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Foreword 

JLHE A C S S Y M P O S I U M SERIES was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces­
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz­
ers) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom­
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re­
view papers are included in the volumes. Verbatim reproduc­
tions of previously published papers are not accepted. 
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Preface 

1HE U S E O F H Y D R O L Y T I C E N Z Y M E S to break down insoluble carbohy­
drates into potentially valuable products continues to be the focus of 
intense research activity. In areas such as the enzymatic hydrolysis of cel­
lulose, the initial application of fermenting the released glucose to 
ethanol has broadened as we learn more about enzymes to include deter­
gent, textile, and food applications. However, fundamental problems such 
as difficulties in obtaining good agreement in the protein content of a 
similar enzyme preparation (see Chapter 16) have yet to be fully resolved. 

This book is intended to provide a general review of enzyme and sub­
strate factors influencing the hydrolysis of insoluble carbohydrates, discuss 
several glucosidases and their mechanism of catalysis, and provide a more 
in-depth description of cellulase and hemicellulase enzymes and their pos­
sible applications. This was an ambitious goal, and we are grateful to the 
authors who strove to meet this objective. We hope that this text will 
provide an overview of specific and general issues that still limit our 
understanding of the mechanisms and applications of hydrolytic enzymes 
acting on insoluble polysaccharides. 
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Chapter 1 

Comparison of Enzymes Catalyzing 
the Hydrolysis of Insoluble Polysaccharides 

David B. Wilson, Mike Spezio, Diana Irwin, Andrew Karplus, and 
Jeff Taylor 

Department of Biochemistry, Molecular and Cell Biology, 
Cornell University, 458 Biotechnology Building, Ithaca, NY 14853 

Amylases, cellulases, chitinases, lysozymes and xylanases are all 
insoluble polysaccharide hydrolases. Many of these enzymes possess a 
separate substrate binding domain that is pointed to the catalytic domain 
by a hinge peptide. A l l of them contain multiple binding sites for sugar 
monomers (from four to eight) in their active sites and either two or 
three carboxyl side chains that function in catalysis. There are three 
amylase families, nine cellulase families, two chitinase families, five 
lysozyme families and two xylanase families. The enzymes in some 
families invert the conformation of the glycoside oxygen during 
hydrolysis while the enzymes in the other families retain the 
conformation. The structure of an inverting endocellulase, 
Thermomonospora fusca E2, has been determined by X-ray 
crystallography at 1.18 Å resolution. It has an open active site cleft, 
while CBHII which is an exocellulase with the same polypeptide chain 
fold has its active site in a tunnel. Several E2 mutants have been 
isolated and characterized to help determine its catalytic mechanism. 

Insoluble polysaccharides function either as storage polymers or as the major 
structural components of bacteria, Crustacea, insects, fungi and plants. Because of 
their specific functions and the abundance of these polymers, many organisms 
produce enzymes which can degrade them. Most of these enzymes only hydrolyze 
one type of polysaccharide but some hydrolyze more than one. This either results 
from a single active site that can bind polymers with related structures such as 
cellulose and xylan (1) or chitin and bacterial cell walls (2) or because of the 
presence of two or more different catalytic domains in one protein (3). 
A given type of enzyme can play quite different roles in different organisms. Thus 
plants produce cellulases to modify their cell walls to allow growth (4) or to ripen 
fruits (5) while plant pathogens produce cellulases to allow entry through plant cell 
walls (6). Many bacteria and fungi produce cellulases to utilize cellulose as a 
carbon source and they are essential for recycling plant cell walls in nature. Few 
animals make cellulases; so that ruminants, shipworms and termites utilize the 
cellulases produced by symbiotic bacteria and fungi to digest cellulose (7-9). 
Chitinases are produced by Crustacea, fungi and insects to allow the organisms to 

(X)97-6156/95W18-0001$12.00^ 
© 1995 American Chemical Society 
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2 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

grow; since chitin is a major structural material in these organisms (10). Chitinases 
also are produced by bacteria that utilize chitin as a carbon source. Interestingly, 
chitinases are produced by many plants as part of a defense mechanism against 
fungal pathogens (11). 
There are several properties that are shared by many insoluble polysaccharide 
hydrolases. One is the presence of a separate domain that binds tightly to the 
insoluble polymer substrate. These domains have been found in amylases (12), 
cellulases (13), chitinases (14) and xylanases (15). Surprisingly all of the xylanase 
binding domains that have been studied so far bind cellulose while some of them 
bind xylan (16) and some do not (15). A Streptomyces chitinase was also found to 
contain a cellulose binding domain (17). Binding domains are C-terminal to the 
catalytic domain in some hydrolases and N-terminal in others. For the six 
Thermomonospora fusca cellulases we have studied the binding domain is C-
terminal in three ( E l , E2, and E4) and N-terminal in the others (E3, E5 and E6) 
(18). In all of the hydrolases containing binding domains it appears that the 
binding domain is joined to the catalytic domain by a flexible peptide called a 
hinge or linker region (19). In many cases these peptides are easily recognised 
because they are rich in proline, and either threonine, serine or glutamine and often 
have a repeating sequence such as x-Pro. The presence of a cellulose binding 
domain increases the activity of the cellulase on crystalline substrates such as 
Avicel, cotton or filter paper but usually does not effect the activity of the enzyme 
on soluble substrates like carboxymethyl cellulose or oligodextrins (20). 
We have constructed two mutants that alter the hinge region of T. fusca 
endocellulase E2. The amount of insoluble and total reducing sugar produced from 
filter paper by the E2 catalytic domain, a mutant lacking the linker peptide and a 
mutant with a linker that is twice as long as the native linker were measured. The 
catalytic domain has about half of the activity of the native enzyme and produces a 
higher percentage of insoluble reducing sugar (48% versus 31%). Interestingly, 
addition of pure binding domain does not stimulate the catalytic domain, showing 
that the binding domain has to be joined to the catalytic domain to effect activity. 
The enzyme lacking the hinge peptide was more active than the E2 catalytic 
domain but less active than E2. The double linker enzyme is slightly more active 
than the native enzyme. These results support a model in which the enzyme is 
bound to its substrate by the binding domain and the hinge region allows the 
catalytic domain to catalyze a number of cleavages due to its flexibility. 
Domains with amino acid sequence similarity to fibronectin type III domains are 
present in a number of bacterial hydrolases including an amylase, several cellulases 
and several chitinases. However the function of these domains is not known and 
most hydrolases do not contain them (10). A l l insoluble polysaccharide 
hydrolyases appear to have active sites that contain multiple binding sites for sugar 
monomers with a range of from four to as many as eight subsites. In addition these 
enzymes appear to utilize catalytic mechanisms that involve two carboxyl side 
chains with different pKs, as was first proposed for egg white lysozyme (21). One 
of these carboxyl groups is thought to be protonated and donates a proton to the 
leaving sugar while the other is thought to be ionized and either stabilizes the 
carbonium ion present in the transition state or forms a covalent linkage with the 
rest of the substrate. In some enzymes, a bound water may replace one of the 
carboxyl groups in this mechanism. 
The strongest evidence for this mechanism comes from studies in which the three 
dimensional structure of enzyme-inhibitor complexes have been determined by x-
ray crystallography and the carboxyl side chains identified in the structure have 
been changed to other residues by site directed mutagenesis. Such studies have 
been carried out on both hen egg white (22) and T4 lysozyme (23), the 
exocellulase T. reesei CBHII (24), T. fusca endoglucanase E2 (25), an amylase 
(26) and a xylanase (27). In each structure, carboxyl side chains were identified 
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1. WILSON ETAL. Hydrolysis of Insoluble Polysaccharides 3 

that were correctly positioned to function in catalysis and mutants lacking these 
residues had greatly reduced activity. Additional evidence for the presence of 
essential carboxyl groups comes from experiments in which hydrolases have been 
reacted with carbodiimides which usually modify carboxyl groups and which 
inhibit most of the hydrolases that have been studied (28). Another common 
inhibitor of most of these enzymes is H g + + , which normally reacts with sulfhydrol 
groups but since most of the insoluble polysaccaride hydrolases lack free 
sulfhydrol groups, Hg++ must be inhibiting in some other fashion, possibly by 
binding to the active site carboxyl groups. 
For each class of enzyme, many different genes from a number of different 
organisms have been cloned and sequenced. These genes can be grouped into a 
number of families based on the amino acid sequences of their catalytic domains 
(19,29). It is very likely that all members of a given family have a similar three-
dimensional structure and it is also likely that members of different families have 
different structures, but this is less certain since some proteins with very little 
sequence identity have similar three-dimensional structures. The number of 
families that have been proposed for each class of these enzymes is shown in Table 
I. Most cellulolytic organisms contain cellulases from different families and 
where they contain enzymes from the same family the enzymes are often quite 
divergent. Usually one is an endocellulase and one is an exocellulase. This is true 
for T. reesei where CBHI and Endo I both belong to family C and for T. fusca 
where E2, an endocellulase, and E3, an exocellulase, belong to family B while E l , 
an endocellulase, and E4, an exocellulase, belong to family E (30). 
One of two stereochemically different mechanisms is utilized by each 
polysaccaride hydrolase. Some enzymes catalyze hydrolysis with inversion of the 
glycoside linkage, while the others catalyze hydrolysis with retention of the 
stereochemistry of the glycoside linkage. It appears that enzymes that give 
inversion catalyze a direct attack of water in an Sn2 reaction on the glycoside 
linkage as shown in Figure la. Enzymes that give retention appear to catalyze a 
two step process in which an active site caboxyl group attacks the glycoside 
linkage with inversion, usually forming an enzyme bound intermediate (Fig. lb). 
Then the intermediate is attacked by water, again inverting the conformation, with 
the overall result of two inversions being retention of the original stereochemistry. 
Most retaining enzymes can catalyze transglycosylation by reacting the enzyme 
bound intermediate with a sugar molecule rather than water (31). However, 
transglycosylation only occurs when there is a high concentration of an acceptor 
species to complete with water. Enzymes that invert do not catalyze 
transglycosylation. Studies have shown that all members of a given family appear 
to utilize the same mechanism (32). Both inventory and retaining enzymes have 
been demonstrated for amylases, with (J amylases causing inversion and a 
amylases giving retention. Cellulases in family A and family C give retention 
while cellulases in family B and E give inversion. In the case of xylanases, the two 
major families both give retention of the (i linkage (32). This is also true for 
lysozymes while the stereochemistry of chitinases has not been reported. However 
it has been reported that a bacterial chitinase can catalyze transglycosylation which 
indicates that it probably gives retention (33). 
An important property of cellulases is their ability to give synergism in hydrolysis 
of crystalline cellulose. No cellulase acting alone has a specific activity on filter 
paper that is greater than one p.mole/min/u; mole of enzyme while the best 
synergistic mixture of three cellulases has an activity of nearly 16 \i moles/min/p, 
mole of enzyme (20). We define synergism as the ratio of the activity of a mixture 
of enzymes divided by the sum of the activities of the enzymes in the mixture 
activity acting alone. Synergism is seen in most mixtures containing an 
endocellulase and an exocellulase and in some mixtures containing two different 
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4 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Table I 

Hydrolase Families (29,34) 

Enzyme Families 

Amylase 13,14,15 
Cellulase 5,6,7,8,9,12,44,45,48 
Chitanase 18,19 
Lysozyme 21,22,23,24,25 
Xylanase 10,11 

(General Acid) 

HOCH2 

Figure la. Mechanism of hydrolysis of cellulose with inversion. 
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H OH 
O HOCH2 

HOCH2 O 
H 

o-

JL 
Figure lb. Mechanism of hydrolysis of cellulose with retention. 
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6 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

exocellulases. It is very rare to see synergism between endocellulases. The 
optimum mixture contains two different exocellulases plus an endocellulase with 
the endocellulase making up only 20% of the total enzyme. 
A major goal of our research on i. fusca cellulases is to engineer a cellulase 
mixture that has a higher activity in degrading insoluble cellulose then T. reesei 
crude cellulase. An important step forward toward this goal was the determination 
of the three-dimensional structure of the catalytic domain of endoglucanase E2 at 
1.18A resolution which was carried out by Mike Spezio, in collaboration with Dr. 
Andrew Karplus at Cornell. We first tried to crystallize the native enzyme but as I 
believe is always the case for proteins that contain hinge peptides we could not get 
crystals of the multidomain enzyme; so we then tried to crystallize the isolated 
catalytic domain which contains 286 amino acids and has a molecular weight of 
30,000. Crystals were obtained from ammonium sulfate and by seeding we can 
reproducibly obtain crystals that diffract to l.OA (25). The structure was solved by 
multiple isomorphous replacement using four derivatives at 2.6 A and then refined 
first to 1.8 A and then to 1.18 A. The R value for the refined structure including all 
reflections from 66 to 1.18 A is 23.2% while the RMS deviation from ideality in 
the bond lengths is 0.008 A and in the bond angles is 1.4°. The structure contains 
230 water molecules and two bound sulfate ions. An example of the quality of the 
electron density that we obtain at our highest resolution (1.6A) is shown in Figure 
2 which shows the electron density map for Tip 41. At this level of resolution side 
chains that adopt two different conformations can be detected and about 15 of the 
286 side chains show alternate conformations. 
The overall model of E2cd that we have determined is shown in Figure 3 and it is a 
globular protein with a pronounced cleft at the top. The active site is in the cleft as 
was shown by the fact that when the structure of a cocrystal of E2cd and the 
competitive inhibitor, cellobiose, was determined, the cellobiose bound into the 
cleft. This is shown in Figure 4 which is a model of this structure. The basic chain 
fold of E2cd is an unusual parallel (3 barrel which is similar to the fold determined 
for the exocellulase, CBHII, from Trichoderma reesei (24) (Figure 5). The major 
difference between these two enzymes is that the open active site cleft in E2 is a 
tunnel in CBHII. The peptide backbones of the two enzymes are shown in Figure 
6, where the thick line is the E2 a carbon trace while the thin line is the a carbon 
trace for CBHII. The closed cleft in CBHII results from an extra 20 amino acid 
loop on the left which is missing in E2 and from the alternate position of another 
loop in CBHII which completes the roof of the tunnel. 
Some of the residues in the active site of E2 are shown in Figure 7. We believe 
that A s p 1 1 7 and A s p 2 6 5 probably provide the catalytically important carboxyl 
groups. A s p 2 6 5 is likely to be ionized as it appears to form a salt bridge with 
A r g 2 2 1 while A s p 1 1 7 is likely to be protonated as it is close to A s p 1 5 C We have 
isolated mutants in which A s p 2 6 5 was changed to either a Phe or a Val residue and 
find that they have greatly reduced activity. Work with other family B cellulases 
including CBHII have shown that the residue equivalent to A s p 1 1 7 is an essential 
residue, as changes in that residue reduce the activity to 1% or less (24). We have 
also isolated a mutant in which G l u 2 6 3 was changed to Gly. Glu^63 appears to 
participation substrate binding but the mutant has wild type activity on all 
cellulosic substrates. It does show lower activity on cellotetraose and that appears 
to be caused by a higher Km value. The fact that the G l u 2 6 3 mutant has normal 
activity provides indirect evidence that the low activity found for the A s p 1 1 7 and 
A s p 2 6 5 mutants does not result from the inability of E2 to fold properly due to the 
loss of a carboxyl group in the active site. We are trying to use the information 
about the structure of E2 to first understand how it catalyzes the hydrolysis of 
crystalline cellulose and then to design more active endocellulases. 
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Electron density of Trp41 in cellulase E2 at l.OA 
resolution. 
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8 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Figure 3. Model of E2 showing the peptide chain and accessible 
surface. 
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1. WILSON ET AL. Hydrolysis of Insoluble Polysaccharides 9 

Figure 4. Ribon diagram of the E2 structure with bound cellobiose 
(side view). 

Figure 5. Ribon diagram of the E2 structure with bound cellobiose 
(top view). 
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Figure 6. Comparison of the peptide chains of E2 (thick line) and 
CBHII (thin line). 
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1. WILSON ETAL. Hydrolysis of Insoluble Polysaccharides 11 

Figure 7. Potential catalytic residues in the active site of E2. 
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Chapter 2 

Molecular Deformations and Lattice Energies 
of Models of Solid Saccharides 

A. D. French1, M. K. Dowd1, S. K. Cousins2, R. M. Brown2, and 
D. P. Miller3 

1Southern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, P.O. Box 19687, New Orleans, LA 70179 

2Department of Botany, University of Texas, Austin, TX 78713 
3P.O. Box 423, Waveland, MS 39576 

A context for studying molecular deformations in crystals was established by 
reviewing conformational studies of isolated mono- and di-saccharides. In new 
work, models of miniature crystals of cellulose allomorphs, cellobiose, maltosyl 
di- and tri-saccharides and panose were based on published crystal structures. 
Their lattice energies were computed after complete energy minimization with 
M M 3 ( 9 2 ) . Comparisons of the conformations of molecules in the model 
crystals with the models of isolated individual molecules indicated the extents 
of distortion resulting from the crystal fields. Ring puckerings, linkage 
conformations and side group orientations can each be deformed by the crystal 
field by as much as three kcal/mol. The sum of such distortions is typically 
about five kcal/mol of glucose residues, compared to the molecule modeled in 
isolation. These increases in intramolecular energy are stabilized by lattice 
energies ranging from about 15 to almost 50 kcal/mol of monomer residues, 
with oligomers and polymers having smaller lattice energies per residue than 
monosaccharides. Contrary to conventional thought, the van der Waals force 
is usually a stronger component of the lattice energy than the intermolecular 
hydrogen bonding, especially for cellulose models. 

Although experimental techniques continue to improve, computerized molecular 
modeling of carbohydrates will be increasingly useful in studies of enzyme 
interactions with polysaccharides. In the present work, we study interactions of 
carbohydrates with their neighbors in the well-defined environments offered by 
carbohydrate crystal structures. We also show how modeling can be used both to 
further understand experiment and to probe structures of insoluble polysaccharides for 
which experimental evidence is not definitive. 

Three main methods exist for modeling structures and energies. Of these, ab initio 
quantum mechanics calculations at sufficiently high levels of theory take large 
amounts of computer time. Therefore, they cannot model all the potential variants of 
monosaccharides or the large assemblies of molecules described in the present paper. 
Available semi-empirical quantum mechanical models, although not prohibitively 
time-consuming, are not sufficiently accurate for such work (1-3). In view of these 
limitations on the quantum mechanical methods, we use molecular mechanics (4), in 
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14 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

particular the general purpose program (MM3) (5-7). Numerous studies of 
carbohydrates (8-10) and other organic molecules have been published with M M 3 and 
its predecessor, M M 2 (in several official and unofficial variants) (11-13). M M 3 is 
less well known for modeling proteins, partly because versions of MM2 were limited 
to 255 atoms or less, far fewer than in proteins. Now, larger systems can be studied, 
and M M 3 is parameterized for peptides (14). 

Our first step in learning about the deformations and interaction energies in 
carbohydrate crystals is the construction of potential energy surfaces for isolated 
model molecules. The minimum energies, considering ranges of exocyclic group 
orientations, are plotted against the important variables of molecular conformation, 
e.g., the puckering parameters of monosaccharide rings or the linkage torsion angles 
of disaccharides. (The latter plots are the familiar (j>, ljr, energy maps used by 
Ramachandran more than 30 years ago (15).) Next, the puckering parameters or (f> 
and i|r values of relevant (in a fairly broad sense) molecules in crystal structures are 
plotted on these surfaces. For each observed structure, the corresponding energy 
above the global minimum on these contoured surfaces is then attributed (in principle) 
to the energy of deformation caused by the crystal field. 

One type of deformation is a displacement from a local minimum on the energy 
hypersurface, while a second type is the entrapment in a local minimum higher in 
energy than the global minimum. Because polymers are connections of monomeric 
units, our definition of molecular deformation includes interactions arising from 
adjacent residues of the same molecule. We expect all of these types of distortion and 
their combinations to be found in crystalline carbohydrates. Of course, energies above 
the modeled global minimum could also arise from errors in the modeling program 
or from inadequate strategies for its application to molecules that are as complex as 
carbohydrates. Additional increases in energy are brought about by specific 
intramolecular interactions in molecules that are "relevant" but not exactly the 
modeled molecule. Therefore, especially when molecules have energies higher than 
usual on the conformational surfaces, we have also used models that incorporate 
neighboring molecules located according to the published crystal structure. We call 
these models miniature crystals, or minicrystals. If the modeling program is nearly 
correct, the higher-energy conformation will be kept during energy minimization of 
the minicrystals. 

One test of the quality of the model is the extent of movement of the individual 
atoms from their experimentally determined positions during the energy minimization. 
Further evidence of the validity is provided by the lattice energy of the model. This 
is calculated by removing the central molecule to an infinite distance and subtracting 
the energy of the intact minicrystal from the total energy of the separated structures 
(stabilizing lattice energies are positive). Obtaining an experimental value is more 
difficult. Experimental heats of combustion for carbohydrates can be converted to 
heats of formation for the solid compound. M M 3 and some other programs permit 
calculation of the heat of formation of a vapor phase molecule. Our "experimental" 
lattice energy is the difference between the MM3 heat of formation for a vapor phase 
molecule and the experimental heat of formation for the solid. Although the resulting 
"experimental" lattice energy depends on MM3 with its tabulated enthalpies for 
individual bonds, that part of MM3 is apparently quite accurate. Calculated heats of 
formation of 41 alcohols and ethers in the vapor phase had a standard deviation of 
0.38 kcal/mol when compared to experiment (6). Studies of molecules in lattices are 
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2. FRENCH ET AL. Lattice Energies of Models of Solid Saccharides 15 

not new. Williams has used such calculations for many years (16) for the study of 
nonbonded parameters, and similar models were used in a study of peptides (14). We 
have found miniature crystal models to be useful additions to structural study even 
when single crystal studies have been performed on very small molecules such as 
erythritol that are disordered in the crystal (17). 

In the present paper, we first review our studies of mono- and disaccharide energy 
surfaces. We then describe new studies of miniature crystals of cellobiose and 
cellulose allomorphs, using a new method of comparing the relative stabilities of the 
various allomorphs of cellulose. We also study four molecules that represent 
fragments of starch: p-Maltose monohydrate, p-methyl maltoside, p-methyl 
maltotrioside and panose (a-D-glucopyranosy l-( 1 -•6)-a-D-glucopyranosy l-( 1 -+4)-a-D-
glucopyranose). Panose is a model for the (l->6) branch point of the amylopectin 
polysaccharide in starch, as well as the (l~*4)-linked amylose chain. The 
maltooligomers are also models for amylose and the amylopectin backbone. Three 
of these maltooligomers are hydrated so the role of water can be considered, too. 

Methods 

The procedures for making energy surfaces for furanose and pyranose 
monosaccharides are detailed in a study of the ketosugar psicose (18). Ring 
conformations are varied by raising and lowering non-adjacent ring atoms in 
increments of 0.1 A, while holding the three other ring atoms in a plane. For each of 
the 38 characteristic pyranose geometries (two chairs, six boats, six skews, 12 half-
chairs and 12 envelopes), all 729 combinations of staggered primary and secondary 
alcohol groups were optimized. The 15 to 23 unique combinations of side group 
orientations favored at the 38 characteristic geometries were used at 4913 points in 
ring-puckering space for each pyranosyl molecule. 

Disaccharide modeling strategies were described in a study of cellobiose (19). 
Increments of the linkage torsion angles were 20° or less. For the energy surface of 
cellobiose presented here, 16 combinations of exocyclic group orientations were used 
as initial structures. We used 24 initial structures for the maltose surface. 

Miniature crystals were constructed using the published atomic coordinates, unit 
cell dimensions, and space group from the original crystal structure reports. As 
described previously (20), the miniature crystals of the various molecules were 
constructed with C H E M - X (developed and distributed by Chemical Design, Ltd.). 
Unlike other work that retains space group symmetry and unit cell dimensions (14), 
our studies place no restriction on the atomic movement during energy minimization. 
The cellobiose and panose models contained 1215 and 1866 atoms, respectively; the 
other models had fewer than 750 atoms. Cellulose models were based on groups of 
seven cellotetraose molecules. 

Minimizations terminated when the energy change per five iterations was less than 
0.00008 kcal/mol times the number of atoms in the structure. As described before, 
however, it is also necessary to observe the atomic movement. If the average atomic 
movement per iteration was more than 0.00011 A when minimization terminated, one 
(or more) hydroxyl hydrogen atom(s) on the surface was probably fluctuating. (This 
artifact of MM3 minimizations is thoroughly described in reference 20.) Fluctuating 
groups were oriented manually to be in a different energy well and the minimization 
was resumed. Energies were calculated with dielectric constants (e) in the range of 
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16 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

three to four, as stated below. This attenuates the electrostatic interactions, compared 
with the vacuum phase (MM3 uses €=1.5 for the vacuum phase), and yields closer 
comparisons with conformations determined by crystallographic experiments. 

MM3(92) ran on various computers, including Digital V A X and DECstations and 
on IBM-PC compatibles, and C H E M - X was used on both PC-compatible and V A X 
computers. Root mean square (RMS) atomic movements were computed with 
C H E M - X . RMS energies were computed with the SLICE utility provided with 
SURFER, the program used for contour plots. 

Results and Discussion 

Review of Isolated Monosaccharides. Structural knowledge of glucose (21) and 
fructofuranose (22,23) is central to work on cellulose, starch and fructans. We have 
also studied the remainder of the aldohexoses: allose, altrose, galactose, gulose, idose, 
mannose, and talose (21). For these D-sugars, the conventional chair form, 4 C 1 ? was 
dominant, with several exceptions. a-Idose had the lowest energy in a skew form, as 
previously proposed (24), and both chairs also have low energy. Non- 4C, forms are 
also plausible for a-altrose, a-allose and a-gulose. The p-anomers of these sugars 
have relative energies for the alternate chair more than two kcal/mol above the 
minimum, so non-4Cj forms would be found only under special circumstances. Both 
anomers of glucose are likely to appear only in the 4 C , form, because the other forms 
have relative energies higher than five kcal/mol. Still, there is substantial flexibility 
within the 4 Cj form that must be considered. 

MM3(92) at 6=3.0 predicts the experimental anomeric ratios of the above sugars 
in aqueous solution with an average accuracy of about 0.5 kcal/mol, with the P-form 
inordinately favored (20). The simplest interpretation of that result is that the 
MM3(92) modeling system is fairly accurate and that specific solvent effects are 
small, both in terms of structural change and energy differences. Another indication 
of the validity of MM3(92) for use on carbohydrates is that the observed crystal 
structures containing the very flexible fructofuranose rings are all predicted to have 
ring shape energies of less than three kcal/mol, with the majority less than one 
kcal/mol (22,23). 

Review of Isolated Disaccharides. MM3(92) energy maps for p-cellobiose and 
a-maltose are shown in Figures 1 and 2. Except for sucrose (25-27), our modeling 
studies of disaccharide linkage conformations have succeeded in placing observed 
crystal structures within contours 2 kcal/mol above the minimum. Another exception 
is one of the linkages in crystalline cycloamylose hexahydrate (28), which, in the 
crystal, has an energy nearly three kcal/mol above the minimum found for an isolated 
disaccharide. Our work included all the possible linkages of glucopyranose, including 
the three-bond 1,6 linkages (29). Three maps for a-mannose disaccharides have also 
been reported (30). Yui et al. studied chitobiose in a similar manner (31) and applied 
the results to predict the solution properties of the polymer chitosan, another rather 
insoluble polysaccharide. That work, and comparison with results of other workers 
(for example, see ref. 32), has shown that the treatment of electrostatic interactions is 
very important, but difficult. Such difficulties gave rise to the recent, despairing 
comment that the models didn't work "when hydrogen bonding was properly 
accounted for (32)." However, we surmise that those workers failed to account for the 
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2. FRENCH ITT AL. Lattice Energies of Models of Solid Saccharides 17 

higher dielectric constant of the crystals, compared to vacuum. This caused 
overemphasis of the electrostatic interactions. 

Figure 1 MM3(92) calculated energies for P-cellobiose, 6=3.0. Sixteen combinations of 
side group orientations were used as initial structures at each point on a 20° grid of (j> and i|r, 
including all combinations of gt, gg, r, and c orientations. Points on the map are: C, 
proposed cellulose I-IV structures from this work. CJ and HW are cellobiose and methyl 
cellobioside. CBA, CTAN, and CTAR are cellobiose and cellotriose acetates, and FRS, CB, 
B and HS are various lactose structures. See reference 30 for the references. 

Crystal structures of molecules related to disaccharides show that their inter-residue 
linkages have substantial flexibility. For example, the two linkage torsion angles take 
values almost continuously over ranges of 90° in crystal structures of maltose-like 
molecules (Figure 2). We have adopted the hypothesis (33) that, because of the 
different collections of nonbonded interactions found in the many different crystal 
lattices, the observed conformations will deviate in a random way from the minimum-
energy structure for the isolated molecule. Moreover, if the number of conformations 
plotted on the energy surface is sufficiently large, their variation in position should be 
consistent with the Boltzmann probability function. 

One exception to this hypothesis would be the comparison of an energy surface for 
maltose with linkage geometries from maltosyl residues within cycloamyloses which 
have covalent constraints on linkage geometry. In cycloamyloses the linkage torsions 
must lead to closure of the macroring, and other shapes that are likely for the isolated 
maltose molecule might not occur in the cyclic molecule. Another possible cause of 
deviation from a random distribution would be a preferred set of torsion angles for the 
various derivatives and complexes of a given molecule that would always lead to 
packing with the highest density. To avoid problems from covalent constraints, we 
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18 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

70 

30 

Figure 2 MM3(92) calculated energies for a-maltose, €=3.0. Twenty-four combinations 
of side group orientations were used. Compared to the cellobiose map (Figure 1) a second 
position of the 02H hydrogen atom was used that permits an intramolecular hydrogen bond 
to the glycosidic oxygen atom. Points discussed in this work include A M (a-maltose), B M 
(P-maltose monohydrate), M M (methyl P-maltoside), PA (panose), M3 (methyl a-
maltotrioside), and M7 (maltoheptaose). See reference 30 for keys to the other codes and 
their references. 

limited the number of maltose geometries from cycloamyloses on the maltose map in 
Figure 2. A similar safeguard against drawing inappropriate conclusions was not 
obvious for the happenstance of a limited range of torsion angles being preferred for 
packing. Ultimately, specific effects from the chemical differences in the range of 
"related" compounds will defeat an exact application of this hypothesis. Still, even 
chemically identical linkage torsion angles such as in cyclohexaamylose take a wide 
range of values as a result of non-bonded interactions. Also, the specific effects from 
selected, chemically different molecules can be quite small (< 1.0 kcal/mol) so the 
hypothesis is a useful tool. 

A measure of the ability of a system to model crystalline disaccharides is the RMS 
energy for the crystal structures plotted on the energy surface. On the cellobiose map 
(Figure 1), all of the structures that were determined by single crystal methods have 
an RMS energy of 0.87 kcal/mol. Including the lactose crystals (which also have 
P_l->4 linkages) but omitting the acetates reduces the RMS energy to 0.68 kcal/mol. 
The map for maltose (Figure 2) has a value of 1.19 kcal/mol for 38 linkage 
conformations, whereas the maltose maps by other workers, and our previous work 
with M M 2 , would have higher RMS energies, perhaps three kcal/mol. Another 
consideration is that the crystal structures should be distributed in a manner consistent 
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2. FRENCH ET AL. Lattice Energies of Models of Solid Saccharides 19 

with the energy surface. Within the limitations discussed above, there should be little 
area of very low energy that is not occupied, just as there should be few structures in 
the high-energy areas. 

Given the map for maltose with a low R M S energy, it is of interest to check the 
linkage conformations found in the complex of maltoheptaose with rabbit 
phosphorylase (34). Three of the five resolved linkage conformations (M7 on Figure 
2) fall at the center of the 1 kcal/mol contour, and the other two are just outside it, 
despite 30-40° ranges in the linkage torsion angles. In general, data from protein-
carbohydrate complexes must be accepted carefully because the resolution is often 
inadequate for these purposes. 

Review of Model Miniature Carbohydrate Crystals. Model cellulose and other 
carbohydrate crystals were described in a 1993 paper (20), and further work on the 
native l a form of cellulose (35) was published in 1994. In particular, various 
conformational aspects and the lattice energy of a-maltose were accounted for by 
study of a minicrystal (30). Miniature crystals of raffinose (27), nystose (22) and 
gentiobiose (29) have also been described, with the first two being unsatisfactory 
because of unknown problems with their sucrose linkages (27). Special attention was 
given to hydrogen bonding in miniature crystals of threitol, erythritol, p-glucose and 
a-maltose (17). That work showed that the experimentally-12 
determined hydrogen bonding arrangements were reproduced fairly well, even in the 
instances of bifurcated hydrogen bonding. In that work lattice energies, calculated 
with a dielectric constant of 3.5, were about 80% of the experimental value, with the 
deficit attributed to the absence of long-range forces in the models (all had fewer than 
750 atoms). An exact match of the lattice energy for a-maltose with the experimental 
result was obtained by using e of 2.5 (26), but we felt that this overemphasized the 
electrostatic interactions to compensate for the lack of long-range forces. 

New Work 

Cellobiose Conformation. Crystalline cellobiose (36) has a shape that corresponds 
to a local minimum on the MM3(92) surface. The main reason for taking another look 
at its minicrystal model is that it was not completely optimized in the earlier work 
(20). Although MM3 had reported that the structure was minimized, some surface 
hydroxyl groups were fluctuating. We are now used to dealing with this peculiar 
behavior of MM3, and realize that the surface hydroxyl groups must be readjusted and 
optimization resumed. We took advantage of the need for a new study to increase the 
size of the minicrystal to 27 cellobiose molecules (Figure 3). In the past, we used 
some glucose instead of cellobiose molecules to surround the central molecule 
completely without exceeding the old atom-size limits. Because of the completion of 
minimization, the increased model size, the change in the calculation of hydrogen 
bonding energy in MM3(92), and the lower dielectric constant, the calculated lattice 
energy of cellobiose increased from 61.0 to 65.7 kcal/mol. As an example of the 
lattice energy calculation, and the partitioning of the total energy terms, the MM3 
outputs are shown in Table I. Taking the values from Table I, the calculation is: 

Lattice Energy = 29.94 + 293.17 - 257.40 = 65.71 kcal/mol 
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20 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Figure 3 Miniature crystal of cellobiose used in this study. 1215 atoms were used, in 27 
molecules. The perspective drawing of the unoptimized structure was done with CHEM-X. 
Hydrogen atoms are not shown. 

Table I. MM3(92) Energies for Cellobiose Minicrystal and Components (kcal/mol) 

Minicrystal Central 
Molecule 

Outer 
Shell 

Final Steric Energy (total) 257.40 29.94 293.17 

Compression 36.92 1.25 35.67 

Bending 106.80 4.14 102.65 

Bend-Bend -4.54 -0.17 -4.38 

Stretch-Bend 10.85 0.37 10.48 

Van der Waals 1,4 Energy 691.55 25.77 665.78 

Van der Waals Other -435.43 -2.30 -387.75 

Torsional -1.35 0.27 -1.62 

Torsion-Stretch -4.40 -0.16 -4.24 

Dipole-Dipole -143.00 0.76 -123.42 
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2. FRENCH ET AL. Lattice Energies ofModels ofSolid Saccharides 21 

Because of the way that hydrogen bonding energy is calculated in MM3, there is 
no separate summary of hydrogen bonding energy. Part of the hydrogen bonding 
arises from the dipole-dipole term, and the other part comes from an altered van der 
Waals expression for atoms that could participate in hydrogen bonding (17). The 
intermolecular hydrogen bond in the methanol dimer has an MM3(92) energy of 2.23 
kcal with e = 3.5. Of this energy, 1.23 kcal is from the dipole-dipole interaction and 
0.97 kcal is from the supplemental term reported with the "van der Waals other" 
values (17). 

To study the extent of distortion of the inter-residue linkage, we optimized the 
central molecule from the minicrystal in isolation. Because of fluctuation, the first 
attempt at optimization of the central molecule in isolation did not finish successfully 
but it dropped the energy from 29.9 to 27.0 kcal. Manual rotation of the fluctuating 
03 hydroxyl group dropped the energy to 25.4, and subsequent minimization dropped 
the energy to 25.05 kcal/mol. In the calculations to produce the cellobiose map in 
Figure 1, the minimum-energy grid point closest to the cellobiose crystal structure was 
at (J), i|r = 40°, 0°. Unlike the crystal conformation, the hydroxyl groups of the 
structure from our searching of variation space were reverse-clockwise (nonreducing 
residue) and clockwise (reducing residue) (19). The energy of that structure, 
optimized without constraint, was 20.8 kcal, about nine kcal/mol lower in energy than 
the central molecule of the optimized minicrystal. Table II compares selected 
structural details of the original crystal structure, the central molecule from the 
optimized minicrystal, that central molecule optimized further in isolation, and the 
structure identified by our conformational mapping as the local minimum near the 
observed crystal structure. 

There is apparently very little distortion of the cellobiose molecule by its crystal 
lattice, and the 03'H 05 hydrogen bond is modeled exceptionally well. The greatest 
discrepancies are around the reducing residue's anomeric center. Especially 
noteworthy are the C l ' - O l ' bond length, the H01 ' -01 ' -Cl ' -05 ' torsion angle (on 
which C l ' - O l ' depends), and the OS ' -Cl ' -OF bond angle. Minor problems with 
parameterization are indicated in situations where the parameters from the structures 
optimized without neighbors are actually closer to the experimental structure than the 
minicrystal values. Despite these small problems, the mean atomic displacements 
from the crystal structure positions resulting from minimization are much smaller for 
the cellobiose molecule optimized in the center of the minicrystal than for the models 
optimized in isolation. 

Conformations of Cellulose Allomorphs. Historically, the crystalline forms of 
cellulose have been designated Cellulose I - IV and Cellulose X , which has not been 
studied recently (37). Within the past two decades, distinctions were discovered 
between Cellulose III made from Cellulose I, and Cellulose III made from 
Cellulose II. Thus, both forms of Cellulose III have approximately the same lattice 
dimensions but have different distributions of diffraction intensities (38), depending 
on their histories. The structure of Cellulose IV also depends on whether it was made 
from I or II (39). More recently, native Cellulose I was found to have two distinct 
crystal structures, l a and Ip (40). Ia is found mixed with Ip in bacterial and algal 
cellulose, whereas Ip is the dominant form in higher plants and after steam-annealing 
algal cellulose. 
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Table II. Conformational descriptors of cellobiose 

Structural Descriptor Diffraction Minicrystal Isolated Local Min 

< M ° ) 42.3 40.9 42.0 45.8 

• H ( ° ) -17.9 -11.1 -12.7 -4.5 

< M ° ) -76.3 -81.7 -79.6 -76.1 

+cs(°) -132.3 -130.8 -132.4 -125.2 
T(°) 116.1 114.0 115.0 113.8 
03* 05 (A) 2.77 2.73 2.71 2.76 
03H* 05 (A) 1.89 1.85 1.86 1.99 

C l - O l (A) 1.40 1.41 1.41 1.41 

C l ' - O l ' ( A ) 1.38 1.42 1.42 1.43 

Hor-or-cr -o^c 0 ) -116.3 -93.4 -64.2 180.0 
C5-05 (A) 1.44 1.44 1.44 1.44 
C5'-05' (A) 1.44 1.43 1.44 1.44 
05-C1 1.43 1.43 1.43 1.43 
05*-cr 1.44 1.43 1.43 1.42 
C5-05-C1 (°) 112.4 112.3 112.5 112.0 

CS'-OS'-CV (°) 113.5 112.5 111.6 112.2 
05-C1-01 (°) 107.5 105.7 104.0 104.9 

os ' -cr-oro 107.0 102.5 104.4 101.9 
Atomic movement (mean) (A) - 0.07 0.13 0.19 

Atomic movement (RMS) (A) 0.09 0.19 0.25 

The previous comparisons of the energies of cellulose polymorphs (20) were in 
qualitative agreement with the general understanding of the relative energies, once an 
error in our model of the cellulose Ip structure was corrected (35). However, our 
manual reorientation of the surface hydroxyl units during optimization was affecting 
the total energy for the system, and another approach would be more rigorous. Thus, 
the tabulated energies that compare the different allomorphs were computed in a 
different manner. The new energies for comparisons of stabilities result from the 
summation of the lattice energy (Table IX, below) and the energy of the isolated 
central molecule without further optimization. This is equivalent to the difference 
between the minicrystal energy and the energy of the outer shell Excepting the l a 
structure, based on work by Aabloo and French (35), the cellulose structures were all 
proposals of Sarko and coworkers (38,39,41,42). 

Another improvement was the averaging of the structures that have two chains per 
unit cell. Two miniature crystals for such structures are now used. For example, one 
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Table III. Comparative energies and linkage torsion angles of cellulose allomorphs 

Cellulose 
Allomorph 

Minicrystal 
Energy 

Energy for comparison 
(per tetramer) 
[per residue] 

4>,i|r/(|>,i|j 
corner / center 

l a 208.9 -20.69 [-5.17] 31.8, -27.6 / n.a. 

IP 207.3 -21.36 [-5.34] 31.0, -26.6/28.6, -29.0 

II 192.9 -25.51 [-6.38] 35.0, -29.5/29.6, -26.4 

III, 215.9 -18.39 [-4.60] 30.8, -26.6/28.7, -29.4 

IV, 213.0 -18.27 [-4.57] 33.1,-26.9/30.6, -25.9 

iv„ 216.8 -16.20 [-4.05] 27.9, -27.7 / 28.3, -27.6 

model structure of Cellulose II was based on four "up" chains at the comers of the unit 
cell, with three "down" chains. The other Cellulose II model had four "down" chains 
at the comers and the other chains were "up." Although the ranking of the structures 
is the same, based on either the total minicrystal energy or the sum of the lattice 
energy and the central-chain energy, the "comparison energies" from Table III should 
be the best representations of the energies of the several structures. The only known 
experimental value for the difference between cellulose ip and II is 0.3 kcal/mol of 
glucose residues (43), compared with our predicted value of about 1.0 kcal/mol of 
glucose residues. The difference between cellulose l a and II was 1 kcal/mol of 
glucose residues, according to the PLMR program (35). Experimental values would 
be smaller because of amorphous material in the experimental samples. 

Previously, it was thought that the 2-fold screw-axis proposed for cellulose would 
strain the structure unreasonably (44), owing partly to short contacts across the 
glycosidic linkage between the hydrogen atoms on CI and C4\ The <j) and i|r values 
from our various models are shown in Table III. Their average, (J) = 30.5°, i|r = 
-27.6°, is plotted in Figure 1. It is essentially a 2-fold conformation. When the values 
fall on the line between the (J>,f pairs 1807-180° and -1807180°, the structures 
possess 2-fold (or pseudo 2-fold) screw symmetry. This line passes through the center 
of the 1 kcal/mol contour of the cellobiose map in Figure 1, showing that any strain 
from the lowest-energy 2-fold conformations is minor. In the cellulose minicrystals, 
the lengths of the model central cellobiose units ranged from 10.26 to 10.36 A, values 
within experimental error of the reported values of the fiber repeat distances of 
cellulose (38-42). 

Maltodisaccharide Conformations. 

Along with the a-maltose structure, the linkage conformations of the crystal structures 
of P-maltose monohydrate and P-methyl maltoside have distortions. These structures 
all possess intramolecular hydrogen bonds between 02 and 03'. Part of the reason for 
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the non-minimal energy of the p-structures might be that the energy surface for 
P-maltose is slightly different from the a-maltose surface. However, the energies of 
the two P-anomers were even higher on our MM3(90) map of p-maltose (45), relative 
to its global minimum. 

p-Maltose Monohydrate. This disaccharide was studied first with x-rays (46) and 
subsequently by neutron diffraction in 1977 (47). Its water of hydration bridges 06 
to 06' of a neighbor and also bridges 03 atoms of two adjacent molecules. Because 
the structure was determined by neutron diffraction (R = 0.044), the positions of the 
hydrogen atoms should correspond closely to the MM3 values. Table IV shows the 
energies of several models. 

In the central molecule of the optimized miniature crystal model, the experimental 
torsion angle values and hydrogen bond geometries were well preserved (Table V). 
The first two data columns in Table IV show the breakdown of the overall MM3 
energy for both the experimental structure and the central molecule in the model 
minicrystal Similar comparisons, based on x-ray instead of neutron diffraction, 
would typically have much larger energy differences. For example, the unoptimized 
energy of the structure of methyl P-maltoside from the experimental x-ray diffraction 
study (R=0.056) (48) was 138 kcal/mol, with 71 kcal from bond stretching and 
39 kcal from angle bending. This much higher energy arises because x-ray diffraction 
locates the centers of electron density of hydrogen atoms, whereas the neutron 
diffraction and modeling methods determine the locations of the nuclei. To a lesser 
extent, the dispositions of lone pairs of electrons cause x-ray diffraction studies to give 
somewhat different positions for oxygen atoms as well Also, the crystallographic R 
factor was higher for the methyl maltoside, so it is likely that random errors in the 
atomic positions are higher. 

In Table IV, the largest differences between the components of the initial energy and 
the intramolecular energy of the molecule optimized in the minicrystal are for the 
bond length and bond angle terms, with each contributing about five kcal/mol. In 
particular, the parameterization for O-H lengths in MM3 is for the vapor phase, 
electron diffraction value of 0.947 A, whereas the usual bond length by neutron 
diffraction of single crystals is about 0.97 A. In the neutron diffraction experiment, 
neutrons are scattered by the nuclei, while electrons are scattered by charged particles. 
In x-ray diffraction, the scattering is based on the positions of maximum density of 
the electron cloud. Because the electron cloud of a hydrogen atom consists of a single 
electron, the cloud's center is often closer to the oxygen or carbon to which it is bound 
than is the hydrogen nucleus. Thus the C-H and O-H bond lengths measured by x-ray 
diffraction would be shortest, bond lengths determined by electron diffraction would 
have intermediate lengths, and neutron diffraction bond lengths would be longest. 
Because the O-H stretching constant is fairly large, variation from the MM3 standard 
values accounts for a big part of the energy discrepancy. C-H bonds pose a similar 
but smaller problem. The largest single bond-length discrepancy for bonds between 
carbon and oxygen atoms is for the reducing Cl'-Ol' bond which has an experimental 
value of 1.390 A (Table V). The minicrystal result is much longer, 1.432 A. In MM3, 
this bond length is modified to compensate for an anomeric effect, based on the value 
of the 01 'H -Or-Cr -05 ' torsion angle. However, the parameterization for this effect 
was based on ab initio calculations with small basis sets that may not be accurate 
enough. The anomeric regions are generally troublesome, as shown by Table V . The 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 2
6,

 2
01

0 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 .c

h0
02

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Ta
bl

e 
IV

. 
In

tra
m

ol
ec

ul
ar

 M
M

3(
92

) E
ne

rg
ie

s 
fo

r V
ar

io
us

 p
-M

al
to

se
 S

tru
ct

ur
es

, i
n 

Se
qu

en
ce

 D
es

cr
ib

ed
 in

 T
ex

t 

En
er

gy
 

O
rig

in
al

 
M

in
ic

ry
s 

Fu
lly

 O
pt

., 
Is

ol
at

ed
 

Is
ol

at
ed

, 
Se

t 
to

-1
5/

-2
0 

Is
ol

at
ed

 G
lo

ba
l 

M
in

im
um

 
Is

ol
at

ed
, 

Se
t 

to
 -

50
/-5

0 
Is

ol
at

ed
 S

ec
on

da
ry

 
M

in
im

um
 

4.
8,

 1
3.

3 
4.

9,
 1

1.
0 

1.
1,

15
.4

 
-1

5,
 -2

0 
-2

0.
3,

 -2
6.

7 
-5

0,
 -5

0 
-5

3.
2,

 -4
9.

2 

To
ta

l 
38

.5
4 

27
.8

0 
25

.0
0 

24
.9

3 
23

.2
3 

29
.0

9 
23

.8
0 

C
om

pr
es

si
on

 
6.

21
 

1.
20

 
1.

30
 

1.
34

 
1.3

1 
1.3

1 
1.3

5 

B
en

di
ng

 
9.

65
 

4.
95

 
4.

97
 

4.
94

 
4.

26
 

4.
95

 
5.

48
 

B
en

d-
B

en
d 

0.
11

 
-0

.1
1 

-0
.1

3 
-0

.1
3 

-0
.1

3 
-0

.1
3 

-0
.1

1 

St
re

tc
h-

B
en

d 
0.

09
 

0.
44

 
0.

47
 

0.
47

 
0.

45
 

0.
47

 
0.

46
 

V
an

 d
er

 W
aa

ls
 1

,4
 

25
.9

8 
25

.9
2 

25
.8

9 
25

.9
0 

26
.0

6 
26

.0
6 

25
.9

3 

V
an

 d
er

 W
aa

ls
 O

th
er

 
-2

.8
1 

-2
.6

6 
-3

.3
7 

-3
.0

3 
-3

.1
7 

3.
22

 
-2

.8
3 

To
rs

io
na

l 
1.

64
 

0.
75

 
0.

21
 

-0
.9

8 
-1

.8
0 

-3
.6

8 
-3

.3
3 

To
rs

io
n-

St
re

tc
h 

0.
16

 
-0

.1
7 

-0
.1

4 
-0

.1
2 

-0
.1

1 
-0

.0
4 

-0
.0

6 

D
ip

ol
e-

D
ip

ol
e 

-2
.4

9 
-2

.5
1 

-4
.2

1 
-3

.4
6 

-3
.6

6 
-3

.0
6 

-3
.0

8 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 2
6,

 2
01

0 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 .c

h0
02

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



26 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

model crystal field was of no value in preserving the band lengths and band angles in 
the original structure. 

Table V . Conformational descriptors at the anomeric center of p-maltose 
monohydrate for the experimental structure, the central molecule in the minicrystal 
and the central molecule, optimized in isolation 

Original Crystal Minicrystal Isolated Model 

C l - O l 1.41 1.43 1.43 

C5-05 1.43 1.44 1.44 

05-C1 1.40 1.42 1.42 

C 5 - 0 5 - 0 110.7 114.8 115.0 

0 5 - C l - O l 113.8 107.2 107.3 

C1-01-C4* 117.9 115.3 115.6 

cr-or 1.39 1.42 1.42 

CS'-OS* 1.42 1.44 1.44 

05*-cr 1.41 1.43 1.43 

c s ' - o s ' - c r 112.7 111.7 112.5 

o s ' - c r - o r 108.2 103.8 104.5 

H ' - o r - c r - o s * -100.9 -95.1 -62.1 

Mean atomic movement 0.04 0.09 

RMS atomic movement 0.10 0.11 

The major contributor to the bending energy is the glycosidic bond, C1-01-C4', 
initially at 1.75 kcal/mol. In the optimized minicrystal, this distortion was diminished 
somewhat, to 1.04 kcal/mol, as the angle changed from 117.8° in the crystal to 115.3° 
in the model. The C1-05-C5 and Cr -05 ' -C5 ' bond angles also make large 
contributions to the energy. The sum of their energies remains roughly constant (1.2 
kcal/mol) during minimization because of the requirement of ring formation. Unlike 
the bond stretching energies, which are diminished to only 1.2 kcal/mol (total) by 
optimization, five kcal/mol of bending energy remains after minimization in the 
minicrystal, owing mostly to ring formation and steric crowding at the glycosidic 
linkage. Exocyclic oxygen atoms often contributed to high initial bending energies 
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that were mostly relieved by optimization. For example, the initial energy of 
02-C2-C3 was 0.71 kcal/mol, and the 02-C2-H2 energy was 0.23 kcal/mol After 
optimization, the energies were 0.19 and 0.04 kcal/mol, respectively. Because 02 is 
involved in a strong inter-residue hydrogen bond, the 0.19 kcal can be considered a 
deformation energy, whereas the drop from 0.71 to 0.19 kcal is probably due to 
parameterization problems. The C4 ,-C5'-C6' and C5'-C6'-06 f bond angles were also 
still distorted after optimization in the minicrystal, apparently by intermolecular 
hydrogen bonding forces. The 0 5 - C l - O l and OS ' -C l ' -OF angles were both 
different from the MM3 minimum energy form. We suspect a parameterization 
problem here. 

To learn more about the distortion energies of p-maltose monohydrate, we 
attempted to optimize the central molecule of the minicrystal without its neighbors. 
As happened with the MM3 optimization of cellobiose, however, the optimization 
ended prematurely because of rapid fluctuation of a hydroxyl group in an unstable 
position. Rotation of the 03 hydroxyl group from the crystal structure position to 
give an H-03-C3-C4 torsion of 180° immediately reduced the energy to 26.3 
kcal/mol, and optimization went smoothly. After minimization (143 iterations), the 
isolated molecule was not very different in structure, with an energy smaller by 1.3 
kcal/mol. The structure had merely gravitated to a local minimum that is near one 
found on the MM3(90) map (45). 

We then changed (j) and ijr to values corresponding roughly to the global minimum 
on the a-maltose map (-15°, -20°) and optimized further (Tables IV and VI). The 
manual adjustment lowered the energy by less than 0.1 kcal, but the structure then 
optimized (298 iterations), decreasing its potential energy by 1.8 kcal/mol. Finally, 
the (j> and \|r values were again manually adjusted with CHEM-X, to -50°, -50° and 
optimized. The initial (rigid) rotations increased the energy by almost six kcal/mol, 
but the final structure (after 83 iterations) at this secondary minimum was only 0.6 
kcal/mol higher in energy than at the central minimum. 

In traversing this region of (J>,i|r space, the main variations in optimized energy were 
shown by the torsion, bending and dipole-dipole terms (Table IV). The crystal 
structure of maltose occurs in a region favored by hydrogen bonding (compare the 
various dipole-dipole and van der Waals other terms) but with relatively high torsional 
energies. Torsional energies at the global minimum are reduced 2.0 kcal, giving that 
minimum. The strain in the glycosidic bond angle is also relieved here, offsetting the 
loss of hydrogen bonding stabilization. The secondary minimum (the global 
minimum with MM3(90) and an extensive treatment of the exocyclic orientations) 
has much lower torsional energy, but no inter-residue hydrogen-bonding. The energy 
of bending the glycosidic angle is also larger. Thus, the torsional energy contributions 
over the 60° ranges vary by 4 kcal/mol and are a dominant force in determining the 
energy surface. The reduction in energy from 29.1 to 23.8 kcal during the last 
minimization arose mostly from the contributions to the "van der Waals other" 
component. This reduction in energy did not correspond to formation of hydrogen 
bonds (the dipole-dipole contributions did not change much) but only the relief of 
short contacts. The complexity of intramolecular variation during these changes in 
molecular geometry shows the importance of relaxed-residue conformational analysis, 
without which the van der Waals short contacts would have been unrelieved. Also, 
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the balance of the terms of the potential energy function is critical to the correct 
representation of changes in the torsional, bending, hydrogen bonding and van der 
Waals energies. 

Table VI. Conformational Descriptions of Several Maltose Models 

Model • 02 03' 02H 03* 04--01 

Crystal Structure of 
P-maltose monohydrate 4.8 13.3 2.79 1.84 4.41 

Optimized Minicrystal of 
P-maltose monohydrate 4.9 11 2.73 1.83 4.35 

Optimized Original Mol, 
isolated P-maltose monohydrate 1.1 15.4 2.85 1.94 4.39 

Global Minimum 
(starting at <J>=-15°, f=-20°) -20.3 -26.7 3.14 2.37 4.47 

Secondary Minimum 
(starting at (J>= -50°, t|r=-50°) -53.2 -49.2 4.49 4.24 4.31 

MM3(92) a-Maltose Global (30) -15.8 -23.7 n.a. n.a. n.a. 

MM3(90)Global p-Maltose (42) -54.3 -47.4 n.a. n.a. n.a. 

MM3(90) Secondary (42) -28.3 -27.5 n.a. n.a. n.a. 

MM3(90) Tertiary (42) 0.6 23.7 n.a. n.a. n.a. 

The reduction in energy when the 03 H was rotated from its position as optimized 
in the minicrystal to form an intramolecular hydrogen bond was 1.5 kcal/mol, similar 
to the finding for cellobiose, above. This shows the importance of clockwise and 
reverse-clockwise hydroxyl orientations as found in some of the experimental 
oligomaltose structures (especially the panose structure) (49), below. Table VI also 
shows a substantial variation of the 04—01 distance, larger than we expected. 

Methyl P-Maltoside Monohydrate. This crystal structure was solved in 1967 by 
x-ray diffraction (48). It has an intramolecular 02H 03* hydrogen bond on one side 
of the molecule. On the other side, the water of hydration is the receptor for 
hydrogens donated by both 06 and 06', bridging the two residues. Still, the glucose-
glucose linkage conformation (Table VII) is similar to the two other observed 
maltosyl structures. 

Comparison of the minicrystal conformation and the x-ray values is not favorable 
if based on torsion angles defined with the hydrogen atoms, HI and H4\ The values 
plotted on the energy surface (Figure 2) and in Table VII have been calculated by 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 2
6,

 2
01

0 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 .c

h0
02

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



2. FRENCH ETAL. Lattice Energies of Models of Solid Saccharides 29 

Table VII. Comparison of methyl maltoside conformations 

Crystal Structure Minicrystal center Local Minimum 

5.6a -10.7 -7.0 

• 15.9a 6.5 7.35 

4>05 109.9 (-10.1)b 109.5 112.8 (-7.2)b 

*C5 -109.1 (10.9)b -116.3 -115.4 (4.6)b 

C1-01-C4' 117.6 115 115.4 

C l - O l 1.415 1.427 1.429 

C5-05 1.441 1.441 1.442 

05-C1 1.408 1.424 1.425 

c r - o r 1.377 1.409 1.411 

CS'-OS* 1.439 1.434 1.436 

os'-cr 1.424 1.432 1.432 

C5-05-C1 114.7 114.9 115.1 

C5'-05'-Cr 111.4 108.2 108.0 

05-Cl -Ol 111.2 111.1 112.5 

os'-cr-or 107.1 104.6 105.0 

02- 03* 2.823 2.872 2.847 

02H 03' 1.862 [2.000]c 2.027 2.593 

04-01 4.57 4.446 4.402 

Mean atom movement 0.089 0.08 

RMS movement 0.10 0.099 

a These experimental values are thought to be in error. 
b Values obtained by subtracting or adding 120° from the 05-C1-01-C4' and 

Cl-01-C4'-C5' torsion angles, respectively. 
c [Value] resulted from correction of the 02-02H covalent bond length to 0.97 A. 

subtracting and adding 120°, respectively from the experimental 05-C1-O1-C4' and 
Cl -01-C4 ' -C5 f torsion angles. The torsion angles based on the original HI and H4' 
positions are 5.6 and 15.9° in the crystal, discrepancies of 15.7 and 12.1°, respectively 
from the extrapolated values. Although this is an extreme example, it points out the 
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pitfall of relying on hydrogen atom positions that are (poorly) determined by room 
temperature x-ray diffraction. Based on the corrected values, the i|r angle changed 
4.6° during optimization of the minicrystal while the (j> angle was constant. The inter-
residue hydrogen bond (02H-03') geometry was retained fairly well, except that the 
position of the hydroxyl hydrogen 02H is also affected by experimental error, leading 
to a short 02H 03 distance. Moving the experimentally determined hydrogen atom 
to give a 0.97 A 0 3 - H covalent bond length gives a 03H 02' hydrogen bond length, 
shown in brackets, close to the MM3 minicrystal value. The 01—04 distance in the 
optimized minicrystal was not quite as long as the observed value, but is closer to the 
bottom of the energy well. Full optimization of the structure produced very little 
change in linkage conformation because this structure also migrated to a nearby local 
minimum. The 4> and t|r are slightly different from the maltose monohydrate 
coordinates, because the molecular structures are different and the 06' hydroxyl 
hydrogen atoms had different orientations. The 0 1 - 0 4 distance shortened further, to 
the average experimental value. 

Trisaccharide Conformations 

Methyl a-Maltotrioside Tetrahydrate. This crystal structure was reported in 1985 
(50). X-ray diffraction gave anRof0.054. Hydroxyl and water hydrogen atoms were 
not resolved, although a hydrogen bonding scheme was proposed based on inter-
oxygen distances. The conformation of the disaccharide linkages in methyl 
maltotrioside is nearly identical to those in proposals for double helices of native A 
and B starch. Unlike the maltose disaccharides above and the panose structure below, 
there are no inter-residue intramolecular hydrogen bonds. They are impossible at the 
observed $,i|r torsion angles. 

The preliminary model of the maltotrioside had 546 atoms. After optimization, 
some hydrogen bonding was inconsistent with the proposal in the crystal structure 
report. However, subsequent work with a 744-atom model was consistent with the 
proposed scheme. Still, the RMS atomic movement for the central molecule in the 
mini crystal was 0.258 A, quite a bit higher than for the central molecules of the other 
structures. Thus, we suspect that the hydrogen bonding scheme, especially involving 
the water, may be disordered. In the reported crystal structure, the water is in clusters. 
Three of the four waters are not close enough to the carbohydrate to form hydrogen 
bonds, and so they must form hydrogen bonds with each other. This would be similar 
to liquid water, and may be the reason that these hydrogens were not found during the 
crystal study. 

Panose. The crystal structure of (anhydrous) panose was solved at room temperature 
(49). In 1991, it was redone at liquid nitrogen temperature to an R of 0.036 (51). It 
was only in the latter work that the hydrogen bonding was worked out correctly, and 
is thus an example of why carbohydrate crystal structures should be done at low 
temperature. Disorder, giving 18% p-anomer, was not modeled. The central (primed) 
residue of panose (see Table VIII) is very distorted in a way that affects models of 
amylose (52). Its 0 1 - 0 4 distance is the longest known at 4.78 A, and can be 
compared with 4.05 A for the nonreducing residue in a-maltose. The average 01—04 
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distance is 4.41 A for all a-glucose residues, and the glucose chairs in crystalline 
a-glucose, glucose monohydrate and glucose-urea have 01—04 distances of4.494 ± 
0.018 A (52). As was the case for the a-maltose minicrystal (26), the puckering is 
mostly preserved during optimization of the panose minicrystal. The puckering 
energy for a glucose molecule that is deformed like the experimental central panose 
residue is about 2 kcal/mol (21), and the puckering energies of die glucose residues 
in panose drop to very small values when panose is optimized as an isolated molecule. 
Another feature of panose is that there is substantial intramolecular hydrogen bonding, 
including the intra residue rings often found in modeling studies. Recent work shows 
that such clockwise and counter-clockwise rings may not correspond to hydrogen 
bonds, but instead result from the absence of repulsive dipole-dipole interactions that 
are found for other orientations (23). Table VIII shows a number of conformational 
indicators for the crystal structure, optimized minicrystal, and freely optimized 
structure. 

Figure 4 Hydrogen bonding in crystalline panose, including intra-residue bonds, based 
on uncorrected H***0 covalent bond lengths. 

An important feature of the panose structure is the orientation of the 06" hydroxyl 
group. In die crystal, the 05"-C5"-€6"-06" torsion angle is 132.7°, a nearly eclipsed 
conformation just inside the "forbidden" tg (53) energy well. To an extent this 
supports die proposed intramolecular hydrogen bonding in native celluloses, based on 
the tg position. In panose, the tg conformation is stabilized by a three-centered 
(bifurcated) intramolecular hydrogen bond where 06H" is donated to both O l and 02, 
and is nearly within range (2.87 A) of 04' on another molecule (Figure 4). 06" also 
is the receptor for protons from two neighboring hydroxyl groups, so it is extensively 
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Table VIII. Conformational features of panose 

Conformational Feature Crystal Minicrystal 
Freely Optimized 
from Minicrystal 

+1.4 ( ° ) -17.7 -20,8 -19.3 
+ M ( ° ) -20.7 -19.5 -26.9 
* M ( ° ) 113.9 112.0 113.2 
+1,6 ( ° ) -44.8 -45.9 -43.1 

167.3 168.4 170.2 
-43.0 -46.9 -47.9 

*lfi (°) 112.0 111.9 113.0 
108.3 109.1 108.4 

02* 03" (A) 2.94 3.00 3.03 
02H 03" (A) 2.07 [2.15]a 2.05 2.19 
05M-C5"-C6"-06" (°) 132.7 143.6 149.7 
06" 01 (A) 3.08 2.85 3.09 
06" 02 (A) 2.84 3.01 3.14 
06H" 01 (A) 2.41 [2.5 l] a 2.07 2.46 
06H" 02 (A) 1.94 [2.08]a 2.2 2.21 
O l - C l 1.41 1.42 1.42 
o r - c r 1.41 1.43 1.43 
01"-C1" (A) 1.39 1.44 1.43 
H-01"-Cl"-05" 68.0 52.0 59.0 
05-C1 1.44 1.42 1.43 
05'-cr 1.42 1.43 1.43 
05"-Cl" 1.45 1.42 1.42 
C5-05-C1 114.3 115.7 114.8 
cs ' -os ' -c r 114.5 114.8 114.3 
C5"-05"-€l" 113.1 114.5 115.1 
OS-Cl-Ol 112.4 108.2 108.7 
os ' -cs ' -or 110.8 106.2 107.0 
05"-C5"-Ol" 111.7 107.9 108.5 
01-04 (A) 4.63 4.61 4.49 
01-01' 4.78 4.72 4.55 
or-o i" 4.51 4.48 4.49 
Mean atomic movement 0.10 0.20 
RMS Movement - 0.12 0.23 

a [Values] are corrected to O-H distances of 0.97A 

hydrogen bonded. We examined the energetics of 06 rotation with MM3. An energy 
surface was constructed based on rotations about the C5-C6 and C6-06 bonds of a 
glucose molecule with the other hydroxyl groups started in the positions found in the 
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panose crystal. This map (not shown) indicates that the nearly eclipsed position is 
about 3.2 kcal/mol higher in energy than the global minimum (some 70° in 
05"-C5 , , -C6 , , -06" torsion angle away) on that MM3(92) surface. The observed 
conformation is on a saddle point on the ridge corresponding to the 120° eclipsed 
conformation on the energy surface. The distortion energy of 3.2 kcal can be 
compared with the hydrogen bonding energy (2.2 kcal/mol) computed with MM3(92) 
for the methanol dimer. Thus, the several hydrogen bonds in panose should be strong 
enough to stabilize the strained conformation that is observed. Still, an 11 ° change 
in the 05"-C5"-C6"-06" torsion angle occurred during optimization of the model, 
along with changes in the hydrogen bonding, suggesting that the model is not perfect. 

Lattice Energies. The lattice energies of the various molecules are shown in 
Table IX, with and without the water molecules (if present). Comparisons of results 
from ~700-atom models with experimental values suggest that the lattice energies are 
underestimated by roughly 20% when long-range forces are not included (26). The 
relative uniformity (well within the anticipated error in the modeling calculations) of 
the per-residue lattice energies for the di- and oligosaccharides is not surprising in 
view of the similarity of the available heat of combustion values. Also shown are the 
comparably calculated p-glucose and a-maltose lattice energies from our previous 
MM3(92) work on hydrogen bonding. 

The lattice energies of the cellulose models are lower than for the other molecules 
because of the two-dimensional character of their intermolecular interactions. The 
third dimension, the fiber axis, is occupied by covalently bound glucose residues 
along the molecular axis. Therefore, the calculated lattice energy should, as a first 
approximation, be roughly two thirds that of glucose. Also, there are only three 
hydroxyl groups per residue, instead of the five on the glucose molecule, so fewer 
hydrogen bonds could be formed. Additionally, the molecular weight is 10% lower 
for a glucose residue than for glucose itself, so the dispersive forces would be lower. 
Lattice energies for carbohydrate alone were lower in the hydrated structures. We 
speculate that the lower energies may occur when the water bridges parts of the same 
carbohydrate molecule. In such models, if the central carbohydrate alone is removed 
from the lattice, neither the central molecule nor the outer shell is stabilized by the 
water, causing a drop in the lattice energy. 

Comparison with Other Work. The RMS atomic movements in the present study 
can be compared with values presented by L i i and Allinger for cyclic hexapeptides 
(14). Those molecules have 51 atoms, comparable to 45 in the disaccharides, 48 in 
the methyl maltoside, and 66 in the trisaccharides, not counting any water molecules. 
One might expect that our movement values would be higher because, unlike their 
work (14), our minicrystals were not constrained by a fixed outer cage of atoms 
during optimization. However, that was not what we found. The RMS movements 
of the heavy atoms in six different hexapeptides, by MM3(90), ranged from 0.089 A 
for comparison with a low-temperature x-ray study to 0.15 A for a room-temperature 
study. Normal A M B E R values ranged from 0.07 A (for a room-temperature x-ray 
study) to 0.22 A (for a low-temperature study) and 0.31 for another room-temperature 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
A

ug
us

t 2
6,

 2
01

0 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 .c

h0
02

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



34 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Table IX. Lattice Energies Computed with MM3(92) at €=3.5 

No. of 
atoms 

Lattice Energy - Water (if any) 

Molecule No. of 
atoms with central molec. 

[per residue] 
with outer shell 
(hydrates only) 

P-D-Glucose 38.2 n.a. 

a-Maltose 729 61.3 [31.65] n.a. 

Cellobiose 1215 65.7 [32.85] n.a. 

Cellulose l a 609 72.6 [18.15] n.a. 

Cellulose ip (averaged) 609 73.6 [18.40] n.a. 

Cellulose II (averaged) 609 75.2 [18.80] n.a. 

Cellulose III, (averaged) 609 71.2 [17.80] n.a. 

Cellulose IV, (averaged) 609 70.5 [17.63] n.a. 

Cellulose I V n (averaged) 609 68.7 [17.18] n.a. 

P-Maltose Monohydrate 729 62.5 [31.25] 57.0 [28.5] 

Methyl P-Maltoside Monohydrate 705 53.6 [26.80] 52.3 [26.15] 

Methyl a-Maltotrioside 
Tetrahydrate 744 82.5 [27.50] 67.7 [22.6] 

Panose 1866 85.2 [28.40] n.a. 

study. AMBER/OPLS values ranged from 0.09 to 0.23 A. For a set of three cyclic 
peptides, including the two low-temperature studies, MM3 caused an RMS movement 
of 0.10 A while movements of 17 other force fields ranged from 0.09 to 0.30 A. 
Thus, our values of 0.05 to 0.12 A (except for the methyl maltotrioside) suggest that 
small carbohydrates can be modeled well. 

In three of the four carbohydrates studied in detail, there was an increase in RMS 
movements, going from the minicrystal to the freely optimized molecule started from 
the crystal coordinates. This is what we expected, leaving us to speculate regarding 
the methyl maltopyranoside structure, which showed a slightly smaller RMS value as 
an isolated molecule than as the central molecule in the minicrystal. We can only 
surmise that the errors in this, the oldest of experimental determinations, were 
somehow compensated by the errors in MM3, and that the further errors in MM3s 
interatomic interactions somehow resulted in slight additional deformations. 
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Conclusions 

MM3(92) was used to model cellobiose, six cellulose allomorphs, and four starch-
related molecules. Minicrystals, consisting of from 609 to 1866 atoms were studied, 
as were isolated molecules. Lattice energies, including comparably determined values 
from earlier work, were in the range of 17 to 38 kcal/mol of glucose residues when 
calculated at a dielectric constant of 3.5. Use of that value has been previously shown 
to cause an underestimation of the experimental value by 20% (26), so the present 
values are probably low by roughly that amount. 

The strength of the hydrogen bond in the methanol dimer (2.2 kcal/mol) by 
MM3(92) at €=3.5 should be comparable to the hydrogen bonding energy, per donor, 
in the minicrystal models. Compared with the overall lattice energies per glucose 
residue, then, hydrogen bonding makes only a small, albeit specific, contribution to 
cellulose. For example, removal of each glucose residue in the cellulose I models 
breaks only two intermolecular hydrogen bonds and the 2.2 kcal/mol of hydrogen 
bonds would be small compared with the 18 kcal/mol of residues for the total lattice 
energy. Removal of a p-glucose molecule from its crystal structure, with 
five hydrogen bonds per molecule, breaks 10 hydrogen bonds, just more than half of 
the 38 kcal of lattice energy. 

Unlike the a-maltose model, the modeled small molecules in the present work all 
had crystalline linkage conformations close to local minima. This was true even of 
the maltotrioside that had a relatively high RMS movement. Changes in the 
conformation of the maltose linkage cause changes in a delicate relationship between 
the values of the torsional energy terms, the hydrogen bonding functions, and the 
glycosidic angle bending term. The exo-anomeric effect favors the values of about 
-50° for the HC1-C1-01-C4' torsion angle of axial glycosidic bonds from D-sugars. 
However, when hydrogen bonding occurs, as observed in a-maltose, p-maltose and 
methyl p-maltoside crystals, the exo-anomeric effect is counteracted and the 01-C4' 
and C1-HC1 bonds are nearly eclipsed at the linkage. The energy differences among 
all three stable P-maltose conformers, and the barriers between them, are all within 
two kcal/mol, and crystal structures are observed near all three points. 

The primary alcohol groups were found in all three of the staggered positions in 
these models. Proposals for the tg conformation have long been on the table for 
cellulose, and much of the available evidence is consistent with that proposal. In 
panose, the nearly eclipsed, distorted tg conformer is stabilized by extensive hydrogen 
bonding. The model hydrogen bonds did not hold the structure in exactly the 
observed conformation. Instead, the 06-C6-C5-05 torsion angle increased 
somewhat to be closer to the tg minimum at 180°, changing the pattern of hydrogen 
bonding in the model somewhat. This structure will be a good test case for future 
potential functions. 

The examples of the range of maltose linkage conformations and the intramolecular 
hydrogen bonding in panose show the importance of the model torsional energy 
functions. It is necessary to know the energies of intermediate values of the torsion 
angles, not just their minima and maxima. 
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Several apparent inadequacies arose in the parameterization of MM3, such as the 
discrepancies of the reducing end C l - O l bond lengths and 0 5 - C l - O l bond angles. 
The error in nonreducing C l - O l bond lengths is less than at the reducing end, and 
therefore, the RMS atomic movement is not affected very much. On the other hand, 
the 05-Cl -Ol bond angles seem defective at both reducing and nonreducing centers 
and are a primary source of the RMS discrepancies. Such errors would also be 
cumulative in polymers and should be targeted for elimination. To validate 
improvements to this and other aspects of modeling software, improved experimental 
results would be useful. 
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Chapter 3 

Glycosidases, Large and Small: 
T4 Lysozyme and Escherichia coli 

β-Galactosidase 

R. H. Jacobson1, R. Kuroki2, L. H. Weaver, X-J. Zhang3, and 
B. W. Matthews4 

Institute of Molecular Biology, Howard Hughes Medical Institute and 
Department of Physics, University of Oregon, Eugene, OR 97403 

T4 lysozyme and E. coli β-galactosidase provide contrasting 
examples of glycosidases. Their three-dimensional structures are 
shown to be substantially different, not only with regard to size, 
but in other respects as well. 

β-galactosidase is a tetramer of four identical subunits. 
Within each subunit the 1023-amino acid polypeptide chain folds 
into five sequential domains plus an extended segment at the 
amino terminus. Each of the four active sites in the tetramer is 
formed by elements from two different subunits. In contrast, T4 
lysozyme (T4L) is a monomelic protein of 164 amino acids with 
the active site at the junction of die amino-terminal and carboxy-
terminal domains. 

The mutation Thr 26 --> Glu in the active site cleft of 
phage T4 lysozyme produces an enzyme that cleaves the cell wall 
of Escherichia coli but leaves the product covalendy bound to the 
enzyme. The crystalline complex is non-isomorphous with wild-
type T4L and analysis of its structure shows a covalent linkage 
between the product and the newly-introduced Glu 26. The 
covalendy-linked sugar ring is substantially distorted, suggesting 
that distortion of the substrate toward the transition state is 
important for catalysis, as originally proposed by Phillips. It is 
also postulated that the adduct formed by the mutant is an 
intermediate consistent with a double displacement mechanism of 
action (in the mutant) in which the glycosidic linkage is cleaved 
with retention of configuration as originally proposed by 
Koshland. 
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2Corresponding author 
0097-6156/95/0618-0038$ 12.00/0 

© 1995 American Chemical Society 

 
 .c

h0
03

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 
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The lysozymes and /3-galactosidases provide contrasting examples of 
glycosidases. Hen egg-white lysozyme (HEWL), the prototypical lysozyme, is 
a small monomelic enzyme of 129 amino acids. In contrast, the j8-galactosidase 
from Escherichia coli is a larger tetrameric enzyme (MW = 465,412 Da). In 
this report we briefly describe the recenUy-determined structure of j8-
galactosidase (1) and contrast it with the much smaller enzyme, bacteriophage 
T4 lysozyme (T4L). 

/3-Galactosidase 

0-galactosidase is comprised of four identical monomers, each of 1,023 amino 
acids (2,5). There are four independent active sites but the full tetramer is 
required for activity (4). Similar to lysozyme, j8-galactosidase catalyzes the 
hydrolysis of /81-4 glycosidic linkages, but its substrates can be much simpler 
and more varied and include compounds that provide the basis for a variety of 
colorimetric assays (5,6). 

The structure of E. coli jS-galactosidase has been determined from 
crystals with four tetramers per asymmetric unit (space group P2,; a = 107.9A, 
b = 207.5A, c = 509.9A, j8 = 94.7°). The presence of 16 monomers per 
asymmetric unit complicated the crystallographic analysis. On the other hand, 
once the relative arrangement of the tetramer had been determined, averaging 
over the 16 crystallographic copies of the monomer greatly enhanced the quality 
of the electron density map (i) . 

Each monomer (Figure 1) is composed of five essentially compact 
domains plus approximately 50 residues at the amino-terminus that are relatively 
extended. The first domain, residues 51-217, consists of twelve ^-strands and 
five short segments of helix. The core of the domain corresponds to a "jelly-
ro i r 0-barrel. The second domain exhibits a fibronectin-type III fold. This 
topology is similar to that of immunoglobulin constant domains, except that here 
the fourth strand of the barrel hydrogen bonds to the opposite sheet. The 
connection between the fourth and third strands of the barrel (residues 272-288) 
forms a protruding loop that extends across a subunit interface to the 
neighboring monomer and contributes to the active site (see below). The third 
domain forms a distorted "TIM" barrel and contains the catalytic site. Unlike 
typical T IM barrels that consist of eight j5/ce repeats, the core of the a/j3 barrel 
in 0-galactosidase is irregular in that the fifth helix is absent and the sixth 
parallel strand of the barrel is distorted. This irregularity results in a space or 
opening that is occupied by the loop that extends from the second domain of the 
two-fold related monomer and forms part of the active site. The fourth domain, 
residues 628-736, is topologically similar to the second domain and also forms a 
seven-stranded fibronectin type III ^-barrel. If the second and fourth domains 
are superimposed, 76 a-carbon atoms superimpose within 3.4A. The fifth 
domain, residues 737-1023, exhibits a novel topology. The core of the domain 
consists of an 18-stranded, anti-parallel sandwich. The faces of the sandwich 
each contain nine strands and exhibit a large twist. From the first strand to the 
last strand in each sheet, the direction rotates by over 90°. A search of the PDB 
structural data base (7), kindly carried out by Dr. Liisa Holm using the program 
"DALI" (8), showed that this sandwich somewhat resembles the seed storage 
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protein phaseolin (9), however the two strands at the edge of the sheets are 
topologically permuted. In addition to the twisted sheets, the fifth domain also 
contains an irregular assembly made up of segments connecting the 0-strands 
and including residues 776-819, 960-982, and 990-1012. This assembly packs 
against the back of the first /3-sheet and positions Trp 999 at the active site. 

The four subunits making up the j8-galactosidase tetramer (Figure lb) 
form two different monomer: monomer contacts that we refer to as the 
"activating" interface and the "long* interface. The "activating" interface 
includes contacts between residues near the amino-termini, and also includes 
two helices from each monomer that are packed together to form a four-helix 
bundle. In addition, an extended loop reaches across this interface to complete 
the active site of the neighboring monomer. The "long" interface consists of 
two regions of contact, one of which includes residues near the middle of the 
sequence and the other involves contacts within the C-terminal fifth of the 
sequence. 

The Active Site of 0-Galactosidase 

E. coli 0-galactosidase cleaves 01-4 linkages of j8-galactosides with retention of 
configuration at the anomeric center and is believed to function through a 
double-displacement mechanism (10,11). Unlike many other glycosidases, 0-
galactosidase requires the presence of M g 2 + for maximal activity (4,12). 
Previous biochemical studies have characterized the residues Glu 461, Met 502, 
Tyr 503, Glu 537, to be important for catalytic function, or to be near the 
active site (13-15). These residues are found in close proximity to one another, 
and are located around a deep pit formed at the end of the T I M barrel (Figure 
2). This pocket is therefore identified as the substrate binding site. Its location, 
at the C-termini of the jS-sheet strands, is consistent with other known structures 
that contain the T I M barrel motif (16,17). 

At present no structure of an enzyme/substrate-analogue complex is 
available so the specific interactions between enzyme and substrate remain to be 
determined. Nevertheless, the location of the disaccharide binding site and 
residues likely involved in substrate recognition are apparent. The active site 
(Figure 2) is formed primarily from residues within the third domain, but 
residues from distant regions of the sequence also contribute. Among 
homologous 0-galactosidase sequences the residues that form the active site 
pocket are very highly conserved (1). These include two tryptophan residues 
(Trp 568, Trp 999) that help form the hydrophobic walls of the pocket as well 
as several potential hydrogen bond donors and acceptors that are present in the 
vicinity (Asn 102, Asp 201, His 357, His 391, His 540, Asn 604). Three polar 
residues (Glu 416, His 418, and Glu 461) that are conserved in all of the 
sequences coordinate what appears to be a magnesium ion. This is consistent 
with site-directed substitutions showing Glu 461 to be important both for 
catalysis and magnesium binding (15). Also, Gebler et al. (14) have used a 
derivatized substrate to trap a covalent intermediate, suggesting that the 
carboxylate of Glu 537 is the nucleophile. Glu 537 lies at the bottom of the 
pocket with the carboxylate aligned by hydrogen bonds with the hydroxyl group 
of Tyr 503 and the guanido group of Arg 388. The loop that extends across the 
activating interface also contributes to the integrity of the active site. It does 
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Figure lb . Ribbon representation of the 0-galactosidase tetramer showing 
the largest face of the molecule. Formation of the tetrameric particle 
results in two deep clefts that run across opposite faces of the molecule 
and each contain two active sites. 

Figure 2. The active site of 0-galactosidase. Glu 416, His 418 and Glu 
461 appear to coordinate a bound magnesium ion. Glu 537, identified as 
the putative nucleophile (14), is situated on the opposite side of the cavity 
and is oriented through hydrogen bonds with Tyr 503 and Arg 388. 
Residues from the T I M barrel in Domain 3 of one subunit are drawn with 
solid bonds; residues from Domain 2 of the other subunit are drawn with 
open bonds. 
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not appear to provide catalytic residues, per se, but to stabilize the main-chain 
in the vicinity of the magnesium binding ligands. 

T4 Lysozyme 

The amino acid sequence of T4L is not obviously related to that of H E W L but 
the three-dimensional structures have parts in common, especially in die vicinity 
of the active site cleft (18). If the active site regions of the two enzymes are 
aligned, Glu 11 of T4L superimposes on the catalytically essential Glu 35 of 
H E W L , and Asp 20 of T4L approximately corresponds with the other key 
residue of H E W L , Asp 52. Therefore, it has been assumed that the two 
enzymes share a common catalytic mechanism (18). 

