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Introduction

It1s well known that cellulosic biomass photosynthesized by solar energy with CO,
and H,O is one of the most importan( energy reservoirs and renewable resources on
the earth. Therefore, its effective utilization through biological process will be an
important key to overcome the shortage of foods, feeds and fuels, which will hit us in
the near future because of the explosive increase in human population. Since the main
components of the biomass are polymers consisting of glucose and other related
sugars. they will become the main carbon and energy sources for microbial fermenta-
tion when they are converted into monosaccharides. However, because biomass
largely originates from rigid tissue consisting of cellutose, hemicellulose, lignin and
protein. effective methods of solubilization must be devised. For enhancing solubiti-
zation of fibrous plant materials, ceflulases and refated enzymes with higher activity
and their genes have been screened for a long time. So far, more than 200 genes
cncoding cellulases and related enzymes have been cloned and characierized geneli-
cally and biochemically. This work has been summarized elsewhere {Béguin and
Aubert. 1994; Shimada er al.. 19%4; Tomme er al., 1995b), New. findings about
cellulolytic enzymes and their genes have appeared since these reviews were pub-
lished. as the pace of progress is continuously accelerating. Based on these fundamental
data. functions of the cellulolytic enzymes have been clarified and will be improved
further by using recombinant DNA techniques. Construction of new host-vector
systems for celtulolytic rumen anaercbes gives us a clue to breeding cellulolytic
microorganisms, leading to efficient digestion of grass in cattle. Softening of the plant
tissue has been already attempted by integrating genes encoding plant cell wall-
degrading enzymes such as cellulases and xylanases into plants. In addition. industrial
application of cellulases for biopulping and for improving laundry detergents have
been realized. In this review, we attempt to summarize some important results on the
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characterization of cellulases and xylanases from the recent papers. We also describe
industrial application of cellulases and xylanases, and molecular breeding of ceitulo-
lytic organisms.

Molecular structures of cellulases
CATALYTIC DOMAINS OF CELLULASES AND XYL ANASES

Modular structures of cellulases

The fungal and bacterial cellulases usuatly comprise twe or more structural and
functional domains, i.e., a catalytic domain joined to a cellulose-binding domain
(CBD) is acommon arrangement in enzymes of non-complexed systems from aerobic
organisms, and a catalytic domain joined to a dockerin domain which is responsible
for the cellulosome assembly is a common arrangement in enzymes of complexed
systems from some anaerobic organisms such as Clostridiumn thermocellum {Bayeret
al., 1994; Béguin and Lemaire, 1996). In addition to these domains, many cellulases
and xylanases include S-layer homologous (SLLH) domain, fibronectin-type IH do-
main, NodB-like domain, and various regions of unknown function (Tomme ef o/,
[995b). These domains are often connected by linker sequences enriched in Pro and
hydroxyamino acids (Thr and Ser). In Tuble I, data on domain organizations of
cellulases and xylanases are collected, including the sizes of enzymes and the location
of functional domains in each polypeptide. Among various domains, catalytic and
cellulose-binding domains are generally recognized to be important for hydrolysis of
cellulose. Therefore, this short review focuses on the structure and function of these
two important domains.

Classification of catalytic domains

Catalytic domains of cellulases and xylanases were first classified into 6 families with
alphabetical letters, i.¢., families A to F, on the basis of amino acid sequence homology
and hydrophobic cluster analysis by Henrissat er al. (1989). Six families were later
added to the classification (Tomme et al., 1995b). On the other hand, Henrissat and
Bairach (1993, 1996) compared all the available sequences of glycosyl hydrolases
(E.C. 3.2.1.x), using hydrophobic cluster analysis, and classified these enzymes into
families with Arabic numerals, currently families I to 58 (Henrissat and Bairoch,
1996). Recently, they have constructed a permanently updated version of the classifi-
cation, which is available through the ExXPASy WWW server at the URL: *http://
expasy.hcuge.ch/cgi-bin/lists 7glycosid.txt’. The classification of glycosyl hydrolase
related to degradation of cellulose and xylan is summarized in Table 2. Since this
classification is based on the structural features of the glycosyl hydrolases, it is not
necessarily consistent with the JUB enzyme nomenclature of this class of enzymes,
which is based on substrate specificity. For example, family I includes various
enzymes with different EC number such as B-glucosidase (3.2.1.21), 6-phospho-J3-
galactosidase (3.2.1.85), 6-phospho-B-glucosidase (3.2.1.86), lactase-phlorizin
hydrolase (3.2.1.108), and myrosinase {3.2.3.1). Family 5 comprises endoglucanase
(EC 3.2.1.4), B-mannanase (EC 3.2.1.78), exo-1.3-glycanase (EC 3.2.1.58), and
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cellebiohydrolase (EC 3.2.1.91). The fact that there are differences in substrate
specificities among the enzymes belonging to the same family suggesis that substrate
specificities vary, depending on slight differences in tertiary structures derived from
amino acid replacements. On the other hand, the catalytic mechanism of enzymes in
a certain family seeins to be invariable. Fundamentally, there are two catalytic
mechanisms. a retaining mechanism and an inverting mechanism. Hydeolysis of (-
glucosidic linkage proceeds stereoselectively by the catalysis of glycosyl bydrolases.
I the retaining mechanism. the reaction proceeds in two steps (double displacement
reaction’ leading to retention of configuration at the level of ancmeric carboa. In the
inverting mechanism. the reaction proceeds in a single step (single dispiacement

Table 2. Classification of enzymes involved in cellujose and xylan hydrolysis based on amino acid
sequence similaritics tHenrissat and Bairoch. 1993 Henrissat and Bairoch. 1996; Gebler 1 al., 1992;
Shen er ol 1993 Kawaminami er af.. 1995)

Family Enzyme EC 321X Mechanism

GBLUL PRGAL. PBGLU, LPH. MYRO 21.85.86.108.(3.2.3.1) Retaining

|

3 BGLU 2 Retaining
5 1A} EG. BMAN.EX-1.3-G. CBH 4.78.58.91 Retaining
6 [B] EG. CBH 4.91 Inverting
7 1C) G, CBH 4.91 Retaining
8 [} EG. LIC 4.73 Inverting
9 [E] EG 4 Inverting
1) |17} XYN. CBH 8. 91 Retaining
G X¥YN 3 Rezaining
12 [H] EG 4 Retaining
26 |1} EG. BMAN 1,78

39 BXYL. AIDU 37.76 Retaining
43 BXYI.. ARAF 37.55 Inverting
FESN EG B Inverting
15 K| EG 4 Inverting
48 1.1 EG. CBH 4. 91 Inverting

BGELL Beglucosidase. PRGAL: phospho-f-galactosidase. PBGLLUL phospho-f-glucosidase. LPH: lactase-phlorizin
hydrolase. MYRO: myrosinase. EG. endoglucanase, BMAN: [J-mannanase. EX-1.3-G: cxo-1.3-glycanase. CBH:
cellobiohydrolase, LIC: lichenase. XYN: xvlanase. BXYL: B-xviosidase, AIDU: o-iduronidase. ARAF: o
arabine lranosidase,

reaction) leading to inversion of configuration at the level of anomeric carbon.
Enzymes belonging to families 1, 3,5, 7, 10, [, 12 and 39 catalyze hydrolysis of -
giucosidic linkage by the retaining mechanism and enzymes 6. 8, 9, 43, 44, 45 and 48
catalyze hydrolysis by the inverting mechanism (Table 2). The former mechanism is
represented by Celltdomonas fimi exoglucanase/xylanase Cex {recently renamed as
XynB) (Tull and Withers. 1994; MacLeod er al., 1994; Tomme et af., 1995b). In the
first step. cleavage of the giycosidic bond is promoted by an acidic group, Giu-127
{proton donor). which denetes a proton to the glycosidic oxygen. Cleavage of the bond
results in the release of a fragment carrying a new non-reducing end group and the
formation of a glycosyl-enzyme intermediate via oxocarbonium ion-like transition
states. The nucleophile Giu-233, which was identified by using a mechanism-based
infitbitor. participates in the formation of a glycosyl-enzyme intermediate. In the
second step. this intermediate is hydrolyzed by Glu- 127 via an oxocarbonium ion-like
transiion state. The intermediate formed during catalysis was trapped using a mecha-
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nism-based inhibitor (Tull et af., 1991). Thus, successive inversion leads to overall
retention of configuration at the level of the anomeric carbon. The inverting mecha-
nism is represented by C. thermocellum endoglucanase CelD (Béguin and Aubert,
1992: Béguin and Lemaire, 1996). Glycosidic oxygen is protonated by a proton donor
(Glu-555). Simultaneously, a nucleophile, the negatively charged Asp-201 residue,
promotes the ionization of a water molecule. The resulting OH ion attacks the
anormeric center directly, thus leading 10 inversion of the configuration. In this case, no
glycosyl-enzyme intermediate is formed while the reaction proceeds via oxocarboniurm
ion-like transition state.

Three-dinensional structures of cellulases and xylunases

The resolution of three-dimensional structures of the enzymes is indispensable for
understanding the catalytic mechanism and the difference in substrate specificities
among the enzymes belonging to the same family, and for improving further the
function of enzymatic properties through protein engineering. In this context, the
number of cellulases and xylanases whose three-dimensional structures have been
solved is rapidly increasing. Currently three-dimensional structures have been solved
for enzymes from families 5,6, 7, 8, 9, 10, 11 and 45.

The three-dimensional structure of C. thermocellum endoglucanase CelC, a mem-
ber of the targest cellulase family (family 5), is determined by X-ray crystatlography
at 2.15 A solution using multiple isomorphous replacement and density averaging
between two crystal forms (Dominguez et al., 1995). The protein is a cylindrical (o/
), barrel, which was first observed in triose phosphate isomerase and hence called
the TIM barrel, with two -bulges at strands 3 and 7 and an acidic cleft containing the
active site on the carboxyl-terminal side of the barrel. A segment of 54 amino acids
adjacent 1o the active site cleft of CelC folds into a distinct subdomain consisting of
fourci-helixes and a short, two-stranded B-structure. The subdomain which is inserted
between strand 6 and helix 6 extends the top of the barrel on one side, thus creating a
deep substrate-binding cleft. Glu-280, identified as the nucleophile in catalysis, lies at
the bottom of the active-site crevice. Cellotriose binds to the bottom of the crevice,
adjacent to Glu-280 and in contact with Asn-139, His-90 and Glu-£40. Glu- 140 is the
proton donor in the catalytic reaction. The cryseal structure of Clostridium cellulolyticum
endoglucanase CelCCA, a member of farnily 5, is also solved at aresolution of 1.6 A
(Ducros er af.. 1995). The overall structural fold of CelCCA, (ou’ﬁ)8 barrel, resembles
that of CeiC. The proton donor, Glu-170, and the nucieophile, Glu-307, are located on
B-strands 4 and 7, respectively, as in CelC. Since CelCCA carries a deletion of
subdomain present in CelC and the specific specificities of them are slightly different
from each other (Schwarz et al., 1988; Fierobe et al., 1991), comparison between the
structures of them should disclose the structural determinants mfluencing catalytic
specificity.

