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ABSTRACT

Amylases and cellulases are important enzymes both for the global carbon
cycle on earth and for biotechnical applications. They are capable of degrading
polysaccharides, which are chemically simple polymers of repeating glucose units
that form very complex and water-insoluble macroscopic structures. The
enzymatic degradation of starch and cellulose is poorly understood at the
molecular level. The cloning and DNA sequence determination of amylase- and
cellulase-encoding genes from various organisms allows the use of modern
techniques of molecular biology to study and alter their function.

In the present investigation two different approaches were used to study the
relationship between enzyme structure and function. In the first of these a random
mutagenesis method developed in this study was applied. This method is
applicable even without structural knowledge of a protein. The compéetidus
stearothermophilusi-amylase gene was subjected to random mutagenesis, which
was optimised to produce a single amino acid change at a time in the
corresponding enzyme. Nearly 100 different mutasaimylases were produced in
an Escherichia colihost. The mutated enzymes had different activities on
substrate plates used in screening. The location of the mutation(s) was analysed by
sequencing the mutated gene. A molecular mod@&aaillus stearothermophilus
o-amylase was constructed on the basis of sequence alignment and the known
structure of a fungak-amylase fromAspergillus oryzaeThe protein is expected
to fold into three domains (A, B and C), like many othheamylases. The data
obtained from the analysis of the random mutants was compared to the
constructed three-dimensional model. A reasonably good overall correlation was
obtained between the mutant data and the model. Two areas orathglase
structural model were identified as being important for the activity on polymeric
substrate: the open active site cleft situated between domains A and B and
containing conserved amino acids known to be important for catalysis and
multiple binding of glucose units in otharamylases; and an interface between
the catalytic domain A and domain C about 30 A away from the active site
groove.

The three-dimensional structure Bfichoderma reesetellobiohydrolase I
(CBHII) catalytic domain has been determined. The catalytic domain haf3an
barrel fold similar to that of the-amylase catalytic domain A. Two stable surface
loops generate a 20 A long tunnel for substrate binding and catalysis. The active
site tunnel contains four defined binding sites (A-D) for glucosyl units. In the



sites A, C and D, sugar binding is characterized by hydrophobic interactions of the
glucosyl units with W135 (A), W269 (C) and W367 (D). At the entrance of the
active site tunnel, W272 apparently gives rise to favourable stacking interactions
with the sixth glucosyl unit. This site is referred to as the putative binding site F.
CBHII, like all glycosidases, cleaves the glycosidic linkage by general acid
catalysis. CBHII is an inverting enzyme in which D221, situated between subsites
B and C, acts as a proton donor. D175 lying next to D221 either stabilizes
hypothetical carbonium ion intermediates or facilitates the protonation of D221, or
both. The base has not yet been identified although the role has been attributed to
D401, which is located on the opposite side of D221 with respect to the glycosidic
linkage.

Site-directed mutagenesis was used to study the role of three amino acids in
the active site of CBHII. A tyrosine residue, Y169, located at site B close enough
to interact with both D175 and the sugar hydroxyl at site B, was mutated to
phenylalanine. The resultant Y169F mutant showed increased binding but reduced
catalytic rate on small soluble cello-oligosaccharides. One plausible explanation
for these results is that the Y169 residue promotes the distorted sugar
conformation at site B, possibly by forming a hydrogen bond, and that this
conformation is essential for efficient catalysis by CBHIIl. The proposed existence
of a strained sugar conformation at the subsite preceding the scissile bond gains
support from structural studies of other inverting enzymes. In addition, the pH-
activity profile of the Y169F mutant declines at low pH, suggesting that the
second role of Y169 is to affect the protonation state of the active site
carboxylates, D175 and D221.

The tryptophan residues at subsites A and F were also mutated. In both
cases removal of the indole ring affected the catalytic rate. On the basis of the
experimental data on both the wild type and mutated enzymes the tight binding of
an intact glucose ring in binding site A seems to be essential for efficient catalysis
and is partly dictated by the W135. It was also shown that the CBHII active site
tunnel contains at least one additional binding site (F) at the mouth of the tunnel.
Mutations of W272 at subsite F increased the hydrolysis rates of short cello-
oligosaccharides, apparently by affecting the non-productive binding modes. It is
plausible that site F is important for the breakdown of crystalline cellulose.
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1 INTRODUCTION

Cellulose and starch are the two most common carbohydrate polymers in
nature. They are synthesized by all higher plants, using glucose as a building
block. Starch functions as the major source of carbon and energy for most
organisms, providing e.g. up to 80 % of the total caloric intake of humans.
Cellulose functions as a structural element of plant cell walls but also provides an
energy source for many micro-organisms in plant litter and soil.

Due to the complexity and resistance to degradation of both polymers,
complete degradation of cellulose and starch usually requires the action of many
enzymes. Cellulose and starch require different enzymatic systems for their
hydrolysis. Enzymes capable of degrading starch are called amylolytic enzymes,
or amylases, and enzymes hydrolysing cellulose are called cellulases. Amylases
and cellulases are important enzymes in many biotechnical applications. Various
starch hydrolysates are used as sweeteners in the food industry (Kehraggdy
1988). Amylases are also used to convert cereal starch into fermentable sugars for
Saccharomyces cerevisigeast strains in the brewing industry (Kennedal,

1988). The textile industry (e.g. biobleaching of indigo dyed jeans) utilizes
cellulases, whereas the detergent and paper industries use both amylases and
cellulases (Kennedst al, 1988; Pommieet al, 1990; Lange, 1993; Prasatlal,

1993; Béguin and Aubert, 1994; Borchettal., 1995).

Increasing demand for more environmentally friendly processes will lead to
increasing use of hydrolytic and other enzymes instead of chemicals. The
conditions used in biotechnical processes (e.g. temperature and pH) may be
different from the physiological conditions in which enzymes operate optimally.
In some processes, combinations of protein properties not present in nature are
required. With the aid of gene technology it has become possible to alter or
engineer protein properties in a controlled manner. Genes coding for proteins can
be isolated, sequenced and expressed in foreign host organisms. The structure of a
gene can also be specifically altered, thus affecting the structure of the
corresponding protein. Many hydrolytic enzymes are composed of different
functional units, called domains. These domains or modules can be grafted from
different enzymes to form new protein entities with new combinations of
functions. Furthermore, alterations can also be made within domains. If the three-
dimensional (3D) structure or structural model of the protein domain is available,
mutations can be designed on the basis of the structure. Even without structural
data it is possible to make mutations randomly and then screen for altered
(improved) properties. All these approaches can also be used to gain more
profound knowledge of the structure-function relationships of the protein. The
best correlation can be made when the 3D structure of the protein is available.