In the process of making mutants of T4 lysozyme it was observed that 
the substitution, Thr 26 -* Glu (T26E), produced an enzyme inactive at neutral 
pH (19). This was unexpected since Thr 26 is located within the active site 
cleft of T4L, but was thought not to be critical for catalysis because some 
alternative amino acids are tolerated at this position (20). 

Mutant T26E was constructed and purified by standard procedures 
followed by cation exchange and reversed phase chromatography (Figure 3a). 
More than 30 cycles of Edman degradation showed the N-terminal region of the 
major component to have the same amino acid sequence as the T26E mutant. 
Electron ion spray mass spectrometry showed the mass to be 19,548 Da (T26E 
+ 918). The major component of E. coli cell wall (NAM-NAG)-LAla-DGlu-
DAP-DAla, has a molecular weight of 940 ( N A M , N-acetyl muramic acid; 
N A G , N-acetyl glucosamine; D A P , diaminopimelic acid) (21,22). Allowing 18 
daltons for the loss of a water of condensation, and 4 daltons for the difference 
between the formula molecular weight of the protein and its actual state of 
ionization, the purified material corresponds to a covalent adduct between the 
mutant T26E and the saccharide. The mass of the second component identified 
by chromatography (18622 Da) (Figure 3a) corresponds to the (uncomplexed) 
mutant, T26E. The third component (Figure 3a) has a mass of 39084 Da, 
corresponding to a pair of lysozyme-adduct molecules linked to each other by 
the same (NAG-NAM)-peptide-(NAM-NAG) linkage as present in cell walls of 
E. coli. 

The monomelic form of the adduct was crystallized in a form non-
isomorphous with wild-type and the structure determined and refined to a 
residual of 16.3% at 1.9A resolution (19). The refined structure showed a 
disaccharide of N A G - N A M bound in subsites C and D , and a peptide of LAla-
DGlu-DAP-DAla extending across an open groove on the surface of the 
molecule between a-helices 108-113 and 126-134 (Figure 3b). This mode of 
binding is as anticipated from early studies of low activity mutants of T4 
lysozyme (23). Interactions between the peptide moiety and the enzyme are 
critical for catalysis since T4L, unlike HEW L, will not hydrolyze 
oligosaccharides such as chitin that lack a peptide substituent (24). 

Previously, no saccharide has been observed in the D subsite of T4L. 
The sugar in this subsite is distorted. This is clearly seen in the superposition 
of the N A M bound in subsite D on the N A G bound in subsite C (Figure 3c). 
The N A M ring adopts a sofa form with atoms C I , C2, C4, C5 and 05 nearly 
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T4L(T26E)-Adduct 
(19548 Da) 

T4L(T26E) 
^ (18622 Da) 

[T4L(T26E)-Adduct]2 

(39084 Da) 

Figure 3a. Purification of mutant lysozyme T26E by reversed phase 
chromatography. (Applied Biosystems 130A H P L C , Aquapore RP300 
column, gradient elution from 10% to 80% of B phase in 40', mobile 
phase A 0.1% trifluoroacetic acid, mobile phase B 70% C H 3 C N , 0.08% 
trifluoroacetic acid, flow rate 100 /xl/min, detection at 220 nm.) The mass 
of the species present in each of the three peaks, determined by mass 
spectroscopy (see text) are indicated. 

Figure 3b. Stereo drawing showing the peptidoglycan adduct (thicker 
bonds) bound to T4 lysozyme (thinner bonds). (Reproduced with 
permission from ref. 19. Copyright 1993 American Association for the 
Advancement of Science.) 

coplanar (0.07A rms discrepancy). (In the full chair configuration the rms 
discrepancy from coplanar for the same 5 atoms is 0.25A.) The N-acetyl group 
at C2 is shifted from axial to equatorial to make hydrogen bonds with Asp 20 
and Gin 105. Also the normally equatorial hydroxymethyl group at C5 is 
shifted toward the axial position where it makes a favorable hydrogen bond to 
Gly 11. Thus, these multiple interactions with the enzyme seem to favor 
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Figure 3c. Superposition of N-acetyl muramic acid (solid bonds) as seen 
in the D subsite and covalently linked to Glu 26 (also solid bonds) on N -
acetyl glucosamine (open bonds) as seen in the C subsite. 

distortion of the saccharide bound in subsite D. A similar distortion and 
interactions favorable to that distortion were seen in the complex of H E W L and 
N A M - N A G - N A M (25). 

The presumed mechanism leading to the covalent adduct is illustrated in 
Figure 4a. Glu 11 is presumed to donate a proton to the glycosidic oxygen and 
Glu 26 is optimally located for nucleophilic attack on the CI carbon, leading to 
the observed adduct. The resultant adduct is slowly cleaved from the enzyme 
(data not shown), possibly as illustrated in Figure 4a, although the role of Glu 
11 in promoting the attack of the water molecule is uncertain. Nucleophilic 
attack by a carboxylate in glycosyl bond cleavage, as shown in Figure 4a, is 
well established for 0-glucosidase (26) and /8-galactosidase (14). Because the 
observed adduct is distorted toward an oxocarbonium ion-like conformation it 
suggests that the same enzyme-substrate interactions stabilize the transition state 
and, in addition, prevent relaxation of the covalent glycosyl-enzyme 
intermediate to a stable ground-state conformation. Therefore, the 
deglycosylation step should be rapid assuming free access by an acceptor group 
to the strained ring. In the case of the present adduct there is a well ordered 
water molecule hydrogen bonded to the N-acetyl group and to Glu 11 (Figure 
2b). These hydrogen-bonding interactions, plus O*2 of Glu 26, apparently 
restrict access of the solvent to C I . The overall mechanism shown in Figure 4a 
is consistent with the double-displacement reaction envisaged for "configuration 
retaining" glycosidases in which a glycosyl-enzyme is formed and subsequently 
hydrolyzed (26,27). 
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If the enzyme-adduct complex is superimposed on wild-type T4L O 1 of 
Glu 26 in the adduct superimposes almost exactly on a solvent molecule that is 
bound between Thr 26 and Asp 20 in the native structure. Consideration of 
hydrogen bonding suggests that the lone pair of the bound solvent is directed 
toward the site occupied by the CI carbon. This arrangement suggests that in 
the wild-type enzyme this solvent molecule could attack in what would be a 
single displacement reaction, inverting the anomeric configuration from 
equatorial in the substrate to axial in the product of hydrolysis. This 
hypothesis, that solvent attack occurs from the a-side of the saccharide in native 
T4 lysozyme, predicts that the anomeric configuration of the substrate is 
inverted in the product. In contrast, H E W L is known to retain anomeric 
configuration (28). In other words a mechanism for T4L as shown in Figure 4b 
would necessarily be different from that commonly accepted for H E W L (25,29). 

Thus the fortuitous mutant lysozyme T26E (19) suggests different 
scenarios for lysozyme activity. The mutant (Figure 4a) could illustrate 
glycosidases that cleave with overall retention of configuration by a double 
displacement mechanism. Native T4 lysozyme itself might possibly represent 
cleavage by a single displacement mechanism (Figure 4b) with inversion of 
configuration although alternative mechanisms are not excluded. At the same 
time, the presence of protein-substrate interactions which stabilize a sugar ring 
conformation similar to an oxocarbonium ion-like transition state can be taken 
as evidence that the mechanism of action of T4L includes elements similar to 
those originally postulated by Phillips for H E W L (29). Further questions 
regarding the mechanism of lysozyme are, however, raised by the observation 
(30-32) of lysozymes that are structurally related to the T4 and/or hen egg-white 
enzymes, yet lack any counterpart to the "catalytic aspartate", which has 
generally been considered to be a key element in lysozyme catalysis. 

0-Galactosidase versus Lysozyme 

An intriguing question is why E. coli 0-galactosidase is so big and, in 
particular, why it is so much larger than most lysozymes. In the tetrameric 
structure of 0-galactosidase different regions contribute either to the active site, 
to the long interface, or to the activating interface (Figure 1). There is no large 
segment that could obviously be removed without having a deleterious effect. 
One has the impression that the protein arose from a fortuitous combination of 
structural domains that happened to have an activity that was useful to the cell, 
and became trapped in sequence space at roughly its current size. 

In contrast, lysozymes in general, and the T4 and hen egg-white enzymes 
in particular, are small and monomelic. Recently an intriguing observation was 
made that a dimeric form of T4 lysozyme was inactive, even though the active 
site(s) seemed to be completely unobstructed (33) (Figure 5). 

The natural substrates for lysozyme, bacterial cell walls, are highly 
crosslinked peptidoglycans. Therefore it may be that lysozyme needs to be 
small in order to access the susceptible bonds (33). j3-galactosidase has no such 
restriction. Therefore the question may not be so much as to why jS-
galactosidase is large, but whether T4 lysozyme needs to be small. 
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Figure 5. Crosslinked "back-to-back" dimer of T4 lysozyme. 
(Reproduced with permission from ref. 33. Copyright 1985 Oxford 
University Press.) 
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Chapter 4 

Barley Seed α-Glucosidases: 
Their Characteristics and Roles 

in Starch Degradation 

C. A. Henson1,2 and Z. Sun2 
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U.S. Department of Agriculture, and 2Department of Agronomy, 
University of Wisconsin, 1575 linden Drive, Madison, WI 53706 

The identities of enzymes involved in degradation of seed 
starch are well established, as are the characteristics of 
several of the individual enzymes. However, the 
interactions between the different enzymes as they 
function together to hydrolyze starch are not well 
understood. The development of a reconstituted starch 
hydrolyzing system using components isolated from seeds 
allowed the identification of an interaction between α-
amylases and α-glucosidases that resulted in synergistic 
hydrolysis of native starch granules. The relative 
importance of this interaction, as well as interactions with 

β-amylase and starch debranching enzyme, was influenced 
by whether or not the crystalline structure of starch was 
disrupted. Examination of these four enzymes as they 
function in a multistep biochemical process revealed that 
the importance of their independent actions, in addition to 
their interactions, varied depending upon the structure of 
the starch being hydrolyzed. 

Cereal seeds are the primary source of calories for most humans and are a major food 
of livestock. Starch from cereal seeds is the raw material for industries that produce 
ethanol and mono- and oligosaccharide syrups and myriad derived products. Due to 
the importance of starch, its breakdown sugars and subsequently derived products, 
cereal seeds are some of the most important agriculture products in the world and 
starch degrading enzymes are among the most important commercial enzymes. 
Besides being important to industry, starch degradation is critical to the viability of 
cereal seeds as starch, typically 50-70% of the seed's dry weight, is the primary source 
of respirable substrates until the seedling is fully autotrophic. In the following sections 
the roles of starch degrading enzymes in germinating cereal seeds will be examined 

0097-6156/95/0618-0051$12.00A) 
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and characteristics of barley seed a-glucosidase will be presented. Emphasis is placed 
on a-glucosidase, which has been less thoroughly studied than amylases, due to recent 
studies indicating it is important in starch degradation. 

Starch Degrading Enzymes in Germinating Cereal Seeds - The complete 
degradation of starch in germinating cereal seeds results from the concerted action of 
a-amylase, P-amylase, debranching enzyme and a-glucosidase. Complete hydrolysis 
depends on these enzymes' abilities to independently function in hydrolysis of starch 
granules or granule breakdown products and on their interactions with each other as 
part of a multienzyme system. The ability of each enzyme to initiate hydrolysis of raw 
starch granules is generally understood. Early studies showed that a-amylase initiated 
raw (native) starch granule hydrolysis whereas P-amylase and debranching enzyme did 
not initiate hydrolysis (1). As late as 1989 it was still accepted that only a-amylase 
could initiate raw starch granule hydrolysis (2). We recently demonstrated that barley 
seed a-glucosidase can initiate attack of raw starch granules and that this attack is 
independent of the presence of a-amylase (3). This has been verified by Sissons and 
MacGregor (4). The generally accepted roles of P-amylase and debranching enzymes 
are that they function to hydrolyze glucan fragments released by the action of 
a-amylase and that they may attack starch granules after sites are made available by 
previous action of a-amylase. Hydrolysis of released glucan fragments, which is 
necessary for complete degradation of starch to glucose, is also performed by 
a-amylase and a-glucosidase. 

Several different approaches have been used to determine the relative 
importance of a-amylase, P-amylase, debranching enzyme and a-glucosidase as they 
function together to degrade native starches. The impact of changing the activity of 
just one enzyme upon an intact seed's ability to degrade starch has been studied with 
mutants and with chemicals that specifically inhibit the activity of only one of these 
four carbohydrases. Simultaneous changes in activities of two to four of the 
carbohydrases have been explored with two approaches. One is the use of 
reconstituted starch hydrolyzing systems containing different combinations of 
enzymes. Another approach used was statistical and mathematical analyses of starch 
hydrolysis by genotypes varying in activities of these four enzymes. A brief review of 
some of these studies follows. 

The mathematical and statistical approach we used to investigate degradation 
of starch in germinated barley seeds varying widely in their activities of the four 
carbohydrases relied upon linear regression and path coefficient analysis (5). Linear 
regression was used to quantitate the relationships between the four carbohydrases 
and the seeds' abilities to degrade starch. Path coefficient analysis, a method which 
quantitatively evaluates the individual, or independent, contributions and the 
interactive, or dependent, contributions of each component in a biological system, was 
used to analyze the relative importance of the four carbohydrases in starch degradation 
(5). When raw starch was the substrate provided to extracts of germinated seeds, 
a-amylase and a-glucosidase activities were positively correlated, significant at the 1% 
level, (r= 0.962 and 0.670, respectively) with seed hydrolysis of the starch. In 
contrast, P-amylase and debranching enzyme activities were not significantly 
correlated (r= -0.283 and -0.141, respectively) with the seeds' abilities to hydrolyze 
raw starch. Path analysis revealed that the primary contribution of a-amylase to raw 
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starch hydrolysis was direct, or independent of interactions with the other 
carbohydrases. In contrast, only 7% of the total contribution by a-glucosidase was 
due to direct or noninteractive action upon the starch granules. The bulk (93%) of the 
contribution made by a-glucosidase to raw starch hydrolysis was dependent upon its 
interaction with a-amylase. The activities of a-amylase and a-glucosidase were highly 
correlated (r= 0.671) with each other. 

Studies of in vitro starch hydrolyzing systems constructed of raw starch and 
hydrolases isolated from barley seeds showed that starch digestion by a-amylase alone 
was slightly less than digestion by a-amylase and P-amylase combined (6). The two 
amylases combined with debranching enzyme gave hydrolysis rates 25% above the 
two amylases (7). These three enzymes resulted in hydrolysis rates approximately 
70% of in situ rates. Maeda and coworkers concluded that a factor, perhaps another 
enzyme, was still missing from their in vitro system. 

Early studies with an in vitro system consisting of corn starch, pancreatic 
a-amylase and Apsergillus extracts showed that Aspergillus enzymes enhanced starch 
degradation by a-amylase (8). It was later shown that the enhancement was due to 
a-glucosidase (maltase) present in the Aspergillus preparation (9). Work in the 60's 
proved that barley a-glucosidase was expressed during seed germination and that it 
could degrade boiled soluble starch in addition to other maltodextrins (10). Taken 
together these early studies indicated a potential role for barley seed a-glucosidase in 
starch degradation. Hence, we used a-amylase, a-glucosidase and raw starch isolated 
from barley to study the potential roles of a-glucosidase (3). We showed that 
a-glucosidases independently initiate hydrolysis of raw starch granules, as discussed 
previously. Additionally, we demonstrated that hydrolysis by the combined action of 
a-amylase and a-glucosidase was synergistic. We attributed the synergism to three 
factors. First, a-amylase activities may be enhanced by a-glucosidase because the 
latter degrades the maltose produced by a-amylase. This would prevent maltose 
accumulating to concentrations that are inhibitory to a-amylase. A second factor 
contributing to the synergism is that some of the free glucose and total reducing sugar 
produced during starch granule hydrolysis would result from hydrolysis of glucan 
fragments released from starch granules rather than from direct attacks upon the 
starch granules. A third possibility is that a-glucosidase may generate attack sites that 
were previously unaccessible to a-amylase. Data supporting this third possibility are 
scanning electron micrographs showing that hydrolysis by the two enzymes together 
results in an increased number of visible attacks upon the granule surfaces (3). The 
micrographs also showed that attacks occurred more often upon the flat surfaces of 
the granules when the two enzymes were combined than when the enzymes function 
independently. 

The in vitro system used by Sun and Henson (3) contained a ratio of 
a-amylase/a-glucosidase of 33:1 and the synergism varied from 1.7 to 10.7 fold 
depending upon hydrolysis time, the isozymes of a-amylase and a-glucosidase 
combined and whether the end product detected was free glucose or total reducing 
sugars. This ratio of a-amylase to a-glucosidase was selected based on the maximal 
amounts of the two enzyme activities we extracted from the germinated seeds used in 
these studies. We examined the effect of varying the ratio of a-amylase to 
a-glucosidase from 50:1 to 1:5 on the synergy between the two enzymes. We used 
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high pi a-amylase and high pi a-glucosidase as they constitute the bulk of the 
a-amylase and a-glucosidase activity in barley seeds. We found that the optimal 
ratio of high pi a-amylase to high pi a-glucosidase was 15:1 and that synergy was 
marginal when ratios were from 5:1 to 1:5. Sissons and MacGregor (4) recently 
showed that 1:1 ratios of amylase and glucosidase resulted ina 1.3-fold synergy for 
combined high pi isoforms at 36 h of hydrolysis when glucose production was the end 
product detected. They observed a 1.5-fold synergy for combined high pi isoforms. 
Since the ratio of a-amylase to a-glucosidase activities found in germinated seeds of 
Morex, a common malting barley, is 33:1 there is potential for increasing the extent of 
synergism by increasing the level of a-glucosidase above what is present in Morex 
seeds. A 3-fold range in a-glucosidase activity was found in germinated seeds of 41 
barley genotypes indicating there may be sufficient genetic potential for developing 
germplasm with enhanced expression of a-glucosidase (5). 

The in vitro synergism exhibited by a constant ratio of enzymes is influenced 
by several factors. As a-glucosidase activity always produces glucose while 
a-amylase hydrolysis of starch granules, at least in the early stages of granule 
degradation, results in less than 2% of the end product being free glucose (11), the 
extent of synergism is considerably influenced by the choice of end product measured. 
The degree of synergism is also influenced by the choice of substrates used to 
determine the activities of a-amylase and a-glucosidase added to the in vitro system. 
Im and Henson (12) have shown that high pi a-glucosidase efficiently hydrolyzes 
maltose, maltotriose, maltotetraose and maltopentaose as determined by the ratio of 
V « « t o K« (6.7, 12.8, 6.3 and 5.2, respectively). In contrast, the artificial substrate 
p-nitrophenyl-a-D-glucoside is a relatively poor substrate (see Table 1). The absolute 
activities of a-amylase would also be influenced by the choice of substrates used to 
determine activity. For a thorough discussion of the multiple factors impacting on the 
synergism between a-amylase and glucoamylase, see ShevelTcova and Sinitsyn (13). 

Changing a single enzyme activity in an intact seed has been studied by 
germinating seeds in the presence of a specific enzyme inhibitor. Wheat seeds 
germinated in the presence of miglitol (N-hydroxyethyl-1 -deoxynojirimycin; Bay m 
1099), a specific inhibitor of a-glucosidase activity, exhibited normal germination rates 
and no inhibition of total amylase activity (14). These seeds exhibited about one-third 
of the a-glucosidase activity found in the controls and the initial rate of starch 
degradation was decreased 48% compared to control seeds. As germination 
proceeded, seeds treated with miglitol degraded starch at normal rates even though 
their a-glucosidase activities remained depressed. Miglitol treated seeds showed 
normal levels of a-amylase during the early stages of starch degradation but elevated 
levels were detected later during germination when the treated seeds showed normal 
rates of starch degradation. These data indicate wheat seed a-glucosidase significantly 
contributes to the early stages of starch hydrolysis and that germinating seeds develop 
the ability to enzymatically compensate for the decreased contribution of 
a-glucosidase to early stages of starch degradation. 

The significance of changing a single enzyme activity upon an intact seed's 
ability to germinate and degrade starch has also been studied by generation of mutants 
deficient in synthesis of seed p-amylase. Such mutants have been generated in barley 
(15), rye (16) and soybean (17). Mutant seeds of all three species germinated or 
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malted (a process dependent upon germination) normally. These studies indicate that 
p-amylase is either not involved in the normal degradation of starch that occurs during 
seed germination or that its absence can be compensated for by the actions of other 
enzymes. Levels of a-amylase were normal, not elevated, in the barley, rye and 
soybean seeds deficient in P-amylase. Levels of debranching enzyme and 
a-glucosidase activities were not reported. 

The emerging picture for the early stages of raw starch hydrolysis in 
germinating cereal seeds is that a-amylase is the most important enzyme, 
a-glucosidase is the second most important enzyme, debranching enzyme is the third 
most important, and P-amylase is not important. That a-amylase is the most 
important of these enzymes has been accepted for many years partially because it was, 
until recently, thought to be the only enzyme initiating hydrolysis of raw starch 
granules. The noncritical nature of P-amylase in seed germination has been a 
developing concept for several years and, now, multiple experimental protocols 
support this interpretation. The importance of a-glucosidase in cereal seed 
germination has only been rigorously investigated in the past five years and much is 
still to be learned. It is important to realize that an enzyme's importance, or lack 
thereof, during early stages of germination and starch degradation may change as 
development progresses. Changes in an enzyme's relative importance could result 
from changes in the concentrations of preferred substrates or of glucans which are 
inhibitory. For example, as starch degradation progresses there are more small 
dextrins containing a-1-6 linkages, which are the preferred substrates for the 
debranching enzyme present in germinating barley seeds (18). Hence, debranching 
enzyme's activity and relative importance may be enhanced as starch degradation 
progresses. Additionally, an enzyme's physiological role can also change as a function 
of seedling development, as Konishi et al. (14) showed for a-glucosidase in 
germinating wheat seeds. They found that during early stages of germination 
a-glucosidase functioned to enhance rates of starch hydrolysis by a-amylase while in 
later stages of seedling development a-glucosidase's role was to ensure that sufficient 
levels of glucose were available for synthesis of the sucrose needed by the growing 
embryonic tissues. Repression of a-glucosidase function during later stages of seed 
germination resulted in significant inhibition of seedling growth and development. 

Characteristics of barley seed a-glucosidase - Barley seed a-glucosidases are 
acidic a-glucosidases with pH activity optimum of 4.3 for the low pi and 4.1 for the 
high pi isoform (Figure 1). As the pH of a germinating barley seed endosperm is 
approx. 4.5-5.5 the activity optima reported for the barley a-glucosidases is 
appropriate for physiological relevance. Most plant a-glucosidases studied have acidic 
pH activity optimum. An exception is an a-glucosidase from pea chloroplasts that 
exhibits maximal activity at pH 7.0, which is near the stromal pH expected of 
chloroplasts exposed to darkness (19). We demonstrated that this chloroplastic 
a-glucosidase can initiate degradation of the starch stored in pea chloroplasts (20). 

Some kinetic parameters of the high and low pi a-glucosidases, purified as 
described by Sun and Henson (3), are reported in Table I. Based on the specificity 
constants, ratio of to for maltose and p-nitrophenyl-a-glucoside (pNPG), 
maltose is a much better substrate for both isoforms than is pNPG, although the latter 
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Fig. 1. Effect of pH on the hydrolytic 
activity of barley seed a-glucosidases. 
The pH of the reaction mixtures was 
varied with 0.2M sodium citrate buffer. 
The substrate was maltose and released 
glucose was measured with glucoses-
phosphate dehydrogenase and hexokinase 

PH 

is often used to determine a-glucosidase activity. We have been unable to separate 
the maltose hydrolyzing function from the pNPG hydrolyzing function for either 
isoform. Hence, we conclude that the two activities are a function of the same 
protein. Germinated barley seeds do, however, have a-glucosidases with pNPG 
hydrolyzing activities that do not hydrolyze maltose (21). a-Glucosidases from 
buckwheat and sugarbeet in addition to those from mammals and bacteria hydrolyze a 
wide variety of substrates including both maltose and artificial substrates (22-26). 

Table I. Kinetic characteristics of barley seed a-glucosidases 

1 2 3 4 5 6 7 8 

Substrate Kj Inhibition 
or Inhibitor high pi/low pi high pl/low pi high pl/low pi high pi/low pi 

Maltose 

/?NPG 

erythritol 

castano-
spermine 

2.4 mM 
1.91mM 

l.OmM 
3.5 mM 

1.23 
0.54 

0.11 
0.13 

10.7 mM 
18.3 mM 

0.11 mM 
0.09 mM 

competitive 

competitive 

All kinetic parameters were determined from Lineweaver-Burk plots of maltose or pNPG hydrolysis. Glucose 
produced was measured with glucosc-6-phosphatc dehydrogenase and hexokinase. Inhibiton studies used maltose as 
the substrate. V ^ - umol glucose or ug jMiitrophenolate released from substrate/min/ml enzyme preparation. 

Inhibition of mammalian, microbial and plant a-glucosidases by erythritol and 
castanospermine have been frequently reported and likely result from their structural 
similarities to glucose. Erythritol has a configuration identical to glucose from 
carbons 3-6 and castanospermine is a tetrahydroxyindolizidine alkaloid that resembles 
maltose in its stereochemistry (27). The Kj value for inhibition of a mixture of high 
and low pi a-glucosidases from barley by erythritol were previously reported to be 
12.2 mM (28). This value is similar to the inhibition constants for purified high pi 
a-glucosidase even though those previously reported resulted from the combined 
action of both isoforms. Inhibitors can be used to elucidate the importance of 
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a-glucosidases in situ (14) and in industrial processes, to establish the number of 
isoforms in crude tissue extracts, to distinguish between a-glucosidases and 
exoglucanases, to compare a-glucosidases between species, to "label" the enzyme for 
use in identifying and sequencing portions of the active site, and to elucidate details of 
the kinetic mechanism. We are presently using 3H-conduritol-B-epoxide, an active site 
label of a-glucosidases, to determine the number of a-glucosidase isoforms present in 
germinated barley seeds and to locate peptide fragments containing portions of the 
active site. 

The thermal stability of barley seed a-glucosidase is important because the 
conversion of barley seed starch to fermentable sugars during industrial processing 
typically takes place at temperatures of 65-73 °C. Thermal characteristics of barley 
seed high and low pi a-glucosidases are shown in Figure 2. 

A B 

Figure 2 A. Effects of a 10 min exposure of barley seed a-glucosidases to different temperatures on the 
residual activity measured at 37°C. Activities were determined with maltose as the substrate. Figure 2B. 
Arrhenius plots of barley seed a-glucosidase activities. The enzymes and substrates were separately 
incubated for 10 min at the indicated temperatures prior to assays at the same temperatures. Activities 
were determined with maltose as the substrate, which was saturating at all assay temperatures. 

The low pi a-glucosidase appears slightly more thermal stable than the high pi isoform 
although neither isoform appears sufficiently thermostable to function throughout 
industrial mashing procedures conducted at elevated temperatures. The residual 
activity of the low pi a-glucosidase decreased to 50% at about 47 ° C , whereas that of 
the high pi a-glucosidase decreased to 50% at about 39 ° C (Figure 2A). Arrhenius 
plots of the barley seed a-glucosidases (Figure 2B) showed that the low pi isoform 
had an activation energy of 6.2 kcal/mol. The high pi isoform had an activation 
energy of 11.7 kcal/mol. The deviation from linearity at higher temperatures is 
attributed to enzyme denaturation. 

a-Glucosidases are now recognized as important in starch degradation during 
cereal seed germination. Their roles in industrial starch conversion processes still need 
to be thoroughly examined, but our data indicate they may be limited by a lack of 
thermostability. Barley seed a-glucosidases have fairly recently begun to be critically 
examined and much is still to be learned. 
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Chapter 5 

Three-Dimensional Structure 
of an Endochitinase from Barley 

Jon D. Robert us and John Hart 

Department of Chemistry and Biochemistry, University of Texas, 
Austin, TX 78712 

Endochitinases hydrolyze chitin, cleaving glycosidic bonds within the 
insoluble polymer. Chitin is extremely abundant, being found in the 
exoskeletons of many insects, Crustacea and fungi. Chitinases are of 
commercial interest since they can be used to create chitin 
oligomers useful in the chemical, pharmaceutical, and food 
industries. We have determined the X-ray structure of the chitinase 
from barley. The model has been refined to high accuracy against 
1.8 data. This chitinase has 10 α-helices comprising 47% of the 
structure. It has a very pronounced cleft, assumed to be the chitin 
binding and catalytic site. A number of residues, which are 
conserved within the chitinase family, cluster in this cleft 
Presumably they play key roles in chitin binding and hydrolysis. 
Barley chitinase reveals an ancient resemblance to lysozyme; they 
share a common central core despite lacking any obvious amino acid 
sequence similarity. In barley chitinase, Glu 67 appears to act as the 
proton donor and Glu 89 as the general base in the catalytic 
mechanism. 

Chitin has been called the second most common organic molecule in the 
world, after cellulose. Tie annual production of this renewable biosource has been 
estimated at between 10 and 100 billion tons (I). The polymer is found in the 
exoskeletons of insects and crustaceans like crabs and lobsters and is also a major 
component of many fungal cell walls. Chitin has a number of clinical and 
industrial uses. It is used in paper processing and the food and cosmetic industries. 
Chitosan, derived from chitin by acid hydrolysis, is being used in water treatment 
and in burn dressings. Oligomers of chitin and chitosan can act as bioactivators. 
They induce defense responses in higher plants and exhibit some antitumor effects 
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60 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

in animals. A wide range of uses for the two polymers is reviewed in reference (2), 
the proceedings of the 5th International Conference on Chitin and Chitosan. 

Chemically, chitin is a linear, non-branched polymer of p-1-4 linked units 
of N-acetylglucosamine (NAG). Figure 1 shows a segment of the polymer. 
Hydrogen bonds donated from the C3 hydroxyl to OS in the pyranose ring add 
greatly to the tensile strength of the molecule. Chitin is a close relative of 
cellulose, which has a hydroxyl at C2 in place of the acetylated nitrogen. Also 
related to chitin is chitosan, which results from hydrolysis of the acetyl group. The 
presence of the this amine group causes chitosan to be protonated and behave as 
a poly cation. 

Chitinases hydrolyze chitin. Exochitinases remove NAG units from the 
non-reducing end of the polymer. This class of enzyme is fairly common in 
bacteria but occurs only rarely in higher plants. Far more common are 
endochitinase which cleave chitin internally. These are found in higher plants, 
fungi, and bacteria. A few endochitinases also exhibit weak lysozyme activity. 
That is, they are able to cleave the p-1-4 bond between the N-acetyl muramic 
acid and NAG found in peptidoglycan. (Conversely, some lysozymes exhibit 
chitinase activity.) 

Endochitinases are generally monomelic proteins between 25 and 40 KDa. 
Four classes have been proposed based on amino acid sequences (3,4). Figure 2 
shows a sequence alignment of several representative chitinases from classes I, II, 
and IV. These classes have homologous catalytic domains, of about 26 KDa. This 
domain contains the chitin substrate binding and catalytic functions. Class II 
enzymes, like that from barley, contain only this catalytic domain. Class IV 
enzymes have three deletions within this main unit, but clearly belong to the same 
family (4). Class I and IV endochitinases also have an N-terminal cysteine-rich 
domain of about 50 residues. It is homologous to wheat germ agglutinin (WGA), 
and presumably binds the enzyme to chitin, holding it to the insoluble polymer. 
The N-terminal domain is linked to the chitinase domain by a glycine/proline-rich 
hinge segment Class III chitinases show no apparent sequence similarity to 
enzymes in class I, II, or IV. They are relatively rare in higher plants, but common 
in fiingi. 

Plants have no immune system and have evolved other methods to defend 
themselves against pathogens such as viruses, bacteria, and fungi. Plants under 
attack can induce genes which express a battery of defense proteins, known as 
pathogenesis-related (PR) proteins (5,6). These include ribosome inactivating 
proteins (RIPs) (7), pore-forming polypeptides that insert themselves into fungal 
cells (8), and lytic enzymes such as p-1,3 glucanases and chitinases (9,10). In fact 
these proteins often work synergisticaUy within a single host This is true in barley 
(Hordeum vulgare) where three antifungal activities from a RIP, endoglucanase 
and chitinase have been found (21). 

Our laboratory has been examining the structure and action of 
representatives of many of these plant defense proteins. We have solved the 
structure of plant RIPs including ricin (12) and PAP (13), and crystallized the anti-
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1 0 A 
Figure 1: The molecular structure of the chitin polymer. 

BARLEY 
TOBACCO 
POTATO 
ARABIDOPSIS 
RICE 
POPLAR 
PEA 
CORN 

BARLEY 
TOBACCO 
POTATO 
ARABIDOPSIS 
RICE 
POPLAR 
PEA 
CORN 

1 20 

. . • • • • -SVSSIVSRAQFDRMLLHRNDGAC 
E Q-CGKQACK^CPSC^CCSNFGWCGNTQDYCGPGKCQ 
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A OCGSQAGNATCPNDLCCSSGGYCGLTVAYCCAG-CVS-QCRN CFFTESMFEQMLPNRNNDSC 
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A QNCG CQPNFCCSKFGYCGTTDAYCGDG-CQSGPCRSGGGGGGGGGGGGGGSGGANVAhlVVTDAFFNGI-KNCJAGSGC 
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QAKGFYTYDAFVAAAAAFPGFGTTGSADAQKREVAAFLAQTSHETTGGWA 
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PGKGFYTYDAYFVATEFYPGFGKTGDDDTRKREIJVAFFAOTSQETSGRSIIGEDAPFTWGYCLVNELN-PNSDYCDPKT-KSSYPCVA 
AGHGFYTYDAFIAAARSFT4GFGTTGDDNTKKKELAAFLAOTSHETTGGWPTAPDGPYAWGYCFVSEQ-hrTQEVYCSPK--D^ 
EGKNFYTRSAFLSAVNAYPGFAHGGTEVEGKREIAAFFAHVTHETGH • - - FCYISEIN-KSNAYCDASNRQtf PCAAGQ. 
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TOBACCO KYYGRGPIQISYNYNYGPCGRAIGQNLLNNPDLVATNAWSFKSAIWFWMTAQSP-KPSCHDVITGRWTPSAADRAANRLPGYGVITN 
POTATO KYFGRGPIQISHNYNYGPCGRAIGVDLLNNPDLVATDPVISFKTALWFWMTPQSP-KPSCHDVIIGRWNPSSADRAANRLPGFGVITN 
ARABIDOPSIS RYYGRGPMQLSWNYNYGLCGRAIGVDLLNNPDLVANDAVIAFKAAIWFWKTAQPP-KPSCHAV^ 
RICE KYYGRGPIQITYNYNYGR-GAGIGSDLLNNPDLVASDA-VSFKTAFWFWMTPQSP-KPSCHAVITGQWTPSADDOAAGRVPGYGEITN 
POPLAR DYYGRGPLQLRKNYNYGECGNYLGQNLLDEPEKVATDPVLSFEAAl.WFWMNPHSTGAPSCHEVITGE1fSPSEADIEAGRKPGFGMLTN 
PEA KYYGRGPIQLTHNYNYGIAGgAIKEDLINNPDLLSTNPTVSFKTAIWFWMTPOAN-KPSSHDVITGRWTPSAADSSAGRVPGYGVITN 
CORN KYYGRGPLQISWNYNYGPAGRDIGFNGLADPNRVAQDAVIAFKTALWFWMNNVHGVMP -QGFGATIR 
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11NGGLECGRGTDNRVQDRIGFY RRYCSILGVTPGDNLDCVNQRWFGNALLVDTL 
IINGGLECGRGQDGRVADRIGFYQRYCNIFGVNPGGNLDCYNQRSFVNGLL-EAA 
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IITNGGECTKDGKTRQQNRIDYYLRYCDMLQVDPGDNLYCDNQETFEDNGLLKMVGTM 
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AINGALECNGNNPAQMNARVGYYKQYCQQLRVDPGP 

C h i t i n a s e •—•—>I<—Vacuole t a r g e t t i n g sequence 

Figure 2: The amino add sequence alignment of several plant 
endochitinases. Numbers above the lines refer to barley chitinase, and an 
* below the line marks invariant residues. All the plant chitinases, except 
barley, have a cysteine-rich N terminal domain which anchors the enzyme to 
the chitin matrix. Adapted from ref. 16. 
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fungal pore forming protein zeamatin (8). In this vein we were interested in 
examining the structure of chitinases, known to have anti-fungal properties, such 
as the one from barley. 

Hie gene coding for barley endochitinase has been cloned and the amino acid 
sequence determined (12). Hie barley chitinase is a class II enzyme with 243 
residues and a MW of 26 KDa. As mentioned earlier, class II enzymes correspond 
to the major catalytic domain of class I and IV enzymes. 

Barely chitinase was isolated using published procedures (7). Initial crystals 
in a tetragonal space group were adequate for structural determination, but were 
somewhat unstable (14). Far superior crystals in monoclinic space group Fll were 
then obtained which readily led to a 2.8 crystal structure (75). Hie structure was 
recently refined to 1.8 A resolution, accompanied by a hypothetical mode of 
substrate binding and a mechanism of action (2d). 

Figure 3 shows a ribbon drawing of the barely chitinase. The molecule is 
a compact globular structure approximately 40 x 45 x42A. It has three disulfide 
bonds; the cysteine pairs are 23 to 85,97 to 105, and 204 to 236. The molecule has 
little or no P-sheet, but has ten helical segments labeled A - J, which comprise 
approximately 47% of the structure. A prominent cleft runs the length of the 
molecule and is thought to be the chitin substrate binding site. 

Chitinase action clearly resembles that of rysozyme, in that structurally 
similar carbohydrates are hydrolyzed. Indeed some lysozymes can hydrolyze chitin 
readily. The mechanism of lysozyme has been thoroughly studied and is well 
understood. A review is given in reference (27). The best studied example is the 
124 residue hen egg white rysozyme (HEWL). It binds hexa saccharides and will 
act on N A G 6 with about half the efficiency of (NAG-NAM) 3. Hydrolysis occurs 
between the fourth and fifth sugars, called D and E, from the non-reducing end. 
The reaction mechanism is facilitated by Glu 35 which protonates the leaving 
group and by the carboxylate of Asp 52 which electrostatically stabilizes the 
oxycarbonium transition state. 

Superficially, chitinase does not resemble HEWL, which is about half its 
size. Amino add sequence comparisons reveal no obvious similarity between 
chitinase and any other type of protein, including any lysozyme. However, the 
rysozyme fold appears to be extremely ancient, and it is common to find lysozymes 
which are structurally related, even though they lack any sequence homology. Two 
examples of this phenomenon are the comparison between HEWL and the T4 
lysozyme (18) and the recently elucidated comparison between HEWL and the C 
terminal domain of the soluble lytic transglycosylase (SLT) from E. coli (29). 

We have analyzed the chitinase structure in light of hen egg white lysozyme 
(HEWL) model (26). Our results show that chitinase has a central core region 
which is topologically the same as that for H E W L This is shown as a least squares 
superposition of the proteins in Figure 4. The superposition of barley chitinase 
with HEWL shows that Glu 67 is in the same position in the active site cleft as Glu 
35 of HEWL. Presumabty it plays the same role, protonating the leaving sugar 
group (E) in the hydrolytic reaction. There is no carboxylate in a position 
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Figure 3: Stereo ribbon drawing of barley chitinase. Residue 1 marks the 
amino terminus and 243 marks the C terminus. Hie 10 a-helices are labeled 
A-J . Adapted from ref. 16. 

Figure 4. Comparison of structural similarities between barley chitinase and 
HEWL. Chitinase is much larger than HEWL, however important elements 
of secondary structure, forming the substrate binding and active site areas, 
are similiar. The residue 30 to 161 segment of the chitinase Coc backbone is 
shown in the heavy bonds, superimposed with the 8 to 101 segment of 
HEWL. The binding of a hexasaccharide is shown in light bonds. Hie 
crucial catalytic glutamates, 67 in chitinase and 35 in HEWL are also shown 
in light bonds. Adapted from ret 16. 
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equivalent to the A p 52 of H E W L , but model building suggests that chitinase Glu 
89 is important in the mechanism. There is space between it and the model 
substrate to suggest Glu 89 acts a base to polarize the water and facilitate an attack 
on the back side of sugar D. We have suggested that chitinase, unlike H E W L , 
may catalyze hydrolysis of chitin with inversion of the substrate hand (16). This 
is consistent with biochemical results from yam chitinase, a homolog of the barely 
enzyme (20). 

In addition to our structural work on barley chitinase, our laboratory has 
recently obtained useful crystals of a chitosanase isolated from Streptomyces N174 
(21). The crystals diffract well and we hope to produce a 2.5 A structure in the 
near future. This should allow a more detailed analysis of the chitosanase 
mechanism of action and a structural comparison with chitinases. 
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Chapter 6 

Existence of Separately Controlled Plastic and 
Conserved Phases in Glycosylase Catalysis 

Edward J. Hehre 

Department of Microbiology and Immunology, Albert Einstein College 
of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461-1602 

Stereochemical studies of the reactions of glycosylases with small 
nongrycosidic substrates have provided deep new insights into the catalytic 
scope and mechanism of these enzymes. The reactivity of individual 
glycosylases with both α and β anomers of a glycosyl fluoride and/or with 
prochiral (enolic) glycosyl substrates has revealed that their catalytic groups 
act with different stereochemistry on substrates of different configuration; 
that other protein structures control product configuration without regard 
to that of substrate. Our newest findings add independent support for the 
existence of separate plastic and conserved phases in the catalytic process. 
Crystallographic studies of β-amylase acting on β-maltose and maltal 
indicate how this enzyme may effect topological control of product 
configuration Recent modelling of similar oxocarbonium ion-type transition 
state structures for α-D-glucosyl fluoride hydrolysis by glucoamylase and α-
glucosidase (with inversion or retention of configuration, respectively) 
indicates the absence of discernable linkage between the transition state 
structure and the stereochemical outcome of these reactions. 

Studies of the reactions of glycosidases and glycosyltransferases with small nonglycosidic 
substrates have in recent years brought a new and deeper understanding of the catalytic 
capabilities, anomeric specificity, and mechanisms of these enzymes. The theoretical basis 
for the studies arose following emergence of the concept of glycosyl (vs glycosyloxy) 
group transfer (/) and the subsequent partition of carbohydrate enzymology between the 
traditional hydrolase and newer group transferase paradigms. The accumulation of new 
findings with glycosidases and glycosyltransferases in separate streams with little effect 
on each other could hardly be construed as the mark of a mature, cohesive scientific 
discipline. Koshland's (2) assignment of direct single (or double) nucleophilic 
displacement mechanisms for all hydrolytic and group transfer reactions that invert (or 
retain) substrate configuration was a watershed; but this did not provide a unifying 
definition of enzymes that mobilize glycosyl groups as distinguished from all other 

0(F7-6156/95A^18-0066$12.00A) 
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enzymes. In early papers (5-5), the present author proposed that glycosidases and 
glycosyltransferases form an inclusive class of glycosylases all of whose reactions effect 
a simple stoichiometric chemical change, glycosyl-X + HOC glycosyl-X1 + H-X, 
whereby group -X, initially glycosylated, somehow becomes protonated while group -X 1 , 
initially protonated, somehow becomes glycosylated; the possibility of carbonium ion 
mediation was noted. This equation said something new: namely, that a compound need 
only to have the ability to bind appropriately to an enzyme, and to provide a glycosyl 
residue in exchange for a proton, to serve as a substrate. Nonglycosidic compounds of 
one type, the reducing sugars, had been known to undergo limited condensation 
(hydrolysis reversal) reactions by glycosidases; but other truncated forms - glycosyl 
fluorides, glycals, and related (exocyclic) enoiic glycosyl compounds - would now be 
tested and found to be substrates for many glycosylases. The reactions promoted with 
them have provided much basic evidence for views about the catalytic scope and 
functioning of glycosylases that depart from conventional beliefs. 

Glycosyl Fluorides and the Widened Catalytic Abilities of "Strict Hydrolases". 

For example, various glycosidases which had been considered to be strict hydrolases 
lacking glycosyl transferring ability were shown in our laboratory to catalyze 
nonhydrolytic (glycosyl transfer) reactions with an appropriate glycosyl fluoride. 
Crystalline a-amylases from a range of sources were found (6) to promote extremely 
rapid fluoride release from a-maltosyl fluoride and to convert this small substrate to 
malto-oligosaccharides in great preference to hydrolyzing it. Enzyme preparations 
incubated with 5.6 mM a-maltosyl fluoride under conditions providing 75-80% substrate 
utilization, for instance, yielded three to five times more maltosaccharides (tri- to 
hexasaccharide) than maltose. The use of a-maltosyl fluoride by a-amylase as an 
acceptor in preference to water at 104 times higher concentration indicates that, because 
of the substrate's small "aglycone", two molecules rather than one bind simultaneously 
in tandem at the reaction center and function effectively as donor and acceptor. The 
extremely high reactivity of a-amylases with a-maltosyl fluoride was recently 
reencountered in work from Withers' laboratory primarily directed to describing the slow 
reaction catalyzed by the human pancreatic enzyme with a-2-deoxy-2-fluoro-D-glucosyi 
fluoride (7). 

Further studies demonstrated that other enzymes traditionally believed to be 
absolutely limited to catalyzing hydrolysis and reverse condensation reactions -this time 
with inversion of configuration - also promote glycosyl transfer reactions with a glycosyl 
fluoride as donor substrate, i.e., with P-maltosyl fluoride in the case of P-amylase, or P-
D-glucosyl fluoride for glucoamylase, glucodextranase, and trehalase (Figure 1). 
Actually, each of these supposedly strict hydrolases for a-D-glucosidic substrates was 
shown to use both a and p anomers of the appropriate glycosyl fluoride. By following 
the reactions kinetically and by l H N M R spectroscopy (also, in most cases, by analyzing 
the isolated transient intermediate transfer product), we learned that each enzyme directly 
hydrolyzes the a-glycosyl fluoride with inversion, but uses the P anomer as a glycosyl 
donor to a carbohydrate acceptor to form a transient a-linked transfer product which then 
undergoes hydrolysis with inversion (8-11). 

A new instance of this behavior was recently reported by Withers and his 
associates (72) who showed that glycogen debranching enzyme (amylo-l,6-glucosidase) 
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Beta Amylase (8) 
a-Maltosyl F + H 2 0 ~> P-maltose + HF 

P-Maltosyl F + P-maltosyl F > p-maltotetraosyl F 1 + HF 
P-maltose + P-maltosyl F < H2O + 

Glucoamylase. Glucoamylase (9) 
a-D-Glucosyl F + H 2 0 > P-D-glucose + HF 

P-D-Glucosyl F + Me a-D-glucoside > Me a-maltoside + HF 
Me a-isomaltoside + HF 

P-D-glucose + Me a-D-glucoside < H 2 0 + 

Trehalase (10,11) 
a-D-Glucosyl F + H 2 0 > P-D-glucose + HF 

P-D-Glucosyl F + a-D-glucose > a,a-trehalose ^ + HF 
P-D-glucose + a-D-glucose < H 2 0 + 

Glycogen Debranching Enzyme (12) 
a-D-Glucosyl F + H 2 0 > P-D-glucose + HF 

P-D-Glucosyl F + cycloheptaose > a-D-glucocycloheptaose + HF 
P-D-glucose + cycloheptaose < H 2 0 + 

1 Postulated transient transfer product was not observed. ^ a-D-Glucopyr-

anosyl a-D-xylopyranoside was formed with a-D-xylose as the acceptor. 

Figure 1: Stereocomplementary Hydrolytic and Nonhydrolytic Actions of 
"Inverting Hydrolases". 
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hydrolyzes a-D-glucosyl fluoride to form P-D-glucose, and uses P-D-glucosyl fluoride 
as a glucosyl donor in the presence of a cyclodextrin acceptor to form an a-linked 
transfer product. We have also reported an example involving the obverse 
stereochemistry, in that the p-xylosidase of Bacillus pumilus which hydrolyzes Pr 
xylobiose and P-D-xylosyl fluoride with inversion very slowly promotes xylosyl transfer 
from a-D-xylosyl fluoride to xylose to form xylobiose (75). It would appear from the 
above series of findings that, in contrast to the long early period when all carbohydrases 
were universally held to have only hydrolytic activity, one may now wonder whether any 
glycosylase is so limited in scope as to be defined as a Hydrolase in the historical sense. 

Catalytic Group Functional Flexibility. It is noteworthy that, in the above 
stereochemically complementary hydrolytic and nonhydrolytic reactions, the favored 
glycosyl fluoride anomer is hydrolyzed but the "wrong" anomer is used as a donor in a 
glycosyl transfer to an acceptor other than water. The reactions thus resemble the 
stereocomplementary glycoside hydrolysis and reverse sugar-condensation reactions 
catalyzed by enzymes of this type, except that the reactions with glycosyl fluorides are not 
demonstrably reversible since they release HF as a product which binds tightly to water 
with a high heat of hydration. In condensations representing reversals of hydrolysis, such 
as in maltotetraose synthesis from two molecules of P-maltose by P-amylase or in maltose 
synthesis from two molecules of P-D-glucose by glucoamylase (14), the enzyme's catalytic 
groups function in an opposite way than for hydrolysis, as required by the principle of 
microscopic reversibility. However, since the reactions catalyzed by an enzyme with the 
a and p anomers of a glycosyl fluoride clearly are not reversals of each other, the 
demonstration of nonhydrolytic reactions from the "wrong" anomer (as in Figure 1) 
reveals the potential of the catalytic groups of glycosylases to function flexibly even in 
situations where such flexibility is not required by the principle of microscopic 
reversibility. 

Stereochemistry of Reactions Catalyzed with Prochiral Glycosyl Substrates. 

Strong independent evidence of the functional flexibility of the catalytic groups in a 
number of well known glycosylases has come from studies of reactions catalyzed with 
appropriate enolic glycosyl substrates, reported from our laboratory and that of Professor 
J. Lehmann of the University of Freiburg (15-23). These studies also provide many 
examples of glycosylase-catalyzed reactions which show that the process of catalysis 
comprises two separately controlled parts: a "plastic" phase involving the different 
catalytic group responses to substrates of different configuration at the reactive carbon 
atom, and a "conserved" phase in which product configuration is controlled by protein 
structures independently of substrate configuration. Figure 2 compares the 
stereochemistry of reactions catalyzed by various glycosylases with glycosidic substrates 
versus that of reactions with enolic glycosyl donors; the latter substrates are mostly 
glycals with a double bond between carbon atoms 1 and 2 but in two cases involve D-
gluco-octenitol ((ZV3.7-anhydro-172-dideoxy-D-gluco-oct-2-enitoD which has an exo-
cyclic double bond at the reactive glucosyl carbon atom. A major point is that, with each 
listed enzyme, the direction of protonation generally assumed for its glycosidic substrates 
differs from the direction determined for protonating the enolic substrate. These strong 
indications of the functional flexibility of the catalytic groups of the particular glycosylases 
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Enzyme 

Protonation 
of substrates 

Glycosidic Enolic 
(Assumed) (NMR) 

Product 
Config., 
each case Ref. 

C. tropicalis. buckwheat, 
rice, Ax niger a-glucosidase t * Glueal ALPHA (15, 19) 

Sweet potato, soybean /?-amyla. >e t * Maltal BETA (17, 22) 

Rice, A* niger a-glucosidase f Octenitol ALPHA (20) 

21 reesei trehalase t * Octenitol ALPHA (20) 

Sweet almond /3-glucosidase 4 t Glucal BETA (15) 

Ex £pJi 0-galactosidase 4 t Galactal BETA (16) 

L lacteus, A. niger, 
L reesei CBHI cellulase 4 t Cellobial BETA (18, 21) 

H reesei CBHI cellulase 4 f Lactal BETA (2D 

Protonation: t from below the plane of the ring; 4 from above the plane of the ring. 

Figure 2: Plastic and Conserved Steric Features in the Hydrolysis of Glycosidic 
versus Enolic Substrates by Glycosylases.  
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are further enhanced by Lehmann's demonstration that IL £Qli P-galactosidase protonates 
the endo-cyclic double bond of D-galactal, and the differently oriented exo-cyclic double 
bond ofD-galacto-octenitol from opposite sides of the ring (16, 23). On the other hand, 
despite the plasticity of substrate protonation which is evident in the paired reactions of 
all the enzymes of Figure 2, each enzyme yielded products of matching configuration from 
both the glycosidic and enolic substrate. Since the enitols have neither a or p 
configuration, the particular de novo configuration of the hydration product formed by 
a given enzyme would have had to be dictated by some structural factors) inherent to the 
particular protein. The presence of these same elements would ensure that the 
stereochemical outcome of reactions of the same enzyme with chiral substrates also would 
be topologically controlled and not derived from substrate configuration by a fixed mode 
of catalytic group functioning, as implied by the terms "invertingM or "retaining11 enzymes, 
or single or double displacements. 

Determination of the Direction of Enzymic Protonation of a Glycal. Figure 3 
compares the steric course of the hydration of cellobial catalyzed by exo-cellulases Ex-1 
from Irpex lacteus (18), and also C B H I from Trichoderma reesei (21), with the presumed 
course of the hydrolysis of cellulose. A key difference between the reactions with the two 
substrates is that whereas the enzymes are generally assumed to protonate the P-
glycosidic oxygen atom of cellulose from "above", they are observed to protonate the 
double bond of cellobial from "below" (18,21). Figure 3B illustrates the method, 
developed by my colleague Professor C. F. Brewer, whereby the important parameter of 
the direction of enzymic protonation of a substrate may be unequivocally detennined 
when glycals are the substrates. With glycals, the incoming proton is not lost to solvent 
as with glycosides, but remains bound to a carbon atom of the reaction product. When 
hydration is carried out in D 2 0, using an enzyme whose exchangeable protons have been 
replaced by deuterons, the deuteron interacting with substrate can be localized by *H 
N M R spectroscopy. Despite the apparent difference in the protonation of cellobial versus 
cellulose, the transition state in cellobial hydration differs from that in cellulose hydrolysis 
only in carrying a proton (shown as a deuteron) at the equatorial position at C-2 rather 
than a hydroxyl group. The final chemical step, unlike the plastic substrate protonation 
step, is conserved and leads to a product of the same (p) anomeric configuration from 
both substrates. The findings (18,21) apparently gave the first experimental indication of 
the presence of a transition state with significant oxocarbonium ion character in a reaction 
catalyzed by exo-cellulases that hydrolyze cellulose with retention of configuration. 

Glycosylation Reactions Catalyzed with Exo-cyclic Enolic Substrates. Reported 
findings concerning the steric outcome of hydration and transfer reactions catalyzed by 
various enzymes with 2.6-anhydro-l-deoxy-D-gluco- or D-gaJactQ-hept-l-enitol 
(heptenitols), or with (ZV3.7-anhydro-l.2-dideoxy-D-gluco- or D-gaiacto-oct-2-enitol 
(octenitols), are summarized in Figure 4. The results show that, with each enzyme, the 
anomeric configuration of the hydration product formed from the enitol matched that of 
the product formed on hydrolysis of its glycosidic substrates. This conservation of steric 
outcome is observed whether the enitol and glycosidic substrates are protonated similarly, 
as they are by a- and p-galactosidase, or protonated differently as they are by a- and P-
glucosidase. Transfer products of a-configuration are formed from D-ghi£Q-heptenitol 
by glycogen phosphorylase, as they are from the enzyme's natural substrates (27). The 
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Figure 3: Comparison of Cellulose Hydrolysis and Cellobial Hydration by 
Irpex lacteus Exocellulase Ex-1. Reproduced from ref. 18. 

a-Glucosidase Candida, rice 

Phosphorylase muscle, potato HCt ^ - O H 0 

0-Galactosidase E. coli H ° ^ ^ X

0 H ^ c ' 
H 

jS-Glucosidase almonds 

Glucodextranase Arthrobacter ALPHA T (25) 

a-Glucosidase A,, niger, rice 

ALPHA H, T l (25, 26) 

ALPHA T (27) 

BETA H (24) 

BETA H (25) 

BETA H (26) 

ALPHA H (20) 

ALPHA H (28) 

BETA H (23) 

BETA H (20) 

H O 

a-Galactosidase coffee beans V o ^ A 

0-Galactosidase E. coli 0 H \ 
H 

Trehalase T. reesei 

, C H 3 

H = Hydration product; T = Transfer product 

Figure 4: Conserved Configuration of Products Formed in Reactions Catalyzed 
with Exo-cyclic Enolic Substrates (Hept- and Oct-enitols). 
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heptenkol and its a-D-glucoheptulosyl phosphate transfer product have had an important 
role, as ligands, in elucidating the active site structure of glycogen phosphorylase in 
crystallolographic studies (29, 30). The formation of a-D-heptulosyl transfer products 
(but of P-D-heptulose) from heptenitol by glucodextranase is comparable to that 
enzyme's formation of a-D-glucosyl transfer products from P-D-glucosyl fluoride (but 
of P-D-glucose) from a-D-glucosyl fluoride (9). 

New Evidence for the Existence of Separately Controlled Plastic and Conserved 
Phases in Glycosylase Catalysis. 

Professor Sinnott (31-33) has viewed the complementary stereochemistry of reactions 
catalyzed with a- and P-glycosyl fluorides by glucodextranase and other "inverting" 
enzymes (Figure 1) as good evidence for Koshland's single nucleophilic displacement 
mechanism (2) which dictates that product configuration will be opposite to that of 
substrate. We have proposed a basically different explanation for the findings with the 
paired glycosyl fluorides that, in addition, accounts for the observed conservation of the 
stereochemical outcome of reactions catalyzed with enolic substrates. Namely, we 
envision that glycosylase catalysis comprises a "plastic" phase involving different 
responses of an enzyme's catalytic groups to substrates of different anomeric 
configuration, and a "conserved" phase in which product configuration is controlled by 
protein structures independently of substrate configuration (19, 20, 34-36). With regard 
to the results reported with enolic glucosyl substrates, the criticism has been made (32) 
that enol ethers are reactive compounds which are labile on simple proximity to a 
carboxyl function; comparable in lability, for example, to the prostaglandin-like compound 
of Bergman et al (37). Unlike the latter compound, however, the hept- and oct-enitols 
which have been used as substrates have a stabilizing hydroxyl group adjacent to the 
reactive carbon atom which makes for a substantial enhancement of stability. Above all, 
the results of concurrent control experiments leave no doubt whatever of the sufficient 
stability of all of the enolic compounds under conditions of their use as substrates (e.g., 
21, 22). Independent new evidence that strongly supports our unconventional concept 
of the process of catalysis by glycosylases has been obtained in several recent studies as 
indicated below. 

The Conversion of P-D-Glucosyl Fluoride to a-D-Glucose by a-Glucosidases. 

We have recently determined that enzymes which hydrolyze natural substrates with 
configurational inversion are not the only glycosylases able to act on both anomers of a 
glycosyl fluoride (35,36). The a-glucosidases of Aspergillus niger. ungerminated rice, 
and sugar beet seeds, and the p-glucosidase of sweet almonds also were found to use 
both a- and P-D-glucosyl fluoride. Each enzyme rapidly hydrolyzes the favored anomer 
and very slowly hydrolyzes the "wrong" anomer, forming a-D-glucose from both 
substrates in the case of the a-glucosidases, or P-D-glucose from both in the case of the 
P-glucosidase. These findings extend the previously reported evidence, from reactions 
catalyzed by the same glucosidases with enolic substrates, showing that the catalytic 
groups of each of the enzymes react differently to substrates depending on the latters' 
anomeric configuration. This time, unlike the situation with the inverting enzymes 
(Figure 1), the reactions catalyzed by the glucosidases with the disfavored D-glucosyl 
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fluoride do not parallel their (a-»a) reverse glucose-condensation syntheses, or (a-ya) 
glucosyl transfer reactions catalyzed with glucosidic substrates. 

Figure 5 illustrates a model (36) that includes the mechanistic features needed to 
account for the stereochemical course of the reactions catalyzed by the a-glucosidases 
with substrates of three different anomeric types: A, methyl a-D-glucopyranoside, 
representing a-D-glucosyl substrates; B, D-glucal, representing enolic substrates; and 
C, P-D-glucosyl fluoride, the only known substrate of p configuration for a-
glucosidases. We assume a pair of oppositely disposed carboxyl groups at the reaction 
center, and that substrates A-C bind with a similar orientation to them. 

For the initial chemical event, we envision one of the lone pair on the ring oxygen 
assisting in the cleavage of the C l - 0 o r C l - F bond, or in the stereospecific protonation 
of C-2. Each of the events leads to a comparable oxocarbonium ion intermediate or 
transition state whose formation may be electrostatically stabilized by negatively charged 
carboxylates. A second, common, catalytic step is the attack on the oxocarbonium ion 
by a water molecule. This step occurs with conserved stereochemistry to yield a product 
of a-D configuration in each case. We propose again that this occurs by the protein 
structure that orients the reactant water molecule and an appropriately positioned base, 
such as the ionized carboxylate group. The findings indicate that use of the term 
"retaining enzyme" for glucosidases lacks the full generality this term had been assumed 
to have. 

Crystallographic Indications of Means of Structural Control of Steric Outcome. 
X-Ray diffraction studies of glycosylases have begun to provide clues as to possible ways 
whereby protein structural elements may control the stereochemical outcome of catalyzed 
reactions. One mode has been suggested (38) to operate in the case of exo-cellulase C B H 
II of Trichoderma reesei whose catalytic center has been located in a tunnel-like cavity. 
When the nonreducing end of a cellulose chain has entered and filled the tunnel, 
hydrolysis of the penultimate p-1,4 linkage occurs at the reaction center; the hydrolytic 
product, a-cellobiose, is then extruded to solvent as the shortened substrate advances to 
again fill the tunnel. The authors indicate that a narrow tubular passage roughly 
orthogonal to the tunnel may have the function of directing reactant water from the 
protein surface to reach the catalytic center from the a direction (38). 

A different possible mode is envisioned for P-amylase, based on recently 
described (39) highly refined structures of competent soybean enzyme crystals separately 
treated with P-maltose or maltal. The findings hold main interest for glycosylase catalysis 
per se as p-amylase is thought to have little importance in plants as a starch hydrolyzing 
enzyme; its long known inhibitory effect on starch phosphorylase (40-42) suggests a 
possible role in regulating the tatter's activity (43). p-Amylase, which effects the 
hydrolytic cleavage of P-maltose from the nonreducing ends of a-l,4-linked chains of 
starch and maltosaccharides, does not hydrolyze maltose. It does, however, convert p-
maltose to maltotetraose to a very small degree by the condensation of two molecules 
of bound substrate, with the enzyme protonating the P-maltose donor from above the 
plane of the ring in accord with the principle of microscopic reversibility (14). p-Amylase 
has been shown (77, 22) to slowly catalyze the hydration of maltal (a-D-glucopyranosyl-
1,4-D-glucal) and, as indicated in Figure 2, it protonates starch and maltal differently yet 
hydrolyzes each type of substrate to form a product (maltose or 2-deoxymaltose, 
respectively) of the same p configuration. Based on its catalysis of starch hydrolysis with 
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Figure 5: Proposed Mechanisms of Reactions of a-Glucosidases with Substrates 
Differing in Configuration at C - l . Reproduced with permission from ref. 36. 
Copyright 1993 Elsevier Science. 

inversion, Koshland (2) initially assumed that P-amylase acts by a direct single 
nucleophilic mechanism; later, Koshland et al. (44) and Thoma (45) proposed a 
carbonium-ion mediated mechanism with a postulated back-sided approach of water. 
However, until our recent elucidation of the stereochemistry of maltal hydration (22), no 
experimental evidence existed to show the contribution of substrate configuration or of 
protein structure to the determination of stereochemical outcome. We had earlier 
demonstrated that maltal hydration is characterized by an unusually large solvent 
deuterium kinetic isotope effect indicative of a single proton undergoing change in 
forming an oxocarbonium ion-type transition state or intermediate (77); and recent X-ray 
crystallographic studies (39) suggest how p-amylase structures may possibly control the 
approach of water to the reaction center. 

A deep active site pocket in the protein is found to bind two molecules of p-
maltose in tandem (and some maltotetraose condensation product at the same sites), or 
two molecules of 2-deoxymaltose, the maltal hydration product - in each case via some 
26 H-bonds and 36 van der Waals contacts (39). The pocket is normally open for 
substrate binding and product release, but one of its walls is a mobile hinged loop that 
closes down on substrates. The closed loop contributes to ligand binding and also forms 
a hydrophobic surface across the reaction center, shielding it from solvent. This surface 
extends over the area between the bound pair of p-maltose (or 2-deoxymaltose) residues; 
over the central a-glycosidic linkage of maltotetraose; and over the enzyme's catalytic 
groups which comprise the carboxyl group of Glu 186 on the a side of the reaction center 
and the carboxyl group of Glu 380 on the P side (39). Measurements show zero solvent 
access to the side chains of these catalytic residues as well as all potentially reactive 
carbon and oxygen atoms of the sugars at the catalytic center. This means that the water 
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molecule involved in the reactions of starch hydrolysis or maltal hydration must exist 
beneath this hydrophobic surface. An ordered water molecule is, indeed, found within 
H-bonding distance of the carboxyl group of Glu 380 in the unliganded P-amylase. In the 
enzymic hydration of maltal, that water molecule is displaced by the equatorial 0-1 atom 
of the bound P-2-deoxymaltose reaction product. Moreover, when maltotetraose is 
formed by the enzymically catalyzed condensation of P-maltose, the byproduct is found 
as ordered water in the same position as in the unliganded enzyme, H-bonded to the 
carboxyl group of Glu 380. No ordered water is present in the vicinity of Glu 186 which 
is located on the a side of the reaction center. 

An apparently similar situation is discernable in the crystallographic structure of 
Aspergillus awamori glucoamylase complexed with 1 -deoxynogirimycin (46). Here, a 
bound water molecule is found at the reaction center, across from the putative general 
acid catalyst, Glu 179, thereby ensuring that hydrolysis or hydration would always result 
in a product of p-anomeric configuration. Although the mechanism whereby solvent is 
purged from the active site is not clear, Harris et al. (46) suggest that a transient 
compression of the active site structure may allow water to slide by the inhibitor as it 
enters the close-fitting recess of the active site pocket. 

Similar Transition States in Enzymic Hydrolysis of a Glucosyl Substrate with 
Inversion or Retention. 

Finally, we have gained new evidence of a still different kind for the independent 
topological control of product configuration by glycosylases, through studies of transition 
states for the hydrolysis of a-D-glucosyl fluoride by enzymes providing opposite 
stereochemical outcome (47). a-Secondary tritium kinetic isotope effects and kinetic 
constants were measured over a wide pH range for the hydrolysis of this substrate 
catalyzed by a-glucosidases and glucoamylases with the production of a-D-glucose and 
P-D-glucose, respectively. At pH values where intrinsic a " T V / K isotope effects 
presumably are expressed for the hydrolysis with sugar beet seed a-glucosidase (pH 9) 
and Rhizopus niveus glucoamylase (pH 4.8), we determined p-secondary tritium and 
primary 1 4 C kinetic isotope effects. All three kinetic isotope effects are most consistent 
with an SNI mechanism for the hydrolysis by each enzyme. Based upon the values of the 
combined isotope effects, transition state structures having a narrow range of acceptable 
geometries were modelled for a-D-glucosyl fluoride hydrolysis by the sugar beet a-
glucosidase and JL niveus glucoamylase using the modified BEBOVTB-IV program as 
reported by Schramm (48-50) for reactions of AMP nucleosidase. 

The transition state structures for both the a-glucosidase and glucoamylase 
catalyzed reactions bear significant oxocarbonium ion character, with the D-glucosyl 
residue having a flattened ACt conformation and a CI -05 bond order of 1.92, despite the 
opposite anomeric configuration of the D-glucose produced by the action of the two 
enzymes. Some differences do exist between the transition states; nevertheless, their 
general similarity indicates that the transition states of glucosylase catalyzed reactions 
does not predict the stereochemical outcome of the reactions, nor can the stereochemical 
outcome be used to predict the transition state. These results support the previously 
reported evidence for the separate topological control of product configuration by protein 
structures in these and other glycosylases. 
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Chapter 7 

A Mutant α-Amylase with Enhanced Activity 
Specific for Short Substrates 

Ikuo Matsui1,3, Kazuhoko Ishikawa1, Eriko Matsui1, Sachio Miyairi1, 
Sakuzo Fukui2, and Koichi Honda1 

1National Institute of Bioscience and Human Technology, Tsukuba, 
Ibaraki 305, Japan 

2Faculty of Engineering, Fukuyama University, Fukuyama, 
Hiroshima 729-02, Japan 

For some types of enzymes, it is assumed that the active site involves a 
definite number of subsites, each of which specifically interacts with a 
certain monomer unit in a polymeric substrate. The substrate and 
product specificities of enzymes are defined by their original subsite 
structure. If the subsite structure is changed by mutation, the mutant 
will show a new enzymatic specificity. We determined the subsite 
structure of Saccharomycopsis fibuligera α-amylase (Sfamy) and 
estimated the major substrate-binding residues of Sfamy. We altered 
the 210th lysine (K210), one of the assumed components of the major 
subsites, into arginine (R) and asparagine (N) by site-directed 
mutagenesis. Replacement of K210 by R strengthened the 7th and 
weakened the 8th subsite affinities. K210 was found to contribute to 
both the 8th and the 7th subsites. The catalytic activity of the K210R 
enzyme for the hydrolysis of maltose (G2) was three times higher than 
that of the native enzyme due to an increase in the affinity of the 7th 
subsite adjacent to the catalytic site, whereas die activity of the K210N 
enzyme for G2 was decreased to 1% of that of the native enzyme by a 
reduction in the 7th subsite affinity. 

a-Amylases are major members of starch-hydrolyzing enzymes. They can hydrolyze 
a l - 4 glucosidic bonds of polymer substrate and produce a-anomer-type products. 
They are also distributed in all living things and are useful enzymes in the industrial 
fields. 

The steric structure of a-amylase binding maltooligosaccharide in a productive 
form has not been clarified because of the difficulty of isolating the enzyme-substrate 
(ES) complex. Matsuura el al proposed a substrate binding model for fitting the 

3Current address: Carlsberg Laboratory, Department of Chemistry, Gamle Carlsberg 
Vej 10, DK-2500 Copenhagen, Denmark 

0097-6156/95A)618-O079$12.00/0 
© 1995 American Chemical Society 
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80 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

maltoheptaose (G7) molecule to the active cleft of Aspergillus oryzae a-amylase, 
Taka-amylase A (TAA) molecule (I). Analysis of the kinetic parameters and subsite 
affinities of various mutant enzymes generated by substitution of the amino acid 
residues that are the possible components of subsites might clarify the role of these 
residues in recognizing the substrate. 

We reported the expression of the Saccharomycopsis fibuligera a-amylase 
(Sfamy) gene (2) in Saccharomyces cerevisiae, and the enzymatic characteristics and 
the molecular structure of the gene product Sfamy (J). Suganuma et al. reported a 
simple method for evaluating the subsite affinities and its application to T A A ; it is 
based on the kinetic parameter (kc^ /K m , where kcat and K m mean the observed 
molecular activity and the Michaelis constant, respectively) and the cleaved-bond 
distributions for oligo-meric substrates determined at sufficiently low substrate 
concentration where transglycosylation and condensation can be ignored (4). We 
determined the strength and distribution of the subsite affinities of Sfamy according 
to the above method (5). The authors proposed a substrate-binding model for Sfamy 
(6) involving a modification of the T A A model on the basis of the steric structure 
predicted theoretically (7) and on the basis of the subsite structure of Sfamy (5). 

We prepared mutant enzymes carrying a substitution of the 210th lysine (K210). 
which is one of the possible components of major subsites (the 7th and 8th subsites) 
(6), and analyzed their enzymatic characteristics. We found short substrate-specific 
enhancement in the catalytic activity of the mutant enzyme (K210R) (8). The present 
paper describes the properties of the mutant enzymes (K210R and K210N) and the 
contribution of K210 to both the 7th and 8th subsite affinities. 

The method to evaluate the subsite affinity. 

On the basis of the subsite theory (9), Suganuma et al. devised a simple method to 
evaluate the subsite affinity by utilizing a series of end-labelled substrates (4). We 
determined the subsite affinities of Sfamy according to their method. 

When the catalytic site is located between the r-th and (r+l)-th subsites as shown 
in Fig 1, the (r+i)-th and (r-i)-th subsite affinities (A r+i and A r - i ) are defined by 
equation 1 and 2, respectively. 

4 . , - KTlnj^ / / 1^')]/[(*- I «-L , ( ^ M ' | V ) j (2) 
where Pi* and Pi_i* mean the radioactivities of i-mer and (i-l)-mer products from the 
reducing end-labelled n-mer and (n-l)-mer substrates, respectively, each Pn-l-i* 
means the radioactivity of the (n-l-i)-mer product from the reducing end-labelled n-

n - l n-2 
mer or (n-l)-mer substrate, ^ P* and ̂  P] represent the sum of the radioactivities 

of all products from the n-mer and (n-l)-mer substrates, respectively, and (kc^/KnOn 
and (kcat/Km) n_i mean the kcat/Km value for the hydrolysis of n-mer and (n-l)-mer 
substrates, respectively. Since the kinetic parameters [(kcat/KnOn and (kcat^m)n-l] 
and the cleaved-bond distributions 

(p</!p'< p /̂%p<- ^ ' / l ^ ' a n d p - * . - / " | p ' ) a r e o b t a i n a b l e b y 
analysis of the labelled substrates and products, the subsite affinities can be calculated 
from Eq.s. 1 and 2. 
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The subsite structure and the substrate-binding model of Sfamy. 

According to this method, the subsite affinities of Sfamy were calculated by using the 
kcat/Km values and the cleaved-bond distributions as shown in Table I and II. The 
sum of the affinities for the two subsites adjacent to the catalytic site ( A r + A r + i ) is 
obtained by using the kcat/Km value for maltose (0.53 min - 1 M" 1 ) (3) from the 
following equation (10): 

(kcat/Km)2 =0.018 x k i n t x exp[(A r + A r + i )/RT] 
where k i n t is the intrinsic rate constant for the hydrolysis; we took k i n t to be 8.62 x 103 

min - 1 (for amylose A , Mr = approx. 2,900) (J). Hence, we have (A r + A r +i)=-3.36 
kcal/mol. 

By these procedures, 11 subsites have been evaluated for Sfamy. Since the 
catalytic site is present between subsites 6 and 7, the number r is 6. Figure 2 indicates 
histogram showing the subsite affinities of Sfamy (5). The total affinity of the 
subsites 6 and 7 adjacent to the catalytic site has a large negative value (A6+A7=-3.36 
kcal/mol). On the other hand, subsites 5 and 8 adjacent to subsites 6 and 7, 
respectively, have large positive affinities (A5=4.23, Ag=3.32 kcal/mol). Subsites 1, 
9, and 11 all have moderate positive affinities (~1 kcal/mol) although subsite 10 has a 
low negative affinity. The distribution and the strength of the subsite affinities are 
similar to those of a fungus a-amylase, T A A (4). The common feature of the subsite 
structure in a-amylases may be summarized as follows; the total affinity of the central 
subsites is a large negative affinities, and the subsites adjacent to them have large 
positive affinities. This subsite structure is characteristic of the endo-cleavage type 
enzyme. 

Figure 3 shows the Sfamy's steric structure predicted theoretically (7). On the 
basis of this structure and the substrate-binding model of T A A , we proposed the 
substrate-binding model of Sfamy (Fig. 4) (6). According to this model, the major 
subsite 8 might be composed of the 156th tyrosine, the 210th lysine (K210), and 
234th glutamine residues. K210 seemed to be located near the both 8th and 7th 
subsites. However, this is one possible model and nobody know the precise binding 
manner. The steric structure of a-amylase binding such a long substrate has not been 
clarified because of the difficulty of isolating the enzyme-substrate (ES) complex. 

A mutant a-amylase with enhanced activity specific for short substrates. 

Hydrolytic activity changes in point mutants at these residues should give information 
on their roles in the formation of the 8th subsite affinity. Thus, the K210 residue was 
replaced to arginine (R) or asparagine (N) by site-directed mutagenesis (Fig. 5). The 
cleaved-bond distributions and the kinetic parameters (kcat/Km) of the mutant and 
wild-type enzymes for serial maltooligosaccharides were determined. The subsite 
affinities of the mutant and wild-type enzymes were also evaluated by the method 
described in the previous section. 

Compared to the wild-type enzyme, the kcat/Km values of K210R, for the short 
substrates such as maltose (62) and maltotriose (G3), exhibit a two- to three-fold 
increase as shown in Table III. In contrast, the kcat/Km values of K210N, for 
substrates shorter than G5, decrease to less than a few % of those of the wild-type 
enzyme. Table IV indicates that the mutations, K210R and K210N, increase cleavage 
frequency at a specific bond of maltotriose, G3 (the 1st bond from the reducing end 
side), and cause a shift of the major cleavage site of maltotetraose, G4 from die 2nd to 
the 1st bond from the reducing end side. Figure 6 shows the 4th, 5th, and 8th subsite 
affinities (A4, A5, As) and the summed affinities for the 6th and 7th subsites adjacent 
to the catalytic site (A6+A7) of the mutant and wild-type enzymes. The mutations 
decreased affinities, A4, A5, and As at varying degrees. The 8th affinity (As) was 
lowered the most of all three subsites, however, affinities, A4, A5 were not decreased 
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G - G f G - G 

/r-2 | r-1 | r ^r+1 | r+2 | r+3\ 

Figure 1. Schematic model of a productive ES complex for an a-amylase. 
The letters, G and A represent a glucose residue of substrate and the affinity 
of each subsite, respectively. The wedge shows the catalytic site of the 
enzyme. The enclosures represent the subsites numbered as indicated. 

T A B L E I. Kinetic parameter k^JKa of Sfamy for maltooligo-
saccharides at p H 5.25 and 25*C 

n a W / ^ t m r a - ' - M - ' ) 
3 5.7 X10 3 

4 1.7 X l O 6 

5 1.5 X l O 7 

6 2.3 X l O 7 

7 4.9 X l O 7 

8 1.1 X l O 8 

9 1.1 X l O 8 

•The degree of polymerization of the substrate expressed as glucose 
units. 
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O 2 o 

S o 
JSC 
« " 1 

-4 

Figure 2. Histograms showing the subsite affinities (AO of Sfamy. The 
wedge represents the catalytic site. 

Figure 3. Stereo view of the predicted three-dimensional structure of Sfamy. 
Dark side chains are conserved completely in all a-amylases and located in 
the center of the active site. 
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Tyr 156 

Lys21 

Glu 231 

Asp298 

His297 
Arg 345 

Figure 4. Substrate binding model of Sfamy. The arrow represents the 
210th lysine residue replaced. The substrate is hydrolyzed between the 6th 
and 7th glucose residues. The possible catalytic residues are the 207th 
aspartic acid, 231st glutamic acid, and 298th aspartic acid. 

Lysine 

NH2 

Asparagine 

Figure 5. Molecular structures of amino acids. 
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Table IV 

Bond-cleavage patterns for the hydrolysis of end-labeled G 3 and G 4 

catalyzed by the K210R, K210N and wild-type enzymes 

G 3 G 4 

Frequency* Frequency* 

K210R G G G* G- G G G* 
0.063 0.937 0.407 0.593 

K210N G G G* G- G G G* 
0.084 0.916 0.120 0.266 0.614 

Wild-type G G G* G- G G G* 
0.176 0.824 0.745 0.255 

[E]o and [S]0 represent the concentrations of the substrate and enzyme, respectively. 
* Numbers indicate the normalized cleavage frequencies of the indicated bonds. 
*Radioactive glucose residue. 

5 
4 
3 
2 

i 1 

^ 0 
J - 1 
< - 2 

-3 
-4 
-5 

Figure 6. Histograms showing the subsite affinities (A|) of the mutant and 
wild-type enzymes. The wedge represents the catalytic site. The columns 
indicate the affinities of the K210R (filled bars), K210N (hatched bars) and 
wild-type (open bars) enzymes. 
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drastically. The effect of the K210R mutation on the total affinity of the central 
subsites (A6+A7) was opposite to that of the K210N: The total repulsion of the central 
subsites in K210R lowered and those of K210N increased. 

As reported previously (3, 7), the Sfamy protein is composed of a main (M) 
domain and a C-terminal (C) domain, where the M domain is fold into a (a/p)s barrel 
structure. The K210 is located on a loop called L4, which is one of the eight loops 
comprising the M domain. The 211th histidine (H211), which is a possible residue 
composing the 7th subsite, is also present on the L4 loop. One of the catalytic residue 
candidates, the 207th aspartic acid (D207), is present between the C-terminal end of a 
p-sheet called PA4 and the N-terminal end of the L4 loop. As K210 is placed near 
D207 and H211 on the same loop, the kint value for the hydrolysis and the 7th subsite 
affinity might be influenced by the mutation at the 210 position. According to the 
subsite theory (9), the value, which is independent of the chain length of the 
substrate and the binding mode, is identical to the kcat value if the substrate is larger 
than the substrate binding site. In fact, the mutation decreases the kint values which 
are identical to the k c a t value for amylose A (Degree of polymerization is 18), as 
shown in Table III. However, the mutation might not affect the 6th subsite affinity, 
since the 210 residue on the L4 loop is distant from HI23 and H297 on the L3 and L7 
loops which are presumed to be the major components of the 6th subsite (J, 7). 
Therefore, the change in the summed affinities of the 6th and 7th subsites caused by 
the replacement is actually due to the change in the 7th subsite affinity, although 
evaluation of the separate affinities of the 6th and 7th subsites is not possible because 
the catalytic residues are located between them. Thus, the influence of the 210th 
residue can be restricted to the 7th and 8th subsite affinities. Replacement of the 
K210 residue by an N residue, which has a shorter and neutral side chain, decreases 
the affinities of the 8th and 7th subsites. Substitution of the residue by R, which 
possess a longer and positively charged side chain, similarly lowers the 8th subsite 
affinity, but increases the affinity of the 7th subsite. These results indicate that K210 
in the native enzyme contributes to both the 7th and 8th subsite affinities. 

In conclusion, it has been shown that for Sfamy the enhanced catalytic activity of 
K210R specific for short substrates, such as G2 and G3, is attributable to a substantial 
increase in the affinity of the 7th subsite adjacent to the catalytic site. Additionally, it 
has been shown that the decreased catalytic activity of K210N specific for substrates 
shorter than G5 (G^) is achieved by a substantial decrease in the 7th and 8th subsite 
affinities. This finding provides a guiding principle for the comprehension of the 
substrate recognition mechanism and a means to improve the substrate and product 
specificities of the enzymes. 
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Chapter 8 
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The synergism between purified cellulolytic components of 
Trichoderma reesei during degradation of different cellulosic 
substrates was studied and was found to be maximal on crystalline 
cellulose and to decrease with increasing substrate concentration. 
Optimal ratios of two cellulase components in synergistic mixtures 
are calculated from the kinetic constants in a new formal-kinetic 
model which was derived to describe the synergistic hydrolysis 
rates. They were found to depend on the total enzyme concentration 
which reflects the degree of substrate saturation with enzyme. 
Evidence for a sequential enzymatic attack of cellulose was obtained 
because pretreatment of cellulose by one enzyme component could 
increase the activity of a subsequendy acting cellulase. 