Trichoderma reesei cellobiohydrolase Cbhll, a member of family 6, is the first
enzyme whose catalytic domain structure was solved by X-ray crystallography at
2.0 A resolution (Rouvinen er al., 1990). The molecule is a o/B barrel made up of
seven parallel strands of which the first six strands are connected by ct-helixes but the
connection between the sixth and seventh strands is irregular. This fold is similar to but
different from (/) barrel. Two of the loops at the carboxyl-terminal end of the barrel



Structure of cellidases and their applications 379

are extensive. Side chains from these loops and from the barre] form an almost
perfectly enclosed 20 ﬁ\—long tunnek through which the non-reducing end of the
celiufose threads. Asp-221 and Asp-175 residues located in the center of the tunnel are
assigned to the proton donor and the nucleophile, respectively. Four clear binding sites
(subsites) for glucosyl units referred to as A, B, C and D exist in the tunne] and the site
of cellulose cleavage is likely to be between B and C. This structure, therefore, gives
the protein cellobichydrolase activity, i.e., exo-type activity. On the other hand,
Thermomonospora fusca endoglucanase E2 is also classified in family 6. The fold of
the catalytic domain of E2 is equivalent to that of T. reesei Cbhill. however, there is a
significance difference in the organization of the active site (Spezio et al., 1993). In
contrast with the finding that the active site of Cbhll is almost enclosed, the active site
cleft of E2. approximately | 1 A deep and running the entire length of the molecule, is
completely free for ligand binding in the crystal. The difference in the organization of
the active site between Cbhll and E2 suggests that the main difference between endo-
and exo-cellulases is the degree to which their active sites are accessible to substrate.

The structure of the family 7 catalytic domain from T. reesei cellobiohydrolase
Cbhl is determined at 1.8 A resolution (Divine ef al., 1994). The protein comprises a
large. single domain with overall dimensions of approximately 60 A by 50 A by 40 A.
About one-third of this 434-residue domain is arranged in two large antiparellel -
sheets that stack face-to-face to form a [f-sandwich. Except for four short a-helixes,
the rest of the protein consists almost entirely of loops connecting the 8-strands. The
two 3-sheets are highly curved. forming concave and convex faces that contain seven
and eight antiparallel 3-strands, respectively, Most of the loops between strands in the
convex sheet are short. whereas those in the concave sheet and the conrnections
between sheets are lenger. Together with local twists in some of the strands, this
creates a 40 A-long tunnel that runs the length of the concave sheet. The tunnel is the
binding site of the substrate and the active site. Glu-217 is the proton denor and Glu-
212 is the nucleophile. This structure is very similar to those of bacterial B-glucanases
(lichenases) of family 16 with the main-chain {opology of the plant legume lectins.
Although family 7 contains endoglucanases in addition to cellobiohydrolase, the
three-dimensional structures of endoglucanases in this family have not been reported.

The crystal structure of C. thermocelium endoglucanase CelA, a family § catalytic
domain. is determined at .65 A resolution (Alzarier al.. 1996). The protein folds into
aregular (0/0)6 barrel formed by six inner and six outer &t-helixes. The globular core
has an overall spherical form about 50 A in diameter with a long acidic cleft running
across the molecular surface at the N-terminal end of the central helixes. Cello-
oligosaccharides bind to an acidic cleft which contains at feast five glycosyl-binding
subsites (A-E from the non-reducing end of the substrate). Although substrate binding
promotes no significant confornmational rearrangements in the active site, the cellulose
chain is clearly bent within the enzyme cleft upen binding. The scissile glycosidic
linkage occurs between subsites C and D. The Glu-95 residue is the proton donor in the
catalylic mechanism and either Asp-152 or Asp-278 seem to serve as general base
catalyst whiie the general base catalyst must be clearly identified by further structural
evidence.

The three-dimensicnal structure of the family 9 catalytic domain of C. thermocellum
Cell) is determined by X-ray crystallography at 2.3 A resolution (Juy ef al., 1992).
CelD has a globutar, slightly elongated, shape with rough dimensions of 50 x 50 x
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70 A. It contains two distinet structural domains, a small N-terminal §-barrel and a
targer ¢-helical domain, the overall topology of which is as in the immunoglobulin-
like domain tightly packed against a larger catalytic domain. The latter shows a protein
fold shaped like an (o/ai), barrel of 12 helices connected by loops that form the active
site, in which a long, open groove runs across one face of the molecule. The fong
groove contains the active site. Glu-555 acts as a proton donor in the reaction and Asp-
201 is the nucleophile (Chauvaux er al.. 1992). Since the structure of the active sites
of CelD is similarto that of lvsozyme. a scissile glycosidic bond lies between the D and
E subsites when glucosyl-subsites are labeled A to F from the non-reducing end of the
oligosaccharide. with the catalytic residues positioned on both sides of it. As described
above. family § CelA folds into the (oo, barrel topology in addition to family 9
CelD. although they have unrelated amino acid sequences (Béguin er ¢f., 1985; Joliff
eral. 1980) Both enzymes have an acidic active site cleft on the N-terminal end of the
inner o-helices and hydrolyze the glycosidic linkage via an inverting mechanism.
Because of dissimilar packing of o-helices within the barrel, however, there are
important differences in their structures, i.e.. the cross-section is nearly circular in
CelA but more elliptical in CeiD and the architecture and orientation of the corre-
sponding active site clefts differ considerably.

The three-dimensional structures of the family 10 catalytic domains are reported for
Streptomyees lividans xylanase XInA (Derewendaet al., 1994), C. fimi Cex (Whiteer
al., 1994}, Psewdomonas fluorescens xylanase XynA (Harris et «f., 1994), and C.
thermocellnm xylanase XynZ (Dominguez er al., 1995). The catalytic domain of S.
lividans XInA exhibits a tertiary fold of a typicat (o/f3), barrel. similarto the structure
of family 5 catalytic domains. Seen from the side the molecule has a ‘salad bow!’
shape. The face of the molecuie on the carboxyl-terminal side of the §-barrel {or the
top face) has a larger radius. ~45 A, due to a more elaborate architecture of the (3-ex
loops The bottom face, consisting of asimple - turns. has aradius of approximately
30 A. The active site is formed by an acidic cleft on the carboxyl-terminal side of the
j-barrel. Glu- 128 as the proton donor and Glu-236 as the nucleophite are located at the
carboxyl-terminal ends of strands 4 and 7, respectively. The three-dimensional
structures of other catalytic domains in family 10 are very similar to the protein fold
of XinA described above. Two glutamates, 128 and 236 in XinA, are conserved as
Glu-127 and Glu-233 in C. fimi Cex. Glu-127 and Glu-246 in P. fluorescens XynA,
and Glu-645 and Glu-754 in C. thermocellum XynZ. In C. fimi Cex, the two key
catalytic residues are suitably dl\pOSCd within the site, with their carboxyl groups

facing together at a separation of 5.5 A. This separation is similar to that in other
retaining B-glycanases whose structures have been determined, i.e., 5.4 A between
Glu-78 and Glu-172 for the Bacillus circulans xylanase (Campbell er al., 1993) and
5.5 A between Asp-52 and Glu-35 of hen egg white lysozyme (Imote ef af., 1972}
Such a separation is presumably optimal for the efficient formation of a glycosyl-
enzyme intermediate on Glu-233 of Cex, while at the same time allowing Glu-127 to
protonate the departing aglycone in a concerted manner. Xylopentaose binds 1o five
subsites A-E of Psewdomonas fluorescens xylanase XynA and is cleaved between
subsites D and E.

Three-dimensional structures of family 11 catalytic domains are reported for
Bacillus puniilus xylanase XynA (Katsube et af., 1990), Trichoderma harziqnuem
xytanase (Campbelleral.. 1993). and 7. reesei xylanase Xynl(Térronen and Rouvinen,
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1995) and Xynll (Torrénen er al., 1994; Torrdnen and Rouvinen, 1995). Xyni and
Xynll. major xylanases from 7. reesei, are highly homologous (sequence identity
approximately 50%). Overall structures of Xynk and Xynll resemble each other. i.e.,
both enzymes exist as a single domain that contains two mostly antiparallel B-sheets
which are packed against each other. The B-sheel structure is twisted, forming a large
clefton one side where the active site is situated. The proton donor and the nucleophiles
are Glu-164 and Glu-75 in Xynl, and Glu-177 and Giu-86 in Xynll, respectively. The
width of the active site cleft and the number of subsites are different in these enzymes.
The active site of Xynl is narrower in Xynf and appears to contain only three subsites
(A-C from the non-reducing end of the substrate) and the scissile glycosidic linkage
occurs between subsites B and C. On the other hand, XynlI most probably contains
five subsites {A-E from the non-reducing end of the substrate) and the scissile
glycosidic linkage occurs between subsites B and C. In spite of overall resemblance of
their tertiary structures, there is a difference in their pH optimum. Xynl is an acidic
xylanase, being active in the pH range of 3-6 with maximum activity at pH 3.5,
whereas Xynll is active over a larger pH range of 4-8, having a maximum at pH 5.3.
The pH optimum depends mostly on the properties of the acid/base catalyst. The
confermational change observed at pH 6.5 in XynllI places the carboxylate group of
Glu-177 in a totalty different position to change its pKa value, leading to the shilt of
the active pH range of Xynlk. Alternatively, the pH optimum difference between these
enzymes is explained by the variation in the hydrogen bonding of the acid/base
catalyst. In Xynl, Asp-33 makes a strong hydrogen bond to Glu-164. This lowers the
pKa value of this glutamic acid. On the other hand, the Asp-33 residue of Xynl is
replaced with an asparagine residue (Asn-44} in Xynll. Therefore, interaction be-
tween Glu-177 and Asn-44 in Xynll is weaker than the corresponding one in Xynl.
This may raise the pKa value of Glu-177 and affects the pH optimum of the enzyme.
In case of B. pumilus XynA (Katsube et al.. 1990, although the structure was
predominantly characterized as three large -sheets but not two f-sheets, it is actually
similar to the structures of 7, reesei xylanases.

An endoglucanase of family 12 from Aspergilius aculeatus shows no sequence
homology on the level of primary structure, but has a three-dimensional structure
simifar to that of family I | catalytic domains described above (Okada, 1991: Torronen
et al.. 1993),

Among family 45 cellulases. the catalytic domain of Humicola insolens
endogiucanase EGV is determined by X-ray analysis at 1.6 A (Davies er al., 1995).
The enzyme has a flattened sphercidal shape with rough dimenstons ofd2x42x22 A
The major structural feature is a six-stranded B-barrel domain. The barrel core of the
structure is similar 1o that found in ‘barwin’. a plant defence protein (Ludvigsen and
Poulson. 1992). A large deep groove runs across the surface of the molecule,
partitioning the B-barrel from the loop region. Two aspartates, Asp-10 and Asp-121,
are identified as critical residues for activity by site-directed mutagenesis. They are
located on either side of the groove with their Cot atoms some 11.5 A apart, EGV has
seven subsites for sugar binding. subsites A-G, aiding cleavage of the glycosidic bond
between subsites D and E.