The enzymatic actions of amylases and cellulases have been studied for
many years because of their applicability in industrial processes. Three-
dimensional structures of the enzyme proteins have also emerged, allowing
protein engineers to study the enzymatic behaviour in detail. Despite this

10
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aldehyde form of D-glucose is able to reduce metal ions (designated Me) while it
is oxidized to a carboxylic form. The carbon numbering is indicated. Modified
from Divne, 1994.

progress, there are still many open and challenging questions, which arise from the
complexity of both the substrates and the enzyme systems.

1.1 CELLULOSE AND STARCH

During photosynthesis, carbon dioxide and water are converted to D-glucose
in plants. D-Glucose can occur in two anomeric form$)-glucose and3-D-
glucose. In watera- and B-D-glucose (D-glucopyranosyl) are present in an
equilibrium mediated by an open-chain aldehyde form (Fig. 1). This aldehyde
group on the anomeric carbon C1 has the ability to reduce metal ions, such as
silver or copper, while it is itself oxidized to a carboxylic acid. Thus glucose and
other carbohydrates having free C1 carbon are called reducing sugars.

D-Glucose is the basic building block of both cellulose and starch. Starch is
the storage polymer for energy and is composedi-gfucose. Starch occurs
mainly in the seeds, roots and tubers of higher plants. Some algae and bacteria
produce a similar reserve polysaccharide called phytoglycaden majority of
cellulose is produced as a component of cell walls of higher plants, where it

11



functions as a structural element. In addition, some micro-organisms and
invertebrates can synthesize cellulose. Cellulose is compogeglatose units.

Starch is organized into granules which contain small amounts of non-
carbohydrate components, particularly lipids, proteins and phosphate. Cellulose in
the cell walls is usually closely associated with hemicellulose and lignin, forming
very complex structures. These structures are proposed to involve covalent bonds
from lignin to hemicellulose and possibly also to cellulose (Scadieat, 1985;
Higuchi, 1990). Hemicelluloses possesspd.,4-linked backbone similar to
cellulose, but generally have a heterogeneous composition of various sugar units
and branches (Wonegt al, 1988). They are usually named according to the main
sugar residue in the backbone, xylans (backbone of D-xylose units) and mannans
(D-mannose) being the major groups. Lignin differs from the other structural
components of plant cell walls. It is a complex polymer of aromatic alcohols
formed by random coupling and containing a diverse range of chemical linkages
(Crawford and Crawford, 1984; Higuchi, 1990). It is resistant to microbial
degradation and also acts as a physical barrier inhibiting the biodegradation of
cellulosic components of wood (Crawford and Crawford, 1984).

1.1.1 The structural organization of cellulose

Cellulose is composed of linear homopolymers of D-glucose units. The D-
glucose rings are in a chair conformatié@,() and always linked vig-1,4-bonds
(Fig. 2). The smallest structural repeating unit in native cellulose is cellobiose, a
disaccharide, in which the orientation of glucose rings is related by 2-fold
symmetry to each other. This arrangement of glucose units leads to an extended
conformation of the cellulose chain, in which successive glycosidic oxygens point
in opposite directions (Fig. 2). The number of glucose units, i.e. the degree of
polymerization (DP) of cellulose, varies from 100 to 14,000 depending on the
source. In cell walls, cellulose exists as highly ordered crystalline fibers, which are
formed when individual cellulose chains pack together via inter- and
intramolecular hydrogen bonds.

In native cellulose (also called cellulose 1) the glucose chains have parallel
orientation, all reducing ends of the individual chains being at one end and the
non-reducing at the other end of a crystalline microfibril (Fig. 2). Recent structural
studies have shown that native cellulose is composed of two different crystal
forms, a two-chain monoclinic phas ( and a single-chain triclinic phasex]l
(Atalla and VanderHart, 1984; Michell, 1990; Sugiyagtaal, 1991a; 1991b;).

The two crystal structures have similar conformations but different hydrogen
bonding patterns and they can co-exist within a single microfibril. Neither of the
crystal lattices contains water. The monoclinic phase is more stable, apparently
due to more favorable intermolecular hydrogen bonding (Sugiyrmab 1991a;
Atalla, 1993; Heineet al, 1995). The relative amounts af &nd B forms vary
depending on the origin of the cellulose. Algal-bacterial type cellulose, e.g.
cellulose isolated frorcetobacter xylinunor Valonia ventricosa is rich in the

la component, whereas in higher plant cellulose the dominant form is

12
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the B structure. In addition, the crystal dimensions vary depending on the
cellulose origin (Atalla, 1993; Sugiyamneh al, 1991a; 1993). The cross section of
algal Valonia cellulose is 20 nm, whereas in the cell walls of higher plants the
microfibrils may be only 2 nm wide (Chanzy, 1990).

Cellulose microfibrils are not uniformly crystalline but also contain less
ordered, or “amorphous” regions. The crystallinity of isolated celluloses varies
depending on the origin and pretreatment. The crystallinity index of cellulose is a
relative property, which can be measured by X-ray diffraction or solid state NMR.
Celluloseisolated fromValoniais usually referred to as 100% crystalline whereas
amorphous, acid swollen cellulose is 0% crystalline (Kulshreshta and Dwelz,
1973).

1.1.2 The structure and properties of starch

Starch is usually composed of two different fractions, amylose and
amylopectin (Fig. 3). Amylose is mainly a linear polysaccharide formexd hy-
linked D-glucose residues and having somumel,6-linked branching points.
Amylopectin has a highly branched structure. The degree of polymerization (DP)
of amylose chains ranges from 350 to 1000 glucose units depending on the source
(Whistler and Daniel, 1985). The DP of the straight chain units in amylopectin
ranges from 10 to 60, but the total DP of amylopectin can be several thousands.
The relative content of amylose and amylopectin varies with the source of starch.
The amylose content in most common starches, e.g. in barley, corn and potato, is
20 to 30% (Shannon and Garwood, 1984).

Native starch is partly crystalline. According to the currently accepted
concept amylopectin forms the crystalline component whereas amylose exists
mainly in the amorphous form (Zobel, 1992). Structural studies have shown that
native starch has crystalline polymorphism similar to that of native cellulose. In
X-ray diffraction, cereal starch typically gives A-type patterns of monoclinic
symmetry, and tuber starch B-type patterns of hexagonal symmetry (Irabatty
1991). The three-dimensional organizations of A- and B-structures in a crystal
lattice differ, but their molecular conformations are practically identical. Both
structures have left-handed double helices with parallel strands (Fig. 3). Double
helices contain six glucose units per turn in each chain and the glucose units are in
a chair conformation*C,). Within the double helix, there are inter-chain but no
intra-chain hydrogen bonds. In addition, parallelly packed double helices are
connected through a hydrogen bonding network. The double helix is very compact
and there is no room for water in its center (Imbetyal, 1988; 1991). The
crystal lattice of B-type starch contains more water molecules than the A-
structure, which is proposed to be the reason for higher stability of the A-structure.
It also appears that amylosic fragments with higher DP yield B-type crystals.