Efficient hydrolysis of crystalline cellulose by fungal cellulase systems is thought to 
require the synergistic action of endocellulases (EG; E .C. 3.2.1.4) and 
cellobiohydrolases (CBH; E.C. 3.2.1.91) in combination with at least one B-
glucosidase (BG; E.C. 3.2.1.21). The latter enzyme is itself not active on the insoluble 
substrate but degrades cellobiose and higher cello-oligosaccharides. It is concluded 
that synergism occurs when the rate or the extent of hydrolysis catalyzed by a 
combination of two or more enzyme components is higher than the sum of the 
individual enzyme activities. Since relatively little is known about the action of the 
cellulolytic components on crystalline and semicrystalline cellulose and about their 
individual roles in hydrolyzing or structurally disintegrating the cellulosic substrate, 
only simplified mechanistic concepts pertaining to the synergistic interaction of fungal 
cellulases have been postulated (i). The differentiation between 'exo' and 'endo' type 

0097-6156/95/0618-0090S12.75/0 
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cellulases seems to be much less clear-cut than originally thought (2-4) and thus 
hypothetical models may require re-evaluation. 

Two different types of synergistic interaction between fungal cellulases have been 
identified: Synergism between endoglucanases and cellobiohydrolases, found by 
several authors (2,5-7), is traditionally interpreted by a sequential mechanism of 
enzyme action. The endoglucanases initially attacking the amorphous regions of the 
cellulose, provide new nonreducing polyglucose-chain ends for the subsequent action 
of the cellobiohydrolases. Another mechanistic model for endo-exo-synergism is 
based on the results of Ryu et al. (8) and Kyriacou et al. (9) suggesting that 
competition for adsorption sites on cellulose and a well co-ordinated adsorption and 
desorption of individual enzyme components lead to an enhanced cellulase turnover on 
the cellulose surface and consequendy to an increased rate of substrate degradation. It 
was, however, diversely assumed that cellulases occupy distincdy different (8) or also 
common binding sites on cellulose (9). Whether there is strict correlation between 
competitive adsorption and synergism during hydrolysis has to be studied more 
precisely because recendy (cross) synergism but not competition for binding sites 
between a Thermomonospora fusca endoglucanase and Trichoderma reesei C B H I 
have been reported (10). 

For the synergistic action of two cellobiohydrolases (exo-exo-synergism) 
(2,9,77-75) two mechanistic concepts have been proposed. One is based on the 
assumption that a loose enzyme complex of C B H I and C B H II from T. reesei is 
formed in solution and synergistic binding to cellulose is seen, an effect that is 
maximal in optimal synergistic mixtures of the C B H components (14). Further 
evidence for other cellulase-cellulase complexes between endo and exo-type 
components in culture fluids of T. reesei and their isolation by isoelectric focusing 
have been reported by Sprey & Bochem (75). 

The second hypothetical concept for exo-exo-synergism, put forward by Wood & 
McCrae (72), tries to explain synergism between two immunologically distinct CBHs 
from Penicillium pinophilum. It tentatively postulates different orientation of the 
nonreducing end groups in crystalline cellulose that would require endwise acting 
C B H components with different stereochemical specificities. The action of C B H I 
from T. reesei, however, was found not to be restricted exclusively to the non-
reducing end (4) and endocellulase-activity (2-4,76) of this enzyme was detected. 
Furthermore, crystallographic studies on the catalytic core protein of C B H II from T 
reesei showed that a single cellulose chain may enter the active site of the enzyme in 
two different orientations (77) and the ratio of products obtained during hydrolysis of 
soluble cellooligosaccharides with C B H II seems to be consistent with this concept 
(3,16,18). 

A third type of synergism, not yet clearly identified, might exist at least in some 
cases between cellulases and B-glucosidases (1,10,19). Traditionally, it is assumed 
that the role of 6G is to hydrolyze cellobiose, which is the principal reaction product of 
the major T. reesei cellulases (20) and which strongly inhibits CBHs, for example 
C B H I from T. reesei. In addition to its function of eliminating product inhibition by 
cellobiose, a BG from Penicillium funiculosum was suggested to be important for 
endo-exo-synergism during solubilization of amorphous cellulose (27). Whatever the 
exact function of EG in the hydrolysis reaction is, in view of engineering an efficient 
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cellulase system, it has to be considered that optimal mole fractions in synergistic 
component mixtures will be strongly influenced in the presence of BG (10,22) because 
inhibition by cellobiose differs at least one order of magnitude in strength for EG and 
C B H components (23). 

Less attention has so far been paid to study the synergism between two catalytic 
core proteins of two individual cellulolytic components, which lack their cellulose-
binding-domain (CBD), or else between a core and another intact cellulase (13,14,19). 
In addition to limited proteolysis of an intact cellulase in vitro, some core proteins can 
be found in the culture filtrates of T. reesei. It was tentatively assumed that the cores 
might have an important role in a late stage of cellulose hydrolysis (24). One may 
speculate that (i) diffusion into narrow pores of the partially hydrolyzed cellulose is not 
possible for an intact cellulase (25,26) but could indeed occur for its smaller core 
protein, and that (ii) the higher specific activities of the cores on soluble substrates may 
be important for a complete cellulose hydrolysis (27). 

Synergism during cellulose degradation might be also found at the domain level 
of one single cellulase. The exact role of the fungal C B D for substrate hydrolysis is 
unclear, although two hypothetical concepts have been put forward: (i) the CBD serves 
as an 'anchor' for the attached catalytic domain thereby increasing the local 
concentration of the core at the cellulose fiber (28) and (ii) the CBD, in an active 
manner, functions as a 'plough' to facilitate single chain liberation from the cellulose 
crystals (29). Therefore, does synergism exist between the catalytic core domain and 
the C B D and, if so, is it possible to reproduce this synergistic effect using a 
reconstituted mixture of the isolated domains? The occurrence of CBDs in other 
hydrolytic (noncellulolytic) enzymes (30) is not in favor of an active function of the 
CBD. In contrast, Din et al. (31) and Kilburn et al. (32) could show for a bacterial 
cellulase that (i) the C B D possesses the ability to structurally but not hydrolytically 
disrupt cellulose fibers and that (ii) there is synergism between the core and the CBD 
during substrate hydrolysis. 

Only few reports appear in the literature dealing with a mathematical analysis of 
the synergistic hydrolysis of cellulose. A l l models are restricted to endo-exo-
synergism and are based on the mechanistic concept of a sequential enzyme action. 
The synergistic action of an endo- and exo-acting enzyme system for the 
depolymerization of a polysaccharide was originally proposed by Suga et al. (33) and 
adopted further for cellulase action by several authors (34-37). As yet the most 
structured model, which however completely neglects exo-exo-synergism, has been 
described by Converse & Optekar (38). It could account for the competitive adsorption 
onto cellulose (39) and also for the lower degrees of synergism at saturation of the 
substrate with enzyme (40). 

Results published in the literature with respect to the synergistic action of endo-
and exocellulases are not conclusive and sometimes contradictory. This may in part be 
due to widely varying experimental conditions as well as to the imperative prerequisite 
of employing individual cellulases purified to homogeneity (41). It is, however, 
widely accepted that synergism between cellulases is dependent on the degree of 
substrate saturation (40,42) and on the physicochemical properties of the substrate 
itself (2). The present report summarizes our results of synergy studies obtained with 
pure cellulolytic components of T. reesei and their core proteins. 
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Experimental 

Chemicals. Whatman filter paper N o . l (Whatman, Maidstone, U.K.) and 
microcrystalline cellulose, Sigmacell 50 (Sigma, Deisenhofen, Germany), were used 
as cellulosic substrates. Phosphoric acid- and sodium hydroxide swollen Sigmacell 50 
were prepared according to Wood (43). Bacterial cellulose was from Acetobacter 
xylinum (44). Algal cellulose from Valonia was a kind gift of Dr. B . Henrissat 
(Grenoble, France). 2'-Chloro-4,-nitro-phenyl (CNP)-f$-glycosides were prepared as 
described (23). D-Glucono-8-lactone and galactono-y-lactone were from Merck 
(Darmstadt, Germany). 

Enzymes. C B H I, its core and its C B D , C B H II, E G I, EG III and its core were 
prepared from the culture filtrate of T. reesei by reported methods (45-49). The 
homogeneity of the individual enzymes was proved by SDS-PAGE, analytical 
isoelectric focusing and by the very sensitive measurement of the specific activity 
(50 °C) against small, chromogenic CNP-B-D-glycosides of lactose, cellobiose and 
cellotriose (50). Under these conditions no contamination of the individual enzymes 
could be detected, which is an absolute prerequisite for synergy studies. The 
concentration of the individual cellulases in stock solutions was determined 
spectrophotometrically (280 nm) using reported molar absorption coefficients 
(48,50,51). B-Glucosidase from Aspergillus niger (Novozym 188; Novo, Bagsvaerd, 
Denmark) was purified by Biogel P6 gel-filtration (BioRad, Richmond, USA). 

Synergy Between Cellulase Combinations During Hydrolysis. If not 
indicated otherwise all hydrolysis experiments were carried out (i) at 50 °C in 50 mM 
sodium citrate buffer, pH 4.8 but also in (ii) 50 mM sodium acetate buffer, pH 5.6. 
The activities of the individual cellulases against filter paper at pH 5.6 are 
approximately 10-15 % lower than at pH 4.8. To prevent strong product inhibition by 
cellobiose during cellulose hydrolysis, individual enzymes or combinations dissolved 
in buffer were supplemented with B-glucosidase (final activity of 0.2 IU/mL). Two 
factors reported to be important for the synergistic action of cellulases (1,2) were 
studied and their influence on the initial rate of hydrolysis were evaluated. 

1. ) The effects of different types of the cellulose and several substrate 
concentrations were investigated while employing various binary combinations of 
cellulases as well as mixture of the four major cellulases C B H I, C B H II, EG I, and 
EG HI (see Table I), each at a constant enzyme concentration. 

2. ) The variation of (i) the total enzyme concentration and of (ii) the ratio of the 
individual cellulases in binary, synergistic enzyme combinations during degradation of 
20 g/L filter paper was studied. 

Incubations were at 50 °C and at non mass-transfer-limited conditions (agitation at 
200 rpm) as described (44,50). Ensuring a complete conversion of soluble hydrolysis 
products to D-glucose in each sample (44) the rates of hydrolysis were calculated from 
the linear range of D-glucose produced vs. reaction time or, in case of significant 
deviation from linearity, by taking the amount of D-glucose released after 0.5 hours. 
The synergistic factors were determined as the ratio of D-glucose produced by a given 
combination to the sum of the individual activities. 
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Table I. Synergistic Enzyme Combinations1 

A 
B 
C 
D 
E 
F 

C B H I/CBHII 
C B H I/EG I 
C B H I/EG HI 
CBHB7EGI 
C B H n/EG in 

G 
H 

CBH I core/CBH II 
CBH I core/EG I 
CBH I core/EG HI 

J 
K 
L 

CBH I core/EG IE core 

CBH I/CBH D7EG I/EG EI 
CBH I/EG HI core 
CBH BVEG ffl core 

1 The concentration of each component was: 1.25 uM CBH I; 1.25 uM CBH I core; 1.25 
uM CBH II, 0.4 uM EG I; 0.4 uM EG IH; 0.4 uM EG HI core. 

The addition of 8-glucosidase did not alter die initial hydrolysis rates (1 hour) 
observed for individual cellulases or combinations of the enzymes, and the B-
glucosidase was shown to exhibit no activity against filter paper. 

Enzymic Pretreatment of Filter Paper. The effect of a sequential enzyme 
action on the ceUulosic substrate was studied in a two-step experiment as described by 
Nidetzky et al. (50). Filter paper (20 g/L) was enzymatically "pretreated" with C B H I 
or its core protein, C B H II, EG I, or EG IH for 1 h at 50 °C (step 1). This treatment 
was followed by inactivation of the enzyme (95 °C, 90 min) and, after extensive 
washing of the cellulose with buffer, a subsequent hydrolysis of the "pretreated" filter 
paper with the same or another cellulase component (step 2) was started. 

The activities and the adsorption of the enzyme component added in step 2 on 
either non-treated or pretreated filter paper were compared. Suitable control 
experiments proved that (i) the inactivation after step 1 was complete, and that (ii) 
artefacts due the prolongued heat treatment of the filter paper were absent Adsorptions 
of individual cellulases onto filter paper were determined by measuring the individual 
components' activities on chromophoric CNP-6-D-glycosides in solution before and 
after incubation with the cellulosic substrate (1 hour). 

Analytical Assays. C B H I and C B H I core, EG I, and EG III activities were 
determined at 50 °C and pH 5.6 using the CNP-B-glycosides of lactose (1 mM), 
cellobiose (1 mM), and cellotriose (0.25 mM) as substrates in the presence of 20 mM 
glucono-8-lactone and galactono-Y-lactone to inhibit BG and B-galactosidase-activities 
(50). With no chromogenic substrate for C B H II being available, its activity (and 
adsorption) was estimated at 50 °C using 20 g/L filter paper as a substrate (1 h reaction 
time, B-glucosidase). D-Glucose was determined either by the hexokinase assay 
(Chemie Linz, Linz, Austria) or the D-glucose-oxidase (GOD)/peroxidase (POD) 
method (Boehringer, Mannheim, Germany). 

Regression Analysis. Parameters in the mathematical models were estimated by 
nonlinear least square regression using the BMDP statistical software package (BMDP 
statistical software, Inc., Los Angeles, CA). 
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Results and Discussion 

Effect of the Type and Concentration of the Cellulosic Substrate. 

Type of Substrate. Typical initial hydrolysis time-courses of filter paper 
degradation by individual cellulases are shown in Figures 1 and 2. While the formation 
of D-glucose by C B H I and C B H I core and C B H II is linear with reaction time 
(Figure 1), a rapid decrease in reaction rate was observed in case of EG I as well as 
EG III and EG IH core. Apparendy, only limited substrate sites are available for the 
catalytic action of the endocellulases (Figure 2). Limitation in accessible substrate sites 
may be related to physicochemical properties of the substrate such as specific surface 
area (52), relative crystallinity and hydratation of the cellulose (2). Furthermore, an 
intrinsic heterogeneity of the glycosidic bonds in cellulose crystals with respect to their 
accessibility to enzymatic attack was discussed by Henrissat et al. (2) using a 
molecular modeling approach. 

The activities of the individual cellulases on different types of cellulose (each 20 
g/L) are shown in Figure 3. For all enzyme components the rates were highest on 
easily accessible cellulose. The activities of C B H I and C B H I core were identical on 
amorphous cellulose whereas the core protein retained only about 50 % of the activity 
of the intact enzyme on crystalline cellulose (Figure 3). This finding is in agreement 
with the results of other authors reporting identical or even higher activities of the 
catalytic cores of fungal and bacterial celullases on amorphous or derivatized (CM) 
cellulose as well as on soluble, "artificial" substrates (13,27,54). Comparison of the 
hydrolytic activities of intact EG III and its core on different cellulosic substrates 
revealed almost no difference between the two enzyme preparations (Figure 3). 
Stihlberg et al. (48), on the other hand, found a significandy lower activity of the core 
protein against Avicel. 

In contrast to the activities of the individual enzymes, a synergistic hydrolytic 
action between two components was most evident on crystalline cellulose whereas low 
synergistic factors were calculated using amorphous cellulose as a substrate (Table II). 
This trend was much less clear in binary enzyme combinations of the core protein of 
C B H I with other intact cellulases (Table II) and the synergistic factors in these 
respective combinations were much lower. Because a comparison of intact C B H I and 
its core revealed the same degree of synergistic action with C B H II, EG I or EG HI on 
amorphous cellulose (Table II), the presence of the C B D does not seem to be an 
intrinsic prerequisite for synergistic action between two cellulases. This result has also 
been confirmed using the core protein of EG III (Table II). The differences in the 
individual hydrolytic activities of C B H I and its core protein on crystalline and 
semicrystalline cellulose can only partly account for the lower synergistic factors in all 
mixtures containing the core protein. Hence, it could be speculated that, given non-
equivalent binding sites on the cellulosic substrate, there is a different interaction of the 
intact enzyme or of its core with cellulose which in turn will have a significant 
influence on the synergistic action with other cellulases. If the core protein was more 
specifically targeted to substrate sites easily degraded than the intact enzyme, the 
decrease in the degree of synergism and also the different synergistic factors seen with 
for C B H I or C B H I core on different types of cellulose could be understood. 
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0.4 

time [h] 

Figure 1. Time-course of hydrolysis of 20 g/L filter paper by T. reesei 
cellobiohydrolases (1.25 pM) in the presence of B-glucosidase. 
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Table II. Synergistic Factors of Cellulase Action on Different 
Celluloses 

Enzyme Cellulose 
Combination* 

Bacterial Cellulose Valonia Cellulose Sigmacell 50 H3PQ4-swollen 
Sigmacell 50 

CBH I/CBH n 1.94 1.22 2.51 1.40 
CBH I/EG I 1.20 1.69 1.59 1.02 
CBH I/EG HI 2.40 2.48 1.88 1.11 
CBHU/EGI 0.99 n.d. 1.44 1.00 
CBHUTEGffl 1.92 n.d. 1.42 1.28 
CBHI/CBH11/ 2.73 n.d. 2.65 0.88 
EG I/EG BI 
CBH I core/CBH II 1.11 0.82 1.54 1.33 
CBH I core/EG I 1.10 1.45 1.02 1.10 
CBH I core/EG HI 1.50 1.45 0.78 1.14 
CBH I core/ 1.15 n.d. 0.99 1.18 
EGnicore 
CBH I/EG m core 1.60 n.d. 1.93 1.12 
CBH E7EGDI core 1.18 n.d. 1.83 0.95 

n.d., not determined; substrate concentration of 20 g/L with the exception of Valonia cellulose (5 g/L) 
* The concentration of each component was: 1.25 uM CBH I; 1.25 uM CBHI core; 1.25 uM 
CBH II, 0.4 uM EG I; 0.4 uM EG III; 0.4 uM EG III core. 

Synergism in combinations of EG I/EG III or the core of E G III was observed 
neither on crystalline nor on amorphous cellulose. The hydrolytic activity of two 
endocellulases was always less than the sum of their individual actions. When the 
maximal degree of synergism is considered, the most potent two-component 
combinations were CBH I/CBH II on Sigmacell 50 and CBH I/EG III on bacterial 
cellulose (Table II). In comparison with all other binary combinations and as judged 
from the synergistic factors, the synergistic action was even higher in the four-
component mixture. This indicates that synergism is not restricted to two-cellulase-
systems only, but can be also observed in three or four component mixtures. 

Substrate Concentration. As filter paper concentrations are raised, the 
hydrolysis rates catalyzed by the individual cellulases increase which is most probably 
due to a more complete enzyme adsorption with decreasing ratios of enzyme-to-
substrate (Figure 4). This effect was even more obvious for the case of the core 
proteins of CBH I and EG III (Figure 4). Two explanations seem valid: (i) The 
catalytic cores are less tightly adsorbed to crystalline and semicrystaUine cellulose than 
the intact cellulases. While the equilibration-bound fraction of the intact cellulases 
could be close to 1 already at low substrate concentration, complete adsorption of the 
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2 -

bacterial 
cellulose 

H 3 P0 4 -
swollen 
Sigmacell 50 

Sigmacell 50 NaOH-swollen 
Sigmacell 50 

Figure 3. Specific activities of T. reesei cellulases on different celluloses at 
50 °C. 

Figure 4. Effect of substrate concentration on the specific activities of T. reesei 
cellulases. 
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respective core might be achieved only at a large excess of available substrate sites. 
The lower affinity to cellulose of the core protein of C B H I will change the molar ratio 
of cellulose-bound C B H I activity to another bound cellulase activity which could be 
less favorable for synergistic interaction, (ii) Since the probably non-specific 
interaction of the binding-domain with cellulose is absent, a preferential interaction of 
the catalytic core with sites easily degraded in semicrystalline cellulose may take place 
which would be especially so, when, at high substrate concentrations, the number of 
these sites is not limiting. 

The degrees of synergistic action observed for all two-component mixtures 
decreased when substrate concentration was increased (Table HI). This result seems at 
first glance to conflict with the finding of Woodward et al. (40,42) that synergism is 
maximal at low substrate saturation. Hence, one could expect that the synergistic 
action should increase at higher substrate concentrations. However, the synergism 
between two cellulases depends strongly on the type of cellulosic substrate and is low 
on an easily accessible (amorphous) cellulose (Table II and 3). 

Table III. Synergistic Factors of Cellulase Action at Different Substrate 
Concentrations 

Enzyme 
Combination* 

Filter Paper g/L 

20- 40 m 
CBH I/CBH n 3.24 2.43 1.93 
CBH I/EG I 2.57 2.62 1.85 
CBH I/EG BI 2.82 3.02 2.02 
CBHII/EGI 1.58 1.63 1.16 
CBHII/EGin 2.38 2.36 1.76 
CBH I/CBH W 3.84 3.71 2.87 
EG I/EG III 
CBH I core/CBH II 2.25 2.39 1.82 
CBH I core/EG I 1.80 2.09 1.36 
CBH I core/EG HI 1.72 1.69 1.43 
CBH I core/EG III core 1.69 1.67 1.40 
CBH I/EG m core 2.91 2.56 2.04 
CBH D7EG m core 1.80 1.60 1.28 

n.d., not determined; * The concentration of each component was: 1.25 uM CBH I; 1.25 uM CBH I 
core; 1.25 uM CBH II, 0.4 uM EG I; 0.4 uM EG III; 0.4 uM EG III core. 

Filter paper must be considered a heterogeneous substrate in terms of 
physicochemical properties such as crystallinity, specific surface area or degree of 
hydratation. At low coverage with enzyme, the interaction of the cellulases with sub­
strate sites easily available for hydrolysis and the special preference of the core 
proteins for binding onto this type of sites could explain the experimental 
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observations. The similar synergistic factors seen in two component mixtures of C B H 
I or its core with CBH II at high substrate concentration of 80 g/L are also in favor of 
this hypothesis. In combination with both endoglucanases and even at non-limiting 
concentrations of cellulose, however, there was significandy more interaction of intact 
CBH I than of the catalytic core. A tentative and hypothetical concept in agreement 
with these results could thus be as follows: 

Provided common and distinct substrate sites for the individual cellulolytic 
components exist on semicrystalline cellulose, the synergistic interaction between the 
enzymes will depend on the relative concentrations of these sites. A model substrate 
with a high percentage of common sites appears to be amorphous cellulose and, 
consequendy, synergism is low for all enzyme combinations, although the individual 
components' activities are maximal on this type of substrate. On semicrystalline 
cellulose, such as filter paper, the degrees of synergism are high but (i) decrease with 
an increasing availability of easily degradable sites, i.e. at high substrate concentration, 
and (ii) obviously depend on the specific interaction of each cellulase component with 
cellulose which, for an intact cellulase, will be governed by the influence of both the 
catalytic- and the cellulose-binding-domain. 

Effect of Enzyme Concentration and Ratio of Cellulolytic Components. 

Individual Cellulolytic Components. Investigation of the synergism 
between two or more cellulases during cellulose hydrolysis requires precise and 
statistically significant knowledge on their individual actions (Figure 5). Since the 
reaction system is perfecdy heterogeneous during cellulose hydrolysis and enzyme 
binding on to the substrate is believed to be a prerequisite prior to hydrolysis, the 
analysis of initial rate data determined for each individual component was carried out in 
terms of substrate saturation with enzyme. For a constant concentration of cellulose 
(20 g/L), this leads to a rate-equation deviating from classical Michaelis-Menten 
kinetics, 

V ( E ) = V n K f e ) 

where V ( E ) is the initial rate (dependent on initial enzyme concentration) in [mg 
glucose/(mL h)], V m a x the maximal hydrolyis rate (at substrate saturation) in [mg 
glucose/(mL h)], E the initial enzyme concentration in [uM], and K E the half saturation 
constant with enzyme in uM (50). 

The kinetic constants V m a x and K E for individual, intact cellulases and for the 
respective core proteins of CBH I and EG HI are shown in Table IV and the resulting 
catalytic efficiencies ( V M A X / K E ) are calculated. The half saturation constants for the 
cellobiohydrolases were found to be almost two orders of magnitude higher than for 
the endoglucanases; the maximal hydrolysis rates for the intact enzymes show a trend 
which is in agreement with the activities of the cellulases on other types of cellulose 
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(2,75). The maximum hydrolysis rates of the endoglucanases on filter paper are 2-3 
times lower when compared with those of the cellobiohydrolases (Table IV) but 
catalytic efficiencies are severalfold higher for the endo-components. A comparison of 
the kinetic constants of the intact enzymes of C B H I and EG III with those of their 
core proteins shows that KE-values are increased 2.3 and 5.1 times, respectively, but 
within statistical significance maximum hydrolysis rates are not influenced by the 
proteolytic modification. One may conclude that the T. reesei cellulose-binding-domain 
does not endow the core with any additional "active" property (29) at least during filter 
paper degradation. The catalytic efficiencies of intact C B H I and EG IH are, however, 
3 and 6 times higher than those of the respective cores and point to a more economic 
action of the intact components which is in favour of the "anchor" model of the CBD 

Synergistic Combinations. Because for all cellulases a nonlinear relation of 
hydrolysis rate and enzyme concentration was found (cf. equation 1 and Figure 5), the 
theoretical sum of the individual actions is nonlinear too (cf. Figure 6). Hence, 
analysis of synergism data as described by Henrissat et al. (2), who defined the 
theoretical sum of enzyme action as the tie line between the individual actions, can be 
performed only when the strict linearity between reaction rate and enzyme 
concentration has been proved. 

The synergistic interaction of the 6 possible binary combinations of intact C B H I, 
C B H II, E G I, and EG III was investigated at different ratios of the individual 
enzymes and at different total enzyme concentrations. In 4 cases (Table IV), but not 
for a C B H II/EG I combination, synergism was significant. To restrict information 
contained in a large number of hydrolysis rate data to few significant parameters, we 
derived a formal mathematical model as described in equations (2) and (3). Equation 
(2) accounts for the individual actions of the enzyme components and equation (3) for 
the additional, synergistic hydrolysis rate (50). The mathematical expression for the 
synergistic rate (equation (3)) shows formal analogy to sequential, two-substrate 
reactions where a ternary transitory complex of the enzyme and the two substrates is 
formed. In equation (3) the two substrate concentrations are substituted by the enzyme 
concentrations of the binary combination. However, analogy to Michaelis-Menten 
theory can of course be disputed because theoretical prerequisites such as homogeneity 
of the reaction system are not fulfilled in the case of cellulose hydrolysis. 

(27). 

V(E, ,E 2 ) = V(Ei) + V(E2) + V s y n ( E , , E 2 ) (2) 

with: 

V s y n (E 1 ,E2) = V 1 
M l (3) syn.max (K1K2 + K1E2 + K2E1 + E1E2) 

where E i and E2 are enzyme 1 and 2 in a binary combination fyiM], V(Ei,E2) the 
hydrolysis rate of a combination of two cellulases in [mg glucose/(mL h)], V(Ei) and 
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0.3 t 

0.0 4 , , , , , 
0.0 0.2 0.4 0.6 0.8 1.0 

EG in fuM] 

Figure 5. Enzyme-dependent rate of filter paper degradation by EG III from T. 
reesei: The broken line was calculated using the model in equation (1) and the 
constants in Table IYA. 

co-operative theoretical 

relative molar ratio of CBH I 

Figure 6. Theoretical analysis of the synergistic action of C B H I and EG I in 
varying mole fractions on filter paper (20 g/L; total enzyme is 0.5 pM). The lines 
were calculated according to the model in equations (2) and (3) using the 
constants in Table IYA and B. 
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V(E2) the hydrolysis rate of the individual cellulases (cf Table IV), V s y n ( E l , E2) the 
synergistic hydrolysis rate [mg glucose/(mL h)], VSyn,max the maximal synergistic 
hydrolysis rate [mg glucose/(mL h)] and K l and K2 the half saturation constant 
corresponding to enzyme 1 and 2 in a binary combination [uM]. 

Estimates for the kinetic constants in equation (3) are given in Table IV. For C B H 
I/CBH II synergism the model predictions in comparison with the experimental data 
are graphically depicted in Figure 7. A good agreement of theory with the experimental 
data can be seen and no trend deviation detected (Figure 7 and constant of 
determination r 2 \ The highest synergistic rates were found with the combinations 
C B H I/CBH II and C B H I/EG III (Table IVB) and, in comparison to KE-values for 
the individual actions, the half saturation constant of at least one enzyme in a 
synergistic combination ( K l or K2 in Table IVB) is reduced drastically. 

For a given total enzyme concentration the synergy model in equations (2) and (3) 
allows to calculate the optimal ratio of the individual enzyme components in a binary 
combination to obtain (i) maximal hydrolysis rates or (ii) maximal degrees of 
synergistic action. The optimal ratio of enzymes is quite strongly shifted when the total 
protein concentration is changed (Table IV C). At a total protein concentration of 10 
uM, the optimal ratios for combinations of EG with C B H components are in good 
agreement with those previously reported to be typical for endo-exo synergism (2,55). 

Combinations of C B H I/CBH II from T. reesei on Avicel exhibited an optimal 
ratio of 4:1 (2,14). For C B H I and II from P. pinophilum this ratio was 1:1 using 
cotton fibers. Interestingly, at least traces of endoglucanase activity were required for 
significant hydroly-sis (12). A ratio of 7:3 was calculated to be optimal for exo-exo 
synergism from the data in Table IV using eqns. (2) and (3) at 10 uM total protein 
concentration. The different optimal molar ratios reported for mixtures of the C B H 
components may stem from varying experimental conditions such as (i) the type of 
substrate used, (ii) the total enzyme concentration and, probably most important, (iii) 
the addition of BG which in cleaving cellobiose removes inhibition of e.g. T. reesei 
C B H I. 

No synergism (based on release of soluble sugars) was found when C B H I core 
and its C B D were admixed in different concentrations and different molar ratios (not 
shown). In contrast, Kilburn et al. (32) detected a synergistic action between 
Cellulomonas firm endoglucanase (CenA) and its binding domain on dewaxed cotton 
with an optimal molar ratio of both components of 1:4. 

Effect of Enzymic Pretreatment of Filter Paper. The activities of individual 
cellulase components on filter paper either enzymatically pretreated or non-treated 
(control in step 1) were compared. In all cases, no hydrolysis was observed when 
only buffer and 6-glucosidase were added to the pretreated filter paper (control in step 
2) thus proving complete enzyme inactivation after heat treatment. The rate enhancing 
effect of substrate pretreatment by EG I on C B H I activity is illustrated in Figure 8 and 
the results of all experimental observations are summarized in Figure 9. 

The activities of EG I and EG III on substrate pretreated by one of these two 
components were lower than in the controls (Figure 9). This result corroborates the 
interpretation of non-linear time courses of hydrolysis in Figure 1 as only limited 
substrate sites in filter paper would be available for hydrolysis by the endocellulases. 
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Figure 7. Synergism between C B H I and C B H II on filter paper (20 g/L). The 
lines were calculated according to the model in equations (2) and (3) using the 
constants in Table IVA and B (reproduced with permission from reference 50). 
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t [min] 

Figure 8. Effect of enzymic pretreatment of filter paper by EG I on the 
hydrolysis time course catalyzed by subsequently acting C B H I. 
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CBHI CBHII EG I EG III 

Q 

CBH I CBH II EG I EG III 

Figure 9. Influence of enzymic substrate pretreatment on the activities of 
individual cellulase components from T. reesei. 
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On the contrary, no indication for a depletion of substrate sites in an initial phase of 
hydrolysis was observed in case of C B H I, C B H I core and C B H II because reaction 
rates on untreated filter paper and on filter paper pretreated by these enzymes were 
identical (Figure 9). For the synergistic enzyme combinations (CBH I and C B H I core 
with C B H n, EG I or EG III, C B H II with EG III and EG I), pretreatment of filter 
paper by at least one enzyme component of the binary combination could significandy 
increase the activity of the other component (Figure 9). While a direct comparison of 
the results of a subsequent enzyme action with those of a simultaneous one may be 
difficult, because other effects such as competition for substrate sites could be 
important in the latter case, their significance in relation to the results in Table IV for 
synergism are discussed: 

Endo-Exo-Synergism. For synergism between endo- and exo-components 
the model assuming a sequential mechanism of enzyme action initiated by an attack of 
the endocellulases (5) may in part may be valid: EG III prepares a more easily hy-
drolysable substrate for C B H I, its core and C B H II, but, after substrate pretreatment 
by the C B H components, its own activity is not significantly influenced (or even 
slighdy decreased). A mutual influence of substrate pretreatment, however, was 
detected for combinations of EG I with each cellobiohydrolase. EG I, which 
synergistically interacts with C B H I, C B H I core and to a lesser extent with C B H H, 
shows higher activity on filter paper pretreated by either cellobiohydrolase (Figure 9). 
This effect was reciprocal, and on substrate pretreated by EG I the activities of all 
C B H components were significandy and up to twofold increased. 

The hydrolysis rates seen after substrate pretreatment reflect and corroborate the 
degrees of synergism observed when the binary enzyme combinations were acting on 
untreated filter paper (Figure 9 and Table IV). Consequently, pretreatment of the 
substrate by EG I increased the activity of C B H II only slighdy (about 20 %), whereas 
a hydrolysis rate 2.6 times higher than the control was monitored following a 
pretreatment of filter paper with EG III. Preincubation of the substrate with EG I 
affected the hydrolytic activities of C B H I and its core (Figure 9) and resulted in a 2.76 
and 2.45 fold increase of the respective reaction rates. Pretreatment of filter paper with 
EG IH increased the activity of C B H 12.1 fold, whereas the effect on C B H I core was 
not as significant and only a 5 % increase of the activity was observed. 

Exo-Exo-Synerg i sm. C B H I is preparing a more easily hydrolysable 
substrate for C B H II and vice versa. The simultaneous concerted action of both 
enzymes is not stricdy required to observe the synergistic effect. While this does not 
rule out that CBH-enzyme-complexes do exist (14), their formation is not intrinsically 
necessary for synergism. Compared with intact C B H I, substrate pretreatment by 
C B H I core was less effective to increase C B H II activity (Figure 9). Preincubation of 
filter paper with C B H II resulted in a 1.57 fold increase of C B H I activity whereas 
C B H I core activity was enhanced only by about 9 %. Quite similarly, during 
simultaneous action on filter paper the synergism between intact C B H I and C B H II 
was about 1.5 times higher than for a combination of C B H I core and C B H II (Table 
IV). From Figure 9 it is evident that the rate enhancing effect of substrate pretreatment 
was much more expressed when C B H II was acting on filter paper preincubated with 
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C B H I than vice versa. This result seems to corroborate the finding in Table IV (total 
protein 1 or 10 uM) that the optimal molar ratio in binary C B H combinations is a 1.5 -
2-fold excess of C B H I over C B H II 

Adsorption on to Pretreated Fil ter Paper. Within the estimated 
experimental error of 3-5 %, adsorption of the individual cellulase components onto 
enzymatically pretreated filter paper remained unchanged (Table V) when compared to 
the control binding experiments (i.e., substrate without enzyme treatment). 

Table V* Binding of Individual Cel lulase Components F r o m 
Trichoderma reesei on to Filter Paper After Enzymatic Pretreatment 

Enzyme Untreated Pretreated a) 

2.6 uM CBH I 84 85±2 
2.6 uM CBH I core 31 32±2 
2.6 uM CBH H 65 60±9 
0.4 uM EG I 68 64±4 
0.7 uM EG III 90 89±3 

a) Percentage of enzyme bound on to filter paper (20 g/L) after pretreatment with either 2.6 pM 
CBH I or its core, 2.6 uM CBH II, 0.4 uM EG I, or 0.4 uM EG III. 

Hence, synergism cannot be interpreted as a consequence of increased binding 
onto adsorption sites newly created by enzyme action. It appears that after enzyme 
treatment the substrate is rendered more accessible to enzymatic attack and that 
consequendy the specific activities of the individual cellulases are increased. A clear 
and distincdy different structural transformation of cellulose after treatment with either 
EG or C B H component has been recendy visualized by electron microscopy. Both 
submicrofibril formation by EG component and conversion into (amorphous) cellulose 
plaques by C B H component were observed (15,56,57). 

Conclusions 

The present results demonstrate that the synergistic interaction between cellulolytic 
components of T. reesei (i) is maximal on crystalline cellulose whereas the individual 
activities are highest on hydrated and swollen cellulose types and that (ii) it decreases 
with increasing substrate concentration. The synergistic action between a core protein 
and an intact cellulase is always lower than the action between two intact components 
(except on an amorphous cellulosic substrate). Tentatively, endo-exo synergism is 
maximal on substrates with a high degree of polymerization whereas an opposite 
correlation seems to be valid for exo-exo synergism. 

During filter paper degradation, non linear relations of hydrolysis rate and 
concentration of the individual cellulolytic components are found and the resulting half 
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saturation constants point to a manyfold higher 'substrate affinity* of the 
endocellulases. The calculated catalytic efficiencies are up to 60 times higher for the 
endo-components. The fungal C B D does not appear to have an active role in the 
hydrolysis reaction since (i) the half-saturation constant but not the maximal hydrolysis 
rate are affected by proteolytic modification and (ii) no synergism in mixtures of C B H 
I core and its binding domain is detected. On filter paper, hydrolysis rates and 
synergistic rates observed for binary combinations are maximal at substrate saturating 
concentrations of the cellulases whereas the degrees of synergistic action (or else the 
synergistic factors) are maximal at non saturating enzyme concentrations as evident 
from the decrease of Kg-values in binary combinations. For each enzyme combination 
an optimal ratio of the two components exists, which is determined by the total enzyme 
concentration thus reflecting the degree of substrate saturation. 

The present results obtained in two step experiments with substrate pretreatment 
by one enzyme component in the first step followed by complete inactivation and 
subsequent hydrolysis of filter paper by the same or by another cellulase component in 
the second step indicate (i) a sequential attack of the cellulases on to cellulose and point 
(ii) to an enzymatic transformation of the substrate, which would consequendy lead to 
an increase in the specific activity of another simultaneously or subsequendy acting 
cellulase component. While cellulase-cellulase complexes in T. reesei culture fluids 
may exist, a sequential action of the enzyme components seems to be as effective for 
the occurrence of a synergistic effect. Synergistic adsorption as a consequence of de 
novo created adsorption sites on the cellulose can thus be ruled out. 
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Chapter 9 

Synergism Between Purified Bacterial and 
Fungal Cellulases 

John O. Baker, William S. Adney, Steven R. Thomas, Rafael A. Nieves, 
Yat-Chen Chou, Todd B. Vinzant, Melvin P. Tucker, Robert A. Laymon, 

and Michael E. Himmel 

Alternative Fuels Division, Applied Biological Sciences Branch, 
National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, CO 80401-3393 

A standardized comparative study measured glucose release and 
synergistic effects in the solubilization of microcrystalline cellulose 
by binary mixtures of 11 fungal and bacterial cellulases (eight 
endoglucanases and three exoglucanases). Evaluation of 16 endo/exo 
pairs revealed that bacterial/fungal hybrid pairs are very effective in 
solubilizing microcrystalline cellulose. Of nine bacterial/fungal 
hybrid pairs studied, six were ranked among the nine most synergistic 
combinations, and six bacterial/fungal pairs were also among the top 
nine pairs in terms of soluble-sugar release. One hybrid pair 
(Acidothermus cellulolyticus E1 and Trichoderma reesei CBH I) was 
ranked first in both synergism and sugar-release. In exo/exo 
synergism experiments, the performance of 
Thermomonospora fusca E 3 confirmed its mode of action as "CBH II­
-like" (i.e., E 3 is synergistic with T. reesei CBH I but not with 
T. reesei CBH II). Studies of endo/endo interactions suggested a 
possible means of categorizing endoglucanases in terms of substrate 
specificity. 

The fact that cellulose is the most abundant organic polymer on earth confers 
tremendous ecological, industrial, and economic importance upon the enzymatic 
depolymerization of cellulosic materials. Every year, largely through the action of 
cellulases, some 2 x 1011 tons of cellulose is recycled through the carbon cycle (/). 
The potential of cellulose to provide fermentable sugars as a carbon source in the 
production of fuels and chemical feedstocks is now well appreciated (2,5). 

It has long been recognized that "cellulase" activity is not the activity of a 
single enzyme, but the result of multiple activities working cooperatively, or 
"synergistically," to achieve the efficient solubilization of crystalline cellulose (4$). 
There are three categories of cellulolytic enzymes required for this process: (1) 

0097-6156/95/0618-O113$14.25/0 
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"endo-1,4-P-D-glucanases" or "endoglucanases" (1,4-p-D-glucan-4-glucano-
hydrolases; EC 3.2.1.74), which cleave glycosidic bonds randomly in the interior of 
the cellulose polymer chain, (2) the "exo-l,4-p-glucosidases," including both the 1,4-
(3-D-glucan glucohydrolases (EC 3.2.1.74), which liberate D-glucose from 1,4-p-D-
glucans and hydrolyze cellobiose slowly, and 1,4-p-D-glucan cellobiohydrolases (EC 
3.2.1.91) which literate D-cellobiose from 1,4-p-glucans, and (3) "p-D-
glucosidases," or p-D-glucoside glucohydrolases (EC 3.2.1.91), which relieve end-
product inhibition of the endoglucanases and cellobiohydrolases by hydrolyzing the 
penultimate product, cellobiose, to the less-inhibitory final product, glucose. 

The development during the past two decades of powerful molecular-
biological methods for identifying, transferring and/or modifying, and overexpressing 
the genetic material encoding specific proteins, combined with the understanding that 
cellulase action is a multi-activity process, suggests that cellulase mixtures might be 
engineered by combining enzymes that originate from different organisms to form 
effective, and possibly improved, hybrid cellulase systems. Among the potential 
benefits offered by such heterologous systems are reductions in the production cost 
of a given quantity of overall activity, higher specific activity of the protein 
expressed, and the ability to "tailor" enzyme systems for use in unusual applications 

A step toward making possible the rational selection of enzymes for inclusion 
in engineered mixtures is to obtain consistent, uniform and quantitative 
measurements of the interactions of individual pairs of cellulase components, drawn 
from as large and diverse an inventory of enzymes as practical. The two data sets 
we have chosen to collect are the actual quantity of reducing sugar (as glucose) 
released from microcrystalline cellulose by different enzymes and binary enzyme 
mixtures under standardized conditions, and the degree of synergistic effect (DSE), 
which is defined as the ratio of the reducing-sugar release by a given mixture to the 
sum of the experimentally measured release of reducing sugar by equivalent, but 
separate, loadings of the individual components. 

Historical Background. The concept of synergism in enzymic depolymerization 
of cellulose was introduced as early as 1950 by Reese et al. (4) These researchers 
proposed the cooperative action of a Cl factor, acting in an unspecified way to 
disrupt the crystalline structure of cellulose, and a C x activity, which encompasses 
all p-glucanase activity, including the endoglucanases and exoglucanases. The Cx 

factor was considered to act upon the cellulose made more accessible by the prior 
action of the Q factor. In 1954 Gilligan and Reese (5) provided quantitative 
evidence for synergism by showing that the amount of reducing sugar released from 
cellulose by the combined fractions of fungal culture filtrate was greater than the 
sum of the amounts released by the individual fractions. Over the next three 
decades, investigators demonstrated synergistic interactions between homologous 
(i.e., produced by the same organism) exo- and endo-acting cellulase components (7-
18). "Cross-synergism" between purified heterologous endo- and exo-acting 
enzymes produced by different species of aerobic fungi is well known (9-11,13). 

Exo/exo synergism between two cellobiohydrolases of T. reesei, C B H I and 
C B H H, was first reported by Fagerstam and Pettersson in 1980 (19), and has now 
been rationalized in terms of attack at either the reducing or the non-reducing 
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terminus of the cellulose chain. Kinetic data have confirmed that T. reesei C B H II 
preferentially attacks the non-reducing end of the cellulose chain (20), and recent X -
ray crystallographic studies of have shown a cellodextrin bound to C B H I catalytic 
domain with the reducing terminus toward the active-site tunnel (27). 

Synergism between enzymes from different phylogenetic domains (i.e., 
between fungal and bacterial endo- and exoglucanases) was first proposed by 
Eveleigh in 1987 (6) and confirmed a year later by Wood, et al. (22). The concept 
of cross-synergy has most recentiy been investigated Wilson and colleagues (23,24) 
and in the authors' laboratory (25). 

Present Experimental Approach. In the present study, we have assembled an array 
(Figure 1) of eight endoglucanases (two fungal and six bacterial) from five different 
organisms, plus three exoglucanases (two fungal and one bacterial), and have 
measured soluble-sugar production and synergism for a large fraction of the total 
number of binary pairs that could be formed from this inventory of enzymes. 
Despite the relative paucity of exoglucanases, this series represents one of the larger, 
and probably the most diverse, of the collections of cellulase pairs yet subjected to 
a study of this type. 

Materials and Methods 

Enzyme Purifications. Only highly purified enzymes were used to construct all 
"cellulase cocktails" for evaluation in this study. Enzyme purification was done 
either at NREL or by DOE subcontractors and provided to NREL under the terms 
of those subcontracts. The T. fusca enzymes were purified in the laboratory of D. 
Wilson at Cornell University, E 3 from the supernatant of T. fusca strain ER1 (26), 
and rE 5 (the prefix "r" denoting a recombinant enzyme) from cell lysates of 
Streptomyces lividans TK24 containing a plasmid carrying the T. fusca E 5 gene(27). 
Endoglucanase A (EndoA) from Microbispora bispora, expressed from a cloned 
genomic fragment in Escherichia coli, was purified in the laboratory of D. Eveleigh 
at Rutgers University (28). A xylanase/cellulase (Xyl/Cel) from M . bispora (29), 
and endoglucanase B from Thermotoga neapolitana (30) were both purified from the 
culture broths of the native organisms in D. Eveleigh's laboratory. 

Enzymes purified at NREL included Acidothermus cellulolyticus 
endoglucanase 1 (E l ; 31), a truncated form (rEC-ElCAT) of A. cellulolyticus E l 
that lacks the cellulose-binding domain (CBD), endoglucanases EG I and EG II, and 
exoglucanases C B H I and C B H II, all from T. reesei, and Aspergillus niger (J-
glucosidase. A. niger (J-glucosidase was purified from the commercial preparation 
Novozym 188 Cellobiase by a procedure described earlier (25). The T. reesei and 
A. cellulolyticus enzymes were prepared according to the procedures detailed later 
in this section. 

The purity of each enzyme preparation used in this study was verified by 
silver-stained sodium-dodecylsulfate gel electrophoresis. In addition, the purity of 
the T. reesei cellulases was checked by means of Western blots using monoclonal 
antibodies (32). The preparations were found to have compositions of at least 98% 
of the protein to be evaluated. 
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Figure 1. Grid pattern showing the organization of the overall experimental 
series of enzyme pairs evaluated for synergism and release of soluble sugar. 
"Plus" (+) signs indicate data reported later in the paper; "minus" (-) signs 
denote pairs not yet evaluated. The numerals appearing in some cells of the 
3x7 "endo/exo' rectangle are the rankings of the ten most synergistic endo/exo 
pairs, as will be discussed under Results and Discussion in connection with 
Table I.  
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Purification of T. reesei E G I and C B H I. The purification procedure used 
in this study was that developed earlier (25), following the general size-exclusion-
chromatography (SEC)/anion-exchange chromatography (AEC) protocol described 
by Shoemaker et al. (33). The initial SEC step utilized a Pharmacia Superose-12 
prep grade 35/60 column loaded with 6 mL of Genencor Laminex (Lot 13-90091-01, 
code 6-5960). The A E C step (Pharmacia Q-Sepharose) was followed by an 
additional size-exclusion step using a Pharmacia Superdex 200 16/60 HiLoad column 
in 20 mM acetate, pH 5.0. In all cases, "heart cuts" of chromatographic peaks were 
harvested in order to minimize contamination by other proteins. 

Purification of T.reesei CBH II and EG II. C B H II and EG H were 
purified from Genencor Laminex by using the thiocellobioside affinity 
chromatography approach of van Tilbeurgh et al. (34) following the SEC/AEC 
procedure described above for EG I and C B H I. 

Purification of A. cellulolyticus E l expressed in S. lividans (rS-El). The 
recombinant enzyme was produced using S. lividans strain TK24 expressing E l 
pIJ702 (Thomas, S. R., et al. in this volume) grown in tryptic soy broth (30 g/L) 
with 5 ug/mL thiostrepton in a New Brunswick 14-L fermentor. The fermentation 
broth was harvested using a CEPA continuous-flow centrifuge, and the supernatant 
was concentrated and diafiltered in an Amicon CH2 concentrator with 10,000 M W 
cutoff hollow-fiber cartridges, to a final volume of 300 mL in 20 mM Bis-Tris, pH 
5.8. The recombinant enzyme was purified using a three-step process consisting of 
hydrophobic interaction chromatography (HIC) using a 250-mL column packed with 
Pharmacia Fast-Flow Phenyl Sepharose. The second step employed A E C using a 
Pharmacia Resource Q 6-mL column, and was followed by a final SEC step using 
a Pharmacia HiLoad 16/60 Superdex 200 prep grade column. For the hydrophobic 
interaction step, ammonium sulfate was added (final concentration 0.5 M) to the 
concentrate of one 10-L fermentation. A total volume of 300 mL of this concentrate 
was loaded onto the PhenylSepharose column using 20 mM Tris, pH 8.0, with 0.5 M 
ammonium sulfate. The recombinant enzyme was eluted with a decreasing salt 
gradient. Fractions containing the recombinant enzyme were identified by means of 
assay against 4-methylumbelliferyl-p-D-cellobioside. Fractions with activity were 
combined, concentrated, and diafiltered into 20 mM Tris, pH 8.0, after which they 
were loaded onto the anion-exchange column and eluted with an increasing NaCl 
gradient (0-1 M). The final purification step was SEC using a Pharmacia HiLoad 
16/60 Superdex 200 prep grade column in 20 mM acetate, pH 5.0. 

Production and purification of A. cellulolyticus E l expressed in E. coli 
(rEC-ElCAT). Cells from a 10-L fermentation of E. coli expressing the cloned A. 
cellulolyticus E l gene were suspended in 50 mL of 20 mM acetate, pH 5.0, 
containing 100 mM NaCl. The cells were lysed by a French-Press treatment 
employing two successive treatments at 12,000 psi in a 30-mL pressure cell with 
flow rate at a fast drip, with both supply and receiver vessels on ice. The cell lysate 
was heat-treated at 65°C for 60 min, then clarified by centrifugation to remove cell 
debris and coagulated E. coli proteins. The purification protocol oudined above for 
native E l was then followed. 
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Cellulose Digestions. Enzyme digestions of crystalline cellulose were carried out 
at 50°C in 50 mM acetate buffer, pH 5.0, to which 0.004% (w/v) sodium azide had 
teen added to prevent microbial growth. Total cellulase loadings were held constant 
at 0.36 pM in the 1.0-mL reaction mixtures, which contained 5% (w/v) Sigmacel, 
Type 20, as substrate. The total weight of protein added therefore varied with the 
molecular weights of the components involved, but total cellulase loadings 
(endoglucanase plus exoglucanase) were typically close to 20 ug protein per mL of 
digestion mixture, or 0.4 mg cellulase per g cellulose. Sufficient purified A. niger 
p-glucosidase (4.17 ug/mL of digestion mixture, equal to 0.61 units/mL or 12.2 
units/mg of cellulose) was added to eliminate the problem of cellobiose inhibition. 
As described previously (25), the "sufficiency" of the p-glucosidase loading was 
established (for the individual enzymes and for representative mixtures) by means 
of experiments in which reducing-sugar output was measured in the presence of 
different loadings of P-glucosidase, to determine loadings above which further 
increases in p-glucosidase loading produced no further increases in yield of reducing 
sugar. The standard loading described above, equal to 83.33 pg P-glucosidase per 
g cellulose, was found to be approximately 10 times the minimum loading required 
to render the reducing-sugar output independent of the P-glucosidase loading (25). 

To economize on purified enzyme, a miniaturized digestion apparatus was 
devised, using 1.5-mL Wheaton autoinjector vials as reaction vessels. The enzyme 
"cocktails" (0.3 mL total for each digestion of endoglucanase, exoglucanase, and p-
glucosidase) for the different digestion mixtures were first placed in the vials, then 
substrate was added (as 0.7 mL of a 7.15% stirred slurry) to initiate the reaction. 
The vials were sealed with aluminum crimp-caps (PTFE-faced silicone septa, Kimble 
Glass, Inc., Vineland, NJ), placed in a custom-built rotator head immersed in a 50°C 
water bath and continuously mixed by inversion at 10 rpm. After a standard 120-h 
digestion period, representative 0.04-mL aliquots of each (well-dispersed) digestion 
mixture were withdrawn, diluted to 2.0 mL with deionized water, and centrifuged 
to remove all solid substrate. Reducing-sugar content of the supernatant was then 
determined (as glucose) using the bicinchoninic-acid method of Doner and Irwin 
(35). 

Synergism ratios (abbreviated as "DSE" for "degree of synergistic effect") 
were calculated by dividing the reducing-sugar production of 
endoglucanase/exoglucanase mixtures by the sum of the productions in parallel 
digestion mixtures containing equivalent amounts of the endoglucanase and 
exoglucanase separately. 

Results and Discussion 

Given the variety of experimental approaches to synergism measurements found in 
the literature, and the complex, heterogeneous physical nature of the substrates 
employed, some comments on both of these matters should be made as background 
for the description and interpretation of the present results. 

Physical Nature of the Substrate. Commercial "microcrystalline celluloses" such 
as Avicel or Sigmacell are, because of their ready availability in standardized form, 
widely used as model substrates to estimate the ability of cellulases to hydrolyze 
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highly-ordered forms of cellulose. Superimposed on the "microcrystalline" structure 
of their basic building blocks, such cellulose preparations have, however, complex 
ultrastructures that interfere with enzymic attack on the microcrystals (36). 

The "microcrystalline" substrates are produced from native cellulose by 
limited acid hydrolysis (37,38) to remove most of the "amorphous" regions that are 
seen as connecting the crystallites in the native material (39), followed by washing, 
caking, milling, and a size-fractionation step to yield the commercial product. The 
particles in the specified size range for a given commercial product are therefore 
aggregates of large numbers of "microcrystallites." The geometrical fashion in 
which the individual particles are aggregated is not clear, but a consideration of 
relative sizes can shed some light on the possible complexity of the particles as 
supplied. Electron-microscopic studies of acid-hydrolyzed materials have shown that 
the residual microcrystallites are 0.03-0.08 urn in length (depending on the 
conditions of hydrolysis and the cellulose starting material) and roughly 0.01 urn in 
width, or approximately the width of the original cellulose microfibrils (38). Frey-
Wyssling has proposed a picture in which the microcrystallites of native cellulose 
are shaped like long, narrow tiles, with rectangular cross-sections measuring 
approximately 0.003 urn by 0.007 pm (40). These cross-sectional dimensions are 
of the same order of magnitude as the 0.006-um and 0.0065-um sizes reported by 
Abuja et al. (41,42) for the catalytic domains of T. reesei C B H II and C B H II. The 
length of the entire tadpole-shaped T. reesei C B H molecules, as measured by these 
workers, is on the order of 0.020 pm. Working with a similar picture of the 
elementary fibrils, Sagar (43) concluded that only one face of the fibril, that 
containing the accessible 2,6 and 2,3,6 hydroxyl groups, is attacked by T. reesei and 
T. koningii cellulases. The degree of compactness with which the residual 
microcrystallites are aggregated into the observable particles (inversely related to 
effective pore size) will affect both the accessibility of the cellulose to enzymes (44) 
and other reagents, and the number of microcrystallites making up each particle. 
Rough estimates based on 0.08pm x 0.007pm x 0.003pm microcrystallite dimensions 
would indicate that the number of individual crystallites in an "average" 20-pm-
diameter particle should range from some hundreds of millions of individual 
crystallites for a quite loose, open structure, to a few billion for the tightest possible 
physical packing. 

Choice of Experimental Design and Method of Calculating "Synergism". 
Despite general agreement on the definition of "synergism" or the "degree of 
synergistic effect" (DSE) as "the ratio of the activity of a given mixture of enzymes 
to the sum of the activities of the enzymes acting alone" (23,45-49), there are two 
different approaches in common use for estimating "activities of the enzymes acting 
alone." For the same enzyme combinations, the two computational approaches will 
yield different synergism values; the reader should therefore exercise caution in 
comparing numbers from one study with those from another. 

In one approach, the "solo" activity of each component in the mixture is 
actually measured in assays identical to the assays used to measure the activity of 
the mixture, except that only one of the cellulase components is present, at a loading 
identical to the loading of that component in the mixture (14,25,27,46). 
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In other studies of binary synergism, the "sum of the separate activities" 
appears to have teen estimated by linear interpolation between the sugar-release 
values for the samples containing 100% of the loading as one component or the 
other (36,50). In these latter studies, a curve is plotted to connect (or to fit) the data 
points for sugar release for each of the mixtures, including the "100%-either" 
samples at the ends, and a straight (usually broken) line without data points is drawn 
between the points for the two "100%" compositions as an estimator of the summed 
activities of the two enzymes acting separately. 

Synergism studies also differ from one another with respect to whether the 
total cellulase loading is kept constant (25,3650) or whether the total cellulase 
loading varies as the composition of the mixture is varied (as is the case for studies 
in which the composition is varied by holding the loading of one enzyme component 
fixed while the other is varied)(45,46). The magnitudes of the (fixed or varied) total 
cellulose loadings used in a variety of studies of synergism in the saccharification 
of microcrystalline cellulose (2425,36,45-48) may be seen to range from as low as 
0.4 pg/mg cellulose to as much as 100 pg/mg cellulose. The ratios of components 
in enzyme mixtures may be expressed either as mass ratios or as molar ratios. 

Given the variety of experimental approaches used by different researchers, 
careful consideration is advisable in comparing results from different groups, with 
the most useful comparisons being those between studies that employ the most 
similar reaction conditions and computational methods. For this reason, we designed 
a survey of binary mixtures of as numerous and diverse a selection of enzymes as 
we could obtain in adequate quantities and purity, using identical experimental 
conditions and computational approaches throughout. For our standard approach we 
have chosen 5% (w/v) microcrystalline cellulose (Sigmacell, type 20,20-pm average 
particle diameter) as substrate, enzyme mixtures expressed as molar percentages with 
a constant total cellulase loading of 7.2 pmol/mg cellulose, a long (120-h) digestion 
period with released (solubilized) glucose measured at the end, and calculation of 
DSE using the sum of actual activity measurements of individual activities in the 
denominator. 

Our choices of 50°C and pH 5.0 as digestion conditions were based on the 
fact that these are optimal conditions (51) for the T. reesei enzymes , which 
constitute the reference system for our comparisons. 

Endo/Exo Synergism Experiments. Figure 2 presents results from the 16 
experiments carried out to evaluate and rank pairs of endoglucanases in terms of 
synergism and glucose release. The rankings obtained from these studies are 
presented in Table I. The millimolar values for soluble-sugar release shown in 
Figure 2 and Table I represent relatively small extents of conversion of the substrate; 
the highest glucose concentration, produced by a 20:80 mixture of A. cellulolyticus 
E l , corresponds to solubilization of approximately 13% of the substrate, and the 
endo/exo pair ranked 16th in terms of soluble-sugar release converted approximately 
3.8% of the substrate when present in its optimal ratio. 

Of the 16 endo/exo pairs presented in Figure 2 and Table I, nine are 
bacterial/fungal hybrids (one bacterial and one fungal enzyme). Seven pairs are 
formed within phylogenetic domains (five bacterial/bacterial pairs and two 
fungal/fungal pairs); of these, three pairs are homologous; i.e., formed using 
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Figure 2. Synergism (DSE) and glucose-release for 16 endo/exo pairs, plotted as a function of cellulase mixture composition 
at a constant total cellulase loading of 7.2 nmol/g cellulose. Filled squares, glucose release by exoglucanase alone; filled 
circles, glucose release by endoglucanase alone; open triangles, sum of glucose-release values for endoglucanase and 
exoglucanase acting alone; filled triangles, actual glucose release by the mixture of endoglucanase and exoglucanase; open 
circles, degree of synergistic effect (DSE). Digestions were carried out at 50 °C in 50 m M acetate, p H 5.0, for 120 h. The 
numerals shown in bold-face inside the plots are the ratios of the glucose release by a given endoglucanase, at "100%" 
loading, to the glucose release by the paired exoglucanase, also measured at "100%" loading. Continued on next page 

 
 .ch009

In E
nzym

atic D
egradation of Insoluble C

arbohydrates; Saddler, J., et al.; 
A

C
S Sym

posium
 Series; A

m
erican C

hem
ical Society: W

ashington, D
C

, 1996. 



122 
EN

ZY
M

A
TIC

 D
EG

R
A

D
A

TIO
N

 O
F IN

SO
LU

BLE C
A

R
BO

H
Y

D
R

A
TES 

 
 .ch009

In E
nzym

atic D
egradation of Insoluble C

arbohydrates; Saddler, J., et al.; 
A

C
S Sym

posium
 Series; A

m
erican C

hem
ical Society: W

ashington, D
C

, 1996. 



T. fusca E & T. reesei C B H I M. bispora Xyl /Cel & T. reesei C B H I 

Figure 2. Continued. Continued on next page. 8 
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Figure 2. Continued. 2 
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Table I. Endo/Exo Cellulase Pairs Ranked in Order of Decreasing Synergism 

Enzyme Pair DSE @ Max. R.S.* @ R.S. 
(Endo/Exo) % Endo (mM glucose) % Endo Ranking 

1. A. cellulolyticus E l 2.75 20 40 60 1 
& T. reesei C B H I 

2. M. bispora Xyl/Cel 2.35 40 25 40 7 
& T.reesei C B H I 

3. M . bispora Xyl/Cel 2.28 60 23 40 8 
& T. fusca E 3 

4. T. fusca E 5 2.16 60 30 20 3 
& T. reesei C B H I 

5. M . bispora Endo A 2.04 20 26 20-40 6 
& T. reesei C B H I 

6. T. neapolitana Endo B 1.91 20 17 20-60 14 
& T.reesei C B H I 

7. T. fusca E 5 1.76 10 20 20-40 12 
& T. fusca E 3 

8. T. reesei EG I 1.72 20 31 20-40 2 
& T. reesei C B H II 

9. M . bispora Xyl/Cel 1.69 20 23 20-40 9 
& T. reesei C B H II 

10. T. reesei EG I 1.58 40 27 20-40 5 
& T, reesei C B H I 

11. T. neapolitana Endo B 1.52 20 11 20-40 16 
& T. fusca E 3 

12. M . bispora Endo A 1.48 10 16 40 15 
& T. fusca E 3 

13. A. cellulolyticus E l 1.43 20 21 40-60 10 
& T.reesei C B H II 

14. A. cellulolyticus E l 1.38 10-20 18 60 13 
& T. fusca E 3 

15. T. fusca E 5 1.36 10-60 28 40-60 4 
& T. reesei C B H II 

16. T. reesei EG I 1.25 20 20 40-60 11 
& T. fusca E 3 

* Reducing sugar (as glucose) measured after 120 h at pH 5.0, 50°C. 
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enzymes originating from the same organism. The intradomain and intraspecies 
pairs thus provide useful reference points for assessing the activity of the 
interdomain hybrids. 

The performances of the bacterial/fungal hybrid pairs meet or exceed those 
of the intradomain and intraspecies pairs. Of the nine bacterial/fungal hybrid pairs 
(out of 16 pairs studied, overall), six were ranked among the nine most synergistic 
combinations, and six were among the top nine pairs in terms of soluble-sugar 
release. One of the more interesting observations in Table I is that in terms of both 
synergism and glucose release, the best-performing endo/exo pair is a hybrid 
composed of a bacterial endoglucanase, A. cellulolyticus E l , and a fungal 
exoglucanase, T. reesei C B H I. In terms of glucose release, two other 
bacterial/fungal hybrids, the third-ranked E5/CBH I and the fourth-ranked E ^ C B H H, 
are essentially equivalent to the combinations of T. reesei EG I with its co-evolved 
exoglucanases. 

The dominance of T. reesei CBH I in forming highly synergistic pairs is 
shown in Table I by the fact that five of the six most synergistic pairs contain 
C B H I, as do five of the top seven glucose-releasing pairs. 

The individual data frames in Figure 2 are arranged in order of the 
descending ratio of the activity of the endoglucanase stock solution to that of the 
equimolar exoglucanase stock solution (activity ratio, AR), with the 120-h glucose 
release by the 100% endoglucanase and 100% exoglucanase loadings taken as the 
measure of the respective activities. (As discussed above, the cellulase loadings in 
all of these experiments were made to a constant molarity, not to a constant 
activity.) With the frames arranged in this manner, the only semblance of a trend 
observed is that enzyme pairs with high ratios of endoglucanase activity to 
exoglucanase (on the first page of the multi-page figure) tend to have reasonably 
sharp synergism maxima at low endoglucanase percentages, with broader glucose-
release maxima significandy offset toward higher endoglucanase percentages, 
whereas for smaller ratios of endoglucanase to exoglucanase activity, the synergism 
and glucose-release maxima are closer to being coincident. Even this rather weak 
trend has its exceptions; frame 2H, M . bispora Xyl/Cel and T. fusca E 3 , is an 
egregious pattern-breaker, and frame 2G may be as well. At the lower right comer 
of the fourth page of Figure 2, the rEndoB/CBH I pair, with an endo/exo activity 
ratio substantially smaller than 1.0, appears to reverse the pattern shown to by the 
enzyme pairs with high activity ratios, in that the synergism peak is found at the 
right-hand (high-endoglucanase) edge of the broad sugar-release maximum. 

On consideration of the entire data set, it appears most likely that the 
differences noted are a function of the relative amounts of endoglucanase and 
exoglucanase activities loaded, rather than fundamental differences in mechanism. 
(In two alternative orderings (not shown) of the frames in Figure 2, the frames were 
arranged in order of either maximum DSE value or maximum sugar release; in 
neither case were any clear patterns discernible.) 

The ranking of endo/exo pairs in terms of soluble-sugar release (Table I) is 
inevitably biased by the choice of a single temperature (50°C) for this study. This 
temperature was chosen to accommodate the less thermostable enzymes in the array, 
and therefore results in decreased activity measurements for enzymes with optima 
at higher temperatures, relative to the activities these enzymes would display at their 
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optimal temperatures. Two of the endoglucanases in this study, A. cellulolyticus E l 
and M . bispora rEndoB, have activity optima above 70°C (Himmel, M . E., et al., in 
this volume). E l has a temperature/activity profile sufficientiy broad that it retains 
one of the higher activities measured in this series, even when used some 25-30°C 
below its optimum, but the activity of rEndoB at 50°C is significandy depressed 
with respect to its optimal activity near 75°C. Both of these enzymes will have 
applications at temperatures at which the other enzymes in Table I cannot survive. 

Exo/Exo Synergism Experiments. Figure 3(A-C) shows results for all possible 
binary combinations of the three exoglucanases used in this study. Here the 
exoglucanases are mixed according to the same protocol used for the endo/exo 
binary pairs, but without any endoglucanase being present. 

Figure 3A demonstrates, as has been reported before (19,23,48), that CBH 
I and C B H II are strongly synergistic in the solubilization of crystalline cellulose. 
The maximum synergism ratio of 1.6 is observed at 40% C B H II. At the resolution 
of the array of compositions used in these experiments, this agrees well with the 
earlier finding that a 2:1 mixture of C B H I and C B H II produced maximum 
synergism, and serves to relate the present work to the earlier reports. E 3 displays 
(Figure 3B) even stronger synergism with C B H I than does C B H II, with a 
maximum synergism ratio of 2.16 at a composition of 60% E 3 and 40% C B H I. 

In contrast to the results shown in the first two frames of Figure 3, mixtures 
of C B H II and E 3 (Figure 3C) do not show synergism; i.e., the synergism-ratio 
values are not greater than 1.0. The synergism ratios appear, in fact, to be 
somewhat less than 1.0 across the composition range, although the lowest values 
shown (0.92-0.93 in range of 40-80% C B H II) are close enough to 1.0 that the 
difference may not be significant given the noise levels in the data. 

The fact that E 3 is synergistic with C B H I, but not with C B H II, is consistent 
with the conclusion by Irwin, et al., based on filter-paper synergism studies (23), that 
E 3 is "CBH Il-like" in its specificity against cellulosic substrates; i.e., E 3 and C B H II 
both cleave cellobiosyl units from the non-reducing end of the cellulose chain, 
whereas C B H I attacks the reducing end of the chain. A reasonable interpretation 
of this phenomenon is that E 3 and C B H II compete for the same population of 
potential binding/hydrolysis sites, and therefore do not act synergistically. The DSE 
values for Eg and C B H II do not fall much below 1.0, which may indicate that, 
under the conditions of these measurements, the substrate is not saturated with either 
exoglucanase or by the mixture. This, in turn, may be understandable in view of the 
physical nature of the substrate and the processive mode of attack proposed for 
cellobiohydrolases in general (2). The 20-pM cellulose particles, being aggregates 
of much smaller microcrystallites, may provide an abundance of chain ends, and the 
processive mode of attack would imply that once a cellobiohydrolase molecule has 
initiated attack at a given chain end, it will be occupied with that chain for a number 
o f cleavage events before rejoining the pool of enzyme molecules diffusing to new 
initiation sites. 

Endo/Endo Synergism Studies. Wood and co-workers have suggested that there 
may be two distinct classes of endoglucanases, each class (14) specific for one of 
two stereochemically-distinct types of potential cleavage sites presented on the 
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9. BAKER ETAL. Synergism Between Purified Bacterial & Fungal Cellulases 129 

surface of the cellulose crystal, hi the present study, we sought to gather evidence 
for or against this hypothesis. 

Figure 4(A-C) illustrates, in "round-robin" fashion, the performances of 
binary mixtures drawn from three endoglucanases: A. cellulolyticus E l , T. fusca E 5 , 
and T. reesei EG I. In sharp contrast to all of the results for endo/exo pairs, and 
similar to the results for the E3/CBH n exo/exo pair, the soluble-sugar productions 
for the binary mixtures of endoglucanases are seen to be less than the sums of the 
equivalent loadings of the two enzymes acting separately. The endo/endo pairs thus 
display values less than 1.0 for the synergism ratio (DSE). The interactions between 
the different pairs of endoglucanases are not identical, as may be seen in Figure 
4(D), in which the synergism-ratio plots for the three pairs have been overlaid for 
direct comparison. For the mixture of E l and EG I, the DSE values are only 
slighdy below 1.0 (0.90 or higher across the composition range). For E l and E 5 , the 
value approaches 0.70 for compositions in the range of 60-70% E L For the EJEG I 
pair, the values are still lower (near 0.60 across the middle composition range). 
Figure 5(A-C) shows the results of similar experiments pairing M. bispora 
xylanase/cellulase in turn with E l , E 5 , and EG I, with the synergism ratios in the 
middle of the composition range being 0.90, 0.70, and 0.63, respectively. 

A particularly striking feature of the results in Figure 4A, and to a somewhat 
lesser extent in Figure 5A, is that although the synergism ratios for the mixtures of 
endoglucanases are not greater than 1.0, the actual reducing-sugar release values for 
some mixtures are significandy greater than for equivalent molar loadings of either 
endoglucanase alone. In these two cases, the mathematical approach used to 
calculate synergism may mask a very real cooperativity. 

Endoglucanase "Self-Synergism" as a Model for Enzymes with Identical 
Specificities. Some light can be cast on the results shown in Figures 4 and 5 by 
considering the results shown in Figure 6. Here T. fusca E 5 plays the role of both 
components of a "binary mixture," thus providing a model for the performance of 
mixtures of two hypothetical endoglucanases that have identical substrate 
specificities and kinetics. Whereas for the mixtures of different endoglucanases in 
Figures 4 and 5 results are shown only for a long (120-h) digestion time, for the E 5 

"self-interaction" model system results are presented for successively longer 
digestion times (from 6.5 to 120 h). Even at the shortest digestion time (6.5 h), the 
synergism ratio is seen to be substantially below 1.0 over the entire range measured, 
decreasing to a value near 0.76 as the composition moves toward the middle of the 
range. At longer digestion times, the minimum values for the curves decrease to 
0.65-0.70, and the curves flatten out, with the mid-range values becoming more 
typical of the values across the range of 20-80% "component 1." 

One relatively simplistic explanation for the behavior of the "E 5 with E 5 " 
model system, as shown in Figure 6, is that the two "components" of the mixture, 
being in fact exactiy the same enzyme, are competing for exactiy the same array of 
potential binding/hydrolysis sites on the substrate. If one assumes that the 
population of potential binding/hydrolysis sites is heterogeneous, consisting of sites 
differing widely in accessibility and/or reactivity, and that the enzyme/substrate ratio 
is not so high that the sites available at the beginning of the digestion are near 

 
 .c

h0
09

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



13 

> 
m w o o 
3 

o 

32 

28 

24 

20 

16 t~ 
12 

8 

4 

0 

T. fusca E g & T. reesei E G \ 

•T.f. E5 
- • - T . r . EG I 
—a--Sum N+X 
— N + X mixed 

20 
JL. 

40 60 
% E C 

80 100 

1.4 

1.2 

1 

0.8 O 
if) 

0.6 m 
0.4 

0.2 

0 

A. cellulolyticus E1, T. fusca E 5 & T. reesei EG I 
1.2 

0.8 
U| 
C/) 0.6 
O 

0.4 

0.2 

0 

- # - E 1 & E5 
— W - E 5 & EG I 
- * - - E 1 & EG I 

20 40 60 
% Endo 

80 100 

Figure 4. Frames (A-C): Synergism (DSE) and glucose release for three pairs 
of endoglucanases. Frame (D): Comparison of the DSE plots from frames a-c. 
Digestion conditions and symbols as described for Figure 2. 
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Figure 5. Synergism (DSE) and glucose release for three additional pairs of | 
endoglucanases. Digestion conditions and symbols as described for Figure 2. 
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Figure 6. Synergism between T. fusca E 5 and itself. (Model system for 
synergism between identical endoglucanases.) The curves show DSE as a 
function of "mixture composition," for successively longer digestion times. 
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Figure 7. Graphical comparison between the ranges of DSE values found for 
pairing of eight endoglucanases with each other, and the range of values found 
for pairing each endoglucanase with itself. The positions of the vertical bars 
represent individual DSE values found for 1:1 mixtures of endoglucanases after 
120-h digestions. (Values from Table II.) 
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saturation with enzyme, then one would expect to observe results of the type shown 
in Figure 6. 

In the very early stages of the digestion, a large number of readily accessible, 
easily hydrolyzed sites are available to the (non-saturating) enzyme loading in each 
of the three digestion samples. In these early stages the identical enzyme molecules 
would not interfere with each other to any great extent, the soluble-sugar outputs of 
the "two components" operating together in the "mixture" sample would be nearly 
additive, and the synergism ratio observed would not be much less than 1.0. As the 
digestion progresses, and the abundance of the more readily accessible, easily 
hydrolyzed sites decreases (i.e., as the substrate becomes more recalcitrant), 
competition ("interference") between the enzyme molecules would be expected to 
increase. The observed synergism ratios would be expected to decrease further 
below 1.0, approaching a value of 0.5 for very long digestion times. For this model, 
therefore, a DSE value of 0.5 at long digestion times would be interpreted as 
indicating identical specificities for the two enzymes in a mixture. At the other 
extreme, a synergism ratio of 1.0 at long digestion times would indicate that the two 
enzymes in a mixture are specific for two completely, distinct populations of 
binding/hydrolysis sites, and therefore operate completely independentiy. 

Binary synergism values in the range (0.5 to 1.0) suggested by this model are 
not without precedent in the literature. Beldman, et al. (45) cited a DSE value of 
0.97 for hydrolysis of Avicel by a 1:1 mass-ratio mixture of T. reesei Endo IH with 
a known endoglucanase as conclusive evidence that Endo III was not an 
exoglucanase. Nidetzky, et al. (48) reported that no synergism was observed for 
combinations of T. reesei EG I and EG III (core) acting on a variety of cellulosic 
substrates, including microcrystalline cellulose, and noted that the activities of such 
combinations on the substrates were always less than the sums of the separate 
activities. Although Irwin et al. (23) used experimental and computational 
approaches somewhat different from those in the present study, it is worth noting 
that these workers, using filter paper as the substrate, found DSE values of 0.5, 0.7, 
and 0.5, respectively, for binary combinations of T. fusca endoglucanases (E{ + E 5 , 
Ej + E 2 , and E 2 + E 5). 

Applying the above-described model to the results in Figures 4 and 5 would 
suggest that the four enzymes involved in these figures have differing specificities 
for the variety of stereochemically-distinguished potentially-hydrolyzable glycosidic 
bonds in the cellulose substrate, and that these different specificities overlap to 
different extents for the different binary combinations of enzymes. For example, the 
specificities of E l and EG I (Figure 4A) might be seen as differing substantially, 
whereas the specificities of E 5 and EG I would be seen as being much more similar. 

Other explanations that may invoked to explain the results of Figures 4 and 
5. Two of these alternate explanations will be dealt with below, after consideration 
of some additional data (Table II and Figure 7) on interactions between 
endoglucanases in the solubilization of microcrystalline cellulose. Table II presents 
results for a series of experiments that extend the investigation of "endo-endo" 
interactions to all possible binary combinations that may be made of the eight 
endoglucanases dealt with in this study, including pairings of the enzymes with 
themselves, which will be shown to be very important as references in the 
interpretation of the other results. The enzyme pairs in Table II are ranked in 
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Table II. Synergism between Endoglucanases in 1:1 Mixtures 

Enzyme DSE Glucose release (mg/mL)b Activity 
Codes3 Mixture Endol Endo2 Sum Ratio0 

CG 1.02 5.2 2.4 2.7 5.1 0.89 
DG 1.02 4.2 1.4 2.7 4.1 0.52 
AC 0.92 5.4 3.1 2.8 5.9 0.90 
AE 0.90 4.3 2.7 2.1 4.8 0.78 
AH 0.90 4.3 2.8 2.0 4.8 0.71 
FG 0.89 3.2 0.8 2.7 3.6 0.30 
GH 0.89 4.1 2.7 2.0 4.6 0.74 
EG 0.87 4.2 2.1 2.7 4.8 0.78 
AF 0.86 3.0 2.7 0.8 3.5 0.30 
EF 0.82 2.3 2.0 0.8 2.8 0.40 
BF 0.81 2.5 2.3 0.8 3.1 0.35 
CF 0.78 2.5 2.4 0.8 3.2 0.33 
AB 0.78 4.4 3.1 2.6 5.7 0.84 
BG 0.78 4.5 2.3 2.7 5.0 0.85 
AD 0.78 3.1 2.5 1.9 4.4 0.76 
DF 0.77 1.7 1.4 0.8 2.2 0.57 
DE 0.77 2.7 1.4 2.1 3.5 0.67 
BD 0.72 2.8 2.3 1.6 3.9 0.70 
DH 0.70 2.3 1.4 2.0 3.3 0.70 
AG 0.69 3.8 2.8 2.7 5.5 0.96 
CE 0.69 3.1 2.4 2.1 4.5 0.88 
CH 0.68 3.0 2.4 2.0 4.4 0.83 
FH 0.64 1.8 0.8 2.0 2.8 0.40 
BH 0.65 2.8 2.3 2.0 4.3 0.87 
BE 0.64 2.8 2.3 2.1 4.4 0.91 
CD 0.63 2.4 2.1 1.6 3.7 0.76 
BC 0.60 3.1 2.6 2.6 5.2 1.00 
EH 0.59 2.4 2.1 2.0 4.1 0.95 

AA 0.67 3.0 2.2 2.3 4.5 0.96 
BB 0.65 2.4 1.9 1.8 3.7 0.95 
CC 0.62 2.3 1.8 1.9 3.7 0.95 
DD 0.62 1.8 1.5 1.4 2.9 0.93 
EE 0.59 2.0 1.7 1.7 3.4 1.00 
FF 0.61 1.1 0.9 0.9 1.8 1.00 
GG 0.65 2.8 2.2 2.1 4.3 0.95 
HH 0.60 2.1 1.9 1.6 3.5 0.84 

a A = A. cellulolyticus E l fr. S. lividans; B = T. fusca E 5 ; C = T. reesei EG I; D = M. bispora 
Xyl/Cel; E = T. reesei EG II; F = T. neapolitana rEndoB; G = A. cellulolyticus E l "CAT" fr. 
E. coli; H = M. bispora Endo-A. 
b Averages of duplicate sugar determinations on each of duplicate digestion mixtures. 
c Values shown are the ratios of the smaller of the two separate activities (as measured at 
"50%" loading) to the larger. 
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descending order of the calculated synergism ratios, upon which the discussion will 
focus. Table II also presents the data for sugar release from which the synergism 
ratios were calculated. This additional information is presented because (1) even 
though the relative productivities of the single enzymes and mixtures are not 
discussed in detail here, this information is useful in assessing the synergism 
numbers, and (2) presenting the data for soluble-sugar release by the individual 
enzymes at 50% loadings serves to eliminate the possibility that in some cases the 
activity of one member of the pah* might be negligible with respect to the activity 
of the other, which would yield completely trivial values for the synergism ratio. 
The last column in the table displays the ratios between the separate, 50% loadings 
for the various pairings, demonstrating that, even though the ratios of the individual 
activities vary considerably from pair to pair, in no case is one activity negligible 
with respect to the other. (For the "self-interaction" pairings listed at the bottom of 
the table, the two "components" of the "mixture" are the same enzyme, so that if the 
data were perfect, for these pairs the activity ratios would all be 1.0.) 

In Table II, several different values are given for the "separate" activities of 
some of the enzymes, depending on the pair in which the enzyme is participating. 
(The series from A F to BF is a case in point) These differences are a result of the 
pairs making up the series being evaluated in different batches, at different times, 
some using enzyme preparations at different ages, and some using different 
preparations of the enzyme in question. Efforts were made to make the "solo" 
assays true replicates, in that the same protein concentrations were used throughout, 
but, as seen in the table, there were some differences in activity. Rather than 
attempting to average the "separate" activities for each enzyme for the sake of 
consistency in the table as a whole, the authors have chosen to compare the activities 
for mixtures with the activities measured for the separate enzymes in the same batch 
of digestions, run at the same time. Some of the separately-measured activities for 
a given enzyme are identical for different pairings. This is because the sugar-release 
values for all separate-enzyme measurements made in a given batch of experiments 
were averaged, and the results used for comparison with the activities of all mixtures 
that included that enzyme and were evaluated in the same batch of digestions. The 
"self-interaction" separate activities referred to above (Figure 2, lower section) 
provide an indication of the repeatability of digestions run in the same batch; with 
the exception of the H H pair, the replicates are repeatable within 5-7%. 