As described above. comparison of the crystalline structures shows that there is
common protein fold and similar active site in two unrelated families, i.e., families 5
and 10 (Dominguez ef al.. 1995), and families {1 and 12 (Torronen and Rouvinen,
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1995: Okada, 1991). Jenkins ef af. (1995) compared the recently determined crystal-
line structures and sequences of B-glycanases, i.e., family 5 cellulase. {amily 10
xylanase. 1.3-B-glucanase. 1.3-.1.4-B-glucanase, and B-galactosidase and concluded
that they belong 1o a superfamily of 8-fold o/ barrels with similar amino acid residues
at their active sites. They termed this group the 4/7 superfamily on the basis of the
findings that the nucieophile. a glutamate residue, is located close (o the carboxyl-
terminus of B-strand seven and these enzymes have the sequence Asn-Glu close to the
carboxyl-terminus of P-strand four. On the other hand. Henrissat er af. (1995)
compared the regions surrounding the catatytic amino acids previously identified in a
few retaining giycosyl hydrotases. by hydrophobic cluster analysis, and they con-
cluded that the enzymes of families 1. 2. 5, 10, 30. 35, 39 and 42 which share a (a/P),
barrel structure evolved from the same ancestral (_ot/[i)ﬁ barrel structure and acquired
adiversified substrate specificity through evolutionary events. More recently, Henrissat
and Bairoch introduced a new concept ‘clan’ into classification of glycosyl hydrelase
(Henrissat and Bairoch, 1996), Clan grouping of glycosyl hydrolase is shown in Table
3. A “clan” is a group of families that are thought to have a common ancestey and are
recognized by significant simifarities in tertiary structure together with conservation
of the catalytic residues and catalytic mechanism.

Table 3. Clan grouping of glycosyl hydrolase families (Henrissal and Bairoch. 1996)

Clan Families grouped

GH-A 2050000 17,30, 35,3942, 53
GH-B 7.16

GH-C 112

GH-D> 27,36

GH-E 333

Family 12 comains [b-glucesidases, §-phospho-B-patactosidases. 6-phospho-fA-glucosidases. pactase-phlorizin
hydrolases. mvrosinases

Family 20 B-galaciosidases. f-ghicosidases
Fanily 5 endoghecanases. B-mannanases. exo- . 3-glycanases

Family 1 xvianases

Family 17: endo-1.3-B-glucosidases, lichenases

Fanuly 30- mammalian giucosylceramidases

Family 35 Bopalactosidases

Family 39 mammatian o-L-iduronidases. bacterial B-xylosidases
Family 42: fi-galactosidascs

Pamily 33 endo-1.4-fB-galactanases

Family  7: endoglucanases. cellohiohydrolases

Family 16; fichenises

Family 1} xvlanases

Family 120 endoghicanases

Family 27. e-galactosidases, o-N-acetylgatactosaminidase
Family 36: o-galactosidases

Famify 33: sjalidases

Family 34: sialidases tinfluenza neuraminidases)

Improvement of cellulase function by mutagenesis of catalvtic domains

Itis generally believed that enzymes have become well-adapted to their physiological
environment and are at their optimum state. If this is true, the improvement of enzymes
has to be carried out by wetl-designed site-directed mutagenesis rather than by random
mutagenesis. Accumutation of data on three-dimensional structures of cellulases and
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xylanases enables us to identify amino acid residues of a cerlain enzyme which are
important for expressing its characteristic properties and to introduce mutations in the
target positions 1o change the properties by site-directed mutagenesis. One successful
example of such mutagenesis is conversien of exoceltobiohydrotase activity of C. fimi
ChhA (0 endo-glucanase activity by deletion of a surface loop (Meinke ef af.. 1995).
Asdescrihed above. the comparison between three-dimensional structures of - reesei
Chhil and 7. fusca E2 belonging to family 6 suggested that the basic difference
hetween exo- and endoglucanase is the accessibility of their active sites 10 internal -
I.4-glucosidic bonds in polymeric substrates, i.c., the exoglucanase contains the
tunnel-shapest active site which restricts hydrolysis to B- 1.4-glucosidic bonds at the
ends of cellulose molecules. reversely, the endoglucanase has the active site which is
open against the substrate. If this is the case. the remeval of a surface foop of the
exoglucanase covering its active site to form a turnel should unhinder the active site
against the subsirate, leading to enhancement of endoglucanase activity, When this
hypothesis was examined by deletion of a region in C. finid cellobiohydrolase CbhA
corresponding o part of the carboxyl-proximal loop of T. reesei Chhll, the mutation
actually enhanced the endoglucanase activity of the enzyme cn CMC and altered its
activities on some small substrates. suggesting that academic researches on the
structures and functions of many cellulases and xylanases lead to applicative studies
such as molecular breeding of the enzymes.

Simitarly. data on three-dimensional structures of cellulases and xylanases may
enabie us to change their enzymatic properties, such as optimum pH and substrate
specificities. Since difference in optimum pHs between closely related xylanases
Xynl and Xynll of 7. reesei were ascribed to different hydrogen bondings of the
catalytic residues (see above), displacement of the amino acid residues involved in the
hydrogen bonding formation with the calalytic amino acids may change the optimum
pH of the target enzyme. Both C. celluloiviicum CelCCA and C. thermocellum CelC
are endoglucanases belonging to family 5. The former is active on xylan as well as on
cellulosic materials (Fierobeer al.. 1991} but the latter is not (Schwarzet ¢f.. 1988).C.
Simi Cex (XynB) in family 10 hydrolyses CMC in exo-mede in addition to xylan
(Gitkes et f., 1991) while C. thermocellum XynZ (Grépinet ef ¢/, 1988a, b), in the
same family. is not active on CMC. These differences in the substrate specificities are
thought o be due to slight differeaces in tertiary structures at active sites; detailed
comparison between the structures of these enzyimes should disclose the structural
determinants influencing catalytic specificity, leading to an artificial change of
substrate specificity of a larget enzyme.

In general. enzymes from thermophilic organisms are thermophilic and those {rom
mesophilic arganisms are mesophilic even though they belong to the same family.
This suggests that enzymes may not be at their optimal state with respect (o stability,
i.e.. stability-increased mutants may be isolated by artificial mutagenesis. Since the
mechanism of stabilization of enzymes is not clear, unfortunately, random mutagen-
esis should be a strong method for the stabilization of enzymes. The xynA gene of B.
pumiles was randomly mutagenized by chemical reagents (Arase er al.. 1993). As a
result of screening for heat-resistant mutants, four heat-resistant mutants were selected
from 60.000 mutant genes, and Gly-38 and Ser-12 were assigned as the main target
points for stability-increasing mutations. By substituting other amino acid residues at
these points, the mutations at these points can be optimized for the stabilization of this
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enzyme. In conclusion. random mutagenesis provides us not only with some desired
mutants but also with many promising strategies for further improvement of the
mutants if the three-dimensional structure of the enzyme is known.

CELLULOSE-BINDING DOMAINS (CBDS) OF CELLULASES AND XYLANASES

Efficient enzymatic degradation of insoluble polysaccharides often requires a tight
interaction between the enzymes and their substrates. In the case of cellulose degrada-
tion. many cellulases are known to bind to crystalline and/or amorphous cellulose via
cellulose-binding domains (CBDs) which are distinct from catalytic domains. In most
cases. CBDs are separated from catalytic domains by linker sequences which are
highly enriched in proline and hydroxyamino acids as described below. CBDs are also
found in xylanases (Sakka er af., 1993: Millward-Sadler er al., 1994} and other plant
cell wall hydrolases, such aso-L-arabinofuranosidase and acetylxylan esterase (Ferreria
e al.. 1993) and B-mannanase (Stalbrand et ¢l., 1995) in addition to endoglucanases
and exoglucanases. It seems iliogical for an enzyme to have an affinity with a substrate
which cannot be hydrolysed. But this is not surprising since various types of enzymes,
including xylanase and other hemiceliulases, are necessary to act cooperatively on
plant cell walls which consist of cellulose, hemiceliulose and lignin and the binding of
hemicellulases 10 cellulose vig CBDs should be advantageous in hydrolysis of
hemicellulose in plant cell walls. Although xylan-binding domains have also been
reported {Black e al.. 19935) in xylanase, the widely distributed substrate-binding
domains in xylanases are probably CBD, due to the high frequency of adsorption to the
homogeneous cellulose. If xylan-binding domains specifically evolved for each
xylan, a variety of xylan-binding domains have to be examined because of the
heterogeneity of xylan caused by variations in plant growth conditions such as weather
or plant species, It might be ineffective 10 waste the gene capacity for only xylan
degradation. Therefore. xylanases have chosen the simplest way to integrate CBD.
CBDs are present in both bacterial and fungal enzymes. CBDs exhibit cellmlose-
binding activity even if they are separated from catalytic domains by proteolysis
(Gilkes er al.. 1988: Changs and Wilson, 1988; Owolabi et al., 1988; McGavin and
Forsberg, 1989; Jauris er al.. 1990) or by gene manipulation (Din et al.. 1991:
Coutinhoeral., 1992: Ongetal., 1993; Goldsteiner af., 1993: Bruneral., 1995: Morag
et al., 1995). Furthermore. CBDs retain their functions in hybrid proteins which
consist of a CBD and a catalytic domain derived from different origins (Poole et al.,
1991: Maglione er o/.. 1992; Tomme er al.. 1995a; Karita ef al., 1996).

Klyosov reported that for effective hydrolysis of erystalline cellulose. not only the
quantity of cellulases but alse the ability to absorb tightly on cellulose is essential.
Some tightly bound enzymes induce expansion of the cellulose surface fotlowed by a
release of small particles (Klyosov, 1990), This suggests that binding of enzymes to
celluose is one of the important factors for degradation of cellulose. Removal of
CBDs from some cellulases severely reduces their activities against insoluble cellu-
lose (Tomme er ¢l.. 1988; Gilkes et al., 1988; Ghangas and Wilson, 1988; Stahlberg
etal. 1988: Irwiner al., 1933; Haller af., 1995). A CBD from C. fimi CenA expressed
in £ coli without any catalytic activity disrupts the structure of cellulose fibres and
fragments it, but produces no detectable amount of reducing sugars (Dinef al.. 1991).
Conversely. artificial addition of a heterologous CBD on a catalytic domain increases
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its specific activities on inscluble cellulose afllomorphs {Maglioneef al.. 19923, These
results show that CBDs seem to have a role in disruption and dispersion of cellutose
crystalline. On the other hand. there is a report stating that the function of CBI is
restricled to enhancing cellulose-hydrolysing efficiency of the catalytic domain by
increasing the adsorption partition coefficient on crystalline cellulose (Nidetzkyer ai..
1994), FThe functions of CBDs may vary depending on their origins.