Amylose and amylopectin are packed into granules which are insoluble in
water below 50C. The size and shape vary depending on the plant, the diameter
of the granules ranging from 2 to 1@6n (Whistler and Daniel, 1985). The
orientation of the starch chains is thought to be perpen-
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Figure 3. Starch components. Amylose (a) exists mainly in the amorphous fraction
of starch granules whereas amylopectin (b) forms the crystalline part. The picture
(c) shows one amylosic strand in the left-handed conformation, having six glucose
units in a helical repeat in 2.1 nm. The double helix is generated by the
association of two parallel single strands (d). Double helices contain inter-chain
(not shown) but no intra-chain hydrogen bonds From Imberty et al., 1991.

15



dicular to the granule surface (French, 1984). It is not known how the amylose and
amylopectin molecules are arranged relative to each other, but they are suggested
to form separate entities. Amylose probably occurs in close association with fatty
acids and might then adopt a single helix conformation (Zobel, 1992). A "cluster”
model has been presented for amylopectin (Fig. 4). As can be seen from Fig. 4
amylopectin has only one functional reducing end group in the moleculex-The

1,6 branch points are apparently located in the amorphous regions between
crystallites but they are thought to initiate the double helix formation (Imberty

al., 1991). The crystallinity of native starch varies between 15 and 45% and is a
relative measure similarly defined as the crystallinity of cellulose (French, 1984).

1.2 ENZYMATIC DEGRADATION OF CELLULOSE AND
STARCH

Besides being present in higher plants, amylolytic enzymes are also found in
microbes and animals. The degradation of cellulose occurs mainly through the
action of micro-organisms in plant litter and soil. Since the native substrate is
water-insoluble and cannot penetrate into cells, the biodegradation of cellulose
and starch occurs extracellularly. Amylases are mainly secreted into the medium
or are found membrane-bound. Some mirobial strains are known to produce
intracellular amylases; the reason for this is not known (Vihinen and Mantsala,
1989). Cellulases act either in

= 5NM r—a 50m =

SH e S N IR
A R e o i A
el T el -
e L g e
el - | 4
cem = e e o it bt
L=, Syl _ -
e e e
= === e T e SSETEE
S T oA AT -
=] e Cp- T
e e e .::: ;‘:ff‘u -
e s sae = =
AR T
ESSSEST || henossass ST
T et i o e, BT i s mem e e,
T Ty e e ]

=l o

T, o, Ty e
- = . pmEmmmmmeT
T e e T o et
e e e e Tl n
e . e T
't T T o T - = i e
el S
o v v u) b= '\r_ﬁ--‘_ T

Figure 4. The cluster model of the amylopectin molecule in a starch granule. The
only reducing end of the molecule is shown. @k 6-linkages of amylopectin
apparently promote the double helix formation. From Imberty et al., 1991.
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association with the outer cell envelope layer or extracellularly. The effective
hydrolysis of both polysaccharides demands the action of many enzymes due to
the complexity of the substrate, although a prolonged incubation with one
particular enzyme can lead to (almost) complete hydrolysis. Few micro-organisms
produce a complete set of enzymes capable of degrading the insoluble substrates
efficiently. Complete cellulase systems are often associated with other, related
hydrolases, particularly xylanases. This is apparently due to the close association
of hemicelluloses with celluloses in plant cell walls.

Amylolytic and cellulolytic enzymes can be classified using various criteria.
As more enzymes have been isolated and characterized it has become clear that
the classifications hitherto used are somewhat problematic. Many hydrolases have
overlapping specificities and the use of poorly defined substrates further hinders
proper classification. In addition the nomenclature of various amylases and
cellulases is not consistent and causes confusion.

The traditional division of amylases and cellulases is based on their mode of
action. Exoenzymes cleave sugar units from the ends of the polysaccharide chain,
whereas endoenzymes make more random cuts along the chain. Exo- and
endoenzymes act co-operatively, or synergistically, on crystalline substrates; a
phenomenon that has been studied mostly on cellulases (Nidstzty 1993;
1994a; Irwinet al, 1993; Béguin and Aubert, 1994). The current hypothesis to
explain endo-exo synergism of cellulases is that endo-acting enzymes provide new
chain ends for the exo-acting enzymes. Exo-exo synergism has also been
demonstrated with some bacterial and fungal cellulases (Nidetzky, 1993;

Irwin et al, 1993; Medveet al, 1994). This is postulated to be due to two types of
exocellulases produced: one that attacks cellulose from the reducing end and
another that attacks from the non-reducing end (Ba¢lgl, 1993; Divneet al.

1994; Sheret al, 1995; Baret al, 1996).

The complete hydrolysis of cellulose to glucose demands the action of
exoglucanases (also called cellobiohydrolases), endoglucanases [3-and
glucosidases (Fig. 5). Cellobiohydrolases (3;®-glucan cellobio-hydrolase, EC
3.2.1.91) are usually active on crystalline cellulose and are lacking from
incomplete  cellulase  systems. Endoglucanases [(}D4- glucan-4-
glucanohydrolase, EC 3.2.1.4) are more active against the amorphous regions of
cellulose and they can also hydrolyze substituted celluloses, such as
carboxymethylcellulose (CMC) and hydroxyethyl-cellulose (HEC).
Cellobiohydrolases cleave disaccharide (cellobiose) units either from non-
reducing or reducing ends, whereas endoglucanses hydrolyze the cellulose chains
internally.3-Glucosidases (EC 3.2.1.21) are needed to cleave cellobiose and other
soluble oligosaccharides to glucose (Béguin, 1990). This last step is important
since cellobiose is usually an end-product inhibitor of cellulases.

