter paper. 
Approximately 0.5 grams EDTA-2Na+ was then added for every 100 mL black 
liquor. The pH of the liquors was subsequently adjusted to -6.0 with 2 M 
H 2 S0 4 . The solutions were stirred vigorously for 1 hour, further acidified to a 
pH of 2.3, and frozen at -20°C. After thawing the solutions, the precipitates 
were washed thoroughly with cold water, collected, and air-dried. The kraft 
lignin precipitates were further purified by dissolving them in a 9:1 
dioxane:water solution. The aqueous solutions were filtered with celite and the 
/?-dioxane was removed under reduced pressure using a rotary evaporator. After 
acidification to pH 2.3, the solutions were washed thoroughly with distilled 
water and then freeze-dried. Finally, the kraft lignin samples were collected and 
Soxhlet extracted with pentane for 8 hours to remove sulfur and other impurities. 
The purified kraft lignins were dried under vacuum and used for subsequent 
NMR analysis. 

I 3 C NMR Spectroscopy 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 
DMX 400 MHz spectrometer. , 3 C NMR spectra were recorded under 
quantitative conditions using an inverse gated pulse sequence with a 90° pulse, 
14-s delay, and a sweep width of 222 ppm (102). Al l experiments employed 
300-400 mg of lignin/mL of (dimethyl sulfoxide)-d6 and were recorded at 50°C. 
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The free induction decays were Fourier transform processed with 10 Hz line 
broadening and analyzed according to reported chemical shifts for lignin 
functional groups (103,104). Lignin spectra were integrated and the area for the 
aromatic signals was assigned a value of 6 (102) for the six carbons in an 
aromatic group; other integration areas were integrated relative to this value. 
Hence, the integration regions were quantified as the number of carbon atoms 
per aromatic unit. This method may overestimate the aromatic contribution of 
lignin since some stilbenes and enol ethers are present in kraft and residual 
lignins. Studies by Gellerstedt and Lindfors (105) have detected the formation 
of enol ethers during kraft pulping, and these types of structures could 
potentially contribute to the apparent signal attributed to aromatic carbons, 
although their contribution would be less than 10%. 

Typical accuracy values reported in the literature for integrating the various 
functional groups by l 3 C NMR range from ±3-5% (102). In these experiments, 
the error analysis was based on reproducing the LMS biopretreatment utilizing 
VA as the mediator three separate times. The black liquor lignin from each was 
isolated and analyzed. The standard error calculated from these three treatments 
for the 1 3 C NMR experiments was ±3%. 

Results and Discussion 

To date, research efforts into biological wood chip pretreatments have 
focused on fungi or mixtures of enzymes to improve the kraft pulping process 
(54-70,106-108). Our research interests lie in applying laccase mediator systems 
as bio-pretreatments to kraft pulping. Chakar et al. have already shown that 
laccase mediator systems effectively delignify high-lignin kraft pulps (1,71-74). 
Utilizing such a technology may have positive impacts on wood utilization 
practices, since LMS have exhibited a high selectivity toward lignin and not 
toward carbohydrates. The purpose of this study was to examine the feasibility 
of employing LMS as a pretreatment to kraft pulping. This was accomplished by 
applying three different mediators, ABTS, HBT, and VA, during separate 
pretreatments. Since the conditions of each pretreatment were the same, we 
could relate changes in pulping responses to different mediators. These changes 
in kraft pulping were assessed by determining the structural differences in black 
liquor lignins as well as by kappa, yield, and total reflectance of the pulps. D
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Preliminary Studies 

A series of preliminary experiments were employed to find the feasibility of 
using laccase as a precursor to kraft pulping. The resulting kraft pulps were 
analyzed in terms of the screened pulp yield and pulp kappa number. 

Impact on Kappa Number 

The kappa number responses of the control and LMS bio-pretreatments are 
found in Table II. The pretreated control samples labeled "control" employed 
conditions similar to the LMS with the exception that laccase and a mediator 
were not present. The pretreated mediator control experiments of ABTS, HBT, 
and VA were performed in the absence of laccase. In order to compare the 
delignification responses, the mediators were charged at the same molar 
equivalence in each experiment (i.e., all other experimental conditions such as 
enzyme dosage, temperature, time, 0 2 pressure and pH were held constant). For 
these experiments, the molar dosage of mediator was 44 mmol/100 g o.d. wood 
chips. The pretreated laccase control experiments were performed in the 
absence of a mediator and at a dosage of 0.2 mL of enzyme solution/g of o.d. 
wood chips. 

Table II. Delignification Responses to Bio-Pretreatment Conditions for 
Preliminary Studies8 

Treatment Pulping Condition A Pulping Condition Β 
Normal kraft 29.8 30.9 
Control 29.7 30.8 
ABTS 29.7 30.7 
HBT 31.3 31.4 
VA 31.8 31.0 
Laccase 29.9 31.2 
Laccase + ABTS 30.8 32.4 
Laccase + HBT 27.2 27.8 
Laccase + V A . 35.5 32.6 
aPulping Condition A had a confidence interval of ±1.5 kappa number units 
while Pulping Condition Β had a confidence interval of ±1.4 kappa number 
units. 
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Each treatment condition consisted of two pulping conditions; more 
specifically, one pulping condition had a high EA (21.4%) and low sulfidity 
(23.2%) and another had a low EA (14.6%) and high sulfidity (56.8%). The 
high EA, low sulfidity condition, or Condition A, had an Η-factor of 863 and a 
confidence interval of ±1.5 kappa number units while the low Ε A, high sulfidity 
condition (Condition B) had an Η-factor of 1151 and a confidence level of ±1.4 
kappa number units. The kappa number data in Table II suggests there is no 
significant difference among the delignification responses in the control 
experiments. Early investigations on LMS have demonstrated that the 
delignification response of a laccase treatment in the absence of a mediator is 
insignificant. (87,109) In addition, both the laccase and mediator must be 
present in order to achieve the greatest extent of delignification. The kappa 
number results from the LMS bio-pretreatments clearly suggest that the 
treatment having the most promising results employed HBT as the mediator. 
This pretreatment lead to nearly an additional 10% delignification compared to 
the normal kraft pulp and was independent of the pulping conditions employed. 
However, using ABTS and VA in the presence of laccase actually increased the 
kappa number. This observation indicates possible grafting of the mediator onto 
the pulp fiber (86). This was also observed by Lund and Felby when treating 
high-lignin content kraft pulp fibers with laccase and a mediator. They proposed 
that the wet tensile strength improved, likely as a result of grafting the mediator, 
thereby creating a cross-linked matrix around the fiber (110). 

impact on Pulp Yield 

The screened pulp yield was also measured to further characterize the 
impact of these LMS bio-pretreatments on kraft pulping. Again, all treatment 
conditions involved two pulping conditions, Condition A and Condition B. A 
confidence interval of ±1.1% and ±0.9% was obtained for Condition A and 
Condition B, respectively. One noticeable difference between the Condition A 
and Condition Β is obtained from the yield data in Table III. It was expected 
that the lower effective alkali and higher sulfidity conditions employed in 
Condition Β would result in higher screened yields than Condition A. These 
milder conditions are more likely to lead to greater selectivity for lignin and 
higher retention of hemicelluloses (111). The pulp yield data in Table III are 
consistent with the kappa number data in Table II; that is, there is no significant 
difference among the yield responses for the control experiments. However, the 
data from the LMS bio-pretreatments clearly indicate an increase in pulp yield. 
The LMS treatments employing ABTS and VA had significant increases up to 
3.6% for Condition A and 2.5% for Condition B. Based on the kappa number 
responses of these treatments, these increases further validate the conclusion that 
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the mediator is likely grafting onto the pulp fiber. The LMS bio-pretreatments 
employing HBT, however, also experience significant increases in pulp yield. 
The yield increases are 1.6% and 2.5% for Condition A and B, respectively. 
Therefore, this pretreatment was able to achieve both enhanced delignification 
and increased yield under the conditions employed in this study. 

Table III. Pulp Yield Responses (%) to Bio-Pretreatment Conditions for 
Preliminary Studies3 

Treatment Pulping Condition A Pulping Condition Β 
Normal kraft 41.8 44.1 
Control 42.7 43.4 
ABTS 42.4 44.1 
HBT 42.7 44.5 
VA 42.7 44.7 
Laccase 42.3 42.9 
Laccase + ABTS 43.4 44.6 
Laccase + HBT 43.4 46.7 
Laccase + VA 45.4 46.7 
aPulping Condition A had a confidence interval of ±1.5 % yield while Pulping 
Condition Β had a confidence interval of ±1.4 % yield. 

Mediator Dosage Studies 

The LMS bio-pretreatments employed in the feasibility portion of this study 
were effective in enhancing delignification with a concomitant increase in pulp 
yield when using HBT as the mediator. The other mediators, ABTS and VA, 
were not efficient in terms of enhancing delignification. Despite these results, 
we wanted to further investigate the impact of mediator dosage on the 
performance of these bio-pretreatments. 

Impact on Lignin Content and Yield 

The LMS bio-pretreatments for this portion of the study were performed in a 
similar manner to those previously described in the experimental section. The 
exception is that the mediator concentration was varied by employing dosages of 
11, 22, and 44 mmol/100 g o.d. wood chips. In addition, this portion of the 
study employed only one pulping condition since we were interested in the 
efficacy of the mediator and not the impact of specific pulping conditions. The 
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Figure 1. Mediator dosage study results of kappa number measurements of 
LMS bio-pretreatments using ABTS, VA, and HBT as mediators. The confidence 
level associated with this pulping condition is ±1.5 kappa number units. 
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pulping condition employed for these experiments involved 21.4% effective 
alkali and 23.2% sulfidity in the pulping liquor. The confidence interval 
associated with this pulping condition is ±1.5 kappa number units. Each 
treatment condition was kraft pulped to an equivalent Η-factor of 863. 
Delignification responses of the LMS bio-pretreatments are shown in Figure 1. 