Strength of binding of CBD to the substrate differs according to the source of the
CBD or CBD family (see below). The CBDs from cellulases and xylanases of P.
Sflucrescens subsp. cellulosa exhibit high affinity to cellulose and the enzyme once
adsorbed onto cetlulose can be quantitatively eluted from cellulose-enzyme complex
by boiling in 10% SDS (Poole ¢ ai.. 1991). The CBDs of CenA from C. fini (Gilkes
eral.. 1988) and an endoglucanase E2 from 7. fitsc (Ghangaser al_, 1989) bind tightly
1o celiulose and can be eluted by 8M and 6M guanidine hydrochleride, respectively.
Interaction between cellulose of CeiE from C. thermocellum (Durrant et af., 1991y or
CelZ from C. stercorarium {Jaugis et al., 1990} is affected by ionic strength. and these
enzymes can be recovered by elution with distilled water, XynA fromC. stercorarium
can be desorped from the cellulose-XynA by cellobiose (Takada ef al., 1996).

By comparing the amino acid sequences of CBDs, they are grouped into ten
families. i.c.. Families I to X (Tomme er al.. 1995¢) using Roman numerals, as
proposed by Coutinho er al. (1992), to avoid confusion with the Arabic numbering
scheme for catalytic domain classification {Hearissat and Bairoch, 1993},

Family I CBDs, including 36 members, are peculiar te fungal enzymes, including
endogiucanases, cellobiohydrolases. xylanases and mannanases (Tomme ef al.. 1995a).
These are composed of a relatively smali number of amino acids, about 36. and the
amino acid sequences are highly conserved. The CBD of cellobiohydrotase F(CBHI)
from T. reesei is a wedge-shaped P-sheet structure composed of three antiparalled
strands with ene hydrophobic and one hydrophitic face (Kraulis ef af., 1989). The
hydrophilic surface contains three conserved tyrosine residues. One of them (Y492),
located at the tip of the wedge-shaped domain, is essential for functionality (Reinikainen
et al.. 1992, 1995). At least two tyrosine residues. including Y492, and a glutamine
resjdue on the hydrophilic face are essential for tight binding of CBD to celiutose
(Linder er al.. 1995a). The cellulose-binding affinities of CBDs of CBHI and
endoglucanase I (EGI) have been compared. The CBD of EGI has significantly higher
affinity than that of CBHI. This difference could be ascribed to a repilacement of a
tyrosine by a tryptophan on the hydrophilic face (Linderef al., 1995b). The binding of
CBHI vie CBD to cellulose was significantly affected by ionic strength, suggesting
that interaction between ceilulose and CBD includes hydrophobic effect {(Reinikainen
ef al.. 1995).

Family 1T CBDs are composed of about 100 amino acid residues and are found in
bacterial hydroiases such as cellulases, xylanases, one o-L-arabinofuranosidase, two
acetylxylan esterase and two chitinases. Presently, 36 CBDs are known to belong 1o
this family (Tomme er af., 1995h). in which several highly conserved aromatic
residues are implicated in substrate binding (Poole ef al.. 1993: Din er al.. 1994a).
Structural analysis by NMR indicates that the family 1I CBD from the C. fimi
exoglucanase Cex forms an extensive §-sheet structure with a f-barrel fold. Two
tryptophan residues participate in cellulose binding (Xu et a/., 1993). The family II
CBD isclated from C. fini endoglucanase CenA dissupts the structure of cellulose
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fibres under electron microscopic observations (Din er af., 1991). When the CBDs
from CenA and Cex. which have no detectable cellulolytic activity, are incubated with
crystalline cellulose, they refease smail particies from the cellulose (Din ef af., 1991
Tomme er ¢l . 1995a). suggesting that these CBDs loosen hydrogen bonds between
microfibrils of celiulose and degrade the crystal structure without any cleavage of
covalent bonds. Furthermore, the synergistic effect is observed between the CBD of
and the catalytic domain from CenA upon hydrolysis of crystalline celiulose (Din er
af.. 1994b). These observations clearly indicate the significance of CBDs present in .
Jimi cellulases in cellulose hydrolysis.

Family HI CBD has 24 members of bacterial origin. About 170 amino acids
residues can be aligned as a conserved region. In this family, CBDs are located not
enly in catalytic proteins but also in non-catalytic proteins such as a cellulosome
integrating protein (CipA) from C. thermocellinn, which is a scaffolding protein of a
cellulosome. a complex of cellulases (see below). Also. there are several conserved
aromatic amino acid residues in this family. The binding capacity of the CBD from C.
thermaocelhum CipA with amorphous cetlulose is about 20-fold hiigher than that with
crystaliine cellulose (Morager af.. 1995). The CBD from ChpA. ascaffolding protein
of a cellutosome of Clostridium cellulovoransis, was expressed in E. coli and
characterized. This CBD prefers erystalline cellulose to amorphous cetlulose (Goldstein
ef af.. 1993). Mutation analysis of this CBD shows that the entire region of the CBD
is required for maximal binding o crystalline cellulose (Goldstein and Doi, 1994).
Both CBDs from these scaffolding proteins also can bind to chitin, a polymer of M-
acetylglucosamine in $-1.4 linkage (Goidstein and Doi, 1994; Morag et al., 1995},

Family IV currently consists of 6 CBDs which have weak sequence similarity with
family II CBDs and are now classified in an independent family. The two tandem
CBDs in CenC from C. fimi bind vnusuatly to amorphous cellulose but not to
crystatline cetlulose (Coutinho et al.. 1992),

Family V includes only a single representative from Envinia chrysaithemi EGZ
{Guiseppi et al., 1988). This CBD consists of 60 amino acid sequence and has a
dispersion effect of cellulose crystal like family I CBDs (Brun ef af., [995).

Family VI include CBDs, which consist of about 90 amino acids, from various
xylanases. Two CBDs are located tandemly in C-terminal of Clostridiun stercorarium
XynA containing family 11 catalytic domain (Sakka ef of., 1996). These CBDs
function independently as CBD and bind preferentially to amorphous cellulose such
as ball-milled cellulose and acid-swollen celhulose. The binding to cellulose of XynA
is inhibited by cetlobiose and cellobiose can release the enzyme once adsorbed to
cellulose from cellulose (Takadaer af., 1996), When the tandem CBDs were joined {0
the endoglucanase EGIV of Ruminococens albus, hybrid enzyme showed an en-
hanced activity toward insoluble cellulose at low concentration, but no change of
specific activities against the same substrate was observed at the saturated level of the
substrate (Karitaer af., 1996), suggesting that the CBDs of XynA allow the enzyme to
bind to the substrate and increase the substrate concentration around the enzyme.

Families VII and VI alse consist of orly a single representative from €.
thermacelliun CelE and Dictyostelium discoidim CelA, respectively.

Family IX CBDs are present as tandem repeats at the C-termini of thermostable
xylanases, such as Thermotoga maritima XynA, C. thermocellum XynX and
Thermoanaerobacterium saccharolyticm XynA, with family 10 catalytic domains
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containing SLH domains and a type 1 cohesin, Interaction between cohesins and dockerins is mediated Ly
Ca™ ion. OlpA containing a type | cohesin and three SLHs anchor a protein containing a type [ dockerin,

{Winterhalter ef af.. 1995). Recently CBDs in this family have also been found in a
mesephilic xytanase, xylanase C from C. finif (Clarke et ¢/.. 1996) and xylanase A
from Eubacterivn ruminantivm (Kobayashi et al., 1996).

Family X CBDs consist of 55 amino acid residues and are found in cellulases and
xylanases from P. fluorescens subsp. cellufosa (Tomme et al., 19935¢).

An increasing awareness of the importance of the CBDs in ceflulose degradation
will stimilate our interest in CBDs and allow us to identify and analyze novel CBDs.
[t seems certain that new CBD families will be added (o the present classification in the
future.

Since CBDs specificaily bind to cellulosic materials and are eluted from the
celiutose-protein complex by procedures suitable for respective CBDs, they can be
used as aceliulose-binding ligand which js available for purification and immebiliza-
tion of a fusion protein with CBDs (Ong ef al., 1989, 1995; Greenwood et af., 1992;
Assouline ef al.. 1993). Recently, a plasmid vector containing a CBD encoding gene
was constructed, by which a fusion protein with a parent protein on an insert gene is
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expressedin £, coli. As aresult the fusion protein with CBD as a tag is readily purified
with a single step by using a cellulose column as an affinity higand (Graham er ai.,
1995).

THE CELLULOSOME OF €. THERMOCELLUM

Aerobic cellulelytic fungi and bacteria secrete a combination of endoglucanases and
exoglucanases {cellobiohydrolases), as non-complexed systems, into the surrounding
environment. In these non-complexed celiufolytic systems, synergistic action of
individual enzymes is the focus of many studies on cellulase interactions and has been
reviewed recently (Tomme er al., 1995b).

On the other hand. multienzyme complexes having high activity against crystalline
cellulose. known as a cellulosome, were identified and characterized in cellulolytic
clostridia such as C. cellulolvticum, C. cellidovorans, C. papyrosolvens and C.
thermocellum (for revicws, see Béguin and Lemaire, 1996; Bayer et al., 1994; Doi et
al.. 1994 Felix and Ljungdahl. 1993), and anaerchic cellutolytic fungi such as
Neocallimastix patriciarum and Piromyces sp. {for a review, see Teunissen and Op
den Camp. 1993). Among the cellulases of these organisms, genetic and biochemical
analyses of the C. thermocellum cellulosome have progressed rapidly in recent years.
The strong cellulolytic activity of the C. thermocelln cellulase system must be
ascribed to the ordered structure of the cellulosome but not to simple synergisnt of
individual cellulases, because each enzyme parely isolated can hardly hydrolyze
crystalline cellulose by itself. Therefore, we describe here in brief the mechanism of
cellulosome assembly deduced from the recent findings.