The most significant observation from the synergism ratios shown in Table II 
is that the range of values covered by the data for mixtures of different 
endoglucanases is much wider than the range covered by the values for enzymes 
"paired" with themselves. The synergism ratios for equimolar mixtures of different 
endoglucanases range from a high of 1.02 (-1.0), which is interpreted as 
representing the behavior of a pair enzymes specific for completely separate, 
independent sets of binding/catalysis sites, to a low of 0.59, which suggests substrate 
specificities that overlap to a large extent and therefore approach the limiting case 
of enzymes with identical substrate specificities. When the same enzyme is used as 
both components of the mixture, however, the synergism ratios are all clustered 
between 0.59 and 0.67, or in the bottom one-third of the range covered by the pairs 
of different enzymes. This comparison is presented graphically in Figure 7. 
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Alternatives to the "Differing-Specificity" Model. It was noted above that 
factors other than simple differences in substrate specificity might contribute to the 
different synergism values measured for different endoglucanase pairs. 
Consideration of the observation described in the paragraph above would appear to 
dispose of one possible alternative explanation. The possibility in question is that 
the observed differences in synergism numbers do not reflect differing degrees of 
overlap of substrate specificity for the various endo/endo pairs, but instead are a 
function of differences in the magnitudes of kinetic parameters (binding constants 
and catalytic rate constants) for different enzymes. According to this picture, 
enzymes with low binding affinity, but relatively high catalytic rates once bound to 
the substrate surface, could produce substantial rates of sugar release while not 
physically saturating the substrate surface. In other words, the endoglucanases 
would spend most of the time in solution, rather than on the surface where they 
would sterically block the approach of other enzyme molecules to nearby cleavage 
sites. If one or more of the enzymes in a digestion mixture were of this type, then 
the two enzymes would be expected to interfere with each other much less than 
would a pair of enzymes, both of which had a relatively high binding affinity and 
low catalytic rate. For the same rate of sugar release, this latter hypothetical pair 
of enzymes would spend much more time on the substrate surface. 

This kinetically-controlled saturation model could account for the range of 
synergism ratios shown in Table H for mixtures of different endoglucanases, and 
without invoking any differences in the populations of sites attacked by the two 
enzymes, were it not for the data for "pairs" composed of a given enzyme and itself. 
If the high (i.e., near 1.0) synergism ratios observed for pairs such as C G and DG 
were attributable to at least one of each pair being a weak-binding, rapidly-
catalyzing enzyme that spends most of the time free in solution, that enzyme would 
be expected to be at least as "non-interfering" when paired with itself. This is not 
at all what is shown in the data for the enzymes paired with themselves. The GG, 
CC, and DD pairs have synergism ratios of 0.65, 0.62, and 0.62, respectively, all far 
below the value of 1.02 posted by both CG and DG. 

Another possible alternative to a difference in substrate specificity as an 
explanation for the observed variability of endo/endo synergism cannot be so readily 
dismissed. This is the possibility that there may be direct physical interactions 
between enzyme molecules. It has been reported that T. reesei EG I can form 
dimers (52), and that complexes of as many as six glycohydrolases can be found in 
culture broths of T. reesei (55). Formation of homo- or heterodimers (or higher 
aggregates) from the endoglucanase mixtures would reduce the effective 
concentration of endoglucanase available for reaction with the substrate, and this 
effect would become more pronounced at higher enzyme concentrations. If the 
surface characteristics of some of the endoglucanases promote the formation in 
binary mixtures of heterodimers as well as homodimers, with the binding affinity for 
heterodimer formation varying with the identity of the endoglucanases involved, this 
might explain the variable (apparent) interference observed across the array of 
endoglucanase pairs. This alternate explanation does not lend itself either to proof 
or disproof by means of the approaches employed in this paper; more direct physical 
investigations (such as sedimentation-equilibrium studies by analytical centrifugation) 
are needed to address this question. 
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Influence of the Cellulose-Binding Domain on Endo/Endo Synergism. 
Another comparison that is interesting in connection with the endo/endo "self-
synergism" results is that between enzyme "A" (A. cellulolyticus E l as expressed in 
5. lividans) and enzyme "G" (the product of the same gene expressed in E. coli). 
These two proteins are represented in the experimental series as distinct enzymes 
because, while S. lividans expresses the entire enzyme (catalytic domain, linker 
domain, and CBD), the E. coli product consists of the catalytic domain only, the 
CBD and most of the linker region apparentiy having been removed by post-
translational proteolytic cleavage. This pair of enzymes therefore provides an 
opportunity to evaluate the effect of the CBD on the behavior being observed in this 
experimental series. The effect of the presence or absence of the CBD appears to 
be minimal in this context Whereas both E l versions, A and G, are relatively non-
interfering enzymes, with G displaying an average synergism ratio of 0.93 when 
paired with all the other endoglucanases (except A), and A averaging 0.86 when 
paired with all the other endoglucanases (except G), the pair A G has a synergism 
ratio of 0.69, which is only slighdy above the upper end of the range shown by the 
enzymes paired with themselves. (AA and GG have synergism ratios of 0.67 and 
0.65, respectively.) In determining the degree of interference or non-interference 
between these two forms of E l , the fact that the two forms have identical active 
sites appears to be much more important than the fact that one has, and one 
completely lacks, a CBD. 

Suggested Grouping of Endoglucanases Based on Endo/Endo Synergism 
Results. Figure 8 illustrates a method by which the relative synergism numbers for 
binary pairs amongst the eight endoglucanases might be used to divide the 
endoglucanases into functional categories. The dendrogram shown in this figure was 
constructed by applying hierarchical agglomerative cluster analysis (54-56) to the 
"synergism" data of Table II and Figure 7, with the controlling assumption being 
that lower "synergism" ratios are correlated with greater similarity of substrate 
specificity. At the level of greatest similarity, M. bispora EndoA would appear to 
be very similar in specificity to T. reesei EG II, and T. fusca E 5 to T. reesei EG I. 
At the other end of the similarity scale, the two A. cellulolyticus E l expression 
products, taken together, would be seen as having far less overlap of substrate 
specificity with the other six enzymes than the other six have with each other. It 
will be noted that the groupings produced by the cluster analysis cut across the 
boundaries of cellulase "families" as determined from sequence analysis (57-59); this 
is not surprising, because the present clustering technique forms groups based on 
function and not on amino acid sequence. 

The authors recommend caution with regard to taking the finer divisions of 
the cluster-analysis dendrogram too literally, because, as shown by the dashed 
vertical lines in Figure 8, the range of values for "synergism" between identical (i.e., 
the same) enzymes covers the values for linkage of B and C with E and H , as well 
as the linkage values between the individual members of these two groups. Thus, 
it is not clear whether B, C, E, and H should compose two groups (BC and EH), as 
shown, or a single group (BCEH) of four enzymes. In addition, the linkage level 
between the B C E H group and "D" (M. bispora Xyl/Cel) is not far removed from the 
high-value edge of the "same versus same" range. This analysis may actually 
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I 1 
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F T. neapolitana EndoB Family unk. 

- D M. bispora Xyl/Cel Family unk. 

H M. bispora rEndoA Family 6 
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Figure 8. Groupings of endoglucanases based on possible similarities in 
substrate specificity. The dendrogram shown is the result of agglomerative 
hierarchical cluster analysis, based on the assumption that low values of 
synergism between pairs of endoglucanases are correlated with high degrees of 
similarity between their substrate specificities. The vertical dashed lines 
delimit the range of DSE values shown by combinations of the endoglucanases 
with themselves. 

suggest only three reasonably robust clusters of enzymes: (I) A. cellulolyticus rS-
E l / r E C - E l C A T , (2) T. neapolitana rEndoB, and (3) all remaining enzymes in the 
array. Interpretations are complicated by the fact that the substrate is physically 
heterogeneous and changes during the digestion, thus producing complex kinetics, 
and by the fact that, for the endoglucanases produced from native culture broths or 
commercial preparations, it is difficult to prove that the last trace of any 
contaminating cellulase has been removed. These groupings of endoglucanases, and 
the suggestion that the observed endo/endo synergism patterns may be ascribed to 
differences in substrate specificity, must therefore be regarded as preliminary. The 
discussion of these interactions is presented here to illustrate an approach to 
functional cellulase classification that may prove useful in future studies. 

Conclusions 

The high degrees of synergism observed for bacterial/fungal hybrid endo/exo pairs 
imply that a wide variety of choices are available to industrial researchers who wish 
to tailor enzyme mixtures to specific applications. The inclusion of a larger number 
of exoglucanases in comparisons such as that described here presents itself as the 
most effective and efficient route to expanding the list of useful possibilities even 
further; with T. fusca E 3 in the collection as a "CBH H-like" exoglucanase, the 
highest priority is to add a "CBH I-like" enzyme to the comparisons. 

The proposal that endoglucanases may be classified in terms of the degree 
of overlap between their substrate specificities, and that this overlap may be 
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evaluated by means of endo/endo synergism experiments of the type presented here, 
must be regarded as preliminary. The results and analyses used here to illustrate the 
concept do, however, leave open the possibility that endoglucanases may be 
classifiable into more than one group on a fundamental functional basis, perhaps in 
a manner analogous to that found useful for the exoglucanases. 
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Chapter 10 

Cellulose-Binding Domains: 
Classification and Properties 
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More than one hundred and twenty cellulose-binding domains (CBDs) 
are classified into ten families (I-X). Three families (V, VII and VII) 
contain only single representatives. Two of the larger families (II and 
III) can be divided into distinct subfamilies. Most of the CBDs are 
from cellulases and xylanases but some are from other hydrolases or 
from non-catalytic proteins. Family I CBDs are all from fungi. With 
the exception of families VI and XIII, the remaining the families 
contain only representatives from bacteria. CBDs are found at the Ν or 
C termini of proteins or are internal. Representatives of certain 
families show a tendency to occur at terminal or internal positions and 
to be associated with representatives of particular catalytic domain 
families. Possible relationships between the the classification scheme 
and the functional properties of the CBDs are discussed. 

The efficient enzymatic degradation of biomass appears to requires a tight interaction 
between the insoluble, highly structured cellulosic and hemicellulosic matrices and 
the various polysaccharidases involved in their hydrolysis. Many cellulases and 
hemicellulases (e.g., xylanases and mannanases) have special features which facilitate 
this intimate association. Typically, these enzymes are composed of a catalytic 
domain containing the active site for substrate hydrolysis, and a carbohydrate-binding 
domain or cellulose-binding domain (CBD) for binding to the insoluble matrix. This 
modular organization is shared by other polysaccharidases involved in the hydrolysis 
of insoluble, polymeric substrates, e.g., chitinases and amylases (/, 2) 

The presence of two distinct domains in the cellulases from the fungus 
Trichoderma reesei and the bacterium Cellulomonas fimi was first demonstrated by 
limited proteolysis (3-5). The individual domains were released as discrete functional 
units because of the proteolytic susceptibility of the connecting linker sequence. 
Subsequently, the domain structures of many cellulases and xylanases have been 
probed by biochemical and genetic analyses. Domains in newly discovered 
hydrolases can usually now be recognized simply by comparison of their primary 
structures with those of enzymes whose structural and functional organization has 
been defined. Functional studies can then proceed by expression of appropriate gene 
fragments and biochemical analysis of the corresponding polypeptides. However, for 
many enzymes, functional characterization of individual domains, particularly CBDs, 
is still lacking. 

1 Corresponding author 

0097-6156/95/0618-0142$12.50/0 
© 1995 American Chemical Society 
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10. T O M M E E T A L . Cellulose-Binding Domains 143 

The availability of a large number of cellulase and hemicellulase sequences, has 
enabled their classification into several families based on sequence similarities of the 
catalytic domain alone (6). Revisions of the original classification scheme have 
expanded the original six families of cellulase and xylanase catalytic domains to 
twelve (7-10). Functional properties, such as the stereoselectivity and substrate 
specificities of representative family members, have been correlated with this 
catalytic domain classification (77, 72). 

A similar family classification for CBDs was originally proposed by Gilkes et al. 
(7) and several expanded classification schemes were subsequently published (9, 75). 
The relationship of these previous schemes to the current classification is summarized 
in Table I. At present, ten C B D families can be distinguished (Table II). An 
increasing awareness of the importance of these domains in the enzymatic 
degradation of biomass and of their potential applications in biotechnology and 
industry has provoked renewed interest in CBDs and it is anticipated that new family 
representatives and perhaps additional CBD families will appear in the near future. 

Functions of Cellulose-Binding Domains 

It is difficult to ascribe precise roles to CBDs for several reasons. These include our 
currently limited understanding of the mechanism of substrate binding, conflicting 
reports of the properties of CBDs and incomplete biochemical characterization. 
Furthermore, most studies have focused on the qualitative and quantitative analysis of 
binding to purified, insoluble celluloses and xylans and have overlooked other less 
obvious roles. Nevertheless, it is clear that removal of the CBD often reduces enzyme 
activity on insoluble substrates (J, 5, 7, 14, 15). CBDs could enhance activity by 
increasing the local enzyme concentration on the substrate surface, or by disrupting 
non-covalent interactions, thereby increasing substrate accessibility (16, 17). Either 
mechanism could involve the targeting of enzymes to distinct regions of the substrate 
by CBDs with different specificities. We cannot assume that all CBDs have the same 
function and the roles of CBDs in some families may prove to be different from those 
in others. The classification of CBDs into families is a first step towards discerning 
and understanding these possible differences and may provide new insights into the 
mechanism of biomass degradation. 

Classification of Cellulose-Binding Domains 

Representative sequences for each recognized CBD family were used to scan the 
GenBank, SWISS-PROT, E M B L and PIR sequence databases using the B L A S T 
program with the Ρ A M or B L O S U M weight matrices (18). Retrieved sequences were 
aligned using the multiple alignment program A11A11 (National Center for 
Biotechnology Information) using a gap penalty of 5. Each alignment was then edited 
manually for maximal fit. 

More than a hundred and twenty putative CBD sequences, many previously 
unrecogminzed, were identified. Nearly all could be classified into seven families 
(Table II). The three remaining domains, each with demonstrated affinity for 
cellulose, were placed in separate families. Families were named using Roman 
numerals, as proposed by Coutinho et al. (1992), to avoid confusion with the Arabic 
numbering scheme used for catalytic domain classification (8). The availability of 
large numbers of sequences in two families allowed subfamilies to be distinguished. 

Each of the ten CBD families is discussed individually below and we attempt to 
correlate the structural classification with various known functional properties. 

Family I. A l l CBDs in this family are from fungal p-l,4-glycanases with catalytic 
domains belonging to families 6 and 7 (Figure 1 and Table II). The CBDs are not 
restricted to cellulases but are also present in two xylanases and one mannanase. One 
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144 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Table I. Relationship of the Current Classification to Previous Schemes 

CBD Family Nomenclature 

This Work Gilkes et ai (7) Coutinho et al. (13) Béguin (9) 

I Β Ι 2 
II A Π 1 
m not listed ΠΙ 3 
IV not listed not listed 4 
V not listed V unclassified 
VI not listed not listed not listed 
VII not listed IV unclassified 
vin not listed not listed not listed 
IX not listed not listed not listed 
X not listed not listed not listed 
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T A B L E Π. Classification of Cellulose-Binding Domains (CBDs) According to Amino Acid Sequence Similarity 

Family* Organism Enzyme Location*5 Residues0 Binding d Catalytic 
Domain Family^ 

Accession No. e 

I Agaricus bisporus Cell C 36 „ M86356 
Agaricus bisporus CeBa Ν 36 6 L24519 
Agaricus bisporus Cel3b Ν 36 6 L24520 
Fusarium oxysporum Β homolog Ν 33 6 L29377 
Fusarium oxysporum C homolog 2 C 33 7 L29379 
Fusarium oxysporum Κ homolog C 37 45 L29381 
Fusarium oxysporum Xyn Ν 36 10 L29380 
Humicola grisea CBHI C 33 7 X17258 
Humicola insolens EII Ν 36 5(5) X76046 
Humicola insolens CBHII C 33 (48) 
Humicola insolens A - l - 33 (48) 
Humicola insolens A-5 - 33 (48) 
Humicola insolens A-8 33 - (48) 
Humicola insolens A-9 33 - (48) 
Humicola insolens A - l l 33 - (48) 
Humicola insolens A-19 33 (48) 
Humicola insolens 43kDa - 33 - (48) 
Neocallimastix patriciarum XylB C 33 10 S71569 
Neurospora crassa CBHI C 33 7 X77778 
Pénicillium janthinellum CBHI C 33 7 X59054 
Phanerochaete chrysosporium CBHI C 34 7 M22220 
Phanerochaete chrysosporium CBHI-1 c 34 7 Z22528 
Phanerochaete chrysosporium CBH1-2 c 34 7 X54411/S40817 
Phanerochaete chrysosporium CBH1-3 c 34 7 (49) 
Phanerochaete chrysosporium CBH1-4 c 34 7 L22656 
Phanerochaete chrysosporium CBHII Ν 36 7 (50) 
Porphyra purpurea P B P f x4 33 n-h U08843 
Trichoderma koningii CBHI C 33 7 X69976 

Continued on next page 
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TABLE II. Continued 

Family* Organism Enzyme Locationb 

Trichoderma longibrachiatum CBHI C 
Trichoderma reesei CBHI C 
Trichoderma reesei CBHII Ν 
Trichoderma reesei EGI C 
Trichoderma reesei EGII Ν 
Trichoderma reesei EGV C 
Trichoderma reesei Man C 
Trichoderma viride CBHI C 

Butyrivibrio fibrisolvens Endl c 
Cellulomonas fimi CenA Ν 
Cellulomonas fimi CenB c 
Cellulomonas fimi CenD c 
Cellulomonas fimi CbhA c 
Cellulomonas fimi CbhB c 
Cellulomonas fimi Cex c 
Cellulomonas flavigena CflX c 
Clostridium cellulovorans EngD c 
Clostridium longisporum CelA c 
Microbispora bispora CelA c 
Micromonospora cellulolyticum McenA c 
Pseudomonas fluorescens EglA c 
Pseudomonas fluorescens CelB Ν 
Pseudomonas fluorescens CelC Ν 
Pseudomonas fluorescens CelE c 
Pseudomonas fluorescens XynA Ν 
Pseudomonas fluorescens XynB/C Ν 
Pseudomonas fluorescens XynD Ν 

Residues0 Binding 4 Catalytic Accession No. e 

Domain Familyg 

33 + 7 X60652 
36 + 7 P00725 
36 + 6 M16190/M55080 
33 + 7 M15665 
36 + 5.5 M19373 
36 45 Z33381 
34 5(1) L25310 
33 7 X53931 

95 5(4) X17538 
106 + 6 M15823 
103 + 9(2) M64644 
105 + 5(1) L02544 
106 + 6 L25809 
104 + 48 L29042 
106 + 10 L11080/M15824 
106 - (51) 
108 + 5(4) M37434 
97 + 5(4) L02868 

100 6 P26414 
100 6 (52) 
100 9(1) X12570 
102 + 45 X52615 
99 + 5(1) X61299 

100 5(2) X86798 
101 + 10 XI5429 
99 + 10 X54523 

102 10 X58956 
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TABLE II. Continued 

Family 3 Organism Enzyme Location1* Residues0 Binding 4 Catalytic 
Domain Family^ 

Accession No. e 

IHa(contd.) Clostridium cellulovorans CbpA Ν 161 + n-h M73817 IHa(contd.) 
Clostridium stercorarium CelZ C 133 + 9(2) X55299 
Clostridium thermocellum Cbh3 C 132 9(1) X80993 
Clostridium thermocellum Cell c 150 9(2) L04735 
Clostridium thermocellum CipA I 156 n-h L08665 
Clostridium thermocellum CipB I 167 + n-h X68233 
Erwinia carotovora CelV c 156 9(2) X76000/X79241 

fflb Cellulomonas fimi CenB I 131 + 9(2) M64644 
Clostridium cellulolyticum CelCCG I 138 9(2) M87018 
Clostridium stercorarium CelZ I 144 9(2) X55299 
Clostridium thermocellum CelF I 142 9(2) X60545 
Clostridium thermocellum Cell I 137 9(2) L04735 

IV Cellulomonas fimi CenC Ν 148 + 9(1) X57858 
Cellulomonas fimi CenC I 148 + 9(1) X57858 
Clostridium cellulolyticum CelCCE Ν 168 9(1) M87018 
Myxococcus xanthus CelA Ν 139 6 X76726 
Streptomyces reticuli Cell Ν 125 9(1) L04735/X65616 
Thermomonospora fusca E l Ν 141 9(1) L20094 

V Erwinia chrysanthemi EgZ c 63 + 5(2) Y00540 

VI Bacillus polymyxa XynD c 90 X57094 
Clostridium stercorarium XynA C x 2 87/92 + 11 D13325 
Clostridium thermocellum XynZ I 92 10 M22624 
Limulus sp. Factor Got C x 2 87 - (54) 
Microspora bispora BglA C 85 - L06134 
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VII Clostridium thermocellum CelE I 240 + 5(4) M22759 

v i n Dictyostelium discoidum CelA Ν 152 + 9(2) M33861 

DC Clostridium thermocellum XynX C x 2 174/189 10 M67438 
Thermocmaercbaûeriu^ XynA C x 2 174/187 10 M97882 
Thermotoga maritima XynA C x 2 170/180 + 10 Z46264 

Χ Cellvibrio mixtus XynA C 51 11 Z48925 
Pseudomonas fluorescens EglA I 55 9(1) X12570 
Pseudomonas fluorescens EglB I 55 45 X52615 
Pseudomonas fluorescens CelC I 53 5(1) X61299 
Pseudomonas fluorescens CelE I 53 11 X86798 
Pseudomonas fluorescens XynA I 53 10 Χ15429 
Pseudomonas fluorescens XynE c 55 + 5(2) Z48927 

a Roman numerals indicate famlies; lower case letters indicate subfamilies. 
b "jsp^ " C " and *T\ indicate N-terminal, C-terminal or internal CBDs, respectively; "x2" and "x4"indicate two and four CBDs, respectively. 
c The number of amino acid residues indicated is based on sequence alignment and is considered tentative, 
d "+" indicates that a functional CBD has been demonstrated experimentally. 
e GenBank, SWISS-PROT or E M B L data base accession numbers are given if available; literature references are cited in other cases, 
f PBP: polysaccharide-binding protein consisting entirely of four type I CBDs. 
^Catalytic domain families are numbered according to reference 8: subfamilies are shown in parenthesis. The alternative letter designation (6) 
is as follows : 5 (A), 6 (B), 7 (C), 8 (D), 9 (E), 10 (F), 11 (G), 12 (H), 26 (I), 44 (J), 45 (K) & 48 (L). A dash indicates that the catalytic 
domain does not belong to one of the above families, "n-h" indicates that protein is non-hydrolytic. 
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150 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

AbiCell . ..TIPQYGQCGGI--GW-TGGTG-CVAPYQCKVIND--YYSQCL* 
AbiCel3a......QSPVWGQCGGN--GW-TGPIT-CASGSTCVKQND--FYSQCL 
AbiCel3b......QSPVWGQCGGN--GW-TGPTT-CASGSTCVKQND--FYSQCL 
FoxBhomolog...SNGVWAQCGGQ--NW-SGTPC-CTSGNKCVKLND--FYSQCQ 
FoxChomolog2..SVDQWGQCGGQ--NY-SGPTT-CKSPFTCKKIND--FYSQCQ* 
FoxKhomolog...WPAYYQCGGSKSAYPNGNLA-CATGSKCVKQNE--YYSQCV 
FoxXyn . QAPIWGQCGGN--GW-TGATT-CASGLKCEKIND--WYYQCV 
HgrCBHI KHGRWQQCGGI--GF-TGPTQ-CEEPYICTKLND--WYSQCL* 
HinEGII QGGAWQQCGGV- -GF - SGSTS - CVSGYTCVYLND—WYSQCQ 
HinCBHII WGQCGGI - -GF-NGPTC-CQSGSTCVKQND- -WYSQCL 
HinA-1 .... WGQCGGQ--GW-NGPTC-C ΕAGTTCRQQNQ--WYSQCL 
HinA-5 WGQCGGI - -GW-NGPTT-CVSGATCTKIND--WYHQCL 
HinA-8 . WGQCGGN--GY-SGPTT-CAEGT-CKKQND--WYSQCT 
HinA-9 WGQCGGQ--GW-QGPTC-CSQGT-CRAQNQ--WYSQCL 
HinA-11....... WGQCGGQ--GY-SGCTN-CEAGSTCRQQNA--YYSQCI 
HinA-19 WGQCGGQ--GY-SGCRN-CESGSTCRAQND--WYSQCL 
H in4 3 kDa TAERWAQCGGN- -GW-SGCTT-CVAGSTCTKIND- -WYHQCL 
NpaXylB. . . CAAKWGQCGGN--GF-NGPTC-CQNGSRCQFVNE--WYSQCL* 
NcrCBHI GAAHWAQCGGI - -GF-SGPTT-CPEPYTCAKDHD- - IYSQCV* 
Ρ j aCBHI GARDWAQCGGN- -GW-TGPTT-CVSPYTCTKQND- -WYSQCL 
PcrCBHI TVPQWGQCGGI—GY-TGSTT-CASPYTCHVLNP- -YYSQCY* 
PcrCBHI-1 TVPQWGQCGGI--GY-TGSTT-CASPYTCHVLNP--YYSQCY* 
PcrCBHl-2 APPGFSQCGGL--GY-AGPTGVCPSPYTCQALNI--YYSQCI* 
PcrCBHl-3 TVPQWGQCGGI--GY--GPT-VCASPYTCQVLNP--YYSQC - * 
PcrCBHl-4 TVPQWGQCGGI --GY-SGSTT-C AS PYTCHVLNP--YYSQCY* 
PcrCBHII QASEWGQCGGI—GW-TGPTT-CVSGTTCTVLNP--YYSQCL 
PpuPBP CVGLY EQCGGI - - GF - DGVTC - CS EGLMCMKMG Ρ - - YYSQCR 

QVKPYGQCGGM--NY-SGKTM-CS PGFKCVELNE--FFSQCD 
CGKEYAACGGE--MF-MGAKC-CKFGLVCYETS-GKWQSQCR 
EVGRYAQCGGM--GY-MGSTM-CVGGYKCMAISEGSMYKQCL 

TkoCBHI. . . TQSHYGQCGGI - -GY-SGPTV-CASGTTCQVLNP- - YYSQCL 
TloCBHI TQTHWGQCGGI - -GY-TGCKT-CTSGTTCQYGND- -YYSQCL* 
TreCBHI.......TQSHYGQCGGI--GY-SGPTV-CASGTTCQVLNP--YYSQCL* 
TreCBHII SSPVWGQCGGQ--NW-SGPTC-CASGSTCVYSND--YYSQCL 
TreEGI . . TQTHWGQCGGI - -GY -SGCKT-CTSGTTCQYSND- - YYSQCL* 
TreEGII.......QQTVWGQCGGI--GW-SGPTN-CAPGSACSTLNP--YYAQCI 
TreEGV QQTLYGQCGGA- -GW-TGPTT-CQAPGTCKVQNQ- -WYSQCL* 
TreMan CSPLYGQCGGS GY-TGPTC-CAQG-TCIYSNY--WYSQCL* 
TviCBHI ...TQTHYGQCGGI--GY-1GPTV-CASGSTCQVLNΡ--YYSQCL * 

Figure 1. Sequence alignment of family I CBDs. Conserved tryptophan 
residues are shown in bold; exposed tryptophan residues are marked (·). 
Organism and enzyme abbreviations are explained in Table II. 
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10. TOMME ET AL. Cellulose-Binding Domains 151 

non-hydrolytic polysaccharide-binding protein (PBP), composed entirely of four 
family I CBDs and a short proline rich linker between the second and third domains, 
is produced by the red alga Porphyra purpurea. Family I CBDs are found at either the 
Ν or C terminus of die mature polypeptide (Table Π and Figure 7). 

Family I CBDs are small, compact domains, 32 to 36 amino acids long, with 
highly conserved sequences (Figure 1). There are four strictly conserved aromatic 
residues. In the C B D of Trichoderma reesei C B H I, these residues are implicated in 
the interaction with cellulose (19,20). Four strictly conserved cysteine residues form 
two disulfide bridges in the T. reesei C B H I C B D (27). The CBDs from T. reesei 
cellulases have a high affinity for both amorphous and crystalline cellulose (5,20,22) 
but do not bind to chitin, a p-l,4-linked polymer of N-acetyl-glucosamine (23). In 
contrast to CBDs from some other families, family I CBDs do not appear to disrupt 
the structure of Ramie fibers, nor do they release "small particles" from cotton (23). 

Family H . The CBDs in this family are found in bacterial hydrolases with catalytic 
domains belonging to families 5,6, 9,10 or 11 (Table Π). The enzymes include β-1,4-
glucanases, several family 10 and 11 xylanases, one arabinofuranosidase, two acetyl 
esterases and two chitinases (Figure 2 and Table II). There are two family II CBDs in 
a spore germination-specific protein from the slime mold Dictyostelium discoideum 
(not included in Figure 2 and Table Π) and at least one of these binds to cellulose (24 
and Innis, H. , personal communication). 

Family Π CBDs are about a 100 amino acid residues long and usually contain a 
cysteine residue near the Ν and C termini (Figure 2) The latter form a disulfide bridge 
in the C B D from Cellulomonas fimi CenA and Cex (25). These residues are not 
conserved in the CBDs of Endl from Butyrivibriofibrisolvens, EngD from 
Clostridium cellulovorans, CelA from Clostridium longisporum and CenA from 
Micromonospora cellulolyticum (Figure 2). Family II CBDs also contain four highly 
conserved tryptophan residues. Sequence alignment reveals two subfamilies, a and b 
(Figure 2). A stretch of eight amino acid residues, including the conserved C-
proximal tryptophan residues, is deleted in the l ib subfamily (Figure 2). The l ib 
subfamily is found predominantly in xylanases with a family 11 catalytic domain. 
Several CBDs in subfamily lib bind to xylan but some also bind to cellulose (26-28). 
In contrast, subfamily Ha CBDs appear to bind only to cellulose (Table III). The 
subfamily l ib CBD from C.fimi XynD (i.e., CBD2) is unusual because it binds only 
to crystalline cellulose (28), in contrast to other family II CBDs which bind to both 
crystalline and "amorphous" (i.e., regenerated or acid-swollen) cellulose (29, 30). 
Some of the subfamily l ia CBDs from C.fimi enzymes also bind tightly to chitin, (30, 
31). Binding of other subfamily l i a CBDs to chitin has not been reported. 

The family II CBDs occur mainly at the N - or the C-termini of enzymes but a 
few are internal (Table II and Figure 7). Some enzymes contain a family II CBD and 
another C B D from a different family. For example, C.fimi CenB contains a family II 
and a family III CBD, and Thermomonospora fusca E2 contains a family Π and a 
family IV CBD. In both these enzymes, the family II C B D is at the C-terminus 
(Figure 6). 

Three of the four conserved tryptophan residues in the family Π CBD of C.fimi 
Cex are located on the surface of the polypeptide and potentially available for 
interaction with cellulosic substrates (see below and Figure 8). Single mutations of 
two corresponding residues (W14A and W68A) greatly reduce the affinity of the 
family II C B D of C. fimi CenA for cellulose (32). Furthermore, gene fusion studies 
show that the C-terminus of the CenA CBD (including W68) is important for binding 
(33). In contrast, mutations of the conserved aromatic residues in the C B D from 
Pseudomonas fluorescens XynA suggest that W13 and W34 (corresponding to W14, 
W34 in the CenA CBD) are involved in binding, while W66 (corresponding to W68 
in the CenA CBD) is not (34). These data indicate structural and functional 
differences between CBDs in family II. A further example of possible differences 
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Subfamily a 

BfiEndl GALK-AEYτI-^^^SGYOVLIKVKNDSASRVIXΠΓπJKISKSE--VKIDSSWCVN-
Cf iCenA APGCRVDYAVTNQWPGGFGANVTITNLG-DPVSSWKLDWTYTA-GQRIOOLWNGT-
Cf iCenB. . . TPSCTWyS-TNSWNVGFTGSVKITNTC 
CfiCenD. TGSCAVTYT-ANC^fSGGFTAAVTLTîTO^ 
CfiCbhA. ..... . SGGCTvTCïSASS-WNTGFTGTVTrVTCTWGT^ 
Cf iCbhB GG SC SV A YN AS S - WNSG FTASVRITNTGTTTINGWS LG FDLT A - G Q KVQQC-WS AT -
Cf iCex. PAGCQVLWV^NQlNTGFTANVWKNTSSAPv^ 
CflX . .TGSCKVEYNASS-WNTGFTASVRVTNTGTO 
CcvEngD QSAVI^/TYAITNSiraSGASVNVTIKN^TTP 
CloCelA DNEKISITSKINDIKXJAYQADFTLKNNTSSDIl^^SFKIKKND--
MbiCelA. ..... .GRACEATYALVNQWPGGFQAEVTVTCOTX3SSPING1IWQWTLPS-GQSITQLWNGD-
MceMcenA GNGLSASVAIT-QWNGGFTAS--VNVTAGSAirxnriVTVALPG-GAAITGTWNAQ-
PflEglA GGNC--QYVVTOQWî GFTAVIRVRNNGSSAINRWSVNWSYSD-GSRITNSWNAN-
PflCelB. AAVC--EYRVTNEW3SGFTASIRITNNGSSTINCnrSVSWNYTD-GSRVTSSirNAG-
PflCelC AAGC--EYVVTNSTIGSGFTAAIRITNSTSSVINGlfNVSWQYN--S^VTNLWNPN-
PflXynA. ..... .TATC—SYNITNEWNTGYTGDITITNRGSSAINGWSVNWQYAT--NRLSSSWNAN-
PflXynB/C/D. . . - - AC- -TYTIDSEWSTGFTANITLKhTOTGAAINNWNVNWQYSS - - NRMTSGWN AN -
SliCelA ATGCKAFfTITSQWEGGFQAGVKITNI/S-DPVSGimiGFTM 
SliCelB PS AC AVS Y -GTNVWQD3FTADVTVTîTO3TAPVÎX^QL AFTLPS -GQRITN AWN AS -
SliChiC. ..... .TSATA-TFAKTSDWGTGFGGSWTVKNTGTTSLSSiriV 
SplChi63 ATSATATFQKTSDWGTGFGGKVm/KNTCTTSLSSWTVEWDFPS-GTKVTSAWDAT-
SroEglS . . . PAACTVSYAT-NWPGGFTANVWTONGSAPVDGWRLAFTLPS-GQSWHAWNAS -
TfuEl. ... . SASCAVTYQT-NCWPGGFTASVTLTNTGSTPWDSWELRFTFPS -GQTVSHGWSAN-
TfuE2 ........ . SGACTATYTIANEWNDGFQATVTVTTANQN- -ITGWTVTW 
TfuE4 DASCTVGYST-NDWDSGFTASIRITYHGTAPLSSWELSFTFPA-GQQVTHGlfNAT-
TfuES. AGLTATVTIŒSS-WDNGYSASVTVRNOT -

Subfamily b 

Cf iXynDl STGCSVTATRAEEWSDRFNVTY SVS - -GSS AWTVNLALNG-SQTIQASWNAN-
CfiXynD2 TGSCSVSAVRGEEWADRFNVTYSVS- -GSS- - -SWWTLGLNG-GQSVQSS1INAA-
S1 i AxeA GGGCTATLSAGQRWGDRYNLNVSVS - -GAS - --DWTVTMNVPS - PAKVLSTWNVNA 
SliXlnB . GGGCTATVSAGQKWGDRYNLDVSVS - -GAS - - -DWTVTMNVPS - PAKVLSNWNVNA 
TfuXynA GGGCTATLSAGQQWNDRYNLNVNVS --GSN---NWTVTVNVPW-PARIIATWNIHA 

Subfamily a 

BfiElîdl IAEEGGYYVITPMSWNSSLEP-SASVDFGIQGS - - -GS - IGTS VNISVQ* 
CfiCenA ASTNGGQVSVTSLPWNGSIPT-GGTASFGFNGSWA-GSNPTPASFSU^TTCTGT 
CfiCenB WSQTGTTVTATGLSWNATLQP-GQSTM^ 
C f i CenD WAQSGSSVTATNEAWNAVLAP-GASVEIGFSGTHT-GTNTAPATFTVGGATCTTR * 
CfiCbhA . WS QSGTAVTAKN A PWNGTLAA - G S SVS IG FNGTHN - GTNTA PT A FTLNG V ACTLG * 
CfiCbhB. . . V^SGSTVTATNAPWNGTLAP-GQTVDVGFNGSHT-GQNPNPASFTLNGASCT* 
Cf iCex VTQSGSAVTVRNAPWNGSIPA-GGTAQFGFNGSHT-GTNAAPTAFSLNGTPCTVG · 
CflX WSQSGTTVTAKNAAWNGSLAA-GQTVDIGFNGAHN-GTN̂  
CcvEngD . . . FVASGTTLSVTNAGYNGTIAANGGTQSFGFNINYS -GVLSKPTGFTVNGTECTVK * 
CloCelA ITEENGYYVVTPQAWKTTILA-NSSIVISIQGT GKVISNFEYKFD* 
MbiCelA. ..... . LSTSGSNVTVRNVSWNGNVPA-GGSTSFGFLGS GTGQL SSSITCSAS* 
MceMcenA ASGTSGTvTRFTNVGYNGQVGA-GQTTNFGFQGT GTGQG ATATCAA* 
PflEglA VTGNNPY-AASALGWNANIQP-GQTAEFGFQGTKGAGSRQVPA VTGSVCQ* 
PflCelB LSGANPY-SATPVGWNTSIΡI -GSSVEFGVQGNN GSSRAQVPA-VTGAICGGQ 
PflCelC LSGSNPY-SASNLSWNGTIQP-GQTVEFGFQGVTNSGTVESPT VNGAACTGG 
Pf lXynA VSGSNPY-SASNLSWNGNIQP-GQSVSFGFQVNKNGGSAERPS - - -VGGSICSGS 
PflXynB/C/D. . .FSGTNPY-NATNMSWNGSIAP-GQSISFGLQGEKN-GSTAERPT--VTGAACNSA 
SliCelA WSQSGSAVTAGGVDWNRTIJVT-GASADIXÎFVGSFT-GANPAPTSFTIJiGATCSGS 
SliCelB LTPSSGSVTATGASHNARIAP-GGSLSFGFQGTYG-GAFAEPTGFRLNGTACTTV* 
SliChiC VTNSGDHWTAXNVGTINGTLAP -G ASVSFGFNGSGP -GS PSNCKL NGGSCDGT 
SplChi63 VTNSADHWAKNVGWNGTLAP-GASVSFGFNGSGP-GSPSGCKI - - -NGGSCDGS 
SroEglS VSPSSGAVTATGPAESARIAAGGSQ-SFGFQGAYS-GSFAQPAAFQLNGTACSTV* 
TfuEl WQQSGSI^ATSLPIINGSVPPG^SWIGFNGTWG-GSNTKPEKFTVKGAVCSIG^ 
TfuE2 VSTSGSSVTARNVGHNGTLSQ-GASTEFGFVGSK- GNSNS VPTLTCAAS* 
TfuE4 WRQDGAAVTATPMSWNSSLAP-GATVEVGFNGSWS GSNTPPTDFTLNGEPCALA* 
TfuE5 . HTSSGNSHTFTGVSWNSTI PP-GGTASSGFIASGS -GEPTHCT INGAPCDEG 

Subfamily b 

CfiXynDl VTGSGSTRTVTPN- GSGNTFGVTVMKN-GSSTTP AATCAGS 
CfiXynD2 LTGSSGTVTARPN GSGNSFGVTFYKN-GSSATP GATCATG* 
SliAxeA . . .SYPSAQTLTAKSN GSGGNWGATIQAN-GNWTWP -SVSCTAG*. 
SliXlnB. ..... . SYPSAQTLTARLN GSGNNWGATIQAN-ANWTWP SVSCSAG* 
Tf uXynA SYPDSQTLVARPN GNGNNWGMTIMHN-GNWTWP TVSCSAN* 

Figure 2. Sequence alignment of family II CBDs. The family is divided into 
two subfamilies, Ha and lib. Conserved tryptophan residues are shown in bold; 
exposed tryptophan residues are marked (·) . Organism and enzyme 
abbreviations are explained in Table II. 
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10. TOMME ET AL, Cellulose-Binding Domains 153 

within family II is provided by XynD from C. fimi. This enzyme contains two very 
similar CBDs from subfamily l ib (Figure2). However, the internal C B D (CBD1) 
binds to xylan but not cellulose, whereas the C-terminal C B D (CBD2) binds to both 
cellulose and xylan (Table ΠΙ). In this context, it is interesting to note that the various 
family Π CBDs have widely different net charges and charge distributions (Figure 2). 
These differences could influence the affinity, specificity or desorption of the various 
CBDs on different substrates. 

Family II CBDs derived from C.fimi enzymes disrupt cotton fibers and release 
"small particles" (25,35). They also prevent flocculation of bacterial microcrystalline 
cellulose (36). The significance of these properties in cellulose hydrolysis is presently 
unclear and it is not yet known whether all family II CBDs share these characteristics. 

Family ΙΠ. The majority of family ΠΙ CBDs occur in p-l,4-glueanases from families 
5 or 9 (Table II). Exceptions are the CBD of Caldocellum saccharolyticum ManA 
(37) and the CBDs of the non-hydrolytic scaffolding proteins (CbpA, CipA and CipB) 
from the cellulosomes of Clostridium spp. (Figure 3 and Table II). Family III CBDs 
are usually C-terminal or internal. Internal family III CBDs occur between the two 
catalytic domains in hydrolases from Caldocellum saccharolyticum (Figure 7). The 
only known N-terminal family III CBD occurs in Clostridium cellulovorans CbpA 
(38) . 

Two subfamilies in family III can be distinguished (Figure 3). The RY(Y/W)Y 
motif found near the N-terminus in the Ilia domains is only partially conserved (RYF) 
in the Illb domains and several other aromatic residues are conserved in subfamily 
IHa but not subfamily Illb (Figure 3). A l l the subfamily Illb CBDs are internal and all 
occur in association with family 9 (subfamily 2) catalytic domains. A CBD from a 
different family or subfamily is sometimes found with a family nib CBD in the same 
enzyme, e.g., Clostridium stercorarium CelZ and Clostridium thermocellum Cell (Ilia 
and Illb CBDs) and C.fimi CenB (lia and Illb CBDs) (Table II and Figure 7). 

The subfamily Ilia CBD from C. cellulovorans CbpA has a high affinity for 
cellulose (Kd = 0.8-1.4 μΜ), comparable with that determined for the subfamily l ia 
C B D from C. fimi Cex (Kd = 0.5 μΜ) (40 and Jervis, E., unpublished data). The 
subfamily Illb CBDs may have much lower affinities because a truncated form of C. 
fimi CenB, lacking the C-terminal Ha CBD but retaining the internal Illb CBD, binds 
only weakly to cellulose (39). The subfamily Ilia CBD from C. cellulovorans CbpA 
also binds to chitin (40). 

Family IV. The two tandem CBDs ( N l and N2) in CenC from C. fimi, were 
originally classified in family II, based on very weak sequence similarity with the 
other C.fimi CBDs (13 and Table I). However, they are now classified in a separate 
family, family IV (Figure 4). N l and N2 in tandem, and N l alone, are unusual 
because they bind to "amorphous" cellulose but not to crystalline cellulose (13). The 
binding characteristics of the other family IV CBDs have not been reported. Most 
family IV CBDs are present at the Ν termini of family 9 (subfamily 1) enzymes; an 
exception is the C B D from Myxococcus xanthus CelA. CenC is the only known 
enzyme with two family IV CBDs in tandem (Table II), but E l from T. fusca also 
contains two CBDs: a single, N-terminal family IV CBD and a C-terminal subfamily 
l ia C B D . Two cysteine residues are conserved in all family IV CBDs, with the 
exception of the CBD from of C. cellulolyticum CelCCE (Figure 4). 

Family VI. Family VI (Figure 5) is a recently recognized family of CBDs first 
identified in C. stercorarium XynA (41). Most known family VI CBDs are from 
xylanases and nearly all are C-terminal. An exception is the internal family VI CBD 
of C. thermocellum XynZ (Table II and Figure 7). 

At least one family VI CBD, that from C. stercorarium XynA, binds to both 
cellulose and xylan (41). C. stercorarium XynA is a xylanase with a family 11 
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Subfamily a 

Β laCe 1A NQIΚ PH FN IQNKGTS PVDLSSLTLRYYFTKDSSAAMNGWIDWAKL 
BlaORF. .... . NQ IKPSFNIKNNGTS AVDLSTLKIRYYFTKTX3S AAVNGWIDWAQL 
BsuEnd NQ IRPQLQIKNNGOTTVDLKDVTARYWYNAK-NKGQNVDCDY AQL 
BsuCel. .. . . .NQIRPQLQIKNNGNTTVTDLKDVTARYWYNAK-NKGQNFDCDYAQI--
BsuEndl NQIRPQLQIKNNGNTTVTDLKDVTARYWYKAK-NKGQNFKCDYAQI » — 
BsuEnd2 NQIRPQLHIKNNGNATVDLKDVTARYWYNAK-NKGQNFDCDYAQI 
BsuEnd3 NQ IRPQLHIKNNGNATVDLKDVTARYWYNAK-NKGQNFDCDYAQI 
CasCelA NT IR PWLKWNSGSSSIDLSRVTIRYWYTVDGERAQS AVSDWAQI 
CsaCelB NTIRPWLKVVNSGSSSIDLSRVTIRYWTVDGERAQSAVSDWAQI 
CsaCelC. . . . .NTIRPWLKVVNSGSSSIDLSRVTIRYWYTVDGERAQSAISDWAQI 
CsaManA. . . . . NT IR PWLKWNSGS S SIDLS RVTIR YWYTVDGERAQS AISDWAQI 
CcvCbpA NSITP1IKÏTNISDSDLNLNDVKVRYYYTSDGTQGQ IFWCDDHAGALLGNSYVD 
CstCelZ2 NGIMPRYRLTNTGTTPIRLSDVKIRYYYTIDGEKDQNFWCDWSSV 
CthCbh3 QEIKGKFNIVNTGNRDYSLKDIVLRYYFTKEHNSQLQFICYYTPI 
CthCel 12 NSINPRFKIINNGTKAINLSDVKIRYYYTKEGGASQNFWCDWSSA 
CthCipA NS INPQFKVTNTGSSAIDLSKLTLRYYYTVTX^KEJQTFWCDHAAI IGSNGSYNG 
CthCipB. . . . .NSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKIXiTFWCDHAAIIGSNGSYNG 
EcaCelV DAIRMAVNIKNTGSTPIKLSDLQWYYFHDTCKPGANLFVDWANV 

Subfamily b 

CfiCenB TEVKAMIR-NQSAFPARSLKNAKVRYWFTTD G F A A S D V T L — — — 
CceCelCCG. . . TE IKAWY - NQTGWP ARVTDKIS FKY FMDLS ΕIVAAGID PLSLV 
CstCelZl. . . . IΕIKALLH - NQSGWP ARVADKLS FRY FVDLTELIEAG YS AS DVT I — 
CthCelF VNIKAS11 -NKSGWPARGSDKLSAKYFVDISEAVAKGITLDQITV Q 
CthCel II IEIKAIVN-NKSGWPARVCENLSFRYFINIEEIVNAGKSASDLQV 

Subfamily a 

BlaCelA....GGSNIQISF -GNHNGAD— 
BlaORF GGSNIQISF GNHTGTN— 
BsuEnd.....GCGNVTYKF-VTLHKPKQGA 
BsuCel. GCGNVTHKF-VTLHKPKQGA 
BsuEndl GCGNVTHKF-VTLHKPKQGA 
BsuEnd2 GCGNLTHKF-VTLHKPKQGA 
BsuEnd3....GCGNLTHKF-VTLHKPKQGA 
CsaCelA GASNVTFKF-VKLSSSVSGA 
CsaCelB GASNVTFKF-VKLSSSVSGA-- -
CsaCelC GASNVTFKF-VKLSSSVSGA 
CsaManA. . . .GASNVTFKF-VKLSSSVSGA—-
CcvCbpA NTSKVTANF-VKETASPTSTY- -
CstCelZ2...GSNNITGTF-VKMAEPKEGA 
CthCbh3....GSGNLIPSF---GGSGDE 
CthCelI2...GNSNVTGNF-FNLSSPKEGA 
CthCipA ITSNVKGTF-VKMSSSTNNA- - -
CthCipB ITSNVKGTF-VKMSSSTNNA 
EcaCelV GPNNIVTST-GTPAASTDKA 

Subfamily b 

-SDTYAELGFSSGAGSIAEGGQS GEIQLR 
-SDTYVELSFSSEAGSIAAGGQS GETQLR 
--DTYLELGFKN--GTLAPGAST GNIQLR 
--DTYLELGFKN- -GTLAPGAST GNIQLR 
- - DTYLELGFKN- -GTLAPGAST GNIQLR 
- -DTYLELGFKT- -GTLSPGAST GNIQLR 
- -DTYLELGFKT- -GTLSPGAST GNIQLR 
—DYYLEIGFKSGAGQLQPGKDT GEIQIR 
--DYYLEIGFKSGAGQLQPGKDT GEIQIR 
--DYYLEIGFKSGAGQLQPGKDT—-GEIQIR 
- -DYYLEIGFKSGAGQLQPGKDT- --GEIQMR 
—DIYVEFGFASGRATLKKGQFI T-IQGR 
—DYYLETGFTDGAGYLQPNQSI EVQNR 

HYLQLEFKD-V-KLPAGGQT-—GEIQFV 
—DTCLEVGFGSGAGTLDPGGS VEVQIR 
—DTYLEISFTG- -GTLEPGAHH—-VQIQGR 
- -DTYLEISFTG- -GTLEPGAH VQIQGR 
- -NRYVLVTFSSGAGSLQPGAET- - -GEVQVR 

CfiCenB SANYS EC--GAQSGKGVS--AGGTLGYVELSC-VGQDIH-PGGQSQHRREIQFR 
CceCelCCG..TSSNYSEGKN-TKVSGVLPWDVSNNVYYVNVIL-TGENIY-PGGQSACRREVQFR 
CstCelZl. . . -TTNYNAG AKVTGLHPWNEAENIYYVNVDF-TGTKIY-PGGQSAYRKEVQFR 
CthCelF....STTN---GG--AKVSQLLPWDPDNHIYYVNIDF-TGINIF-PGGINEYKRDVYFT 
CthCelll...SSS-YNQG AKLSDVKHY--KDNIYYVEVDL-SGTKIY-PGGQSAYKKEVQFR 

Figure 3. Sequence alignment of family III CBDs. The family is divided into 
two subfamilies, Ilia and Illb. Organism and enzyme abbreviations are 
explained in Table II. 
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Subfamily a 

BlaCelA MSKADWSN-FNAENDYSFDG--
BlaORF. . MSKTDWSN-FNEANDYSFDG--
BsuEnd LHNDDWSN-YAQSGDYSFFK--
BsuCel LHNDDWSN-YAQSGDYSFFK--
BsuEndl LHNDDWSN-Y AQSGDYS FFK— 
BsuEnd2 LHNDDWSN-YAQSGDYSFFQ--
BsuEnd3 LHNDDWSN-YAQSGDYSFFQ- -
CsaCelA FNKSDWSN -YNQGNDWSWIQ - -
CsaCelB FNKSDWSN-YN-GNDWSWLQ— 
CsaCelC FNKSDWSN-YNQGNDWSWLQ— 
CsaMan FNKDDWSN-YNQGNDWSWIQ 
CcvCbpA ITKSDWSN-YTQTNDYSFDA 
CstCelZ2....FSKADWTD-YIQTNDYSF 
CthCbh3 IRYADNSF-HDQSNDYSFDP--
CthCelI2 FSKEDWSN-YNQSNDYSFKQ--
CthCipA FAKNDWSN-YTQSNDYSFK 
CthCipB FAKNDWSN-YTQSNDYSFK 
EcaCelV. IHAGDWSN-VNETNDYSYGA- -

--AKTAYI-DWDRVTLYQDGQLVWGIΕ Ρ 
- -TKTAFA- DWDRWLYQNGQIVWGTAP 
--SNTFKTTK--ΚITLYDQGKLIWGTEΡ 
--SNTFKTTK—KITLYDQGKLIWGTEP 
--SNTFKTTK--KITLYDQGKLIWGTEP 
--SNTFKTTK--KITLYHQGKLIWGTEP 
--SNTFKTTK--KITLYHQGKLIWGTEP 
-SMTSYG-ENEKVTAYIDGVLVWGQEP 

—SMTSYG-ENEKVTAYIDGVLVWGQΕΡ 
—SMTSYG-ENEKVTAYIDGVLVWGQΕΡ 
--SMTSYG-ENEKVTAYIDGVLVWGQΕΡ 
- -SSSTPWNPK-VTGYIGGAKVLGIAP 
--STNTSYGSNDRITVYISGVLVSGIΕΡ 
--ΤΙKAF-QDYGKVTLYKNGELVWGTΡ Ρ 
—ACLRQ -RTLIYL--YATWLR 
--SASQFV-EWDQVTAYLNGVLVWGKEP 
—SRSQFV-EWDQVTAYLNGVLVWGKEΡ 
NVTSYA-NWDKITVHDKGTLVWGVEP 

Subfamily b 

CfiCenB.....LTGPAG WNΡANDPSYTGLTQTALA KASA-ITLYDGSTLVWGKEP 
CceCelCCG...IAAPQGRRYWNPENDFSYDGLP-TTSTVNTVTN--IPVYDNGVKVFGNEP 
CstCelZl IAA PQGRR YWNNDND Y S FRDIK - GVTSGNTVKTVYIΡ VY DDG VLV FG V Ε Ρ 
CthCelF. ITAPYGEGNWDNTNDFSFQGLEQGFTS KKTEYIPLYDGNVRVWGKVP 
CthCelll....ISAPEGTV-FNPENDYSYQGL SAGTWKSEYIPVYDAGVLVFGRΕ Ρ 

Figure 3. Continued. 

Table III. Binding Characteristics of Family II CBDs 

Enzyme Family Classification Binding Specificity 

CBD Catalytic Domain Cellulose Xylan 

CfiCex Ha 10 
PflXynA Ba 10 + -
PflXynB Ha 10 + -
SliXlnB lib 11 + 
TfuXynA lib 11 + + 
Œ X y n D l nb 11 - + 

CfiXynD2 Bb 11 + + 
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156 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

CfiCenC(Nl) . . . AS ΡIGEGTTFDDG - PEGWVAYGTDG PLDTSTG ALCVAVPAGS AQ - YGVGWL 
CfiCenC(N2)...VELLPH-TS FAE-SLGPWSLYGTS Ε ΡVF-ADGRMCVDLPGGQGNPWDAGLVY 
CceCelCCE V-GLPWHWESYPAKASFEITSDGKYKITAQ-KI-GEA--GKGERWDIQFRH 
MxaEGL........LTELVSNGTFNGGTVS PWWSGPNTQSRVENARLRVDVGGGTANP-WDALIGQ 
SriCell.......VEQTONGT-FDT~TTDPWW-TS-NVTAGLSEK3RLCAW 
TfuEl . .VTiQIRNGD-FSSGT-APWWGTE-NIQLhT\rriX3MLCVOVPGGTVNPWDVIIGQ 

CfiCenC(Nl) ...NGVAIEEGTTYTLRYTATAS-TDVTTVRALVGQNGAPYGTVLDTS PA-LTSE 
CfiCenC(N2)...NGVPVGEGESYVLSFTASAT-PDMPPVRVLVGEGGGAYRTAFEQGSAPLTGE 
CceCelCCE. . . . .RGLALQ^SHTYTVKFTVTASRACKIYPK--IGEK2GDPYDEYWNMNQQWNFLE 
MxaEGL........DDIPLVNGRAYTLSFTASAS —VSTTVRVTVQLESAPYTAPLDR-QITLDGT 
SriCe 11 NDITLVKGETYRFSFHASG-1PEGHWRAWGLAVS PYDTWQEAS PV-LTEA 
TfuEl . DDIPLIEGESYAFSFTASSTVPV--SIRALVQEPVEPWTTQMDERAL-LGPE 

CfiCenC(Nl) . . . PRQVTETFTASATYPATPAADDPEGQIAFQLGGF S 
Cf iCenC(N2) . . . -PATREYAFTSNLT FPPDGDAPGQVAFHLG . — -----κ 
CceCELCCE LQANTPKTVTQTFTQTK GDKKNVEFAFHLAPDKTTSEAQNPASFQ 
MxaEGL SRRFTFPFTSTLA -TQAGQVTFQMGGRA- Τ 
S r i C e l l DGSYSYTFTAPV—• - DTTQGQVAFQVGG S 
TfuEl . .-• AETYEFVFTSNV --DWDDAQVAFQ IGG S 

CfiCenC(Nl)...ADAWTFCLDDVAL--
CfiCenC(N2)...AGAYEFCISQVSL— 
CceCELCCE PITYTF—DEIYIQD 
MxaEGL........-GFSAF-IDDISL--
S r i C e l l TDAWRFCVDDVSLLG 
TfuEl DEPWTFCLDDVALLG 

Figure 4. Sequence alignment of family IV CBDs. Organism and enzyme 
abbreviations are explained in Table II. 

BpoXynD. . . - - IHNGDWIAVGKADFGSAGAKTFKANVATNV-GGNIEVRLDSETGPLVGSLKVP 
CstXynA. . . GY IENGYSTTYKNIDFGD-GATSVTARVATQN- ATTIQVRLGS PSGTLLGTIYVG 
CstXynA. . .GYIENGNTVTYSNIDFGD-GATGFSATVATEV-NTSIQIRSDSPTGTLLGTLYVS 
CthXynZ...GYITSGDYLVYKSIDFGN-GATS FKAKVANAN-TSNIELRLNG PNGTLIGTLSVK 
LimGa . NEGAWMAYKDIDFPSSGNYRIEYRVASERAGGKLSLDLNAGS-IVLGMLDVP 
LimGa KEGAWMAYKDIDFPSSGSYRVEYRVASERAGGKLSLDLNAGS-IVLGMLDIP 
MbiBglA...G--STGDWIVFKDVDLKR-RPSRVTAGVAST-SGGSIELRLGS PKGKLIATVPVA 

BpoXynD...STGGMQTWREVETTINNATGVHNIYLVFTG-SGSGNLLNL 
CstXynA...STGSFDTYRDVSATISNTAGVKDIVLVFSG-PVNVDWFVFM 
CstXynA...STGSWNTYQPYLQTSAKLPAFMILY-WYS--QVQSMWCthX 
CthXynZ...STGDWNTYEEQTCSISKVTGINDLYLVFKG-PVNIDWFTFC 
LimGa.....STGGWQKWTTISHTVNVDSGTYNLGIYVQRASWNINWIΚIΒ 
LimGa SIX^LQKWTTISHIVNVDLGTYNLGIYVQKASWNINWIRIL 
MbiBglA...ATGDVYRYETAAARVTGPSGVKDLYLVFQG-DVRI 

Figure 5. Sequence alignment of family VI CBDs. Organism and enzyme 
abbreviations are explained in Table II. 

 
 .c

h0
10

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



10. TOMME ET AL. Cellulose-Binding Domains 157 

catalytic domain. Subfamily l ib CBDs are also found on xylanases with family 11 
catalytic domains, although only in 4 out of 31 known enzymes (Table II). 
Interestingly, the CBDs found in association with family 11 catalytic domains appear 
to be the only CBDs that bind to purified xylans. Xylanases with family 11 catalytic 
domains are specific for xylan whereas several xylanases with family 10 catalytic 
domains, e.g., C.fimi Cex, hydrolyse both β-1,4 xylosidic and β-1,4 glucosidic bonds. 
Apparently, the CBDs from xylanases with family 10 catalytic domains do not bind 
isolated xylans. However, xylans may adopt different conformations when tightly 
associated with cellulose and the possiblity that the CBDs from family 10 xylanases 
bind to xylan under these conditions cannot be excluded. 

Family IX . Family DC (Figure 6) is a second recently recognized CBD family first 
seen in XynA from Thermotoga maritima (42). A l l known family IX CBDs are 
present as tandem repeats at the C-termini of thermostable xylanases with family 10 
catalytic domains but only three enzymes carrying this CBD have been identified so 
far (Table II). 

Family X . Xylanase Ε from Pseudomonas fluorescens ssp. cellulosa contains a 55 
amino acid residue domain at its C-terminus that was recently shown to function as a 
CBD (see entry under GenBank accession number Z48927). Five other P. fluorescens 
ssp. cellulosa enzymes and XynA from Cellvibrio mixtus contain related domains and 
comprise a third novel CBD family (Figure 6 and Table Π). 

Structures of Cellulose-Binding Domains 

To date, the structures of only two CBDs have been solved in detail: the family I 
CBD from T. reesei C B H I (21) and the subfamily Ha CBD from C.fimi Cex (45). 
Both structures were solved by N M R spectroscopy. Structural analyses of the family 
V CBD from Erwinia chrysanthemi EGZ (Brun, Ε., personal communication) and the 
subfamily Ula CBD from C. cellulovorans (43) are in progress. 

The solution structure for the T. reesei C B H I CBD is wedge-shaped. It consists 
of a irregular triple-stranded antiparallel β-sheet with overall dimensions of 30 χ 18 χ 
10 Â (Figure 8). Two flat faces can be distinguised: one predominantly hydrophobic 
and containing three exposed tyrosine residues, the other predominantly hydrophilic 
(21 and Figure 8). The tyrosine residues are spaced at 10.4 Â, a distance comparable 
to the length of a cellobiose repeating unit in cellulose (44). 

The C.fimi Cex CBD consists of ten antiparallel β-strands. Nine strands form a 
β-barrel with two faces (45 and Figure 7). The overall topology is similar to 
tendamistat (46). The CBD is elongated with overall dimensions of 45 χ 25 χ 25 Â. 
The β-strands are oriented along the longest dimension (Figure 8). In contrast to the 
C B H I CBD, there is no obvious partitioning of hydrophobic or hydrophilic residues. 
The Cex CBD has a coned-shaped cavity, approximately 7Â deep and 5Â across. The 
function of this cavity is presently unclear. Two tryptophan residues (W54, and W72, 
corresponding to W50 and W68, respectively, in the CBD from C.fimi CenA) are on 
the surface and interact with cellohexaose (45). The exposed positions of aromatic 
residues in the T. reesei and C. fimi CBDs are consistent with a role in binding to 
cellulose. The functions of these residues have been probed by site-directed mutation, 
as described above. 

Conclusions 

We can now recognize ten families of CBDs and twelve families of catalytic 
domains amongst the known cellulases and xylanases. Although a large number of 
CBD and catalytic domain combinations is possible (47), a relatively small number is 
observed (Table II). Family 8 and family 26 catalytic domains, and family 9 catalytic 
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Family IX 
CthXynXl. . . . QSAKALEGSPTIGANVTDSSWKLvTCPLYANTWEGTV--GATATVKSMW 
CthXynX2 . . . .QVATAIYGTPVIDGKIDDIWNKVDAITTNTWVI^—DGATATAKMMW 
TsaXynAl QSAKALEGSPTIGANVOSSWKLVXPLYVNTYVEGTV- -GATATVKSMW 
TsaXynA2 QIATAIYGTPVirjGKTODIWNWEPISTNTWILGS- -NGATATQKMMW 
TmaXynAl KESRISEGEAVWGMMDDSYLMSKPIEILDE-EGNV KATIRAVW 
TmaXynA2 MVATAKYGTPVIDGEI DE IWNTTEEIETKAVAMGS LDKNATAKVRVLW 

CthXynXl DTKNLYLLVQVSDNT PSSNDGIΕIFVDKNDNKSTS YETDDE 
CthXynX2 DDKYLYVLADWDSNLNKSSWPYEQDSV 
TsaXynAl. . . . DTKNLYLLVQVSDNT PSNNDGIΕIFVDKNDDKSTS YETDDE 
TsaXynA2 DDKYLYVLADVTDSNLNKSSINPYEQDSVEVFVBQNNDKTTY^ 
TmaXynAl KDSTIYIYGEVQDKT -KKPAE-DGVAIFINPNNERTPYLQPDDT 
TmaXynA2 DENYLYVl^I VKDPVLNKDNSNPWEQDSVE IFIDENNHKTGYYEDDDA 

CthXynXl HYTIKSD GTGSSDIT--KYVTSNAD-GYIVQLAIPIEDISPTL 
CthXynX2 QYRVNYDNEQSFGGSTNSNGF-KSATSLTQSGYIVEEAIPWTSITLLN 
TsaXynAl RYTIKRD GTGSSDIT--KYVTSNAD-GYVAQLAIPIEDISPAV 
TsaXynA2 QYRVNYDNEQS FGGSTNSNGF - KS ATSLTQSGYI VEEAI PWTS ITPSN 
TmaXynAl - YAVLWTNWKT- EVNREDVQVKKFVGPGFRR-YSFEMSITIPGVEFKK 
TmaXynA2 QFRVNYMNEQTFGTGGS PARF- KATVKLIEGGYIVEAAIKWKTIKPTP 

CthXynXl NDKIGLDVIUJ^DKGSGSIDTVTWNDYT-NSQDTNTSYFGDIV^ 
CthXynX2 GTIIG FDLQVND ADENGKRTGIVTWC D PSGNS WQD - TSG FGNLLLTGK 
TsaXynAl NDKIGFDIRINDDKGNGKIDAITVWNDYT-NSQNTNTSYFGDIVLS-K 
TsaXynA2 GTI IGFDLQVNNADENGKRTGIVTWCDPSGNSWQD- TSGFGNLLLTGK 
TmaXynAl DSYIGFDAAVIDD GKW- - -YSWSDTT-NSQKTNTONYGTLKLEGI 
TmaXynA2 NTVIGFNIQVNDANEKGQRVGIISWSDPTNNSWRD- PSKFGNLRLI -K 

Family X 
CmiXynA. . .SSAVTGNACQCNWWGTRYPLCTNTASGWGWENNTSCITTSTCNSQGAGGœ 
PflEglA. . .SSSSVSGGLRCNWYGTLYPLC^/TTQSGWGWENSQSCISASTCSAQPAPYGIVGAA 
PflEglB.. .SSSVLTCAQACNWYGTLTPLCNNTSNGWGYEDGRSCVARTTCSAQPAPYGIVSTS 
PflCelC...SSSWSGGGQCNWYGTLYPLCVSTTSGWGYENNRSCISPSTCSAQPAPYGIVGGS 
PflCelE...VSSAVSG-QQCNWYGTLYPLCSTTTNGWGWENNASCIARATCSGQPAPWGIVGGS 
PflXynA.. .TPGSSSGNQQCNWYGTLYPLCOTTTNGVO^DQRSCIARSTCAAQPAPFGIVGSG 
PflXynE... AGGNTGGNCQCNWWGTFYPLCQTQTSGWGWENSRSCISTSTCNSQGTGGGGWCN 

Figure 6. Sequence alignments of family DC and family X CBDs. Organism 
and enzyme abbreviations are explained in Table Π. 
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Family 1 

TreCBHIS Γ Ο ^ ^ ^ ^ ^ 

TreCBHI j ^ ^ ^ ^ ^ ^ T l 
PPUPBP ΠΠΤΊΓΤΊΓΤΊ 

family II 

CfiCenA Γ Τ Γ Γ Τ ^ ^ ^ ^ ^ Κ Μ 

CfiCex ! B i B l â ^ M i ~ n â ~ 1 

Family 111 

CcvCbpA ^ ^ ^ ^ ^ ^ ^ β Ζ Ζ 3 
BsuEnd l l I I l l l l l i i l M f 1ΪΓ1 
cthceii I B M 

CthCeiF • • • • ^ • • • Z u T O ^ 

CstCelZ 

CsaCelB 

CsaManA 

• mmsz l l l ï l l l II I IBI III a l 

M » i o III — 1 I B I I 

[ • • • Ι Τ 4 ) Ι mm m a I I l ia I I I 

Family IV 

CceCelE Ι Η Γ ν Η Μ ί ^ ^ 

CfiCenC ΠνΎΊΨ'^^^^^^^^^^^^^ 

Family VI 

BpoXynD | Β ^ Μ 1 ^ Β ^ ^ Β Γ ¥ Π 
CstXynA ^ ^ Μ Ι ^ Μ Τ Π Γ ν Π 

CthXynZ ^ Ζ ^ ^ Ύ Π 

Mixed CBDs 

CfiCenB ^^^β^^^^Έ^^^^ΜΊΤΓΙ 

H H catalytic domain | | | | | C. fimi C-terminal repeat 

U § Fn3 • CBD 

H H hydrophobic sequence [fjfH Clostridial duplicated segments 

Figure 7. Schematic representation of the organization of various β-1,4-
glycanases and non-catalytic proteins containing CBDs. Roman numerals 
denote CBD families; lower case letters denote CBD subfamilies. Arabic 
numerals denote catalytic domain families; the catalytic domain subfamily is 
shown in parentheses where appropriate. 
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Figure 8. Ribbon diagrams of the solution structures of the family I CBD from 
T. reesei C B H I (top) and the subfamily Ha CBD from C.fimi Cex (bottom), β-
sheets are represented as arrows. Aromatic residues implicated in binding to 
cellulose and disulfide bonds are shown in "ball and stick" form. 
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domains of plant origin do not appear to require CBDs at all. Other C B D families 
show a marked tendency to occur in combination with particular catalytic domain 
families. For example, most family IV CBDs occur in cellulases with family 9 
(subfamily 1) catalytic domains. Similarly, all known family IX CBDs occur as 
tandem repeats joined to family 10 catalytic domains. Other, less obvious trends can 
be discerned from an examination of the data in Table II. A tendency for CBDs from 
some families to occur at particular positions in enzymes is also noticeable. Family I 
CBDs are found at the Ν or C terminus, but not internally. A l l known family IV 
CBDs are N-terminal whereas all known family IX CBDs are C-terminal. In contrast, 
all known subfamily Illb are internal. It is anticipated that such observations will 
provide important clues about enzyme function and domain interactions and 
contribute to a more detailed understanding of the mechanisms of biomass 
degradation. 
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Chapter 11 

Identification of Two Tryptophan Residues 
in Endoglucanase III from Trichoderma reesei 
Essential for Cellulose Binding and Catalytic 

Activity 

Ricardo Macarrón 1 , 4, Bernard Henrissat2, Jozef van Beeuman3, 
Juan Manuel Dominguez1,5, and Marc Claeyssens3 

1Departamento de Bioquimica y Biologia Molecular I, Facultad 
de Cienceas Quimicas, Universidad Complutense, Madrid, Spain 

2Centre de Recherches sur les Macromolécules Végétales, Centre 
National de la Recherche Scientifique, B.P. 53X, F-38041, 

Grenoble, France 
3Laboratory of Biochemistry, Department of Physiology, Microbiology, 

and Biochemistry, University of Ghent, K. L. Ledeganckstraat 35, 
B-9000 Ghent, Belgium 

Three tryptophan residues are readily oxydized by N-bromosuccinimide 
in endoglucanase III from Trichoderma reesei. Evidence was obtained 
that the residue first modified (Trp5) is situated in the cellulose-binding 
domain and the second (Trp 2 5 5) in the enzyme's catalytic site. The latter 
influences the binding and hydrolysis of soluble substrates and more 
specifically that of chromophoric cellotriosides. The modification of a 
third residue does not further affect the catalytic properties. 

Van der Waals contacts and hydrogen bonds are dominant forces in carbohydrate-
binding proteins. Aromatic amino acid residues (tryptophan, tyrosine) are thought to 
pack onto the sugar rings, conferring additional specificity and stability to the ligand-
protein complexes (1). 

Specific chemical modification, e.g. oxidation with N-bromosuccinimide, can be 
used to evaluate the importance of tryptophan residues in biologically active proteins 
(2,3). This has been demonstrated for many carbohydrate-binding proteins such as 
xylanases (4), galactosidases (5), glucoamylases (6,7), lectins (8,9) and cellulases 
(10-12). 

The intact form of endoglucanase ΠΙ (EG ΙΠ) from Trichoderma reesei, presently 
studied, contains a N-terminal cellulose-binding domain (CBD) linked by a Pro-Ser-
Thr rich sequence to the catalytic domain (13). The latter has been classified as a family 
A cellulase (14) and this core-protein can be isolated from T. reesei culture broths (15). 
The C B D , a homologous region in all Trichoderma cellulases (16), contains four 
conserved tryptophan and/or tyrosine residues. The three-dimensional structure of the 
C B D from cellobiohydrolase I (CBH I) has been elucidated (17). It is a wedge-like 
structure containing a hydrophobic and a hydrophylic surface. The importance of 
aromatic amino acid residues for adsorption has been demonstrated by site-directed 

4Current address: SmithKline Beecham S. A , Ctiago Grisolia 4, E-28760 Madrid, Spain 
5Current address: Glaxo, C/Severo Ochoa 2, E-28760 Madrid, Spain 

0097-6156/95/0618-0164$12.00/0 
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mutagenesis (18). In the catalytic domain several tryptophan residues are present, 
some possibly involved in substrate binding. 

The present study deals with the influence of NBS oxidation of tryptophan residues 
on cellulose binding and catalytic activity of EG III. Relevant data from peptide 
mapping and sequence analysis are given. These results supplement published data 
obtained during modification and site-directed mutation studies with this and other 
family A cellulases. 

Experimental 

Materials. NBS (Aldrich, Belgium) was recrystallized twice from distilled water. 
Trypsin (Ref.nr. 37260) was from Serva (Germany) and microcrystalline cellulose 
(Avicel pH 101) from FMC Corp. (USA). Cellooligosaccharides, their chromophoric 
and methyl glycoside derivatives were prepared as described (19). A l l other reagents 
and chemicals were analytical grade. 

Enzyme Purification and Properties. EG III was purified from T. reesei Q M 
9414, grown on wheat straw (20), as previously described (19). EG III core protein 
was a kind gift of Dr. Pettersson (Uppsala). The homogeneity of the preparations was 
proven by SDS-PAGE and analytical isoelectric focusing (19). Concentrations were 
determined from the absorption coefficients at 280 nm: 77 000 M 4 c m 4 for the intact 
protein and 63 600 MHcnr 1 for the core (15,15). 

Adsorption Experiments and Activity Measurements. 200 μΐ Samples 
containing 0.6 μΜ EG III and freshly swollen Avicel (1 % w/v in 0.1 M sodium 
acetate, pH 5.0) were rotated in 1.5 ml Eppendorf centrifuge tubes for 30 min at 4°C 
(hydrolysis of Avicel during adsorption could be neglected under these conditions). 
After centrifugation, the concentration of enzyme remaining in the supernatant was 
determined by assaying activity towards 1 mM CNP(Glc) 3. The release of 2-chloro,4-
nitrophenol was monitored continuously at 405 nm (21). With MeUmb(Glc)3 (100 μΜ 
in 0.1 M sodium acetate pH 5.0, at 30°C) liberated 4-methylumbelliferone was 
measured fluorimetrically (21). The hydrolysis patterns and rates for 
cellooligosaccharides and both chromophoric trisaccharides were determined by HPLC 
as described (22); the reactions were performed in 10 mM pyridine/acetic acid buffer, 
pH 5.0, at 30°C with EG ΠΙ50 nM. 

Chemical Modifications. Oxidation of tryptophan residues with NBS was 
performed according to Spande and Witkop (2). Modification was followed by 
difference absorption spectrophotometry (Uvikon 810 , Kontron, Switzerland) using 
two matched and thermostatted (15°C) 1 ml quartz cuvettes, containing equal volumes 
of 9.1 μΜ EG III in 50 mM sodium acetate buffer (pH 5.0), one as reference, the 
other as sample cell. 20 μΐ Aliquots were taken from each cell for activity assays and 
20 μΐ 0.15 mM NBS (in bidistilled water) was added to the sample solution (20 μΐ of 
bidistilled water to the reference cell) with rapid mixing. After 2 min a difference 
spectrum was again recorded. To 20 μΐ aliquots subsequently withdrawn an adequate 
amount of 0.1 mM tryptophan was added to quench further oxidation of the protein. 
Stepwise addition of the oxydizing reagent to the sample cell (water for the reference 
solution) was continued until the protein solution became turbid. The number of 
oxydized Trp was calculated from the spectral characteristics and residual activities 
(against CNP(Glc) 3 and MeUmb(Glc)3) and adsorption (onto Avicel) determined for 
each 20 μΐ aliquot taken. The same procedure was employed to follow the oxidation of 
EG III core and in the experiments using protecting ligands. Larger quantities of 
enzyme with different degrees of Trp modification (one or two residues oxydized) 
were prepared by adding 10 μΐ NBS (respectively, 1.5 mM and 3 mM) to 90 μΐ 100 
μΜ EG III (50 mM sodium acetate, pH 5.0). EG III core with one Trp residue 
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oxydized was prepared similarly. L-Cysteinyl group modification was performed with 
Ellman's reagent [5,5'-dithiobis(2-nitrobenzoic acid)], according to the method 
described by Habeeb (25). Nitration of tyrosine residues was according to Sokolovsky 
etal.(24). 

Thermal Stability and Circular Dichroism Spectra. 150 μΐ Aliquots from 3.4 
μΜ stock solutions of unmodified EG III and modified EG ΙΠ (respectively one and 
two Trp oxydized) were incubated for 30 min at several temperatures (40-75°C) in 0.1 
M sodium acetate, pH 5.0. After cooling the samples (4°C) die remaining activity was 
measured with CNP(Glc) 3 as substrate. Circular dichroism spectra of intact and 
oxydized EG III were recorded with a Jobin Yvon Mark III dichrograph (France). 
Samples were analyzed in 0.1 cm optical path cells, in the far ultraviolet region (< 250 
nm). Molar ellipticities were determined using 106.2 Da as the average molecular mass 
per residue for EG ΙΠ. 

Isolation and Analysis of Peptides from Unmodified and Oxydized 
E G III. 300 μΐ Samples of intact and modified EG III or EG ΙΠ core (0.5 mg in 0.4 
M ammonium bicarbonate, pH 7.8) were reduced (8 M urea, 1.7 mM dithiothreitol, 10 
min at 50°C) and carboxymethylated (3.7 mM iodoacetamide, 15 min at 37°C). After 
1:4 dilution with water, 45 μg trypsin was added and the mixture was incubated for 10 
h at 37°C. The resulting peptides were analyzed by reversed-phase liquid 
chromatography (Waters chromatographic system, USA) on a C4-Vydac 214 TP-54 
column (0.46 χ 25 cm) using a 1 ml min"* linear gradient of 5-50 % acetonitrile in 0.1 
% trifluoroacetic acid and monitoring 190 to 320 nm absorbancies of the eluates with a 
photo-diode array detector (Waters, USA). Selected peptides were concentrated (30 μΐ) 
and stored at -20°C. Amino-terminal sequence analysis was carried out on a 477A 
pulsed-liquid sequenator with on-line analysis of the PTH-aminoacids on a 120A 
PTH-analyzer (Applied Biosystems, USA), following the protocol suggested by the 
manufacturer. Plasma desorption mass spectrometry (PDMS) was performed on a BIO 
ION 20 Biopolymer Analyzer (Applied Biosystems, USA). Spectra were recorded for 
1 million fission counts of the Californium^^ source. Desorbed analyte ions were 
detected with a channel plate detector operated at -2 kV (for the first plate), the 
measurements being carried out in the 'positive mode'. 

Results 

N-Bromosuccinimide Oxidation of E G III and its Core Protein. A s 
shown in Figure 1, NBS added in equimolar or small excess quantities effectively 
oxidises tryptophan residues in EG III: absorbance decrease at 280 nm and the 
concomitant increase at 250 nm are consistent with the formation of oxindolealanine 
derivatives (2). The degree of oxidation is linear with reagent concentration (Figure 1, 
inset). After modification of 3 Trp residues (4.5 molar excess of NBS) further 
oxidation leads to the appearance of turbidity as often seen with other proteins, e.g. oc-
chymotrypsin (25), wheat-germ agglutinin (8)f and lysozyme (26). 

Although under the conditions used NBS mainly oxidizes Trp residues, 
modification (and peptide cleavage) at Tyr, Cys, Met, and His can occur (2-5). In the 
present study this possibility can be discarded considering the specific 
spectrophotometric changes observed (Figure 1) and the low excess of reagent needed 
(1.5 mol NBS per Trp). This is almost identical to that found for the oxidation of the 
model compound N-acetyl-L-tryptophan and, compared with other proteins, one of the 
lowest values reported (2). The appearance of a single isosbestic point at 264 nm 
throughout modification (Figure 1) further indicates the absence of Tyr oxidation (27). 
Reaction with Ellman's reagent under denaturing conditions (6 M guanidine 
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300 nm 

Figure 1. Difference absorption spectra registered during NBS oxidation 
of EG III. Inset: NBS oxidation of EG III as a function of reagent 
concentration. Molar ratios of NBS to EG III on abscissas, number of 
Trp oxydized on ordinates. The modification was performed in the 
absence of ligands (circles), or in the presence of 10 mM methyl-β-
cellotetraoside (triangles).  
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hydrochloride) fails to reveal the presence of free sulphydryl groups in E G III. 
Nitration of Tyr with tetranitromethane (24) leads to partial inactivation which cannot 
be inhibited by specific ligands (results not shown). In this case the decrease 
(approx.50 %) of the activity towards the chloronitrophenyl cellotrioside (hydrolysis 
of chromophoric bond) is in contrast to the apparent increase (approx.150 %) in case 
of Trp modified EG HI (see below) 

Upon SDS-PAGE analysis of NBS oxydized EG III samples (1, 2 or 3 Trp 
modified) a single protein band with the same apparent molecular weight as that for the 
intact protein is observed (results not shown). Also no gross molecular changes can be 
observed by far U V circular dicroism spectroscopy (not shown). Thermal stability of 
EG ΙΠ with two Trp oxydized is slightly decreased as compared to that of unmodified 
enzyme. 

Protection by ligands. NBS modification of EG III is significantly retarded in 
the presence of cellooligosaccharides (10 mM methyl cellotetraoside or cellotriose; 100 
mM cellobiose) (Figure 1, inset). The amount of reagent needed increases from 1.5 
(control) to 2.9 mol NBS per mol oxidized Trp. At the same concentrations these 
ligands have no effect on the oxidation of N-acetyl-L-tryptophan-methyl ester. D-
Glucose (100 mM) shows no significant binding affinity for the enzyme (19) and does 
not influence EG III oxidation by NBS. These results suggest that the oxidizable Trp 
residues are located in or near the binding site of one or both EG III functional 
domains (binding and catalytic) (75). 

Influence of oxidation on binding and catalytic properties of E G III. 
Modification of the first Trp reduces EG III adsorption on Avicel by almost 50 % 
(Figure 2A), whereas only upon oxidation of a second Trp rates of the cellotrioside 
hydrolysis (cleavage at the chromoforic aglycon) are affected (Figure 2C). As 
described also in Table I, this is clearly dependent on the nature of the chromophore, 
modification influencing differently the ratios for cleavage at the holosidic vs 
heterosidic bonds. More extensive modification (3 Trp) does not further affect binding 
or catalytic properties. 