The kappa number of the LMS bio-pretreatments employing ABTS as the 
mediator remained equal to or greater than the normal kraft pulp. However, the 
kappa number did decrease with decreasing dosage of ABTS. The treatments 
employing VA as the mediator responded differently. The minimum kappa 
number for these treatments occurred at the 22 mmol/100 o.d. g wood chips 
concentration. Meanwhile, the kappa number of treatments performed with HBT 
increased with decreasing mediator dosage. Further experimentation may give 
rise to the optimal mediator dosage in each case. However, the enhanced 
delignification obtained with HBT compared to ABTS and V A suggests that 
using HBT as the mediator is the most promising mediator technology of those 
employed under the conditions of these experiments. Chakar et al. demonstrated 
that the delignification performance of an LMS employing VA as the mediator 
was superior to that of HBT on a high-kappa kraft pulp (72). The results 
achieved in LMS bio-pretreatments are likely different since we are employing 
this technology on wood chips. There are several potential differences in 
applying LMS to wood chips compared to pulp. For example, wood chips 
contain a higher proportion of extractives, hemicellulose, and lignin compared to 
pulp. Therefore, the changes in kappa number could be a result of oxidative 
chemistry with extractives. Wood chips also have less exposed surface area than 
pulp and are even more diffusion-limited in terms of the reactions that can take 
place than pulp. The smaller exposed surface area and diffusion limitations in 
wood chips could potentially lead to decreased delignification responses and 
different mediator efficiencies compared to those demonstrated for high- and 
low-kappa kraft pulp. 

To further characterize the impact of varying mediator dosages for these 
LMS bio-pretreatments, the pulp yield was also measured. Figure 2 summarizes 
the results of these measurements. The confidence interval associated with the 
pulp yield is ±1.1% for the high effective alkali (21.4%) and low sulfidity 
(23.2%) pulping condition. The pulp yield for treatments employing ABTS 
followed that of the kappa number; that is, as the kappa number decreased, the 
pulp yield also increased. The treatments involving VA responded with 
decreasing pulp yields as the mediator dosage decreased. Pulp yields for 
treatments involving HBT also increased with increasing mediator concentration 
with the greatest change occurring between 22 and 44 mmol/100 o.d. g wood 
chips. 
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Figure 2. Mediator Dosage study results of pulp yield measurements on LMS 
bio-pretreatments employing ABTS, VA, and HBT as mediators. The confidence 
interval associated with the pulp yield is ±1.1%. 

These yield results, together with kappa number results, reinforce that 
employing LMS bio-pretreatments are feasible for kraft pulping. Further 
experimentation may be required to find the most suitable mediator, mediator 
dosage, etc., to further enhance the delignification and yield properties of these 
pulps. 

Impact on Diffuse Reflectance 

Having characterized the bio-pretreated pulps for lignin content and pulp 
yield, we proceeded further with our study by examining the total visible 
reflectance of the pulp samples. Solid-state UV/vis diffuse reflectance 
spectroscopy is a powerful technique for studying changes in chromophores and 
in chromophore content of lignin-containing materials. By transforming 
reflectance data to k/s data via the Kubelka-Munk theory (Equations 1 and 2), we 
generated k/s vs. wavelength spectra. Subsequently, the total visible reflectance 
was taken as the area under the k/s vs. wavelength curve from 400 nm to 700 nm. 
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The resulting total reflectance values are directly proportional to the 
chromophore content of each pulp. Each total reflectance value is the average of 
five measurements. Figure 3 summarizes the total visible reflectance results 
from the mediator dosage study. The confidence level associated with the total 
visible reflectance is ±2.3 units for the pulping condition utilizing a high 
effective alkali (21.4%), low sulfidity (23.2%) and Η-factor of 863. 

Bio-pretreatments employing ABTS as the mediator had similar total 
reflectance to an untreated, normal kraft pulp. These results appear to be a direct 
reflection of the kappa number, which decreased with decreasing mediator 
concentration. The treatments involving VA as the mediator had consistently 
higher total reflectance than the normal kraft pulp. In addition, the mediator 
dosage of these bio-pretreatments had little impact on the total reflectance. Such 
is also the case with the LMS bio-pretreatments employing HBT as the mediator. 
These treatments had approximately the same total reflectance despite significant 
decreases in the mediator dosage. Also, the reflectance values of pretreatments 
employing HBT were much smaller than normal kraft pulp. These results 
suggest that the LMS bio-pretreatments removed leucochromophores, or 
potential chromophores, prior to kraft pulping. 

Figure 3. Results of the total reflectance measurements on LMS bio-
pretreatments employing ABTS, VA, and HBT as mediators. The confidence 
interval associated with the total reflectance is ±2.3 units. 
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Interestingly, the laccase-mediator pretreated wood chips exhibited similar 
color characteristics to that of the respective mediators while those wood chips 
pretreated with only the mediator did not exhibit these characteristics. However, 
after kraft pulping, the observed color differences in the laccase-mediator 
pretreated wood chips were no longer apparent in the resulting pulps. Instead, 
the pulps produced from laccase + HBT pretreated wood chips had lower 
absorbances for all visible wavelength ranges while laccase + ABTS pretreated 
wood chips had lower absorbances at all visible wavelength ranges than the 
laccase + VA pretreated wood chips. 

Analysis of Black Liquor Lignins 

The impacts of the LMS bio-pretreatments in this study were further 
analyzed by examining structural changes in the black liquor lignin. The black 
liquor lignins from the control and bio-pretreatments were isolated and 
characterized via quantitative l 3 C NMR. This effective technique facilitated the 
characterization of several important lignin functional groups including 
carboxylic acids, β-Ο-4 aryl ether structures, aromatics, and methoxyl groups. 
Changes in the relative proportions of these functional groups provide critical 
information on the nature of reactions involved in modern pulping reactions as 
well as these LMS bio-pretreatments (112). Tables IV and V illustrate the 
results of these investigations. The pulping conditions utilized for the isolated 
black liquor lignins were 21.4% EA and 23.2% sulfidity in the white liquor and 
an Η-factor of 863. Meanwhile, the mediator concentration of the LMS bio-
pretreatments was 22 mmol/100 o.d. g wood chips. 

The results shown in Table IV indicate that relative to normal kraft pulp, the 
methoxyl content did not significantly change in any of the LMS bio-
pretreatments. The confidence level associated with the methoxyl content was 
±0.03 methoxyl units/aromatic ring. There have been several studies on both 
low- and high-lignin content kraft pulps which indicated a general decrease in 
methoxyl content with an LMS treatment (81,88,99,109). However, the amount 
of lignin removed during kraft pulping is significantly greater than that removed 
during previous LMS bio-bleaching investigations. Therefore, the change in 
methoxyl content in these black liquor lignins may not be apparent simply due to 
the abundance of lignin removed during the kraft pulping. In addition, these 
results may indicate that methoxyl structures in wood chips are resistant to the 
LMS bio-pretreatments whereas they are not as resistant to LMS bio-bleaching 
treatments. The confidence level for the β-Ο-4 aryl ether content was ±0.01 β-
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0-4 aryl ether units/aromatic ring. The β-Ο-4 aryl ether structures also did not 
significantly change in the LMS bio-pretreatments relative to the normal kraft 
pulp. As shown in previous studies, the β-04 aryl ethers also tend to be resistant 
toward LMS treatments on low- and high-lignin content pulps (87,99). Although 
LMS treatments on lignin model compounds have suggested that such structures 
are reactive toward LMS (79,81), the lignin macromolecule in wood and pulp is 
much more complex than a dimeric model compound and a different selectivity 
may be occurring in pulp and wood. This phenomenon may be due to the LMS 
having a higher affinity toward lignin functional groups other than β-Ο-4 aryl 
ether structures (99). 

Table IV. Black Liquor Lignin Analysis of Bio-Pretreatment Conditions 

Treatment Methoxyl Content 
(per aromatic ringf 

β-Ο-4 Aryl Ether Content 
(per aromatic ringf 

Normal kraft 1.1 0.33 
Laccase 1.1 0.34 
Laccase + ABTS 1.2 0.33 
Laccase + VA 1.0 0.29 
Laccase + HBT 1.1 0.29 
aThe confidence level is ±0.03 methoxyl units/aromatic ring. 
bThe confidence level is ±0.03 β-Ο-4 aryl ether units/aromatic ring. 

The trend in carboxylic acid functional groups in Table V indicates no 
relative change in this functional group relative to the normal kraft pulp. The 
exception here is the LMS bio-pretreatment employing V A as the mediator. 
Previous studies on high- and low-lignin content kraft pulps suggested a general 
increase in such moieties (88,99). The carboxylic acid content had a confidence 
interval of ±0.01 carboxylic acid units per aromatic ring. The results in Table V 
also demonstrate that relative to the normal kraft pulp, the ratio of the substituted 
to unsubstituted aromatics is enriched with the LMS bio-pretreatments. This 
suggests that the lignin from these treatments may be more condensed than the 
normal kraft pulp. These results reinforce the results of previous studies that 
indicated LMS treatments are more selective toward noncondensed phenolic 
structures (88,89,99). Overall, it may be important to postulate that the eclectic 
behavior of LMS bio-treatments toward lignin functional groups is influenced by 
the content and type of lignin present in the wood or pulp. 
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Table V. 1 3 C Black Liquor Lignin Analysis of Bio-Pretreated Pulps 

Treatment Carboxylic Acid Content 
(per aromatic ringf 

Ratio of substituted to 
unsubstituted aromatic C 

Normal kraft 0.27 1.2 
Laccase 0.26 1.3 
Laccase + ABTS 0.33 1.1 
Laccase + V A 0.40 1.8 
Laccase + HBT 0.23 1.9 
aThe confidence interval is ±0.01 carboxylic acid units/aromatic ring. 