The C. thermocellum cellulosome is a high molecular mass, extracellular cellulase
compiex composed of atdeast 14 proteins in C. thermoceltum strain YS (Lameder al.,
1983) and 50 proteins in strain JM20 (Morag er al., 1992), detectable on sodium
dodecyl suifate-acrylamide gel electrophoresis, ranging in molecular weight from
20.000 to 250.000. In the cellulosome, catalytic subunits such as endoglucanases,
exoglucanase and xylanases are held together by a non-catalytic scaffoiding protein
(cellulosome integrating protein, CipA) to assemble into a huge complex. Hypotheti-
cal organization of the cellulosome and the structures of its catalytic or structural
componenis are schematically depicted in Figure / and Figure 2. CipA, which
comprises a CBD, atype 1T dockerin domain, and nine cohesin domains (Gerngrosser
al.. 1993), is thought to have two main functions, i.e., first, it binds a series of catalytic
subunits together to form a complex: second, it causes the complex to adsorb onto
cettulose and it may disorder the crystalline structure of cellulose to produce casily
hydrelyzable substrate. Cohesin domains are subunit-binding domains which are
responsible for integrating catalytic subunits into the cellulosome complex and all
amino acid sequences of cohesins (about 160 amino acids) are highly conserved. i.e.,
37%—100% sequence identitjes are observed between respective cohesins., Dockerin
is adocking domain present in catalytic subunits that interacts with a cohesin domain
of CipA but one dockerin exits in CipA #tself. Catatytic subunits, therefore, are
composed of at least two domains, a catalytic domain and a dockerin domain. and
some enzymes contain additional functional domains such as CBD and SLH. A
dockerin domain comprises two highly conserved duplicated sequences each com-
posed of about 24 amino acids (Figure 3). The catalytic subunits bind strongly to the
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Figure 2. Schematic representation of catalytic subunils and structural proteins of the C. thermocelinm
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proportional (o the nember of amine acid residues. Catalytic and cellulose-binding domain familics are
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CipA protein to assemble into a cellulosome by association of a dockerin of the former
and a cohesin of the latter. The dockering of CelD (Tokatlidis ef a/., 1993), XynZ
{Tokatlidis et al.. 1991). and CelS (Kruus er af., 1995) bind to CipA. It has recently
been demonstrated that the interaction between cohesins and dockering is mediated by
Ca* ions and the first stretch of the tandem repeats of a dockerin is important for Ca*-
binding (Chei and Ljungdahl. 1996a, b), while a part of the repeats was found to be
simitar to EF hand-type Ca™-binding sites and the Cell? was actually found to bind to
Ca®™ in the earlier experiment (Chauvaux et al.. 1990). Surprisingly, the dockerin of
CipA itself cannot bind to the seventh cohesin of CipA {Salamitou et al., 1994)
although the dockerin of CipA is highly homologous with the other dockerins reported
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fromC. thermnocelliun (Figure 3), Therefore. dockerins found in catalytic subunits and
CipA are classified into “type I and “type 1T", respectively. As a receptor domain for
the type Il dockerin of CipA, a new type of cohesin domain has recently been
wdentified in the protein encoded by the sdbA (scaffoldin deckerin binding)} gene
(Leibovits and Béguin. 1996}, Since the new cohesin of SdbA is not homologous with
the cohesins of CipA, the former is termed “type II' cohesin and the later, type I’
cohesin. Type IE cohesin domains are conserved in C. thermocellum OlpB and ORF2p
(Fujino er af.. 1993). Since SdbA contains three repeats that are highly similar to the
segments termed S-layer homologous (SLH) domain present in several proteins
tocated on the cell surface of various bacteria {Lupas eral.. 1994), it appears to play a
role for anchoring CipA, and therefore the cellulosome, to the cell surface (Leibovits
and Béguin. 1996). Both OIpB and ORF2p which comprise four and two type I
cohesins, respectively, and SLH domains will also participate in anchoring CipA to
the cell surface. On the other hand, OlpA that consists of a type I cohesin and three
SLHs may anchor a catalytic subunit on the cell surface {Salamitou e al., 1994). The
endoglucanase Cell has a dockerin highly homelogous to many other dockerin
domains (Ahsan er al.. 1996). This domain may be classified into type I, for the
second and third cohesins of CipA from C. thermocellum YS did not associate with a
catalytic subunit 82 that was equivalent to Cell (Yaroner al., 1995), Up to the present,
enly CelD, CelS and XynZ as catalytic subunits were experimentally shown to
associate with CipA although many cellulase and xylanase genes and their translated
products were characterized. Therefore, the third type of dockerin and cohesin may be
found in catalytic subunits and unknown structural protein(s). SLH domains are found
in not only structural proteins such as SdbA. OlpA and OlpB but alse in catalytic
subunits such as Cell (Ahsan er of., 1996) and XynX (GenBank accession no
M67438). 1tis possible that SLHs of the catalytic subunits associate directly with the
peptidoglycan to anchor these proteins, which may lead to the anchorage of the
celulosome containing these proteins to the cell surface.

Applications of cellulases

CELLULASES IN DETERGENT

Synthetic heavy-duty detergents now commercially available have good detergency
as aresultof numerous technical improvements over the 40 years since the invention
of detergents. At present, the degrec of detergency seems to have peaked; all
detergents contain similar ingredients and are based on the same mechanisms. In these
mechanisms. soil adsorbed onto the surfaces of fibers or in their interstices is removed
by surfactants and builders, which lower interfacial tension and erthance the repulsive
foree between the soil and the fabric, All of these mechanisms involve interaction
between the ingredients of the detergent and the surfaces of the fabric and the soil.
According to the electron microscopic observation by Murata ef o, (1991), the soii
and oily drops, however. still remain in the interior of the cotton fibers even though
proteases and fipases are often used to hydrolyze protein and oil in soil. Therefore,
another washing mechanism should be employed for refeasing the soil in different
kinds of fibers. For this purpose, cellulase treatment of the soiled cotton cloths was
tried as a new washing method, A cellulase compatible with the alkaline ingredients
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Figure 3. Alignmentof type [ and I dockerin demains from the C. thermacellum enzymes. Residucs that
are identical or similar in the majority of the displayed sequences are highlighted. Numbering of residues
starts wilh putalive initiation codon. Among these dockerins. those of CelD. CelS and XyaZ were
experimentally shown to belong to type 1. The dockerin of CipA belongs to type H and that of Cell scems
1o belong o type 1T or the third 1ype.

of heavy-duty detergents and suitable for use in washing at low temperature is
required. Therefore, anovel alkaline cellulase with these properties was screened for
and found fromBacillues sp. KSM (Ozakier al.. [995), which catalyzes endohydrolysis
under the conditions of an optimum pH at 9.5, an optimum temperature at 40°C and an
activity of 1,500 units/g (Murata ef al., 1991, 1993).

Cotton cloth artificially soiled with oleic acid was incubated at pH 9 and 30°C for
120 min inthe alkaline cetlulase solution in the presence of 0.1 wit% heptaoxyethylene
dodecyl ether, a detergent or in inactivated alkaline cellulase solution in the presence
of the same surfactant. As the concentration of alkaline cellulase in the detergent
solution increases, the amount of oleic acid remaining in the cotton cloth decreases.
However. adding a coresponding amount of inactivated alkaline cellulase does not
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affect the residual amount of soil. Thus, it is confirmed that the soils, which are not to
be substrates for cellulase, are removed from the cotton cloths by active cellulase. This
indicates that the indirect influence of the alkaline cellulase such as its fiber-degrading
action releases the oily soil from the amorphous fiber spaces, to where the ordinary
surfactant cannot penetrate to reach the soil but the alkaline cellulase might have
penetrated inte the amorphous space of fibers by adsorbing with CBD, as was
mentioned before in this review. Depending on the increase in the amount of
adsorption of alkaline cellulase, the relative crystallinity index was increased. This
indicates that the adsorption of alkaline cellutase decreases in the amorphous part of
inscluble cellulose powder, leading to the conclusion that the more cellulase adsorbed
to the cellulose, the more cellulose is hydrolyzed. This hydration may allow for easier
enzyme action. In the washing experiment with the alkaline cellulase, however, a
negligible increase in reducing sugar was observed, suggesting that the cotton fiber
was not solubilized but cleaved inside the fiber to release oily soil due to the endotype
enzymic action. This result was well supported from electron microscopic observa-
tion. Therefore, attack on cotton fiber with the alkaline cellulase may relax the rigidity
of the fiber to release soil soil contained in the interior of the fiber.

Enzymatic bio-polishing with cellulase preparations is familiar as a biological
finishing process for textiles made from cellulosic fibers (Lange, 1993). Preparations
with alkaline pH optima from Humicola or Bacillus spp. are suitable as detergent
additives to assist soil removal and improve fabric appearance by reducing fuzz or
piling or to enhance the softness, lustre and color brightening of cotton fabrics.
Therefore, cellulase could replace the use of pumice in the manufacture of stone-
washed denim (Lange, 1993).

XYLANASES FOR BIOPULPING

The annual world production of wood pulp for paper-making is estimated at more than
160 mitlion metric tons per year at present and most of it is produced via the processes
of the alkaline kraft pulping and bleaching. Kraft pulping as the first processing of
wood s for getting rid of the lignin which causes brownish colored paper, but possible
damage on pulp constituents, mainly cellulose, should be reduced to get high quality
of paper. In detail, the paper making process is initiated by debarking and chipping
wod logs, followed by a strong alkaline cooking where the main part of the lignin is
dissolved and then washed away. This process removes most of the lignin, but the
residual lignin {4%-5%), covalently bound to carbohydrate moieties, imparts a dark
brown color to the kraft pulp (Yamasaki et al., 1981). The resultant kraft pulp should
be bleached in order to get a white pulp for high quality paper production. The
traditional bleaching consists of a chlorine multistep based on the chemical sequence.
During the first stage, elemental chlorine is the main bleaching chemical, but part of
it can be replaced with the milder chlorine dioxide. Then alkaline extraction follows
in order to remove the dissolved lignin and is succeeded by two chioride dioxide
treatments to remove traces of lignin. The lignin-containing fraction dissolved by
chlorine, highly colored chlorinated organic compounds, causes serious environmen-
tal problems. In a softwood kraft mill using a conventional bleaching sequence,
approximately 5 kg of total organically bound chlorine is discharged per ton of
bleached pulp and more than 300 different organic compounds, along with a smail
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quantity of highly toxic dioxins, have been detected in waste bleach water (Eriksson.
19913, In addition. conventionally bleached pulps contain 10-15 pig/g of absorbable
halogen halides (AOX) (Jamieson. 1991). There is strong pressure on the industry to
diminish the waste of the organic chlorine compounds and 1o produce enviropmen-
tally acceptable pulps. The basic idea of enzyme-aided bleaching (Viikarier al., 1986)
was developed to hydrolyze hemicelluloses in pulps. Since then, there have been
many reports of methods to improve efficiency of hemicellulase pretreatment of
biobleaching (Viikari er al.. 1994). The major component of hemicellulose, xylan, a
polymer of xvlose, is highly branched with side chains of acetyl. arabinosyl and
glucuronosyl residues (Aspinall, 1988). Hardwoods contain acetylated xylan and
softwoods contain arabinoxylan, the acelyl and arabinosyl substituents oceugring on
approximately 70% and 12% of the xylosyl residues. respectively (Timell, 1962).
Xylan was reported to link to lignin, and phenolic compounds may also be involved
incross-iinking between xylan molecules and other polysaccharides {Markwalder and
Neukom. 1976). Xylan tends to adsorb to cellulose fiber via hydrogen bonds (McNeil
et al., 1975). Xylan plays a significant role, in associztion, among lignin, hemicellu-
lose and cellulose fibers (Kato, 1981). Degradation and removal of xylan is, therefore,
an important step in kraft pulping and bleaching to release lignin from cellulose fiber.
During the kraft pulping process by heating in alkaline solution, a part of the xylan is
dissolved into the pulping liquor. As the washing proceeds and the alkali concentra-
tion decreases, however, dissolved xylan reprecipitates onto the surface of cellulose
microfibers. In this process, a part of the lignin also reprecipitates onto the cellulose
fibers. These redepositions suggest that liginin and xvlan are covalently linked to each
other (Jansson and Palenius, 1972; Jansson ef al., 1975; Iverson and Wannstrom,
1986, Ea birch kraft pulps. the amount of reprecipitated xylan has been estimated to
be upio 2% of the total xylan in the pulp (Axellssoner al., 1962). This reprecipitated
tignin should be removed to prepare high quality of paper with high brighiness.
Therefore. degradation of reprecipitated xylan by xylanase seems to be an effective
way to refease lignin from cellulose fiber in the process of the bleaching of the kraft
pulp. The enzymatic bleaching process is of great interest to the pulp industry as a way
of reducing envirenmental charges.