The variety of amylolytic enzymes is larger than that of cellulases.
Amylolytic enzymes can be divided into classes according to which linkages the
enzymes are capable of degradimgl,,4 ora-1,6. The enzymes hydrolyzing1,4
linkages of starch ara-amylases3-amylases, glucoamylases, exo-acting
amylases and cyclomaltodextrin glycosyl-
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Figure 5. The complete enzymatic degradation of crystalline cellulose requires the
action of various enzymes. Exoglucanases (also called cellobiohydrolases)
degrade cellobiose units from either the non-reducing or reducing end of the
microfibril. Endoglucanases attack the amorphous regions of cellulose and cleave
the internal glycosidic linkages3-glucosidases hydrolyze cellobiose and other
small soluble oligosaccharides into glucose. Glucose units are indicated as
spheres and reducing ends are shown in white.

transferases (Fig. 6)x-Glucosidases, which are also referred to as maltases,
cleave a-1,4-linked glucose units from short oligosaccharides (Fig. 6). The
naming ofa-amylase and3-amylase is of historical origin andis based on the
configuration of the products released. When the hydrolysis products formed are
in a-D-configuration, the enzymes are -calleadamylases (1,4~D-glucan
glucanohydrolase, EC 3.2.1.1), whereaf-amylases (1,4~D-glucan
maltohydrolase, EC 3.2.1.2) release products f34r-configuration.a-Amylases

are endoenzymes, wherghamylases attack glucans in an exo fashion from the
non-reducing enda-Amylases thus
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Figure 6. Modes of action of different amylases on starch. See text for details.
Glucose units are indicated as spheres and reducing ends are shown in white.
Modified from Kennedy et al., 1988.

resemble endocellulases, wher@aamylases act like some of the exocellulases,
e.g. Trichoderma reesecellobiohydrolase 1l. Another exo-acting amylase is
glucoamylase (1,4-D-glucan glucohydrolase, EC 3.2.1.3), which releds€&s
glucose from the non-reducing end of starch chains. In adddiamylases can
sometimes cleave-1,6 linkages with a low catalytic rate and they can bypass an
a-D-1,6 branch linkage, whicf-amylases cannot. Glucoamylase and seweral
glucosidases also have an inheei-1,6-activity.

Amylases which have primary affinity far-1,6 linkages and catalyse the
hydrolysis of a-1,6-glycosidic bonds in amylopectin and related polymers are
called debranching enzymes. Pullulanasesddxtrin 6-glucanohydrolase, EC
3.2.1.41) and isoamylases (glycogen 6-glucanohydrolase, EC 3.2.1.68) are the
most widely studied debranching enzymes found mainly in bacteria (Vihinen and
Mantsala, 1989).

1.3 MODULAR STRUCTURES OF CELLULASES AND
AMYLASES

Amylolytic and cellulolytic enzymes are often multifunctional proteins
composed of distinct domains, a catalytic domain and one or more domains
involved in substrate binding or multi-enzyme complex formation. They may also
have additional domains of unknown function and be composed of more than 10
different domains. The different domains are usually joined together by distinct
linker peptides (Gilkest al, 1991). Most linkers are rich in glycine, proline,
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serine and threonine residues, and are often O-glycosylated (Tetahel988b;
Williamsonet al, 1992).

The catalytic domains of all known glycosyl hydrolases, comprising about
500 sequences, are classified into 52 families on the basis of sequence alignment
and a secondary structure prediction method called hydrophobic cluster analysis
(HCA) (Henrissat, 1991; Henrissat and Bairoch, 1993 and unpublished; Teimme
al., 1995a; Sheret al, 1995). Different cellulases have been allocated to 11
families (families 5 - 10, 12, 26, 44, 45, 48) and amylases to 3 (families 13 - 15).
A total of nine crystal structures of cellulase catalytic domains from six different
families and 10 amylase structures from 3 different families have been published
(Table 1).As the 3D structures of catalytic domains have become available it has
become clear that although the amino acid sequence similarity is usually low, the
fold is conserved within one family. The families do not follow the nomenclature
of the enzymes (EC classes set by the International Union of Biochemistry), which
is mainly based on substrate specificity. Thus, one family may contain both exo-
and endoglucanases. Moreover, e.g. family 5 contains mostly cellulases but also a
B-mannanase, an exo-1}3glucanase and a cellodextrinase (Henrissat, 1994;
Henrissat and Bairoch, 1993). Adl-amylases and many other amylolytic
enzymes belong to one superfamily (family 13), which contains different activities
from over ten enzyme classes.

Some amylases and most cellulases hitherto studied have a second domain
which binds to the substrate but does not hydrolyse it. The role of the cellulose-
binding domain (CBD) of bacterial and fungal cellulases is well established (Teeri
et al, 1995; Dinet al, 1995). Different studies have shown that catalytic domains
have a relatively weak affinity for crystalline substrate, whereas isolated CBDs
carry most of the binding properties of cellulases. The proteolytic removal of CBD
has no effect on the enzyme’s capacity to hydrolyse small soluble substrates,
whereas the hydrolysis of insoluble cellulose is clearly reduced (van Tilbetrgh
al., 1986; Stahlberget al, 1991; Tommeet al, 1988b; Kleman-Leyeet al,

1994). Some bacterial CBDs are capable of disrupting cotton fibres and releasing
small particles from the substrate, thus taking a more active role than just
anchoring cellulase to their substrates ([Binal, 1991; Kilburnet al, 1993).
CBDs are usually located either in the N- or the C-terminus of the protein,
although internal functional CBDs also exist (Nevalainen and Penttila, 1995; Din
et al, 1995). The cellulose-binding domains have also been classified into
families. At the moment ten different CBD families can be distinguished, of which
the CBDs from families | and Il are the most extensively studied (see also section
1.3.1. and 1.3.2.) (Tommet al, 1995b). Sequence comparison of the domains
identified as CBDs usually shows marked sequence similarity among enzymes
from the same organism.

Various amylolytic enzymes, such as glucoamylas@samylases,
cyclodextrin glycosyltransferases and samamylases are reported to have a C-
terminal raw starch-binding domain (SBD). All SBDs hitherto studied are about
100 amino acids long, share some conserved amino acids and are
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Table 1. Catalogue of amylases and cellulases for which X-ray crystallographic
analysis has been reported and mechanisms suggested. The classification is
according to the glycosyl hydrolase families (Henrissat and Bairoch, 1993).

Family Enzyme Organism Catalytic EC Mechanism Ref
domain number
fold
5 Endoglucanase A Clostridium a/B barrel 3.214 retaining 1
cellulolyticum
5 Endoglucanase CelC Clostridium a/B barrel 3.214 retaining 2
thermocellum
6 Cellobiohydrolase Il Trichoderma reesei o/B barrel 3.2.1.91 inverting 3
Endoglucanase E2 Thermomonospora fusca a/f3 barrel 3.214 inverting 4
7 Cellobiohydrolase |  Trichoderma reesei B sandwich 3.2.1.91 retaining 5
Endoglucanase | Humicola insolens B sandwich 3.214 retaining 6
9 Endoglucanase D Clostridium o/a barrel 3.21.4 inverting 7
thermocellum
10 Exoglucanase/ Cellulomonas fimi o/ barrel 3.2.1.91/ retaining 8
Xylanase Cex 3.2.1.8
13 a-amylase Aspergillus oryzae o/ barrel 3.21.1 retaining 9,
10
13 a-amylase Aspergllus niger o/ barrel 3.21.1 retaining 10
13 a-amylase Bacillus licheniformis a/B barrel 3.21.1 retaining 11
13 a-amylase barley a/B barrel 3.21.1 retaining 12
13 a-amylase porcine pancreatic a/B barrel 3.21.1 retaining 13
13 o-amylase human pancreatic a/B barrel 3.2.1.1 retaining 14
13 Cyclodextrin Bacillus circulans a/B barrel 2.4.1.19 retaining 15
glycosyltransferase  (Strain 8)
13 Cyclodextrin Bacillus circulans a/B barrel 2.4.1.19 retaining 16
glycosyltransferase  (Strain 251)
14 B-amylase Glycine maxSoybean) a/f3 barrel 3.2.1.2 inverting 17
14 B-amylase Sweet potatoe a/B barrel 3.2.1.2 inverting 18
15 Glucoamylase Aspergillus awamorii a/a barrel 3.2.1.3 inverting 19
45 Endoglucanase V Humicola insolens B-barrel 3.2.1.4 inverting 20