Conclusions 

In summary, the enhanced delignification response clearly indicates that 
employing laccase-mediator systems as a bio-pretreatment for kraft pulping is 
feasible on wood chips. In addition, of the mediators employed in these studies, 
HBT was the most effective in enhancing delignification while concomitantly 
increasing pulp yield. The efficacy of the mediators could be enhanced by 
adjusting parameters such as mediator dosage, treatment consistency and the 
like. In addition to improving delignification performance and increasing pulp 
yield, the total reflectance of the LMS bio-pretreatments was decreased. 
Spectral analysis of black liquor lignins isolated after kraft pulping revealed an 
enrichment of condensed structures which suggests that the mediators 
preferentially react with phenolic noncondensed structures while the phenolic 
condensed structures remain intact. Nonetheless, our investigations into LMS 
bio-pretreatments for kraft pulping suggest that differences exist in the 
delignification chemistry and selectivity of HBT, VA, and ABTS. This is 
despite the fact that V A and HBT operate by way of nitroxyl radicals (92). As in 
the case with laccase mediator biobleaching applications, the practical viability 
of this novel discovery will require additional breakthroughs in the development 
of more effective laccase mediator systems. 
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Chapter 21 

Biocatalytic Conversion of Renewable 
Feedstocks to Industrial Chemicals 

Manoj Kumar, Jeff Pucci, Gopal Chotani, and Karl Sanford 

Process Science Department, Genencor International Inc., 925 Page Mill 
Road, Palo Alto, CA 94304 

Biocatalytic systems to economically produce biochemieals, 
using less expensive feedstocks like cellulose are an attractive 
alternative to petroleum based chemical synthesis. This is due, 
in part, to significant advances in our understanding and 
application of genetic and metabolic engineering of host 
organisms and biomass hydrolyzing enzymes. This chapter 
explores an enzymatic process for conversion of lignocellulose— 
based feedstocks to glucose and the concomitant conversion of 
glucose by microorganisms and/or enzymes to desired 
chemical products. In this process, glucose conversion to 
products parallels its formation by enzymatic catalysis. This 
reduces enzyme inhibition and speeds the conversion of 
cellulose to products. Furthermore, such a process provides 
key glucose-controlled biocatalytic conditions, which are 
critical for many fermentative processes. 

© 2004 American Chemical Society 363 
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Introduction 

Industrial fermentations are used for manufacturing of bioproducts13. They 
predominantly use glucose as a feedstock for the production of proteins, 
enzymes and chemicals. These fermentations can be batch, fed-batch, or 
continuous, and operate under controlled-substrate feeding and conditions that 
form minimal byproducts. Substrate-controlled feeding, pH, dissolved oxygen, 
and medium composition are critical operating conditions that must be 
controlled during fermentation in order to optimize fermentation time, yield and 
efficiency. Currently used methods and feedstocks, however, have drawbacks 
that reduce the efficiency of the fermentation processes. 

Glucose is useful as a starting substrate in a multitude of chemical and 
biological synthetic applications. However, the use of purified glucose for 
fermentation processes is disadvantageous for several reasons. Glucose syrups 
of purity levels greater than 90% are relatively expensive. In addition, the 
presence of even moderate glucose concentrations increases the susceptibility of 
the fermentation system to microbial contamination, thereby resulting in an 
adverse effect upon the production efficiency. Another disadvantage is that even 
the presence of low to moderate levels of glucose in the fermentation vat 
adversely affects its conversion to the desired end product due to enzymatic 
inhibition and/or catabolite repression lb. Various attempts have been made to 
reduce the costs of industrial fermentation by utilizing less expensive substrates 
than glucose2. However, despite numerous approaches, there remains a need to 
develop methods to more efficiently produce desired chemicals and 
biochemicals from economical, non-glucose substrates3. 

Renewable feedstocks4 such as corn-stover, corn-fiber and rice-straw are 
comprised of three major components:5 cellulose (35-45%) hemicellulose (25-
40%) lignin (5-30%). These feedstocks are naturally recalcitrant to enzyme 
degradation and need pretreatment6 to allow enzymatic digestibility. Two 
known pretreatment processes currently used are steam & dilute acid hydrolysis7 

and wet alkaline oxidation7. During the pretreatment process, part of the major 
components of biomass feedstocks gets converted to undesired byproducts that 
are in general inhibitory to the the growth of microorganisms and thus can't be 
used directly in fermentative settings8. For example, lignins generate phenolic 
monomers, cellulosic components get converted to fiirans, and hemicellulose 
forms carboxylic acids8. 

Enzymes responsible for the hydrolysis of cellulose fractions of 
lignocellulosics to glucose perform sub-optimally mainly due to product and 
substrate inhibition 9 , 1 0 ' 1 1 . Therefore, keeping cellulose available to cellulases and 
product concentration to minimal levels can help maintain the stability and 
activity of cellulosic enzymes. 
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Genencor's proprietary concept of continuous biocatalytic systems using 
sequential enzyme reactions for processing the cellulosic component of biomass 
to biochemicals minimizes these problems. This concept addresses issues related 
to i) substrate inhibition, ii) enzyme inactivation, Hi) cofactor instability, iv) 
intermediate inhibition, and v) mass transfer limitations and thus overcomes key 
existing limitations for biomass conversion to industrial chemicals13. 

Advantages of Genencor's biocatalytic conversion of biomass12 to value-
added chemicals include, a) commercial viability, simplicity and economic 
feasibility; b) prevention of product inhibition of cellulosic enzymes by 
concurrent conversion to bioproducts; c) feasibility of quantitative conversion, 
d) elimination of byproducts; e) higher productivity and yield on carbon; f) 
production capacity enhancement. This biocatalytic conversion concept is novel 
because a multienzyme process for converting renewable biomass to value-
added commercial ingredients has not yet been commercially demonstrated. 

Various industrial chemicals such as organic acids (gluconic, citric, 
succinic, acetic, ascorbic, lactic, 3-hydroxy propionic acid), solvents (acetone, 
ethanol, glycerol, butanol, 1,3-propanediol), aminoacids (glutamate, lysine, 
methionine), antibiotics (penicillin), and industrial enzymes can be made from 
fermentable sugars derived from lignocellulosics using Genencor's biocatalytic 
systems. In this chapter, we will illustrate a case study of gluconic acid 
production from cellulose using a biocatalytic system and compare it with a 
current manufacturing process1 4'1 5. We will provide data to support the use of 
this method for conversion of biomass derived feedstocks to other industrially 
relevant biochemicals. 

In-vitro Biocatalytic Conversion of Lignocellulosic Feed-stock 
to Gluconic Acid 

Today, gluconic acid is one of the major industrial biochemicals produced 
using fermentation technology14. Both, sodium gluconate and gluconic acid are 
used in various applications such as dairy, food, pharmaceutical, cleaning, 
textiles, cement, and metallurgy. The current gluconate and gluconic acid 
markets are substantial (Table 1) and are growing rapidly. The key producers of 
gluconic acid at present include A D M , Fuzisawa, Akzo, Roquette, Glucona, and 
Jungbunzlauer. 
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Chemical Volume (M T/yr) Price (S$/Kg) Market (MM$/yr) 
Sodium Gluconate 60,000 1.50 90 

Glucono-δ-
lactone 

15,000 3.50 53 

Table 1: Gluconic acid and glucono- δ-lactone market data (Chemical 
Market Reporter, 1998, July 20) 

Current Gluconic Acid Processes: Several processes for the production of 
gluconic acid by chemical and biochemical means are reported in literature15'17. 
Chemically, gluconic acid is produced by the oxidation of the aldehyde group in 
glucose and the subsequent reaction of the acid with an appropriate base to 
make gluconate. The current biochemical manufacturing process for gluconic 
acid is by Aspergillus niger fermentation of glucose15. The formation of 
gluconic acid by this process is described in the following equation. 

G l u c o s e o x i d a s e 
D-Glucose — — — 

c 

* o 2 

The Aspergillus process requires a high concentration of glucose (>25 
wt%), high aeration rates and dissolved oxygen, the latter achieved by applying 
up to four bar of air pressure. This viable whole cell process can have a 
maximum of 30% solids in sugar content as further increase in sugar inhibits the 
cellular metabolism. An alternative to this whole cell process would be to 
consider a patented16 but not practiced technology of using enzymes and 
glucose. However, this method is not competitive with the whole cell process 
due to its economic need for using 30-60% glucose, concentrations at which 
glucose is inhibitory to enzymes. Using a dilute glucose feed would yield a 
dilute gluconic acid product stream, which would be economically nonviable to 
recover solid gluconate. Thus, this patented16 but not practiced enzymatic 
process not only requires high enzyme dosage but results in high viscosity of the 
reaction medium due to increased sugar concentration, thereby reducing the rate 
of oxygen transfer. 

New Gluconic Acid Process: The biomass based gluconic acid production 
process12 can successfully compete with the current A. niger gluconic acid 
technology for several reasons: 

1) This process needs significantly lower dosage of enzymes, 
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2) The steady state concentration of glucose is low in the bioreactor, 
resulting in reduced substrate and/or product-based inhibition of 
enzymes, 

3) The cost of raw materials is significantly less; biomass vs. D-glucose, 
4) There is control over feed stock concentration, and thus no oxygen 

transfer limitations exist, 
5) Better carbon efficiency as putting A. niger cell mass in place in 

current process uses 20% of total glucose, 
6) Waste disposal issues do not exist and 
7) The down-stream recovery process is simpler. 