Action of various hemicvellulases

Because of the complex structure of hemicelluloses, several different enzymes are
needed for their enzymatic degradation. Since xylan and mannan are two major
components of the backbone of hemicellulose, endo-PB-i.4-xylanase (EC 3.2.1.8} and
endo-f3-1,4-mannanase (EC 3.2.1.78) are supposed to be the main enzymes for
hemicellulose degradation. In addition, o-arabinosidase, ¢-glecuronidase and o-
galactosidase are important to cleave side groups of the xylan backbone. Acetylesterase
for cutting off the esterified side groups also enhances the degradation of hemicellu-
lose.

The effectsof various hemicellulases on pulpbleaching have been studied by different
methods (Bailey et af., 1992), of which the brightness measurement is the maost
convenient. The main enzyme required for kraft pulp is known to be endo-p-1,4-
xylanase from T, reesei. In xylanase-aided bleaching, side group cleaving enzymes.
arabinosidase, glucuronidase and acetyl esterase can be expected tobe positive effectson
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pulp bleaching as described above. Partially purified acetyt esterase of 7. reesei, arab-
mosidase fromAspergilius niger and glucuronidase of A gricus bisporus are employed,
in which glucuronidase only increases brightness in chemical pulping (Kantelinen,
1992}, Mannanase. which degrades main chain of hemicellulose, gives no positive
effect. since mannan is already degraded during alkali treatment in kraft pulping (Ratto
efal.. 1993y 1n the peroxide delignification method, however, mannanase is effective
(Buchert er al.. 1993). Cellulase is harmful in pulp treatments, since a rapid depoly-
merization of cellulose fibers occurs and lowers pulp quality (Bucherter al., 1994),

Xylanase in enzyme-aided bieaching.  The mechanisms of xylanase action on pulp
bleaching is thought to be as follows. Xylanase acts mainly on the relocated,
reprecipitated xylan on the surface of kraft pulp fibers and removes them. The
resulting pulp becomes more permeable because the reprecipitated xylan, which is a
barrier to lignin extraction in the inner layers, is removed and casily bleached by
subsequent chemical treatment, Also. the hydrolysis of inner xylan and side chains by
diffused xylanase helps the defignification and bleaching by chemical compounds.

Since the [irst scientific work on enzyme-aided pulp bleaching was reported by
Viikari er af. (1986). there have been many reports on the efficiency of xylanase
prefreatment and a number of commercially available xylanases (7. reesei,
Thermomyces lanuginosus, Aureobasidium pullulans and S. lividans) have been
tested for their properties in bleaching experiments with various methods. A variety of
microorganisms such as fungi and bacteria have been reported to produce xylanases
and development of efficient enzyme production or optimized conditions have also
been reported. In practical process conditions for enzyme-aided bleaching, cellulase-
free xylanase preparations that are both active and stable at hi gh temperature and high
pH conditions are favored. Thermostable xylanases and/or alkaline xylanases are
good candidates for enzyme-aided bleaching. Some atkaline-stable xylanases (Hogman
eral.. 1992y and thermostable xylanases (Jagereral., 1992; Seniorer al., 1992; Davis
et al.. 1992} are used for enzyme-aided bleaching.

The practical purpose of the enzymatic pretreatment of kraft pulp is to reduce the
chemical consumption and increase the final brightness of puip. Unbleached kraft
pulps have brown-colored lignin which should be removed in successive bleaching
stages. Bleaching procedures with and without chlorine are chosen with respect to the
final properties of pulps. Chlorine (C), ozone (Z) and peroxy acids react with all of the
aromatic structure of lignin, Chlorine dioxide (D), oxygen (), sodium hypochioride
(H)and hydrogen peroxide (P) bind to the certain structure oftignin. Alkaline washing
(E) extracts and degrades tignin. The multipie steps of these procedures are chosen for
bieaching. In several basic studies, enzymes are used in the pretreatment of kraft pulp
before chlorine or peroxide bleaching (Table 4), Reduction of total chlorine consump-
tion (average 5% in chemical bleaching and adsorbable organic halogens in bleached
pulp are obtained. Also, a final brightness is higher than the control puip. Recent wark
has reported the optimizalion of detail conditions in enzyme-aided bleaching is
naportant to get the good results (Garg er al., 1996),

In recent years, the production of totally chiorine-free pulps has increased dramati-
cally due to the requirements for environmentally friendly production. Enzyme-aided
bleaching without harmful chemical compounds is now a key to reduce environmental
pollution in the paper industry.



Structure of cellilases and their applications 395

Table 4. Enzyme-aided bleaching in different sequences

Bleaching Sequence Alm
Conventional XNC/MEDED Reduction of chlorine consumption and AOX reduction
Elementary chlorine free XDEDED Reduction of chlorine consumption
XDIEPIDED AQX reduction
Tolalty chlorine free OXQPP Increase brightness
OXQZP Reduction 1n chemical consamption

X. enzyme: C. chlerine: I, chlorine dioxide: P, hydrogen peroxide: O, oxygen delignification: Z. ozone: Q. chelation of
metils: B alkaline washing

BREEDING OF CELLULOLYTIC MICROORGANISMS

Based on the characterization of ccilulases, xylanases and their genes, fundamental
enzymalic reaclion systems for the degradation or solubilization of cellulosic maleri-
als have been revealed and clarified, which may enhance wtilization of biomass
resources. Far further developing enzymatic attack on biomass, improvement of the
ability of microorganisms to produce enzymes is one possibility. Especially in small
closed ecosyslems such as rumen of cattle, the ability to digest grass may directly
alfect growth of the ruminants. This is obviously when [orages mainly containing
grass are replaced by condensed ones containing high energy compounds, indicating
that the growth of the ruminant may be limited by the intake rate of digested energy
compounds. Therefore, improvement of the cellulolytic ability of microorganisms,
especially rumen ceflulolytic bacteria. is now one of the targets for genetic modifica-
tion. We now discuss some recent informatien about new host-vector systems
available to rumen bacteria.

Development of host-vector systeni

Since rumen bacteria are thought to make an important contribution to digestion of
plant matesial in the rumen, as described above, the ability to alter these bacteria
genetically might help to improve the efficiency of rumen fermentation. However,
previously there has been no way to introduce foreign DNA to rumen bacteria.
Scientists in the field of cellulolytic rumen anaerobes have experienced much trouble
with deletion of DNA fragments from the anaerobes in the well established Es-
cherichia coli host-vector systems, so a new host-vector system for cloning such
easily deletable genes is urgently required. For this purpose, a stably replicable
plasmid DNA in the rumen anaerobes should be found.

A smali cryptic plasmid was isolated from the rumen bacterium Butyrivibrio
fibrisolvens and sequenced (Kobayashi ef af., 1995). When the region between the
inverted repeats of the plasmid is deleted and replaced by the erythromycin resistance
gene from pAMPBI together with pUC18, to produce the 7.9 kb chimeric plasmid, the
construct was successfully transformed into E. coli and B. fibrisolvens by
electroporation, and stably maintained in both hosts. Using electroporation, two
strains of B. fibrisolvens have been transformed with plasmid vectors (Ware ef al.,
19923, 1t has also been demonstrated that the conjugative transposon Tn9/6 can be
transferred into B. fibrisolvens from Enterococcus faecalis {Hespell and Whitehead,
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1991). These studies demonstrate that B. fibrisofvens can be transformed and provide
methods which are available to introduce genes into this organism. A limitation of
genetic studies of B. fibrisolvens, has been the availability of suitable vectors and
transfer systems (Clarke er af., 1994). Using the conjugative tetracycline resistant
transposon, Tn@/6. the Staphylococeus awrews plasmid, pUB110, and the pUB110-
based shuttle vector, a conjugative transfer system has been developed for B.
fibrisolvens. Results indicated that Tn976 was necessary for mobilization of pUBI10
as transformants were not detected when the transposon is absent from the donor
strains. The ability to mobilize pUB 110 and its shuttle plasmid between B. fibrisolvens
strains provides a conjugative transfer system that circurvents problems encountered
with electroporation,

Strains of £. coli originally isolated from the rumen of sheep have been shown to be
capable ot exchanging a 60 kb plasmid. conferring resistance to tetracycline and
ampicitlin. atiow frequencies under anaerobic conditions (Scott and Flint, 1995). The
plasmid transfer between certain E. coli strains can occur under conditions that closely
simulate an anaerobic gut environment.

Genetic tools have been designed in human colonic species belonging to the family
Bacteroidaceae. These are mainly shuttle vectors derived from indi genous Bactervides
plasmids (Guineyeral., 1984, 1988; Shoemakereral., 1985; Smith, 1985; Valentineeral.,
1988: Pheulpiner al., 1988). Ithas been shown recently that one of them is able to mediate
transfer and overexpression in Bacleroides fragilis and Bactervides unifornis of a
xylanase gene previously cloned from Prevotella riuminicola (Whitehead and Hespell,
1989, 1990}, Thusitwillbeuseful tosetup new plasinid vehicles ableto replicate inabroad
range of ruminal genera or species, either by extending the host range of the previously
described ‘colonic’ vectors, orconstructing new ones. Flinter e/, (1989b) foundacenjugal
plasmidin 2. yuminicola which carried a gene for tetracycline resistance and showed that
this plasmid could be transferred into another P. ruminicolg strain by conjugation.
Subsequertly, Thomson and Flint { 198%) demonstrated that plasmid DNA isolated from
a P oruminicola \ransconjugant could be introduced into wild-type strain by
electroporation, Transfer of antibiotic resistance plasmids has also been demonstrated
hetween rumen P. rwmninicola strains under anaerchic conditions in vifre (Flint er .,
1988). A new shuttle vector was constructed for use inPrevorella/Bacteroides host strains
by combining a replicon from P. rminicola, pBluescript sequences and a rerQ marker
gene for selection in Prevorella/Bacteroides hosts (Daniel et al., 1995). Following
insertion of a fragment carrying an endoglucanase/xylanase gene from P, rominicola 23
inte the multiple cloning site, the resulting construct was introduced into Bacteroides
vilgatys, 8. uniformis and P. ruminicola. Thistesulted in an increase of between 4 and 50-
fold in CM-cellulase and xylanase activities in cells grown with glucose. In contrast,
activities are barely detectable for the same construct in E. coli. Most of the total xylanase
activity producedis found within the cell inP, rusminicola andB. vidgatustransformed with
the constructed plasmid and in P. riminicola 23. Anosmotic shock experiment indicated
thatasignificant proportionofthe xylanase activity in B. virlgatustransformant is secreted
into periplasm. An E. coli-Bacteroides shuttle vector {14.7 kb) was constructed by
combining the pBR322 derivative witha4.6 kb cryptic plasmid fromBacteroides Sragilis
andshortened toasize of 10.5 kb derivative {Pheulpineral., 1988). They are mobilized by
R751 into Bacieroides distasonis where they replicated stably.