! The stereochemical mechanism has not necessarily been determined for all the listed enzymes
but is assumed to follow the family division.

References: 1. Ducrag al, 1995; 2. Domingueet al, 1996; 3. Rouvinest al., 1990; 4. Spezio
et al, 1993; 5. Divneet al, 1994; 6 Davies and Schiilein 199%. Juyet al, 1992; 8. Whiteet al,
1994; 9. Matsuurat al, 1984; 10. Boeét al, 1990; 11. Machiust al, 1995; 12. Kadziolat al,
1994; 13. Buissost al, 1987; 14. Brayeet al, 1995; 15. Klein and Schulz, 1991; 16. Lawstn
al., 1994, 17. Mikamet al, 1993; 18. Cheonegt al, 1995; 19. Aleshiret al, 1992; 20. Daviest
al., 1993.

predicted to be composed pfstrands (see also section 1.3.4) (Jespesset,
1991, Svenssoet al, 1989). The binding domain has been shown to be important
for adsorption and degradation of granular starch by glucoamylases (Takethashi
al. 1985). Since mosti-amylases lack the binding domain but can still attack
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granular starch, it is apparently not an absolute requirement for degradation of raw
starch (Svenssost al, 1989).

One of the additional domains found in various bacterial carbohydrases, for
example in four Cellulomonas fimi cellulases and in Clostridium
thermohydrosulfuricuma-amylase-pullulanase, is a fibronectin type 1l (Fn3)
domain approximately 100 amino acids long (Béguin and Aubert, 1994). Fn3 -like
sequences occur in various extracellular matrix and adhesion proteins in higher
eukaryotes, where they are involved in protein-protein interactions. It has been
proposed that Fn3-type domains are capable of unfolding reversibly to provide
elasticity in muscle fibres (Erickson, 1994). In carbohydrases Fn3 modules often
occur between the catalytic and substrate binding domain, and it has been
suggested that they could either serve as linkers between these domains or also
provide more flexibility through unfolding (Diet al, 1995).

1.3.1 Fungal cellulases

Cellulolytic fungi, especially the aerobic soft-rot species {eighoderma,
Humicola and Penicillium species) and white-rot fungi (e @hanerochaefge are
among the most studied cellulolytic micro-organisms. They are capable of
producing all the activities needed for complete hydrolysis of native cellulose.
They usually produce one or two exoglucanases, several endoglucanases and at
least ong3-glucosidase, all of which are secreted into the culture medium (Wood
et al, 1989; Wood and Garcia-Campayo, 1990; Coetul, 1992a; Schileiet
al., 1993; Nevalainen and Penttila, 1995). Such a diversity may be needed in part
to cope with the physical heterogeneity of the substrate. In addition, the structure
of cellulose changes during the degradation process and may require different
enzymes at different stages. The exact number of enzymes reported may also vary
because the purification of cellulases is difficult (Watdal, 1989; Reinikainen
et al, 1995a). Post-translational modifications such as glycosylation and
proteolysis are known sources of cellulase diversity (Béguin, 1990; Srisetlsuk
al., 1993), and protein-protein interactions are also reported to cause further
problems in purification (Sprey and Bochem, 1993; Weioal., 1989).

A number of fungal cellulase genes have been cloned (for a recent review
see Nevalainen and Penttila, 1995). This allows sequence comparisons to be
carried out among fungal enzymes and comparisons to be made with other
glycosyl hydrolases. The overall domain structure of fungal cellulases is generally
the same for exoglucanases, or cellobiohydrolases (CBHs), and endoglucanases
(EG). All these enzymes consist of a bigger catalytic domain and a small
cellulose-binding domain (CBD) separated by an O-glycosylated linker peptide.
The CBD is either N- or C-terminal. There are, however, reports of an
exoglucanase (Covest al, 1992b) and several endoglucanases (Wrdl,

1993; Schileinet al, 1993) which have only the catalytic domain. Some
anaerobic ruminal fungi (e.dgNeocallimastixspp.) show more complex domain
architecture and have e.g. multiple catalytic domains (see also section 1.3.5.). In
addition, they contain non-catalytic domains, which apparently function as
docking domains
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Figure 7. Domain structure of Trichoderma reesei cellobiohydrolase 1l (CBHII)
based on small-angle X-ray scattering measurements. catalytic domain,
linker peptide, cellulose-binding domain (CBD).

involved in multienzyme complex formation (Fanu#t al, 1995). Some
cellulases also exhibit activity against other polymeric substrates; e.g.
Trichoderma reeseendoglucanase | (EGI) degrades both xylan and cellulose
(Biely et al, 1991).

The crystallization of entire fungal cellulases has proved to be rather
difficult. This is probably due to the linker peptide, which might be flexible and/or
heterogenously glycosylated. The two techniques that have been used to evaluate
the spatial relationship between the individual domains of fungal cellulases are
small-angle X-ray scattering (Abujat al, 1988a, 1988b) and dynamic light
scattering (Boissetdt al, 1995). The results indicate that bdttichoderma reesei
cellobiohydrolases andHumicola insolensendoglucanase have an elongated,
tadpole-like shape (Fig. 7). The catalytic domain forms the ellipsoidal head part
and the linker adopts extended conformation between the catalytic domain and the
CBD. The role of the CBHI linker peptide has been studied by deletion analysis
(Srisodsuket al, 1993). Some spatial separation of the two domains is apparently
needed for efficient function of CBHI on crystalline cellulose. The linker was
suggested to have a proline-glycine rich sequence functioning as a hinge which is
followed by a more rigid, extended O-glycosylated part of the linker sequence
(Srisodsuket al, 1993). The glycans are apparently not required for the direct
enzyme-substrate interactions (Johansgtal, 1989).