Thus, in the initial stage of Trp oxidation only the adsorption of EG III on Avicel 
seems to be affected (Figure 2A). Since this binding is governed by the N-terminal 
cellulose binding domain (1528), the first modified residue is probably located in this 
conserved peptide sequence. On the other hand, the effects on the hydrolysis of the 
small substrates appear only upon modification of a second Trp, probably at or near 
the enzyme's active site. To corroborate these observations the NBS oxidation of the 
catalytic core of EG III was examined separately (Figure 2D). The effects evident 
when the first Trp is oxidized in the core protein correspond with the changes in 
activity observed upon modification of the second Trp in the intact enzyme (Figure 
2C). These findings confirm the location of the first modifiable residue in the binding 
domain and the presence of a second oxydizable Tip in the catalytic core domain. 

The oxidation of the second Trp (the first residue in the core) causes a totally 
different effect on the hydrolysis of two chromophoric substrates (Table I). The 
hydrolysis patterns, analyzed by HPLC, reveal a shift in cleavage preference which 
indicates an apparent increase in chromophoric product formation in the case of the 
chloronitrophenyl derivative but a decrease in the case of the umbelliferyl cellotrioside. 
When natural substrates were used (cellotriose, cellotetraose and cellopentaose) the 
pattern of hydrolysis did not change upon modification of the enzyme but the activity 
was reduced to approximately 35 % of the initial. In the presence of specific ligands 
modification was inhibited, but, eventually, the same changes in adsorption and 
catalytic properties, with respect to the degree of Trp oxidation, were observed. 
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Figure 2. Effects of NBS modification on: A. relative adsorption of EG 
III on 1 % Avicel. B. adsorption isotherms for intact EG III (diamonds), 
oxydized (1 Trp) (triangles), and core protein (squares). C. residual 
activity against CNP(Glc)3 (squares) and MeUmb(Glc)3 (diamonds) as 
substrates (release of chromophore). D. residual activity (EG III core): 
symbols as for C. 
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Table I. Comparison of the hydrolytic patterns of chromophoric 
substrates by intact and oxydized (2 Trp) E G III. Ratios of hydrolysis rates 

(vj / V 2 ) determined with 1 mM CNP(Glc) 3 or 100 μΜ MeUmb(Glc) 3. 
(v,, β-D-glucopyranosyl ; v 2, chromophoric group) 

Enzyme CNP(Glc)3 MeUmb(Glc)3 

Intact 1.310.1 0.5 ± 0.05 

Oxydized (2 Trp) 0.3 ± 0.05 0.810.1 

Identification of two Functional Trp Residues in E G III. Tryptic 
proteolysates of (i) intact, (ii) modified EG HI (two Trp oxydized) or (iii) core (one 
Trp oxydized) were compared by reverse-phase HPLC. In the resulting peptide maps 
two regions were specifically affected by NBS oxidation (Figure 3A). In region Ί " 
two fractions were isolated: a and b. Upon PDMS analysis peak "a" proved to be 
particularly heterogeneous and was not further investigated, whereas peak b contained 
three peptides: one main fraction (absent in the oxydized EG ΙΠ and core protein) and 
two peptides consistently found in the three cases. They proved to be autolytic tryptic 
fragments (N-terminal sequences not shown). Cumulative evidence from PDMS and 
sequence analysis of the main peptide in b(i) (Table II) proved it to be a chymotryptic 
fragment from the N-terminal sequence in intact EG ΙΠ (chymotryptic contamination of 
the commercial trypsin preparation). Thus, Trp 5, present in the cellulose binding 
domain, is probably oxydized by NBS. This peptide is not present in b(ii), probably 
since modified Trp is no longer recognized as a chymotryptic cleavage site, resulting in 
a larger peptide fragment (not detected). It is absent also in fraction b(iii), since, of 
course, the core enzyme lacks the N-terminal peptide. 

Table II. Peptide analyses. Peptide digests were analysed by HPLC and fractions 
b, c, and d (Figure 3) examined by PDMS. N-terminal sequences for selected peptides 
are given. Data for (i) intact EG ΙΠ, (ii) oxydized EG ΠΙ (2 Trp) and (iii) core protein. 

Fraction PDMS N-terminal laentification 
M found (Da) sequence (M theoretical, Da) 

b(i) 835.0 * G N X G G I G W Gly 6 -Trp 1 3 (834.7) 
b(ii) n. d. ** — — 
b(iu) n. d. ** — — 
c(i) 1464.3 I S L P G N D W Q - I le 2 4 8 -Phe 2 6 3 

(1462.6) 

d(ii) 1478.7 I S L P G N D W o x Q - - I le 2 4 8 -Phe 2 6 3 

(1478.6) 
Main peptide detected 

Main 835 Da peptide non detected 

The appearance of chymotryptic cleavage sites are also evident when peptides in 
region "2" are analysed (fraction c, Table II). Fraction d, specifically absorbing at 250 
nm, appears in oxydized samples concommitant with a decrease in intensity of fraction 
c (Figure 3C). PDMS reveals the presence of 2-3 peptides in both c and d. Molecular 
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Figure 3. Tryptic peptide maps (HPLC): A. Intact EG III (showing 
regions "1 " and "2"). B. Details of region "1 "for tryptic proteolysates of 
(i) intact, (ii) oxydized EG III (2 Trp) and (iii) core protein (214,250 and 
280 nm tracings). C. Details of region "2" for (i) intact and (ii) oxydized 
EG III (2 Trp) (214,250 and 280 nm tracings). 
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mass and sequence data (Table II) give evidence for the presence of a peptide with a 
Trp containing sequence, intact in fraction c and oxydized in d. Chymotryptic cleavage 
at Phe 2 6 3 is deduced in both cases. Thus sufficient evidence is obtained to locate the 
second modifiable residue of EG HI at Trp 2 5 5 . 

Discussion 

Endoglucanase III from Trichoderma reesei contains 11 Trp residues. Its naturally 
occurring core-protein lacks the cellulose binding-domain and therefore counts two Trp 
less (15,15). These residues (Trp5 and Trp 1 3) are well conserved in all Trichoderma 
CBD's (16) and also in other fungal CBD's such as that of C B H I from Phanerochaete 
chrysosporium (28). Thus, function and location of these residues in the CBD's could 
be similar. The 3-D structure of the CBD from T. reesei C B H I has been determined 
(17). T y r 4 6 6 , equivalent to EG III Tip 5 , is one of the three aromatic residues located 
on a flat hydrophilic face exposed to the solvent, while Ty r 4 7 4 , equivalent to EG III 
Trp 1 3 , is buried in the hydrophobic inner region of the C B H I CBD. 

From our data Trp 5 can tentatively be considered to be the first target of NBS 
modification in EG HI. Its rapid and selective oxidation leads to a approx. 50 % loss of 
binding capacity onto Avicel. The importance of the equivalent T y r 4 6 6 residue in 
C B H I has been proved by chemical modification (Claeyssens and Tomme, 
unpublished) whereas the importance of another conserved residue, Tyr 4 6 2 , located at 
the tip of the wedge-shaped domain, has been demonstrated by point-mutation 
experiments (18). 

Modification of a second Trp residue (Trp 2 5 5) does not further affect the binding 
behavior of the protein but leads to distinct changes in catalytic properties against 
soluble substrates. The same is valid when the first Tip in the EG III core protein is 
oxydized. Whereas the activity on cellodextrins is lowered (approx. 35 % residual), 
the hydrolysis pattern for these substrates is not affected. On the other hand, 
modification of T i p 2 5 5 has a different effect on the hydolysis of chromophoric 
substrates (Figure 2). Intact EG III cleaves MeUmb(Glc)3 preferentially at the 
heterosidic bond while in CNP(Glc)3 this is at the holosidic bond (Table I). Thus, 
oxidation of T i p 2 5 5 leads to an opposite effect in the hydrolysis patterns for these 
substrates. Although no evidence for gross overall changes in the cellulase could be 
found, this putative active site modification produces a dramatic change in specificity. 
It probably indicates specific interactions between the aromatic and/or glycosidic 
moieties of the substrates with the different subsites in the EG HI active site. 

Abbreviations 

E G ΙΠ, endoglucanase ΙΠ from Trichoderma reesei ; CBD, cellulose-binding domain; 
NBS, N-bromosuccinimide; CNPGlc, 2,-chloro,4'-nitrophenyl β-D-glucopyranoside; 
CNP(Glc ) 3 , 2'-chloro,4'-nitrophenyl β-D-cellotrioside; MeUmbGlc, 4'-methyl-
umbelliferyl β-D-glucopyranoside, MeUmb(Glc) 3, 4'-methylumbelliferyl β-D-cello­
trioside; HPLC, high performance liquid chromatography; SDS-PAGE, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis; PDMS, plasma desorption mass 
spectrometry. 
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Chapter 12 

Cellulomonas fimi Cellobiohydrolases 

Hua Shen, Andreas Meinke, Peter Tomme, Howard G. Damude, 
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R. Antony J. Warren, and Neil R. Gilkes1 

Department of Microbiology and Immunology, University of British 
Columbia, 300-6174 University Boulevard, Vancouver, 

British Columbia V6T 1Z3, Canada 

The cellulolytic bacterium Cellulomonas fimi produces two 
cellobiohydrolases, CbhA and CbhB. These enzymes are major 
extracellular components during growth on cellulose. They 
correspond to previously identified cellulose-binding proteins, 
cbp95 and cbpl20, respectively. Both comprise an N-terminal 
catalytic domain joined to three fibronectin type III modules and 
a C-terminal cellulose-binding domain. Amino acid sequence 
comparison shows that the CbhA catalytic domain is closely 
related to the catalytic domains of Trichoderma reesei CBH II and 
other fungal cellobiohydrolases in β-1,4-glucanase family B. 
CbhB is a member of a new β-1,4-glucanase family, designated 
family L (also called family 48). On the basis of data for CbhB, 
hydrolysis by family L enzymes proceeds with inversion of 
configuration at the anomeric carbon. CbhA and CbhB produce 
cellobiose from cellulose. Viscometric analysis of 
carboxymethylcellulose hydrolysis shows that both enzymes are 
predominantly exohydrolytic but Congo Red staining shows 
they also have weak endoglucanase activity. CbhB attacks 
cellohexaose from the reducing end. We suggest that C. fimi and 
T. reesei use similar strategies to hydrolyze cellulose because 
both appear to produce two types of cellobiohydrolase: one that 
attacks cellulose from the reducing end and another that attacks 
from the non-reducing end. 

One of the most extensively studied cellulolytic microorganisms is 
Trichoderma reesei, a soft-rot fungus. The mechanism of crystalline cellulose 
hydrolysis by T. reesei is still not understood in detail but there is general 
agreement that it involves the concerted action of cellobiohydrolases (i.e., β-
1,4-glucanases that remove cellobiosyl groups from the ends of cellulose 
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chains) and endo-p-l,4-glueanases. Two cellobiohydrolases are the major 
components of the T. reesei cellulase system. About 60% of the total 
extracellular protein is cel lobiohydrolase I ( C B H I). A second 
cellobiohydrolase, C B H Π, accounts for a further 20% (1,2). 

Other soft-rot and white-rot fungi probably have similar cellulase 
systems. For example, Pénicillium pinophilum and Phanerochaete chrysosporium 
both produce enzymes related to C B H I and C B H I I (1-3). However, the 
relationship between these systems and cellulase systems from bacteria is less 
obvious. Do cellulolyt ic bacteria use a similar strategy, invo lv ing 
cellobiohydrolases related to C B H I and C B H II, or have they evolved 
different mechanisms to hydrolyze cellulose? 

In this paper we review data on two cellobiohydrolases from the 
bacterium Cellulomonas fimi. CbhA is an enzyme whose structure and catalytic 
properties are closely related to T. reesei C B H II and is the first such enzyme to 
be identified in bacteria. The second cellobiohydrolase, CbhB, is not related to 
either C B H I or II: it is a member of a newly recognized family of β-1,4-
glucanases designated family L . The family contains CelS, a major 
cellobiohydrolase from the bacterium Clostridium thermocellum, and several 
other P-l,4-glucanases from cellulolytic Clostridium spp.. 

Isolation of C b h A and CbhB 

When C. fimi is grown on carboxymethylcellulose (Cm-cellulose) or other 
cellulosic substrates, it secretes five major proteins that bind to cellulose 
(Figure 1). The 53,110 and 75 kDa cellulose-binding proteins (cbps) are endo-
p-l,4-glucanases that we have already characterized (CenA, CenB and CenD, 
respectively) but N-terminal amino acid sequence analysis of the 95 and 120 
kDa proteins (cbp95 and cbpl20) showed that both were novel C. fimi 
proteins (4). 

In order to characterize these proteins, their genes were isolated from a 
C. fimi genomic library and expressed in Escherichia coli. Expression in E. coli 
allowed the enzymes to be prepared free of contaminating p-l,4-glucanase 
activi ty. The analyses described below showed that cbp95 is a 
cellobiohydrolase; consequently, the protein was renamed CbhA. Initially, 
Cbp l20 was thought to be an endo-β-1,4-glucanase and the enzyme was 
named CenE (5). Later, it was recognized that cbpl20 is also a 
cellobiohydrolase and it was renamed CbhB. 

General structural and functional organization of C b h A and CbhB 

C b h A and CbhB are both multidomain enzymes and the arrangement of the 
domains in the two enzymes is similar. The same arrangement is seen in other 
C. fimi p-l,4-glucanases (Figure 2). Both enzymes have a C-terminal cellulose-
binding domain (CBD) with amino acid sequences that resemble the CBDs of 
other C. fimi p-l,4-glucanases (6,7). In both enzymes, the C B D is joined to the 
N-terminal catalytic domain by three fibronectin type III (Fn3) modules, each 
containing 95 to 98 amino add residues. Fn3 modules are also found in C. fimi 
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176 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Figure 1. Cellulose-binding proteins in C.fimi culture supernatants. C. 
fimi was grown in basal medium containing 1% Cm-cellulose for 8 days. 
Cellulose-binding proteins (cbps) were adsorbed with Avicel (lane 1), 
bacterial microcrystalline cellulose (lane 2), or Sephadex (lane 3) and 
resolved by SDS-polyacrylamide gel electrophoresis. Molecular mass 
standards are shown in lane 4. C b h A and CbhB were originally 
identified as cbp95 and cbpl20 / respectively (4). (Reproduced wi th 
permission from Ref. 4. Copyright 1993 The American Society for 
Microbiology.)  
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CfiCenA 

CfiCenB 

CfiCenC 

CfiCenD 

CfiCbhA 

CfiCbhB 

CfiCex 

CfiXylD 

k \ \ M B 1418 

i ^ x i a C T a r o ^ i 1012 

I 1069 

832 

! 1037 

^ 6 0 3 

CflB 

1 1 catalytic domain tSSSJ CBD 

I l ' n k e r S § u ρ η3 module | | other 

Figure 2. Structural and functional organization of C. fimi β-1,4-
glycanases. The mature enzymes are represented as linear maps drawn 
approximately to scale. CenA (56), CenB (57), CenC (58) and CenD (4) 
are endoglucanases. C b h A (26) and CbhB (5) are cellobiohydrolases. 
Cex (59) is an exoglucanase and xylanase. X y l D (60) is a xylanase. CflB, 
a translated open reading frame (ORFB) from C. flavigena (11), is also 
shown. 
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178 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

CenB and CenD (Figure 2), in several bacterial chitinases, and in other 
bacterial enzymes that catalyze hydrolysis of insoluble polymeric substrates 
(8-10). Bacterial hydrolases with Fn3 modules usually contain two or three 
modules in tandem although a single Fn3 module is encoded by an open 
reading frame from Cellulomonas flavigena (22) (Figure 2). The function of Fn3 
modules in bacterial hydrolases is presently unknown. 

Relationship of the C b h A and CbhB to other P-l,4-glucanases 

Class i f ica t ion of P-l,4-glucanases and |$-l#4-xylanases. The pr imary 
structures of more two hundred p-l,4-glucanases and p-l,4-xylanases from 
bacteria and fungi are now known and nearly all can be classified into one of 
a few families based on amino acid sequence comparison of their catalytic 
domains. Six families of (î-l,4-glucanases and (J-l,4-xylanases (families A - F) 
were originally recognized (6, 12). More recently, the classification was 
extended to include five more (G, H , I, J and K) (13,14). The alternative family 
nomenclature, described in ref. 13, is as follows: A , 5; B, 6; C , 7; D , 8; E, 9; F, 
10; G , 11; H , 12; I, 26; J, 44; K , 45. Some families (e.g., family A ) contain only 
endoglucanases; others (e.g., family B) contain both endoglucanases and 
cellobiohydrolases. 

Relat ionship of C b h A to Γ. reesei C B H II and other fungal family Β 
cel lobiohydrolases. The C b h A catalytic domain contains 431 amino a d d 
residues. Amino acid sequence alignment reveals that C b h A belongs to β-1,4-
glucanase fami ly Β (15, 16). The fami ly contains five fungal 
cellobiohydrolases, including T. reesei C B H II, and six bacterial endo-p-1,4-
glucanases (Figure 3). Three addic residues in C B H II (D175, D221 and D401) 
implicated in catalysis and the cysteine residues that form two disulfide 
bonds i n C B H II, C e n A and Thermomonospora fusca E2 (17-19) are a l l 
conserved in C b h A (Figures 3 and 4). 

The C B H II catalytic domain is a single domain α-β protein with a central 
β barrel of seven parallel strands (17). The active site is on the carboxyl side of 
the β barrel. Two large surface loops, one N-proximal, the other C-proximal, 
enclose the active site to give a tunnel-shaped structure (Figure 5). This 
structure is thought to restrict access to the ends of the p-l,4-glucan chains in 
cellulose and thus determine the exohydrolytic activity of the enzyme. 

The family Β amino acid sequence alignment reveals several discrete 
insertions i n the catalytic domains of C B H II and the other fungal 
cellobiohydrolases that are absent from all the family Β endoglucanases (25-
27,20). The locations of these insertions, in relation to the secondary structure 
of the C B H II catalytic domain, are shown in Figure 4. Most of them 
correspond to loops on the carboxyl side of the β barrel. Among them are two 
insertions that contribute to the formation the two large surface loops 
enclosing the C B H Π active site tunnel (Figure 5). The insertion that forms the 
C-proximal loop over the C B H II active site, together with the corresponding 
regions from the family Β endoglucanases, is shown i n the alignment in 
Figure 3. 
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C 

CBHII E2 

Figure 5. The α-carbon skeletons of T. reesei cellobiohydrolase II 
( C B H II) and T. fusca endoglucanase 2 (E2). The views are chosen to 
illustrate differences in the accessibilities of the two active sites. The 
labels " C " and " N " , respectively, indicate the carboxyl- and amino-
proximal loops that cover the active site of C B H II. (Reproduced with 
permission from Ref. 65. Copyright 1986 The American Society for 
Biochemistry and Molecular Biology.) 
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182 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

The absence of these insertions in the family Β endoglucanases led to the 
prediction that the active sites of these enzymes are not enclosed but have an 
open conformation permitting access to internal glucosidic bonds (17). The 
prediction was subsequently confirmed by X-ray crystallographic analysis of 
T. fusca E2, a family Β endoglucanase (20). A comparison of the structures of 
the E2 and C B H II active sites is shown in Figure 5. 

The amino acid sequence of the C.fimi C b h A catalytic domain contains all 
the insertions that distinguish the fungal cellobiohydrolases from the 
endoglucanases in family B, including those that contribute to the active site 
loops (Figures 3-5). O n this basis, it was predicted that C b h A is a 
cellobiohydrolase. Analysis of the catalytic properties of C b h A subsequently 
confirmed this prediction, as described below. 

The 36 amino acid insertion that forms the C-proximal active site loop in 
C B H II is extended to 51 amino acids in CbhA (Figures 3 and 4). Several of the 
other insertions that distinguish the family Β cellobiohydrolases are also 
longer in CbhA (Figure 4). It is also noted that an open reading frame from C. 
flavigena encodes a 66 amino acid region that appears to correspond to the C-
terminus of another family Β cellobiohydrolase (Figures 2 and 3) because it 
also contains the extended C-proximal insertion seen in C. fimi C b h A . It 
remains to be seen whether extended loops like these occur in all family Β 
cellobiohydrolases from bacteria. 

Other differences between CbhA and C B H II are evident when the whole 
enzymes are compared. The catalytic domain and the C B D of C b h A are 
separated by three Fn3 modules (Figure 2), but in C B H II they are joined 
directly by a short, glycosylated linker polypeptide (2). The C B D of C b h A is 
type II (7) and C-terminal while the C B D of C B H II is from a different family 
(type I) and N-terminal (2). Further analyses of fungal and bacterial family Β 
cellobiohydrolases are needed determine how these differences influence 
enzyme activities. 

Relationship of CbhB to other p-l,4-glucanases. D N A sequence analysis of 
the cbhB gene (5) showed that the N-terminal amino a d d sequence of CbhB 
shared significant similarity with three p-l,4-glucanases from Clostridium spp. 
(Figure 6). O n the basis of these and other reported sequence similarities, we 
proposed that C. fimi CbhB (then called CenE), C. thermocellum CelS (21), C. 
thermocellum S8 (22), Clostridium stercorarium Avicelase II (23), Clostridium 
cellulolyticum Ce lCCF (24), Clostridium cellulovorans P70 (25), and the C-
terminal catalytic domain of Caldocellum saccharolyticum C e l A (26), are 
members of a new family of P-l,4-glycanases designated family L (5). The 
alternative nomenclature for family L is family 48 (Henrissat, B., personal 
communication, 1994). A n open reading frame (ORF1) from Clostridium josui 
encodes another related polypeptide (27). The sequences of the catalytic 
domains of CbhB, CelS and Ce lA are 47% identical (Shen, H . et al, Biochem. 
J., in press); only partial amino acid sequence data are currently available for 
the other family L enzymes. 

CelS is the major enzymatic component of the cellulosome, the highly 
efficient extracellular cellulase complex produced by C. thermocellum. Like 
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CbhB, CelS is a cellobiohydrolase (22, 28). It is possible that the family L 
enzymes from other Clostridium spp. are also cellobiohydrolases but it is not 
known whether family L contains only cellobiohydrolases or, like families Β 
and C , both cellobiohydrolases and endoglucanases. So far, family L has no 
fungal members (Table I). 

Catalytic activities of C b h A and CbhB 

C b h A had weak activity on Cm-cellulose. Its molar specific activity was about 
2000-fold lower than that of CenA (Table II). Comparable activity was shown 
by CbhB (Shen, H . et al, Biochem. J., in press). CbhA, also had low activity 
against barley β-glucan, a soluble, linear (1-3, l-4)-p-D-glucan, but hydrolysis 
of this substrate by CbhB was not detectable (Shen. H . et al, Biochem. J., in 
press). 

Exoglucanase activities. Viscometry can be used to determine whether a β-
glucanase acts randomly or prefers terminal bonds. The analysis involves 
simultaneous determination of the increase in specific fluidity (φ, = η 8 ρ" 1) and 
the appearance of reducing sugar groups during hydrolysis of Cm-cellulose. 
The hydrolysis of any P-l,4-glucosidic bond generates a new reducing group 
but the random activity of an endoglucanase gives a greater increase in 
specific fluidity than the action of an exoglucanase. 

C b h A and CbhB gave only small increases in φ per reducing sugar group 
generated (17 and 20 f . m l . m m o H , respectively), relative to the C. fimi 
endoglucanase CenA (96 f . m l . m m o H ) (16, Shen. H . et al, Biochem. J., in 
press). The activities of CbhA and CbhB were similar to the activity of Abg, a 
p-l,4-glucosidase from Agrobacterium sp. (13 f .mLmmoH) (Figure 7). A b g 
hydrolyzes glucosyl residues from the non-reducing ends of cellotriose and 
longer p-l,4-glucans by an exclusively exohydrolytic mode of attack (29). A l l 
these data are consistent with a mechanism in which C b h A and CbhB 
preferentially hydrolyze unsubstituted residues from the ends of C m -
cellulose molecules. 

Data for C B H I are also included i n Figure 7. C B H I, the major 
extracellular enzyme produced by T. reesei, is a family C cellobiohydrolase. 
The C B H I preparation used in this study was purified from a T. reesei culture 
supernatant (Novoclast) by ion-exchange chromatography on D E A E -
Sepharose CL6B (30) and affinity chromatography using p-amino-1 -thio-β-D-
cellobioside linked to Sepharose 4B (31). The increase in φ per reducing sugar 
group generated for C B H I (60 f .m l .mmoH) was lower than that for CenA 
but much higher than that for C b h A or CbhB. This showed that the C B H I 
preparation had significant endoglucanase activity. 

Endoglucanase activities. Other investigators have also shown that T. reesei 
cellobiohydrolase preparations have endoglucanase activity (32, 33). Is this 
because cellobiohydrolases have a low level of intrinsic endoglucanase 
activity or are cellobiohydrolases derived from fungal culture supernatants 
still contaminated with endoglucanases, even after extensive purification 
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Table I. Family L P-l,4-glucanases 

185 

Enzyme Organism and strain Molecular Reference 
mass (kDa) 

CelA a Caldocellum saccharolyticum 65 (26) 

CbhB Cellulomonas fimi 110 (5) 
ATCC484 

CelCCF* Clostridium cellulolyticum 78 (24) 
ATCC 35319 

P70 Clostridium cellulovorans 70 (25) 
ATCC 352% 

ORF1 b Clostridium josui - (27) 
FERM P-9684 

CelS Clostridium thermocellum 81 (21) 
ATCC 27405 

S8 Clostridium thermocellum 81 (22) 
strain YS 

Avicelase II Clostridium stercorarium 87 (23) 
NCIB11745 

a Catalytic domain 2. 
b Putative enzyme encoded by open reading frame. 

Table II. Comparison of the activities of C b h A and C e n A on various 
substrates 

Substrate a 

Enzyme 

Bacterial cellulose b Cm-cellulose c Barley β-glucan c 

C b h A 1.43 3.7 1.1 

CenA 0.13 8129 1084 

a Details of assay conditions are contained in ref. 16. 
b Bacterial microcrystalline cellulose. Activity is expressed as μg soluble sugar 
released.min-l.nmol enzyme"1. 
c Activity is expressed as mol reducing sugar group generated.mhv1 .mol 
enzyme*1. 
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Figure 7. Specific fluidity versus reducing sugar production during 
hydrolysis of Cm-cellulose by C. fimi CbhA, C. fimi CenA, Agrobacterium 
sp. β-glucosidase (Abg). and T. reesei C B H I. The C . fimi and 
Agrobacterium enzymes were prepared from £. coli transformed wi th 
appropriate recombinant plasmids; C B H I was purified by affinity 
chromatography, as described in the text. Specific fluidity (φ, = η 5 ρ ν 
was determined with an Cannon-Fenske viscometer, as previously 
described (37). Reduc ing sugars were determined us ing 
hydroxybenzoic add hydrazide reagent (4). 
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(34)? It was possible to assay the intrinsic endoglucanase activities of C. fimi 
CbhA and CbhB because the enzymes were available as recombinant gene 
products, free of contaminating P-l,4-glucanase. Recombinant Cex, CenA and 
Abg were also assayed for comparison. Cex is a C. fimi |$-l,4-glucanase and β-
1,4-xylanase (Figure 2) that behaves like an exoglucanase in the viscometric 
assay (15). CenA, a C. fimi endo-P-l,4-glucanase (Figure 2), was included as a 
positive control. Abg is a strictly exo-acting β-glucosidase, as described above. 

Congo Red, a dye that binds to polymeric carbohydrates (35, 36), was 
used to assay for endoglucanase activity. Aliquots of enzyme solution were 
allowed to absorb into the surface of an agar plate containing 0.1% Cm-
cellulose. After overnight incubation at 30°C, the plate was flooded with 
Congo Red and the unbound dye was removed by washing. Hydrolyzed Cm-
cellulose appears as a zone of clearing against a dark red background in this 
assay. The assay is sensitive to endoglucanase activity but not exoglucanase 
activity (37, 38). Endoglucanases produce clearing because they can cleave 
Cm-cellulose randomly into oligomers that are too small to bind the dye. 
Exoglucanases do not give clearing because small oligomers are not produced 
by enzymes that are strictly exo-acting. Presumably, hydrolysis by 
exoglucanases is limited to the few unsubstituted residues at the ends of Cm-
cellulose polymers and further hydrolysis is prevented when the enzyme 
meets carboxymethyl substituents. 

No clearing was observed in the Congo Red assay with 0.02 nmol aliquots 
of CbhB, CbhA or Cex but a large clear zone was produced by 0.02 nmol of 
the CenA control. However, 2 nmol aliquots of CbhB, CbhA or Cex did 
produce clearing after overnight incubation, showing that all three enzymes 
had weak endoglucanase activity. As expected, no clearing was seen with 2 
nmol of Abg (Shen. H. et al, Biochem. J., in press). 

The catalytic domains of CbhA and T. reesei CBH II have closely related 
primary structures (see above) so it is possible that CBH II also has intrinsic 
endoglucanase activity. Such activity would require the loops enclosing the 
tunnel-shaped active site to move in order to allow entry of glucan chains and 
hydrolysis internal glucosidic bonds. The active site of T. reesei CBH I is also 
tunnel-shaped (39) but it remains to be seen whether the endoglucanase 
activity of our CBH I preparation is real or the result of contamination. The 
active site of Cex is an open cleft (40) so access to internal bonds seems 
relatively unrestricted. In this case, it is not yet clear why the enzyme 
normally shows a preference for terminal glucosidic bonds in Cm-cellulose. 
There is presently no information on the three-dimensional structure CbhB or 
other enzymes in family L. 

Hydrolysis of cellulose and cellooligosaccharides. CbhA was about 10-
fold more active on bacterial microcrystalline cellulose than CenA, the C.fimi 
family Β endoglucanase (Table II). Approximately 98% of the total soluble 
sugar produced from bacterial cellulose following incubation with CbhA for 2 
h was cellobiose. Only trace levels of glucose and cellotriose were seen 
(Figure 8). A similar product profile was obtained with phosphoric acid-
swollen cellulose (so-called "amorphous cellulose"). Cellotetraose did not 
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Figure 8. Analysis of soluble sugars released from cellulose by C b h A 
and the C. fimi endoglucanase CenB. Soluble sugars produced from 
bacterial macrocrystalline cellulose or acid-swollen cellulose by CbhA or 
CenB after 2 h incubation at 37° C were analyzed high performance 
l iquid chromatography (4). Reaction mixtures contained 1.0 mg. ml" 1 

cellulose, 5 m M Κ phosphate, p H 7 and 1.0 μΜ enzyme. Cellulose was 
removed by centrifugation and the samples were incubated at 100° C 
for 5 min to prevent further hydrolysis prior to analysis. The total 
amounts of soluble sugars were also determined using phenol sulfuric 
acid reagent (66). Glucose (peak 1) and cellobiose (peak 2) were 
resolved as single peaks; cellotriose was resolved into its a- and β-
anomers (peak 3a and peak 3b, respectively). Standard a - and β-
cellotetraose (not shown) had retention times of 23 and 21 min , 
respectively. 

25 
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accumulate in reactions with either substrate. Similar product profiles were 
obtained after 24 h incubation (16). These profiles are consistent wi th 
cellobiohydrolase activity. In contrast, CenA, CenB and CenD produced 
significant amounts of glucose and cellotriose (Figure 8 and Meinke, A . et al, 
unpublished data). 

The chromatographic column used to analyze soluble sugars in these 
experiments resolves the a- and β-anomers of cellotriose and cellotetraose (4, 
41). This allowed the stereoselectivity of hydrolysis to be determined. 
Chromatographic resolution of the anomeric products from cellohexaose 
showed that hydrolysis by CbhA proceeds with inversion of anomeric carbon 
configuration, characteristic of a single-displacement mechanism (16). A l l the 
family Β members that have been examined are "inverting" enzymes (14,42). 
These data are consistent with the proposal that members of a given β-1,4-
glucanase family have a similar general fold and active site topology and use 
the same catalytic mechanism (42). 

The molar specific activities of CbhB on bacterial microcrystalline 
cellulose and acid-swollen cellulose were similar to those of CbhA. A t least 
95% of the soluble sugar produced from both substrates was cellobiose (Shen. 
H . et al, Biochem. J., in press). CbhB was originally described as an 
endoglucanase and named CenE because of its activity i n the Congo Red 
assay (5). However, the more detailed analysis described here demonstrates 
that the enzyme has similar properties to CbhA. Therefore, CbhB is more 
accurately described as a cellobiohydrolase. 

CbhB hydrolyzed cellohexaose to produce a mixture of cellotetraose, 
cellotriose and cellobiose; only a trace of glucose was produced (Figure 9). 
The amount of cc-cellotriose seen after 5 min incubation at 37°C was greater 
than the amount of β-cellotriose (Figure 9A). After a further 40 min 
incubation to allow mutarotation of the products, a- and β-cellotriose were 
present in the equilibrium ratio of 1:1.8 (43) (Figure 9B). Therefore, hydrolysis 
by CbhB also proceeds wi th inversion of anomeric configuration. It is 
anticipated that all family L enzymes wi l l have the same stereoselectivity. 

Additional information about CbhB can be deduced from the data shown 
in Figure 9. Production of cellotriose showed that hydrolysis of cellohexaose 
occurs at site 1 (Figure 9B, inset). Production of cellotetraose showed that 
hydrolysis also occurs at site 2 or 3. Hydrolysis at site 2 was evidently 
preferred because the ratio of a - and β-cellotetraose seen after the 5 min 
incubation (approximately 1:0.9, Figure 9A) changed to the equilibrium ratio 
of approximately 1:2 after mutarotation (Figure 9B). These data are consistent 
with a mechanism in which CbhB attacks cellohexaose from its reducing end. 
It is noted that data for another family L enzyme, Avicelase II from C . 
stercorarium, shows hydrolysis of cellohexaitol at sites 2 and 3 (23). These data 
suggest that this enzyme also attacks from the reducing end. 

Similarities between bacterial and fungal cellulase systems 

Aerobic bacteria like C. fimi, T. fusca and Streptomyces spp. have cellulase 
systems that resemble systems in the soft-rot and white-rot fungi because the 
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Figure 9. Analysis of the stereochemical course of cellohexaose 
hydrolysis by CbhB. Cellohexaose (4 mM) and CbhB (-1 μΜ) in 10 m M 
potassium phosphate buffer, p H 7, were incubated wi th enzyme at 
37° C for 5 or 45 min and the products analyzed by high performance 
l iquid chromatography (4). Panel A and panel B, respectively, show 
hydrolysis products before and after mutarotation. The α and β 
anomers of cellotriose (G3) and cellotetraose (G4) are resolved; those of 
cellobiose (G2) are not. The inset in panel Β shows the deduced cleavage 
sites of cellohexaose (arrows); the oligosaccharide is represented as 
glucosyl units (O) l inked by β-1,4^1υα>8ΐάΗ! bonds (—) and the 
terminal reducing sugar is shaded black. (Reproduced with permission 
from Ref. 5. Copyright 1994 Academic Press.) 
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various enzyme components do not appear to form stable physical 
associations. These types of systems are described as non-complexed (44). It is 
difficult to compare non-complexed systems from bacteria with those of fungi 
because we still have no detailed understanding of how either one operates. 
Nevertheless, characterization of the C. fimi cellulase system is now 
sufficiently advanced that a general comparison wi th fungal systems is 
possible. 

The major components of the T. reesei cellulase system are the two 
cellobiohydrolases, C B H I and C B H II, belonging to P-l,4-glucanase families 
C and B, respectively. It appears that the cellulase systems of several aerobic 
fungi contain both family Β and family C cellobiohydrolases and that both 
types are required for efficient hydrolysis of crystalline cellulose (1, 2, 44). 
Our studies show that a family Β cellobiohydrolase, CbhA, is also a major 
component of the C. fimi cellulase system. Unt i l recently, C b h A was the only 
known bacterial family Β cellobiohydrolase but a similar enzyme has now 
been identified in T. fusca (45). The alignment shown in Figure 3 implies that 
C. flavigena also produces a family Β cellobiohydrolase. These observations 
suggest that family Β cellobiohydrolases are not uncommon in cellulolytic 
bacteria. 

Do bacteria also produce family C cellobiohydrolases? Although there are 
at least fifteen C B H I homologues from fungi in the GenBank database, there 
are no examples of family C enzymes from bacteria (44). Cellobiohydrolases 
have been described in C. stercorarium (46), Microbispora bispora (47, 48). 
Ruminococcus flavefaciens (49) and Streptomyces flavogriseus (50) but there are no 
amino acid sequence data for any of these enzymes. A l l other known bacterial 
cellobiohydrolases belong to either family Β or family L . Bacterial family C 
cellobiohydrolases may yet be discovered. Alternat ively, family L 
cellobiohydrolases could be the functional equivalents of these enzymes in 
the bacteria. 

The need for two distinct types of cellobiohydrolase is not obvious but a 
possible explanation is that one type of cellobiohydrolase (family B) attacks 
cellulose chains at their non-reducing end while the other type (family C in 
fungi, family L in bacteria) attacks at the reducing end. Synergistic 
interactions in cellulase systems are usually explained by a mechanism in 
which endoglucanases initiate attack at amorphous regions on cellulose 
chains, providing sites for cellobiohydrolase activity. In systems containing 
two types of cellobiohydrolase, "nicks" created by endoglucanase activity 
would spread simultaneously in both directions, quickly exposing underlying 
chains to further enzyme action (Figure 10). 

Evidence for the attack of cellulose molecules from the reducing and non-
reducing ends by T. reesei C B H I and C B H II, respectively, comes from 
analyses of cellooligosaccharide hydrolysis (51) and the tertiary structures of 
the C B H I and C B H II catalytic domains are consistent with the two different 
mechanisms (17,39). It is reasonable to propose that C. fimi C b h A and other 
cellobiohydrolases in family Β also attack cellulose from the non-reducing 
end. There is less evidence for attack from the reducing end by CbhB and 
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family Β family C or L 
cellobiohydrolase cellobiohydrolase 

Û
endoglucanase Λ 

A cellulose microfibril : — • 

ϋ « = I 
non-reducing end reducing end 

Β . . . 

Figure 10. Hypothetical model for non-complexed cellulase systems of 
bacteria and fungi. Cellobiohydrolases that attack cellulose chains in 
opposite directions are shown as a common feature of bacterial and 
fungal systems. The family C (fungi) or family L (bacteria) 
cellobiohydrolase attacks at the reducing end of cellulose chains. The 
family Β cellobiohydrolase (bacteria and fungi) attacks at the non-
reducing end. A s a result, "nicks" created by endoglucanase activity in 
disordered regions of cellulose chains are rapidly propagated in both 
directions. This activity reveals further sites for endoglucanase attack. 
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other family L cellobiohydrolases but all available data are consistent with 
this mechanism. 

C b h A and CbhB were shown to have a low but significant level of 
endoglucanase activity on Cm-cellulose. If cellobiohydrolases also have 
endoglucanase activity on cellulose, there is no apparent requirement for 
additional endoglucanases in models like the one shown in Figure 10. The 
inability of genetic probes to detect endoglucanase-like sequences in P . 
chrysosporium led to suggestion that C B H I variants do indeed provide 
endoglucanase activity in this fungus (52). 

Intrinsic endoglucanase activity would explain the observed synergistic 
interaction of T. reesei C B H I and C B H II (53). However, the synergistic 
interaction of two cellobiohydrolases may be s imply the result of 
endoglucanase contamination in some cases. For example, the synergistic 
interaction of P. pinophilum C B H I and C B H II disappeared when a trace 
endoglucanase contaminant was removed (54). In this case at least, it appears 
that synergistic interaction requires the participation of three enzymes, as 
shown in Figure 10. Moreover, synergism between P. pinophilum C B H I and 
C B H II required a specific endoglucanase; others were not effective. 
Endoglucanase specificity has also been noted in other synergistic interactions 
(1). This aspect of synergy remains to be explained and is not addressed in 
our model. 

Conclusion 

Comparison of fungal and bacterial systems may help us to understand more 
about the mechanisms of cellulose hydrolysis by microorganisms. O n the 
basis of data for C. fimi, we suggest that non-complexed cellulase systems 
from bacteria and fungi use a similar strategy involving two types of 
cellobiohydrolase that attack at different ends of cellulose chains. 

It is not clear how non-complexed cellulase systems are related to the 
systems in anaerobic microorganisms, particularly those of the cellulolytic 
Clostridium spp. in which cellulases are assembled into multimolecular 
complexes called cellulosomes (55). Most of the known family L cellulases are 
from Clostridium spp. and at least some of these are cellobiohydrolases. 
However, cellobiohydrolases from other cellulase families have not yet been 
identified in these bacteria. 

Acknowledgements 

Our work on C. fimi is supported by grants from the Natural Sciences and 
Engineering Research Council of Canada. We thank Curtis Braun and Gary 
Lesnicki for expert technical assistance. 

Literature Cited 

1. Wood, T. M.; Garcia-Campayo, V. Biodegradation, 1990, 1, 147-161. 

 
 .c

h0
12

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



194 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

2. Teeri, T. T.; Pentillä, M.; Keränen, S.; Nevalainen, H.; Knowles, J. K. C. In 
Biotechnology of Filamentous Fungi; D. Β. Finkelstein and C. Ball, Eds.; 
Butterworth-Heinemann: London, 1991, pp 417-444. 

3. Broda, P. Biodegradation, 1992, 3, 219-238. 
4. Meinke, Α.; Gilkes, N. R; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. A. J. 

J. Bacteriol 1993, 175, 1910-1918. 
5. Shen, H.; Tomme, P.; Meinke, Α.; Gilkes, N. R.; Kilburn, D. G.; Warren, R. 

A. J.; Miller, R. C. Jr. Biochem. Biophys. Res. Comm. 1994, 199, 1223-1228. 
6. Gilkes, N. R.; Henrissat, B.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. A. 

J. Microbiol Rev. 1991, 55, 303-315. 
7. Coutinho, J. B.; Gilkes, N. R.; Warren, R. A. J.; Kilburn, D. G.; Miller, R. C., 

Jr. Molec. Microbiol. 1992, 6, 1243-1252. 
8. Meinke, Α.; Gilkes, N. R.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. A. J. 

J. Bacteriol. 1991, 173, 7126-7135. 
9. Hansen, C. K. FEBS Lett. 1992, 305, 91-96. 
10. Blaak, H.; Schnellmann, J.; Walter, S.; Henrissat, B.; Schrempf, H . Eur. J. 

Biochem. 1993, 214, 659-669. 
11. Al-Tawheed, A. R. Molecular Characterization of Cellulase Genes from 

Cellulomonas flamgena; M.Sc. thesis, University of Dublin, 1988. 
12. Henrissat, B.; Claeyssens, M.; Tomme, P.; Lemesle, L.; Mornon, J.-P. Gene, 

1989, 81, 83-95. 
13. Henrissat, B.; Bairoch, A. Biochem. J. 1993, 293, 781-788. 
14. Schou, C.; Rasmussen, G.; Kaltoft, M. B.; Henrissat, B.; Schülein, M. Eur. J. 

Biochem. 1993, 217, 947-953. 
15. Meinke, Α.; Gilkes, N. R.; Kilburn, D. G.; Warren, R. A. J.; Miller, R. C., Jr. 

In Genetics, Biochemistry and Ecology of Lignocellulose Degradation; K. 
Shimada, K. Ohmiya, Y. Kobayashi, S. Hoshino, K. Sakka and S. Karita, 
Eds.; Uni Publishers: Tokyo, 1993, pp 286-297. 

16. Meinke, Α.; Gilkes, N. R.; Kwan, E.; Kilburn, D. G.; Warren, R. A. J.; 
Miller, R. C., Jr. Molec. Microbiol. 1994, 12, 413-422. 

17. Rouvinen, J.; Bergfors, T.; Teeri, T.; Knowles, J. K. C.; Jones, T. A. Science, 
1990, 249, 380-386. 

18. Gilkes, N. R.; Claeyssens, M.; Aebersold, R.; Henrissat, B.; Meinke, Α.; 
Morrison, H. D.; Kilburn, D. G.; Warren, R. A. J.; Miller, R. C., Jr. Eur. J. 
Biochem. 1991, 202, 367-377. 

19. McGinnis, K.; Wilson, D. B. Biochemistry, 1993, 32, 8151-8156. 
20. Spezio, M.; Wilson, D. B.; Karplus, P. A. Biochemistry, 1993, 32, 9906-9916. 
21. Wang, W. K.; Kruus, K.; Wu, J. H. D. J. Bacteriol 1993, 175, 1293-1320. 
22. Morag, E.; Bayer, Ε. Α.; Hazlewood, G. P.; Gilbert, H. J.; Lamed, R. Appl. 

Biochem. Biotechnol. 1993, 43, 147-151. 
23. Bronnenmeier, K.; Rücknagel, K. P.; Staudenbauer, W. L. Eur. J. Biochem. 

1991, 200, 379-385. 
24. Belaich, J.-P.; Gaudin, C.; Belaich, Α.; Bagnara-Tardif, C.; Fierobe, H.-P.; 

Reverbel, C. In Genetics, Biochemistry and Ecology of Lignocellulose 
Degradation; K. Shimada, K. Ohmiya, Y. Kobayashi, S. Hoshino, K. Sakka 
and S. Karita, Eds.; Uni Publishers: Tokyo, 1993, pp 53-62. 

 
 .c

h0
12

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



12. SHEN ET AL. Cellulomonas fimi Cellobiohydrolases 195 

25. Doi, R. H.; Goldstein, M. Α.; Park, J.-S.; Lui, C.-C.; Matano, Y.; Takagi, M.; 
Hashida, S.; Foong, F. C.-F.; Hamamoto, T.; Segel, I.; Shoseyov, O. In 
Genetics, Biochemistry and Ecology of Lignocellulose Degradation; K. Shimada, 
K. Ohmiya, Y. Kobayashi, S. Hoshino, K. Sakka and S. Karita, Eds.; Uni 
Publishers: Tokyo, 1993, pp 43-52. 

26. Bergquist, P. L.; Gibbs, M. D.; Saul, D. J.; Te'O, V. S. J.; Dwivedi, P. P.; 
Morris, D. In Genetics, Biochemistry and Ecology of Lignocellulose 
Degradation; K. Shimada, K. Ohmiya, Y. Kobayashi, S. Hoshino, K. Sakka 
and S. Karita, Eds.; Uni Publishers: Tokyo, 1993, pp 276-285. 

27. Fujino, T.; Karita, S.; Ohmiya, K. In Genetics, Biochemistry and Ecology of 
Lignocellulose Degradation; K. Shimada, K. Ohmiya, Y. Kobayashi, S. 
Hoshino, K. Sakka and S. Karita, Eds.; Uni Publishers: Tokyo, 1993, pp 67-
75. 

28. Morag, E.; Halevy, I.; Bayer, Ε. Α.; Lamed, R. J. Bacteriol. 1991, 173, 4155-
4162. 

29. Day, A. G.; Withers, S. W. Biochem. Cell. Biol. 1986, 64, 914-922. 
30. Bhikhabhai, R.; Johansson, G.; Pettersson, G. J. Appl. Biochem. 1984, 6, 336-

347. 
31. Tomme, P.; McCrae, S.; Wood, T.; Claeyssens, M . Meth. Enzymol. 1988, 

160, 187-193. 
32. Okada, G.; Tanaaka, Y. Agric. Biol. Chem. 1988, 52, 2981-2984. 
33. Ståhlberg, J.; Johansson, G.; Pettersson, G. Biochim. Biophys. Acta, 1993, 

1157, 107-113. 
34. Reinikainen, T. The Cellulose-Binding Domain of Cellobiohydrolase I from 

Trichoderma reesei; VTT Publications 206; Technical Research Centre of 
Finland: Espoo, 1994. 

35. Wood, P. J. Carbohydr. Res. 1980, 85, 271-287. 
36. Wood, P. J.; Erfle, J. D.; Teather, R. M. Meth. Enzymol. 1988, 160, 59-74. 
37. Gilkes, N. R.; Langsford, M. L.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. 

A. J. J. Biol. Chem. 1984, 259, 10455-10459. 
38. Bartley, T. D.; Murphy-Holland, K.; Eveleigh, D. E. Anal. Biochem. 1984, 

140, 157-161. 
39. Divne, C.; Ståhlberg, J.; Reinikainen, T.; Ruohonen, L.; Petterson, G.; 

Knowles, J. K. C.; Teeri, T. T.; Jones, T. A. Science, 1994, 265, 524-528. 
40. White, Α.; Withers, S. G.; Gilkes, N. R.; Rose, D. R. Biochemistry, 1994, 33, 

12546-12552. 
41. Braun, C.; Meinke, Α.; Ziser, L.; Withers, S. Anal. Biochem. 1993, 212, 259-

262. 
42. Gebler, J.; Gilkes, N . R.; Claeyssens, M.; Wilson, D. B.; Béguin, P.; 

Wakarchuk, W. W.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. A. J.; 
Withers, S. G. J. Biol. Chem. 1992, 267, 12559-12561. 

43. Stoddart, J. F. Stereochemistry of Carbohydrates; Wiley-Interscience: New 
York, NY: 1971. 

44. Tomme, P.; Warren, R. A. J.; Gilkes, N. R. Adv. Microbial Physiol. 1995, 37, 
1-81. 

45. Zhang, S.; Lao, G.; Wilson, D. B. Biochemistry, 1995, 34, 3386-3395. 

 
 .c

h0
12

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



196 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

46. Creuzet, N.; Berenger, J.-F.; Frixon, C. FEMS Microbiol Lett 1983, 20, 347-
350. 

47. Yablonsky, M. D.; Bartley, T.; Elliston, K. O.; Kahrs, S. K.; Shalita, Z. P.; 
Eveleigh, D. E. In Biochemistry and Genetics of Cellulose Degradation; J.-P. 
Aubert, P. Béguin and J. Millet, Eds.; Academic Press: London, 1988, pp 
249-266. 

48. Hu, P.; Kahrs, S. K.; Chase, T.; Eveleigh, D. E. J. Industr. Microbiol. 1992, 
10, 103-110. 

49. Gardner, R. M.; Doerner, K. C.; White, B. A. J. Bacteriol 1987, 169, 4581-
4588. 

50. MacKenzie, C. R.; Bilous, D.; Johnson, K. G. Can. J. Microbiol. 1984, 30, 
1171-1178. 

51. Biely, P.; Vranska, M.; Claeyssens, M. In Trichoderma reesei Cellulases and 
Other Hydrolases; P. Suominen and T. Reinikainen, Eds.; Foundation for 
Biotechnical and Industrial Fermentation Research, Vol. 8; Helsinki, 1993, 
pp 99-108. 

52. Sims, P. F. G.; Soares-Felipe, M. S.; Wang, Q.; Gent, M. E.; Tempelaars, C.; 
Broda, P. Mol. Microbiol. 1994, 12, 209-216. 

53. Fägerstam, L. G.; Pettersson, L. G. FEBS Lett. 1980, 119, 97-101. 
54. Wood, T. M.; McCrae, S. I.; Bhat, Κ. M. Biochem. J. 1989, 260, 37-43. 
55. Béguin, P.; Aubert, J.-P. FEMS Microbiol. Rev. 1994, 13, 25-58. 
56. Wong, W. K. R.; Gerhard, B.; Guo, Ζ. M.; Kilburn, D. G.; Warren, R. A. J.; 

Miller, R. C., Jr. Gene, 1986, 44, 315-324. 
57. Meinke, Α.; Braun, C.; Gilkes, N . R.; Kilburn, D. G.; Miller, R. C., Jr.; 

Warren, R. A. J. J. Bacteriol. 1991, 173, 308-314. 
58. Coutinho, J. B.; Moser, B.; Kilburn, D. G.; Warren, R. A. J.; Miller, R. C., Jr. 

Molec. Microbiol. 1991, 5, 1221-1233. 
59. O'Neill, G., Goh, S.H., Warren, R.A.J., Kilburn, D.G. and Miller, R.C., Jr. 

Gene, 1986, 44, 325-330. 
60. Millward-Sadler, S. J.; Poole, D. M.; Henrissat, B.; Hazlewood, G. P.; 

Clarke, J. H.; Gilbert, H. J. Mol. Microbiol. 1994, 11, 375-382. 
61. Tempelaars, C.; Birch, P. R. J.; Sims, P. F. G.; Broda, P. Appl. Environ. 

Microbiol 1994, 60, 4387-4393. 
62. Un, F.; Marchenko, G.; Cheng, Y.-R. J. Industr. Microbiol. 1994, 13, 344-350. 
63. Damude, H. G.; Withers, S. G.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. 

A. J. Biochemistry, 1995, 34, 2220-2224. 
64. Damude, H . G.; Gilkes, N. R.; Kilburn, D. G.; Miller, R. C., Jr.; Warren, R. 

A. J. Gene, 1993, 123, 105-107. 
65. Meinke, Α.; Damude, H.G.; Tomme, P.; Kwan, E.; Kilburn, D.G.; Miller, 

R.C., Jr.; Warren, R.A.J.; Gilkes, N.R. J. Biol. Chem. 1995, 270, 4383-4386. 
66. Chaplin, M. F. In Carbohydrate Analysis: a Practical Approach; M. F. Chaplin 

and J. F. Kennedy, Eds.; IRL Press: Oxford, 1986, pp 1-36. 

RECEIVED September 12, 1995 

 
 .c

h0
12

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Chapter 13 

Thermostable β-Glucosidases 
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Interest in β-glucosidase has increased in recent years because of its 
application in the conversion of cellulose to glucose for the 
subsequent production of fuel alcohol. Cellulolytic enzymes in 
conjunction with β-glucosidase act sequentially and cooperatively 
to degrade cellulose to glucose. Product inhibition, thermal 
inactivation, low product yield and high cost of the enzyme 
constitute some problems to develop enzymatic hydrolysis of 
cellulose as a commercial process. A thermostable β-glucosidase 
from Aureobasidium pullulons, a yeast-like fungus, was optimally 
active at 75°C and pH 4.5 against p-nitrophenyl-β-D-glucoside, 
cellobiose and a series of higher cellooligosaccharides. Recent 
developments in thermostable β-glucosidase research particularly 
the biochemical and kinetic properties of the enzyme, mode of 
action and its use in the conversion of cellulose to glucose are 
described. 

The search for lower cost raw materials for the production of biofuels has led to 
increasing interest in the enzymatic hydrolysis of cellulose. Currently, over one 
billion gallons of ethanol are produced annually in the United States, with 
approximately 95% derived from the fermentation of corn starch. With increased 
attention to clean air and oxygenates for fuels, opportunities exist for expansion 
of the fuel ethanol industry. Lignocellulosic biomass, particularly corn fiber, 
represents a renewable resource that is available in sufficient quantities from the 
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com wet milling industry to serve as a low cost feedstock. Advances in enzyme 
technology are necessary if conversion of cellulosic biomass to ethanol is to te a 
commercial reality. 

Role of β-Glucosidase in Enzymatic Hydrolysis of Cellulose 

Cellulose is a linear polymer of 8,000-12,000 D-glucose units linked by 1,4-B-D-
glucosidic bonds. The enzyme system for the conversion of cellulose to glucose 
comprises endo-1,4-B-glucanase (EC 3.2.1.4), exo-1,4-B-glucanase (EC 3.2.1.91) 
and B-glucosidase (β-D-glucosidic glucohydrolase, EC 3.2.1.21). Cellulolytic 
enzymes in conjunction with β-glucosidase 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. β-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 (7,2,5). Thus, the β-glucosidase not 
only produces glucose from cellobiose but also reduces cellobiose inhibition, 
allowing the cellulolytic enzymes to function more efficiently. However, like B-
glucanases, almost all β-glucosidases are subject to end-product (glucose) 
inhibition. 

Problems of Current β-Glucosidase 

Product inhibition, thermal inactivation, substrate inhibition, low product yield and 
high cost of β-glucosidase constitute some barriers to commercial development of 
the enzymatic hydrolysis of cellulose. There is an increasing demand for the 
development of a thermostable, environmentally compatible, product and substrate 
tolerant β-glucosidase with increased specificity and activity for application in the 
conversion of cellulose to glucose in die fuel ethanol industry. A thermostable 
β-glucosidase offers certain advantages such as higher reaction rate, increased 
product formation, less microbial contamination, longer shelf-life, easier 
purification and better yield. 

Production of Thermostable β-GIucosidases 

β-Glucosidases having temperature optima of at least 60°C will be considered 
thermostable. Thermostable β-glucosidases reported to date include those purified 
from thermophiles such as Clostridium thermocellum (4), Thermoascus aurantiacus 
(5,6), Talaromyces emersonii (7,8), Thermotoga sp. (9), Microbispora bispora 
(10), Mucor miehei (11), Thermoanaerobacter ethanolicus (12), Sporotrichum 
thermophile (13), a thermophilic cellulolytic anaerobe Tp8 (14), an extremely 
thermophilic anaerobic strain Wai21W.2 (15) and the hyperthermophilic archaeon 
Pyrococcusfiiriosus (16). Some thermophilic organisms such as Thermomonospora 
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sp. produce less thermostable β-glucosidase (17,18). On the other hand, some 
mesophilic fungi such as Aspergillus sp. and Sclerotium sp. produce fl-glucosidase 
having an optimum temperature at 60-70°C (19,20). Aureobasidium pullulons, a 
yeast-like fungus, produces a thermostable fl-glucosidase (231 mU/ml culture 
broth) when grown on corn bran (21). Lactose was also a good carbon source for 
the production of fl-glucosidase. A time course study of fl-glucosidase production 
by A. pullulons grown on corn bran at 28°C showed that the fl-glucosidase 
production increased gradually up to 4 days, after which it remained constant. P. 
funosus cells grown on cellobiose contained very high levels of fl-glucosidase (18 
U/mg at 80°C) (16). 

Physico-chemical Characteristics 

The specific activity of purifiai extracellular fl-glucosidase from A. pullulons was 
315 U/mg protein at pH 4.5 and 75°C using p-nitrophenyl fl-D-glucoside (pNPflG) 
as assay substrate (21). The specific activity of purified fl-glucosidase from 
various microorganisms varies from 9 to 468 U/mg protein with pNPflG as 
substrate. (9, 22-24). The native fl-glucosidase from P. funosus had a molecular 
weight of 230,000 and was composed of four subunits each with a molecular 
weight of 58,000 (16). The native fl-glucosidase from Pisolithus tinctorius had a 
molecular weight of 450,000 with three subunits each of molecular weight 150,000 
(25) . The fl-glucosidase from A. pullulons was a glycoprotein having a molecular 
weight of 340,000 with two similar subunits of molecular weight of 165,000 (21). 
The fl-glucosidase from S. thermophile had a molecular weight of 240,000 with 
two similar subunits (13). The fl-glucosidase from an extremely thermophilic 
anaerobic bacterium had a molecular weight of 43,000 (15). A fl-glucosidase 
from Clostridium stercorium was a monomer with a molecular weight of 85,000 
(26) . The cloned fl-glucosidase (BglB) from M. bispora had a molecular weight 
of 52,000 (10). Thus, there is considerable diversity in enzyme structure for 
different thermostable fl-glucosidases. 

Thermostability and Thermoactivity 

The half-lives of some thermostable fl-glucosidases are given in Table I. The 
purified fl-glucosidase from P. funosus showed optimum activity at pH 5.0 and 
102-105°C, and was remarkably thermostable with a half life of 85 h at 100°C and 
13 h at 110°C (16). The thermostability of a fl-glucosidase from the thermophilic 
bacterium Tp8 cloned in Eschenchia coli was greatest at pH 6.0-6.5, and the 
enzyme had a half-life value of 11 min at 90°C, 105 min at 85° and 900 min at 
80°C (14). The fl-glucosidase from an extremely thermophilic anaerobic bacterium 
strain Wai21W.2 was inactivated with a half-life of 45 h at 65°C, 47 min at 75°C 
and 1.4 min at pH 6.2 and 85°C (15). At pH 7.0, which was the optimum pH for 
thermostability, half-life of the enzyme was 130 min at 75°C. The thermostability 
of this enzyme was enhanced 8 fold by 10% glycerol, 6-fold by 0.2 M cellobiose 
and 3 fold by 5 mM dithiothreitol and 5 mM 2-mercaptoethanol at pH 6.2 and 
75°C. A partially purified fl-glucosidase from Thermotoga sp. had a half-life of 

 
 .c

h0
13

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



200 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Table I. Half-Eves of some thermophilic 0-glucosidases 

Source B-Glucosidase Half-life 

Thermotoga sp. (9) 

Thermophilic bacterium 
Tp8 enzyme clonal in 
Escherichia coli (14) 
Thermophilic anaerobic 
bacterium Wai21W.2 (15) 

Pyrococcus fitriosus (16) 

Partially pure 
Pure 
Pure 

Pure 

Pure 

Aureohasidium pullulons (21) Crude 

8 h at 90°C (pH 7.0) 
2.5 h at 98°C (pH 7.0) 
11 min at 90°C (pH 6.0-6.5) 

45 h at 65°C (pH 6.2) 
47 min at 75°C (pH 6.2) 
130 min at 75°C (pH 7.0) 
85 h at 100°C (pH 5.0) 
13 h at 110°C (pH 5.0) 
72 h at 75°C (pH 4.5) 
24 h at 80°C (pH 4.5) 

8 h at 90°C (9). The pure enzyme had a half-life of 2.5 h at 98°C in the presence 
of bovine serum albumin (40 ^g/ml). The thermostability of the enzyme was 
increased further by addition of either trehalose or betaine. Immobilization of B-
glucosidase from A. phoenicis increased the half-life at 65°C from 0.5 to 252 h 
(27). One B-glucosidase (BglB) from M. bispora expressed in E. coli showed an 
optimum activity at 60°C and pH 6.2 (10). The cloned enzyme was thermostable 
retaining about 70% activity after 48 h at 60°C. In our work (27), the optimum 
temperature of the crude B-glucosidase from A. pullulons was 80°C (Figure 1). 
The crude enzyme had a half-life of 72 h at 75°C and 24 h at 80°C. However, 
the optimum temperature of the purified B-glucosidase was 75°C. Similar findings 
were reported for the B-glucosidase from Neocallimastix frontalis, in which case 
the pure enzyme had an optimum temperature at 45°C, whereas the crude enzyme 
showed optimum activity at 55-60°C (28). While the crude B-glucosidase from C. 
stercorarium exhibited a half-life of 3 h at 60°C, the purifiai enzyme was rapidly 
inactivated at this temperature (26). However, the thermostability of the purifiai 
enzyme could be increased by M g + 2 , C a + 2 or DTT. By adding M g C l 2 and DTT, 
the half-life of the purifiai enzyme at 60°C was increased to more than 5 h. The 
enzyme showed optimal activity at pH 5.5 and 65°C. A B-glucosidase from 5. 
thermophile was optimally active at pH 5.4 and 65°C (75). The B-glucosidase 
from Trichoderma reesei Q M 9414 exhibited optimal activity towards cellobiose 
at pH 4.5 and 70°C (29). Characteristics of some recently described thermostable 
B-glucosidases are presented in Table II. 

Catalytic Properties 

B-Glucosidases constitute a very diverse family of enzymes capable of hydrolyzing 
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Figure 1. Effect of temperature on activity of crude β-glucosidase from 
Aureobasidium pullulons. The enzyme activity was assayed at various 
temperatures at pH 4.5 using p-nitrophenyl β-D-glucoside as substrate (30 min 
reaction). 
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Table Π. Characteristics of some recently described thermostable 
β-glucosidases 

Organism Specific Optimum Optimum Glucose 
activity temp. PH inhibition 
(U/mg (°Q (Kt, mM)) 
protein)* 

Thermotoga sp. (9) 195 na 7.0 0.42 
Sporotrichum thermophile (13) 89 65 5.4 0.5 
Pyrococcus fiiriosus (16) 389 102-105 5.0 300 
Candida cacaoi (22) 9 60 4.0-5.5 8 
Clostridium thermocellum (23) 125 65 6.5 na 
Aspergillus nidulans (24) 468 60 5.5 5.48 
Pisolithus tinctorius (25) 128 65 4.0 na 
Aspergillus niger (30) - 65 4.6 3.22 

* Specific activity was determined using p-nitrophenyl β-D-glucoside (pNPBG) as 
substrate. One unit (U) of β-glucosidase was defined as the amount of enzyme 
required to liberate 1 μπιοί p-nitrophenol per min from pNPBG under certain assay 
conditions. 
na, not available. 

a broad range of β-glucosides. The hydrolytic mechanism of a β-glucosidase is 
considered to be by general acid catalysis (31). β-Glucosidases may be divided 
into three groups on the basis of substrate specificity: 1) aryl-B-glucosidases 
hydrolyze exclusively aryl-fi-glucosides, 2) cellobiases hydrolyze cellobiose and 
cello-oligosaccharides only, and 3) broad specificity β-glucosidases hydrolyze both 
substrate types and are most common in cellulolytic microbes (7,2,52). The β-
glucosidase from P. fiiriosus had higher affinity for pNPfiG than cellobiose with 
Km values of 0.15 and 20 mM, respectively (16). It also exhibited β-galactosidase, 
β-xylosidase and some β-mannosidase activity. The β-glucosidase from C. 
stercorarium hydrolyzed a variety of substrates including pNPBG, cellobiose and 
disordered cellulose (26). Km values were determined to be 0.8 mM for pNPBG 
and 33 mM for cellobiose. The Km values of β-glucosidase from thermophilic 
anaerobic strain Wai21W.2 were 0.15 and 0.73 mM for hydrolysis of pNPflG and 
cellobiose, respectively (15). Purified β-glucosidase from A. pullulons hydrolyzed 
cellobiose and pNPBG effectively (27). The purified enzyme had very little (< 
5%) or no activity on lactose, maltose, sucrose and trehalose. It also had no or 
very little activity on pNP-a-D-glucoside, ρΝΡ-β-D-xyloside, ρΝΡ-β-D-
cellobioside, pNP-a-L-arabinofuranoside and ρΝΡ-β-D-glucuronide (< 5%). Km 

values of 1.17 and 1.00 mM and values of 897 and 800 U mg 1 protein of β-
glucosidase from A. pullulons were obtained for the hydrolysis of pNPBG and 
cellobiose, respectively, at pH 4.5 and 75°C. The purified β-glucosidase 
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hydrolyzed cello-oligosaccharides. Km values for hydrolysis of cellotriose, 
cellotetraose, cellopentaose, cellohexaose and celloheptaose by this enzyme were 
0.34, 0.36, 0.64, 0.68 and 1.65 mM, respectively. The enzyme preparation did 
not hydrolyze lactose, although the organism produced very high level of fl-
glucosidase when grown on lactose. It, however, hydrolyzed pNP-fl-D-galactoside 
at 7.6% of that of pNPflG. The fl-glucosidase from P. fiiriosus hydrolyzed lactose 
very well (16). The intracellular fl-glucosidase from Evernia prunastri was 
considered to be a true cellobiase because of its great affinity toward cellobiose 
(33). The Km values for the hydrolysis of cellobiose and pNPflG were 0.244 and 
0.635 mM, respectively. Km values for the hydrolysis of cellobiose and pNPflG 
by fl-glucosidase from T. reesei strain Q M 9414 were 0.5 mM and 0.3 mM, 
respectively (29). This enzyme hydrolyzed cellodextrins by sequentially splitting 
off glucose units from the non-reducing end of the oligomers. It is interesting that 
the major role of a thermolabile fl-glucosidase from Butyrivibrio fibrisolvens 
cloned in E. coli in the degradation of cellulose was the cleavage of cellodextrins 
rather than cellobiose (34). The Km values for the hydrolysis of pNPflG and 
cellobiose by some thermophilic fl-glucosidases are presented in Table III. The 
fl-glucosidase from Bacillus potymyxa expressed in E. coli produced glucose and 
cellotriose from cellobiose (35). The cellotriose was formed by 
transglycosylation. Metal ions such as C a 2 + , M g 2 + , M n 2 + or C o 2 + (5 mM) did not 
stimulate or inhibit the fl-glucosidase activity of A. pullulons, and thiol was not 
essential for activity (21). The fl-glucosidase from P. fiiriosus was also unaffected 
by thiol-specific inhibitors (16). Galactose, mannose, arabinose, fructose, xylose 

Table ΙΠ. Comparison of Km values of some thermostable β-glucosidases for 
the hydrolysis of p-nitrophenyl β-D-glucoside (pNPfiG) and cellobiose 

Source Km value (mM) 

pNPflG Cellobiose 

Thermotoga sp. (9) 0.10 19 
Sporotrichum thermophile (13) 0.29 0.83 
Pyrococcus funosus (16) 0.15 20 
Aureobasidium pullulons (21) 1.17 1 
Candida cacaoi (22) 0.44 87 
Clostridium thermocellum (23) 2.20 77 
Aspergillus nidulans (24) P - l 0.84 1 

P-II 0.47 0.8 
Pisolithus tinctorius (25) 0.87 -
Trichoderma reesei QM9414 (29) 0.30 0.5 
Aspergillus niger (30) USBD 0827 0.75 0.89 

USBD 0828 1.23 1.64 
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and lactose at 1 % (w/v) concentration did not inhibit β-glucosidase activity from 
A . pullulons. Some β-glucosidases preferentially utilize alcohols rather than water 
as acceptors for the glycosyl moiety during catalysis, yielding ethyl β-D-glucoside 
in the reaction (9,35-37). The β-glucosidase of Dekkera intermedia is activated 
by 2 M ethanol using pNPBG as substrate, suggesting that ethanol increases the 
hydrolysis rate of pNPflG by acting as an acceptor molecule for the intermediary 
glucosy1 cation (37). The effect of ethanol can be attributed to β-glucosyl 
transferase activity - the ethanol acting as a suitable acceptor for this reaction (9). 
The initial activity of the β-glucosidase from A. pullulons was slightly stimulated 
by ethanol. H P L C analysis of the reaction products in the presence of 6% ethanol 
after 24 h indicated the formation of an additional unidentified peak (21). 

Substrate Inhibition 

Substrate inhibition by cellobiose is a common property of β-glucosidase from 
Trichoderma sp. and other microorganisms (29,38,39). Cellobiose strongly 
inhibited its own hydrolysis by β-glucosidase from Pyromyces sp. at concentrations 
above 0.2 mM (38). The inhibition constant (Ki) for cellobiose was 0.62 mM. 
The β-glucosidase from A. pullulons was not inhibited by up to 20 mM pNPBG 
or 6% (w/v) cellobiose (21). It was shown that the β-glucosidase from A . niger 
normally inhibited by cellobiose concentration greater than 10 mM, was not 
apparently subject to inhibition by cellobiose concentration as high as 100 mM if 
it was immobilized and entrapped with calcium alginate gel spheres (40). 

Glucose Inhibition 

Inhibition by glucose, a common characteristic of β-glucosidases (1,9,41,42) 
although there are exceptions (10,43,44), is an important constraint to overcome 
if this enzyme is to have industrial applications. Most of the β-glucosidases 
studied were competitively inhibited by glucose. Glucose inhibited the fl-
glucosidase catalyzed reaction of cellulase of T. viride in a mixed inhibition pattern 
with a competitive character (45). The fl-glucosidase from A. pullulons was 
competitively inhibited by glucose with an inhibition constant (/Q of 5.65 mM 
(21). The intracellular fl-glucosidase from E. prunastri was competitively inhibited 
by glucose with a Kt value of 1.26 mM (33). fl-Glucosidase from S. thermophile 
was competitively inhibited by glucose with a Kt of 0.5 mM (13). A fl-glucosidase 
from Streptomyces sp. was not only resistant to glucose inhibition but it was 
stimulated two-fold by 0.1 M glucose (44). A cloned fl-glucosidase (BglB) from 
M. bispora was also activated two to three fold in the presence of 2-5% (0.1 -
0.3M) glucose and did not become inhibited until the glucose concentration 
reached about 40% (10). The fl-glucosidase from thermophilic anaerobic 
bacterium strain Wai21W.2 was insensitive to glucose inhibition (15). The 
inhibition of fl-glucosidase activity from P. fiiriosus by glucose was almost 
negligible with a Kt of 300 mM (16). 
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Synergism with Cellulases 

Supplementation of β-glucosidase from S. thermophile stimulated cellulose 
hydrolysis by cellulases where there was no accumulation of cellobiose in the 
reaction mixture (73). The β-glucosidase from A. pullulons showed synergistic 
interaction with cellulase to increase the efficiency of glucose production from 
cellulose by converting cellobiose to glucose (Table IV). This β-glucosidase may 
have utility in the enzymatic hydrolysis of cellulose from corn fiber and other 
cellulosic biomasses for the subsequent production of fuel ethanol. The addition 
of cloned β-glucosidase from C. thermocellum increased the degradation of 
crystalline cellulose by C. thermocellum cellulase complex (3). Addition of β-
glucosidase from A. niger to a simultaneous saccharification/fermentation resulted 
in a 20% increase in percent conversion of cellulose to ethanol while addition to 
saccharification resulted in a 53% increase in percent conversion (36). The 
presence of immobilized β-glucosidase from A. phoenicis during enzymatic 
hydrolysis of cellulosic materials significantly increased the concentration of 
glucose by converting cellobiose effectively to glucose (45). 

Table IV . Cellulose hydrolysis by a commercial cellulase preparation 
supplemented with purified β-glucosidase from Aureobasidiumpullulans 

Enzyme Hydrolysis (%)" 

Cellulase 58.5 
Cellulase + β-Glucosidase 66.4 
β-Glucosidase 0.0 

•At pH 4.5 and 50°C. Reaction time, 48 h. Substrate used: Sigmacell 50 2% 
(w/v). Enzyme used: cellulase, 5 U/ml; β-glucosidase, 0.1 U/ml. The reaction 
products were quantified by analyzing in HPLC (27). 

Concluding Remarks 

In recent years, a lot of research effort has been directed toward finding a suitable 
β-glucosidase for application in the enzymatic conversion of cellulose to glucose. 
A number of β-glucosidase genes have been cloned from different organisms and 
more than fifteen nucleotide sequences are now available, allowing for the 
identification of enzyme families, domain, putative catalytic sites, evolutionary 
traits, and other features (10,47,48). Our approach has been to develop an 
improved β-glucosidase that is temperature and pH compatible with process 
conditions and to screen for a glucose tolerant β-glucosidase. The high activity 
of the A. pullulans β-glucosidase on cellobiose, its ability to hydrolyze a variety 
of cellooligosaccharides, high substrate tolerance, its non-dependence on metal 
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ions or thiol compounds, and the high thermoactivity make the enzyme a suitable 
candidate for application in the enzymatic hydrolysis of cellulose to glucose. The 
glucose inhibition of β-glucosidase could possibly be overcome by employing a 
combined saccharification and fermentatation process using a glucose fermenting 
organism. 
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Chapter 14 

Initial Approaches to Artificial Cellulase 
Systems for Conversion of Biomass 

to Ethanol 

Steven R. Thomas, Robert A. Laymon, Yat-Chen Chou, 
Melvin P. Tucker, Todd B. Vinzant, William S. Adney, John O. Baker, 

Rafael A. Nieves, J. R. Mielenz, and Michael E. Himmel1 

Alternative Fuels Division, Applied Biological Sciences Branch, 
National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, CO 80401-3393 

The process of converting low-value biomass to ethanol via 
fermentation depends keenly on the development of economic 
biocatalysts to achieve effective depolymerization of the cellulosic 
content of biomass. This process has few features in common with 
contemporary large-scale uses of cellulases, such as food processing 
and detergent augmentation. Cellulase preparations used in an ethanol-
from-biomass process must hydrolyze crystalline cellulose completely, 
operate effectively at mildly acidic pH, withstand process stress, and 
they need not be derived from microorganisms that are generally 
recognized as safe (GRAS). Furthermore, the ideal cellulase complex 
used in biomass processing should be highly active on the intended 
feedstock and obtainable at the lowest possible cost. Clearly, the 
ability to "engineer" cellulase systems in anticipation of each 
application is key to successful optimization and commercialization. 
To achieve this goal, we are collaborating with other researchers to 
purify individual cellulase enzymes and their genes from a variety of 
bacteria and fungi. We are also comparing purified cellulases, both 
individually and in mixtures, using key criteria, to design and assemble 
optimized, use-specific, artificial cellulase systems that can be 
produced by recombinant host microorganisms on an industrial scale. 
This paper describes both strategies and progress to date. 

The U.S. Department of Energy (DOE) supports a research, development, and 
deployment (R&D&D) program directed at supporting industrial processes for 
conversion of lignocellulosic biomass to ethanol transportation fuel. The project has 
been divided into three generations of technology, which differ mainly in the 
feedstock expected to be used and the date targeted for piloting the scaled-up 
technology (i.e., operating a process development unit). First-generation technology 
1 Corresponding author 
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is directed at the conversion of three feedstocks considered by DOE to be of near-
term significance: waste paper, hardwood saw mill waste, and com residue. Second-
generation technology will employ the first "energy crop," a selected agricultural 
residue. Third-generation technology is directed at conversion of short-rotation 
hardwood trees, such as hybrid poplar. 

Cellulose and hemicellulose are the principle sources of fermentable sugars in 
lignocellulosic feedstocks; however, nature has designed woody tissue for effective 
resistance to microbial attack. To be effective, cellulose-degrading microorganisms 
typically produce cellulase enzyme systems characterized by multiple enzymatic 
activities mat work synergistically to reduce cellulose to cellobiose, and cellobiose to 
glucose. At least three different enzymatic activities are required to accomplish this 
task, β-1,4-endoglucanases (EC 3.2.1.4; also called endocellulases) cleave β-1,4-
glycosidic linkages randomly along the cellulose chain, β-1,4-exoglucanases 
(EC 3.2.1.91; also called cellobiohydrolases, CBH) cleave cellobiose from either the 
reducing or the nonreducing end of a cellulose chain. 1,4-P-D-glucosidases 
(EC 3.2.1.21) hydrolyze aryl- and alkyl-P-D-glucosides and various disaccharides. 
Those enzymes that preferentially cleave cellobiose are called cellobiases. 
Interestingly, Kong et al. (/) have recently shown that another activity, xylan acetyl 
esterase, enhances cellulase action. Furthermore, two nonenzymatic factors are 
implicated in augmenting cellulose hydrolysis: the "yellow affinity substance" 
associated with Clostridium thermocellum cellulases (2) and the cellulose binding 
domains (CBD) isolated from Cellulomonas fimi cellulases (3). Thus, the efficient 
degradation of cellulose to glucose in nature may require as many as 5 or 6 different 
enzyme-types, peptides, or factors. 

Filamentous fungi are well known as a cost-effective resource for industrial 
cellulases. For example, the fed-batch Trichoderma reesei cellulase fermentations 
reported by Watson et al. (4) have reached the spectacular level of 427 FPU/L* h. 
However, Philippidis (5) has recently shown that most cellulase productivities reported 
for similar systems fall between 100 and 200 FPU/L- h. In a recent monograph, 
Eveleigh (6) proposed that the maximum theoretical value obtainable from fungi 
cannot exceed 600 FPU/L- h. In contrast, the highest rate for cellulase production 
from a native cellulolytic bacterium is only 40 FPU/L* h; i.e., Thermomonospora 
fusca Y X (7). However, early work with the T. fusca Y X endoglucanase system, for 
example, showed that very high specific activities are obtainable; i.e., 2200 
carboxymethylcellulose units/mg purified protein (8). These values are approximately 
100-fold greater than specific activities from T. reesei endoglucanases. Furthermore, 
several bacterial cellulases have the desirable property of thermal stability; i.e., 
endoglucanases from Acidothermus cellulolyticus (9) and Thermotoga neapolitana 
(10). Therefore, the benefits of developing heterologous cellulase expression systems 
in rapidly growing bacteria include substantial enhancement of enzyme stability and 
specific activity, the potential for greater cell densities using fed-batch cultures, a 
dramatic reduction in cell-growth time, and the potential for protein overproduction. 
Some bacteria also appear to produce cellulase component enzymes with important 
properties such as resistance to end-product inhibition (6,11). 
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Many naturally occurring, cellulose-degrading fungi, bacteria, and protozoa have 
been described to date (11,12). In addition, carboxymethyleellulases (CMCases) have 
been reported from several higher plants (75). The most studied, and thus well-
characterized, cellulase system is undoubtedly that from the filamentous fungus 
T. reesei, but several bacterial systems are rapidly becoming very well understood 
(12). T. reesei is a prolific natural producer of secreted mesophilic cellulases; 
however, it may not be the most effective cellulase system for use in biomass 
conversion processes that essentially require complete hydrolysis of the feedstock for 
economic viability. 

Review of the Cellulase Literature 

As a result of intense study for nearly 40 years, more than 60 cellulolytic fungi have 
been reported (11,14), representing the soft-rot, brown-rot, and white-rot fungi. 
Members of the latter group are able to modify and degrade lignin and cellulose in 
woody substrates. Bacterial cellulase systems are currently the focus of considerable 
study. A major review of bacterial cellulases has identified 46 unique bacterial 
producers of cellulases (11). One-third of this group belongs to the anaerobic 
bacteria; the remainder are aerobic. Most bacterial cellulase enzymes are closely 
associated with the cell wall or are found in multi-enzyme aggregates called 
"cellulosomes." These high-molecular-weight (MW) cellulolytic organelles are 
characteristic of most "ruminant" type bacterial cellulase systems. A few aerobic 
bacterial cellulase systems have been identified that secrete freely soluble cellulase 
component enzymes. Examples of these systems belong to the genera 
Thermomonospora, Microbispora, Acidothermus, Pseudomonas, Thermotoga, Erwinia, 
and Acetivibrio. 

An exhaustive examination of the cellulase research literature has shown that very 
little information is suitable for comparison of the activity characteristics of 
endoglucanases or exoglucanases. This has been a persistent and aggravating deficit 
in the field since study began in the early 1950s. The problem is caused by the lack 
of universally accepted assay procedures and unwillingness or inability on the part of 
researchers to employ the few existing procedures considered rigorous, such as 
Ghose's International Union of Pure and Applied Chemists ( IUPAQ method (15) and 
the more recent method of Sattler et al. (16). Data shown in Table I represent a list 
of endoglucanase-specific activities that are comparable because the authors have used 
purified enzymes and equivalent assay methods. 

Review Parameters. For this review, we have chosen to compare published specific 
activities because the ultimate production system for endoglucanases in the biomass-
to-ethanol process will likely use a recombinant host for heterologous expression of 
an endoglucanase gene. Specific activity is defined as the catalytic activity produced 
by a known quantity of purified enzyme. Many researchers express one 
endoglucanase unit of activity as the amount of enzyme that releases one micromole 
of glucose-reducing sugar equivalent from carboxymethycellulose (CMC) in one 
minute. This type of initial rate information, usually gathered at arbitrary protein 
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concentration and at less than 1% total hydrolysis of an artificial substrate (CMC), is 
clearly less than ideal. In order to be universally comparable, endoglucanase activity 
must be assessed with a substrate of standardized solution concentration, degree of 
substitution, and degree of polymerization. Reducing sugars released must also be 
measured consistendy and reflect standardized extents of hydrolysis. 

Existing literature reviews ranking specific activities of more than a few native 
endoglucanases were not identified. Reviews reporting values for activities of 
commercial cellulase preparations were found during the course of this study (17,18), 
but were not considered useful for this evaluation because they are mixtures of several 
cellulolytic activities and are often adulterated or modified before sales. The purpose 
of this comparison is to assess purified individual enzymes. 