Key advantages of this simple and economical in-vitro biocatalytic process 
for biomass conversion to gluconate are: a) prevention of product inhibition of 
cellulosic enzymes by concurrent conversion to gluconate, b) feasibility of 
quantitative conversion c) elimination of byproduct formation, d) higher 
productivity, e) increased production capacity, and f) higher yield on carbon. 

Figure 1: Genencor's concept for production of gluconic acid from 
biomass 

Experimental Methods: Enzymes used in this work were assayed for 
activity using methods adopted form Bergmeyer H U et al (1983) in: Methods of 
enzymatic analysis, (Bergmeyer, H U eds.) 3 r d edition. A l l products and 
substrates were measured in a reaction using H P L C and quantitation of products 
was referenced to a concentration based calibration plot that was generated. 
Glucose concentration was assayed using both H P L C and Monarch glucose 
analyzer. Before analysis samples for the enzymatic reaction were appropriately 
diluted (10-100 fold) to meet the linear range of the calibration curve generated. 
A l l the experiments were performed in 1-liter laboratory fermenters (Applicon) 
equipped with air supply system, stirring, pH control, temperature control, foam 
control, and dissolved oxygen probe. Unless otherwise mentioned, all the 
experiments were done using the following parameters: temperature 45°C, pH 5 
(buffered using 50 m M citrate), agitation between 600-900 rpm to maintain 
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dissolved oxygen above 30% saturation, working volume 300 ml, pH control 
using 10% sodium hydroxide solution. In the calculation of the conversion, the 
dilution effect of adding sodium hydroxide solution was taken into account. 
Enzyme activities of glucose oxidase, catalase and cellulose are expressed in 
Titrimetric Units, Baker Units, and Buffered Filter Paper Units. One Titrimetric 
unit wil l oxidize 3.0 mg of glucose to gluconic acid in 15 minutes under assay 
conditions of 35°C at pH5.1. One Baker unit of catalase decomposes 264 mg of 
hydrogen peroxide in one-hour under assay conditions of 25°C at pH 7. One 
Buffered Filter Paper Unit (BFPU) of Spezyme CP liberates one micromole of 
reducing sugar (expressed as glucose equivalent) in one minute under assay 
conditions of 50°C at pH 5. 

Experimental Results: Cellulose (Avicel; 30 g 10 wt%) slurry was 
prepared in 270 g of 50 mM citrate buffer pH 5.0 and its conversion to glucose 
was started by adding 10 ml (1000 BFPU; dosed at 30 mgs of total protein per 
gram of cellulose) of Genencor enzyme Spezyme CP. The degree of hydrolysis 
was measured over the course of reaction (Figure 2). Preliminary experiments12 

illustrated excellent conversion of cellulose derived from biomass (such as 
Avicel and acid-pretreated corn-stover (NREL)) to gluconate using this 
enzymatic system. Glucose and cellobiose were produced and converted to the 
final product thus preventing their accumulation, which is inhibitory to the 
cellulolytic enzymes18. This method thus provides an attractive alternative for 
production of gluconate from cellulose when compared to direct conversion1 6 of 
glucose to gluconic acid using glucose oxidase and catalase at the same enzyme 
dosage level. 

Figure 2: In vitro Biocatalytic Conversion of Cellulose (Avicel, Lattice 20) with 
Cellulase (Spezyme) to Glucose 
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In the next experiment, cellulose (Avicel; 30 g 10 wt%) slurry prepared in 
270 g of 50 m M citrate buffer pH 5.0 was mixed with 1.5 ml (2250 Titr Units) 
of OxyGO 1500™ (Genencor glucose oxidase) and 2 ml (2000 Baker units) of 
Fermcolase 1000™ (Genencor catalase) along with 10 ml of Genencor Spezyme 
CP (1000 BFPU), which converted cellulose to gluconic acid (Figure 3) at an 
improved rate compared to the rate of the production of glucose from cellulose 
in the control experiment (Figure 2). The steady-state concentration of glucose 
in the reaction fell below detection limits. These results established that in the 
same period of time where 30g/l glucose was produced from Avicel in the 
control experiment (Figure 2), over 50 g/1 gluconic acid was produced from 
Avicel using the enzyme blend of OxyGO/Fermcolase/Spezyme (Figures 3, 4). 
In 48 hrs, we were able to convert 60% of technical grade Avicel (Lattice 20) to 
gluconate. It was noticed that by keeping the glucose and cellobiose 
concentration to a minimum, we could keep the cellulose hydrolyzing enzymes 
stable during the reaction (Figure 4). Using acid pre-treated and washed corn-
stover (NREL, 30 g, 10 wt% slurry) under identical conditions as in Figure 3, 
70% of cellulosic content of corn-stover was converted to gluconate (Figure 5). 

Figure 3: In vitro Biocatalytic Conversion of Cellulose (Avicel, Lattice 20) with 
Cellulase (Spezyme), Glucose Oxidase (OxyGO), and Catalase (Fermcolase) to 
Gluconic Acid 
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Figure 4: Comparative analysis of glucose and gluconic acid production from 
cellulose demonstrating inhibition of cellulolytic enzymes by cellulose 
hydrolysis products 

Figure 5: In vitro biocatalytic conversion of acid-pretreated corn-stover to 
gluconic acid with Spezyme, OxyGO and Fermcolase. 
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These results clearly demonstrate that the rate of gluconate production from 
cellulose was improved over that of glucose from cellulose when a biocatalytic 
system was used. The effective glucose concentration in the bioreactor remained 
near zero alleviating inhibition of the cellulolytic enzymes. A l l the enzymes 
remained stable during this biocatalytic process. These experiments showed at 
least 60% cellulose conversion to gluconate in a 48 hr period using pure 
cellulose and conversion of 70% available cellulose from corn-stover to 
gluconate in 24 hr. One of the key factors for successful implementation of this 
technology commercially is making sure all enzymes needed for cellulose 
conversion to gluconate remain stable. Hydrogen peroxide, produced as a 
byproduct in the conversion of glucose to gluconate, is an oxidative irreversible 
inactivator of biocatalysts. In the biocatalytic system, since the glucose 
concentration in the reaction system is effectively zero, hydrogen peroxide 
buildup does not occur. It is thus possible to take these bioconversion reactions 
to theoretically maximal yields by preventing inactivation of enzymes by H2O2. 

Fermentation of Biomass to chemicals 

A biocatalytic system for converting biomass to industrial chemicals is 
not only applicable to enzymatic conversions but also to fermentative 
conversion using cellulose1 9. We report here three examples of fermentative 
conversion of cellulose to chemicals namely 1,3 propanediol, lactic acid, and 
succinic acid. 

Experimental Methods: Experiments to concert cellulose to 1,3-
propanediol20 and succinic acid were performed at 34 C and pH 6.7, and for 
conversion to lactic acid were done at 34 C and pH 6.4. Cellulose (technical 
grade, AVICEL® Lattice 20) was used in a slurry form (equivalent to 100 g/L 
glucose) following sterilization at 121°C for 30 min. Desired enzymes and 
requirements specific for 1,3-propanediol production (20 mg spectinomycin and 
1 mg vitamin Β12) were added as 0.2 micron filtered solutions in DI water. 
TM2 fermentation medium consists of following components: Potassium 
dihydrogen phosphate 13.6 g/1, dipotassium hydrogen phosphate 13.6 g/1, 
magnesium sulfate hexahydrate 2 g/1, citric acid monohydrate 2 g/1, ferric 
ammonium citrate 0.3 g/1, ammonium sulfate 3.2 g/1, and yeast extract 5 g/1. 

Experimental Results: For control experiments, 20% cellulose slurry was 
made in a 2L flask by combining it with 200 mL of TM2 medium. Following 
addition of 13 ml (1300 BFPU) SPEZYME® CP (Genencor) and 20 mg 
spectinomycin and 1 mg vitamin Β12, samples were taken from the vessel at 
varying reaction times, centrifuged, and the supernatants frozen to terminate 
enzyme action. The supernatants were subjected to H P L C analysis. This 
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experiment monitored degradation of cellulose by measuring glucose formation. 
It was determined that 12.19 g/1 glucose accumulated in 98.7 hours. Conversion 
of cellulose to glucose was demonstrated at a rate of 0.12 g/l-hour at 34°C and 
pH 6.7 (data not shown). 

For measurement of 1, 3-propanediol production, cellulose slurry was 
prepared in a minimal fermentation medium in a 1L bioreactor. Following 
addition of 13 ml (1300 BFPU) SPEZYME® CP (Genencor) and 20 mg 
spectinomycin and 1 mg vitamin Β12, 60 mis of OD 1.2 measuring (at 550nm) 
inoculum of 1,3-propanediol-producing E. coli strain TTaldABml/pl09fl WS#2 
(Genencor International internal culture collection), taken from a frozen vial and 
prepared in soytone-yeast extract-glucose medium (Difco), was added to the 
bioreactor. Samples taken from the reaction vessel at varying times were 
centrifuged and the supernatants frozen to terminate the enzyme action. The 
supernatants were subjected to H P L C analysis. This experiment monitored 
fermentation of cellulose to 1,3-propanediol by measuring glucose formation 
and its conversion to-glycerol (1,3-propanediol pathway intermediate) and then 
to 1,3-propanediol. In 24.4 hours, the accumulation of glycerol and 1,3-
propanediol amounted to 1.02 and 4.73 g/1, respectively (Figure 6). The 
fermentative bioconversion of biomass to glycerol and 1,3-propanediol occurred 
at a rate of 0.24 g/l-hour at 34°C and pH 6.7. The rate of conversion of 
cellulose to 1,3-propanediol was twice that of conversion of cellulose to glucose 
under identical conditions. This further illustrates the issue of product inhibition 
and stability of cellulosic enzymes that is remedied by concomitant conversion 
of cellulose hydrolysis products to relevant chemicals. 
To further assess the utility of the biocatalytic system, cellulose conversion to 
lactic acid 2 1 and succinic acid 2 2 was also examined. 