The catalytic domains produced by one species show no obvious amino acid
similarity to each other, with some exceptions sucf .aseeseiCBHI and EGI
(Penttilaet al, 1986). Of the 11 cellulase families currently classified using the
HCA method (Henrissat and Bairoch, 1993; Tometeal, 1995a), fungal
cellulases are found in six. The only true exoglucanase structures solved are the
two cellobiohydrolases of the filamentous fundguechoderma reesefTable 1).

The 3D structure of the catalytic domainTofeeseiCBHII belonging to family 6
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as the first cellulase crystal structure solved at the atomic level (Fig. 8) (Rouvinen
et al, 1990). The polypeptide folds into a3 barrel structure similar to triose
phosphate isomerase (TIM), with the exception that it contains seven instead of
eight B-strands (Fig. 8a). The active site was identifiedainunnel spanning
through the whole domain and formed by stable surface loops. This immediately
suggested an explanation of the exo-mode of action of CBHII: the cellulose chain
could only enter the active site tunnel by one of its ends. On the other hand, the
loops enclosing the tunnel were missing in the endoglucanase sequences from the
same family. This implied that related endoglucanases should have similar overall
folds but the active site should be more open allowing the random binding (and
hydrolysis) of the cellulose chain (Rouvinenh al, 1990). The 3D structure of
Thermomonospora fuscandogluganase, E2 (Fig. 8b) (Speab al, 1993),
belonging to the same family 6 confirmed this hypothesis. Furthermoregsei

CBHI belonging to a different family (family 7) has a completely different fold,
but the active site is similarly situated in a tunnel formed by stable loops (Etivhe
al., 1994). It therefore seems that the active site tunnel is a general topological
feature of a true cellobiohydrolase. The known exception is the bifunctional
exoglucanase/xylanase Cex from the bactef@eitulomonas

Figure 8. Ribbon presentation of two family 6 catalytic domains.
Cellobiohydrolase Il (CBHII) from Trichoderma reesei (a) and endoglucanase E2
from Thermomonospora fusca (b) have a TIM barrel central fold (barrel viewed
from the side) in which long loops generate the active site at the C-terminal end of
the barrel. In the case of CBHII the loops enclose a tunnel for substrate binding
and catalysis. In E2 the loops are shorter and consequently a more open active
site is generated. CBHII active site contains a bound ligand in the picture. The
figure (a) was kindly provided by Alwyn Jones and figure (b) is modified from
Wilson et al., 1995.
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fimi (Table 1) (see section 1.3.2), which has an open active site architecture
(Whiteet al, 1994).

The fungal CBDs consist of about 36 amino acid residues and show high
sequence identity, which strongly suggests that they have a similar fold (Hoffrén
et al, 1995). They all belong to the CBD family | (Tommteal,, 1995b). The 3D
structure ofT.reeseiCBHI CBD has been solved by NMR, revealing a wedge-
shaped molecule composed of three antipar@Hgtrands and stabilized by two
disulfide bridges (Fig. 10a). One side of the wedge is flat, containing three highly
conserved aromatic residues (Kraués al, 1989). Site-directed mutagenesis
studies and studies of synthetic CBD peptides have shown that the three aromatic
ring structures (either tyrosine ot tryptophan residues) constitute the primary
interaction surface with cellulose (Reinikainetnal, 1992; 1995b; Lindeet al,
1995a; 1995b). Residues capable of forming hydrogen bonds on this same surface
seem also to be important, whereas direct interaction of the other surface is
unlikely (Linderet al, 1995a).

1.3.2 Bacterial cellulases

Bacterial cellulases show more diversity in their modular architecture than
fungal cellulases. One of the best characterized and most complex multienzyme
complexes is produced by the anaerobic bactei@lastridium thermocellum
The cellulase complexes, called cellulosomes,

€ CRDs

¢ Cohesing
% Dackering

F- Linkers

¥ Catalytic domains

Figure 9. Components of the cellulosome in a simplified model based on the
complex from Clostridium thermocellum. All subunits are composed of multiple
domains. The scaffoldin (shown as the central structure in white) and some
catalytic domains contain other domains (not shown) whose function is still not
known. From Bayer et al., 1995.
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are very active against crystalline cellulose. The molecular mass of a cellulosome
exceeds 2,000 kDa, corresponding to about 20 polypeptide subunits (Béguin and
Aubert, 1994). Cellulosomes can pack into polycellulosomal clusters forming
protuberance-like organelles on the cell surface (Bayal, 1994). The largest
subunit is a non-catalytic domain called scaffoldin (or S1 or CipA), which forms
the core of the cellulosome structure (Fig. 9). It is composed of a single CBD and
nine distinct, but closely related domains, cohesins, which bind the catalytic
subunits. Catalytic domains comprise the majority of the subunits and exhibit
either cellulase or xylanase activity. Catalytic domains contain conserved,
duplicated segments called dockerins, which mediate the attachment of the
catalytic domains to scaffoldin. The dockerin domains are usually interconnected
by linking segments, or linkers, resembling other linkers found in cellulases. Both
scaffoldin and some catalytic domains contain other domains, the function of
which is currently not known (Bayet al, 1994; 1995).

Cellulomonas fimcellulases are an example of bacterial cellulases secreted
into the medium. Hitherto four endoglucanases (CenA, CenB, CenC and CenD)
and two cellobiohydrolases (CbhA and CbhB) have been characterized (for a
recent review see Diet al, 1995). In addition, one of the two xylanases produced
by C. fimi is a bifunctioanl hydrolase (Cex) capable of degrading cellulose
although being predominantly active on xylan (Wiateal, 1994). The catalytic
domain of Cex belongs to family 10, in which all the other members hitherto
described are xylanases (Henrissat and Bairoch, 1993). The cellulolytic system of
C. fimi resembles the corresponding enzyme systent.ofeesei All C.fimi
cellulases are modular proteins comprising of two to six modules or domains, but
all sharing two domains in common: a catalytic domain and a cellulose-binding
domain (CBD) which can function independently. In four of the enzymes, CenB,
CenD, CbhA and CbhB, fibronectin type Il (Fn3) repeats separate the N-terminal
catalytic domain from the C-terminal CBD. The catalytic domains belong to six
different families, whereas all the CBDs except that of CenC belong to family II
(Tommeet al, 1995b). CenC has tandem CBDs from family 1IV; CenB has a
second, internal CBD from family IIl.

The C. fimi CBDs from family Il are the most extensively studied bacterial
CBDs. They usually adsorb to both crystalline and amorphous cellulose, and one
CBD has also been reported to bind to chitin (@hgl, 1993). Adsorption has
been shown to be strongly dependent on aromatic amino acid residuet dDjin
1994). The 3D structure . fimi Cex CBD belonging to CBD family Il was
recently solved, revealingf&barrel fold consisting of 9 antiparallgtstrands and
having two faces (Xwet al, 1995). One face of the domain contains three
tryptophan residues and two of them were shown to interact with cellohexaose
when analysed with NMR (Fig. 10b).