Conclusions from Tables I and II. Tables IA, IB, and Π list the characteristics 
of 61 native and recombinant, fungal and bacterial cellulases. Pure enzyme 
preparations were required to directly compare specific activities. With the exception 
of the cloned bacterial cellulases, these enzymes were purified with a minimum of two 
steps and a maximum of eight steps. 

Tables IA and IB support the general observation that native fungal 
endoglucanases are less active than their native bacterial counterparts (6,11). The 
specific activities listed in Table I clearly show that one of the most active bacterial 
endoglucanases, Pseudomonas fluorescens var. cellulosa C E L C (1860 units/mg), is 
nearly 5 times more active than the most active fungal enzyme, Talaromyces 
emersonii EG I (425 units/mg), and nearly 50 times more active than the primary 
endoglucanase from T. reesei E G I (40 units/mg). Table I also shows that the 
endoglucanases from Thermotoga neapolitana and T. fusca are highly active against 
C M C . 

It is noteworthy that the Erwinia and Microbispora species cloned in Escherichia 
coli and Zymomonas mobilis tended to be produced with low specific activities (see 
Table Π). The authors of these papers attributed their results to nonglycosylation of 
the recombinant proteins. Encouragingly, both C. fimi and C. thermocellum 
endoglucanases were expressed in moderately active forms from E. coli. 

Enzymes Not Included in Table I. Only endoglucanase enzymes were 
considered in Table I, because measurements of whole-system cellulase activity (i.e., 
filter paper activity) were reported in the literature by at least five different and 
nonconvertible methods. Because most bacterial cellulose degraders require the 
presence of the cell (or at least the cellulosome) to hydrolyze crystalline cellulose, the 
data base for specific activities of microcrystalline cellulose hydrolysis is limited to 
only a few well-studied fungi. Furthermore, the concept of specific activity, when 
applied to filter paper-type assays, becomes nonstandard due to the multiplicity of 
enzymes required for such hydrolysis (e.g., EGs and CBHs). 

While endoglucanases from many different fungal and bacterial systems have 
been fairly well characterized, the dearth of information on the corresponding 
exoglucanases assumed to be associated with these systems is stunning. This may be 
explained by the observation that exoglucanases are often much more difficult to 
monitor during the course of a purification. Commonly used, soluble, chromogenic 
substrates, which are hydrolyzed by some exoglucanases, are not cleaved by all 
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Table ΙΑ. 

Characteristics of Purified Native Fungal Endoglucanases 

Source Reference Given Name Specific Activity M, Purification Optimal 
(CMCU*) (kDa) Steps pH T°C 

Aspergillus aculeatus Murao et al. (19) FH 40 66 6 5.0 70 
Aspergillus niger Okada (20) cellulase 117 31 6 5-8 55 
Eupenicillium javanicum Tanaka et al. (21) B-5-E 70.8 41 4 5.0 55 
Fusarium solani Wood (22) endo C, 25.5 37 3 5.5 55 
Humicola insolens YH-8 Hayashida et al. (23) endoglucanase 217 57 7 5.0 50 
Irpex lacteus Kanda et al. (24) S-l 1.1 56 8 4.5 50 
Irpex lacteus Kubo & Nisizawa (25) CMCase E2-B 76.4 35 6 4.0 50 
Talaromyces emersonii Moloney et al. (26) EG I 414 68 3 5.6 60 

EG Π 425 
EG ΙΠ 385 
EG IV 325 

Trichoderma koningii Halliwell & Vincent (27) endoglucanase 5 ND 2 5.5 60 
Wood (28) El 29 13 5 5.0 60 
Wood (28) E3a 33 48 2 5.0 60 

Trichoderma viride 
QM9414 Voragen et al. (29) EG Π 20.1 45 4 4.0 50 

Shoemaker (30) EG Π 29.1 37 4 4.2 50 
Trichoderma reesei Schulein (57) EG I 60 52 3 4.0 50 

EG Π 40 48 3 4.0 50 

•carboxymethylcellulose units (CMCU) = umol released from CMC/min- mg. 
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Table IB. 
Characteristics of Purified Native Bacterial Endoglucanases 

Source Reference Given Name Specific Activity Η Purification Optimal 
(CMCU*) (kDa) Steps pH rc 

anaerobic bacterium B W Creuzet & Frixon (32) endoglucanase 45.1 90 2 6.4 60 
Bacillus subtilis DIG Robson & Chambliss (11) endoglucanase 550 35 2 5-6 60 
Bacillus succinogenes Groleau & Forsberg (33) endoglucanase 42.5 45 4 6.0 45 
Cellulomonas uda Nakamura & Kitamura (34) cellulase IV 62 48 3 6.0 47 
Clostridium 
papyrosolvens Garcia et al. (35) CMCase 6.7 ND 2(partial)4.8 45 

Clostridium stercorarium Creuzet et al. (36) endoglucanase 92 91 partial 6.4 ND 
Clostridium 

thermocellum Ng & Zeikus (37) endoglucanase I 65 83 5 5.2 62 
Pseudomonas fluorescens Yamane & Suzuki (38) cellulase A 1150 40 4 8.0 30 

var. cellulosa cellulase C 1860 ND 4 7.0 30 
Thermomonospora 
fusca Y X Calza et al. (8) E l 770 96 4 6.0 58 

E2 77 46 4 6.0 58 
Thermomonospora 
fusca Y X Wilson (39) E l 1100 108 4 6.0 58 fusca Y X 

E2 100 42 4 ND ND 
E4 6 106 4 ND ND 
E5 150 45 4 ND ND 

Thermotoga neapolitana Bok et al. (10) endoglucanase A 1200 30 3 7.0 110 
endoglucanase Β 1500 24 2 7.0 110 

*carboxymethylcellulose units (CMCU) = pmol glucose released from CMC/min- mg. 
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Table Π 
Characteristics of rCellulases Expressed from Heterologous Systems 

Source (genes) Reference C M C Specific Activity Given name Purification Optimal 
(umol RS/min- mg) (kDa) Steps pH T°C 

Bacteroides succinogenes 
cloned in E. coli Taylor et al. (40) 0.025 eel gene endo. 43 none 5.9 47 

Caldocellum saccharolyticum 
cloned in £. coli Love & Strciff (41) 1.311 β-D-glucosidase 52 none 6.25 85 

(periplasm^ 
Bacillus subtilis cloned in 
Zymomonas mobilis Yoon et al. (42) 0.025 endoglucanase -39 none ND ND 

(cytosol) 
Pseudomonas fluorescens 
var. cellulosa cloned in 
Z. mobilis Lejeune et al. (43) 0.35 endoglucanase ND none ND ND 

Clostridium thermocellum 
cloned in E. coli Beguin et al. (44) 140 endoglucanase A 56 3(cytosol) 6 60+ 

60 endoglucanase Β 66 3. 6 ND 
27 endoglucanase C 40 3 6 65+ 

428 endoglucanase D 74 3 6 ND 

B. subtilis cloned in 
Bacillus megaterium Kim & Pack (45) 452 endoglucanase 33 4 5.5 60 
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thermophilic anaerobe 
cloned in E. coli Honda et al. (46) 0.31 

Erwinia chrysanthemi 
cloned in E. coli 

E. chrysanthemi 
cloned in Z. mobilis 

Brestic-Goachet et al. (47) 0.8 

Brestic-Goachet et al. (47) 2.5 

Bacteroides ruminicola subsp. 
brevis cloned in E. coli Woods et al. (48) 

Microbispora bispora 
cloned in E. coli Eveleigh et al. (49) 

0.02-0.04 

6.6 

Bacillus polymyxa 
cloned in E. coli 

Bacillus circulons 
cloned in E. coli 

Baird et al. (50) 

Baird et al. (50) 

ND 

ND 

endoglucanase 

endoglucanase Ζ 

endoglucanase Ζ 

endoglucanase 

endoglucanase A 

endoglucanase 

endoglucanase 

ND none 6.0 80 

45 none 7.0 52 

45 none 7.0 52 

ND none 5.5-6 37-42 

44 none 6.5 60 

37 none ND ND 

52 none ND ND 

Continued on next page 
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Table Π (continued) 
Characteristics of rCellulases Expressed from Heterologous Systems 

Source (genes) Reference C M C Specific Activity Given name H Purification Optimal 
(umol RS/min- mg) (kDa) Steps pH rc 

Bacteroides ruminicola 
cloned in E. coli Matsushita et al. (51) 340-8402 endoglucanase 88 1 ND ND 

Af. bispora cloned in 
E. coli Wright et al. (52) 10 (130)3 BglB β-D-glucosidase 52 none 6.2 ω 

Trichoderma reesei cloned in 
S. cerevisiae Bailey et al. (55) 254 C B H II cellobiohydrol. >native 2 ND ND 

15604 EG I endoglucanase >native 2 ND ND 
Clostridium thermocellum 
cloned with E. coli Lemaire and Béguin (54) 50 CelG endoglucanase 36-42 4 ND ND 

Af. bispora cloned in 
Streptomyces lividans Hu et al. (55) 0.25-0.565 CBHII cellobiohydrol. 93 none 6.5 ω 

Thermomonospora fusca 
cloned in S. lividans Irwin et al. (56) 54102 E l endoglucanase 101 3 ND ND 

369 E2 endoglucanase 43 4 ND ND 
122 E4 endoglucanase 90 3 ND ND 

2840 E5 endoglucanase 46 3 ND ND 

1 Units/mg protein using p-nitrophenyl-|}-D-glucoside (pNPG) 2 pmol cellobiose/min per pmol protein 
3 Units/mL culture supernatant using p-nitrophenyl-p-D-glucoside (units/mL using cellobiose) 
4 nKatal/mL using hydroxyethylcellulose (HEC) 5 mUnits/mL culture supernatant using 4-methylumbelliferyl-P-D-cellobiose ( M U Q 
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14. THOMAS ET AL. Conversion of Biomass to Ethanol 217 

similar enzymes, an example being T. fusca E3 (56). This problem forces the use of 
more cumbersome assays (i.e., synergy or immunochemical) for the purification and 
characterization of (in particular) bacterial exoglucanases. Exoglucanases are, perhaps, 
often mis-identified as "weak" endoglucanases when they cleave pNP-cellobioside or 
methylumbelliferyl-cellobioside substrates at low rates. This problem is further 
exacerbated by the general paucity of C M C fluidity data and information regarding 
reaction product anomeric carbon stereochemistry. These kinds of results have caused 
some cellulase researchers to conclude that exoglucanases are simply not present in 
some cellulolytic systems, despite the fact that no well characterized crystalline 
cellulose-hydrolyzing system is known that does not exhibit one or more distinct 
exoglucanase activities, i.e., T. reesei, Humicola insolens, Phanerochaete 
chrysosporium, T. fusca, C. thermocellum, and Microbispora bispora (6,12). 
Recently, an exoglucanase from C. fimi was also reported (57). 

Microbial β-D-glucosidases differ from both cases described above in that it is 
possible to find quite extensive kinetic characterizations of these enzymes, and 
associated assays are not considered problematic (58). 

Strategy for Cellulase System at N R E L 

The initial focus of NREL's biomass-to-ethanol technology will probably employ 
proprietary commercial preparations of cellulase derived from mutant Trichoderma 
strains such as Rut-C30, RL-P37, or L27 (59), in a conversion process known as 
simultaneous saccharification and fermentation (SSF). Later process designs will be 
based on engineered components and mixes of cellulases. Figure 1 shows a logic 
diagram describing NREL's cellulase development strategy. The following four-part 
strategy was developed to accomplish this goal. 

1. Acquire Purified Cellulase Enzymes. Cellulase producers will be chosen for 
detailed testing based on a study of published information summarized in Table 
I. Cellulases purified from these bacteria and fungi will be procured from DOE 
subcontractors or produced at NREL. Standard chromatographic protocols for 
cellulase purification (60) will be followed where possible, and all preparations 
will be subjected to tests of homogeneity (i.e., SDS-polyacrylamide gel 
electrophoresis and Fast Protein Liquid Chromatography). 

2. Verify Activities and Biochemical Characteristics of Cellulases. To date, no 
concerted, national effort has been funded to assess the efficacy of specific 
bacterial and fungal cellulases for biomass hydrolysis via a "head-to-head" 
comparison. Candidate cellulase genes will be identified for incorporation into 
recombinant cellulase expression systems based on this performance testing. 
Although conceptually possible in any one laboratory, the identification and 
purification of many selected cellulases in a limited time frame is best 
accomplished by the coordinated effort of multiple, highly focused research 
laboratories. Thus, DOE has subcontracted much of the enzyme purification 
work to academic and corporate laboratories. 
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Figure 1. NREL*s strategy for development of engineered cellulase systems. 
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14. THOMAS ET AL. Conversion of Biomass to Ethanol 219 

These efforts will be limited to selected endoglucanases and exoglucanases, 
specifically those chosen from the comprehensive literature study discussed 
above. Candidate enzymes will be subjected to studies of kinetics, temperature 
and pH tolerance, resistance to end product inhibition, and the synergistic effect. 

3. Maximize Expression of Cellulases in Heterologous Host Systems. Based on 
the efforts described in Step 2 to determine which combinations of cellulases and 
β-D-glucosidases work effectively together under process conditions, genes 
encoding these enzymes will be used to construct recombinant cellulase-
producing organisms. 

Since the first heterologous expression of a C.fimi endoglucanase gene was 
reported from E. coli in 1978, a strong potential has existed for the successful 
expression of many cellulase genes in a number of rapidly growing bacteria (61). 
Indeed, a review by Lejeune et al. (62) tabulates examples of heterologous 
expression of endoglucanases, exoglucanases, and β-D-glucosidases in E. coli, 
Bacillus subtilis, and Streptomyces lividans hosts before 1987. Table Π provides 
examples of successful expression of recombinant cellulases reported since 1987. 
Table II also shows that, apart from a wide variety of gene source and host 
combinations producing enzymes of marginal specific activity, a few examples 
exist for the expression of recombinant cellulases displaying very high specific 
activities (e.g., C. thermocellum genes in E. coli and T. fusca genes in 
S. lividans). 

Opportunities to clone β-D-glucosidases are complicated because these 
enzymes are often of high M W and are not secreted by the native organism (63). 
There are, nonetheless, several examples of heterologous expression of β-D-
glucosidases in the literature [i.e., C. thermocellum enzyme expressed in E. coli 
(64), C. fimi enzyme expressed in E. coli (65), Caldocellum saccharolyticum 
enzyme expressed in E. coli and B. subtilis (41), and M. bispora enzyme 
expressed in E. coli (52)]. 

4. Construct Multi-Gene Expression Systems. While in the past, researchers have 
endeavored to use cellulase cloning to answer a variety of diverse scientific 
questions, our immediate goal is the overexpression of highly active cellulases 
that act synergistically to degrade crystalline cellulose. The ultimate goal of this 
concerted research effort is to develop a multiple-gene expression system in a 
suitable bacterial or fungal host that produces high levels of endoglucanase, 
exoglucanase, and β-D-glucosidase activities in optimal proportions for the rapid 
and efficient degradation of cellulosic biomass. 

Possible problems anticipated from a recombinant bacterial cellulase system 
include limited productivity, low specific activities of recombinant enzymes, 
ineffective multi-gene expression, identification of exo/endoglucanases that act 
synergistically on crystalline cellulose, and differences in enzyme processing that 
affect enzyme function. These factors and others render this effort a formidable 
task. Yet, clear evidence exists from the biotechnology industry that the 
manipulation of multi-gene systems for the improvement of cellular activities is 
achievable in a reasonable time frame; an example is ethanol production by 
transformed E. coli (66). 
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220 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

The recent successes of Yoo and Pack (65) in demonstrating the expression 
of a B. subtilis endoglucanase and a C. fimi β-D-glucosidase in E. coli using a 
bi-cistronic plasmid under tac promoter control are encouraging. They showed 
that 15% to 20% of the total protein produced by these transformed cells was 
cellulase. Earlier examples of successful constructions of multiple cellulase 
genes begins with the 1987 work of Penttilâ et al. (67) to clone two T. reesei 
endoglucanases in Saccharomyces cerevisiae. In 1988, Wong et al. (68) reported 
the cloning of CenA and Cex from C. fimi in S. cerevisiae using a tandem 
cartridge with two identical yeast promoters on one plasmid. That same year, 
Penttilâ et al. (69) cloned T. reesei C B H I and C B H Π on different plasmids in 
S. cerevisiae using yeast PGK promoters. In 1989, Huang et al. (70) reported 
cloning three Ruminococcus albus cellulases into E. coli using one lambda vector. 
In 1993, a prokaryotic endoglucanase (C. thermocellum, endo E) was expressed 
in active form in mammalian cells by Soole et al. (77), further demonstrating the 
range of heterologous expression possible. 

Progress Toward Cellulase System Development 

Research and development of an engineered cellulase system for the DOE Biofuels 
Program was initiated in 1991 and has followed the logic diagram outlined in Figure 
1. At the close of 1994, the primary effort regarding collection and characterization 
of cellulase enzymes will near completion. The outline below describes current 
progress toward the four key technical objectives. 

1. Identify and Acquire Purified Cellulase Enzymes. Forty years of intense study 
have clearly established cellulase producers as a truly diverse group of organisms. 
Unlikely ecosystems recently shown to harbor cellulolytic microorganisms 
include extreme environments, such as oceanic thermal vents (i.e., 
T. neapolitana), and the anaerobic rumen of cattle (i.e., the fungus Neocallimastix 
frontalis) (72). Figures 2 and 3 were developed to illustrate the impact of such 
diveristy. These figures show scatter plots of pH and temperature activity optima 
published for selected fungal and bacterial endoglucanases, respectively. These 
plots clearly demonstrate the relatively narrow range of characteristics exhibited 
by fungal enzymes, as opposed to the wide-ranging characteristics of bacterial 
enzymes. The most widely used industrial cellulase system, T. reesei, possesses 
a major endoglucanase, EG I, with temperature activity characteristics that 
partially overlap the "SSF window" (see the 50% activity box shown in Figure 
1) . The thermotolerant endoglucanase, A. cellulolyticus E l , demonstrates 
temperature activity characteristics that are useful for high-temperature 
saccharification, although clearly not optimal for direct use in SSF (see Figure 
2) . In general, pH and temperature effects on hydrolytic activity are used as a 
first test for cellulase suitability, and neither EG I nor E l is ideal for this 
purpose. 

Tables IA and IB show the specific activities and native MWs of purified 
fungal and bacterial endoglucanases, respectively. Bacterial cellulases appear to 
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Figure 2. Scatter plot of pH and temperature activity optima for selected, 
purified fungal endoglucanases reported in the literature. The 50% 
and 80% activity windows for Trichoderma reesei E G I are shown. 
Plot key: (1) 66kD Aspergillus aculeatus (19); (2) Trichoderma 
koningii (28); (3) 48kD T. koningii (27); (4) 68kD Talaromyces 
emersonii (26); (5) 41kD Eupenicillium javanicum (21); (6) 12kD 
Aspergillus fumigatus (73); (7) 37kD Fusarium solani (22); (8) 
31kD Aspergillus niger (20); (9) 52kD E G I T. reesei (31) and 
78kD Sclerotium rolfsii (74); (10) 37kD E G II Trichoderma viride 
(30); (11) 56kD Irpex lacteus (24); (12) 57kD Humicola insolens 
YH8 (25). 
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Figure 3. Scatter plot of pH and temperature activity optima for selected, 
purified bacterial endoglucanases reported in the literature. The 
50% and 80% activity windows for Acidothermus cellulolyticus E l 
are shown. Plot key: (1) 24kD Thermotoga neapolitana (10); (2) 
69kD E l A. cellulolyticus (75); (3) 56kD Clostridium thermocellum 
NCIB 10682 (76); (4) 91kD Clostridium stercorarium (32); (5) 
94kD Thermomonospora fusca YX (5); (6) 83kD C. thermocellum 
LQRI (77); (7) 22kD Thermomonospora curvata (78); (8) 45kD 
Clostridium josui FERMP-9684 (79); (9) 35kD Bacillus subtilis 
D L G (80); (10) 46kD Γ. fusca Y X (8); (11) 33kD Acetivibrio 
cellulolyticus (81); (12) 32kD Streptomyces strain KSM-9 (52); (13) 
45kD Fibrobacter succinogenes S85 (53); (14) 45kD Erwinia 
chrysanthemi 3665 (<S5); (15) 77 kD Cellulomonas sp. (84); (16) 
32kD Streptomyces strain KSM-9 (52); (17) 89kD Ruminococcus 
flavefaciens str. 67 (85); (18) 50kD Ruminococcus albus F-40 (S6); 
(19) Clostridium acetobutylicum N R R L B527 (57); (20) 
C. acetobutylicum P270 (57); (21) 118kD F. succinogenes S85 (55); 
(22) 65kD F. succinogenes S85 (55); (23) Pseudomonas sp. (59); 
(24) 44kD Cellulomonas sp. (54); (25) 40kD cell A Pseudomonas 
fluorescens var. cellulosa (38); (26) eel B F . fluorescens var. 
ce//wtoa (55); (27) Bad/Zw* sp. KSM-635 (90). 
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possess the important property of high specific activity. These parameters 
represent important criteria for initial study and, although chosen from literature 
reports, all require further experimental verification before final ranking. 

Based on a combination of encouraging literature reports and reasonable 
availability, a group of 9 bacterial and fungal cellulase systems were selected for 
further examination by NREL and DOE subcontractors. These are C. fimi, 
T. fusca, M. bispora, A. cellulolyticus, P. fluorescens var. cellulosa, 
C. thermocellum, T. reesei, Aspergillus niger, and T. neapolitana. 

2. Verify Activities and Biochemical Characteristics of Cellulases. In 1993 and 
1994, these efforts were limited to the 21 selected endoglucanases, 
exoglucanases, and β-D-glucosidases available at N R E L (see Table III). 
Candidate enzymes were subjected to kinetic and synergistic effect analysis, as 
described below. 

Synergism. Different combinations of endoglucanases and exoglucanases 
isolated from heterologous systems show differing degrees of synergy. Our goal 
is to determine which combinations produce the greatest synergistic effect and 
the highest amount of glucose production per unit of time at equivalent enzyme 
loadings. To date, all experiments have been carried out using only the model 
cellulose substrate, Sigmacell-20. An ordered list of the best four binary 
mixtures of available cellulases in synergy assays has been developed using 
combinations of individual purified cellulases. Binary synergy reactions were 
carried out under standard conditions, with total molar cellulase loading 
(endoglucanase plus exoglucanase) held constant in all digestion mixtures. 
A. niger β-D-glucosidase was purified according to the method of Himmel et al. 
(93) and included in every reaction to prevent feedback inhibition by accumulated 
cellobiose. Bovine serum albumin (BSA) was added to each reaction mixture to 
attenuate loss of enzyme by surface adsorption. The synergistic effect is 
quantified by calculating the ratio of glucose released when both enzymes are 
present in a reaction versus the sum of equivalent amounts of enzymes in 
separate, individual reactions: 

[ ( g l u c o s e ^ J / (glucose^ + glucoseexo)]. 

Synergy values significantly greater than 1 indicate a synergistic effect between 
the two enzymes under examination. Synergy values around 1 indicate no 
synergistic effect. Synergy values significantly less than 1 indicate some degree 
of interference between the two enzymes. Tests were conducted with 16 
endo/exo binary pairs using enzymes shown in Table III. Table IV lists the four 
best synergistic pairs under the conditions employed for these reactions. 

Of the top five synergy pairs listed in Table IV, all include T. reesei C B H I 
paired with different bacterial endoglucanases. Interestingly, the T. reesei pair 
C B H I and EG I is missing from this set and ranks ninth out of the 16 reactions 
analyzed. This result highlights the potential value of using T. reesei C B H I in 
future recombinant systems. A surprising observation, however, was that the best 
synergy pair included the E l endoglucanase from A. cellulolyticus. 
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Table ΙΠ 

Purified Cellulases and β-D-Glucosidases Archived at N R E L for Testing 

Microbial Source Enzyme(s) Institutional Source 

Acidothermus cellulolyticus 

Aspergillus niger 

Cellulomonas fimi 
Clostridium thermocellum 

Microbispora bispora 
Pseudomonas fluorescens 

var. cellulosa 
Thermomonospora fusca 

Thermotoga neapolitana 

Trichoderma reesei 

E l , r E l endoglucanase1* 
E2 endoglucanase1 

β-D-glucosidase1'* 
β-D-glucosidase 
Endo A endoglucanase 
110 kDa endoglucanase 
rCel D endoglucanase2 

rCel S exoglucanase 
rEndo A endoglucanase* 

rEndo X endoglucanase 
rEj endoglucanase 
rEj endoglucanase* 
E 3 exoglucanase* 
rE 4 endoglucanase 
rE 5 endoglucanase* 
rEndo Β endoglucanase* 
Γβ-D-glucosidase A 
C B H I cellobiohydrolase* 
C B H Π cellobiohydrolase* 
EG I endoglucanase* 
EG Π endoglucanase* 

NREL 
NREL 
NREL 
NREL 
N R E L 
Cognis, Inc.3 

Univ. of Rochester4 

Univ. of Rochester 
Rutgers University5 

Cognis, 
Cornell 
Cornell 
Cornell 
Cornell 
Cornell 
Rutgers 
Rutgers 
NREL 
N R E L 
N R E L 
N R E L 

Inc./NREL 
University6 

University 
University 
University 
University 
University 
Univeristy 

1 DOE/NREL U.S. patents (91,92) or patents pending 
2 r denotes recombinant product 
3 Supplied to N R E L by C. Paech 
4 Supplied to NREL by D. Wu 
5 Supplied to N R E L by D. Eveleigh 
6 Supplied to N R E L by D. Wilson 
* Used for tests of synergy in binary mixtures. 
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Kinetic Analysis. A summary of the kinetic properties for the available 
cellulases is given in Tables V and VI. The conditions for assaying the 
endoglucanases, exoglucanases, and β-D-glucosidases were chosen for 
compatibility with biomass-to-ethanol process options, including traditional yeast 
SSF (i.e., pH 5 and 40°C) and separate hydrolysis and fermentation (SHF) using 
saccharification at elevated temperatures (i.e., pH 5 and 80°C). Data in Tables 
V and VI can thus be used to rank attractive enzyme candidates for the 
DOE/NREL process. At 40°C, T. fusca E 5 and T. reesei E G II endoglucanases 
are the most active enzymes tested by the C M C fluidity assay. At 75°C and 
80°C, however, A. cellulolyticus E l is the most active endoglucanase. The 
Michaelis-Menten kinetics for β-D-glucosidases shown in Table VI indicates that 
at 40°C the A. cellulolyticus and T. neapolitana enzymes have similar (and quite 
low) values for M U G hydrolysis, although the A. cellulolyticus enzyme is 
more active on cellobiose at this temperature. If a process option requires high-
temperature enzyme use, data in Table VI illustrate that of the group tested, only 
the β-D-glucosidase from T. neapolitana can be considered viable. 

Table IV 
Best Synergistic Endo/Exo Cellulase Pairs Tested1 

Endo/Exo pair Synergism Composition for Maximum 
Ratio Synergy (% endo) 

A. cellulolyticus E l & 2.74 20% E l 
T. reesei C B H I 

T. fusca E 5 & 2.16 20% E 5 

T. reesei C B H I 
Af. bispora rEndo A & 2.04 20% Endo A 

T. reesei C B H I 
T. neapolitana rEndo Β & 1.90 60% Endo Β 

T. reesei C B H I 

1 Adapted from Baker et al. (94). Reactions were performed in 50 mM acetate 
pH 5.0 buffer with 0.36 μΜ total cellulase, 4.1 pg/mL β-glucosidase, 20 pg/mL 
BSA, and 50 mg/mL Sigmacell-20. Mixtures were held with agitation at 50°C 
for 120 h, which produced 9% or greater theoretical yields of glucose. Glucose 
was determined using the bicinchoninic acid method of Doner and Irwin (95). 

3. Maximize Expression of Cellulases in Heterologous Host Systems. The genes 
shown in Table VII are those currently archived at NREL to construct the initial 
generation of recombinant cellulase-producing organisms. The immediate 
preferred host for these constructions, based on existing industrial example and 
a high potential for enhanced heterologous expression systems, is S. lividans 
TK24 (96). 

STATUS. Two plasmids have been used during the course of this work, 
pIJ702 (97) and pFD666 (98), generously provided by Dr. Ryszard Brzezinski, 
Université de Sherbrooke, Quebec, Canada. Plasmid pIJ702 confers resistance 
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Table V 
Characteristics of Purified Endoglucanases Archived at N R E L 

Microbial Mr C M C Fluidity 
Source (kDa) (Δφ)1 

from gene2 40°C 75°C 80°C 

A. cellulolyticus r E l 3 69 4284 48,544 39,927 
A. niger Endo A 294 12575 inactive7 

C. fimi 110 kDa n o 4 396 inactive 
C. thermocellum rCel D 685 2820 inactive 
Af. bispora rEndo A 44 16638 12,376 inactive 
P. fluorescens 

var. cellulosa rEndo X 384 1346 inactive 
T. fusca rE! 94 5319 inactive 

rE, 42 2058 inactive 
rE 4 90 443 inactive 
rE 5 46 18752 inactive 

T. neapolitana rEndo Β 244 2003 28,902 25,750 
T, reesei EG I 46 15758 inactive 

EG 11 42 37791 inactive 

Data from this study. 
1 Based on a 0.5-unit increase in the fluidity of a 0.11% w/w carboxymethylcellulose 

(CMC; Hercules 7HF) buffered solution. Units are: per mg enzyme per 30 m 
digestion time. Assays were performed with a Schott Automatic Capillary 
Viscometer (3 mL capacity) in 50 mM acetate buffer pH 5.0 with 100 pg/mL 
bovine serum albumin (BSA; Sigma Chemical). 

2 Molecular weight derived from the published gene sequence (Gen Bank), unless 
otherwise noted. 

3 r = Recombinant enzyme. 
4 From SDS-polyacrylamide gel electrophoresis. 
5 Native gene is 68 kDa, protein expressed is 68 kDa + (11 kDa non-native leader 

peptide) = 79 kDa. 
6 Performed in 50 mM phosphate buffer pH 7.0 with 100 pg/mL BSA. 
7 Enzymes labeled "inactive" were shown to undergo complete activity loss either 

immediately, or within 20 min, after introduction to the viscometer. 

 
 .c

h0
14

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



14. THOMAS ET AL. Conversion of Biomass to Ethanol 227 

Table VI 
Characteristics of Purified β-D-Glucosidases 

Archived at N R E L 

Microbial Mr 40°C 75°C 
Source (kDa) V 

* max 
κ» V 

T max (substrate) (mM) (pmol/s) (mM) (pmol/s) 

(MUG 1 ) 
A. cellulolyticus 522 0.02213 l . lxlO" 4 inactive 
A. niger 117 0.321 1.6X10"4 inactive dV~55s) 
T. neapolitana, r$G-A 93 0.0103 1.2X10"4 0.041 3.9X10-4 

(cellobiose) 
A. cellulolyticus 1.96 3.17X10"4 inactive 
A. niger 8.63 9.18χΐσ3 inactive <Jw~55$) 
T. neapolitana, r$G-A 29.13 1.77χ103 9.63 2.75xl0'3 

Data from this study. 
1 M U G = 4-methylumbelliferyl-(i-D-gluropyranoside. 
2 From SDS-polyacrylamide gel electrophoresis. 
3 Kn, and V m a x values were determined at 40°C and 75°C, respectively, using M U G 

and cellobiose as substrates over concentration ranges of 0.01-0.5 mM and 0.2-
10 mM, respectively. The protein concentration in each reaction mixture was 
approximately 1 pg/mL. Assays were performed at pH 5.0 in 50 mM acetate 
buffer. 

4 Enzyme lability at this temperature renders kinetics unreliable (T^=half life). 
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Table VII 

Genes Encoding Cellulases and β-D-Glucosidases 
Undergoing Development at N R E L 

Gene(s)(Enzyme Coded) Institutional Source Microbial Source 

Acidothermus cellulolyticus 
Caldocellum saccharolyticum 

Clostridium thermocellum 
Microbispora bispora 

Pseudomonas fluorscens 
var. cellulosa 

Thermomonospora fusca 
Thermotoga neapolitana 

celEl (endoglucanase)1 

bglA (β-D-glucosidase)2 

celD (endoglucanase) 
celA (endoglucanase) 
bglA (β-D-glucosidase) 
bglB (β-D-glucosidase) 

eglX (endoglucanase) 
E 3 (exoglucanase) 
bglA (β-D-glucosidase) 
bglB (β-D-glucosidase) 

NREL 
Univ. of Auckland 
New Zealand 
Univ. of Rochester 
Rutgers University 
Rutgers University 
Rutgers University 

Rutgers Univeristy 
Cornell University 
Rutgers University 
Rutgers University 

1 DOE/NREL U.S. patent pending 
2 Property rights sold to DOE/NREL by University of Auckland, New Zealand. 
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to thiostrepton, whereas pFD666 confers resistance to kanamycin. Plasmid pSZ7, 
a shuttle plasmid containing a 3 kb fragment of T. fusca genomic DNA, encodes 
the E 3 exoglucanase and was supplied by Dr. David Wilson. The 
A. cellulolyticus E l endoglucanase gene was cloned as a 3.7 kb genomic D N A 
fragment into pU702 at the unique BglH site, after ligation of BglH linkers, to 
produce plasmid El-pIJ702. The same A. cellulolyticus DNA fragment 
containing the E l endoglucanase was likewise cloned into the unique HindHI site 
of both pSZ7 and pFD666, producing plasmids El-pSZ7 and El-pFD666, 
respectively. Plasmid El-pFD666 carries only the E l endoglucanase genes. The 
single-gene plasmid constructs in S. lividans strain TK24, thus developed, were 
labeled TK24/El-pIJ702, and TK24/pSZ7 (Cornell University). 

Streptomyces strains were grown in tryptic soy broth (TSB) with or without 
antibiotics (i.e., thiostrepton: 5 pg/mL in TSB, 50 pg/mL in TSB agar plates; 
kanamycin: 50 pg/mL in liquid and solid media). Five-mL seed cultures of 
S. lividans were grown for 48 h at 30°C before transferring into 40 mL of fresh 
TSB. Five-mL aliquots were collected at various times during growth of this 
culture to estimate enzyme activity, cell mass, and antigen concentration with an 
ELISA assay developed for this purpose (99). 

Preliminary small shake flask (40 mL) experiments with the S. lividans 
clones described above showed that the TK24/El-pU702 culture produced 4.2 mg 
r E l / L in 40 h and the TK24/pSZ7 culture produced 40 mg TEJL in 29 h. In both 
cases, the enzymes were measured in culture broths using optimized ELISA 
assays (99). More recently, TK24/El-pU702 cultures were grown at the 150-L 
scale in a New Brunswick fermenter. Cell densities of approximately 16 g/L of 
recombinant S. lividans were obtained from this controlled growth. This 
experiment yielded 18 mg r E l / L of growth supernatant. Although clearly in an 
early stage of molecular and fermentation optimization, these results show that 
cellulase component enzymes as diverse as an endoglucanase from 
A. cellulolyticus and an exoglucanase from Γ. fusca can be successfully expressed 
in S. lividans using unimproved native genes, albeit at modest levels. 

4. Construction of Multi-Gene Expression Systems. 
Strategies. Several possible strategies for developing multiple gene 

expression systems are depicted in Figure 4. In the first case (see Figure 4A), 
each strain produces only one recombinant product The amount of product 
produced by each strain could be determined during and after each fermentation. 
Recombinant fermentation products could be custom blended according to 
previously determined optimal enzyme ratios to maximize cellulose degradation 
and minimize the use of recombinant enzymes. This approach offers the most 
freedom to adjust the relative amount of recombinant product that the host strains 
produce. Host strains could be of the same or different species. Plasmids could 
be equivalent or different replicons. Promotors PI, P2, and P3 also could be 
equivalent or different. Each gene is totally independent from the others. 

The second example is based on three independent plasmids in one strain 
(see Figure 4B). In this case, all constructs co-exist in the same cell, requiring 
the use of compatible plasmids (i.e., 3 replicons). A l l plasmids should also have 
equivalent stabilities so that gene dosage is maintained at constant (desired) 
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Figure 4. Depiction of the four possible strategies for cloning multiple 
cellulase genes in an industrial host. (A) Different genes cloned in 
separate host strains, (B) each gene cloned on separate, compatible 
plasmid in the same host cell, (C) each independently regulated gene 
cloned into a single plasmid, (D) polycistronic expression of all 
coding sequences regulated as a single transcription unit. 
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levels. Gene dosage may then be adjusted through plasmid copy number (a 
process not precisely defined or predictable a priori). Expression levels of 
different genes can be manipulated through use of different promotors for each 
gene to produce appropriate ratios of recombinant activities. 

The third approach is to construct three independent genes on one plasmid 
(see Figure 4C). Here, use of the single plasmid removes plasmid compatibility 
considerations of concern in the previous option. Furthermore, relative gene 
dosage is more easily managed. Promotors 1, 2, and 3 could be the same or 
different, depending on required activity levels. Relative polarity of the genes 
may not be important (i.e., parallel or anti-parallel). However, increasing the 
number of genes on a single plasmid will result in a larger, perhaps less stable, 
plasmid. 

The fourth option is a polycistronic gene harboring all three genes (see 
Figure 4D). In this example, a single promotor controls the expression of all 
three polypeptides, and gene dosage is maintained at controlled stoichiometric 
levels. Relative expression levels could vary considerably because downstream 
cistrons may be expressed at lower levels than upstream cistrons. In this 
scenario, the polarity of the genes must be parallel. Although the final construct 
is still rather large, this option should generate a somewhat smaller construct than 
that described in option 3. 

STATUS. The two-gene constructs developed at NREL were labelled 
JT46/El-pSZ7 (one plasmid) and TK24/E1 -pFD666,pSZ7 (two compatible 
plasmids). Transformed S. lividans cultures were grown and monitored as 
described above. The recombinant culture containing two plasmids, TK24/E1-
pFD666,pSZ7, was observed to produce 26 mg/L rE 3 in 40 h and nearly 
undetectable levels (< 1 mg/L) of r E l . 

In a second case, plasmid El-pSZ7 carried both the r E l endoglucanase and 
rE 3 exoglucanase genes. JT46, a recombination deficient strain of S. lividans, 
was used for expression of this two-gene plasmid. The transformant JT46/E1-
pSZ7 was found to produce 0.4 mg rEJL in 40 h and 0.2 mg r E l / L in 25 h from 
inoculation. The productivity for either gene in both strains is much lower than 
the single-gene-containing transformants described above. These results show 
that the present two-gene construct is obviously far from optimal, in that enzyme 
and biomass productivity are suppressed. 

Conclusion 

A substantial record of successful recombinant expression of numerous bacterial and 
fungal cellulases in bacterial and fungal hosts exists in the literature. A major 
obstacle to developing engineered cellulase systems that are efficient and 
economically viable has been the lack of a broad-scope, concerted effort to identify 
the best enzymes for biomass conversion. This goal is being actively pursued at 
N R E L and is still somewhat hampered by the plethora of basic science issues 
embodied in the cellulase story. 
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In reviewing the cellulase literature reported over the past two decades, the lack 
of uniformity in assay methodology and enzyme nomenclature stand out as obvious 
sources of confusion for comparative studies. Fortunately, work pioneered by Ghose 
(15) and continued by Sattler et al. (16) to extend and improve cellulase assays has 
clarified our picture of the procedures necessary to correctly compare the activities of 
these enzymes. Henrissat and Mornon's hydrophobic cluster analysis method (100) 
is also key to die problem of resolving cellulase classification. As enzyme function 
becomes better understood, functional artificial cellulase systems may soon be 
assembled with a high degree of success. 

A review of the cellulase cloning literature also illustrates inherent biases in the 
field, some of which have hindered translation of this technology into the commercial 
sector. Most reported studies of heterologous expression of cellulases, for example, 
deal with the required details of plasmid construction and refinement, whereas little 
effort has been expended on maximizing the expression of recombinant products or 
assessing the biochemical characteristics of those enzymes. Although there was doubt 
for some time, the work of Beguin et al. (44) and Irwin et al. (56) has clearly shown 
that bacterial cellulases can be expressed from bacterial hosts at specific activities 
equivalent to those enzymes produced by the native strains. Most researchers, 
however, do not focus on this level of the problem. Examples can even be found for 
the successful expression of bacterial endoglucanases in S. cerevisae (101). 

The cellulase production effort at NREL will attempt to bring all aspects of this 
complex problem to successful resolution. So far, a series of cellulases has been 
evaluated for biochemical characteristics important to the DOE Ethanol Project In 
most cases, the genes coding these cellulases also have been acquired. Specifically, 
a successful expression system must synthesize and secrete large amounts (1-10 g/L) 
of functional enzyme. This goal will require the judicious use of genetic control 
elements, such as signal peptides, compatible codons, promoters, and ribosome 
binding sites. Compatible types and levels of enzyme glycosylation and benign 
proteolytic environments may also be desirable (102). The current challenge is to 
design expression systems in industrially compatible hosts for the key enzymes listed 
in Table HI, while keeping our eyes open for new candidate enzymes discovered 
during this process. 

This compelling R & D project incorporates elements important to U.S. industrial 
competitiveness and to basic biotechnology. Indeed, the country possessing key 
technology that can deliver cost-effective hydrolytic enzymes to industry may possess 
an important economic advantage. 
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Chapter 15 

Enhanced Enzyme Activities on Hydrated 
Lignocellulosic Substrates 

K. L. Kohlmann1, A. Sarikaya1,2, P. J. Westgate3, J. Weil1 ,4, 
A. Velayudhan5, R. Hendrickson1, and M. R. Ladisch1 ,4 ,6 

1Laboratory of Renewable Resources Engineering and department 
of Food Science, Purdue University, West Lafayette, IN 47907-1295 

3W. R. Grace and Company, Columbia, MD 21033-3098 
4Agricultural Engineering Department, Purdue University, 

West Lafayette, IN 47907-1295 
5Department of Bioresource Engineering, Oregon State University, 
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Enzyme and substrate factors which limit hydrolysis include 
cellulose crystallinity and lignocellulose morphology, as well as 
enzyme activity, stability and inhibition. Brassica napus (rapeseed) 
is a biomass having large amounts of inedible material proposed for 
use in a controlled ecological life support system (CELSS) for 
human space flight. Mechanistic descriptions between 
morphological, chemical, and surface properties of this 
lignocellulose and enzyme hydrolysis are being developed. The goal 
is to define conditions for a cost effective pretreatment based on 
biological lignin removal followed by pressure cooking of the 
remaining cellulose in water at 180 to 220°C. Liquid water treatment 
of plant stems has resulted in a 6-fold improvement in cellulose 
hydrolysis during a 24 h incubation with commercial cellulases. 
When the water treatment is preceded by mycelial growth of the 
mushroom, Pleurotus ostreatus, further enhancement of enzymatic 
hydrolysis is achieved. Enzyme hydrolysis of plant material will be 
analyzed for its ability to sustain a CELSS. 

Controlled ecological life support systems (CELSS) on space stations or on Moon or 
Mars colonies wil l likely produce exclusively vegetarian diets, and it has been 
estimated that inedible plant residues could constitute from 62-88% of the total waste 
generated in the CELSS (1). Enzymatic conversion of lignocellulosic materials to 
sugars is therefore of great interest in space research. Safe and efficient enzymatic 
hydrolysis of the inedible material lessens the disposal load, furnishes sugars which 
could be incorporated into human diets, and decreases the area needed to produce 
plant matter by increasing the edible fraction of the biomass (2). Enzymatic 
conversion of inedible plant material to edible sugars effectively increases the harvest 
index of plant candidates. 

Brassica napus (rapeseed) is potentially attractive for a CELSS with seeds 
yielding 40%-45% canola oil and 20%-25% of a high quality protein meal lacking 
the beany flavor present in soybeans. Dwarf rapid-cycling B. napus plants are being 
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studied at Purdue. The harvest index of these plants is 20%-25%, with the 
remainder being the inedible stems, siliques (seed pods), leaves, and roots. The 
major component of the inedible material is carbohydrate (cellulose, hemicellulose, 
and lignin), approximately 60%-70%. Rapeseed leaves have a higher protein 
content and comparatively lower carbohydrate content than stems or pods and 
perhaps may be consumed directly. 

When cellulases are added to lignocellulosic substrates, there is a dramatic 
decrease in the hydrolysis rate during the first few hours of the reaction. This rapid 
decline in the hydrolysis rate of cellulose has been widely reported and is more 
pronounced for pretreated substrates than native materials (3,4). Reasons for this 
decline, as reported by Nidetzky and Steiner (5), include thermal instability of the 
enzyme, product inhibition by glucose or cellobiose, inactivation of the adsorbed 
enzyme (due to diffusion into the cellulose fibrils), transformation of the more 
susceptible portions of the substrate to sugars leaving a less digestible form, and the 
general heterogeneous structure of the substrate. 

The heterogeneous structure of lignocellulosic materials is an extremely 
important factor in the development of pretreatment systems designed to enhance the 
enzymatic conversion of cellulose to glucose. In each cellulose microfibril the linear 
molecules of cellulose are bound laterally by hydrogen bonding to form crystalline 
cellulose in a highly ordered manner and amorphous cellulose in a less ordered 
manner. Hemicellulose and lignin surround the microfibril to form a matrix, i.e. a 
lignin seal (6). In these lignocellulosic complexes (LCC), cellulose is associated 
both chemically and physically with lignin and physically with hemicellulose. 
Covalent lignin-carbohydrate linkages can be ester bonds through the free carboxy 
of uronic and aromatic acids or ether linkages through sugar hydroxyls (7). Both 
the lignin and the hemicellulose protect the cellulose from hydrolysis (8, 6). 

Pretreatments chemically and/or physically help to overcome resistance to 
enzymatic hydrolysis and are used to enhance cellulase action. Physical 
pretreatments for plant lignocellulosics include size reduction, steam explosion, 
irradiation, cryomilling, and freeze explosion. Chemical pretreatments include dilute 
acid hydrolysis, buffered solvent pulping, alkali or alkali/H202 delignification, 
organic solvents, ammonia, and microbial or enzymatic methods (9). 

Pretreatments useful for a CELSS must avoid any potentially toxic 
components and complicated or dangerous equipment, while meeting weight 
requirements, and constraints imposed by limited manpower in a CELSS (10). 
These limitations prompted the investigation of a liquid water pretreatment of plant 
residues at elevated temperatures. Pulping processes use water to cook wood 
materials in order to remove lignin and obtain pulping grade celluloses suitable for 
making paper (11). Reagents added to assist pulping processes in acid sulfite 
pulping (140°C, pH 1-2) result in effective delignification. Lignin would remain 
with the wood using a neutral solution. 

Water should be an ideal pretreatment agent for CELSS applications which 
demand strict safety requirements. Bobleter et al. (12) first used water for 
pretreatment to enhance susceptibility of lignocellulosic material to enzymatic 
hydrolysis. High temperature steam was previously used as a pretreatment agent in 
the well documented hydrothermolysis and steam explosion pretreatments. 
Hydrothermolysis studies, such as those by Haw et al. (13), Hormeyer et al. (14), 
and Walch et al. (15), have shown that the primary effects of hot water pretreatment 
are the removal and solubilization of hemicellulose, which is catalyzed by small 
quantities of acid and solubilization of some of the lignin at high temperatures 
(>180°C). Brownell and Saddler (16) reported that steam pretreatment of 
lignocellulosic material was at least as effective for pretreatment of aspen chips and 
that neither the explosion or temperatures above 190°C were necessary. Mok and 
Antal (17) found that at 230°C, amorphous cellulose was also solubilized. It has 
generally been accepted that crystalline cellulose is unaffected by hot liquid water 
pretreatment 
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In steam explosion, steam penetrates the lignin, hemicellulose, and cellulose. 
The mixture is explosively decompressed, and the resulting expansion increases 
cellulose accessibility (18). The operating conditions promote acid formation and 
result in degradation of cellulose by autohydrolysis. This phenomenon is 
considered to be an important and necessary aspect of pretreatment (18,19). Water 
pretreatment, by comparison, has the goal of maintaining a liquid phase (under 
pressure) during pretreatment, while keeping the pH above 5.0. 

Many process schemes for biotechnological use of lignocellulosic materials 
ignore possible uses of lignin, other than suggesting that it be burned for energy 
recovery. Leisola and Fiechter (20) point out that an efficient mechanism for lignin 
degradation exists in nature, because no accumulation occurs (i.e., lignin either 
degrades to C 0 2 and H2O or is converted to humus). Lignin is degraded by a 
narrower array of microbes than any other major biopolymer (21). White-rot fungi 
(Basidiomycotina) are of special interest because lignin is attacked simultaneously 
with cellulose and hemicellulose; the wood becomes pale as the pigmented lignin is 
removed (22). 

Because lignin comprises a considerable portion of inedible plant material 
which is not affected by cellulase action, alternative methods for lignin removal are 
needed for a CELSS. Pleurotus ostreatus, the oyster mushroom, and Lentinus 
edodes, the shiitake mushroom, are white rot fungi which produce edible fruiting 
bodies or mushrooms. A system using the growth of these fungi to break the lignin 
"seal" around cellulose and hemicellulose could be a biological pretreatment 
beneficial to a CELSS. Fungal growth requires minimal outside control and added 
moisture. During mycelial growth the amount of lignin present is reduced which 
may be a cellulose pretreatment. Additionally, the fruiting bodies or oyster 
mushrooms, high both in protein and micronutrient contents, as well as being 
flavorful, could potentially improve the quality of the diet in a CELSS. 

This work focused on the development of a pretreatment scheme for inedible 
plant material. A biological pretreatment, mycelial growth of P. ostreatus, was 
followed by a hot water pretreatment in order to improve the enzymatic conversion 
of cellulose. Rapeseed, cowpea, and rice plants currently being evaluated for 
inclusion in a CELSS were grown by the Horticulture Department at Purdue 
University (23). Inedible plant portions were collected and subjected to proximate 
analysis, as well as analysis for carbohydrate composition. Portions of the plant 
material were ground and initial hydrolysis profiles determined using commercial 
cellulases. The plant materials were then treated in an effort to improve cellulose 
hydrolysis. 

Materials And Methods 

Plant Growth. Rapeseed and cowpea plants were grown in the Horticulture 
Department at Purdue University (24,25). Plants were grown until maturity, and 
then harvested. Upon harvesting, the inedible portions of the plant material were air 
dried for several days prior to being oven dried for 2 days between 70-75°C. The 
plant materials, divided into stem, leaf, and seed pod (or hull portions), were then 
ground to between 20-40 mesh (0.84-0.43 mm). The ground material was stored in 
sealed glass containers until use. 

Carbohydrate Analysis. Proximate analysis was completed in the Food Science 
Department at Purdue. Fat determination was by Soxhlet extraction (AOAC method 
920.39B). Protein was by the microKjeldahl method (AOAC 960.52), and ash 
determination was per A O A C 923.03. Moisture contents were found by oven 
drying (104°C, 24 h). Since assays for protein and ash were conducted on defatted 
samples, the values were normalized to reflect the protein and ash contents of the 
original sample. The conversion factor 6.25 χ Ν was used to obtain the protein 
content. Total carbohydrate (CHO) concentration was calculated from the moisture, 
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protein and fat values: Total CHO = 100% - (% protein + % fat + % ash + % 
moisture). 

Further investigations into the amounts of specific carbohydrate components 
were conducted with the help of the Animal Science Department at Purdue and were 
completed in the Laboratory of Renewable Resources Engineering (LORRE). These 
data were obtained on a dry weight basis using both the acid detergent fiber (ADF) 
procedure and the neutral detergent fiber (NDF) procedure of Goering and Van 
Soest (26), and Van Soest and Wine (27), A D F is comprised of lignin, cellulose, 
and insoluble minerals, while the NDF also includes hemicellulose. Therefore, 
subtracting the A D F value from the NDF value gives the weight of the hemicellulose 
in the sample. The amount of lignin in the samples was found using the 
permanganate lignin assay of Van Soest and Wine (28). 

Enzyme Activity. Cellulase enzyme systems evaluated included Cytolase C L , 
Rhozyme HP-150, Multifect X L , and Cytolase M103S, all from Genencor 
(Genencor International, Schaumburg, IL). Conditions for the measurement of 
cellulase activities were as reported by Ghose (29) and included filter paper activity 
(FP), cellobiase activity, and CMCase activity. A glucose analyzer (Glucose 
Analyzer II, Beckman Instruments, Fullerton, CA) was also used to measure the 
amount of glucose present following hydrolysis. Alternatively, the amount of 
glucose, as well as other oligosaccharides, was calculated by liquid chromatography 
(LC) using appropriate standard curves, Lin et al. (30). The percentage hydrolysis 
of the plant cellulosic material was calculated by: 

"162" 
(100%) dry weight of the cellulose. 

.180 J 
The cellulose hydrolysis assay developed for the plant material was 

performed as follows. The enzyme solution was diluted to between 1 to 90 filter 
paper units (FPU)/mL with 0.05 M citrate buffer, pH 4.8, and prewarmed to 50°C. 
One mL of the enzyme solution was added to 100 mg of the plant material. The 
contents of the tubes were mixed, covered, and incubated at 50°C. At time intervals, 
30 portions were removed and microfuged for 1.5 minutes. The supernatant 
portion was then injected into the glucose analyzer for glucose concentration 
determination. In some cases, samples were frozen for L C investigation. Duplicate 
or triplicate samples were analyzed along with appropriate enzyme and substrate 
blanks. 

(g glucose produced) 

Water Pretreatment. Both the microcrystalline cellulose and the plant materials 
were pretreated in a 300 mL pressure reactor (Autoclave Engineers, Erie, PA) as 
described by Kohlmann et al. (31). The microcrystalline cellulose (Avicel, F M C , 
Newark, DE) was sieved dry to give a material with an initial particle size of greater 
than 53 microns measured by a Malvern particle size analyzer (Malvern Instruments, 
Malvern, England). The reactor was loaded with 135 mL of deionized distilled 
water containing 1.5-5 weight % fiber particles. For the plant material, the reactor 
was heated to 180 or 200°C, the time required to reach these temperatures being 30-
40 minutes. Microcrystalline cellulose was heated to 220°C over approximately 2 
hours. The pretreated materials were collected through a sample port which emptied 
into a cooled coil, having sufficient back pressure to avoid flashing. The liquid 
portion of the treated material was removed by filtering. The plant materials were 
then exposed to air for 3-4 days (moisture content 6-8%) prior to enzymatic 
hydrolysis. Cellulase enzyme was added directly to portions of the pretreated 
microcrystalline cellulose. The amount of protein solubilized by the water 
pretreatment was measured in the supernatant fraction using the bicinchoninic (BCA) 
protein assay (32). Appropriate blanks and controls were used to ensure that 
carbohydrate breakdown did not interfere with the B C A assay. Scanning Election 
Microscopy (SEM) was completed in the Materials Science Department at Purdue on 
a Jeol (JSM-T300) microscope. 
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Microbiological Methods. P. ostreatus (NRRL 2366) was obtained in the form 
of mycelial growth on a potato dextrose agar (PDA) slant from the Northern 
Regional Research Laboratory (NRRL) in Peoria, IL. Initial transfers were made by 
adding deionized distilled water (DDW), 1-2 mL to the original slant and then using 
this liquid to prepare streak plates on PDA agar. The plates were incubated several 
days at room temperature before new PDA slants were prepared from individual 
colonies. The new slants were incubated for two days at room temperature before 
being used to inoculate liquid nutrient media to produce submerged cultures. 

Modified procedures of Kaneshiro (55), and Lindenfelser et al. (54), were 
used to inoculate either rapeseed or cowpea stems with the submerged P. ostreatus 
pellets. Flasks containing wetted stems (100 g H2O/20 g stems) were sterilized and 
allowed to cool. Using aseptic conditions, 10 mL of the submerged culture media 
was added to each flask containing stems. Appropriate controls were also prepared. 
Incubation was for 30 days at 27°C; growth was visible after two days. During 
incubation, sterile DDW was added periodically to moisten the plant stems. 

Results 

Compositional Analysis. Proximate analysis data for rapeseed, cowpea and 
rice samples is presented in Table I. Individual carbohydrate components by A D F 
and NDF procedures are given in Table Π. 

The carbohydrate values calculated by difference (Table I) with some 
exceptions agree with values obtained through fiber analysis (Table II), and indicate 
the large amount of inedible material in the stems, seed pods and leaves. The values 
reported in Table Π should be more accurate for determination of total CHO content 
in these materials. 

Table I. Proximate Analysis of Inedible Plant Material (dry weight 
basis) 

Plant/Portion Carbohydrate Protein Fat Ash Total 

Rapeseed 
Stems 73 15 1 11 100 
Siliques 68 22 1 10 101 
Leaves 42 45 2 11 100 

Cowpea 
Stems 87 4 1 8 100 
Leaves 46 34 4 16 100 
Pods 66 27 2 5 100 

Rice 
Leaves 51 35 2 12 100 
Stems 61 21 1 17 100 

Enzymatic Hydrolysis. Several commercially available enzyme preparations 
were screened for the ability to hydrolyze cellulose present in the stem, leaf or seed 
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pod fractions of rapeseed, cowpea and rice plants (Table III). Cytolase C L was 
chosen for evaluation of effectiveness of pretreatments because overall glucose 
production was higher with this enzyme system. 

Table II. Carbohydrate Composition of Inedible Plant Ma te r i a l 1 

Plant/Portion Cellulose Hemicellulose Lignin Total 

Rapeseed 
Stems 38 10 18 66 
Siliques 35 12 18 65 
Leaves 14 15 5 34 

Cowpea 
Stems 27 16 9 52 
Pods 37 17 15 69 
Leaves 11 12 5 28 

Rice 
Stems 33 31 12 76 
HUES 34 19 10 63 
Leaves 27 27 4 58 

1 Percentage dry weight basis ± 5%. 

Water Pretreatment of Microcrystalline Cellulose. Enzymatic hydrolysis 
of microcrystalline cellulose (Avicel) following water pretreatment at 220°C without 
pH control is shown in Figure 1. The initial rate of the enzymatic hydrolysis may be 
enhanced although the final rate and conversion to glucose was equivalent to control 
samples. Other characteristics of the pretreated Avicel were a decrease in pH from 
5.4 to 3.3 and considerable browning (degradation) of the Avicel. Avicel was also 
pretreated at 220°C, while maintaining the pH between 5.5 and 7.0 during the 
heating period (31). Results are presented in Figure 2. 

Water Pretreatment of Plant Material. Hot water treatment of plant stems at 
180°C and 200°C resulted in significant improvement of the enzymatic hydrolysis of 
the cellulose in the material (Figure 3). Both the rate and the extent of cellulose 
conversion to glucose were enhanced. Compositional, chemical and physical 
changes, all possibly related to this enhanced susceptibility to enzymatic action, were 
noticed in the plant material following the water pretreatment. Scanning electron 
microscopy (SEM) on control and heated rapeseed stems produced the 
photomicrographs presented in Figure 4. 

Compositional changes in carbohydrate components following the water 
pretreatment are given in Table IV. Water pretreatment of rapeseed reduces the 
fraction of hemicellulose which remains, and is accompanied by an apparent increase 
in cellulose content. The fraction of lignin appears to be constant, thus indicating 
that in relative amounts, water removes some lignin. Approximately half the protein 
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Time (hours) 

Figure 1. Enzymatic conversion of microcrystalline cellulose after water 
pretreatment without pH regulation. (Reproduced with permission from 
reference 31. Copyright 1993 Society of Automative Engineers, Inc.) 

Time (hours) 

Figure 2. Enzymatic conversion of microcrystalline cellulose after water 
pretreatment at a maintained pH. (Reproduced with permission from 
reference 31. Copyright 1993 Society of Automative Engineers, Inc.) 
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Time (hours) 

Figure 3. Enzymatic conversion of water pretreated rapeseed stems. 
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in the stem samples was solubilized as detected by the B C A protein assay in the 
supernatant portion of the heat treated material. 

Table III. Percentage Cellulose Hydrolysis to Glucose Following a 
24 hour Incubation with Enzymes 

Cytolase MuMfect Cytolase Rhozyme 

Plant Material C L X L M103S HP-150 

Rapeseed 
Stems 23 15 22 9 
Siliques 11 11 17 5 

Rice 
Leaves 23 37 8 2 

Stems 8 13 7 0 

Hulls 23 29 6 15 

Cowpea 
Stems 61 57 34 21 

Pods 36 34 34 7 

Leaves 49 20 — 3 

Unlike the crystalline Avicel (Figure 2), the pH of the plant material did not 
decrease dramatically. In most cases the pH dropped about one pH unit (Table V). 

Biological Pretreatment. Mycelial growth of P. ostreatus alone as a 
pretreatment did not increase the susceptibility of the cellulose to enzyme action, but 
when the growth was followed by the hot water treatment, a significant increase in 
glucose production was measured (Figures 5 and 6). Other associated changes 
following growth and heating to 180°C were a reduction in the hemicellulose content 
(Table IV); hemicellulose was removed during microbial growth. Liquid 
chromatography of the supernatant fraction indicated that little breakdown of 
hemicellulose to mono and disaccharide components was occurring (data not 
shown). The amount of xylose and arabinose present in the supernatant fraction 
following heating would correspond to a less than 1% degradation of hemicellulose. 
It is likely that the hemicellulose is present in soluble larger molecular weight 
fractions. Mycelial growth of the P. ostreatus resulted in a pH decrease in the plant 
material (Table V). 

Discussion 

Water Pretreatment of Microcrystall ine Cellulose. In an effort to 
understand pretreatment effects on cellulose, a model was developed to predict 
cellulose and glucose degradation during aqueous heating (35). At a pH below 7.0, 
the degradation reactions are catalyzed by H+. Two of the primary degradation 
products, formic and levulinic acid, contribute significant quantities of hydrogen 
ions. Hence, as degradation progresses, the rate of degradation increases. 
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Figure 4· Photomicrographs of control and water pretreated rapeseed stems: 
(A) Control, (200x); (B) 180°C, (200x); (C) 200°C, (350x). 
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Maintaining the pH close to 7.0 should minimize the rate, and therefore extent, of 
degradation. 

Table IV . Carbohydrate Composition of Rapeseed Stems Following 
Water Pretreatment* 

Treatment Hemicellulose Cellulose Lignin 

Control 17 32 28 

180°C 4 50 24 

200°C 0 66 28 

Growth of 
P. ostreatus 4 43 23 

P. ostreatus and 
180°C 7 53 28 

1 Percentage dry weight basis ± 5 % 

Table V . Effect of Pretreatment on p H 

Initial Final 
Material pH PH 

Rapeseed Stems 
180°C 5.7 4.7 
200°C 5.7 4.3 

Soybean Hulls 6.6 4.8 

Rice Stems and Leaves 5.8 5.6 

Rapeseed Stems 
(P. ostreatus, 180°C) 5.3 4.0 

Rapeseed Siliques 
(P. ostreatus, 180°C) 4.3 3.9 

Our solution for controlling pH during pretreatment has been to continuously 
add small amounts of 0.5 M K O H solution when the Avicel is at high temperatures. 
By adding -12 mL of K O H solution, the pH was maintained between 5.5 and 7 for 
the entire heat up profile and for a substantial time at 220°C (Figure 2). This resulted 
in a significant decrease in degradation and enhanced enzymatic hydrolysis as shown 
in Figure 2. This clearly shows that liquid water pretreatment at high temperatures 
can enhance the susceptibility of crystalline cellulose to hydrolysis. Further 
enhancements were not seen by increasing the time at 220°C or the pretreatment 
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temperature (Figure 2). This is most likely due to the small amount of degradation 
that occurred during these conditions. Improved pH control may result in even 
greater susceptibility of Avicel. 

Water Pretreatment of Plant Material 

Enhanced Enzymatic Reactivity. The use of liquid water at 180°C to 
treat inedible plant material improved the subsequent enzymatic hydrolysis of the 
treated material (Figure 3). Complete conversion of the cellulose by enzymatic 
hydrolysis was observed for materials pretreated at 200°C with no hold time. 
Compared to crystalline cellulose, plant materials are complex and experience 
compositional, chemical and physical changes following water pretreatment, some 
of which may relate to the enhanced enzymatic reactivity. 

Changes in Carbohydrate Composition. The primary compositional 
change which occurred as a result of the pretreatment was solubilization of most of 
the hemicellulose present (Table IV). The hydrolysis of the hemicellulose was 
assumed to be minimal because L C showed lack of xylose and furfural compounds. 
Hemicellulose is physically associated with cellulose, and hemicellulose removal is 
known to increase pore volume, thereby increasing enzyme accessibility and 
hydrolysis (9, 36). Mok and Antal (17) noted that hemicellulose can easily be 
removed from biomass by treatment with dilute acid, but they also found that this 
same goal can occur with water alone, achieving complete hemicellulose removal 
using water between 200-230°C. 

The amount of lignin present in the rapeseed stems does not appear to change 
following heat treatment in water (Table IV). It has been reported that little 
delignification occurs until temperatures exceed 180°C (37). However, chemical 
bonds between cellulose and lignin may have been affected. Meshitsuka (38) states 
that at temperatures higher than the softening temperature of lignin (60-80°C), and 
close to that of cellulose (230-253°C), the melted lignin separates and then 
coagulates into cellulose free particulates. Lignin is also converted to a form which 
is extractable in alkali and some organic solvents. The temperatures used to pretreat 
the cellulose are well above the softening temperature of lignin, but non-alkaline; 
therefore, the lignin may have been rearranged or separated from the cellulose, but 
not solubilized and removed. This rearrangement of the hydrophobic lignin could 
possibly improve enzyme access to the internal pores of the cellulose. 

Following the pretreatment, the material became enriched in cellulose due to 
removal of hemicellulose and protein (Table IV). This is desirable, providing a less 
heterogeneous cellulosic substrate than the original material. Meshitsuka (38) states 
that under proper conditions, only a small extent of cellulose hydrolysis occurs 
during the steam explosion process. Conditions in the present work were less 
severe than those of steam explosion; therefore, cellulose hydrolysis would not be 
expected. 

pH Effect. Plant materials were able to buffer changes in pH (Table V), 
possibly due to their heterogeneous structure which includes proteins, 
hemicellulose, and salts. The central hypothesis of this research is that pressure 
cooking of cellulose in liquid water at controlled pH avoids acid formation and 
hydrolysis of the cellulose during the pretreatment. This effect has been described in 
buffered solvent pulping (37) where it was noted that the acids and bases present in 
pulping liquors are nonspecific catalysts, promoting both desirable and undesirable 
reactions, and that if pulping takes place at relatively neutral pH's, comparatively 
high temperatures can be used without damage. An advantage, then, of pretreating 
plant materials in water is their ability to buffer changes in pH. 
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Physical Changes. The S E M photomicrographs (Figure 4) indicate that 
changes are occurring on the surface of the stem material as a result of the heat 
treatment. Following heating at 180°C, the stems appear to contain more voids than 
controls. At the pretreatment temperature of 200°C, the photomicrographs show a 
similar pattern as the 180°C samples, but it appears that the surface is even more 
disrupted at the higher temperature. 

Biological Pretreatment of Plant Material. Mycelial growth of P . ostreatus 
on plant stems did not result in enhanced glucose production following cellulase 
addition (Figures 5 and 6). Previous reported work has been somewhat varied as to 
the effectiveness of fungal pretreatments, due perhaps to culture and substrate 
choice, growth conditions, and enzymatic techniques used to measure cellulose 
digestion in vivo or in vitro. Biological delignification is seen as a competitive race 
between lignin reduction and carbohydrate reduction; as lignin is reduced, the rate of 
carbohydrate degradation increases (59). It has been suggested that only nitrogen 
limitation allows extensive degradation of pure lignin (20). In the present study, the 
amount of hemicellulose was significantly decreased following P. ostreatus growth, 
but amounts of cellulose and lignin were not reduced. It is possible that the nitrogen 
content of the herbaceous tissues, 1.0-5.0%, compared to woody tissues, 0.03-
1.0%, (22) was not limiting during the time that the P. ostreatus was grown on the 
stems. The presence of nitrogen may in fact limit the extent of delignification 
occurring in the plant stems. It is interesting to note that although P. ostreatus 
growth reduces the hemicellulose content as much as the water pretreatment at 
180°C, the reactivity of the cellulose is not improved over control samples. 
Obviously, hemicellulose reduction alone is not the only criteria for an effective 
pretreatment. 

When fungal growth on rapeseed and cowpea stems was combined with 
water pretreatment, cellulose conversion was greatly enhanced (Figures 5 and 6). 
The reasons for this enhancement are not obvious. The presence of fungal mycelial 
can be seen in Figure 7A, and when this fungal treated stem material was heated, an 
increase in the number of voids was apparent (Figure 7B), similar to water treated 
stems (Figure 4B). Changes in the amounts of hemicellulose, cellulose, and lignin 
are similar in rapeseed stems heated to 180°C and in stems treated with fungus prior 
to heating to 180°C (Table 4). It has been suggested that cellulose pore size is a 
major limitation to cellulase action, and it has been noted that removal of 
hemicellulose increases pore volume (36,40). The water treatment was effective in 
decreasing the amount of hemicellulose present and resulted in enhanced 
susceptibility to enzyme action, presumably by increasing available pores. It is 
possible that the success of the two step pretreatment is also related to an increase in 
pore volume. Markam and Bazin (41), note that regarding the mycelial growth 
habits of the filamentous fungi, the most important feature is the ability of a mycelial 
fungus to penetrate and ramify a substrate and to mobilize and transport the products 
of polymer degradation over considerable distances through the mycelial network. It 
seems plausible that this type of growth action combined with hot water treatment 
could result in an increase in pore volume, resulting in a highly reactive cellulose. 
Measurement of changes in pore volume relating to the pretreatments described is an 
important area to consider for future research. 

Summary 

Liquid water pretreatment was applied to rapeseed stems to improve the subsequent 
enzymatic hydrolysis of cellulose. Following water treatment (180°C), enzymatic 
conversion of cellulose to glucose in rapeseed stems ranged from 60-90% versus 
only 15-23% for untreated stems. Increasing the temperature of the pr~*—* * 
from 180°C to 200°C allowed near complete conversion, but undesirable r 
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Figure 7. Photomicrographs of Pleurotus ostreatus treated rapeseed stems: 
(A) stems after mycelial growth, (200x); (B) stems after mycelial growth and 
heating at 200°C, (200x). 
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proteins and sugars occurred at the higher temperature. In an effort to increase 
cellulose conversion using lower pretreatment temperatures, a biological 
pretreatment which uses hemicellulose and/or lignin to form edible products through 
mycelial growth of the oyster mushroom, Pleurotus ostreatus, was placed prior to 
heating the stems at 180°C. P. ostreatus is capable of degrading lignin and 
hemicellulose as well as producing a nutritious mushroom. Although not a 
successful pretreatment alone, when P. ostreatus growth was followed by hot water 
treatment, cellulose conversion to glucose was significantly improved. This simple 
and safe scheme of fungal growth followed by heating in water appears to be an 
effective pretreatment system for bioregenerative waste recycle in a CELSS. 
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Chapter 16 

Comparison of Protein Contents of Cellulase 
Preparations in a Worldwide Round-Robin 

Assay 

William S. Adney, A. Mohagheghi, Steven R. Thomas, and 
Michael E. Himmel 

Alternative Fuels Division, Applied Biological Sciences Branch, 
National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, CO 80401-3393 

A recent activity sponsored by the International Energy Agency (IEA) 
entitled, "Biotechnology for the Conversion of Lignocellulosics," 
coordinated 13 laboratories to analyze 6 standard cellulase enzyme 
preparations supplied by NOVO Industries. The objective of this 
activity was to compare values obtained for protein and solids contents, 
using strictly standardized protocols, in an international round-robin 
format. The National Renewable Energy Laboratory (NREL) 
organized this activity and distributed the enzyme preparations and 
procedures used in the study. Results from the study showed 
conclusively that values used to sell and rank cellulase preparations, 
such as specific activity, may be more than an order of magnitude in 
error depending on the protein assay used. 

Many methods are used by researchers to estimate protein concentrations in complex 
biological samples, such as commercial enzyme preparations. The Lowry method (7) 
is one of the most referenced assay procedures in the biochemical literature and is 
considered the standard for protein determination. The Lowry method, as first 
described, has many recognized deficiencies, including the instability of the alkaline 
copper reagent and sensitivity to compounds known to interfere with the accuracy of 
the assay. These interfering compounds include those potentially found in commercial 
cellulase preparations, such as disulfides, glycerol, polyols, aminosugars, and salts (2-
6). Early modifications of the original Lowry method were introduced to simplify 
protein determination in the presence of known interfering agents (7,8). A more 
recent procedure developed by Markwell et al. (9) addresses the issues of determining 
protein concentrations in membrane and lipoprotein samples by adding sodium 
dodecylsulfate (SDS) to the alkali reagent, which acts to solubilize and disperse the 
protein component. Increased copper tartrate concentrations were also reported to 
facilitate protein determinations in the presence of sucrose, disulfides, and 
ethylenediaminetetraacetic acid (EDTA) (70). 

0097-6156/95/0618-0256$12.00/0 
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Two other commonly used methods for determining protein concentrations are 
the Coomassie Brilliant Blue G-250 dye binding method, known as the Bradford 
Method (11) and, more recently, a method based on adduct formation with 
bicinchoninic acid (BCA) (12). As was noted for the case of the Lowry assay, the 
Bradford assay is sensitive to interference by ionic and non-ionic detergents (13,14) 
and other small biomolecules (15). The BCA assay has reported interference from 
Zwitterionic buffers and chelating agents (16), sulfhydryl compounds (17), and lipids 
(18). As with the biuret assay, compounds that chelate copper ions affect the B C A 
assay by depleting the reagent. 

Reliable and accurate protein determination is required to conduct kinetics and 
biophysical chemistry on purified enzymes. Accurate determination of protein 
concentrations in commercial enzyme preparations is also crucial for determining their 
specific activities and, thus, market value. For this reason, the IEA activity entitled, 
"Biotechnology for the Conversion of Lignocellulosics," which targets comparison of 
protein determinations for cellulase enzyme preparations, was initiated in 1989 and 
organized by K. Grohmann. The second round of activity occurred in 1991-1992, 
with the results presented at the 1992 IEA meeting in Vancouver, BC. During the 
1992-1993 activity, only 5 laboratories participated, using the modified Lowry 
procedure as outlined in this paper. From this limited data base, the results showed 
that the standard curve data were unreliable, the dry weight measurements were 
inaccurate, and the results for the ultra-filtered enzymes were probably more reliable. 
Following this meeting, it was concluded that more participants were needed, and the 
data should be collected in triplicate by each laboratory to establish a useful data base 
from which some general conclusions could be drawn. 

The current study was organized by A. Mohagheghi at NREL and involved the 
participation of the 13 laboratories listed in Appendix 1, which tested the standard 
enzymes using the procedure outlined below. The solids content of the cellulase 
preparations was also determined as oudined in the methods by these laboratories. 
The Kjeldahl method for nitrogen analysis was used for the absolute determination of 
protein content for this study. A comparison of these different methods of quantifying 
protein is presented in this paper. 

Materials and Methods 

Cellulase Enzyme Preparations. Enzymes used in this study were prepared and 
supplied by NOVO Industries (A/S DK-2880 Bagsvaerd, Denmark) and included 
Novozym (batch D C N 0012), Celluclast 1.5L (batch C C N 3027), Pulpzym HA (batch 
C X N 0005), and the ultrafiltered concentrates (UFC) of these three preparations. 
Ultrafiltration was performed using 10 kD cutoff membranes. NREL distributed 
100-mL aliquots of the enzymes in 125 mL polyethylene plastic bottles to all 
participants by express mail in cold storage. 
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Appendix 1 

List of Participants 

Name Organization Country 

Mary Jim Beck Tennessee Valley Authority U.S.A. 

Alvin 0. Converse Dartmouth College U.S.A. 

Elizabeth Garcia/ 
Sharon Shoemaker 

University of California-Davis U.S.A. 

Franz Grater Technische Universitat Wien Austria 

Marianne Hayn Institut for Biochemie, University of 
Graz 

Austria 

Dietmar Haltrich/ 
Brend Nidetzky 

Universitat Fur BodenKultur, 
Institut Fur LebensMittel Technologie 

Austria 

Maria Juoly/ 
M.P. Coughlan 

University College Galway Ireland 

A l i Mohagheghi/ 
William Adney 

National Renewable Energy 
Laboratory 

U.S.A. 

Marja Paloheimo Alko Ltd. Finland 

Tapani Reinikainen VTT Biotechnology Laboratory Finland 

Henrik Stalbrand University of Lund Sweden 

Jack Saddler/ 
Richard Hanz 

University of British Columbia Canada 

Marja Turunen Alko Ltd. Finland 
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Modified Lowry Procedure. The modified Lowry method as described by Markwell 
et al. (9) and improved by Sargent (10) was used by all laboratories to determine 
protein during the round-robin evaluation of the enzyme preparations. 

Preparation of the Lowry Protein Reagents. Reagents were prepared by each 
laboratory using a standard procedure. Reagent A : 2% N % C 0 3 , 0.4% NaOH, 0.16% 
Na-tartrate, 1.0% SDS; Reagent B: 4% CuS0 4 , 5H 2 0; Reagent C: Mixture of A & Β 
(100:1), prepared fresh daily; Reagent D: Folin-Ciocalteu 2N phenol, diluted 1:1 with 
distilled water, prepared fresh daily. The Folin-Ciocalteu reagent and bovine serum 
albumin (BSA) was obtained form Sigma Chemical (St. Louis, MO). 

Modified Lowry Procedure. The procedure used by all laboratories is briefly 
described. One mL of protein or standard sample (10-100 pg) was first mixed with 
3 mL of Reagent C and then incubated at room temperature for at least 10 min, after 
which 300 pL of Reagent D was added followed by vigorous mixing. This solution 
was then incubated at room temperature for 45 min, at which time the absorbance was 
read at 660 nm against the reagent blank in a 1-cm cell. These determinations were 
done in triplicate and the absorbance values reported. 

Standard curves for each individual analysis were used to determine the 
respective protein concentrations of the cellulase preparations using a linear regression 
fit of the BSA standard. Participants were asked to prepare a standard stock solution 
of 100 pg/mL BSA in distilled water. Volumes of 0, 50,100, 200, 300, 400, 500, and 
750 pL of the stock solutions were brought to 1 mL final volume with distilled water. 
The standard curves and sample sets were done in triplicate by each laboratory. 
Concentrations of the enzyme preparations were then corrected for dilutions before 
comparison of assay results. 

Other Protein Assay Methods. For comparison, some round-robin participants also 
used the Bradford dye-binding method (72) and the B C A method (72). Cellulase 
enzyme preparations were also subjected to Kjeldahl nitrogen analysis following the 
general method of Hiller et al. (79) and improved by the Association of Official 
Analytical Chemists (20). N R E L participants also developed a chromatographic 
method for estimating protein contents in complex samples. 

The Bradford Dye-Binding and B C A Assays. Commercial reagents were used 
for both the Bradford (BioRad, Richmond, CA)) and B C A (Pierce, Rockford, IL) 
methods. The standard protein used in all round-robin determinations was BSA. 
Methods described by the product inserts were used for both methods. 

Kjeldahl Nitrogen Analysis. The protein content of the enzyme preparations 
was also estimated by determining the total nitrogen content by Kjeldahl nitrogen 
analysis. The following relationship was used to calculate protein content: protein (g) 
= nitrogen (g) χ 6.25. 

N R E L Chromatographic Protein Estimation Method. Protein concentrations 
in the commercial enzyme preparations were estimated by uv absorbance following 
chromatographic fractionation. To eliminate absorbance caused by non-protein 
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compounds, the samples were diluted 50-fold and subjected to analytical-scale size 
exclusion chromatography (SEC) in 20 mM acetate, 100 mM NaCl pH 5.0 buffer. 
A Pharmacia SMART System equipped with a Superdex 75 PC 3.2/30 SEC column 
was used to separate proteins from uv-absorbing small molecules and integrate their 
peak areas. This system was equipped with detection at 280, 260, and 215 nm using 
a Pharmacia pPeak monitor. Samples were injected in 20 pL volumes and the flow 
rate was maintained at 40 pL/min. Peak areas were determined using standard 
SMART System software. Only those peaks showing 280/260 nm ratios greater than 
1 were assumed to be protein and included in the total protein calculation. The 
method of Kalckar (27), where 1.45 O D ^ ^ - 0.74 O D ^ ^ = mg protein/mL, was 
used to estimate protein concentration in selected chromatographic fractions. 
Kalckar's method permits the approximation that 1 optical density (OD) unit at 280 
nm is characteristic of a 0.90 mg/mL protein (BSA) solution. 

Solids Content Analysis. Percent total solids for the enzyme samples were 
determined by all laboratories that had enough enzyme to perform the analysis. The 
analysis was performed by placing 2 mL of enzyme solution in desiccated, cooled, 
pre-dried (80°C) aluminum weigh boats. The solutions were then dried for 24 h at 
80°C, cooled in a desiccator, and weighed. Sample drying was repeated until a 
constant weight was obtained. Samples were run in triplicate and the solids content 
calculated as the weight of dried material minus the original weight of the aluminum 
weigh boat divided by the weight of starting enzyme. 

Preparation of the Enzymes for Protein Assay. The commercial enzymes were 
diluted 200-fold by adding 1 g of enzyme to a 200-mL volumetric flask and then 
adjusting the volume to 200 mL using distilled water. Assays were performed on 
aliquots of 100, 200, and 300 pL of the diluted enzyme solutions. Participants were 
requested to assay each dilution in triplicate and to report all absorbance values. The 
ultrafiltered enzymes were treated identically, following an initial 500-fold dilution. 

Results 

Round-Robin Lowry Protein Determinations. Thirteen laboratories performed the 
modified Lowry protein determination on 6 enzyme preparations using the protocol 
described above. These results, corrected for the respective dilutions, are presented 
in Tables 1 and 2. In the case of one laboratory, the 200 and 300 pL sample loadings 
were much lower than the value reported by the same laboratory for the 100 pL 
sample. Because of this discrepancy, values from this laboratory were excluded from 
the data base. Contrary to instructions, another laboratory used 25, 50, and 100 pL 
loadings of enzyme to conduct the modified Lowry procedure. Results from this 
laboratory were compared using only the 100 pL value from the data base, although 
the lower loadings gave absorbance values within the range of the standard curve. 