Cellulose fermentation to lactic acid was monitored by measuring glucose 
formation from cellulose using SPEZYME® CP (Genencor) and its subsequent 
conversion to lactate using the lactate producing strain Lactobacillus casei. 
Cellulose in a slurry form was mixed in Lactobacilli M R S medium (Difco), and 
22ml of the enzyme was added to it. 46ml of OD 24.2 measuring (at 550nm) 
inoculum of the lactate producing strain of Lactobacillus casei (ATCC 393), 
grown at 34°C with nitrogen sparge at 0.6 slpm was added to the bioreactor. 
Samples taken from the reaction vessel at various times were centrifuged, and 
supernatants were frozen to terminate the enzyme action. The supernatants 
were subjected to H P L C analysis. This experiment monitored conversion of 
cellulose to lactate by measuring glucose formation and its conversion to lactate. 
In 48 hours, accumulation of lactate amounted to 3.93 g/1 (Figure 7). 
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Figure 7: Biocatalytic conversion and concomitant fermentation of cellulose to 
lactic acid 

Fermentative conversion of cellulose to succinic acid was carried out in a 
1L bioreactor by measuring glucose formation from cellulose using Spezyme 
CP (Genencor) and its subsequent conversion to succinate, using a succinate 
producing E. coli strain, 36 1.6 ppc (Genencor International internal culture 
collection). Cellulose slurry was prepared in the minimal fermentation medium, 
and following enzyme addition (22ml), 60ml of OD 9.3 measuring inoculum of 
suecinate-producing strain 36 1.6ppc E. coli, grown in TM2 + lOg/L glucose 
medium from a frozen vial under nitrogen sprage at 0.6 slpm was added to the 
bioreactor. Samples from the reaction vessel, taken at various times, were 
centrifuged and supernatants frozen. The supernatant was subjected to H P L C 
analysis. This experiment monitored fermentative conversion of cellulose to 
succinate by measuring glucose formation and its conversion to succinate 
(Figure 8). In 48 hours, accumulation of succinate amounted to 2.73 g/1. 

Summary 

Bioconversion of renewable feedstocks to industrial chemicals has 
been described. In this chapter, we have illustrated technology that Genencor 
International has developed to harness biomass as carbon feedstocks for 
conversion to industrial products and to make available its bioengineered 
enzymes to convert biomass into fermentable sugars. This research effort 
provides a means for the production of desired bioproducts by enzymatic 
conversion of biomass-based feedstock substrates. This concept of using 
cellulosic biomass for manufacturing industrial chemicals has several incentives 
that can be explored and implemented. 
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Figure 8: Biocatalytic conversion and fermentation of cellulose to succinic acid 
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See also Enzymatic hydrolysis of 
used newspaper 

Dilute-acid hydrolysis 
comparison with enzymatic 

hydrolysis, 55-56 
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hemicellulose, 101-102 
lignocellulose, 54-55 
Scholler process, 54 
See also Acid hydrolysis 

Dilute acid pretreatment 
lignocellulosic biomass, 4-5 
lignocellulosic material, 51-52 

Directed evolution, protein 
engineering, 231-232 

Direct microbial conversion, 
lignocellulosic biomass, 13 

Entner-Doudoroff pathway, ethanol, 

w 
Enzymatic hydrolysis 

cellulose and hemicellulose, 55-56 
comparison with dilute-acid 

hydrolysis, 55-56 
corn fiber, 87-88, 91-92 
lignocellulose, 9-10 
pretreated cellulose, 102-103 
process for hemicellulose, 105 

Enzymatic hydrolysis of used 
newspaper 
ammonia-hydrogen peroxide 

treatment, 40-41 
analytical methods, 39 
composition of newspaper, office 

paper, and corrugated paper 
after pretreatment, 42? 

effect of H 2 0 2 and/or surfactant on 
enzymatic digestibility, 44/ 

effect of H 2 0 2 or surfactant on 
composition of newspaper solid 
residue, 45? 

effect of hydrophile-lipophile 
balance value, 44,46/ 

effect of input stage of surfactant, 
45,47/ 

effect of surfactant loading, 44,46/ 
enzymatic digestibilities of 

wastepapers, 41-42 

enzymatic digestibility of 
pretreated newspaper, office 
paper, and corrugated paper, 
43/ 

enzyme and digestibility test, 39 
initial composition of newspaper, 

office paper, and corrugated 
paper, 41? 

materials and methods, 38-39 
nonionic surfactants, 38? 
pretreatment by batch process, 40-

45 
pretreatment by percolation 

process, 40 
pretreatment method, 38 
substrates and surfactants, 38 
surfactant effect, 43-45 

Enzyme assay, α-glucuronidase 
activity, 242-243 

Enzyme industry, advantages, 234 
Enzyme-linked interaction assay 

(ELIA) 
competitive, 200,203/ 
noncompetitive, 200 
See also Cohesin-dockerin 

interaction 
Enzyme modification. See Wood 

products 
Enzyme recycling, cellulose, 9 
Enzymes 

cellulose biodégradation, 7-10 
hemicellulose hydrolysis, 105 
hydrolysis of cellulose fractions, 

364 
lignocellulose degradation, 14? 
protein engineering, 229-232 
recycling, 9-10 
See also Gene manipulation 

Escherichia coli, expression and 
purification of proteins, 198 

Ethanol 
annual production, 3 
Entner-Doudoroff pathway, 17/ 
genetically engineered 

microorganisms, 15-16 
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lignocellulosic materials for 
production, 50 

pentose metabolism pathway, 17/ 
production of fuel, 15-18 
redox cofactor requirement in L-

arabinose catabolism, 19/ 
technology options, 16,18 
yields from continuous corn fiber 

fermentation, 95/ 
See also Corn fiber 

Ethanol from lignocellulosic materials 
alkaline pretreatment, 52-53 
ammonia fiber explosion, 52 
batch cultivation, 60-61 
carboxylic acids, 57-58 
chemical hydrolysis, 53-55 
comparing dilute-acid and 

enzymatic hydrolyses, 56? 
concentrated-acid hydrolysis, 53 
continuous cultivation, 62-63 
dilute-acid hydrolysis, 54-55 
dilute-acid pretreatment, 51-52 
effects of inhibitory compounds on 

fermentation, 57-60 
enzymatic hydrolysis, 55-56 
fed-batch cultivation, 61-62 
fermentation of hydrolyzates, 56-

57 
fermentation techniques, 60-64 
freeze explosion, 52 
furans, 58-59 
hydrolysis, 53-56 
inhibition effects of some phenolic 

compounds, 60? 
on-line control of fed-batch 

cultivation, 62/ 
pentose fermentation, 63-64 
phenolic compounds, 59-60 
pretreatment, 50-53 
steam explosion, 51 

Experimental design, Aspergillus 
oryzae xylanase production, 320-
321,322?, 328?, 329? 

Expression. See Gene encoding family 
7 glycosyl hydrolase (GH 7) 

Family 7 glycosyl hydrolase (GH 7) 
activity assay for screening cel7A-

positive transformants, 
179 

activity of Pénicillium funiculosum 
cel7a on pre-treated corn stover, 
189,190/ 191/ 

amino acid sequence of P. 
funiculosum cella9 188? 

bacterial strains, culture conditions 
and plasmids, 172-173 

cel7a activity at different growth 
stages, 183,186 

cel7a enzyme production and 
activity change during growth of 
recombinant Aspergillus 
aw amor i, 180 

characterization by differential 
scanning calorimetry (DSC), 
183,185/ 

cloning and expression of P. 
funiculosum cel7a, 178/ 

diafiltration saccarification assay 
(DSA) and protein stability 
measurements, 181-182 

DNA sequence comparison 
between P. funiculosum and 
GenBank sequence, 187 

expression of P. funiculosum cel7a 
in pFE2 vector, 182-183 

fungi producing, 171 
PCR (polymerase chain reaction) 

amplification and cloning, 173-
175,179 

PCR primers for plasmid 
construction, 176?, 177? 

plasmid map and features of vector 
pFE2,174/ 

protein purification, 180-181 
SDS-PAGE analysis, 182, 184/ 

188/ 
signal peptides, 172 
transformation, 179 
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See also Gene encoding family 7 
glycosyl hydrolase (GH 7) 

Fed-batch cultivation 
fermentation, 61-62 
on-line control, 62/ 

Feedstock, corn fiber, 85 
Fermentation 

batch cultivation, 60-61 
carboxylic acids, 57-58 
continuous cultivation, 62-63 
corn fiber hydrolysate, 88, 89?, 93, 

95 
fed-batch cultivation, 61-62 
fiirans, 58-59 
inhibitory compounds, 57-60 
pentose, 63-64 
phenolic compounds, 59-60 
See Biomass fermentation 

Ferulic acid esterase, releasing ferulic 
acid, 12 

Feruloyl esterases 
application, 265-266 
bound or unbound phenolic acids 

as inducers, 257 
crystal structures, 261-262 
enzyme assays, 258-259 
flavor industry, 265-266 
fungal and bacterial, with sequence 

data, 263? 
phylogenetic tree of fungal and 

bacterial, 264/ 
production by microorganisms, 

256-258 
purified and characterized fungal 

and bacterial, 260? 
role in xylan degradation, 265 
sequence structure and relationship, 

262-265 
specificity for sugar moiety, 261 
substrate specificity, 259,261-262 

Flavor industry, feruloyl esterases, 
265-266 

Flow rate, effect on corn stover, 106— 
108 

Formic acid 

fermentation inhibitor, 55, 57-58 
xylose-xylitol conversion, 303 

Freeze explosion, lignocellulosic 
material, 52 

Fuel ethanol 
cellulose degrading enzymes, 171 
production, 3,15-18 
See also Ethanol 

Fungal defense mechanism, cellobiose 
dehydrogenase, 281 

Fungal degradation 
condensed phenolic substructures, 

149 
degradation of pine flour by three 

fungi, 142 
degradation of unbleached 

softwood kraft pulp (USKP) by 
Pycnoporus cinnabar inus, 143 

degradation of wood blocks by 
three fungi, 141 

effect of incubation time, 147,149 
Fourier transform infrared (FTIR) 

spectroscopy, 144 
functional groups in degradation of 

pine flour, 148? 
fungal modification of lignin 

structures in wood, 146-150 
guaiacyl phenolic substructures, 

149 
hardwood blocks, 145? 
isolation of lignin from pulp, 143 
isolation of lignin from wood, 142 
Kappa number measurement, 143 
lignin, 140 
materials and methods, 141-144 
microorganisms, 141 
model fungus P. cinnabarinus, 140 
pine blocks, 145? 
quantitative analysis of lignin 

functional groups with 3 1 P 
NMR, 143-144 

representative lignin substructure, 
147/ 

Trichophyton species, 140-141 
USKP, 149-150 
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USKP degradation by P. 
cinnabarinus, 150? 