1.3.3 a-Amylases and cyclodextrin glycosyltransferases

o-Amylases are probably the most widely distributed of the amylolytic
enzymes. They are endo-acting enzymes catalyzing the hydrolysis1gf-
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glycosidic linkages of amylose and amylopectin. They liberate glucose and malto-
oligosaccharides in the-anomeric form and rapidly reduce the molecular size of
starch. In generalg-amylases are the main enzymes

H B

Figure 10. Ribbon presentation of the structures of cellulose-binding domains
(CBDs) from T. reesei CBHI and C. fimi Cex, both solved by NMR. The CBD of T.
reesei CBHI (a) belongs to CBD family I, whereas the CBD of C. fimi Cex (b)
belongs to family Il. The side-chains of three tyrosines (Y466, Y493 and Y492) in
CBHI CBD and three trytoptophans (W72, W54 and W17) in Cex CBD, implicated
in binding to crystalline cellulose, are shown. The conserved disulfide bridges are
also shown. From Tomme et al., 1995b.
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responsible for degradation of the starch granuémylases are often divided

into two categories according to the degree of hydrolysis of the substrate
(Fukumoto and Okada, 1963). Saccharifym@gmylases hydrolyze 50 to 60 %
and liquefyinga-amylases about 30 to 40 % of the glycosidic linkages of starch.
This division is not an absolute one.

Some bacteria produce an extracellular enzyme cyclodextrin glycosyl-
transferase (CGTase) (1g4b-glucan 4ea-D-(1,4-0-D-glucano)-transferase
(cyclizing), EC 2.4.1.19), which hydrolyses1,4-glycosidic bonds of starch to
produce cyclodextrins (cyclic compounds of six to eight,4-linked glucose
units) via an intramolecular transglycosylation reaction (Fig. 6). In addition,
CGTases can display coupling, disproportionation and hydrolysing activities, and
are functionally related ta-amylases. The primary structures of CGTasesoand
amylases from different organisms share about 30 % amino acid sequence identity
and all belong to the same glycosyl hydrolase family 13 (MacGregor and
Svensson, 1989; Henrissat and Bairoch, 1993). Other related amylolytic enzymes
in family 13 are e.ga-glucosidases, exo-acting-amylases, isoamylases and
pullulanases. The crystal structures ofsiamylases and two GCTases have been
solved (Table 1). The 3D structures mfamylases have revealed monomeric,
calcium-containig enzymes, with a single polypeptide chain folded into three
domains (A-C) (Fig.11a). The polypeptide chains of CGTases fold into five
domains (A-E). Three of these corresponditamylase domains and domain E
has been recognised as having a similar fold as the starch-binding domain of
glucoamylases (Fig.11b) (see section 1.3.4). Domain D of CGTases has an
immunoglobulin-type fold, the function of which is not yet known.

The catalytic domain A ofi-amylases and all family 13 hydrolases folds
into an @/B)s -barrel protein. The active site is created by residues located at the
C-terminus of the3 strands and in the helix-connecting loops extending from
these ends. This is typical to all enzymes belonging toatfie-barrel protein
family (Farber and Petsko, 1990). The domain B protrudes from the middle of the
barrel at the C-terminal side and forms a small separafé €abilized structural
domain, which has also been recognized in a number of other amylolytic enzymes
(Jespersemt al, 1991). The sequence of this domain varies modBairillus a-
amylases the sequence is relatively long and folds into a more complex structure
of B-strands (Machiuset al, 1995), whereas in barleg-amylase it is an
irregularly structured domain of 64 residues (Kadziedaal, 1994). The open
active site cleft is formed between domains A and B, so that residues from domain
B also patrticipate in substrate binding. On the basis of the solved 3D structures it
can be deduced that the conserved regionsarhylases and CGTases involve the
calcium-binding site between domains A and B, and regions belonging to the
active site (MacGregor and Svensson, 1989; Klein and Schultz, 1991; Latwson
al., 1994).

Both a-amylases and CGTases have a domain C which is relatively
conserved and folds into an antiparafiebarrel. The orientation of domain C
relative to domain A varies depending on the type and source of amylase (Brayer
et al, 1995). The function of this domain is not known. Two structural studies,
one fromB. circulans CGTase (Lawsoret al, 1994) and the other from pig
pancreatica-amylase (Qiaret al, 1995), both clearly show, based on electron
densities, that maltose units stack against the aromatic side-chain of a tryptophan
situated on the surface of domain C (Fig. 11b). The truncation of domain C more
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than 30 to 40 amino acids from the C-terminus was shown to be deleterious to the
proper folding of thd3. stearothermophilug-amylases (Vihineet al, 1994).
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Figure 11. Ribbon presentation of human pancreatiamylase and Bacillus
circulans CGTase, also showing the domain structar@mylase (a) is composed

of three domains (A-C) and CGTase (b) of five domains, of which the first three
correspond to ther-amylase domains. Domain A is the catalytic domain having a
typical TIM barrel fold. Both enzymes contain a conserved calcium-binding site
between domains A and B. Human pancreatiamylase contains a chloride
binding site in domain A, whereas CGTase contains a second calcium-binding site
in domain A (marked with +). Side-chains of W616 and W662 in domain E of
CGTase are involved in maltose binding site 1 and Y663 in domain E in maltose
binding site 2 of the putative starch-binding domain. A third maltose binding site
is found in domain C and involves W413. The active site cleft in domain A is
shown with an arrow. From Brayer et al., 1995 (a) and Lawson et al., 1994 (b).
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1.3.4 B-Amylases and glucoamylases

B-Amylases cleavgd-maltose from the non-reducing endsoofl,4-linked
starch and malto-oligosaccharides in an exo-fashion. The enzyme is produced by
higher plants and some micro-organisn@sAmylases are usually tetrameric
proteins composed of identical subunits and belong to family 14 of the glycosyl
hydrolases (Henrissat and Bairoch, 1993). The 3D structures of two [plant
amylases have been published (Table 1). The monomeric enzymes are composed
of a large core which folds into aa/p)s -barrel, a smaller lobe formed of three
long loops extending from the C-terminal end of flwarrel, and a long C-
terminal loop of 50 - 60 amino acids. The active site pocket in the protein surface
involves residues from both the lobe and core parts (Mildral, 1993; 1994).

One of the loops in the lobe region is flexible and moves during substrate binding
(see also section 1.4.2) (Mikaetial, 1994).