A small eryptic plasmid from P. naninicola is subcloned in . coli and completely
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sequenced (Ogata et al., 1996). Two open reading frames, encoding potential
polypeptides with limited sequence similarity to replication initiation and mobiliza-
tion proteins, could be identified within the sequence. The plasmid hybridized at high
stringency with plasmids from Bacreroides/Prevotella and Buryrivibrio, and with
pBR322. suggesting that at least regions of the plasmid are widespread. A 2.6 kb
plasmid from a rumen bacterium of the genus Buryrivibrio shows the high AT content
typical of plasmids from gram-positive organisms (Hefford er al., 1993). Computer
analysis of sequence data reveals two major open reading frames encoded on the same
strand but in different frames.

Although these results are important because they showed that DNA could be
introduced inte the micreorganism by conjugation and electroporation, the plasmid
could not be used as a shuttle vector because it was relatively large (19.5 kb) and did
not replicate in £. coli. So, a shuttle vector from the colonic species B. wniformis was
transferred to P. ruminicola by the mobilization method, viaE. coli (Shoemakeret al.,
1991). The transfer frequency is 10 to 107 per recipient. The tetracycline resistant
colonies obtained afier mating are true transconjugants because they contained the
prasmid {(pRDBS). This plasmid replicates in many colonic Bacteroides species as
well as in P. runtinicola B @, indicating that its host range is very wide. Although the
plasmid &s relatively large. there are several usable cloning sites inside on antibiotic
resistance genes. Thus pRDBS could be used without further modification as a vector
for introducing cloned DNA into P. ruminicola. New shuttle vectors based on a P.
ruminicola cryptic plasmid (pRR17. 9.5 kb) inserted within the E. coli vector carrying
the clindamycin resistance and erythromycin resistance Bacteroides marker, are
constructed (Becheteraf., 1993). These constructs were transferred into IP. ruminicora,
B. distasonis and other Bacteroides sp. by conjugal mobilization using helper plasmid
and by electroporation.

A carboxymethyl cellulase gene from P. ruminicola Bl4 was reconstructed by
adding a cellulose binding domain from a T. fisca cellulase and was conjugally
transferred from E. coli to B. uniformis by using a chloramphenicol and tetracycline
resistance shuttle vector {Gardner ef al.. 1996). The vector was specifically con-
structed to facilitate conjugal transfer of vectors from B. wniformis donors to P.
moninicola recipients, The CMCase is produced, when a xylanase promoter from IP.
ruminicola 23 was placed upstream of the CMCase gene, suggesting that notall of the
promoters recognized by B. wniformis and P. ruminicola 23 are functional in P.
nuninicola B 4. Although the reconstructed CMCase alone does notallow B. uniformis
to grow on acid-swollen cetlulose. rapid growth was observed when two exocellulases
were added to the culture supernatant. Under these conditions, the reconstructed
CMCase permitted faster growth than the wild-type CMCase. A Selenomonas
ruminantium {an gram-negative ruminal anaerobe) plasmid has been cloned in £. coli
and completely sequenced (Attwood and Brooker, 1992). This plasmid was shown to
replicate independently inE. coli by a DNA polymerase I-dependent mechanism. This
plasmid may form the basis of aSelenomonas/E. coli shuttle vector. Another plasmid
was characterized and sequenced from S. runinantium (Zhang and Brocker, 1993).
Gene expression and DNA structural features of the plasmid have been shown to
replicate by a rolling circle-type mechanism which is found from many gram-positive
OFganisms.

A plasmid DNA was isolated from Ruminococcus flavefaciens with 5.2 kb size by
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utilizing mutanolysin and proteinase K for the rapid lysis of the cells. The plasmid has
potential in the development of genetic vectors for rumen bacteria (Asmundson and
Keliy. 1987).

Another importani cetlulolytic microorganisim, Rumicococciae, remains to be
precisely studied for establishing new host-vector systems to accelerate degradation of
cellulosic biomass,

Establishmenr of celluialviie recombinants in the ronen CoSySIen

The cellulolytic action of bacteria in the rumen is the major way lo digest forage that
has been taken in by ruminants, since mammals cannot synthesize cellulose-degrading
enzymes by themiselves. As solubilization of these materials in the rumen is slow and
tmperfect. there is substantial interest in improving the rate and extent of cellulose and
hemicellulose digestion in the rumen. One possible and promising attempt is to
enhance the rate and extent of forage degradation by introducing some genes into
rumen hacteria that encode enzymes effective in forage degradation to increase
enzyme production depending on the fundamental data as mentioned above. The next
essential step is that these improved recombinants must be able to survive in the rumen
micro-ecosystem. The deliberate release of anaerobic microorganisms into the rumen
is used as. and is considered 10 be, a means to improve digestion rate of celiulosic
materials in rumen. One of the trials was carried out by Flint ef al. (1989). Selective
plating procedures were used to follow the fate of rifampicin-resistant mutant strains
of the obligately naercbic species Bacteroides multiacidus and S. ruminantiuni after
their introduction at numbers around 10%ml into the rumen of sheep. B. muitiacidus
strain F10O shows an initially rapid rate of loss {49%/h) but subsequently numbers
decline more gradually, approaching the limits of detection (<10%ml) after 100 h.
Viable cell numbers also decrease in vitro upon addition of the cells to whole ramen
contents, but remain stable upon addition to ceil-free rumen fluid, suggesting proto-
zoal predation. In the case of S. ruminantivn, introduced rifampicin-resistant strains
persist in the rumen at levels around 10° ml for at least 30 days. Both rumen bacteria
remain in the rumen at a cefl number around 10%ml or higher with the organisms
mutated on, under the cuitivation of gradual increase in those antibiotics. In another
experiment (Miyagi er al., 1995), a transconjugant of R. albus A3 harboring pAM[1
was released into a goat rumen. The A3 strain was obtained by filter mating with
Bacillus thringiensis that harbored pAMB1 and the R. albus A2 strain mutated
spontaneously 1o give rifampicin and streptomycin resistance. To investigate the
possibility of distinguishing R. albus A3 cells from rumen microflora, indigenous
ruien microorganisms were inoculated into medium without antibiotics in Hungate
tubes. After this culture had been incubated at 37°C overnight, it was diluted
appropriately with anacrobic dilution buffer and inoculated into M10 agar medium
that contained rifampicin and erythromycin in rolt tube. For specific selection of R.
atbus A3 cells withresistance to rifampicin and erythromycin among rumen microfiora,
the possible use of these antibiotics in combination to inhibit the growth of indigenous
rumen microorganisms was examined. In the absence of both antibiotics, the viable
cell number in intact rumen liquid was 10° colony-forming units per millilitre, and
with the combination of rifampin and erythromycin, only one type of colony, a flat,
rough and lacerate colony, was formed at 10* colony formation units per millilitre by
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a filamentous anaerobic fungus. This fungus colony was easily distinguished from the
R.albus A3 colony. acapitate, smooth and entire colony. Therefore, exact numbers of
R.albus A3 cells were determined on the basis of colony morphelogy under selection
pressure by antibiotics. The diplococcal bacterium which grows in the presence of
these antibiotics was confirmed to be R. albus A3 by dot blot hybridization, which
detects pAMB1. The A3 cells remained roughly constant for 14 days in this goat
runen.

These basic data show that the transformed microorganisims can survive in rumen.
although the cell numbers are not large. so far. The improvement of the growth rate of
such transformants depends on the integration of acelluiase gene which can hydrolyze
tough cellulose. having an affinity for crystalline cellulose much higher than for
amomphous cellulose.

BIOTECHNOLOGY OF CELLULASES AND XYLANASES IN PLANTS

In general. biomass is the mass of living cells, which propagate by themselves and die.
and possess both biosynthetic and biodegradation systems. If the former system is
much more aclive than the latter one. the increase of biomass is remarkable, This phase
corresponds o the growth phase. When the biodegradation system becomes more
active than the biosynthelic system, however. the amount of biomass synthesis
decreases, corresponding 1o the death phase in the growth curve of cells. Depending
on the variety of lime scales for the growth curve, the diversity of plant growth rate
seems to cause tissue ‘toughness’. When a plant in the rapid growth phase expresses
some genes encoding the biomass degrading enzymes, some changes may occur in the
properties of the plant tissue. It is believed that this kind of integration of exogenocus
fiber-degrading enzymes into tobacco cells, for example, may enhance relaxation of
plant tissue and enhance biodegradation.

Expression of xvlanase genes in tobacco cells

Xylanase Z gene {xvnZ) from C. thermocellum is integrated into tobacco plant
(Nicotiana 1abaciun Cv Samsun NN) by an integration system with Agrebacterium
nmefaciens (Helbers et al., 1995}, The xylanase Z specifically hydrolyzes xylan, but
not celfulose and carboxymethy! cellulose. which might have importance for potential
applications in cellulase-free systems like the specific processing of plant fibers
(Grépinet er al.. 1988a). This enzyme is a heat-stable protein having maximum
activity at around 70°C, so that only 1/5 of maximurm activity will be revealed at
around 25°C, the optimum temperature for the growth of the tobacco plant. This
suggesls that the integrated gene product XynZ will not affect plant growth even if the
expression of the enzyme is rematkably high. Depending on these available proper-
ties. the expression of XynZ was examined in the tobacco plant. For the effective
expression of the gene in tobacco, 1,000 bp of C-terminal side of the [ull size gene
{2,500 bp) (Grépinet ef al., 1988b) of the xynZ gene which encodes catalytic domain
was amplified by a polymerase chain reaction (PCR) and inserted into the binary
veclor pBinAR between the constitutive cauliflower mosaic virus (CaMV) 355
promoter and the terminator of the octopine synthase gene from A. umefaciens. The
signal peptide of the proteinase inhibitor II protein was inserted in front of the coding
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region 1o target the xylanase into the apoplastic space. The rationale behind this
strategy was 1o stabilize the heterologous enzyme by removing it from protease-rich
mtracellular environments. The vyiZ gene expression construct was integrated inte
the tobacco plant using Agrodacterimm-mediated transfer (Deblacrcet al., 19835). For
the isotation of XynZ from transgenic tobacco, fresh leaves were vacuum-infiltrated,
The isolate hydrolyzed xylan well. Quantification of the XynZ protein in plant extracts
was performed by comparing the densitometrically determined amount of the XynZ
enzyme in Coomassie-stained gels to the total amount of protein. The relative amount
of the enzyme was calculated to be around 4%. The sugar components of hemicellu-
lose from transgenic tobacco stalks were very similar to those of wild tobacco.
indicating that the expression of bacterial xylanase does cause defects in the cel] wall
constituents of tobacco plant, even though the exogenous Xylanase expresses as much
as 49%. This insignificant difference between the transgenic and wild tobaceo mi ght be
caused by a fower content of xylan in the tobacco, as a dicot, than monocols such as
rice plants {Rosahl er af., 1987).