USKP treatment with P. 
cinnabarinus and Kappa 
number, 150 

weight loss of decayed wood 
blocks, 144-146 

Fungi 
cellulose degrading enzymes, 171 
feruloyl esterases, 260? 

Furans, fermentation inhibitor, 58-
59 

Furfural 
fermentation inhibition, 55, 58-59 
xylose-xylitol conversion, 303 

Gene manipulation 
ability of chimeric enzyme XynB-

CBM2b to bind insoluble xylan, 
289,291? 

alignment of parental xylanases of 
XynAandXynB, 293/ 

changing pH profile of xylanase by 
preparing chimeric gene, 292, 
294,297 

comparing pH activity, 294,296/ 
enhancing catalytic activity of 

xylanase, 287,289,292 
kinetic parameters of parental and 

chimeric xylanases, 295? 
outlook of preparation of chimeric 

enzymes, 297 
overlapping polymerase chain 

reaction (PCR), 287,288/ 
pH and temperature stabilities for 

purified enzymes, 294,295/ 
pK a values of parental and chimeric 

xylanases, 295? 
preparation of chimeric genes by 

overlapping PCR, 287 
reaction rates of XynB-CBM2b and 

XynB, 289,291? 

shuffling genes by overlapping 
PCR, 288/ 

strategy for construction of XynB-
CBM2b, 290/ 

Aspergillus oryzae xylanase 
production, 323,326, 327/ 

temperature optimum and thermal 
stability of XynB and XynB-
CBM2b, 291/ 

thermal stability of chimeric 
parental xylanases, 295/ 

See also Shuffling genes 
Genencor, biocatalytic conversion of 

biomass, 365 
Genetic engineering, xylanases, 235-

238 
Gluconic acid 

applications, 365 
comparative analysis of glucose 

and, production from cellulose, 
370/ 

conversion of cellulose with 
cellulase to glucose, 368 

conversion of cellulose with 
enzymes to, 369 

conversion to acid-pretreated corn-
stover to, 370/ 

current processes, 366 
experimental methods, 367-368 
experimental results, 368-371 
Genencor's concept for production, 

367/ 
key producers, 365 
market data, 365,366? 
new process, 366-367 
See also Biomass fermentation 

Glucose 
Aspergillus oryzae xylanase 

production, 323,326, 327/ 
fermentation processes, 364 
xylose-xylitol bioconversion, 307-

308 
α-Glucuronidases 

biochemical properties of purified, 
245-248 
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crystal structure, 249-251 
enzyme assay, 242-243 
production of activity by 

microorganisms, 243-245 
properties of purified, 246? 
reaction mechanism, 248 
role in xylan degradation, 252-

253 
schematic of recognition elements, 

250/ 
Glycosyl hydrolases. See Family 7 

glycosyl hydrolases (GH 7); 
Trichoderma reesei 
cellobiohydrolase Cel7A 

H 

Hemicellulases 
hemicellulose biodégradation, 10-

12 
thermostable, 233-235 

Hemicellulose 
biodégradation, 10-12 
component of renewable 

feedstocks, 364 
decomposition in supercritical 

water, 73 
enzymatic hydrolysis of pretreated 

cellulose, 102-103 
structure, 3 

Hemicellulose hydrolysis 
analytical procedures, 106 
comparison of unmodified and 

modified depolymerization 
model, 116/117/ 

depolymerization model, 115,116/ 
117/ 

dilute acid hydrolysis, 101-102 
effect of flow rate and acid 

concentration on xylose 
remaining, 109/ 

effect of flow rate and temperature 
on relationship between xylan 
and lignin, 110/ 

effect of solids concentration, 108, 
111 

effect of solids concentration on 
xylan hydrolysis, 110/ 

effect of xylan removal and lignin 
removal on enzymatic 
digestibility, 120/ 

effects of flow rate on corn stover, 
106-108 

enzymatic hydrolysis method, 105 
enzymes, 105 
kinetics of water-only hydrolysis, 

114 
lignin and xylan removal, 119,121 
lignin removal, 108 
mass transfer coefficients for 

model, 112, 113? 
materials and methods, 103-106 
modeling mass transfer effects, 

111-112 
oligomer production and 

hydrolysis, 114 
oligomer solubility, 112-114 
reactors, 104 
relationship between digestibility 

and hemicellulose and lignin 
removal, 118-119 

sample preparation, 103-104 
solubilities of β-cyclodextrin, 113/ 
solubility measurements, 105 
total solids removal, 106,107? 
xylan removal, 106-108 

Hemicellulosic hydrolysates 
detoxification, 304-305 
xylitol production by yeasts, 306? 

Heteroxylans, structure, 4 
Hydrogen peroxide-ammonia. See 

Enzymatic hydrolysis of used 
newspaper 

Hydrolysis 
acid, of corn fiber, 87,90-91 
aryl β-lactosides, 214-217 
chemical, 53-55 
concentrated-acid, 53 
corn fiber experiments, 86-88 
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dilute-acid, 54-55 
enzymatic, 9-10, 55-56 
enzyme, of corn fiber, 87-88, 91-

92 
initial thermochemical method, 86-

87,90,91? 
lignocellulosic materials, 302-304 
secondary acid, of corn fiber, 88, 

92-93,94? 
xylan, 241-242 
See also Enzymatic hydrolysis of 

used newspaper 
Hydrophile-lipophile balance (HLB), 

effect on digestibility of 
newspaper, 44,46/ 

1 -Hydroxybenzothiazole 
delignifying kraft pulps, 341-342 
See also Laccase-mediator systems 

(LMS) 
5-Hydroxymethylfurfural 

fermentation inhibition, 55, 58-59 
xylose-xylitol conversion, 303 

Industrial fermentations, byproducts, 
364 

Inverse gas chromatography (IGC) 
laccase treated pulps, 133,134? 
method, 129-130 

Iron(II) sulfate, Aspergillus oryzae 
xylanase production, 323,326, 
327/ 

Κ 

Kappa number 
laccase-mediator systems (LMS) 

bio-pretreatments, 349-352 
lignin content, 340 
measurement, 143 
preliminary studies of LMS bio-

pretreatments, 347-348 

unbleached softwood kraft pulp 
(USKP), 150 

Kinetic analysis, cellolignin 
hydrolysis, 10 

Kraft pulping 
bio-pretreatments, 346 
l 3 C NMR spectroscopy, 345-346 
conditions, 344 
experimental, 342-346 
isolation of black liquor lignins, 

345 
laccase assay, 343 
laccase-mediator pretreatment 

procedure, 343 
mediator dosage studies, 349-354 
preliminary studies, 347-349 
pre-treatments, 340-341 
pulp and paper industry, 340 
UV/vis diffusion reflectance 

spectroscopy, 344-345 
wood, 343 
See also Laccase-mediator systems 

(LMS) 
Kubelka-Munk equation, infinite 

reflectance, 344-345 

L 

Laccase 
activity assay, 343 
analysis of treated pulps, 133,134? 
blue-copper oxidases, 12-13 
Southern pine bark treatment, 136 
treatment of pulp samples, 128-129 
See also Wood products 

Laccase-mediator systems (LMS) 
analysis of black liquor lignins, 

354-355 
bio-pretreatments of kraft pulping, 

346 
black liquor lignin analysis by bio-

pretreatment, 355?, 356? 
delignifying high kraft pulps, 341-

342 
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experimental, 342-346 
impact on diffusion reflectance, 

352-354 
impact on kappa number, 347-

348 
impact on lignin content and yield, 

349-352 
impact on pulp yield, 348-349 
kraft pulping conditions, 344 
mediator dosage studies, 349-354 
mediator dosage study of kappa 

number measurements of LMS 
bio-pretreatments, 350/ 

mediator dosage study of pulp yield 
measurements of LMS bio-
pretreatments, 352/ 

pretreatment procedure, 343 
pulp yield responses to bio-

pretreatment conditions, 349? 
total reflectance measurements on 

LMS bio-pretreatments, 353/ 
Lactic acid, cellulose fermentation, 

372, 374/ 
Lactose, Aspergillus oryzae xylanase 

production, 323,326, 327/ 
Langmuir adsorption, cellulose-

cellulase, 160 
Levulinic acid 

fermentation inhibitor, 55, 57-58 
xylose-xylitol conversion, 303 

Lignin 
aromatic compounds from Japanese 

cedar in methanol-soluble 
portion, 79/ 

biodégradation, 12-13 
biodégradation for global carbon 

cycle, 140 
black liquor, and laccase-mediator 

system (LMS) bio-
pretreatments, 354-355,356? 