A summary of the round-robin results for the commercial preparations, excluding 
these individual laboratory differences, is presented in Table 1. The differences in 
mean values for individual protein loadings used in this study (100, 200, and 300 pL) 
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Table 1. Summary of Round-Robin Results for Lowry Protein Assay for Commercial Enzyme Preparations 

Enzyme Novozym Celluclast Pulpzym 

Enzyme volume (pL) 100 200 300 100 200 300 100 200 300 

Mean (mg/mL) 142.63 144.18 137.65 143.60 138.50 131.70 71.63 68.17 70.39 

Median (mg/mL) 147.57 143.49 132.64 147.18 139.39 128.45 70.43 67.29 66.89 

Standard Deviation 18.68 13.33 22.12 20.67 11.74 21.24 10.91 6.39 14.42 

Variance 348.97 177.63 489.20 427.13 137.82 451.00 119.01 40.79 207.95 

Range 70.55 43.92 81.82 83.14 46.09 79.89 42.05 22.18 53.40 

Minimum 84.70 126.70 118.74 84.09 117.51 110.95 47.79 59.52 56.19 

Maximum 155.25 170.62 200.56 167.23 163.61 190.85 89.84 81.70 109.59 

Total samples (n) 12 11 11 12 11 11 12 11 11 
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Table 2. Summary of Round-Robin Results for Lowry Protein Assay for Ultrafiltered Enzyme Preparations 

UF-Enzyme UF-Novozym UF-Celluclast UF-Pulpzym 

Enzyme volume (pL) 100 200 300 100 200 300 100 200 300 

Mean (mg/mL) 177.58 167.77 163.66 236.00 222.19 214.80 167.86 159.88 158.47 

Median (mg/mL) 175.72 173.03 163.87 243.72 235.94 216.03 176.48 171.48 163.89 

Standard Deviation 50.27 38.69 28.61 84.32 55.37 35.96 47.41 33.54 20.13 

Variance 2526.95 1497.01 818.42 7109.18 3065.83 1393.27 2247.73 1125.2 405.28 

Range 174.77 134.21 103.10 306.42 179.87 120.26 159.87 104.64 61.43 

Minimum 61.99 81.87 112.96 48.39 108.05 150.86 47.42 80.21 111.68 

Maximum 236.76 216.08 216.06 354.81 287.92 271.12 207.30 184.85 173.11 

Total samples (n) 9 8 8 9 8 8 9 8 8 
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were tested by oneway variance analysis using values reported at each protein loading. 
Significant differences could not be demonstrated for the different enzyme loadings 
used for any of the commercial enzyme determinations, indicating that although 
absorbance values reported for the 200 and 300 pL sample loadings were outside the 
range of the standard curve, no statistically significant difference in the absolute 
calculated protein value could be detected. The range and standard deviations for 
each loading is relatively large. The combined mean protein concentrations obtained 
for all levels of sample enzyme loadings were compared to individual values obtained 
by each laboratory as a percentage of deviation from the overall mean as presented 
in Figure 1. Deviations from the mean for individual laboratories varied, with the 
largest deviation of -23% from Laboratory 13. In general, laboratories deviated from 
the mean in the same direction for the 3 regular enzyme samples. 

Nine laboratories performed the modified Lowry protein analysis on the ultra-
filtered enzyme preparations. Laboratory 4 did not have enough enzyme and deviated 
from the standard procedure to compensate for enzyme deficiencies. Laboratories 8, 
10, and 11 did not attempt the modified Lowry assay on the ultrafiltered enzyme 
samples. A summary of the results from the laboratories that performed the 
standardized modified Lowry assay on the ultrafiltered samples is presented in Table 
2. In general, the dispersion of data about the mean, as indicated by the standard 
deviation between laboratories, was much greater for the ultrafiltered samples than for 
the commercial enzyme preparations. Differences in mean values for individual 
protein loadings were tested by analyzing variance in the same fashion as the 
commercial enzyme preparations. Again, significant differences could not be 
established for the different enzyme loadings used for the ultrafiltered enzyme 
determinations. This is not surprising, considering the exceptionally large values for 
the range, which in many cases were equal to the actual mean protein estimate. The 
standard deviations for the ultrafiltered samples were considerably larger than standard 
deviations for the commercial enzyme determinations. The individual laboratory 
variations from the overall mean for the ultrafilter enzyme preparations are presented 
in Figure 2. 

Round-Robin Solids Content Analysis. Not all laboratories had enough sample to 
run triplicate solids determinations, and some laboratories did not report values for all 
enzyme samples. Data from the individual measurements for the total solids analysis 
were analyzed and are presented in Table 3. In general, the results from the total 
solids analysis were more closely grouped than the results from the modified Lowry 
protein determinations. These results indicate that no laboratory deviated from the 
overall sample mean by more than 5%, compared to deviations as high as 60% that 
were found in the modified Lowry protein determinations. 

Comparison of Protein Methods. Four methods using different chemistries for 
determining protein concentrations were compared at NREL. These methods included 
the round-robin results using the modified Lowry protein assay, the Bradford dye 
binding method, the B C A method, the Kjeldahl nitrogen analysis method, and a new 
chromatographic fractionation-uv absorbance method. The results of this comparison 
are presented in Figure 3. The Bradford method appears to significantly 
underestimate the protein concentration for both the commercial and ultrafiltered 
enzyme preparations. 
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Celluclast (mean = 137.9 mg/mL) 
Novozyme (mean = 141,5 mg/mL) 
Pulpzym (mean = 70.1 mg/mL) 

-25 i 1 —~i——ι 1 ι 1 1 ! 1 1 ! ι ι 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Laboratory identification 

Figure 1. Comparison of the percent deviation from the mean of individual 
Lowry protein measurements of cellulase protein samples.  
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Figure 2. 

5 6 7 8 9 10 

Laboratory identification 

Comparison of the percent deviation from the mean of individual 
Lowry protein measurements of ultrafiltered protein samples.  
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C I Modi f ia i Lowrv Assay 
Bill Kjeldahl Nitrogen Analysis 
B£9 Pierce B C A Method 
M Bio-Rad Method 
•ZD U V 28()nm 

Figure 3. 

Celluclast Novozyme Pulpzym Celluclast Novozyme Pulpzym 

Commercial Preparations Ultrafiltered Enzymes 

Comparison of protein concentrations from individual enzyme 
preparations using different methods.  
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Figure 4. 

Celluclast Novozyme Pulpzym Celluclast Novozyme Pulpzym 

Commercial Preparations Ultrafiltered Enzymes 

Comparison of protein concentrations normalized to Kjeldahl nitrogen 
protein values.  
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Figure 4 presents the data (shown in Figure 3) normalized to the Kjeldahl 
nitrogen values expressed as 100 percent. This data presentation may be defended 
because the Kjeldahl method may be the least sensitive of this group of assays to the 
effects of interfering compounds expected in concentrated (especially ultrafiltered) 
culture broths (19). 

In addition, Laboratory 2 also reported that it compared the Lowry protein results 
to the Bradford method and obtained values 4 times lower using the Bradford method. 
This group suggested that this difference could be caused by the inadequate protein 
disaggregation with the Bradford method (i.e., SDS). Laboratory 13 also compared 
the modified Lowry and Bradford methods and found that the former gives much 
higher values than the latter by a 3.2:1 ratio. 

Discussion 

Assays that determine protein concentrations of cellulase enzyme samples for 
commercial application should be sensitive, accurate, precise, and easily applied. 
Interfering compounds, which may either suppress or enhance the color response of 
the protein for a given assay, must also be considered. For example, the B C A protein 
assay reportedly has greater tolerance for commonly interfering compounds than does 
the Lowry or the Bradford methods (22,23). A complication for selecting such assays 
for a specific protein determination, however, is that even the venerable Lowry assay 
still harbors some mechanistic unknowns (24). Most assay procedures use BSA as 
the standard protein against which the unknown proteins are measured; however, 
different methods exhibit unique levels of responses toward different proteins (22). 

In this round-robin study, variability in the measurements of modified Lowry 
protein concentrations reported from all laboratories was greater for the ultrafiltered 
enzymes than for the commercial enzyme preparations. This result was puzzling, 
since ultrafiltration should remove low molecular weight compounds that could 
interfere with the accuracy of the measurement. In general, relatively large inter-
laboratory variations in protein concentrations were reported using the modified 
Lowry assay, whereas less variability was observed for the total solids analysis for 
these same enzyme preparations. 

In the NREL portion of the study (shown in Figure 3), concentration values found 
for commercial protein preparations appeared to follow the trend: chromatographic uv 
method>BCA method>modified Lowry method>Bradford method. This trend is more 
easily seen in Figure 4. Results from the B C A assay, when compared to the modified 
Lowry protein values obtained in the round-robin assay, delivered statistically 
equivalent values for the commercial enzyme preparations, but consistently lower 
values when the ultrafiltered preparations were tested. In fact, the trend noted for the 
commercial preparations is largely lost in the case of the ultrafiltered enzymes. 
Because this study was based on real commercial preparations rather than artificially 
created mixtures, the actual protein values cannot be readily determined. 

When the Bradford method was compared to the other methods used in this 
study, the protein concentration determined was lower by a factor of at least 5. 
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Values obtained during this study using the Bradford dye-binding method are now 
considered suspect because of the large variation in dye reactivity displayed by 
different proteins and documented by others (1522). Unfortunately, this assay is 
widely used in industry because it is sensitive, simple, quick, and relatively few 
compounds have been reported to interfere. 

Protein concentrations and enzyme catalytic activities are routinely used to 
describe, compare, and cost commercial enzymes. This study has shown that large 
differences in the estimation of protein concentrations can occur, depending on the 
specific type of protein assay usai and how the assay is standardized. The impact of 
such variation, which in some instances may be as large as 90%, is obviously 
significant to industry. In die case of the cellulase preparations used in this study, 
reports of specific activities clearly depend on the type of method used to determine 
protein concentrations. If the Bradford method is used for determining protein 
concentration, for example, the specific activities derived for these enzyme 
preparations will be considerably higher than if the B C A or modified Lowry method 
is used. Because of this, we recommend the B C A , modified Lowry, or 
chromatographic fractionation methods for commercial enzyme preparations. The 
chromatographic method is admittedly cumbersome, however. Because of low profit 
margins in the biomass to ethanol industry, the issue of specific activity determination 
for various cellulase preparations is especially critical for their ultimate ranking. 
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Chapter 17 

Economic Fundamentals of Ethanol 
Production from Lignocellulosic Biomass 

Charles E. Wyman 

Alternative Fuels Division, Applied Biological Science Branch, 
National Renewable Energy Laboratory, 1617 Cole Boulevard, 

Golden, C O 80401-3393 

Information on the production potential for ethanol from 
lignocellulosic resources is summarized, and the benefits for 
reducing carbon dioxide accumulation are discussed. The 
fundamentals of ethanol production are examined in terms of the 
primary features influencing cost: feedstock cost, feedstock 
composition, product yield, energy use, and other operating costs. 
These costs are compared to the revenues that can be realized for 
fuel ethanol and co-product electricity, and the margin left to cover 
annualized capital costs is determined. Then the allowable capital 
cost for the plant is calculated, and analogies are made with existing 
technology for ethanol production from com. From this analysis, it 
is shown that ethanol from cellulosic biomass can be a cost-
competitive fuel. 

Currently, petroleum provides the largest single source of energy in the United 
States (40%), transportation fuels are almost totally derived from petroleum (about 
97%), and about two thirds of the petroleum used in the United States is for 
transportation. Because about half the oil used in the United States is imported, we 
are strategically vulnerable to disruptions in our supply of transportation fuels. In 
addition, at a cost of about $40 billion annually for oil imports, the largest fraction 
of our trade deficit is contributed by petroleum imports, and we are susceptible to 
significant economic dislocations if oil prices increase dramatically, as has occurred 
in the past (1-2). 

Transportation fuels are substantial contributors to urban air pollution (3-6). 
About two-thirds of the carbon monoxide pollution in our cities is due to the 
transportation sector. In addition, approximately one-third of the ozone-forming 
compounds that cause smog in our cities is due to transportation. Because 
transportation fuels are derived from fossil sources and constitute a significant fraction 
of energy used in the United States, it is not surprising that about one-third of the 
carbon dioxide accumulation in the United States is due to the transportation sector. 
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Of course, carbon dioxide is a major greenhouse gas that could contribute to global 
climate change (7). 

Ethanol is a diverse, high-performance transportation fuel that has the potential 
to be produced on a large scale from plentiful sources of lignocellulosic biomass. 
Successful commercialization of this technology would substantially decrease or even 
eliminate our dependence on imported oil, thereby reducing the strategic vulnerability 
of the United States transportation sector, lowering the trade deficit dramatically, and 
creating substantial employment (J). In addition, ethanol production from 
lignocellulosic biomass can reduce the accumulation of carbon dioxide by 90% or 
more, substantially decreasing the contribution to global climate change (8). 
Technology for producing ethanol from biomass has been improved dramatically over 
the past decade or more so that ethanol could be competitive now in the United States 
for existing markets (9-12), and opportunities have been identified to further reduce the 
cost of ethanol production to be competitive as a neat fuel with gasoline. Yet many 
still question the benefits of ethanol from lignocellulosic biomass and its potential to 
be economically competitive. 

In this chapter, the current status of ethanol use to improve air quality will be 
reviewed to provide an update of the growing demand for this fuel. Then the 
technology will be briefly reviewed to acquaint the reader with the production of 
ethanol from lignocellulosic biomass and the impact on carbon dioxide buildup. 
Against this background, the economics of biomass ethanol production will be 
examined from a fundamental perspective and through comparison to the existing com 
ethanol industry to demonstrate that ethanol could be made from lignocellulosic 
biomass at competitive prices. The goal of this approach is to clearly demonstrate the 
growing market for and benefits of ethanol production from biomass and establish in 
an unambiguous manner that ethanol can be made at competitive prices for advanced 
technology in well engineering processes. 

Ethanol Use 

Urban air pollution is due to evaporative and tailpipe vehicle emissions. Evaporative 
emissions occur during vehicle refueling and operation, as fuel components evaporate 
into the atmosphere. These emissions include various volatile hydrocarbons that cause 
ozone formation and smog. In addition, several components — such as benzene that 
constitute evaporative emissions — can be toxic. Tailpipe emissions, on the other 
hand, are emitted from the exhaust system of vehicles. Problematic examples include 
oxides of nitrogen, carbon monoxide, partial combustion products, and unburned 
hydrocarbons, which result from incomplete fuel combustion as well as high engine 
temperatures. These components contribute to carbon monoxide accumulation in cities 
as well as to ozone formation and smog. 

Ethanol can be used in several ways as a fuel to help address air pollution. 
First, ethanol can be directly blended with gasoline as in the 10% mixtures now 
typically used in the United States (E10) or 22% blends used in Brazil (E22). Direct 
blends of ethanol with gasoline serve to extend gasoline by reducing the amount of 
gasoline required while boosting octane, thereby reducing the need for toxic octane 
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boosters. Ethanol also provides oxygen for the fuel to promote more complete 
combustion. However, the vapor pressure of the resulting mixture increases when 
ethanol is directly blended with gasoline at low levels, causing concerns about 
evaporative emissions (13-14). 

Ethanol can also be reacted with isobutylene or other olefins to form ethers such 
as ethyl tertiary butyl ether (ETBE). When blended with gasoline, ETBE provides the 
same benefits as direct ethanol blends in terms of extending the gasoline supply, 
boosting octane, and providing oxygen. Additionally, ETBE actually reduces vapor 
pressure when mixed with gasoline. Thus, ozone formation and smog decrease with 
ETBE blends. 

Finally, ethanol can be used as "pure" fuel in the form of hydrous ethanol 
containing 95% ethanol and 5% water (as in Brazil) or with small amounts of gasoline 
to promote cold starting. Mixtures of 95% ethanol with 5% gasoline are denoted as 
E95, while 85% ethanol with 15% gasoline is designated as E85 (15). Neat ethanol 
fuel has a high octane, a high heat of vaporization, and other favorable properties that 
result in higher efficiency operation than gasoline for properly optimized engines. As 
a result, a 20%-30% increase in efficiency relative to gasoline is possible (I). Neat 
ethanol also has low toxicity, low vapor pressure, and low photochemical reactivity, 
reducing the potential for smog formation and other environmental impacts. In the 
longer term, pure ethanol is more readily adaptable than gasoline to fuel cell 
applications. Fuel cells can achieve far higher efficiencies than internal combustion 
engines, while realizing tremendous advantages in reducing air pollution (16). 

To improve urban air quality, oxygenated gasoline has been required in 39 
carbon monoxide non-attainment areas in die United States since 1993. This fuel must 
contain 2.7% oxygen during the winter months. This requirement includes a waiver 
for the higher vapor pressure that results when ethanol is blended with gasoline, 
because ethanol reduces carbon monoxide emissions that are of concern in the winter 
months, while smog formation associated with higher vapor pressure is not a serious 
problem during this period. Reformulated gasoline (RFG) will be required beginning 
in 1995 in nine ozone non-attainment areas within the United States. RFG must 
contain at least 2% oxygen year-round, but no vapor pressure waiver is provided for 
ethanol at this time. In addition, RFG must have a reduced aromatic content, especially 
of benzene (6). 

In December 1993, the U.S. Environmental Protection Agency (EPA) proposed 
a new rule that will require 30% of oxygenates in RFG to be derived from renewable 
sources, and the EPA enacted a phased in approach in June 1994 requiring 15% of 
oxygenates in RFG be from renewable sources in 1995, and 30% thereafter. Ethanol, 
with production now at about 3.8 billion L (1 billion gal) per year, is expected to be the 
primary fuel affected. The renewable oxygenate standard (ROS) was adopted to reduce 
oil imports and carbon dioxide accumulation, and create domestic employment. 
However, some controversy surrounds the requirement for renewable oxygenates in 
RFG. First, the increase in gasoline vapor pressure when ethanol is blended with 
gasoline is of concern. Some controversy also surrounds the amount of carbon dioxide 
that accumulates when ethanol is produced from com, as is now the practice in the 
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United States. In addition, opponents question the use of existing tax incentives 
($0.14/L ethanol, $0.54/gal federal) to encourage corn ethanol use. 

The ROS would allow direct ethanol blends to count toward the renewable 
oxygenate requirement from September 16 to April 30 to reduce carbon monoxide and 
unburned hydrocarbon emissions. However, from May 1 to September 15, only 
ethanol in ETBE would count toward the standard. In this way, ETBE would reduce 
tailpipe emissions of carbon monoxide and unburned hydrocarbons, while reducing 
evaporative emissions that lead to smog formation during the summer months when 
smog formation is an issue. To date, implementation of the ROS has been held up by 
legal challenges. 

Other approaches are also potentially viable for reducing smog formation for 
blends. First, the vapor pressure of the gasoline blending stock could be reduced to 
compensate for the increased vapor pressure for a low-level ethanol blend. In addition, 
the higher vapor pressure is due to non-ideal behavior, and ethanol has a far lower 
vapor pressure than gasoline; thus, as the amount of ethanol is increased beyond about 
22%, the vapor pressure of the gasoline-ethanol mixture actually is reduced from that 
of the gasoline to which ethanol is added. As mentioned previously, ETBE blends 
reduce vapor pressure while mixtures of ETBE and ethanol could achieve vapor 
pressures equal to that of the gasoline blending stock. Thus, the higher vapor pressure 
exhibited for 10% blends is not an inherent limitation of ethanol. 

Ethanol Production from Lignocellulosic Biomass 

Currently, more than 11 billion L (3 billion gal) of ethanol are produced annually from 
cane sugar in Brazil, but sugar is too expensive in the United States to achieve 
economical conversion to ethanol. In the United States over 3.8 billion L (1 billion gal) 
of ethanol is produced annually from starch crops, mostly com. However, the cost to 
produce ethanol from com is still higher than to produce gasoline, and federal and state 
tax incentives are used to compensate for the higher price. 

In addition to producing ethanol from starch and sugar crops, ethanol can be 
made from lignocellulosic biomass. Examples of existing sources of lignocellulosic 
biomass include agricultural and forestry residues, a major fraction of municipal solid 
waste (MSW), wastepaper, and various industrial wastestreams. Future sources of 
lignocellulosic biomass could be herbaceous (grasses) and woody crops grown to 
support ethanol production. 

Figure 1 illustrates the process for enzymatic conversion of lignocellulosic 
biomass to ethanol. First the biomass is pretreated to reduce its size and open up the 
structure to facilitate conversion of this naturally resistant material into ethanol. Often 
the hemicellulose fraction (which comprises about 20% to 40% of the material) is 
broken down to form its component sugars such as xylose during a pretreatment step; 
these sugars are subsequently fermented to ethanol. Left behind is a solid residue of 
cellulose and lignin, a small portion of which is fed to a cellulase enzyme production 
step. These enzymes are then added to the bulk of the solid cellulose-containing 
material to break down the cellulose into glucose (hydrolysis), and an appropriate 
organism ferments the glucose into ethanol. Following conversion of the sugars from 
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the cellulose and hemicellulose fractions into ethanol, the fermentation broth is sent to 
a purification step where ethanol is recovered for use as a fuel. The solid residue left 
following purification contains primarily the lignin fraction, representing about 15% 
to 20% of the original biomass substrate, that can be burned to provide the heat and 
electricity to power the entire conversion process as well as excess electricity that can 
be exported for sale (11-12). 

Because lignin can fuel the conversion process, and because low levels of fossil 
energy inputs are required to grow biomass, most carbon dioxide released during 
production and utilization of ethanol from lignocellulosic biomass is recaptured to 
grow new biomass to replace that harvested for ethanol production, and little i f any net 
carbon dioxide accumulates. The result is a 90% or greater reduction in carbon dioxide 
accumulation compared to use of RFG (8). 

Economic Fundamentals 

Lignocellulosic biomass provides a low-cost, abundant, domestic resource that could 
produce enough ethanol to displace a substantial fraction, i f not all, gasoline used in 
the United States. However, the cost of conversion to ethanol has historically been too 
high because of the recalcitrant nature of lignocellulosic materials. Over the past 14 
years, substantial progress has been made in reducing the cost of ethanol production 
from lignocellulosic biomass from about S0.95/L ($3.60/gal) in 1980 (9-10) to S0.32/L 
($1.22/gal) (11), and it can be competitive now, particularly for niche markets that use 
low-cost feedstocks or other cost-saving measures. Furthermore, additional 
opportunities have been identified to advance the technology so that ethanol produced 
from lignocellulosic biomass can compete with gasoline without special tax 
considerations. 

Although detailed process designs and economic evaluations have been 
employed to estimate the cost of ethanol from biomass for current technology and 
identify targets for continued cost reductions, such studies are highly dependent on the 
process design chosen, and different studies estimate different ethanol production costs. 
However, consideration of fundamental economic principles can show that it is 
possible to achieve ethanol production at competitive costs. In this section, a 
simplified analysis will illustrate the economic merits of ethanol production from 
biomass and its excellent potential to be cost competitive in the open market. 

Feedstock costs. The amount of ethanol derived from a given weight of biomass is a 
critical factor in establishing the economics of ethanol production, since the ethanol 
yield determines the potential revenue stream for the process and biomass represents 
a major cost element. The cellulose fraction is hydrolyzed to glucose and fermented 
to ethanol as shown in the following stoichiometric equation: 

n(C 6H 1 0O 5) + η H 2 0 - η C 6 H 1 2 0 6 - 2nC 2 H 5 OH + 2n C 0 2 

enzyme yeast 
(1) 
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Similarly, the hemicellulosic fraction is hydrolyzed to xylose and other sugars for 
fermentation to ethanol according to the following relationship: 

3n(C 5H 80 4) + 3n H 2 0 - 3n C 5 H 1 0 O 5 - 5nC 2H 5OH + 5n C 0 2 (2) 
acid yeast 

For the purposes of this analysis, the ratio of cellulose to hemicellulose is assumed to 
be 2:1 and 80% of the remaining material is assumed to be lignin. These ratios are 
based on studies by others (12), but the ratio of cellulose to hemicellulose is not critical 
to the analysis, since the weight yield is only slightly higher for hemicellulose than for 
cellulose. On the other hand, as we will see, the amount of lignin affects the amount 
of excess heat or electricity that can be sold, but this effect is not expected to greatly 
change the results of the analysis presented here. 

The volumetric ethanol yield is calculated from the overall carbohydrate 
fraction (cellulose and hemicellulose), the ratio of these components, die stoichiometry 
for conversion to ethanol, and the fractional yield of ethanol obtained from the 
carbohydrates, as shown in equation (3). 

Y = 1260xC[0.568fc + 0.581(l-fc)] (3) 

in which Y is the volumetric ethanol yield in liters/tonne, χ is the weight fraction of the 
feedstock carbohydrates (cellulose and hemicellulose) converted to ethanol, C is the 
weight fraction of carbohydrates in the feedstock, fc is the fraction of the feedstock 
carbohydrates that are cellulose, and (l-f c) is the fraction of the feedstock 
carbohydrates that are hemicellulose. This relationship is illustrated in Figure 2 in 
terms of the volume of ethanol produced per weight of feedstock as a function of the 
fraction of the carbohydrates converted to ethanol for varying carbohydrate content, 
i.e., total cellulose and hemicellulose in the feedstocks. This figure clearly shows how 
dramatically the volumetric ethanol yield changes with the fraction of carbohydrate 
contained in the feedstock and its conversion to ethanol. 

From an economic perspective, the key parameter is the cost of the feedstock 
for a given volume of ethanol produced. This value can be determined by dividing the 
feedstock costs per unit weight by the volumetric ethanol yield as: 

Feedstock cost = Feedstock cost/weight of feedstock (4) 
Volume ethanol Ethanol volume/weight of feedstock 

Once again, we can vary the carbohydrate content and percentage yield to determine 
their influence on the feedstock cost per volume of ethanol produced. Figure 3 shows 
the result for a feedstock costing $37/tonne ($34/ton). Figure 4 then compares the 
feedstock cost per volume for a feedstock containing 70% carbohydrates as a function 
of the yield to ethanol for feedstocks costing $37/tonne and $46/tonne ($42/ton). As 
expected, the volumetric feedstock costs are directly proportional to the cost of the 
feedstock and greatly influenced by the carbohydrate content and ethanol yield from 
carbohydrates. 
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Figure 2. Volumetric ethanol yield per weight of feedstock as a function of the 
percentage of the total carbohydrates converted to ethanol (yield) and the 
carbohydrate content of the feedstock. 
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Figure 3. Volumetric feedstock cost for ethanol production as a function of the 
percentage of the total carbohydrates converted to ethanol for varying carbohydrate 
content and a feedstock costing $37/tonne ($34/ton). 
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Figure 4. Comparison of the volumetric feedstock cost as a function of the 
percentage of the total carbohydrates converted to ethanol for varying feedstock 
costs and a feedstock containing 70% carbohydrates. 
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Figure 5. Estimated electricity available for export expressed as a percentage of the 
lower heating value (LHV) of ethanol for a plant requiring 22 MJ/L of ethanol 
produced (80,000 Btu/gal) for process heat and electricity requirements. Exported 
electricity is estimated for varying feedstock carbohydrate content as a function of 
the percentage converted to ethanol. 
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Process revenues. Two products are assumed to be manufactured for revenue 
generation from the ethanol process: ethanol and excess exportable electricity. As 
described previously, all materials not converted to ethanol are assumed to be burned 
to produce heat and electricity. The solid material that is burned following ethanol 
recovery is assumed for the purposes of this analysis to contain 50% moisture. 
Furthermore, it is assumed that the process requires either 22 MJ/L (80,000 BTU/gal) 
of ethanol produced or 11 MJ/L (40,000 BTU/gal) for process heat and electricity; the 
11 MJ/L figure is typical of efficient modem com ethanol plants. It is further assumed 
that the electricity is produced with a 33% efficiency and surplus electricity is sold. 

Figure 5 shows the amount of excess electricity exported as a percentage of the 
lower heating value of the ethanol produced as a function of die material's carbohydrate 
content and the percentage of that carbohydrate converted to ethanol for a process 
requiring 22 MJ/L (80,000 BTU/gal) of ethanol produced. Shown in Figure 6 is similar 
information for a process that requires 11 MJ/L (40,000 BTU/gal) of process heat and 
electricity. From these figures, substantial amounts of electricity can be exported for 
a process with energy requirements similar to those of a modem com ethanol plant, 
while little if any electricity export is possible for a less efficient plant. In fact, the less 
efficient plant benefits from a lower carbohydrate content so that more lignin is 
available to produce heat and electricity for the process. 

For the purposes of this analysis, it is assumed that ethanol is sold at $0.18/L 
($0.67/gal) and electricity is sold at $0.03/kWh. As shown in Figure 7, the ethanol 
selling price of $0.18/L for conventional gasoline corresponds to an oil cost of $25/bbl 
for ethanol achieving a range of 80% that of gasoline based on its superior properties 
that result in higher efficiency use. 

The revenue can be determined from these unit prices for electricity and 
ethanol. Figure 8 shows the revenues per volume of ethanol produced for either 
ethanol alone or ethanol plus electricity sales for a feedstock costing $37/tonne 
($34/ton) and a 70% carbohydrate content. Also shown is the feedstock cost per 
volume of ethanol produced as a function of the percentage of the carbohydrates 
converted to ethanol. The margin between the feedstock cost and the revenue from sale 
of ethanol or ethanol plus electricity is available to recover the remaining costs and 
realize a return on investment for the ethanol conversion process. From this figure, it 
can be seen that coproduct revenues in the form of electricity are very important for 
low ethanol yields from biomass, and become predictably less important as the yield 
improves. Furthermore, it can be seen that a significant margin is available to cover 
other costs of production (COP) and realize a return on capital. 

For commodity products, the feedstock cost often represents 80% to 90% of the 
overall COP. From this, we could estimate the COP from the feedstock cost based on 
a factored cost estimate. For the purposes of this analysis, the feedstock cost is 
assumed to represent two-thirds of the overall production cost because a solid substrate 
is used in the conversion process, generally with higher conversion costs. Figure 8 
presents the factored COP for a 70% carbohydrate feedstock costing $37/tonne 
($34/ton) as a function of the fractional conversion of the carbohydrates to ethanol. As 
mentioned earlier, also shown are the revenues from the sale of ethanol or of ethanol 
plus electricity as well as the feedstock cost. Based on this analysis, the cost of ethanol 
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Figure 6. Estimated electricity available for export expressed as a percentage of the 
lower heating value (LHV) of ethanol for a plant requiring 11 MJ/L of ethanol 
produced (40,000 Btu/gal) for process heat and electricity. Exported electricity is 
estimated as a function of ethanol yield from carbohydrates. 
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Figure 8. Feedstock cost, ethanol revenue alone, and combined ethanol and 
exported electricity revenue as a function of the percentage of carbohydrates 
converted to ethanol for a feedstock containing 70% cellulose and hemicellulose and 
costing $37/tonne ($34/ton). Also shown is the factored COP estimate based on 
feedstock cost alone. 
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production is projected to be significantly lower than the revenues derived from ethanol 
or ethanol plus electricity, particularly at high ethanol yields. Although simplistic, the 
analysis shows that production of ethanol (even though it is a low value product) could 
be economical for lignocellulosic materials i f produced at the low processing costs 
typical of commodity products. Efficient, well-engineered, high-yield technology is 
needed to achieve this goal. 

Unavoidable cost of production estimate. This analysis can be taken a step further 
by estimating costs felt to be unavoidable for ethanol production and determining the 
margin left to cover remaining costs that could be reduced through R&D. Table I 
summarizes the typical cost elements considered in estimating the required selling price 
for a product to cover all such costs as well as achieve a reasonable return on 
investment. These elements include the cost of feedstock as determined previously as 
well as costs for nutrients and other chemicals used in processing. In addition, labor 
costs for plant operation as well as associated direct overhead and general plant 
overhead expenses must be calculated. Similarly, maintenance costs and general plant 
overhead related to maintenance are estimated. Insurance and property tax expenses 
are included as well. Finally, the annualized cost of capital is calculated. 

For the unavoidable cost analysis, feedstock costs are calculated as a function 
of yield and carbohydrate content, as discussed previously. Labor costs are determined 
for a 1745 tonne/d (1920 ton/d) ethanol plant that is assumed to require a total of eight 
operators at $29,800/yr each, an operating foreman at $34,000/yr, and an operating 
supervisor at $40,000/yr. These estimates are believed to be the minimum crew 
required to successfully operate a plant based upon operation of larger scale plants (on 
the order of 940 million L/yr or 250 million gal/yr) for com ethanol production. The 
minimum costs possible for chemicals and nutrients is assumed as 3% of that for the 
feedstock. Current costs are projected to be higher than this, but as new pretreatment 
approaches and nutrient requirements and reuse are better defined, it may be possible 
to approach this level. Other costs are estimated by standard methods (11-12). 
Maintenance costs are determined as 3% of the total fixed investment. Direct overhead 
is then calculated as 45% of the labor and supervision, while general plant overhead 
is calculated as 65% of labor and maintenance costs. 

Table I Cost elements used to estimate selling price 

• Feedstock 
• Chemicals and nutrients 
• Utilities 
• Labor/Supervision 
• Maintenance 
• Direct overhead 
• General overhead 
• Insurance, property taxes 
• Annual capital charge 
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The estimated minimum cost of nutrients and chemicals, operating labor, and 
direct and general plant overhead can be added to the feedstock costs as shown in 
Figure 9. The margin between the sum of all these costs and the revenue from either 
ethanol sales or ethanol plus electricity sales is available to cover the cost associated 
with capital recovery, including return on capital. As before, these costs are 
determined per volume of ethanol produced as a function of the ethanol yield from the 
carbohydrates for a 70% carbohydrate feedstock costing $37/tonne ($34/ton). 

Allowable fixed capital investment. Having determined the minimum unavoidable 
costs for ethanol production, we can now determine the maximum capital investment 
that can be justified for this plant. Typically, the purchased capital cost is first 
estimated based on material and energy balances. Then the total installed capital cost 
is determined as a multiple of the purchased capital cost. In this case, the multiplier is 
taken as 2.85 based on other estimates (12); although this value may seem low 
compared to chemical processes, it has proven reasonable for solid biomass such as 
com when suspended in water at low temperatures and pressures. The fixed capital 
investment is calculated as 2% over the total installed capital cost. Finally, the total 
fixed investment is the sum of the start-up cost plus fixed capital investment, calculated 
as 5% above the fixed capital investment. These calculations are summarized in 
Table II (11-12). 

The capital cost can be annualized by multiplying the total capital investment 
by some factor, in this case 0.2 (12). This factor is determined according to standard 
methods from the parameters in Table II. The plant is constructed over a three-year 
period, with 30% of the plant completed in the first year, 50% in the second year, and 
20% in the third year. Furthermore, the plant is assumed to operate for 15 years with 
capacity at 60% of nameplate in the first year, 80% in the second year, and 100% 
thereafter. Straight-line depreciation is over a five-year period for equipment inside 
the battery limits and over a 15-year period for equipment outside the battery limits. 
Income tax is 37%, and no sales expenses are included in this calculation (12). 
Typically, com ethanol plants are built more rapidly and achieve full (and often over) 
capacity in less time. 

Table II Factors applied to estimate total fixed investment and annualized 
capital cost 

• Total capital outlay for ethanol plant 
• Purchased capital cost (PCC) 
• Total installed capital cost (TIC) = 2.85 · PCC 
• Fixed capital investment (FCI) = 1.02 · TIC 
• Startup costs + FCI = Total Fixed Investment (TFI) = 1.05· FCI 

• Capital cost annualized by multiplying the total capital investment by 0.20 to 
account for: 
• 3 years of construction with 30% 1st year, 50% 2nd year, 20% 3rd year 
• 15 years of operation 
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Figure 9. Revenue from sale of ethanol only and ethanol plus exported electricity 
as a function of the percentage of carbohydrates converted to ethanol for a feedstock 
containing 70% cellulose and hemicellulose and costing $37/tonne ($34/ton). Also 
shown are the estimated minimum costs for feedstock alone; feedstock with other 
chemicals; feedstocks, chemicals, and labor; and feedstock, chemicals, labor, and 
overhead. 
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• Income tax at 37% 
• No sales expenses 
• Capacity at 60% 1 st year, 80% 2nd year, 100% thereafter. 
• Straight-line depreciation over 5 years for ISBL, 15 years OSBL. 

In addition to the annualized capital recovery factor, standard cost estimating 
methods also factor other costs from the capital investment. As mentioned previously, 
maintenance costs are determined at 3% of the total fixed investment. General plant 
overhead is then calculated as 65% of the maintenance cost. Insurance and property 
taxes are estimated at 1.5% of the total fixed investment. 

Taking into consideration all costs estimated from the fixed capital investment, 
an allowable fixed capital investment (AFCI) can be calculated as: 

AFCI =(Revenues - Costs) 
(0.20)(1.05) +0.0678 (5) 

Figure 10 summarizes the allowable fixed capital investment based on this 
equation for feedstock costs of $37/tonne ($34/ton) and $46/tonne ($42/ton) as a 
function of the ethanol yield from the carbohydrate fraction of a biomass feedstock 
containing 70% carbohydrates. From this figure, a capital investment on the order of 
$0.25-$0.30/annual L ($0.95~$1.10/annual gal) of capital investment is allowable for 
a feedstock cost of $46/tonne ($42/ton). However, at a lower feedstock cost of 
$37/tonne ($34/ton), a capital cost on the order of $0.35/annual L ($1.33/annual gal) 
can be accommodated for conversion of biomass into ethanol. For comparison, it is 
worth noting that similar modem (dry mill) large-scale com ethanol plants typically 
cost on the order of S0.29/L ($1.11/annual gal) of capacity (17) and the costs continue 
to drop as improvements are made. To achieve such low capital costs for a biomass 
ethanol plant certainly requires advanced technology, but these goals can be realized 
as improvements continue to be made to increase yields, consolidate steps, and speed 
rates (see for example reference 18). Large-scale plants are also more likely to realize 
this goal. 

It must be remembered that neat ethanol would likely be used for markets that 
can benefit from ethanol's favorable properties in reducing air pollution. In such cases, 
the competition would really be RFG (8), and Figure 7 also includes the expected RFG 
price as a function of the price of oil. As before, this assumes that ethanol can achieve 
80% of the range of gasoline because of its ability to achieve a 25% advantage in 
efficiency compared to gasoline. For this case, ethanol would be valued at about 
$0.21/L ($0.81/gal) to compete with RFG in such markets for an oil price of $25/bbl. 

Figure 11 shows that we could afford to pay nearly $0.50/annual L of capacity 
($1.90/annual gal) for an ethanol plant that could sell gasoline at a price competitive 
with RFG and purchase feedstock for $37/tonne ($34/ton). This allowable fixed capital 
investment is certainly less than for typical com ethanol plant capital investments 
today. Thus, ethanol from biomass will be competitive for RFG markets i f the 
technology is advanced for ethanol production from lignocellulosic biomass through 
continued R&D. 
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Figure 10. The allowable fixed capital investment for ethanol production from 
lignocellulosic biomass for varying carbohydrate conversion to ethanol for sale of 
ethanol only and of ethanol plus exported electricity. The feedstock is assumed to 
contain 70% cellulose and hemicellulose and cost either $37/tonne ($34/ton) or 
$46/tonne ($42/ton). 
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Figure 11. The allowable fixed capital investment as in Figure 10, but for an ethanol 
selling price of S0.21/L ($0.80/gal) and a feedstock cost of $37/tonne ($34/ton). 
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In closing, it is worth noting that ethanol today is primarily used for direct 
blending with gasoline in the United States. For such cases, ethanol typically sells in 
the range of $0.29/L to $0.32/L ($1.10-$1.30/gal). Such a price would allow a 
substantially higher capital investment in a biomass ethanol plant than shown here. 

Conclusions 

From this analysis, we can conclude that the production of low cost ethanol is possible 
from lignocellulosic biomass. Of course, high ethanol yields are vital to achieve 
economic viability. The latter is not surprising, and it is certainly true for any low-
value, high-volume product to be competitive. It is also clear that a high carbohydrate 
content lowers the unit feedstock cost. Furthermore, it is important to use low-cost 
feedstocks for ethanol production to be competitive with conventional fuels. It is 
important to be sure value is obtained from the unconverted fractions i f we are to 
achieve economic competitiveness, particularly for low ethanol yields. For example, 
this study assumes that unconverted fractions were burned to produce heat and 
electricity to power the process and to generate additional revenues from electricity 
exports. Greater electricity revenues result from more efficient plants, resulting in 
better economics; lower process energy use is possible compared to that assumed in 
this analysis. Other products could also be produced from the unconverted fraction if 
they generate appropriate revenues. 

It is important to minimize all costs to maximize the margin available to cover 
capital recovery charges. Thus, the costs for nutrients and other chemicals must be 
minimized within the process. In addition, an efficient operation with a minimal 
operating staff is also important. The latter can also be achieved for a larger scale plant 
that realizes economies of scale. It must be realized that ethanol offers more than 
energy content, and if ethanol is valued for its ability to combat urban air pollution as 
a neat fuel or for direct blends in comparison to RFG, a higher fixed capital investment 
can still be profitable. 

Overall, if high product yields, low operating costs, and reasonable coproduct 
markets are realized, the margin between revenues and operating costs is sufficient to 
provide a reasonable return on capital investment for a biomass ethanol plant similar 
in cost to a com ethanol process. Through continued R&D, highly efficient, well-
engineered processes should result that achieve this goal. Such cost-competitive 
lignocellulosic biomass-to-ethanol production would reduce oil imports, improve urban 
air quality, and curtail the buildup of greenhouse gases that lead to global climate 
change. On the other hand, this analysis suggests that an estimate of a high cost for 
ethanol production from biomass should not be interpreted as meaning that ethanol 
cannot be produced at low cost from lignocellulosic biomass but as evidence of a 
process design that does not achieve high product yields, low operating costs, adequate 
coproduct markets, and/or low capital costs. 
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Chapter 18 

Cellulose Degradation by Ruminai Microbes: 
Physiological and Hydrolytic Diversity 
Among Ruminai Cellulolytic Bacteria 
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Cellulose fermentation by ruminai microorganisms provides a 
major contribution to the nutrition of forage-fed ruminant animals. 
Ruminai cellulose degradation is mediated primarily by a few anaerobic 
bacterial species that avidly attach to forage particles in the rumen and 
degrade the cellulose components by cell-bound complexes of cellulolytic 
enzymes. The rate of cellulose degradation is largely a function of the 
available surface area of the cellulose. Crystallinity of the cellulose 
appears to be relatively unimportant in ruminal cellulose digestion, but 
evaluation of crystallinity effects is complicated by artifacts associated 
crystallinity measurements. Individual species vary considerably with 
respect to the attachment process and to utilization of different cellulose 
allomorphs, suggesting important differences in the mechanisms of 
cellulose digestion at the enzymatic level. These differences, combined 
with differences in microbial growth efficiency and product formation, 
provide both stability and flexibility to fiber digestion in the rumen. 

The rumen is the definitive digestive organ in the ruminants, a specialized group of 
mammals (Order Artiodactales) that includes many familiar wild animals (e.g., deer, 
antelope and bison) as well as some of the more important farm animals (cattle, 
sheep, and goats). In essence, the rumen is a large fermentation vat in which feeds 
are fermented by anaerobic microorganisms to produce volatile fatty acids (used by 
the ruminant as oxidizable energy sources and anabolic precursors) and microbial cell 
mass (used by the ruminant as a protein source). The combined ruminai volume of 
the world's 1.1 χ 10 9 domesticated cattle, 1.0 χ 10 9 sheep , and 0.4 χ 10 9 goats (7) 
is on the order of 10H liters. Thus, the ruminai fermentation may be regarded as the 
world's largest and most important commercial fermentation process, and attempts to 
improve its efficiency and productivity can be viewed as a very worthwhile endeavor. 

This chapter not subject to U.S. copyright 
Published 1995 American Chemical Society 

 
 .c

h0
18

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



292 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

The primary role of ruminants in agriculture is to convert relatively recalcitrant 
cellulosic materials to useful endproducts (e.g., milk or meat). The role of the rumen 
microflora in accomplishing this process is facilitated by the relatively long (15-50 h) 
retention time for fibrous solids and by the many complex interactions among 
different microbial trophic groups (2). Ruminai digestion of plant fiber is currently 
thought to be limited primarily by the complex structure of the plant cell wall, 
particularly the physical protection provided by lignin, and by covalent linkages 
between lignin and/or phenolic acids and certain cell wall polysaccharides (e.g., 
arabinoxylans) (3). Cellulose itself appears to be rather easily digestible if the 
extensive matrix interactions among plant cell wall biopolymers can be disrupted 
(3,4). However, ruminai cellulose digestion can hardly be considered as a monolithic 
process, because of the great variety of ruminai microbial species known to be 
capable of cellulose hydrolysis. Although the taxonomic and physiological diversity 
among different cellulolytic groups (protozoa, fungi, and bacteria) has long been 
recognized, the diversity of the cellulolytic process within individual groups has 
received relatively little attention. Among the bacteria, generally considered to be the 
major cellulolytic group within the rumen (2), this diversity presents the potential for 
alternative mechanisms of cellulose hydrolysis and for complex ecological interactions 
among the different cellulolytic species. Moreover, the diversity among cellulolytic 
bacteria and its ecological expression have profound effects on animal nutrition. 

Physiological Diversity Among the Ruminai Cellulolytic Bacteria 

The ruminai cellulolytic bacteria may be functionally divided into two groups: those 
that adhere to plant fiber and those that do not. The nonadherent species are generally 
considered to be of little importance in ruminai cellulolysis, based on their relatively 
low numbers in vivo and their poor cellulolytic activity in vitro. Within the other 
group, comprising the adherent forms, three major species have been identified: 
Fibrobacter succinogenes, Ruminococcus flavefaciens, and R. albus. These three 
species share several common properties: all are strictly anaerobic (i.e., will not grow 
in media containing O2 or having an elevated redox potential), do not form a 
protective resting stage, and are nonmotile. In addition, all three are highly specialized 
catabolically in that they can use only cellulose (or in some cases xylan) and its 
hydrolytic products as growth substrates. Our interest in these species arose from the 
fact that they produce different ratios of fermentation endproducts (Table I), and these 
differences could, in principle, have major effects on animal response. Moreover, 
differences in certain intrinsic properties of these species (e.g., Gram reaction) 
suggest structural and biochemical differences whose manipulation could provide a 
possible means of regulating their populations in rumino. For example, selective in 
rumino enhancement of F. succinogenes over the ruminococci might be desirable for 
beef cattle or for heifers (young cows prior to their first breeding and lactation). This 
enhancement would favor production of succinate, which in rumino is converted by 
other bacteria to propionate, which in turn is absorbed by the animal and used for 
gluconeogenesis that is essential for animal live weight gain. On the other hand, 
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selective enhancement of the ruminococci might be desirable in lactating cows to 
provide the acetate needed for lipogenesis in the mammary gland, in order to produce 
milk with a sufficient content of fat for end uses such as cheese production. 

Table I. Characteristics of adherent species of 
ruminai cellulolytic bacteria 

Fibrobacter Ruminococcus Ruminococcus 
Parameter succinogenes flavefaciens albus 
Gram reaction - + + 

Growth substrates 
Cellulose + + + 
Cellodextrins + + + 
Glucose + - / + a 

Xylan - b + + 

Fermentation products c 

Succinate M m -
Acetate m M M 
Formate m yd m 
Lactate - m / - a m 
Ethanol M 
Hydrogen - yd M 

a varies with strain 
b xylan hydrolyzed, but hydrolytic products not utilized 
c M= major product (>1 mol/mol anhydroglucose consumed); m=minor product 

(<1 mol/mol anhydroglucose consumed), (-) = not produced 
d v = amount varies strongly with growth rate 

One of the major goals of our work has been to quantitatively characterize the 
cellulose fermentation by these three species. In particular, we have been interested in 
determining the kinetics of cellulose hydrolysis (kinetic order, lag times, and rate 
constants) and certain fundamental growth parameters (maximum growth rate, growth 
yields, and maintenance coefficients). Moreover, we were interested in determining 
how endproduct formation varied with growth rate and with environmental factors 
such as pH. In the process of characterizing the physiology of these species, it 
became apparent that the adherent ruminai cellulolytic species displayed cellulolytic 
behavior that differed markedly from that of other, more intensively-studied 
nonruminal microbes such as the aerobic fungus Trichoderma reesei, or even that 
paradigm of bacterial cellulolysis, the thermophilic anaerobe Clostridium thermo­
cellum. Further exploration of these capabilites have reinforced our view that the 
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adherent ruminai bacteria represent a unique group of cellulolytic microbes that may 
be useful in answering some current questions on microbial cellulose degradation. 

Diversity among Ruminai Cel lulolyt ic Bacteria i n Adherence to 
Cellulose 

Unlike cellulolytic fungi or even anaerobic cellulolytic bacteria such as C. 
thermocellum, the ruminai cellulolytic bacteria retain virtually all of their cellulolytic 
enzyme systems at the cell surface throughout their incubation in pure culture. 
Significant rates of cellulose digestion are observed only if the cells are in physical 
contact with the cellulose. The typical analytical classes of cellulolytic enzymes (e.g., 
Avicelase, CMCase) are present in very small amounts in cell-free supernatants of 
batch cultures. Moreover, these enzyme activities are below detectable limits in 
cellulose-limited continuous cultures despite very high rates of cellulose removal and 
a lack of uncolonized cellulose fibers onto which free enzymes could adsorb. 
Localization of the cellulolytic enzymes at the bacterial cell surface presumably gives 
the cellulolytic microbe a competitive edge in utilizing the cellodextrin products of 
cellulose hydrolysis. Moreover, the cell surface localization allows the enzymes to 
function in a proteolytic environment so intense that 60-80 per cent of the forage 
protein is degraded by the rumen microflora before it can enter the abomasum for 
hydrolysis and subsequent intestinal absorption by the animal (5). Because the 
catalytic process occurs at the cell/cellulose interface, examination of the physical 
interaction between cell and cellulose may provide clues regarding the cellulolytic 
process. 

R. flavefaciens normally grows as individual, spherical cells. This roughly 
spherical morphology is retained regardless of growth conditions, although this 
species can form short chains of cells during rapid growth on cellobiose (2) R. 
flavefaciens attaches to cellulose via a glycocalyx that forms a fibrous network with 
other cells (Figure 1). As originally reported by Kudo et al. (6), this network of 
adherent cells resists detachment by mechanical means, and is only poorly disrupted 
by treatment with methylcellulose, a soluble cellulose ether. R. albus also forms a 
glycocalyx that includes both a discrete layer-100 nm thick surrounding individual 
cells, as well as an extensive network of fibers between cells (7,8). 

Unlike the ruminococci, Fibrobacter succinogenes displays considerable 
morphological plasticity. Cells grown in batch culture (where growth rate is limited 
not by cellulose availability but by intrinsic properties of the organism's cellulolytic 
system) display a rather nondescript short-rod morphology (Figure 2). By contrast, 
when the organism is grown in cellulose-limited chemostats (where growth rate is 
maintained at suboptimal rates by limiting the rate at which cellulose is fed to the 
reactor), the cells display a flattened "fish scale" morphology that may optimize its 
contact with the cellulose particles (Figure 2). Examination of these cultures under 
the light microscope reveals that cellulose particles are normally fully colonized. 
However, particles prepared for scanning electron microscopy often show incomplete 
colonization (Figure 3). This suggests that sample preparation results in mechanical 
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Figure 1. Scanning electron photomicrograph of R. flavefaciens FD-1 cells 
adhering to a particle of Avicel PH 101 microcrystalline cellulose. Note the 
ramifying network of fibers connecting individual cells and resulting in nearly 
complete coverage of the cellulose. Samples were prepared by critical point 
drying and Au sputter coating, and were visualized with a JEOL JSM-35CF 
microscope at an accelerating voltage of 10 kV. Bar represents 2 μτη. 

Figure 2. Scanning electron photomicrographs of F. succinogenes S85 grown 
in batch culture that contained an excess of cellulose (left panel) and in cellulose-
limited continuous culture (right panel). Sigmacell 20 microcrystalline cellulose 
was used as the cellulose substrate. Accelerating voltage 5 kV. Bars represent 2 
pm. 
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Figure 3. Scanning electron photomicrographs of F. succinogenes S85 and 
Sigma CF-1 crystalline cellulose. Accelerating voltage 5 k V . Left panel: 
Adherent cells. Center panel: Parallel grooves on cellulose fiber revealed by 
treatment of colonized fibers with methylcellulose to remove adherent cells. 
Right panel: Sigma CF-1 control (fiber not subjected to colonization or 
treatment). Bars represent 2 μτη. 

Figure 4. Scanning electron photomicrographs of F. succinogenes S85 attached 
to cellulose IHj (left panel ) and cellulose IVj (right panel). Accelerating voltage 
5 kV. Bars represent 2 μτη. 
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removal of cells from the fiber - an interpretation in accord with the reportedly thin, 
tenuous (-10 rim-thick) glycocalyx produced by this species (6). 

Of particular interest is the fact that cellulose digestion by F. succinogenes results 
in the formation of parallel grooves on the fiber surface whose width (~0.7pm) 
approximates the width of the bacterial cells (Figure 3). This phenomenon was first 
reported by Kudo et al. (6), who observed that treatment of the colonized particles 
with methylcellulose resulted in removal of attached cells; they proposed that the 
parallel grooves revealed upon cell removal were formed as a result of binding to, and 
subsequent degradation of, cellulose along a crystallographic plane. 

We have examined this phenomenon of ordered binding further by growing F. 
succinogenes on celluloses having different unit cell geometries (allomorphic forms) 
and different degrees of crystallinity, and examining the cellulose particles by 
scanning electron microscopy before and after treatment with methylcellulose. 
Growth of this species on non-native allomorphs results in an ordered alignment of 
cells on the fibers (Figure 4), and the formation of these same types of parallel 
grooves as are observed on native crystalline cellulose. By contrast, cells grown on 
amorphous cellulose appear to be randomly oriented on the cellulose surface, and 
their removal with methylcellulose leaves an array of randomly-oriented cavities 
corresponding to the individual rod-shaped cells (Figure 5). 

Further evidence for orientation of cells along a crystallographic plane is 
provided by comparison of cellulose fibers from different sources. Examination of 
many different cotton fibers recovered from F. succinogenes cultures has revealed 
that the angle of the grooves relative to the fiber axis is relatively constant for a 
particular fiber, but varies a great deal from fiber to fiber, spanning a range of from 3-
46° (mean ± standard error = 22 ± 10°). By contrast, growth on the bast fibers of 
ramie (Boehmeria nivea) results in formation of grooves that are always virtually 
parallel to the fiber axis (Figure 6). These differences in groove angle correlate with 
the known variation in the angle of microfibrillar orientation relative to the 
longitudinal fiber axis of celluloses from these different sources (9). 

The regular orientation of F. succinogenes cells along a crystallographic plane 
suggests that these organisms possess some sort of recognition factors that are 
themselves arrayed in an ordered fashion at the cell surface. We have not as yet 
obtained sufficient microscopic resolution of the F. succinogenes cell surface to 
permit visualization of any order (e.g., ordered protuberant structures) at the surface, 
even after treatment with the nonspecific anion-binding reagent, cationized ferritin, 
that is used to visualize protuberant structures on the surface of other anaerobic 
cellulolytic bacteria (10). However, we do know that the surface chemistry of F. 
succinogenes differs considerably from that of the ruminococci and other cellulolytic 
bacteria. In addition to its Gram-negative cell wall and its thin glycocalyx, F. 
succinogenes cells are not aggregated by the lectin BS-1, which aggregates numerous 
other species of anaerobic cellulolytic bacteria, including R. albus (10) and R. 
flavefaciens. 

The differences in surface chemistry among different species are reflected in the 
different effects of physicochemical environment on the adherence of each species to 

 
 .c

h0
18

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



298 ENZYMATIC DEGRADATION OF INSOLUBLE CARBOHYDRATES 

Figure 5. Scanning electron photomicrographs of F. succinogenes S85 attached 
to amorphous cellulose (left panel) and of randomly-ordered pits remaining after 
treatment of colonized particles with methylcellulose. Accelerating voltage 5 kV. 
Bars represent 2 pm. 

Figure 6. Scanning electron photomicrograph of a ramie fiber after colonization 
and partial digestion by F. succinogenes S85. The cells were removed from die 
fiber by treatment with methylcellulose. Microscopy was performed using a 
Hitachi S900 field-emission scanning electron microscope operated at 2 kV. Bar 
represents 10 pm. 
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cellulose. The adhesion of F. succinogenes is inhibited by heat, pronase, trypsin, 
and certain metabolic inhibitors (e.g., the ATPase inhibitor dicyclocarboxydiimide), 
suggesting that adherence requires intact functional surface proteins and the 
expenditure of metabolic energy (II). By contrast, adherence of the ruminococci 
appears to be a more passive process. Adhesion of R. albus is not inhibited by the 
presence of O2, indicating that cells need not be viable to bind cellulose (12). 
Adhesion of R. flavefaciens is not inhibited by proteases or metabolic inhibitors, and 
may involve bridging of cells and glycocalyx material via divalent cations (15). 

The common strategy of (and indeed, the requirement for) glycocalyx-mediated 
bacterial adherence presents technical difficulties in elucidating the biochemistry of 
ruminai cellulose digestion. Moreover, the involvement of a glycocalyx introduces 
the fundamental question of what occurs "under the blanket" where cellular structure 
contacts the surface of the cellulose fiber. The simplest scenario involves release of 
cellulases into a minute fluid space adjacent to the fiber surface, followed by cellulose 
hydrolysis and the bacterial uptake of the cellodextrin products. This scenario is 
teleologically attractive in that this confined space effectively concentrates the 
cellulases and sequesters both the cellulases (from ruminai proteases) and the 
cellodextrin products (from non-cellulolytic, cellodextrin-fermenting microbial 
competitors). Release of enzymes into this minute space would also permit migration 
of enzyme down the cellulose chain as hydrolysis proceeds. 

On the other hand, release of free cellulases from die cell or glycocalyx surface is 
difficult to reconcile with several observations. Unless release of enzyme were 
asymmetric (i.e., occurred at only at the "fiber-facing" surface), we would expect 
cellulase to be excreted into the culture medium. This is not observed even in 
cellulose-limited chemostats that lack uncolonized cellulose fibers that could bind up 
freely-excreted enzymes. In die case of F. succinogenes, it is not clear how release of 
cellulases would simultaneously result in both oriented adherence of cells to cellulose 
and oriented degradation of cellulose relative to the microfibrillar axis. 

Diversity with respect to hydrolytic capability 

Early studies with F. succinogenes had concluded that this species was superior to 
other ruminai species in its ability to hydrolyze of crystalline cellulose (14). These 
studies were performed in batch culture at fixed incubation times, with no effort made 
to measure actual rates of degradation. However, studies with cellulose-fed 
continuous cultures have revealed that the rate constants for cellulose hydrolysis and 
the maximum specific growth rates of both R. flavefaciens (0.10 h-t)[75] and R. 
albus (0.08 h-i) [16] on microcrystalline cellulose are equal to or greater than those 
of F. succinogenes (0.076 h 1 ) [77]. The relative similarities in rate constants would 
seem to suggest that cellulose hydrolysis among the different species is similar in 
many respects, and that the different species have adapted to a rate of cellulose 
hydrolysis that may approach some sort of maximum within the constraints of an 
adherent cellulolytic lifestyle. Studies with cellulose-limited chemostats, in which 
exponential growth can be maintained at suboptimal rates, indicate that R. albus can 
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maintain a rate constant for cellulose hydrolysis near 0.11 h 1 regardless of growth 
rate (16), while both R. flavefaciens and F. succinogenes display decreased 
hydrolytic rate constants with decreasing growth rate (15,17) Although other 
explanations are possible, the reduction in hydrolytic rate with decreasing growth rate 
may be due to a reduction of cellulase synthesis in response to diversion of an 
increasing proportion of energy for maintenance functions. 

In contrast to their similarities in the hydrolysis of native crystalline cellulose, 
these species differ considerably in their ability to degrade different cellulose 
allomorphs (18). While both F. succinogenes and R. flavefaciens degrade cellulose 
at rates which follow the general pattern of amorphous > I V i ~ ΙΠι > ΙΠ Π > I > Π, 
some differences between the species are readily apparent. R. flavefaciens displays a 
much greater range of rates on the different forms, and is incapable of degrading 
cellulose II. These interspecific differences suggest the possibility of 
fundamental mechanistic differences in the cellulolytic system of each species. 
Among these allomorphs the differences in the sizes of their unit cells are very small, 
but differences in degree of interchain hydrogen bonding (and perhaps crystallite size) 
may be substantial. Thus differences in degradation rates (which were measured by 
weight loss) may reflect a combination of both enzymatic hydrolysis and 
nonenzymatic disintegration of hydrolyzed fragments. This nonenzymatic 
fragmentation may be an important determinant of the rate of the overall degradative 
process and thus warrants further investigation (19). 

The more rapid degradation of amorphous cellulose than of crystalline cellulose 
has been widely observed in nonruminal systems and should thus be expected to hold 
in the rumen as well. However, we believe that the relationship between crystallinity 
and degradability has been oversimplified and is worthy of re-examination. Studies 
of the effect of cellulose crystallinity on its biodégradation have typically employed 
one of two approaches. The first has involved comparing the degradation of several 
different celluloses whose degree of crystallinity has been determined by one or more 
techniques (usually x-ray diffraction). Measurements of degradation have ranged 
from simple fixed-time assays to more elaborate kinetic studies. However, in almost 
all of these cases, other structural features (e.g., surface area or pore structure) that 
may impact degradation either were not measured, or have been measured under 
rather unrealistic conditions (e.g., surface areas measured on dried material whose 
fine structure has been severely altered by the drying process). A second approach 
has involved measuring crystallinity of the cellulose remaining after enzymatic or 
microbial degradation, and comparing these values with those of the same material 
before degradation. This approach assumes that the treatments used to recover the 
cellulose do not alter its crystallinity, an assumption that has not been systematically 
verified. 

Our studies have indicated that, as expected, truly amorphous (non-reverting) 
celluloses are degraded relatively rapidly by ruminai bacteria. Introduction of a 
certain level of order (in the form of interchain hydrogen bonding to produce a 
crystalline lattice) decreases the rate of degradation. However, once a threshold level 
of crystallinity is reached (relative crystallinity index [RCI] of -60, as measured by 
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the x-ray diffraction method of Segal et al. [20]), the degradation rate no longer 
decreases with increasing crystallinity, but is instead limited by the surface area 
available for microbial colonization (21). There are three potential explanations for 
these crystallinity /degradability relationships. Firstly, this threshold value may 
represent an authentic average level of order at which the rate-limiting step in cellulose 
hydrolysis shifts from the rate of penetration into the matrix by the catalytic agent 
(viz. the microbial cells) to the rate of hydrolysis of surface chains on the cellulose 
fiber. This would seem unlikely for the ruminai bacteria, due to the large effective 
size of the catalytic unit (viz., the cell itself) relative to the microfibrils. Secondly,the 
hydrolysis of crystalline cellulose may require a prior enzymatic or nonenzymatic 
conversion of the crystalline region to an amorphous one, at least on a local molecular 
scale. Different crystallinity/degradation responses observed for different microbial 
species might simply reflect shifts in the relative rates of decrystallization versus 
hydrolysis. This hypothesis is difficult to test because of the lack of meaningful 
assays for any purported "decrystallase" ("hydrogen bondase") activity. Thirdly, the 
crystallinity measurements themselves may not accurately reflect the extent or 
distribution of hydrogen bonding within the fibers. This possibility can be tested by 
measuring relative crystallinity indices in original material versus values obtained 
following different treatments normally used for the recovery of cellulose from 
fermentation broths. 

When such measurements are made on celluloses of intermediate crystallinity 
(e.g., Sigmacell 100), it is clear that any treatment (even resuspension in water and 
subsequent drying) causes substantial increases in the measured value of RCI (Table 
II). This apparent recrystallization is not observed with highly crystalline celluloses 
materials (e.g., Sigmacell 50). Recently, more detailed studies have shown that 
increases in RCI of cellulose can accompany simple wetting of samples without 
subsequent re-drying (Weimer, P.J; Hackney, J .M.; French, A.D., BiotechnoL 
Bioeng. y in press). Thus, claims that amorphous regions of cellulose are 
preferentially removed during microbial degradation must be evaluated cautiously if 
the sole evidence for such claims is an increased RCI of cellulose recovered from 
microbial cultures. This is particularly true for the ruminai bacteria, whose cellulases 
are usually localized at the cell surface and thus cannot readily penetrate even the most 
porous of the amorphous regions of cellulose fibers. 

Concluding remarks 

The differences in fermentation endproducts among different species of adherent 
ruminai cellulolytic bacteria has given impetus to a closer examination of the 
differences in the cellulolytic behavior of these organisms. It appears that the 
overwhelming localization of the cellulolytic enzymes at the cell surface has fostered a 
different relationship between cellulose structure and cellulose degradation than is 
observed in some other groups of cellulolytic microbes. Because individual 
cellulolytic proteins from several of these ruminai microbial species show strong 
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Table II. Effect of treatments on measured values of relative 
crystallinity index (RCI) of celluloses 

Relative Crystallinity Index b 

Treatment* Sigmacell 50 Sigmacell 100 
None c 94.9 78.9 
Rewetting <* 94.4 90.9 
Alkaline hydrogen peroxide (ΑΗΡ) e 91.9 85.1 
Neutral detergent (ND) f 95.2 90.0 
Acid detergent (AD) f 91.6 89.2 
ND/AD/AHP/Acid chlorite g 93.5 93.5 

» Except where indicated, all treatments were followed by lyophilization 
b Determined by x-ray diffraction 
c Untreated material as received from die vendor (Sigma, St. Louis, MO); not 
lyophilized 
d Resuspended in water prior to lyophilization 
e 5% H2O2, pH 11.5, room temperature, 6 h 
f Methods of Goering and Van Soest (22) 
s Sequential treatments with rinsing between each; acid chlorite treatment at 70 C 
for 6 h. 

homology to those of nonruminal species, it is probable that the basic hydrolytic 
mechanisms will also show strong similarities. However, the localization and 
orientation of individual components of the ruminai cellulolytic systems — as 
evidenced by the degradation of cellulose fibers in a uniquely oriented fashion by F. 
succinogenes — might well differ from those of nonruminal bacteria, and represent an 
interesting alternative experimental system. Moreover, comparison of the properties 
of the cellulosome-type structures from different ruminai species may provide an 
explanation of the different surface properties of these species, as well as the 
differences in their ability to hydrolyze different cellulose allomorphs. 

Many of the recent advances in our understanding of cellulolysis by both the 
aerobic fungi and Clostridium thermocellum have come from genetic studies, 
primarily through cloning of genes into Escherichia coli. Similar approaches have 
begun to yield information for the ruminai cellulolytic bacteria as well (23). 
However, the complexity of the ruminai cellulolytic system, particularly with regard 
to the essential role of cell adherence, suggests that an understanding of ruminai 
cellulolysis would be facilitated by direct genetic studies with these ruminai species. 
Unfortunately, development of a genetic technology for the predominant ruminai 
cellulolytic species remains an elusive goal. The development of a genetic system for 
these organisms would permit the integration of physiological and biochemical studies 
to help elucidate the cellulolytic mechanisms of this interesting microbial group. 
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Chapter 19 

Induction of Xylanase and Cellulase 
in Schizophyllum commune 
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Various mono-, oligo-, and polysaccharides were screened for their 
ability to induce the synthesis of xylanase and cellulase (endo­
glucanase) activity in the basidiomycete Schizophyllum commune. 
Constitutive synthesis of low activities was observed on easily me-
tabolizable compounds or even in the absence of an added inducer. 
Formation of both xylanase and cellulase was induced by cellulose 
and cellulose-rich substrates, of which bacterial cellulose was by far 
the best inducer, as well as by the disaccharide cellobiose. 
Furthermore, compounds structurally related to the latter, including 
sophorose, lactose, and 4-O-β-galactopyranosyl-D-mannopyranose, 
which was identified as a new inducer of xylanase and cellulase, 
provoked the synthesis of both enzymes significantly. Xylan isolated 
from birchwood, xylose, and β-methyl-D-xyloside, a structural ana­
logue of xylobiose, only resulted in the constitutive enzyme levels 
formed. These results indicate that the synthesis of xylanase and 
cellulase is likely to be under common regulatory control in 
S. commune. Two of the compounds found to provoke production 
of xylanase, lactose and cellulose, were used as substrates for labora­
tory fermentations. 

D-Xylans are the most abundant noncellulosic polysaccharides in hardwood and 
annual plants, where they account for 20 - 35% of the total dry weight. In softwoods 
they are found in lesser quantities, comprising approximately 8% of the tissue dry 
weight. The basic structure of xylans is a main chain of (l~»4)-linked β-D-xylo-
pyranosyl residues. Typically, these linear chains carry short side chains to a varying 
extent, whereas pure, unsubstituted xylans are extremely rare. The chemical composi­
tion of the substituent side groups and the frequency of their occurrence depend on the 
origin of the xylan as well as on the extraction procedures used for its isolation (1). 

0097-6156/95/0618-0305$12.00/0 
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Due to the heterogeneity of the xylans, xylanolytic enzyme systems include 
several hydrolytic enzymes, the best known of these are endo-β-1,4-xylanases, which 
randomly attack the main chain of xylans, and β-xylosidases, which hydrolyze xylo-
oligosaceharides to D-xylose. In addition to these, several accessory enzyme activities 
are necessary for debranching the variously substituted xylans (2). 

The basidiomycete Schizophyllum commune is a common organism that grows 
under extremely variable conditions throughout the temperate and tropic zones (3). It is 
mostly found on the wood of deciduous trees, only rarely on coniferous wood, and 
occasionally on the roots and stems of herbaceous plants. 

As a wood rotting fungus S. commune produces a number of lignocellulolytic 
enzymes, some of which are well characterized. S. commune is a particularly good 
producer of xylanases. Xylanase A, one of several extracellular xylanases formed, has 
been purified and characterized. Under appropriate culture conditions it is the predom­
inantly excreted enzyme by S. commune. It has a reported molecular weight of 
approximately 22,000, an isoelectric point of 4.0-4.5, and a pH-optimum of 5.0 (4-
6). Its specific activity is remarkably high and has been found to be in the range of 1.2 
- 1.5-103 IU/mg (4,7). Purified xylanase A showed no appreciable cellulase, β-
glucosidase, or β-xylosidase activity. It had no detectable activity on xylobiose and 
only low activity on xylotriose or xylotetraose, while it rapidly cleaved higher xylo-
oligosaccharides (8). After an extended hydrolysis of larchwood xylan it yielded 
mainly xylose and xylobiose in an approximate ratio of 1 : 3 (9). The total amino acid 
sequence of xylanase A has been reported recently (6). 

In addition to xylanase, auxiliary enzymes necessary for the complete hydrolysis 
of substituted xylans have been identified in S. commune. β-Xylosidase activity as 
part of the xylanolytic system is concurrently produced with xylanase (10) as is oc-
arabinosidase activity (10,11). Both enzyme activities have not been characterized in 
detail. α-Glucuronidase also consists in multiple forms in S. commune and its major 
form has been isolated (11). Unlike α-glucuronidases from other fungal sources, this 
enzyme is active on high molecular weight glucuronoxylans. 

Several esterases have been reported to be produced in S. commune. These 
include acetyl xylan esterase (12,13) and ferulic acid esterase (11,14). Both enzymes 
have been partially purified and both enzymes show cooperativity with xylanase in the 
enzymatic degradation of substituted xylans (14,15). Recently an esterase liberating 
acetyl side groups from native softwood galactoglucomannan has been reported to be 
produced by S. commune (16). 

In addition to an apparently complete xylanolytic enzyme system, S. commune 
produces cellulases as well as mannanases. The cellulases are excreted in multiple 
forms and include endoglucanases, cellobiohydrolases, and β-glucosidases (17-19). 
The formation of both xylanase and cellulase by S. commune has been investigated in 
some detail and several growth media have been developed pertaining to increased 
enzyme production (10,20). It is interesting to note that for the enhanced production of 
these two groups of enzymes cellulose or cellulose-rich substrates have been used. 

The purpose of the present study was to investigate the induction of xylanase and 
endoglucanase in S. commune. Special attention was paid to the question, whether the 
synthesis of these two types of glycanases is under common or separate control, that 
is, whether both enzyme activities can be induced by the same low molecular weight 
compounds. 

 
 .c

h0
19

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



19. HALTRICH ET AL, Xylanase and Cellulase in Schizophyllum commune 307 

Experimental 

Inducers and Chemicals. Bacterial cellulose was obtained from standing cultures 
of Acetobacter pasteurianus D S M 2004 (Deutsche Sammiung von Mikroorganismen, 
Braunschweig, FRG) grown according to Hestrin and Schramm (21). A l l other 
chemicals were analytical grade reagents purchased from Merck (Darmstadt, FRG) or 
obtained as follows: 4-0^-galactQpyranosyl-D-mannopyranose $-l,4-gal/?-manp), 
lactobionic acid, lactulose, D-lyxose, β-methyl-D-xylopyranoside, pectin from apple, 
and D-ribose were from Sigma (St. Louis, M O , USA); cellobiose, L-sorbose, and 
xylan from oat spelts were from Fluka (Buchs, Switzerland); xylan from beechwood 
was from Lenzing A G (Lenzing, Austria); sophorose was from Roth (Karlsruhe, 
FRG); xylan from birchwood was from Fluka and from Roth; carboxymethylcellulose 
was from Hercule France S.A. (Rueil Malmaison, France). 

Microbial Strain, Mycelial Preparation, and Induction Expérimente. A 
wild strain of Schizophyllum commune was used throughout this work. It was 
isolated from decomposing jute in Bangladesh and has been identified by the 
Centraalbureau voor Schimmelcultures (CBS, Baarn, The Netherlands). It was main­
tained on glucose-maltose-Sabouraud agar with subculturing every 4 to 6 weeks. 

Mycelial biomass was produced in the following medium containing: glucose, 
1.0% (w/v); yeast extract, 1.0%; NH4NO3,0.14%; K H 2 P 0 4 , 0.13%; MgS0 4 -7H 2 0 , 
0.1%. The pH-value was adjusted to 7.0 prior to sterilization; tap water was used for 
media preparation. This medium without a carbon source and yeast extract is referred 
to as basal medium. Each flask was inoculated by adding a piece (approx. 1 cm 2) of 
the actively growing part of a 7-8-day-old fungal colony on Sabouraud agar. For ob­
taining a homogeneous preparation of the mycelium, media were homogenized with a 
laboratory homogenizer (Ultra-Turrax T25, Janke & Kunkel, Staufen i.Br., FRG) at 
9,500 rpm for 15 sec after inoculation. The inoculated flasks were continuously 
shaken on an orbital shaker at 150 rpm, temperature and relative humidity were main­
tained at 30 °C and 60%, respectively. The mycelium of S. commune was harvested in 
the late exponential phase of growth by filtering through nylon cloth and successively 
washed with cold basal medium. Then it was suspended in the basal medium, to 
which yeast extract (0.1% w/v) and the respective inducers (2.4-9.0 mM or 0.06-
0.30% w/v for polysaccharides) were added, so that the concentration of biomass was 
1.0-1.5 mg/mL (dry weight). The flasks were incubated at 30 °C under continuous 
agitation (150 rpm) for various lengths of time. Blanks were prepared in the same 
way, except that no inducer was added. 

Bioprocess Experiments. Fermentations were carried out in 12-L laboratory 
fermenters (Braun Biostat-V, B. Braun, Melsungen, FRG) with working volumes of 
9-10 L , each equipped with three Rushton turbine impellers (each with six flat blades) 
or with a draft tube and two marine propellers. Polypropylenglycol P2000 (Fluka) was 
used as antifoam agent. The temperature was constant at 30 °C; the pH-value was not 
controlled. Agitation was gradually increased from initially 250 rpm to 550 rpm to 
ensure good mixing, even when the rheological behavior of the fermentation broth 
changed drastically during the course of the cultivation. Culture media employed 
included the basal medium supplemented with 5.5% lactose and 5.0% yeast extract or 
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a medium optimized for xylanase production (10) containing 7.3% cellulose and 5.5% 
yeast extract added to the basal medium. 

Enzyme Activity Assays. A l l enzyme activity assays were carried out in 50 mM 
sodium citrate buffer, pH 5.0. Xylanase activity (1,4-p-D-xylan xylanohydrolase, EC 
3.2.1.8) was assayed using a 1% (w/v) solution of birchwood xylan (Roth) as a sub­
strate (22). Cellulase activity (endo-1,4^-glucanase, CMCase, EC 3.2.1.4) was 
determined according to IUPAC recommendations (23) employing carboxymethyl-
cellulose as a substrate. The release of reducing sugars was measured using the 
dinitrosalicylic acid method. One unit of enzyme activity is defined as 1 pmol of 
xylose or glucose equivalents produced per minute under the given conditions. 

β-Galactosidase activity (β-D-galactoside galactohydrolase, EC 3.2.1.23) was 
measured according to a modified method of Herr et al. (24) using a 0.4% (w/v) solu­
tion of p-nitrophenyl-P-r>galactopyranoside in citrate buffer as the substrate. Activities 
were expressed on the basis of liberation of p-nitrophenol. 

Other Analyses. The carbohydrate content of lignocellulosic substrates was 
determined by sulfuric acid hydrolysis as described by Wilke et al. (25). The 
monomelic sugars thus obtained were then determined by high-pressure liquid chro­
matography (HPLC) using an HPX-87H column (Bio-Rad, Richmond, C A , USA). 

Sugar concentrations in the fermentation samples were assayed enzymatically. 
Glucose was determined using the hexokinase method (Dipro, Wiener Neudorf, 
Austria); lactose and galactose were measured using a combination test kit (Boehringer 
Mannheim, Vienna, Austria). 

Results 

In order to determine the effect of the nature of a certain compound on the synthesis of 
xylanase and endoglucanase activities by Schizophyllum commune, glucose-grown 
mycelium was incubated in the basal medium supplemented with various mono-, 
oligo-, and polysaccharides. In these experiments several polymers that are present in 
lignocellulosic material were tested as were oligosaccharides, which are derived from 
these glycans by the action of the respective glycan-degrading enzymes, or compounds 
structurally related to these oligosaccharides. Some carbohydrates, e.g. arabinose or 
glucuronic acid, were also included since these are found as substituent side groups in 
naturally occurring xylans and might have an inducing effect on the synthesis of 
xylanolytic enzymes. In addition to a control medium without a carbon source added, 
several easily metabolizable aldoses and polyols were also included as blanks. Figure 
1 shows, that most of the monosaccharides tested, such as glucose, xylose or 
arabinose as well as the polyols xylitol or glycerol, did not induce xylanase formation 
when compared to the constitutive level of xylanase activity obtained for the control 
medium which did not contain a carbon source. 

The various cellulosic substrates employed as inducers (carboxymethylcellulose, 
Avicel, bacterial cellulose) all showed a strong inducing effect as did several disaccha-
rides (cellobiose, 4-0-p-galactopyranosyl-D-mannopyranose, lactose, sophorose). 
Bacterial cellulose was used in these induction experiments since it does not contain 
xylan (26). This is in contrast to commercially available cellulose, which is purified 
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Figure 1. Effect of various compounds on the induction of xylanase activity in 
washed, glucose-grown mycelium of Schizophyllum commune after 25 h of in­
cubation. Concentration of mycelium was 1.5 mg/mL (dry weight). Concen­
tration of carbohydrates was 6.0 mM except for sophorose (4.5 mM) and 4-0-β-
galactopyranosyl-D-mannopyranose (P-l,4-gal/?-manp; 2.4 mM). Concentration 
of polysaccharides was 1.9 mg/mL. 
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from lignocellulose and which contains appreciable amounts of xylan as a contaminant 
(27). This small amount of xylan present in the growth medium can induce the for­
mation of xylanase» a fact that has been proven for Trichoderma strains (27,28). 

Several xylan preparations were used as possible inducers for xylanase in S. 
commune. Interestingly, xylan from birchwood, which is a soluble, deacetylated 
glucuronoxylan, did not induce the synthesis of xylanase and resulted in the formation 
of only the constitutive levels of this enzyme activity (9.5 and 12.3 IU/mL). On the 
contrary, an insoluble, unsubstituted xylan from beechwood proved to be a good 
inducer of xylanase activity (61.8 IU/mL) as did xylan from oat spelts, which resulted 
in the synthesis of intermediate levels of xylanase (36.3 IU/mL). This difference pre­
sumably results from the greatly varying cellulose content of these different prepara­
tions employed. Whereas xylan from birchwood is relatively pure and contains less 
than 0.5% glucan (29), the xylan from beechwood used in this study contained 
approximately 7% glucan. Xylan from oat spelts also comprises appreciable amounts 
of glucan (27). β-Methyl-D-xyloside, a nonmetabolizable structural analogue of 
xylobiose known to induce xylanase in both yeasts and fungi (30,31), did not induce 
the synthesis of xylanase in S. commune. These results obtained in the induction 
experiments are in good agreement with the xylanase production reported for 7-day 
incubations (32). 

Cellulase activity is induced by the same compounds that also result in a signifi­
cant increase of xylanase (Figure 2). The different cellulosic substrates used as 
inducers showed a very strong inducing effect as did the glucan-rich xylan preparation 
from beechwood and several disaccharides such as cellobiose or compounds with 
related structures including lactose or p-l,4-galp-manp, whereas all other carbo­
hydrates tested gave only very low levels of cellulase. Bacterial cellulose was by far 
the best inducer for both xylanase and cellulase activities. 

The time course of the induction of xylanase by lactose and Avicel, each at a con­
centration of 3.0 mg/mL, is shown in Figure 3. A control experiment contained 
glucose which was shown to result only in constitutive or even repressed enzyme 
levels formed. After an induction period of approximately 12 h xylanase activity could 
be detected in the culture filtrate. The formation of xylanase leveled off after approxi­
mately 24 h with the depletion of the more easily metabolizable inducer lactose, 
whereas it continued to increase on Avicel throughout the incubation period of 76 h. 
The reason for this effect is believed to be due to the prolonged availability of inducing 
molecules (presumably cellobiose or another oligosaccharide derived from cellulose by 
the action of cellulolytic enzymes) which are slowly liberated and thus resulted in an 
extended presence of the inducer. A similar mechanism was also suggested to explain 
the induction of xylanase in the yeast Cryptococcus albidus by xylan-derived 
xylobiose (33). 

The effect of various concentrations of lactose and Avicel on the induction of 
xylanase is listed in Table I. The inducing effect increased with rising concentrations 
of the inducers. This effect was especially pronounced with elevated concentrations of 
Avicel where a 2.5-fold increase in the concentration (from 1.2 to 3.0 mg/mL) led to 
an almost 5-fold increase in xylanase activity formed during an incubation period of 
76 h. 
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Figure 2. Effect of various compounds on the induction of cellulase activity in 
Schizophyllum commune after an incubation period of 25 h. Cellulase activity 
was assayed using carboxymethylcellulose as the substrate. Concentrations of 
cells as well as of the respective inducers were as described in Figure 1. The 
average of all other carbohydrates tested is shown in one bar. 
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Figure 3. Time course of the xylanase synthesis in washed, glucose-grown 
mycelium of Schizophyllum commune using different inducers. Concentrations 
of mycelium was 1.0 mg/mL (dry weight). Concentration of carbohydrates was 
3 mg/mL. 
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Table I. Effect of various concentrations of lactose and Avicel on the 
induction of xylanase activity in S. commune* 

Xylanase Activity (IU/mL) 

Inducer 6h 12 h 24 h 37.5 h 76 h 

Glucose, 1.2 mg/mL 0.5 0.8 4.8 4.8 5.1 

Lactose, 0.6 mg/mL 0.6 1.8 8.8 10.0 10.3 
Lactose, 1.2 mg/mL 0.7 2.4 20.3 25.3 26.7 
Lactose, 3.0 mg/mL 0.8 6.4 39.7 47.1 48.9 

Avicel, 0.6 mg/mL 0.6 1.8 7.1 11.3 17.5 
Avicel, 1.2 mg/mL 0.6 2.4 12.9 21.7 34.0 
Avicel, 3.0 mg/mL 0.6 2.4 45.3 68.8 165.0 
a Concentration of mycelium was 1.0 mg/mL (dry weight) 

To further assess the results obtained in the induction experiments, laboratory fermen­
tations of S. commune employing lactose and cellulose as growth substrates were per­
formed. The time course of a cultivation using 5.5% lactose as a carbon source is 
shown in Figure 4. The inoculum (8.5% v/v) was a 6-day-old shake flask preculture 
(cell dry weight 11.8 g/L) grown on the fermentation medium. Concentrations of 
lactose, glucose, and galactose as well as the activities for xylanase and β-
galactosidase were followed during the course of the cultivation. Xylanase activity of 
approximately 230 IU/mL was reached after 135 h of growth (Figure 4), corre­
sponding to a volumetric productivity of 1,700 IU/Lh . The release of glucose and 
galactose from lactose, due to the action of β-galactosidase (Figure 4), may limit 
xylanase production because neither aldose induced xylanase synthesis in the induction 
experiments. By applying an appropriate strategy of feeding the substrate lactose, such 
as in a fed-batch or continuous cultivation, much higher xylanase yields can be 
expected in accordance to results obtained for the production of cellulases by the 
fungus Trichoderma reesei employing lactose as a substrate (34). 