Xylanase B (Xyn B) from C. stercorarium is also expressed in tobacco suspension
cells (Nicotiana tabacum L.ov BY 2 cefly under the control of CaMV 358 promoter and
noparin synthetase terminator (Sun er al., 1996). The plasmid constructed using
pUCTIS was introduced into BY2 protoplasts by electroporation and transformed
cells incubated in a medium containing kanamycin in agarose beads type culture.
After a 4-6 week cultivation. the calli depicting clear halos on the xylan contain-
ing agar plates were selected. Depending on the quantiiative measurement of
xylanase activity of transformed suspension ceils, a transformant having the highest
activity in the tested calli was selected for further study. Xylanase activity roughly
equal to that in the intracellular fractions was detected in the culture supernatant,
indicating that the integrated gene product leaks out or was secreted out of the cells
due 1o the presence of a specified signal peptide sequence. The amounts of ex-
pressed XynB protein was also around 4%-5% of total proteins in the soluble
extracts of tobacco suspension cells. The soluble fraction prepared from the
transformant by sonication was used as crude xylanase to examine solubilization of
barley straw powder for 15h at 60°C. When the insoluble fraction of tobacco
suspension cells containing xylan much lower than barley straw was used as a
substrate. it was negligibly degraded by the crude xylanase due {o the low conlent
of xylan in dicot tobacco.

In these experiments, the bacterial xylanases are stably expressed in tobacco plant
or its suspension cells as high as around 4% of total proteins without any inhibitory
effects on plant growth. In addition the thermostable enzymes are easily isolated from
other tobacco proteins by heating., which may allow us to use tobacco for the
production of enzymes of interest.

Expression of cellulase in tobacco cells

A cellulase (endoglucanase I: Egl) gene (egf) from a rumen bacterium R, albus, was
also expressed in tobacco cells BY?2 using the gene construction and integration
methods simitar to those for XynB. The eg/ gene is truncated, the 5' moiety encoding
signal peptide and further 15 amino acids for the effective expression of activity.
Schematic methods of egf gene truncation and construction of plasmid harboring egl



401

Structure of cellulases and their applications

"SINPISI PIAT OUILIE 0 1921 s1oquinp -asuanbos [eufis

[8g 11 Fupodu HOIF A X0y PANOP U PUE AUAZUD AW 3 FUIPOSLS WNHEAL 21 S102s31dd) XOQ PAPRYS Y SIANTALIIP §1 pue (37 PAORPOAUL B JO SAMOTNG P NGy

Ay

QoL
19nd

Old 85¢
(wkiod son (W)Aod SON AINED
< mdu | suad [
01
SON
&% .“. 3 % »~.

p S

1dy
109§

Ly

@IS’ L
(JooN)1HAd

01 85¢
(v)Ajod $ON (¥)4rod SON AINED
\_ 1ndu [ |t ] 8§D
"01g
. ﬁll_ 1
SON & i 2 HE R
.%az & & &
3 & °F

Januy] judy
JORUY JOON

s11ond (7, yuawiSe.y 19p-2)

jwder 120

JPwdesy £a))



402 KunNio OHMIYA ef al.

fortobaceo cell are shown in Fignre 4 {Kawazu et dl.. 1996). Tobacco cells BY2 are
transformed with the constructed plasmids by electroporation. The modified Egl
truncated 13 amino acids at N-terminal ( Ce-del) reveated the highest activity in our
test (Ohmiyaeral.. 1991). In the supernatant of transformed tobacco cells negligible
activity was detected. indicating that almost all the activity was retained in the cells.
The molecular size of Ce-del protein prepared from the transtformed cell was the
same to that from £, cofi transformant. showing that no proteolytic action occurred
on the exogenous cellulase Ce-de! in the host tobaceo cells. The Ce-del protein
recovered from sonicated cell suspension was evaluated to be around 0.19% of total
soluble protein of the tobacco when estimated by Western blot analysis with anti-
Eglantibody. This cellulase activity against CMC in transformed cells was about 20
times higher than wild type of cells at the late log phase of growth curve. as shown
in Figure 5. The cell wall degrading activity in the cell extract was significantly
presentafter reaction at 35°C overnight. In other words, Ce-del expressed in tobacco
cells hydrolyzed host cell wall. Therefore, Ce-del expression in tobacco cells wili
somewhat inhibit synthesis of cell wall formation, which caused delay of cell
propagation as shown in the growth curve (Figure 5). This degradative effect of Ce-
def may cause some relaxation of tobacco cell wall. To confirm this. protoplasts
were prepared from the tobacco cells transformed by Ce-del. The protoplast
formation numbers from the transformed cells are higher than those of wild cells,
This result clearly shows that the relaxation of tobaceo cell wall may be caused by
the expression of a cellulase Ce-del.

A transgenic tobacco plant was bred by integrating the truncated egl gene, using
the Agrobacterinm-mediated transformation method. The transgenic tobacco plants
arc morphologicaity indistinguishable from wild type grown in the greenhouse
under the same conditions, Remarkable CMC degrading activity is depicted from all
the cross-sections of transgenic tobacco leaves we tested, indicating that
endoglucanase from egf gene leaks out from the destroyed tissue and cells. When
this Kind of transgenic plant is fed to cattie, the cellulase produced and stored in
plants celis might be released by mastication and disruption and may attack
cellutosic compounds to solubilize grass. 1t may enhance rates of ensilage and
digestion of grass in rumen.
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Expression of @ therntostable {1,3-1,4)-B-ghtcanase in barley

A thermostable (1.3-1.4)-B-glucanase obtained by intragenic recombination in vifro
between the genes from Bacillus amyloliquefaciens and Bacillus macerans. was tested
for expression with the barley (1,3-1,4)-B-glucanase isozyme EIl gene promoter in
aleurone protoplasts of barley (Jensener al., 1996). The glucanases from both Bacillus
sp. are synthesized and secreted with the same specificity as the barley enzyme but are
more thermotolerant than their barley counterparts. In addition, the codon usage for
the barley glucanase exhibits strong preference for G or C in the third position.
resulting in a G-C content of 66% in the coding region, while such codon bias is not
observed in both Bacillus glucanase genes. Since modification of a bacterial gene
toward plant gene codon usage increases its expression in plants. the codons for the
hybrid gene were modified to match those of the gene encoding the barley glucanase.
The modified Bacillus enzyme gene-containing plasmid is transfected to aleurone
protopfasts by PEG-mediated DNA uptake. The G+Crich construct gives an average
production of 40 ng enzyme/2 x 10° protoplasts after cultivation for 110 h, while no
(1.3-1.4)-B-glucanase activity is detectable in protoplasts transfected with the bacte-
rial glucanase without any G+C adaptation. In the case of plant transformation. the
plasmids containing the modified barley endoglucanase genes are introduced into
immature embryos by particie bombardment. Two of the transformation experiments
gave a total of 14 green plants, These plants were morphologically indistinguishable
from control plants grown under identical conditions in the greenhouse. The transgenic
plants were self crossed and the endosperms obtained from the segregants in which
hoth chromosomes had endoglucanase genes. These endosperms were analyzed for
expression of glucanase gene. In this plant breeding project, Jensener ol. endeavoured
to produce barley plants that during steeping and germination express a (1,3-1.4)-p-
giucanase that survives the high temperatures used for kiln-drying of green malt. This
would allow the enzyme to act in the mash tun as do the thermoestableo-amylases from
barley. wheat and rice. Such a heat-stable (1,3-1,4)-8-glucanase synthesized during
germination might eliminate the requirement of complete endosperm wall
depolymerization in the malting schedule and thereby provide new opportunities for
the application of malting and mashing in production of conventional and novel
biotechnological commodities. The modified enzyme with high G+C content pro-
duced in E. coli has been successfuily tested in pilot mashing and feed pellet
preduction.

As described above, there are a few papers concerning successful expression. in
plants. of bacterial genes encoding the plant fiber-degrading enzymes. The production
of xylanases in transgenic plants is much higher than celiulases. suggesting that the
enzymes degrading the main structural compounds of plants might be inhibited in
their expression in plant cells, or the transgenic cells might be lethal when exogenous
cellulolytic enzyme is highly expressed, due to the incomplete formation of cell wall.
From the results of xylanase expression at as much as 4% (w/w) in plant cells. a new
enzyme production system and a new immobilization system of enzymes in plant cells
becomes of use. In addition. efficiency increase in protoplast formation indicates
relaxation of the tough and rigid texture of plants. This may enhance digestion of these
transgenic planis as feed in rumen or solubilization of celtulosic materials for the use
of carhon and encrgy sources in fermentation.
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Concluding remarks

Tremendously rapid improvement of Hving conditions and shifting food intake from
plantto animal sources in developing countries, as their economic situation improves
are causing logarithmic increases in energy consumption in convenient forms for
utilization. such as fossil encrgy and cereal grains. Some grains which are used as
human foods are consumed now as feed for animal husbandry. This has triggered an
amazing increase in the cost of maize in world trade markets and indicates an absolute
bulk shortage of foods and feeds. Even under these circumstances, rapid increase in
their production or an abundant harvest cannot be expected in the near future. To
overcome this situation. we have been studying celiulases and related enzymes for
exploiting effective utifization and solubilization of fibrous plant materials. This
progress in understanding the fundamental aspects of degradation of cellulosic
materials may promote unutilized ceilulosic materials to foods, feeds and fuels. The
mgjor interests of scientisis in the field are now focusing toward the following
applications, based on the accurnulated fundamental knowledge described above: ()
Construction of lignocellulose-degrading enzymes with higher activity by domain
shuffling of catalytic and substrate binding domains from many kinds of enzymes: (2)
Breeding microorganisms having strong degradation activity against lignocellutosic
materials for preparing fermentable substances by using genetic engineering, (3)
Breeding grass with integrated foreign cellulase and xylanase genes for accelerating
its digestion in silage and/or ruminaats.
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