characterization of methanol-
soluble portion, 77 

component of renewable 
feedstocks, 364 

decomposition, 77-78 

decomposition of model 
compounds, 77 

degrading fungi, 140-141 
effect of removal on enzymatic 

digestibility, 120/ 
fungal modification of, structures 

in wood, 146-150 
isolation from pulp, 143 
isolation from wood, 142 
ligninolytic enzymes, 140 
LMS bio-pretreatments, 349-351 
model white-rot fungus for 

mechanism of fungal 
degradation, 140 

monomeric and dimeric products in 
methanol-soluble portion, 77-78 

quantitative analysis of functional 
groups with 3 1 P NMR, 143-144 

relationship between digestibility 
and hemicellulose and, removal, 
118-119 

removal and cellulose accessibility, 
103 

removal and hemicellulose 
hydrolysis, 108 

representative lignin substructure, 
147/ 

See also Supercritical water 
technology 

Lignin-carbohydrate complex, 
removal from lignin, 12 

Lignin degradation, lignocellulosic 
treatment, 6-7 

Lignocellulose 
enzymes for degradation, 14? 
raw material, 256 

Lignocellulosic biomass 
alkali pretreatment, 6 
dilute acid pretreatment, 4-5 
direct microbial conversion, 13 
fermentation inhibitors, 6-7 
methods for pretreatment, 5? 
pretreatment, 4-7 
production of fuel ethanol, 15 
steam explosion, 5-6 
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structure and composition, 3-4 
supercritical C 0 2 explosion, 6 
See also Ethanol 

Lignocellulosics 
biotechnological production of 

xylitol by yeasts, 306ί 
hydrolysis, 302-304 
schematic for ethanol production 

from, using supercritical water, 
81/ 

separation of, treated in 
supercritical water, 72 

structure, 127 
supercritical water process for 

efficient use of biomass, 78, 80 
See also Ethanol from 

lignocellulosic materials; 
Supercritical water technology 

Loblolly pine 
laccase reactivity, 130-131 
methylene blue adsorption, 132, 

133/ 
thermomeehanieal pulp (TMP), 

128 
See also Wood products 

M 

Manganese peroxidase (MnP) 
treated pulp, 135 
See also Wood products 

Mass transfer, hemicellulose 
hydrolysis, 111-112 

Mathematical modeling, 
cellulasercellulose interaction, 156— 
157 

Mechanism 
cellulasercellulose interaction, 1 SO

IS? 
α-glucuronidases, 248 
Trichoderma reesei 

cellobiohydrolase Cel7A, 217-
218 

Mediator dosage studies, laccase-
mediator systems bio-
pretreatments, 349-354 

Mediators 
delignifying kraft pulp, 341-342 
See also Laecase-mediator systems 

(LMS) 
Methylene blue binding 

activity as Lewis acid, 133-134 
adsorption on pulp fibers, 132-133 
pulp samples, 129 

Microbial conversion, lignocellulosic 
biomass, 13 

Microbial production, cellobiose 
dehydrogenase, 278-280 

Microorganisms 
genetically engineered, for ethanol, 

15-16 
α-glucuronidase activity by, 243-

245 
pathway for xylose utilization, 18, 

21/ 
production of feruloyl esterases, 

256-258 
wood-degrading fungi, 141 
xylan degrading en2yme systems, 

•11 
xylitol production by, 302 

Mineral salts, Aspergillus oryzae 
xylanase production, 323,326,327/ 

Model, depolymerization, 115, 116/ 
117/ 

Modeling 
cellulasexellulose interaction, 1 SO

IS? 
mass transfer effects, 111-112 

Moisture, xylanase production, 329, 
330/ 

Mutagenesis 
primers for site-directed, of 

cohesion-2 from Clostridium 
thermocellum, \99t 

rational, 201 
site-directed, 197-198 
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See also Cohesin-dockerin 
interaction 

Mutants. See Trichoderma reesei 
cellobiohydrolase Cel7A 

Ν 

Af-acetyl-N-phenylhydroxylamine 
(NHA) 
delignifying kraft pulps, 341— 

342 
See also Laccase-mediator systems 

(LMS) 
Newspaper 

enzymatic digestibility, 37 
See also Enzymatic hydrolysis of 

used newspaper 
Nitrogen 

Aspergillus oryzae xylanase 
production, 326,327/ 328 

cellobiose dehydrogenase (CDH) 
production, 279 

xylose-xylitol bioconversion, 
308 

Ο 

Office paper. See Enzymatic 
hydrolysis of used newspaper 

Oligomer solubility, hemicellulose 
hydrolysis, 112-114 

On-line control, fed-batch cultivation, 
62/ 

Organic solvent with water, 
pretreatment for lignocellulosic 
biomass, 5t 

Overlapping polymerase chain 
reaction, preparation of chimeric 
genes, 287,288/ 

Oxygen, xylose-xylitol bioconversion, 
309-310 

Pénicillium capsulatum, xylan 
degrading enzyme system, 11 

Pénicillium funiculosum 
activity on pre-treated corn stover, 

189,190/ 191/ 
amino acid sequence, 188? 
characterization by differential 

scanning calorimetry, 183, 185/ 
cloning and expression, 178/ 
expression of, cel7a in pFE2 

vector, 182-183 
interest to biotechnology, 171 
protein purification, 180-181 
SDS-PAGE analysis, 182, 184/ 

188/ 
See also Gene encoding family 7 

glycosyl hydrolase (GH 7) 
Pentose fermentation, 

microorganisms, 63-64 
Pentose metabolism pathway, ethanol, 

17/ 
Percolation process, pretreatment of 

newspaper, 40 
Peroxidases 

modifying softwood materials, 127 
See also Wood products 

pH 
Aspergillus oryzae xylanase, 331, 

334f 
Aspergillus oryzae xylanase 

production, 323, 324/ 
effect of initial, of substrate on 

xylanase production, 329,332/ 
xylose-xylitol bioconversion, 308-

309 
See also Gene manipulation 

Phanerochaete chrysosporium, lignin 
degradation, 12 

Phenolic compounds 
fermentation inhibitors, 59-60 
xylose-xylitol conversion, 303 
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Phylogenetic tree 
cellobiose dehydrogenase (CDH), 

277,278/ 
fungal and bacterial feruloyl 

esterases, 264/ 
Pine. See Wood products 
Pine flour 

degradation by three fungi, 142 
effects of incubation time on 

functional group contents, 147-
149 

Pleurotus ostreatus, degrading lignin, 
13 

Polymerase chain reaction (PCR) 
preparation of chimeric genes by 

overlapping PCR, 287,288/ 
See also Gene manipulation 

Poultry diets, xylanases, 233 
Pretreatment 

alkaline, 5t9 6-7,52-53 
ammonia fiber explosion, 52 
biomass, 101 
dilute-acid, 51-52 
enzyme treatment of pulp, 322 
freeze explosion, 52 
kraft pulping, 340-341 
lignocellulosic biomass, 4-7 
lignocellulosic material, 50-51 
steam explosion, 51 
See also Enzymatic hydrolysis of 

used newspaper; Ethanol from 
lignocellulosic materials 

Productive adsorption. See Cellulases 
1,3-Propanediol,cellulose 

fermentation, 372, 373/ 
Protein 

expression and purification, 198 
glucose as feedstock, 364 

Protein engineering 
directed evolution, 231-232 
enzymes for use as biocatalysts, 

229 
evolution, 229 
rational design, 230-231 
tolerance, 229-230 

See also Xylanases 
Protein stability, measurement, 181— 

182 
Pulp 

chemical bleaching, 322 
enzyme treatment, 322 
isolation of lignin from, 143 
See also Fungal degradation; Wood 

products 
Pulp and paper industry 

biobleaching, 317 
cellobiose dehydrogenase, 282 
kraft pulping, 340 
lignocellulose as raw material, 256 
xylanases, 228-229,233 

Pulp yield 
laccase-mediator systems (LMS) 

bio-pretreatments, 351-352 
preliminary studies of LMS bio-

pretreatment, 348-349 
Pycnoporus cinnabarinus 

degradation ôf unbleached 
softwood kraft pulp, 143,149-
150 

degrading lignin, 13 
model for studying fungal 

degradation of lignin, 140 
weight loss of decayed wood 

blocks, 144-146 
See also Fungal degradation 

R 

Rational design, protein engineering, 
230-231 

Rational mutagenesis. See Cohesin-
dockerin interaction 

Reactivity, cellobiohydrolase Cel7A 
mutants, 219-223 

Reactors, hemicellulose hydrolysis, 
104 

Recombinant DNA technology 
cellobiose dehydrogenase, 279-280 
xylanases, 235-238 
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Recycling 
enzymes, 9-10 
wastepaper, 37 
See also Enzymatic hydrolysis of 

used newspaper 
Renewable feedstocks, components, 

364 
Rigidoporus lignosus, lignocellulose 

biodégradation, 13 

S 

Saccharification, partial, of corn fiber, 
11-12 

Saccharomyces cerevisiae 
ATP demand for growth, 58/ 
batch cultivations, 61/ 
continuous cultivation, 631 
corn fiber fermentation, 93-95 
pentose fermentation, 63-64 

Scholler process, dilute-acid 
hydrolysis, 54 

Sclerotium rolfsii 
absorption spectra of cellobiose 

dehydrogenase (CDH) from, 
273/ 

effect of amino acids on CDH 
production activities by, 280/ 

plant pathogen, 272 
substrate specificity of S, rolfsii 

CDH for electron acceptors, 276 
substrate specificity of S. rolfsii 

CDH for electron donors, 275 
See also Cellobiose dehydrogenase 

(CDH) 
Sequence structure, fungal and 

bacterial feruloyl esterases, 263/ 
Shuffling genes 

overlapping polymerase chain 
reaction, 287,288/ 

xylanases, 236 
Simultaneous saccharification and 

fermentation 
cellulose to ethanol, 9 

lignocellulosic biomass, 5 
Site-directed mutagenesis 

cohesion-dockerin interaction, 
197-198 

enzyme modification, 286-287 
xylanases, 237 

Sodium gluconate 
applications, 365 
See also Gluconic acid 

Solids concentration 
hemicellulosehydrolysis, 108, 111 
xylan hydrolysis, 108, 110/ 