In comparison to a cultivation employing the soluble substrate lactose, the time 
course of a cultivation on a medium containing cellulose (Avicel, 7.3%) as a substrate 
is shown in Figure 5. A 9-day-old preculture grown on the same medium was used as 
an inoculum for this fermentation (10% v/v). After 108.5 h of growth, fresh medium 
(1.0 L) was added to the fermentation to make up for losses caused by sample 
removal. This addition was necessary to maintain axial flow around die draft tube. The 
aeration rate was gradually increased during the first 70 h and then held constant at 0.4 
vvm during the remainder of the fermentation period. A higher aeration rate was not 
possible, since it resulted in air-shrouding of the impellers. The maximum value for 
xylanase activity of approximately 4,800 IU/mL was obtained after 220 h, corre­
sponding to a productivity of 22,000 IU/Lh . When cellulose was employed as a 
substrate, the pH-value started to rise significantly to a final value of 7.15 after an 
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Figure 4. Time course of 
12-L laboratory fermenter 
lactose as a carbon source. 
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a batch cultivation of Schizophyllum commune in a 
(9 L working volume) on a medium containing 5.5% 
The pH-value was not controlled. 
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Figure 5. Time course of a batch cultivation of Schizophyllum commune on a 
medium containing 7.3% cellulose as a substrate. The cultivation was carried 
out in a 12-L laboratory fermenter (9.5 L working volume) equipped with a draft 
tube and two axial propellers. Fresh medium was added after 108.5 h to 
compensate for losses caused by the taking of samples, thus maintaining the 
axial flow around the draft tube. The pH-value was not controlled. Aeration was 
gradually increased to 0.4 vvm, agitation was increased from initially 250 
rev/min to 550 rev/min (Adapted from ref. 10). 
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initial decrease; this short sharp decrease followed by a constant increase was also ob­
served when fresh substrate was added to the cultivation. Contrarily, the pH-value 
decreased during the cultivation on lactose from an initial value of 6.35 to reach a value 
of 4.75. 

Discussion 

In Schizophyllum commune formation of extracellular xylanase and cellulase activities 
is inducible as can be concluded from both growth and induction experiments. For the 
cellulase biosynthesis in this organism it has been demonstrated that, at least for an 
initial phase, induction occurs at the level of transcription (18). The low activity of 
both enzymes formed under conditions of starvation or in the presence of slowly 
utilizable carbon sources can be regarded as a basal, constitutively formed level of 
enzyme activity. Growth on cellulose or cellulose-rich substrates greatly stimulated the 
formation of both enzymes. Interestingly, cellulose induced not only synthesis of 
cellulase but also of xylanase activity. A strict connection of xylanase and cellulase 
production in S. commune was also observed for a number of other carbohydrates 
used as inducers or substrates, such as cellobiose, lactose, sophorose, or L-sorbose 
(13,32). 

The formation of xylanases along with cellulases on media containing cellulose as 
the sole carbon source has been described for several Trichoderma spp. 
(13,28,35,36); for Aspergillus spp. (37,38); for Sclerotium rolfsii (39), Thermoascus 
aurantiacus (40), Talaromyces emersonii (41), Thielavia terrestris (42), Pénicillium 
pinophilum (43), and Fusarium oxysporum (44). However, there are distinct differ­
ences between these strains and S. commune. Most of these strains yielded higher 
levels of xylanase when grown on xylan than when cultivated on cellulose at a similar 
concentration. However, this was not found in all of these organisms (35). Often 
xylan as a substrate specifically induced production of xylanase with no or only very 
low cellulase activities (13,28,36,37), while on the contrary cellulose induced both 
xylanase and cellulase activities. For Τ reesei Q M 9414 and T. harzianum this 
production of xylanase when grown on cellulose was shown to be caused by xylan 
which is present as an impurity in commercially available cellulose (27,28,36). When 
these strains were grown on cellulose substrates with a reduced xylan content, 
xylanase production decreased. It could be shown that this remnant xylan still present 
in Avicel does not induce the formation of xylanase by S. commune, since Avicel 
which was treated with xylanase followed by an alkaline extraction induced both 
higher xylanase as well as cellulase activities than untreated Avicel when employed as 
a substrate (32). Furthermore, bacterial cellulose obtained from Acetobacter 
pasteurianus, which is free of xylan, showed a very strong inducing effect on the 
formation of both xylanase and cellulase in S. commune. Whereas cellulose strongly 
induced the synthesis of xylanase in S. commune, formation of this enzyme activity is 
not promoted by components that are generally found to induce this enzyme activity in 
fungi or yeasts. These typical inducers include xylan or hemicellulose-rich material, 
xy^oligosaccharides, pentoses such as xylose or arabinose, and various synthetic 
alkyl and aryl-p-D-xylosides (27,45,46). In growth and induction experiments 
xylanase formation was not induced in S. commune when the relatively pure birch­
wood xylan, pentoses, or β-methyl-D-xyloside, a structural analogue of xylobiose, 
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were employed as an inducing substance. In contrast to these results, xylan from 
beechwood when used as an inducer or carbon source resulted in the formation of 
considerable xylanase and cellulase activities. However, these high enzyme activities 
seem to be caused by the high cellulose content of the latter xylan preparation. 

From these results it was concluded that the synthesis of xylanase and cellulase 
are under a common regulatory control in S. commune. Induction of cellulase, 
xylanase as well as mannanase under the control of a single common regulator gene 
has also been proposed for another wood rotting fungus, Polyporus (Bjerkandera) 
adustus (47). A possible natural inducer for both enzyme activities in S. commune 
might be cellobiose, a small molecule that can be easily taken up by the cell and which 
is derived from insoluble cellulose. Cellobiose as a substrate induces xylanase activity 
markedly. A stronger inducing effect of this disaccharide may be inhibited by the 
action of β-glucosidase which is excreted into the growth medium in considerable 
amounts. As a matter of fact, it has been shown that thiocellobiose, which is not 
hydrolyzed by the extracellular enzymes of S. commune, acts as a gratuitous inducer 
of both cellulase and xylanase (48). Both xylanase and cellulase activities were also 
induced by lactose (4-0^-D-galactopyranosyl-D-glucopyranose) and 4-Ο-β-θ-
galactopyranosyl-D-mannopyranose which are both structurally related to cellobiose 
(4-0^-D-glucopyranosyl-D-glucopyranose). Lactobionic acid (4-<9^-D-galacto-
pyranosyl-D-gluconic acid) and lactulose (4-6>^-D-galactopyranosyl-D-fructo-
furanose), both having structures derived from lactose but lacking the two β-1,4-
linked pyranosyl rings, did not or only slightly induce xylanase and cellulase activities. 

This common control in the regulation of the synthesis of xylanases and 
cellulases in S. commune might include other enzyme activities necessary for the 
degradation of hemicellulosic and cellulosic material as well. For both oc-arabinosidase 
and α-glucuronidase it could be shown that production was higher on media contain­
ing cellulose, while growth on wheat bran, a substrate rich in xylan containing a-
arabinosyi and oc-glucuronosyl substituents, resulted in lower enzyme activities (II). 
Biely et al. (13) observed markedly higher production of acetyl xylan esterase activity 
by S. commune grown on cellulose than when grown on xylan or acetyl xylan, which 
only led to the synthesis of the constitutive level of this enzyme activity. Similar results 
were also obtained by MacKenzie and Bilous (14). Addition of only a small amount of 
cellulose to a medium containing xylan was sufficient to initiate the production of 
acetyl xylan esterase. A common regulatory control of acetyl xylan esterase with 
cellulases and xylanases has also been suggested by Biely et al. (49). In T. reesei both 
acetyl xylan and cellulose induced the formation of acetyl xylan esterase (13), whereas 
in several Aspergillus spp. this enzyme activity was considerably induced by oat spelt 
xylan and only to a lesser extent by cellulose (50). 

Production of ferulic acid esterase by S. commune was highest when the 
organism was grown on cellulose, whereas cultivation on xylan or wheat bran, which 
contains ferulic acid esterified to arabinoxylan, resulted in much lower enzyme activi­
ties. In several Aspergillus spp., such as A. niger or A. oryzae, formation of ferulic 
acid esterase could be induced by different ferulic acid-containing carbon sources 
(11,51). Formation of another esterase, namely acetyl glucomannan esterase, by S. 
commune when grown on media containing cellulose has also been described (16), 
however, production of this particular enzyme on media containing different carbon 
sources has not been reported. 
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Formation of mannanase activity was greatly stimulated when S. commune was 
grown on cellulose. Production of this enzyme during growth on Avicel was approxi­
mately 10-fold higher than on a medium employing galactomannan from guar seeds as 
a carbon source (52). Substituting varying parts of the microcrystalline cellulose in the 
medium with guar gum did not specifically induce the formation of mannanase as has 
been described for other organisms (47). 
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Chapter 20 

Simultaneous Production of Xylanase and 
Mannanase by Several Hemicellulolytic Fungi 

G. M. Gübitz and Walter Steiner 

Enzyme Technology Laboratory, Institute of Biotechnology, Technical 
University Graz, Petersgasse 12, A-8010 Graz, Austria 

The simultaneous production of xylanase and mannanase by the 
hemicellulolytic fungi Thermomyces lanuginosus, Sclerotium 
rolfsii and Schizophyllum commune was studied. Substrate-
optimization experiments were carried out by using statistical 
design methods to obtain a maximal mannanase activity under the 
constraint of a certain high level of xylanase activity. To increase 
the level of mannanase activity different mannan-rich carbon 
sources such as konjak powder, locust bean gum, copra meal 
powder and others, were added to the culture media formerly 
optimized for xylanase production. The highest level of mannanase 
activity (3,3 μkat/ml) was detected in the culture filtrate of S. 
rolfsii when grown on a mixture of α-cellulose and konjak powder 
as carbon source. The secreted mannanases were characterized by 
their molecular weights, pI values and pH and temperature optima 
and stabilities. 

Beside cellulose and lignin, hemicelluloses are the main components of wood and 
annual plants (i). The most abundant hemicelluloses in wood are hetero-l,4-B-D-
xylans with a backbone consisting of B-l,4-linked xylopyranose units and hetero-
1,4-B-D-glucomannans with a backbone composed of B-l,4-linked mannopyranose 
and glucopyranose units (2). The breakdown of these hemicelluloses requires the 
synergistic action of xylan- and mannan-degrading enzyme systems. Endo-l,4-B-
xylanases, B-xylosidases, endo-1,4-B-mannanases, β-mannosidases and fl-
glucosidases cleave the main chain of the mannans and xylans, while other enzymes 
cleave the side chain substituents. In addition, hemicellulolytic enzymes are known 
to facilitate the chemical bleaching of both hardwood and softwood pulps. The 
breakdown of xylans in hardwood pulps by endo-1,4-B-xylanases and side group-
cleaving enzymes leads to a significant reduction in the amount of chemicals 
required for bleaching. 

0097-6156/95/0618-0319$12.00A) 
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Softwoods contain arabinoglucuronoxylan and two different types of 
acetylated galactoglucomannans consisting of glucose, mannose and galactose in the 
ratios 1:3:1 and 1:4:0.1, respectively. For the complete hydrolysis of 
arabinoglucuronoxylans endo-1,4-B-xy lanase, B-xylosidase, a-L-arabinofurano-
sidase and α-glucuronidase are needed. For the breakdown of galactoglucomannans, 
the enzymes endo-1,4-B-mannanase, B-mannosidase, B-glucosidase and a-
galactosidase are required. 

Endo-1,4-B-xylanases have been reported to occur in a wide spectrum of 
organisms including fungi, bacteria from marine and terrestrial environments, rumen 
bacteria and protozoa, insects, snails, marine algae and germinating seeds of 
terrestrial plants (3). Endo-1,4-B-mannanases have been reported to be produced by 
bacteria (4-6), snails (7), and several fungi such as Trichoderma harzianum (8), 
Trichoderma reesei (1), Polyporus versicolor (9), S. commune (9), Thielavia 
terrestris (10), Aspergillus tamarii (11) and Tyromyces palustris (12). Out of these 
hemicellulolytic fungi, Sclerotium rolfsii, Schizopyllum commune and Thermomyces 
lanuginosus were chosen to study the simultaneous production of xylanases and 
mannanases. The production of xylanases by these fungi has previously been 
optimized in our laboratory (13-15). 

The plant pathogen basidiomycete S. rolfsii is known to produce cellulolytic 
enzymes in high amounts (16). The production of endo-1,4-B-xylanase(7 7), 
arabanase (18), polygalacturonase (19) and B-D-xylosidase (20) by S. rolfsii has 
been described as well. B-Glucosidase (21), a-L-arabinosidase (22), a-D-
galactosidase (23) and an acid pectin esterase (24) from S. rolfsii have been purified. 
The wood-rotting fungus S. commune is known to be an excellent producer of 
lignocellulolytic enzymes. The formation of cellulase (25), endo-1,4-B-xy lanase 
(15), endo-1,4-B-mannanase (9), acetyl mannan esterase (26) and acetyl xylan 
esterase (27) have been described and investigated. The thermophilic fungus T. 
lanuginosus produces mainly xylanase without any accompanying cellulase activity 
(13). Only little information is available in the literature about other 
lignocellulolytic enzymes produced by T. lanuginosus. High levels of both 
mannanase and xylanase activities in the culture filtrates could increase the potential 
of these fungi in the bio-bleaching of softwood pulps and other biotechnological 
applications. 

Materials and Methods 

Chemicals. Locust bean gum galactomannan (mannose galactose ratio of 4:1 (28)), 
and α-cellulose were obtained from Sigma (St. Louis, USA), A morphophallus 
konjac glucomannan (mannose glucose ratio of 1,8:1) was obtained from 
Arkopharma (Carros, France) and guar gum galactomannan (mannose galactose 
ratio of 2:1) came from Meyhall (Kreuzlingen, Switzerland). Xylan from birch wood 
was obtained from Roth (Karlsruhe, Germany); xylan from beech wood from 
Lenzing A G (Lenzing, Austria). A l l other chemicals used were from Merck 
(Darmstadt, Germany). Complex carbon sources such as wheat bran, com cobs, 
copra galactomannan (mannose galactose ratio of 14:1 (29)) were obtained locally. 
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Organisms and culture conditions. T. lanuginosus, S. rolfsii and S. commune 
have been isolated from decomposed jute stacks by I. Gomes at the Jute Research 
Institute, Dhaka, Bangladesh, and have been identified by the Centraalbureau voor 
Schimmelcultures (CBS, Baarn, The Netherlands) and are deposited at the culture 
collection at the Institute of Biotechnology, University of Technology, Graz, 
Austria. T. lanuginosus is deposited at the German type culture collection (DSM 
Braunschweig) under the number D S M 5826. Stock cultures of T. lanuginosus were 
maintained on potato dextrose agar (PDA) at 4°C and subcultured every month. S. 
rolfsii and S. commune were subcultured on Sabouraud agar, stored at 4°C and 
transferred every 4 to 6 weeks. 

Medium components, concentrations (given in % w/v) and pH values varied 
in each experiment according to the optimization strategy and the fungal strain. For 
cultivation of T. lanuginosus, a medium adjusted to a pH of 6,5 and containing 
2,85% yeast extract, 0,4 % (NH 4 ) 2 S0 4 , l , 0 % K H 2 P O 4 , 0,03 % MgS0 4 -7H 2 0 , 
0,03 % FeS0 4 , and 0,03 % CaCl 2 in addition to the carbon source was used. The 
medium for cultivation of S. rolfsii was adjusted to a pH of 5,0 and contained 
0 ,12%KH 2 PO 4 , 0,15%MgSO 4-7H 2O, 0,06 %KC1, 0 ,25%NH 4 NO 3 and 6,74% 
bacto peptone plus the carbon source indicated below. To 100ml medium 300μ1 of a 
trace-element solution containing 0,1 % ZnS0 4 -7H 2 0, 0,3 % MnCl 2 -4H 2 0 , 
0 , 3 % H 3 B O 3 , 0 ,2%CoCl 2 -6H 2 O, 0,01 %CuS0 4 -5H 2 0 , 0,02%NiCl 2 -6H 2 O and 
0,6 % H 2 S 0 4 cone, were added. The culture medium for S. commune, adjusted to a 

pH of 7,0, contained 0,13 % K H 2 P 0 4 , 0,1 %MgS0 4 - 7H 2 0 , 0 ,14%NH 4 NO 3 , 5,54% 
yeast extract, 100μ1 per 100ml medium of the trace-element solution described 
above and the carbon source. The pH were adjusted with NaOH or phosphoric acid. 
Tap water was used for all preparations. 

A l l growth experiments were carried out as shake-flask cultures in 300-ml 
Erlenmeyer flasks containing 100ml of a given medium and using a piece (lem 2) of 
an actively growing fungal colony on agar as an inoculum. The flasks were shaken 
on an orbital shaker with atmospheric humidity control at 60% relative humidity and 
at 150 rpm for 7 days at 50°C (V. lanuginosus), for 14 days at 30°C (S. rolfsii) and 
for 7 days at 30°C (S. commune). Cultures were centrifuged and the clear 
supernatant was used for the enzyme activity assays. 

Electrophoresis and isoelectric focusing (IEF). Proteins in the culture filtrates 
were separated by SDS-PAGE under denaturing conditions using Biorad 
(Richmond, CA, USA) equipment. Electrophoresis was carried out according to the 
manufacturer's instructions using Coomassie Blue for protein staining. To 
determine the molecular weight of the separated proteins their bands were compared 
to those of molecular weight standards (range 14,4 kDa to 97,4 kDa) obtained from 
Biorad. For zymogramm analysis, a second gel was run simultaneously containing 
0,02 % w/v of either xylan from birch wood, galactomannan or 
carboxymethylcellulose. One gel was then stained with Coomassie Blue and the 
second gel was washed with a buffer containing 50mM disodium hydrogen 
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phosphate, 12,5mM citric acid and 25% isopropanol, pH 6,3 to remove the SDS and 
stained with Congo Red for xylanase, mannanase and cellulase activity (30). 

The pi values of the proteins in the ultrafiltrated culture filtrate were 
determined by isoelectric focusing using the IEF equipment from Biorad and the 
procedures recommended in the Biorad instruction manual. The different 
ampholytes (Biorad) used provided a pH range from 3 to 10, 3 to 5 and 4 to 6. 
Standard marker proteins (Biorad) with pi values from 4,45 to 9,6 were run at the 
same time. Agar replica gels containing 0,02% w/v of the above mentioned 
polysaccharides were stained with Congo Red for hemicellulase activities. 

Enzyme assay. Endo-1,4-B-xylanase was assayed according to Bailey et al. (31) 
using a l % ( w / v ) solution of birch wood xylan (Roth, Karlsruhe, Germany) in 
50mM sodium citrate buffer as a substrate set to the pH optimum of each enzyme. 
The diluted enzyme solution was incubated for 5 min. at 50°C. Released reducing 
sugars were assayed by adding 2-hydroxy-3,5-dinitrobenzoic acid reagent, boiling 
for 5 min., cooling and measuring the absorbance at 540 nm. Mannanase activity 
was determined similarly, using a 0.5% ( w / v ) solution of locust bean gum 
galactomannan. For the assay of glucomannan activity a 0,5% ( w / v ) solution of 
Amorphophallus konjac glucomannan was used. Filter paper activity was 
determined according to IUPAC recommendations (32) at a pH of 6,5. 

Determination of p H and temperature stabilities. For studying the thermal 
stabilities of the mannanases the enzyme preparations were diluted 1:200 with 
50mM sodium citrate buffer (pH 4,5). The buffered enzyme solutions were 
incubated on a water bath at constant temperature (50°C-80°C). Samples were 
drawn at certain intervals, cooled on ice immediately, and stored at 4°C. The pH 
stabilities were determined similarly diluting the enzyme preparations with 50mM 
sodium citrate buffer (pH3-pH6,5) and incubating the samples at 50°C. The residual 
enzyme activitivities were measured under standard conditions as described above at 
the pH optimum of each enzyme. For the determination of the thermal stabilities of 
cellulases from S. rolfsii, S. commune the samples were diluted with 50mM sodium 
citrate buffer (pH 4,5) and incubated at 60°C. The residual cellulase activities were 
determined at pH 6,5 as described above. 

Results and Discussion 

The starting point of the substrate optimization experiments for each fungus was the 
medium optimized for xylanase production in earlier investigations (13-15). In a 
first step, the influence of different mannans as carbon sources on the mannanase 
production was studied. The fungi were grown on several mannan-rich carbon 
sources such as konjak powder, locust bean gum, guar gum and coprameal powder 
and mixtures with other complex carbon sources. The concentrations of all 
components of the growth media, except the carbon sources, were kept constant. 
The results of these experiments are shown in Table la. 
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The highest mannanase activity was obtained in the culture filtrate of S. rolfsii 
grown on a mixture of konjak powder and α-cellulose (Table lb). None of the fungi 
investigated produced pronounced mannanase activity on the mannans as sole 
carbon sources, while mixtures of mannan and cellulose or mannan and xylan 
increased the mannanase production in all tested strains (Table lb). Konjak powder, 
locust bean gum, guar gum and coprameal were added in concentrations not 
exceeding 2% ( w / v ) , since the viscosity of solutions of higher concentrations 
limits oxygen transfer and growth of organisms. 

Table I. Effect of different carbon sources (a) and their combinations (b) on 
the mannanase production by T. lanuginosus, S. commune and S. rolfsii 

a) Carbon source* Concentration [% w/v] Mannanase activity [nkat/ml] 
T.L S.r. S.c. T.L S.r. S.c. 

Com cobs (coarse) 3,10 4,00 4,00 5 236 54 
Wheat bran 3,10 4,00 4,00 5 283 15 
Rice husks 3,10 4,00 4,00 6 1165 150 
Wheat straw (steamed) 3,10 4,00 4,00 2 1540 129 
Barley husks 3,10 4,00 4,00 7 1475 198 
Xylan (beech wood) 3,10 4,00 4,00 29 520 87 
α-Cellulose 3,10 4,00 4,00 2 2078 97 
Avicel 3,10 4,00 4,00 4 1328 452 
Konjak powder 2,00 2,00 2,00 16 308 21 
Guar gum 2,00 2,00 2,00 « < 87 8 
Copra meal 2,00 2,00 2,00 6 34 5 
Locust bean gum 2,00 2,00 2,00 3 54 53 
Mannose 3,10 4,00 4,00 5 420 60 
b) Combinations:* 
Locust bean gum 0,18 0,24 0,24 
+ Avicel 2,92 3,76 3,76 5 808 546 
Konjak powder 0,18 0,24 0,24 
+Avicel 2,92 3,76 3,76 5 1420 514 
Locust bean gum 0,18 0,24 0,24 
+ α-Cellulose 2,92 3,76 3,76 14 1875 165 
Konjak powder 0,18 0,24 0,24 
+ α-Cellulose 2,92 3,76 3,76 17 3367 142 
Locust bean gum 0,94 1,21 1,21 
+ Xylan (beech wood) 2,16 2,79 2,79 27 931 313 
Konjak powder 0,94 1,21 1,21 
+ Xylan (beech wood) 2,16 2,79 2,79 30 1800 62 
•Carbon sources were added to the basal media. A l l culture conditions are given 
in Materials and Methods. 
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It has been reported that the addition of locust bean gum galactomannan to 
culture media increased the mannanase production in organisms, such as 
Streptomyces lividans (55), Aspergillus tamarii (11% Trichoderma harzianum (8) 
and several thermophilic fungi (34). Konjac glucomannan induced the formation of 
mannanase in marine bacteria (55), in an alkalophilic Bacillus sp. (36) and in 
Trichoderma reesei (1). Compared to galactomannan, the addition of glucomannan 
to the culture media of S. rolfsii and T. lanuginosus yielded higher mannanase 
activities. No relation between type of mannan (galactomannan or glucomannan) 
added to the media for potential induction and type of formed mannanase activity 
(galactomannanase or glucomannanase) could be detected for the examined fungi, as 
it has been shown for Trichoderma harzianum (8). The production of mannanases 
along with cellulases on cellulose as carbon source has been reported for 
Trichoderma reesei (1% Polyporus versicolor (57) and other fungi (38). Using 
cellulose as the sole carbon source, the examined strains S. rolfsii and S. commune 
produced high mannanase activities. Cellulose is also reported to be an inducer for 
both xylanase and cellulase synthesis in S. commune and several other fungi (14). 

To determine the effect of other media components, experiments using 
factorial designs were carried out. When compared to various concentrations of 
K H 2 P 0 4 , M g S 0 4 and several inorganic and organic nitrogen sources, the carbon 
sources were by far the most important factors for mannanase production (data not 
shown). The concentrations of the carbon components in the culture media 
(mixtures of mannan and cellulose or mannan and xylan) were optimized for each 
fungus by using a central composite design (14) (Table II). 

The objective of all optimization experiments was to obtain a maximal 
mannanase activity under the constraint of a certain high level of xylanase activity. 
The lower limit for the xylanase activities in all experiments was set to 50% of the 
optimized xylanase. Under this constraint, the level of mannanase activity formed 
by T. lanuginosus and S. rolfsii could be at least doubled (Figure 1). In comparison 
with S. rolfsii and S. commune, T. lanuginosus produced only very low mannanase 
activities. 

Table II. Simultaneous production of xylanase and mannanase by S. rolfsii, S. 
commune and Γ. lanuginosus using optimized mixtures of carbon sources 

Organism Carbon source* 
Concentration 

[% w/v] 
Enzyme activities 

Mannanase 
[pkat/ml] 

Xylanase 

T. lanuginosus: Xylan (beech) 1,72 
+ Konjak meal 0,73 0,03 20,05 

& commune: Avicel + 5,93 
Locust bean gum 1,10 0,54 60,06 

$, rolfsii: α-Cellulose + 3,44 
Konjak meal 0,38 5,08 5,11 

* Carbon sources were added to the basal media. A l l culture conditions are given in 
Materials and Methods. 
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Th. L Sel r. Sch. c. Th. I Sel Sch. c. 

Figure 1. Summary of the enzyme activities produced by T. lanuginosus (Th. I), S. 
rolfsii (Scl.r) and Schizophyllum (Sch.c.) commune using a) media optimized for 
xylanase activities and b) media optimized for simultaneous production of xylanase 
and mannanase. 

The time courses of fermentations of the investigated fungi in shake flasks 
are shown in Figure 2. Compared to the xylanase formation, the production of 
mannanase by S. rolfsii was slower. Xylanase activity reached its maximum after 
290 hours and remained unchanged for 52 hours thereafter, while the highest values 
of mannanase were observed after 336 hours. Mannanase formation compared to 
xylanase formation was delayed in case of Τ lanuginosus. Xylanase and mannanase 
activities reached maximum values after 168 and 172 hours, respectively. Xylanase 
and mannanase formation by S. commune were concurrent, as it is described in the 
literature for xylanase and cellulase production as well (15). Xylanase and 
mannanase activities reached their maximum value after 230 hours and remained 
constant for about 40 hours. 

The pH optima of the mannanase activities in the culture filtrates of T. 
lanuginosus, S. commune and S. rolfsii were all in the acidic region of 4 to 5. The 
temperature optima of these enzymes were determined to be in a range of 60°C to 
70°C after 5 minutes incubation (Table III). Similar results have been reported for 
the great majority of fungal mannanases (1,39,40,36,28). Few mannanases, such as 
from Bacillus sp., have been reported to perform maximal activity in the alkaline 
region (pH of 9 and above) (35). The pH and temperature stabilities of the examined 
mannan-degrading systems are shown in Figures 3 and 4. 
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Figure 2. Time courses of the mannanase and xylanase formation by S. rolfsii, T. 
lanuginosus and S. commune. 
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Figure 3. Heat stabilities of S. rolfsii, 
S. commune and T. lanuginosus 
mannanases. 

Figure 4. pH stabilities of S. rolfsii, 
S. commune and T. lanuginosus 
mannanases. 
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Table III. pH- and temperature optima of the mannanases secreted by F. 
lanuginosus, S. commune and S. rolfsii 

Organism pH-optimum T-optimum [ °C ] 
T. lanuginosus 4,7 70 
S. commune 4,2 70 
S. rolfsii 4,6 60 

Enzyme activities were maesured using the standard asssay methods 
(see Materials and Methods). 

The mannanases secreted by S, rolfsii and S. commune remained most stable 
around their pH optima at 4,5 whereas the mannanase of T. lanuginosus was more 
stable at higher pH- values up to pH 6,5. Alkaline (pH 7,5 and above) as well as 
acidic conditions (pH 4,0 and below) caused rapid inactivation of the enzymes. At 
low pH (3,5) the mannanases of S. rolfsii were the most stable enzymes retaining 
67% of their activity after 1 hour incubation. 

A possible explanation for relatively high stabilities of S. rolfsii mannanases 
at low pH is the ability of this microbial strain to grow at extremely low pH below 
2,5. The relationship of production of oxalic acid and hemicellulolytic enzymes by 
S. rolfsii has been described in the literature (41). The mannanase of the 
thermophilic fungus T. lanuginosus retained about 50% of its activity after 1 hour of 
incubation at 80°C, while the mannanases of S. rolfsii and S. commune were rapidly 
inactivated at this temperature. 

At their pH-optima, the mannanases of both S. rolfsii and S. commune were 
more stable than their cellulases (Fig. 5). Fungal xylanases have generally been 
reported to be more stable than the respective cellulolytic systems (42). 

Incubation time [ min ] 

Figure 5. Inactivation of S. rolfsii and S. commune cellulases and mannanases at pH 
4,5 and 60°C. 
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Using the zymogram technique combined with IEF, mannanase activity in 
the culture filtrates of S. commune was detected in two protein bands. The crude 
enzymes of S. commune had isoelectric points in the acidic region of 3,6 and 4,2. 
The molecular weights of these mannanases obtained from SDS-PAGE were 49 and 
31 kDa. S. rolfsii excreted five mannanases with pi values of 3,5; 3,3; 4,1; 4,2 and 
4,3 and molecular weights of 71, 22, 57, 37 and 42 kDa, respectively. Only one 
protein band (pi 4,2) of the culture filtrate of T. lanuginosus showed mannanase 
activity, pi values in the acidic region from 3,5 to 5,5 have been reported for the 
great majority of fungal mannanases, such as those from Trichoderma reesei (1,39), 
Polyporus versicolor (36), Trichoderma harzianum (8), Thielavia terrestris (40) and 
Pénicillium purpurogenum (28). 

Conclusions 

The present work shows, that the concurrent occurrence of maximal mannanase and 
xylanase activities formed by Τ lanuginosus, S. commune and S. rolfsii enables 
simultaneous production of these enzymes. The mannanase activities in the culture 
filtrates of T. lanuginosus, S, commune and S. rolfsii could be significantly increased 
by media optimization without great loss of xylanase activity. In several 
biotechnological fields, including bio-bleaching, combinations of hemicellulolytic 
enzymes are required. These enzymes can be obtained in optimal ratios in 
simultaneous production. Since these enzymes can be simultaneously obtained in 
optimal ratios, the downstream processing cost of such applications can be 
substantially reduced. 
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Chapter 21 

Xylanase Delignification in Traditional 
and Chlorine-Free Bleaching Sequences 

in Hardwood Kraft Pulps 

Nelson Durán 1, Adriane M. F. Milagres2, Elisa Esposito1, and 
Marcela Haun3 

1Instituto de Quimica, Biological Chemistry Laboratory, Universidade 
Estadual de Campinas, C.P. 6154, Campinas, CEP 13081-970, 

Sao Paulo, Brazil 
2Biotechnology Center, C.P. 16, Lorena, CEP 12600, Sao Paulo, Brazil 

3Department of Biochemistry, Universidade Estadual de Campinas, 
C.P. 6154, Campinas, CEP 13081-970, Sao Paulo, Brazil 

In a previous screening of xylanolytic fungi Penicillium janthinellum 
(CRM 87M-115 strain) and Aspergillus niger (FTPT-131 strain) were 
isolated. The xylanase isolated from P. janthinellum, Penjanzyme-AB, 
exhibited similar selectivity than Cartazyme HT. Penjanzyme-AA showed 
similar reactivity with Cartazyme HS and Novozyme 473. Penjanzyme-
AA in a CED bleaching sequence reduced in 25% the chlorine 
concentration, reaching the same brightness of 80% ISO with a high 
selectivity than the untreated pulps, In a CEHD sequence compared with 
XCEHD the most significant results was the economy of 39% of the 
hypochlorite stage. Similar results with XCEpHD or XCEoHD sequences 
were obtained Penjanzyme-AA showed a 12% reduction of the Kappa 
number when compared with OaP(EOP)DP sequence. Asperzyme 131 
from A. niger in a XP or XOP short sequence showed an enhancement of 
the initial pulp viscosity. 

Tremendous efforts have been made in the pulp and paper industry to reduce the 
amount of chlorine used for bleaching. At present, studies have been conducted on the 
effluent treatment and the use of less toxic bleaching agents such as oxygen and 
hydrogen peroxide are under study.1 The residual lignin removal by enzymatic method 
is actually a very active research area not only at the academic level but also in the R 
& D laboratories in the industry.2"4 The use of hemicellulases, particularly the 
xylanases, for pulp bleaching arises from the idea that they allow a better action of 
bleaching agents in the subsequent stages. At least three mechanisms are proposed in 
order to explain the action of these enzymes. The first one proposes that there is xylan 
hydrolysis inside the cellular wall which results in the formation of micropores. In 
this way there is an increase of the pulp specific area and consequently a larger 
accessibility for the bleaching agents.5 The second one explains its action by 

0097-6156/95/0618-Ό332$12.00/0 
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solubilization of the re-precipitated xylan. This ̂ deposition of xylans on the fibres 
occurs after loss of the side chain in the cooking process.6 Hie third one suggests that 
die prebleaching effect results primarily from depolymerization and not from 
solubilization ofxylan-derived hemicellulose.7 

Xylanases are produced by different microorganisms8"10 and in this study, we show 
that using xylanases from Penidibni janthmeflnm (Penjanzyme-AA and AB) and 
from Aspergillus niger (Asperzyme 131) it is possible to reduce the chlorine charge 
in Eucalyptus pulp bleaching with a simultaneous brightness gain. Also a comparison 
with some commercial xylanases is attempted. 

EXPERIMENTAL CONDITIONS 

Tests were carried out using an unbleached Kraft pulp from Eucalyptus from Sâo 
Paulo, Brazil. Commercial Cartazyme HS (5.5 χ 104 U/mL, pH 4.0 at 50°C), 
Cartazyme HT (3.7 χ 102 U/mL» pH 9.0, at 65°C)(Repligen-Sandoz) and the 
Novozyme 473 (1.0 χ 104 U/mL, pH 7.0 at 50°C) (Novo-Nordisk) were used 
Peniriffium jantUnAun (CRC-87M-115) xylanase (Penjanzyme-AA, 5.2 χ 101 

U/mL, pH 5.5 at 50°C; Penjanzyme-AB, 1.3 χ 101 U/mL , pH 8.0 at 50°C) was 
obtained as described before.11,2 Asperzyme 131 was obtained from Aspergillus 
niger FTPT-3132 (3 χ 102 U/mL at pH 5.5 at 50°C. The β-xylanase activities were 
measured by reduced sugar produced from xylan (birch, SIGMA) hydrolysis at 50°C 
and pH 5.5.13 Enzyme pre-bleaching (X) was performed at 10% consistency and die 
conditions are in TABLE 3. For all the bleaching stages, the TAPPI Standards were 
followed (Kappa number: Tappi T-236 m-60; viscosity: Tappi T-230 su 63, 
brightness: Tappi Τ 414-ts). The chlorine (CI) and residual chlorine, hypochlorite 
(H), chlorine dioxide (D) and hydrogen peroxide (P) concentrations were measured 
by published methods.14 All die results reported are averages of duplicate 
experiments. 

RESULTS AND DISCUSSION 

Penjanzyme-AA reduced all the pulp's Kappa numbers with maximum efficiency at 
40°C and with 180 min of treatment(TABLE 1). 
Also at the same conditions, its selectivity was improved hi alkaline conditions (pH 
8.0) the Penjanzyme-AB also exhibited a good capacity for removing lignin at 50°C 
for 60 min oftreatment 
The observed opacities of Penjanzyme-AB (pH 8.0) and Penjanzyme-AA (pH 5.5) 
were compared with those of commercial xylanases. Table 2 shows that 
Penjanzyme-AA has a better selectivity than Cartazyme HS and is better than 
Novozyme 473 in its Kappa number reduction and selectivity while maintaining the 
same viscosity value. Penjanzyme-AB exhibited similar selectivity as Cartazyme HT, 
although no significative effects on the pulp as compared with the untreated pulp were 
observed 
Since Asperzyme-AA presents similar behaviour as Novozyme 473 and Cartazyme 
HS, a more detailed experiment with a CED bleaching was carried out TABLE 4 
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TABLE 1. Bleaching parameters in two stages (X-E) by P. jantUncfinn xylanase 
(Penjanzyme; 1 U/g of dry pulp) and posterior sodium hydroxide extraction(a-d) 

Runs Temp Time PH Kappa Kappa Vise. Delig. Decrees. Selecth 
fC) (min) Numb. Reduc. (cps) Effic. VÏ8C08 (d) 

(%) (%) (%) 

Control 40 60 5.5 12.4 - 27.1 18.4 12.9 1.55 
+ XYL 40 60 5.5 11.2 9.7 26.7 25.7 14.1 1.82 
Control 50 60 5.5 12.8 - 26.2 15.8 15.8 1.00 
+ XYL SO 60 5.5 10.9 4.8 26.9 28.3 13.5 2.10 
Control 40 180 5.5 13.1 - 29.0 13.8 6.8 2.03 
+ XYL 40 180 5.5 10.7 18.3 28.4 29.6 8.6 3.44 
Control 50 180 5.5 12.8 - 27.4 15.8 11.9 1.32 
+ XYL 50 180 5.5 11.9 7.0 28.6 21.7 8.0 2.71 
Control 40 60 8.0 13.9 - 25.3 8.6 18.6 0.46 
+ XYL 40 60 8.0 13.2 5.0 25.9 13.2 16.7 0.79 
Control 50 60 8.0 13.3 - 25.7 12.5 17.4 0.72 
+ XYL 50 60 8.0 11.6 12.8 24.7 23.7 20.6 1.15 
Control 40 180 8.0 13.5 - 24.5 11.2 21.2 0.53 
+ XYL 40 180 8.0 13.1 2.9 24.5 13.8 21.2 0.65 
Control 50 180 8.0 13.5 - 24.2 11.8 22.2 0.53 
+ XYL 50 180 8.0 12.5 7.4 23.7 17.8 23.8 0.75 

a) Unbleached pulp: Kappa number of 15.2 and viscosity of 31.1 cP. b) 4% NaOH 
extract condition: 10% consistency, 7(f C and 90 min. c) Pulp consistency in die 
xylanase treatment was 10%. d) Selec = selectivity*5 Delignification efficiency (%)/ 
reduction in viscosity (%). Delignification efficiency (%) ={Kappa number before the 
treatment-Kappa number after treatment]/[Kappa number before treatment] χ 100. d) 
Penjanzyme AA at pH 5.5 and Penjanzyme aft pH 8.0. 

shows the Penjanzyme-AA effect on a CED bleaching sequence (conditions are on 
TABLE 3). In a CED sequence using 0.0-3.0% of chlorine compared to die XCED 
sequence (TABLE 4) at 2.2% chlorine an increase of 14% selectivity aid 11% 
viscosity was obtained while maintained the same Kappa, value. The brightness was 
improved by 1.9 points under these conditions. In other words, with the xylanase pre­
treatment, the same value of brightness ( e.g 82.7%) is obtained using a 27% 
reduction of chlorine, with better pulp qualify (viscosity). 
TABLE 5 shows the xylanase evaluation in a CEHD bleaching sequence. In a more 
complex sequence which is used in some pulp ami paper industries in Brazil. 
Ihe Penjanzyme-AA significantly increased the delignification efficiency. An 
economy of sodium hypochlorite (38.6%) and of chlorine dioxide (3.6%) with a 9% 
brightness increase in a XŒHD sequence was found. However, under these 
conditions, a lower viscosity value than the control was observed. Nevertheless, in 
spite of a low reduction of the hypochlorite and chlorine dioxide by using Eo (in a 
XCEoHD sequence) and Ep (in a XCEpHD sequence) stages» a good viscosity 
protection was obtained 
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TABLE 2. Xylanase pre-treatmenl (1 U/g dry pulp, 10% consistency) in a short 
bleaching sequence (XE) on Eucalyptus pulp(a-c) 

Novozyme Cartazyme Cartazyme Penjanzyme 

473 HS HT AB AA 

pH (Xylanase) 7.0 4.0 9.0 8.0 5.5 
TemperamrefC) 50.0 50.0 65.0 50.0(d) 40.0 
NaOH (%) 4.0 4.0 4.0 4.0 4.0 
Viscosity (cps) 28.0 27.2 24.9 24.7 26.9 

(25.9)(f) (26.8) (25.8) (25.4) (26.0) 
KappaNumber 10.0 9.5 11.0 11.6 9.4 

(10.7) (10.9) (10.2) (10.8) (10.7) 
Selectivity 3.4 3.0 1.4 1.2 2.8 

(1.8) (2.0) (1.9) (1.6) (1.8) 
Selectivity ratio(g) 1.9 1.5 0.7 0.8 1.6 

a) Xylanase pretreatment was for 180 min. b) Ε stage: 4% NaOH concentration at 
70°C for 90 min, 10% consistency, c) Unbleached pulp: Kappa number 15.2 and 
viscosity: 31.1 cP. d) This nm was carried out for 60 min. f) No xylanase added g) 
Ratio between xylanase pre-treatment and in die absence of the enzyme. 

TABLE 3. Bleaching conditions 

Stage (a) Temperature Time Consistency pH 

co (min) (%) Inicial Final 

C (0.0-3.0%) 50 80 4 2.2 
Ε (2.2%) 65 66 12 11.2 11.3 
Η (1.0%) 45 120 12 11.0 8.2 
D (1.0%) 75 180 12 4.1 
Ep(2.2%NaOH) 65 66 12 11.4 11.2 
(0.5% H A ) 

Eo(2.2%NaOH) 65 16 + 50 12 10.9 
(0.25% 0 » 2.0 Kgffcm2) 

X (13 U/g) 40 180 10 5.5 5.5 

a) C: chlorine; E: sodium hydroxide; H: hypochlorite; D: chlorine dioxide; Ep: 
alkaline/peroxide; Eo: alkaline/oxygen; X: xylanase. 

In a similar CEHHH bleaching sequence in India using Eucalyptus pulp with Pulzyme 
HA (Novo Nordisk), the chlorine was reduced by 21.4% in die chlorination stage. 
The brightness was increased by approximately 3% and no reduction of chlorine in 
the hypochlorite stage was found15 
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T A B L E 4. Bleaching of Kraft pulp with chlorine reduction pre-treated with 
Penjanzyme-AA (pH 5.5) (a) 

Sequence Chlorine Brightness Kappa Viscosity 
(Cl 2g/100g ESO(%) Number (cps) 
of dry pulp) 

CED 3.0 83.6 1.6 15.8 
2.2 80.8 1.5 16.0 
1.5 78.2 2.2 17.7 
0.0 67.5 4.6 18.9 

XCED 3.0 84.6 1.3 14.7 
( lU/g) 2.2 82.7 1.4 17.9 

1.5 80.0 1.7 17.2 
0.0 68.5 4.3 18.0 

a) Unbleached pulp: Kappa number 15.2 and viscosity of 31.1 cP. 

T A B L E 5 Bleaching parameter after Penjanzyme-AA treatment 

Sequence Reagent Redact Brightness 
Consumpt (%) (%> ΚΟ(%) . 

X -
C(a) 99.1(99.7) (b) 0.9 39.7 (36.8) 
Ε 47.6 (41.5) 
Η 61.4 (99.0) 38.6 81.0 (71.8) 
D 96.4 (99.5) 3.6 88.9 (81.3) 

Χ • 

C 99.1(99.7) 0.9 39.7 (36.8) 
Ep - 59.7(51.2) 
H 82.5(87.9) 17.5 77.5 (69.3) 
D 97.4(99.5) 2.6 87.3 (81.2) 

X -
C 99.1(99.7) 0.9 39.7 (36.8) 
Eo - 50.0 (49.8) 
H 72.7(88.7) 11.0 79.2 (63.9) 
D 97.2(97.9) 2.8 87.8 (77.3) 

a) 2.5% chlorine. The other reagents see on T A B L E 3. b) In parentfaeisis are the 
control value in the absence of xylanase. 
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Due to these results another xylanase from Aspergillus niger ( Asperxyme 131) with 
similar characteristic as those that of Penicinhim jantlimdbmi was used 
Recently, a study of unbleached and oxygen-bleached Eucalyptus grandis pulp 
treated with Aurobasidimn xylanase was published l6In the unbleached pulp, xylanase 
decreased the Kappa number by 10%, increased die viscosity by 5% and increased 
the brightness by 7%. hi the bleached pulp, a 11% Kappa number reduction, increase 
of 10% of die viscosity and increase of 4% of brightness were obtained However, as 
seen in TABLE 6 when Asperzyme 131 was used there was a reduction of of 9% of 
Kappa Number and an increase of 8% in the viscosity compared to the control. On 
contrary, Penjanzyme-AA slightly decreased slightiy Âe viscosity but a 12% Kappa. 
number reduction was observed These results probably are indicative that in the case 
of Asperzyme 131, the xylanolytic pool is efficient in degradation of low molecular 
weight xylans in the Kraft pulp and that die cellulose was not affected 

TABLE 6. Xylanase treatment in Eucalyptus grandis Kraft pulp (a) 

Kraft Kappa Number Viscosity (cps) 
Pulp Penjan-AA Asper.131 Penjaa-AA Asper.131 

Control 15.6 15.6 34.8 34.8 
X 13.8 14.3 29.1 37.5 
0 12.8 12.8 31.9 31.9 
ox 11.9 12.2 30.6 30.8 

a) X activity was 2 U/g of dried pulp, 10% consistence, pH 5.5,180 min at 50°C. The 
other conditions were the same as TABLE 3. 

In an oxygen pre-bleached pulp, no large differences with xylanases either with 
Penjanzyme-AA (7% reduction) or Asperzyme 131 (5% reduction) were observed 

CONCLUSIONS 

These results show that the pre-treatment of Kraft pulp from Eucalyptus with the 
Penjanzyme-AA promotes a Kappa number reduction and a brightness gain. All the 
facts are indicative that the xylanase facilitates the lignin removal with high 
specificity, since there was no significative reduction of the final viscosity compared 
to the controls. Penjanzyme-AA and Penjanzyme-AB as Asperzyme 131 have their 
commercial equivalents (e.g Cartazyme aid Novozyme), and they have shown good 
potential for Encalyptns pulps treatment. 
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Chapter 22 
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by Lentinus edodes 

G. Giovannozzi-Sermanni1, A. D'Annibale1, N. Vitale2, C. Perani1, 
A. Porri1, and V. Minelli2 

1Department of Agrobiology and Agroehemistry, University of Tuscia, 
Via San Camillo de Lellis snc, 01100 Viterbo, Italy 

2Agrital Research Consortium, V. le dell'Industria 24, 
00057 Maccarese, Italy 

Extra-cellular crude enzymic mixtures of the white-rot fungus Lentinus edodes, 
obtained under solid-state and submerged fermentation conditions, were used to 
preatreat durum wheat straw and corn stalks prior to alkaline pulping. Cell wall 
composition, determined after the enzymic incubations, showed a preferential 
degradation of the hemicellulosic fraction of wheat and corn, whereas lignin 
removal appeared to be significant only in the case of corn. Nevertheless, the 
biotreatments resulted in a higher lignin extractability, which was evident after 
alkaline cooking. Furthermore, the freeness and the strength properties of the paper 
handsheets obtained with corn and wheat were remarkably improved, as compared 
with the biologically untreated controls. 

In recent years, research efforts have been devoted to the biotechnological 
application of microorganisms in the pulp and paper industry. Two main 
approaches have been used, namely the colonization of the lignocellulosic material 
by microorganisms, in particular white-rot fungi (1), or the incubation of such 
materials with crude or purified mycelial enzymes. The first approach implies 
several bottlenecks due to the solid-state fermentation (SSF) peculiarity, such as 
physiological and biochemical behaviour of the colonizing mycelium, process 
duration, physico-chemical characteristics of the substrate and treatment uniformity. 
These drawbacks can be overcome by a proper bioreactor design (2) and by 
optimizing the fungal strain and fermentation conditions (3). The use of isolated 
enzymes and/or enzymic mixtures, as an alternative approach, including 
endoxylanase (4), ligninase (5), laccase (6), hemicellulase systems (7), as pulping 
and bleaching reagents, also for recycled paper (8), have been suggested. These 
enzyme-based processes result in a drastic reduction of the time of treatment. 

The use of annual plants, such as sorghum and kenaf, for fibre production, 
could contribute to a more flexible structure of the agricultural systems and 
therefore it could allow to follow promptiy the market requests (9). Keeping in 
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mind that the huge waste residues of wheat and corn crops can be considered also 
polluting materials, we believed of some interest to explore the potentiality of these 
materials as fibre sources. In the present paper we report the results of enzymic 
biotreatments performed on wheat straw and corn stalks and the technical 
characteristics of the paper handsheets obtained. 

Materials and Methods 

Lignocellulose Material. Durum wheat straw (Triticum durum L.) and com stalks 
(Zea mais L.)f cut into 5-cm pieces, were used as cellulose source, without any 
further mechanical handling. 

Microorganism and Inoculum Production. Lentinus edodes (strain SC-465), was 
kindly provided by Prof. T. H . Quimio (Los Banos, Philippine). The mycelium 
was maintained and routinely subcultured on potato-dextrose agar slants. Inocula 
were prepared as previously reported (10). 

Solid-state Fermentation (SSF) Conditions. A liquid salt medium (77), 
supplemented with 2% of malt extract, was added to wheat straw to obtain a final 
moisture content of 75%. After steam-sterilization (120° C for one hour), the solid 
substrate was inoculated aseptically with a 72-hours mycelial suspension (10% 
v/w). The SSF was carried out in a 3.5 cubic meters tumbling drum bioreactor at 
30°C (72), and the uniform colonization of lignocellulosic material was improved 
by a slow rotation rate (4 rev'day ). After 7 days the colonized substrate was 
squeezed by hydraulic pressing at 350 atm, filtered through glass wool, centrifuged 
(11,000 g X 30 min.) and the resulting supernatant was used in the enzymic 
incubations, denominated solid-state liquid biotreatment (SSLB). 

Submerged Fermentation (SM) Conditions. S M was carried out at 30°C in a 25-
1 stirred tank bioreactor flushed with sterile air (air flow 1 L/min), in the same 
liquid medium described above; the production of lignolytic exo-enzymes was 
enhanced by the addition of 0.2% (w/v) soluble lignocellulose (SLC) (75). After 
seven days from the inoculation the culture filtrate was centrifuged at 11,000 g for 
30 min. and used in the enzymic incubations, denominated submerged liquid 
biotreatment (SMLB) 

Analytical Methods. Neutral detergent fiber (NDF), acid detergent fiber (ADF) 
and acid detergent lignin (ADL) were determined by the Van Soest method (14). 
Hemicellulose and cellulose were calculated from the fractions obtained by this 
procedure: NDF-ADF and A D F - A D L respectively. The Chlorine number was 
determined by the ATICELCA M C 207-76 method. The protein content was 
determined by the Bradford method (15) after trichloroacetic precipitation, using 
bovine serum albumin (BSA) as standard. Hydrogen peroxide concentration in the 
crude extracts was determined by using a peroxidase-coupled assay (16). A 
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calibration curve was prepared with different dilutions of a 30% solution of H ^ C ^ . 
The concentration of hydrogen peroxide in the commercial solution was determined 
from its absorbance at 230 nm ( £ = 81 M~ cm" ). Appropriate blanks were 
prepared by incubating the crude extracts with 30 U of catalase (SIGMA), as 
described elsewhere (17). 

Enzyme Assays. Mn-dependent peroxidase and laccase (E.C. 1.10.3.2) were 
assayed according to the method of Glenn and Gould (18) and of Haars & 
Hutterman (19), respectively. Endo-cellulase (E.C. 3.2.1.4) and exo-cellulase 
(E.C. 3.2.1.91) were assayed by the method of Shewale & Sadana (20, and endo-
xylanase (E. C. 3.2.1.8) according to the method described by Me Carthy et al. 
(21). Boiled enzyme extracts were used as controls. The reported data are the 
means of three different determinations. 

Biotreatment Conditions. The biotreatment, based on the mycelial colonization 
was not longer used, since a significant loss of organic matter (-25%), due to the 
mycelial metabolism, was evident. Besides, the time required to obtain an uniform 
colonization was, usually, more than one week and the pulp yield was lowered by 
about 30% . Therefore the following biotreatments, based on the enzymic 
incubation of the material, were emphasized: 

Solid-state Liquid Biotreatment (SSLB). The enzymic crude mixture arising 
from SSF, previously was added to dried lignocellulosic material (5:1 v/w) and 
incubated for 24 hours in a 25-litres tumbling drum bioreactor (64 rev'day" ) at 40° 
C. Air was flushed inside the bioreactor at a flow rate of 2 1/min. It was assumed, 
on the basis of the solubility of oxygen at ordinary pressure conditions (1 atm) and 
at the tested temperature (40° C)(22-23), that its concentration appeared to be 
sufficient to allow laccase-catalyzed reactions. 

Submerged Culture Supernatant Biotreatment (SMLB). The same conditions 
of the previous biotreatment were adopted by using the crude enzyme mixture 
obtained from the S M fermentations. 

Pulping Conditions and Technical Analysis of Paper Handsheets. The raw 
materials were cooked in a laboratory rotating digester (Lorentzen & Wettre, 
Sweden), for 30* at 120°C in the presence of 12% or 16% NaOH (related to the 
pulp weight) and then beaten in a conical refiner (Toniolo, Italy) for 10, 20, 30 
min. Two different NaOH concentrations, depending on the tested cellulose source, 
were used in order to obtain the same freeness range for both species. In fact, 
comparable values of freeness were obtained by cooking corn and wheat with 12% 
and 16% NaOH, respectively. In the case of corn, a higher alkali concentration 
than 12%, appeared to affect negatively the paper properties. The paper handsheets 
were obtained by the ATICELCA M C 217-79 method. The freeness was 
determined by the ATICELCA M C 201-76 method, the breaking length, the burst 
index and tear index by the TAPPI standard Τ 405 OM-87, TAPPI standard Τ 405 
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OM-85 and ISO 1974-1990 methods, respectively. The technical data obtained were 
statistically evaluated by the computer program Sigma-Stat. 

Results and Discussion 

Mycelial Enzymes. The solid-state fermentation conditions reproduce the natural 
habitat of white-rot fungi and, therefore, induce the production of die enzymatic 
machinery involved in the degradation of the plant cell wall constituents, mainly 
resulting in the release of hydrolases (cellulases, hemicellulases, peetinases) and 
oxido-reductive enzymes (laccase, Mn-peroxidase etc). Table I shows the exo-
enzyme compositions obtained after 7 days from the inoculation in solid-state and in 
submerged cultures of Lentinus edodes. Such mixtures differed particularly for the 
absence of cellulolytic enzymes in the crude extracts arising from die submerged 
fermentation. Besides, under submerged fermentation conditions, the specific 
activity of phenol oxidases and Mn-peroxidases appeared to be much higher than 
under SSF-conditions, while these differences were not so evident if the enzyme 
activities were referred to volume unit. These findings suggest that under S M -
conditions, a more selective release of extra-cellular protein occurred. Therefore 
SSF system probably produces a more complete spectrum of enzyme activities 
related to the degradation of lignocellulosic matter, while the lack of cellulolytic 
activities, obtainable in SM-fermentation, under the previously described 
conditions, could result in suitable enzymic mixtures for biopulping applications. 
Hydrogen peroxide was detected in the crude extracts arising from SSF and S M , its 
concentration being 84 nmol/ml in the former case and 43 nmol/ml in the latter 
case. It is worth noting that low levels of hydrogen peroxide (ranging from 3 to 12 
nmol/ml) were detected in control cultures of Lentinus edodes, carried out in the 
absence of any phenolic effector (data not shown). This finding is in accordance 
with other reports, describing an increase in H2O2 production (24), when white-rot 
fungi are grown in the presence of aromatic molecules under submerged 
fermentation conditions. Furthermore, it has been suggested that hydrogen peroxide 
and derived radicals could be involved in the degradation of the plant cell wall 
constituents (25-27). 

On the basis of the previously mentioned presence of hydrogen peroxide in the 
crude extracts, no additions of this compound, aimed at allowing Mn-peroxidase to 
function, were performed in the enzymic incubations of the material. 

Effects on Annual Plants. Few preliminary trials, performed on kenaf 
(Hibiscus cannabinus), a fibre crop, showed that the enzymic biotreatments had a 
negative effect on pulp freeness, which appeared to be negatively affected, whereas 
breaking length and burst index were not modifiai, as compared with the untreated 
controls (data not shown). On the contrary, the biotreatments, carried out on wheat 
straw and corn stalks, resulted in several remarkable effects. Fiber analysis, 
performed after the enzymic incubations, showed that the biotreatments didn't 
significandy reduce lignin content of wheat straw, whereas the cellulosic and 
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Table I. Enzyme activities of the extracts employed for SSLB- and SMLB biotreatments 

Enzyme SSLB SMLB 

(U/ml) (U/mg) (U/ml) (U/mg) 

Phenoloxidase 9.90 3.30 4.19 46.60 

Mn-peroxidase 0.84 0.28 0.990 11.11 

Endocellulase 2.25 0.751 - -

Exo-cellulases 2.25 0.751 - -

Endoxylanase 2.166 0.722 0.05 0.55 
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hemicellulosic fraction appeared to be more affected by the SSLB-biotreatment, in 
accordance with the composition of the enzyme mixture (Figure 1). Nevertheless, 
both biotreatments resulted in the same pulp yield reduction (- 15-20 %), as 
compared with the control. 

Cell wall composition of corn stalks, déterminai after the biological treatments 
(Figure 2), showed that SMLB-incubation resulted in the highest hemicellulose 
degradation (about 40%), while an appreciable lignin removal of 12% (SMLB) and 
18% (SSLB) was evident. Both the biotreatments appeared to negatively affect the 
pulp yield, as shown in Figure 2. The differences in the cell wall composition of 
com and wheat and their morphological and chemical structures can significandy 
affect the accessibility of the enzymes to the substrates, and therefore the results of 
the biotreatments. 
A further reason for the different results could be due to the different amounts of 
soluble lignocellulose (SLC) of different molecular weights, as determined by size 
exclusion chromatography (II). In fact SLC content is 0.400% on dry weight base 
in wheat straw, while in com is 0.080% (28). Since soluble lignocellulose are 
substrates for the exo-enzymes (10-11), the accessibility of the enzymes to the 
water insoluble cell wall components could be buffered by the presence of water-
soluble copolymers, with subsequent different final attack of the lignocellulose 
structures. Nevertheless, it is noteworthy that the chlorine number, determined after 
the alkaline cooking, was halved in the samples of biotreated wheat (Figure 1) and 
com (Figure 2) with respect to the biologically untreated controls. These results 
could be explained in terms of a better accessibility of the cooking liquor, due to an 
increased porosity of the material, or, to an increase in the degree of lignin 
functionalization (e.g. introduction of phenolic hydroxyl groups in the lignin 
macromolecule). 
When considering the negative impacts of the biotreatments on the pulp yield, one 
must take into account that the materials were used as such, and, therefore, the 
observed reduction of pulp yield include also some constituents, such as 
parenchimatic tissues and epithelial cells, which are not suitable for paper 
production. These results suggest that appropriate previous handlings of the raw 
materials could be desirable, in order to minimize the consumption of chemical and 
biochemical reagents due to these fiber-poor constituents, whose removal after 
alkaline pulping determines a fictious reduction of pulp yield. 

Paper Characteristics after the Biotreatments. Figure 3 illustrates the changes of 
freeness at different times of beating. The biological pretreatments of com 
determined appreciable reduction of freeness values, even if, as expected, this 
parameter tended to increase with longer times of refining. Such positive effects 
were comparable in both biotreatments. In the wheat pulp, freeness appeared to be 
less dependent on the beating times in untreated and in biotreated samples. 
Generally this parameter was lowered by the biotreatments, but its reduction was 
less evident for the wheat. The freeness is a very important parameter for paper 
manufacturing and its reduction could allow a substantial gain in the paper machine 
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Cellulose Hemice l lu lose Lign in Pulp y ie ld Chlor ine number 

Figure 1. Cell wall constituents (cellulose, hemicellulose and lignin), pulp 
yield and chlorine number of control and biotreated wheat straw. Cellulose, 
hemicellulose and lignin were determined after the biological treatments, 
whereas pulp yield and chlorine number after alkaline cooking. The data are 
referred to 100 g dry weight. 
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Cellulose Hemice l lu lose Lignin Pulp y ie ld Chlor ine n u m b e r 

Figure 2. Cell wall constituents (cellulose, hemicellulose and lignin), pulp 
yield and chlorine number of control and biotreated corn stalks. Cellulose, 
hemicellulose and lignin were determined after the biological treatments, 
whereas pulp yield and chlorine number after alkaline cooking. The data are 
referred to 100 g dry weight. 
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Figure 3. Relationships between freeness (S.R. degrees) and beating time (0, 
10, 20, 30 min.). 
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Figure 4. Linear regression curves obtained by plotting freeness (S.R. 
degrees) versus breaking length (m) and burst index (KPam^g-l) of the 
paper handsheets of untreated and biotreated corn stalks (SSLB and SMLB).  

 .c
h0

22

In Enzymatic Degradation of Insoluble Carbohydrates; Saddler, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



21. DURANETAL Xylanase Delignification 349 

10000 

g 8000 

g 6 0 0 0 

κ 4000 

2000 

WHEAT 
16% NaOH 

y 
[SMLB-Lentiny6s 

• 
SSLB-Lentinus 

SSLB-Control 
SMLB-Contro 

40 50 60 70 80 

cd ^ 

~ 2 

E— 
D 4 
m 1 

FREENESS (S.R. degrees) 

WHEAT 

-*7 ! 

16% NaOH f 

-

SMLB-Lentinus 

- Λ 
SMLB-Control 

1 
A SSLB--Lentinus 

1 i 

40 50 60 70 80 

FREENESS (S.R. degrees) 

Figure 5. Linear regression curves obtained by plotting freeness (S.R. 
degrees) versus breaking length (m) and burst index (KPam^g-l) of the 
paper handsheets of untreated and biotreated wheat straw (SSLB and 
SMLB). 

speed. To evaluate statistically the technical results due to the biotreatments, 
freeness data, related to breaking length and burst index values, were submitted to 
the regression analysis. A high correlation between freeness and burst index or 
breaking lenght were obtained in all conditions (R squared > 0.9) with confidence 
levels lower than 5%. Figure 4 shows that, in the case of corn, the biotreatments 
resulted in a net improvement of the strength properties, even i f these positive 
effects were less remarkable in wheat paper, as shown in Figure 5. Furthermore the 
values of breaking length and burst index referred to different S.R. degrees in the 
case of wheat had a wider range than in the case of corn. Tear index, which was 
not routinely determined, appeared to be also positively affected by the 
biotreatments. In fact, the untreated controls of durum wheat straw and çprn stalks 
showed similar values of such technical parameter (3.5-3.6 mN/m *g), that 
apppeared to be improved by 45-50% in the case of wheat and by about 20-25% in 
the case of corn, regardless the enzyme treatment (SSLB and SMLB). 

Conclusions 

These preliminary results, obtained with annual plants, suggest the possibility 
of a successful combination of a biological pretreatment with conventional pulping 
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techniques. The optimization of such a process must take into account several 
factors including the characteristics of the cellulose source, the composition of the 
exo-enzyme mixtures, the biotreatment and pulping conditions. Until now, the 
scientific data available on the physiology and biochemistry of lignolytic mycelia, 
as well as the lignocellulose chemical structure of the raw materials are not 
sufficient to forecast the results of a biopulping process. These biotechnological 
applications, based on the use of a single enzyme (lignin peroxidase, phenol-
oxidases or xylanase) seem to be less adequate than those based on enzymic 
mixtures, since the cellulose pulp is obtained from a substrate where cellulose is 
covalently bonded to a wide variety of aliphatic and aromatic macromolecules. Our 
results show that the most efficient biotreatment for the improvement of the paper 
characteristics, as well as for a better bioconversion of the lignocellulose, was 
obtained by using the enzyme mixture derived from SSF, being the cellulase 
activity of scarce effect on the yield. Furthermore it's worth noting that the tested 
agricultural residues (wheat straw and corn stalks) can be successfully used as fibre 
source to obtain papers with good mechanical characteristics and therefore it could 
be possible to envisage positive economic results by using such waste materials. 
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Chapter 23 

Possible Roles of Xylan-Derived 
Chromophores in Xylanase Prebleaching 

of Softwood Kraft Pulp 
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Xylanase treatment can directly brighten partially bleached 
kraft pulps but not brownstocks. It usually leads to a direct 
decrease in the kappa number of the pulps. The degree of 
direct brightening seems to be correlated with the amount of 
UV-absorbing material solubilized from the pulps, rather 
than the amount of sugars. Previous results also showed that 
it d id not correspond to the brightness gain after subsequent 
peroxide bleaching. There is therefore no evidence indicating 
that xy lan-der ived chromophores are the ma in target 
substrates during xylanase prebleaching of kraft pulp. 

Xylanase prebleaching of kraft pulp has been implemented in several kraft 
mills i n North America and Europe in order to reduce the environmental 
impact of their bleach plant (1). This process enhances subsequent 
chemical bleaching, thereby reducing the chemical loading required to 
reach target pulp brightness (2). The mechanism by which xylanase 
enhances pulp bleaching remains unclear. Kantelinen et al. (3) have 
proposed that the enzyme attacks xylan redeposited on the surface of pulp 
fibers at the end of the kraft cook. However, the removal of the surface 
xylan which is extractable wi th dimethyl sulfoxide does not enhance 
bleaching (4). Other studies indicate that xylanase treatment of kraft pulp 
also leads to extensive depolymerization of xylan (5). To-date, four 
hypotheses have been made concerning the nature of the target xylan (6): 

• xylan in lignin-carbohydrate complexes; 
• xylan that physically entraps residual lignin; 
• xylan that modifies fiber porosity; 
• xylan that is chromophoric. 

Current address: Pulp and Paper Research Institute of Canada, 3800 Wesbrook Mall, 
Vancouver, British Columbia V6S 2L9, Canada 
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A n objective of our work was to eliminate one of these hypotheses, 
namely the role of xylan-derived chromophores in xylanase prebleaching. 
It is hypothesized that chromophoric units derived solely from xylan are 
still carried on xylan polymers. These hypothetical polymers may be, at 
least i n part, hydrolyzed by xylanase and they may contribute to the 
adsorptive and light-scattering properties of pulp, and thus its reflectance. 
Lignin-carbohydrate complexes differ in that their chromophoric units are 
assumed to be derived from the lignin component. 

The hypothesis that xylan may contribute directly to the color of kraft 
pulp is based on the observations of Harder and Nor r s t rôm (7). These 
authors found that holocellulose develops color after kraft cooking, and 
thus estimated that about 10 % of the light absorption properties of kraft 
pulp could be attributed to carbohydrates. In addition, the reflectance of a-
cellulose was reported to decrease after cooking wi th xylan (8). When 
cellulose was cooked with sugars, the resultant decrease in pulp brightness 
could be easily reversed by bleaching (9) and this decrease was more 
substantial i f tannins were also present (8). Recent studies have also 
indicated that the kraft or alkaline cooking of monosaccharides produces 
aromatic compounds such as dihydroxybenzaldehyde, compounds based 
on benzendiols and acetyophenones (10), and high molecular mass 
material that yields cresol, ethylphenols and phenol upon pyrolysis (11). 

Although xylanases are not known to directly modify lignin, which is 
considered to be the major contributor to pulp color (7, 8,12,13), these 
enzymes might enhance pulp bleaching by removing xylan-der ived 
chromophores. In the present work, this hypothesis on the mechanism of 
xylanase prebleaching is evaluated by examining the direct effects that 
xylanase has on different kraft pulps. 

Materials and Methods 

Xylanases . One purified xylanase and two commercial xylanases were 
used in the work. Enzyme A was Irgazyme 40, a crude Trichoderma 
xylanase commercially produced by Genencor (San Francisco, U S A ) . 
Enzyme Β was Pulpzyme H B , a bacterial xylanase commercially produced 
by N o v o Nordisk (Bagsvaerd, Denmark). Enzyme E, a 22 kDa xylanase 
belonging to Family 11 of glycanases, was purified from Trichoderma 
harzianum E58 as reported by Maringer et al. (14). 

Kraft Pulps. Samples of brownstock and oxygen delignified kraft pulp 
derived from western hemlock (Tsuga heterophylla) were kindly provided 
by Howe Sound Pulp and Paper (Port Mel lon, Canada). The kraft pulps 
derived from Douglas-fir (Pseudotsuga menzeisii) and western red cedar 
(Thuja plicata) were provided by Fletcher Challenge (Crofton, Canada). 

P u l p B leach ing . Xylanase treatment was carried out at 10 % pulp 
consistency and 50 °C for 1 h. Its start p H , adjusted using H 2 S 0 4 , was 7 for 
Enzymes A and B, and 4.8 for Enzyme E. The enzymes were each loaded at 
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200 nkat xylanase/g pulp, wi th the activity assayed at the start p H . The 
dinitrosalicylic acid-based assay of Bailey et al. (25) was used with citrate 
buffer at p H 4.8 and phosphate buffer at p H 7. The enzyme was replaced 
wi th water, or boiled enzyme when specified, in the control treatment. 
Most of the data presented for Enzymes A and Β were collected as parts of a 
survey on the effects that different xylanases have on the bleaching of 
different kraft pulps (26). 

Chemical bleaching was carried out using peroxide (2 % H 2 Q 2 ; 2 % 
N a O H ; 0.05 % M g S 0 4 - 7 H 2 0 ) at 10 % pulp consistency and 80 °C for 3 h. A 
30 min. chelation stage was always carried out before peroxide bleaching 
using 1 % N a 2 - E D T A - 2 H 2 0 at a start p H of 5.5, 3 % consistency and 50 °C, 
and it was followed by pulp washing. Oxygen delignification of the 
brownstock derived from Douglas-fir was carried out in a Mark IV reactor 
(Quantum Technol. Inc., Twinsburg, USA) using 1.5 % N a O H and 0.3 % 
M g S 0 4 - 7 H 2 0 at 70 psi oxygen, 10 % consistency and 90 °C for 1 h. A l l 
chemical loadings were based on the dry weight of the pulp. A n example 
of a bleaching sequence is O X Q P , where Ο = oxygen delignification, X = 
xylanase treatment, Q = chelation, and Ρ = peroxide bleaching. 

A n a l y t i c a l Techniques . The brightness of pulp handsheets ( C P P A 
Standard C.5) was measured using a Technibrite T B - l c instrument 
(Technidyne, N e w Albany, USA) , and the lignin content was quantified by 
determining the microkappa number (TAPPI Useful Method U M 250, 
1991). Filtrates from the enzyme treatment were analyzed for the 
solubil ization of UV-absorb ing material and sugars. Absorpt ion at 
280 nm was measured after appropriate dilution of the filtrate to give an 
absorbance ranging from 0.3-0.7, and the relative absorption was then 
calculated by mul t ip lying the absorbance wi th the di lut ion factor and 
subtracting the enzyme blank. Total sugars were quantified using the 
phenol-sulfuric acid method (27), with the filtrate diluted eight folds and 
results verified using samples spiked with a known quantity of xylose. 

Results and Discussion 

Our study examined the direct effects that three xylanases have on 
brownstock, oxygen delignified and peroxide bleached kraft pulps derived 
from three softwood species. Pulp handsheets were made immediately 
after the enzyme stage and after subsequent peroxide bleaching. They were 
compared with pulp that had undergone a control treatment, carried out 
under the same conditions. To simplify the discussion, differences in pulp 
brightness and kappa number were considered to be substantial when they 
were greater than 0.5 % ISO and 0.5 p t , respectively. 

For brownstocks derived from Douglas-fir and hemlock, treatment 
wi th xylanase d i d not lead to a direct increase in pulp brightness as 
compared to the control treatment (Figure 1). In most of these trials, a 
subsequent peroxide stage indicated that bleaching had been enhanced by 
the enzyme treatment. The exceptions were the pretreatment of the 
brownstock derived from Douglas-fir wi th Enzymes A and B, although 
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the former enzyme was found to enhance pulp brightness when a second 
peroxide stage was used (26). There is therefore no evidence that xylanase 
directly brightens brownstocks when used under conditions i n which it 
enhances subsequent peroxide bleaching. However, a direct decrease in 
kappa number was observed in most cases (Figure 1), the exceptions being 
the pretreatment of hemlock brownstock wi th Enzymes Β and E . Other 
trials wi th Enzyme Ε indicated that it can directly decrease the kappa 
number, but not increase the brightness, of the brownstock derived from 
hemlock as wel l as that from red cedar (Table I, trials l a , 2a & 3). Boiled 
enzyme controls were also performed for the experiments carried out with 
Enzyme E, and the results were essentially indistinguishable from those 
obtained with the water controls (data not shown). 

Douglas-fir Brownstock 

Ο 
m 
g 
m 

I 
PQ 
Ί 3 
C 
«s 
6 
*Ζ 
re 
α. 

Ο) 5β α 

Β Kappa No. after Χ 
Μ Brightness after X 
• Brightness after XQP 

« oo Ν 

iM v4 m T E T oo 

pulp #1 j pulp #2 

Hemlock Brownstock 

Enzyme 

Figure 1. Direct effects of three xylanases on brownstock kraft pulps 
derived from Douglas-fir and hemlock. Pulp sample #1 was tested 
using Enzymes A and Β while pulp sample #2 was tested with Enzyme 
E. The histograms show the net change from the controls, the values 
of which are reported at the base of the histograms. Error bars, when 
present, show the range for two replicate experiments. 
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Table I. The direct effects that Enzyme Ε has on various unbleached and partially bleached kraft pulps 

Directly after Enzyme Treatment Brightness after 
Sample Control Test Bleaching 

Trial Bleaching Wood Kappa Brightness AKappa ABrightness (%1SQ) 
Number Sequence Species No. (% ISO) No. (% ISO) Control Test (A) 

l a XQPP hemlock (#2) 26.6 24.7 -1.1 0 57.2 +0.7 
lb QPPX 57.1 +0.1 

2a XQPP hemlock (#2) 27.6 23.6 -0.6 +0.2 57.1 +1.3 
2b QPPX 57.2 +0.2 

3 XQP cedar 27.0 27.0 -0.7 -0.3 47.2 +0.6 

4 QPX cedar 14.5 47.5 +0.1 

5 QPX Douglas-fir 15.4 47.4 +0.1 

6 QPX hemlock (#2) 16.0 43.4 +0.2 

7 OXQP hemlock 14.8 35.6 -0.4 +0.1 61.8 +0.3 

 
 .ch023

In E
nzym

atic D
egradation of Insoluble C

arbohydrates; Saddler, J., et al.; 
A

C
S Sym

posium
 Series; A

m
erican C

hem
ical Society: W

ashington, D
C

, 1996. 



23. WONG ET AL· Xylanase Prebleaching of Softwood Kraft Pulp 357 

In general, our results agree with most of the other work reported on 
the direct effects that xylanase has on kraft pulps. Direct decrease in kappa 
number has been reported by several workers (18-23), but the case for 
direct brightening remains debatable. Direct brightening by xylanase was 
not found in a hardwood kraft pulp by Paice et al. (28) nor in an oxygen 
delignified softwood pulp by Pedersen et al. (24). However, it was reported 
in an oxygen delignified hardwood pulp by Pedersen et al. (24), and in both 
hardwood and softwood pulps by Yang and Eriksson (29). In our work 
with softwood brownstocks, it is not clear why the direct decrease in kappa 
number was not associated with direct pulp brightening. More work is 
therefore required to characterize the materials solubilized from the pulp. 

Our results on partially bleached kraft pulps suggest that they can be 
directly brightened by xylanase (Figure 2). Both Enzymes A and Β directly 
brightened two peroxide bleached pulps, whereas only Enzyme A 
brightened the oxygen delignified pulp. For Enzyme A , a direct decrease in 
the kappa number of the pulp was also observed. The scatter plot 
summarizing the results clearly shows that partially bleached pulps were 
directly brightened but not brownstocks. Although the degree of direct 
brightening d id not correspond to the brightness gain after subsequent 
peroxide bleaching (26), the direct effects that xylanase has on more fully 
bleached pulp warrant further investigation i n order to determine 
whether the enzyme can further brighten the pulp. 
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Figure 2. Relationship between direct brightening and direct decrease 
i n the kappa number of kraft pulps by xylanases. Samples include 
those shown on Figure 1 and Table I, and those previously reported 
(26). Symbols that are black, that carry a dot at their center and that are 
white correspond to brownstocks, oxygen delignified pulps and 
peroxide bleached pulps, respectively. Triangles, circles and squares 
correspond to cedar, Douglas-fir and hemlock, respectively. The 
enzyme used in the treatment is labelled with its corresponding letter. 
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Trials have been carried out on QPP-bleached pulp derived from 
hemlock using the purified xylanase, Enzyme Ε (Table I, trials l b & 2b). 
The results indicate that Enzyme Ε cannot directly brighten bleached kraft 
pulp derived from hemlock, even though it can enhance the bleaching of 
the brownstock (Table I, trials l a & 2a). Indeed, this enzyme was found to 
be unable to directly brighten peroxide bleached pulps from three wood 
species and oxygen delignified pulp derived from hemlock (Table I, trials 
4-7). The absence of direct brightening i n these cases could be due to 
several factors, such as the difference in the enzyme, pulp or start p H used. 
O n the other hand, it is also possible that the removal of metal ions 
during bleaching has reduced the hydrolytic efficiency of this enzyme, as 
has been reported for a similar xylanase purified from T. reesei (25). 

A n unexpected correlation was found between the amounts of U V -
absorbing material solubi l ized from pulp and the degree of direct 
brightening (Figure 3), but these two variables were not correlated with the 
direct decrease in kappa number (Figures 1 & 3). It would appears that U V 
absorbance might be more indicative of l ignin than kappa no., where a 
reaction wi th permanganate is the basis for measuring l ignin . It is 
therefore possible that some of the UV-absorbing material present in pulp 
do not react with permanganate or that some of the material reacting with 
permanaganate do not absorb in the U V range. For example, compounds 
other than l ignin might be oxidized by permanganate. These oxidizable 
compounds, along wi th certain l ignin structures, might have little 
absorbance i n the visible range and thus further complicate the 
relationship between pulp brightness and kappa no. These considerations 
could help explain how Enzyme A can decrease the kappa no. of different 
pulps to the same extent while solubil izing different amounts of U V -
absorbing material, and how Enzymes Β and Ε can decrease the kappa no. 
i n three cases without solubi l iz ing large amounts of UV-absorb ing 
material. 

O u r results indicate that xylanases may vary i n their abili ty to 
decrease the kappa number of kraft pulps, as has been reported previously 
(22). Xylanases may also vary in their ability to solubilize sugars from pulp 
(23,26,27). In our work, Enzyme A was found to be consistently more 
effective than Enzyme Β or Ε (Figure 4). The relationship between the 
solubilization of sugars or UV-absorbing material and the change in the 
brightness or l ignin content of pulp may be further clarified if these 
variables are examined in a specific pulp by changing enzyme loadings or 
reaction times. However, it may be difficult to resolve the relatively small 
changes in pulp brightness and lignin content. 

Al though our work does not eliminate the possibility that x y l a n -
derived chromophores occur in kraft pulp, it does suggest that they are not 
the sole explanation for the mechanism of xylanase prebleaching of kraft 
pulps. One reason is that when direct pulp brightening was observed in 
partially bleached pulps, the increase in pulp brightness was not the same 
as that achieved after additional peroxide bleaching (26). Furthermore, 
since direct brightening is generally associated wi th some decrease i n 
kappa number, it wou ld seem that the solubilization of xylan-derived 
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chromophores always leads to some solubilization of residual l ignin or 
l ignin-carbohydrate complexes. A n alternative explanation is that 
oxida t ion by permanganate does not d i s t inguish xy l an -de r ived 
chromophores from lignin. This possibility reflects the limitations of the 
approach used in the present study as well as the techniques available for 
differentiating l ign in -con ta in ing components from xy l an -de r ived 
chromophores. There is also a lack of methods to examine the effects that 
'non-chromophoric* xylan has on the light-scattering properties of pulp. 
It appears that further investigation of the other three hypotheses 
concerning the mechanism of xylanase prebleaching may be more fruitful. 
Recent reports have indicated that larger l ignin molecules can be extracted 
from kraft pulp with alkali after a treatment with xylanase (28,29) and that 
xylanase can reduce the molecular mass of the UV-absorbing material i n 
xylan-containing extracts from kraft pulps (30). 
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Figure 3. The solubilization of UV-absorbing material from kraft 
pulps and its relationship wi th direct brightening and decrease in the 
kappa number of pulp. Symbols and lettering follow the convention 
indicated in the legend of Figure 2. 
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Figure 4. The solubil ization of sugars from kraft pulps and its 
relationship with direct brightening and decrease in the kappa number 
of pulp. Symbols and lettering follow the convention indicated in the 
legend of Figure 2. 

Conclusions 

• Xylanases varied in their ability to directly decrease the kappa number 
or increase the brightness of kraft pulp 

• Direct decrease in kappa number was observed in most cases 
• Direct brightening was only observed in partially bleached kraft pulp 
• Direct brightening seemed to be correlated wi th the solubilization of 

UV-absorbing materials rather than the solubilization of sugars 
• Evidence d id not indicate that xylan-derived chromophores constitute 

the sole target substrate during xylanase prebleaching 
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