Solids removal, hemicellulose 
hydrolysis, 106,107/ 

Solid substrate fermentation, 
procedure, 319 

Solubility, hemicellulose hydrolysis, 
105,112-114 

Southern pine bark 
laccase treatment, 136 
See also Wood products 

Spruce pulp 
oxidative enzyme treatment, 134— 

135 
See also Wood products 

Steam explosion, lignocellulosic 
treatment, 5-6, 51 

Streptomyces olivochromogenes, 
feruloyl esterases, 256-257 

Structure, cellobiose dehydrogenase, 
277 

Structure-reactivity studies. See 
Trichoderma reesei 
cellobiohydrolase Cel7A 

Succinic acid, cellulose fermentation, 
374,375/ 

Sugarcane bagasse hemicellulose 
hydrolyzate, xylitol production, 
19-20 

Sugarcane bagasse hydrolyzate, 
recovery of xylitol, 22-23 

Sugars, Aspergillus oryzae xylanase 
production, 323,326, 327/ 

Supercritical C 0 2 explosion, 
lignocellulosic treatment, 6 
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Supercritical water technology 
acting as acid catalyst, 70 
aromatic compounds from Japanese 

cedar in methanol-soluble 
portion, 79/ 

carbohydrate hydrolysis, 70 
characterization of methanol-

soluble portion, 77 
characterization of precipitates, 73-

74 
characterization of water-soluble 

portion, 73 
comparative analysis of untreated 

lignin and methanol-soluble 
portion, 78* 

decomposition of carbohydrates, 
73-75 

decomposition of lignin, 77-78 
decomposition of lignin model 

compounds, 77 
decomposition pathway of 

cellulose, 74-75 
efficient use of biomass, 78, 80 
monomeric and dimeric products in 

methanol-soluble portion, 77-78 
proposed pathway for cellulose 

decomposition in, 76/ 
schematic of ethanol production 

from lignocellulosics, 81/ 
schematic of flow-type biomass 

conversion system, 71/ 
separation of treated 

lignocellulosics, 72 
supercritical fluid biomass 

conversion systems, 70-71 
treatment systems and separation, 

70-72 
Surfactants 

addition to enzymatic hydrolysis of 
lignocellulose, 9-10 

effect on enzymatic digestibility of 
newspaper, 43-45 

nonionic, 38i 
See also Enzymatic hydrolysis of 

used newspaper 

Τ 

Talaromyces emersonii, xylan 
degrading enzyme system, 11 

Technology options, ethanol 
production, 16, 18 

Temperature 
Aspergillus oryzae xylanase, 331, 

334f 
xylose-xylitol bioconversion, 308-

309 
Thermal stability 

Aspergillus oryzae xylanase, 331, 
335f 

See also Gene manipulation 
Thermodynamic stability, proteins, 

234-235 
Thermomyces lanuginosus, cellulose-

free thermostable xylanase, 12 
Time-course, xylanase production, 

331,333/ 
Tolerance, protein engineering, 229-

230 
Trichoderma reesei cellobiohydrolase 

Cel7A 
activities of purified Cel7A wt and 

mutant preparations, 213-214 
activity measurements, 212-213 
Asp214 as nucleophile assisting 

residue, 221,223 
divergent stereo view of substrate 

binding and hydrogen binding at 
catalytic center, 211/ 

enzyme mechanism, 217-219 
enzymes, 212 
experimental, 210,212-213 
Glu212 as catalytic nucleophile, 

220-221 
Glu217 as acid/base catalyst, 219-

220 
glycosidase mechanism, 208, 

209/ 
glycoside hydrolase (GH) family 7, 

208 
glycosylation, 218-219 
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Hammett plot for hydrolysis of aryl 
β-lactosides by, and mutants, 
216/ 

Michelis-Menten parameters for 
hydrolysis of aryl β-lactosides, 
215/ 

reactivity of Cel7A mutants, 219— 
223 

role in hydrolysis of cellulose, 208 
role of carboxylate residues, 208, 

210 
schematic of interaction of residues 

Glu212 with Asp214 in, and 
Asn214 in mutant, 222/ 

structure-reactivity studies, 217— 
219 

structure-reactivity studies with 
chromogenic substrates, 214-
217 

substrates, 210 
Trichophyton species 

T. rubrum strains, 141 
weight loss of decayed wood 

blocks, 144-146 
wood degradation, 140-141 
See also Fungal degradation 

U 

Unbleached softwood kraft pulp 
(USKP) 
degradation by Pycnoporus 

cinnabarinus, 143 
functional group contents in 

degradation of USKP, 150/ 
Kappa number, 150/ 
Kraft pulping process, 149-150 

V 

Vanillin 
inhibition effects, 60/ 
production, 24 

Violuric acid (VA) 
delignifying kraft pulps, 341-342 
See also Laccase-mediator systems 

(LMS) 

W 

Wastepaper 
enzymatic digestibilities, 41-42 
low cost feedstocks, 37 
recycling, 37 
See also Enzymatic hydrolysis of 

used newspaper 
Water. See Supercritical water 

technology 
Wet-milling biorefmery, corn 

processes, 85 
White rot fungi, lignin degradation, 12 
Wood 

degradation by three fungi, 141 
fungal modification of lignin 

structures in, 146-150 
isolation of lignin from, 142 
structure, 127 
weight loss of decayed blocks, 

144-146 
See also Fungal degradation 

Wood products 
affinity of laccase for substrates, 

131 
analysis of laccase treated pulps, 

133,134/ 
bark reactions, 130 
carboxylic acid groups, 132 
effect of substrate addition on 

methylene blue binding to 
treated spruce, 136/ 

effects of oxidative enzyme 
treatment on spruce pulps, 134-
135 

functional use, 127 
handsheets from manganese 

peroxidase (MnP) treated pulp, 
135 
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inverse gas chromatography, 129— 
130 

laccase and peroxidases for 
modifying, 127 

laccase reactivity on loblolly pine, 
130-131 

laccase-treated southern pine bark, 
136 

laccase treatment, 128-129 
materials and methods, 128-130 
methylene blue activity as Lewis 

acid, 133-134 
methylene blue adsorption, 132-

133 
methylene blue binding, 129 
MnP treatment, 135 
paper testing, 130 
properties of treated spruce 

thermomechanical pulp after 
refining, 135* 

pulp analysis by inverse gas 
chromatography, 133, 134* 

pulp sources, 128 
treatment conditions and extent of 

modification, 135-136 

X 

Xylan 
binding ability of chimeric enzyme, 

289,291* 
biodégradation, 10-11 
categories, 4 
digestibility of cellulose and, 

removal, 118-119 
effect of removal on enzymatic 

digestibility, 120/ 
α-glucuronidase activity, 243-245 
hydrolysis, 241-242 
microorganisms degrading, 11 
removal and hemicellulose 

hydrolysis, 106-108 
role of α-glucuronidase in 

degradation, 252-253 

role of feruloyl esterase in 
degradation, 265 

sources, 4 
structure, 3 

Xylanases 
Aspergillus oryzae, 317-318 
biobleaching, 235,317,331, 336 
biotechnological applications, 232, 

235 
changing pH profile of, by 

preparing chimeric gene, 292, 
294,297 

commercial potential, 232-233 
directed evolution, 231-232 
enhancing catalytic activity by 

fusing carbohydrate binding 
module, 287,289,292 

gene shuffling procedure, 236 
genetically engineered, 235-238 
improving for pulping processes, 

228-229 
kraft pulping, 233 
modern recombinant DNA 

technology to improve, 236-
237 

number of surface arginines, 237 
poultry diets, 233 
protein engineering, 229-232 
rational design, 230-231 
site-directed mutagenesis, 237 
thermodynamic stability, 234-235 
thermostable hemicellulases, 233-

235 
See also Aspergillus oryzae 

xylanases; Gene manipulation 
Xylitol 

barley bran hydrolyzates, 21 
continuous enzymatic production, 

22 
detoxification of hydrolysates, 

304-305 
fermentation of sugarcane bagasse 

hemicellulose hydrolyzate, 19-
20 

host enzymes, 22 
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hydrolysis of lignocellulosic 
materials, 302-304 

industrial production, 301 
inhibiting effect of toxic 

compounds, 304-305 
major factors in xylose-xylitol 

bioconversion, 305-310 
nitrogen supplementation and 

inoculum, 308 
oxygen level, 309-310 
pathway for xylose utilization in 

microorganisms, 21/ 
physicochemical properties and 

natural occurrences, 300-301 
physiological properties and 

applications, 301 
presence of glucose, 307-308 
production, 18-23 
production by microorganisms, 

302 
production from hemicellulosic 

hydrolysates by yeasts, 306/ 
recovery from sugarcane bagasse 

hydrolyzate, 22-23 
reduction of xylose, 18-19 

sugar cane bagasse and rice straw, 
20-21 

temperature and pH, 308-309 
toxic compounds, 303 
xylose concentration, 305,307 

Xylose 
Aspergillus oryzae xylanase 

production, 323, 326, 327/ 
pathway of utilization in 

microorganisms, 18,21/ 
xylose-xylitol bioconversion, 305-

310 
See also Xylitol 

Yeasts, biotechnological production of 
xylitol, 306/ 

Zymomonas mobilis, ethanol 
production, 17/ 
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