Glucoamylases are produced by bacteria, fungi and yeast. They @lBase
glucose from non-reducing ends of starch and related saccharides. The catalytic
domains of glucoamylases belong to family 15, in which the fold w/abarrel
composed of 12&-helices (Aleshiret al, 1992) and related to the twisteebarrel
of endoglucanase CelD from the bacteriGlostridium thermocellungJuyet al,

1992). Fungal glucoamylases have a similar domain structure to that of fungal
cellulases: they are composed of a largecatalytic domain and a smaller starch-
binding domain (SBD) joined by an O-glycosylated linker peptide. The function of
the linker peptide seems to be similar to that of fungal cellulase linkers, i.e. to
provide distance between the catalytic and binding domain, but not itself
significantly increasing the binding affinity for the substrate (Williamebml,

1992).

Binding studies on the isolated starch-binding domain (SBRspkrgillus
niger glucoamylase have suggested that for maximum affinity the substrate should
be able to form a helical conformation which mimics the conformation of amylose
in granular starch (Belshaw and Williamson, 1993). Thermodynamic studies have
demonstrated the existence of two ligand binding sites of identical nature in the
SBD (Sigurskjoldet al, 1994b). In addition, two tryptophans have been shown to
be important for the binding of starch (Svenssbml, 1986; Gotoet al, 1994).

The secondary structure and topology of an SBD ffomiger glucoamylase has
recently been determined by NMR (Jaeéksal, 1995). The 108 amino acid long
polypeptide folds into tw@-sheets composed of eight antipargledtrands. The

SBD of A. niger glucoamylase shares about 37 % amino acid identity to the
domain E of cyclodextrin glycosyltransferases (CGTases) (see section 1.3.3)
(Svenssoret al, 1989). The domain E of CGTases contains egstrands. The
complex structure of 8acillus circulansCGTase revealed two maltose-binding
sites on domain E involving stacking interactions with two tryptophan and one
tyrosine residues, respectively (Fig. 11b). In addition, both binding interactions
involve several hydrogen bonds. The two tryptophans and some of the residues
involved in hydrogen bond formation are strictly conserved in all starch-binding
domains (Lawsoet al, 1994; Svenssoet al, 1989).
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1.3.5 Module shuffling

The multiple domains of amylases and cellulases usually function
independently. It is likely that during evolution the early genes were transferred as
modules encoding single domains, which were subsequently recombined to yield
genes coding for multidomain proteins (Béguin and Aubert, 1994). As has been
discussed above various combinations of catalytic domains and substrate-binding
domains are possible within amylase or cellulase families. In addition, some
cellulases contain multiple cellulose-binding domains, €gfimi CenB and
CenC (see section 1.3.2). The rumenal anaerobic bacte@Gafdocellum
saccharolyticunproduces several hydrolases with multiple catalytic domains and
the association usually occurs through one or several CBDs éSali] 1990;

Gibbs et al, 1992; Te'oet al, 1995). In addition to amylases and cellulases,
chitinases, hemicellulases and Ilysozymes also hydrolyse insoluble
polysaccharides. Many of these enzymes also contain separate domainsdiGilkes
al., 1991). Since the substrates coexist in nature (e.g. both cellulose and
hemicellulose are found in plant cell walls), it is perhaps not surprising that the
degrading enzymes sometimes have mixadbstrate binding or catalytic
specificities due to domain shuffling. There are many bacterial and fungal
hemicellulases, e.g. xylanases, mannanases, acetyl esterases and an
arabinofuranoside that have been reported to have a cellulose-binding domain. A
Streptomyceghitinase involved in the degradation of insoluble chitin was also
found to contain a CBD (Béguin and Aubert, 1994; Henrissat, 1994; Stahlbrandt
et al, 1995; Margolles-Clarkt al, 1996). Furthermore, fibronectin tyfe(Fn3)
modules are encountered in many carbohydrases, such as cellulases, amylases and
chitinases (Béguin and Aubert, 1994). As discussed earlier, the function of this
domain is not known but it is proposed to serve as a linker between domains.

The modular structure of various carbohydrases can be utilised in different
biotechnical applications. In particular the properties of the cellulose-binding
domains have already been used successfully. The fusion is made at the DNA
level to a protein of interest. The produced fusion protein bears a binding domain
which can be used for purification and immobilization on cheap cellulose-based
column matrices. Different types of proteins, such as an alkaline phosphdiase, a
glucosidase, a human interleukin and an antibody fragment have been fused to
CBDs and shown to retain their activity and bind to cellulose (Greenetald
1992; Onget al, 1991, 1995Reinikainenet al, 1996). A biosensor based on
glucose oxidase - CBD conjugate has also been constructed (Ketbaktn1993)
and shown to be regenerable for the detection of glucose.
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1.4 CATALYTIC MECHANISMS AND SUBSTRATE BINDING
OF GLYCOSYL HYDROLASES

1.4.1 Breaking down the O-glycosidic bond

Cellulases and amylases, like all glycosidases, catalyze the transfer of a
glycosyl group to water utilizing general acid catalysis. The enzymatic break-
down of a glycosidic bond is also a stereoselective process, in which the
configuration about the anomeric centre (C1 carbon) can either be inverted or
retained. Different mechanisms are required for such different stereochemical
outcomes, as suggested over 40 years ago by Koshland (1953) (Fig. 12). Both
mechanisms contain a pair of carboxylic acid residues suitably disposed on either
side of the bond to be cleaved. The roles of these two residues are different.
Inverting enzymes use a single-displacement mechanism involving a general acid
and a base. In this mechanism, a general acid (AH) donates a proton to the leaving
glycosidic oxygen and a general base (B-) assists the nucleophilic attack of water
(Fig. 12). The mechanism for retaining glycosidases, by contrast, involves a
double-displacement reaction in which a covalent glycosyl-enzyme intermediate
has been shown to be formed with many but not all retaining enzymes. In the first
step the deprotonated carboxylate acting as a nucleophile (Nu) attacks at the
anomeric centre and displaces the glycosidic oxygen. This process is assisted by a
general acid catalytic residue (AH) which is deprotonated (A-). In the second step
water attacks at the anomeric centre with general base-catalytic assistance (A-)
displacing the nucleophile (Nu) and releasing the product sugar (Fig. 12)
(Koshland, 1953; Sinnott, 1990; Withers and Aebersold, 1995).

The stereochemical course of the hydrolysis is usually determined by proton
NMR, in which thea- and B-anomeric protons give different chemical shifts
(Withers et al, 1986). In all cases studied the same enzymatic mechanism
(inverting or retaining) has been conserved within a glycosyl hydrolase family
(Gebleret al, 1992). Thus both the fold of the protein and the stereochemistry of
the hydrolysis reaction appear to be conserved within a given family. Retaining
enzymes are also able to bring about transglycosylation, in which in the second
step of the reaction (Fig. 12) another oligosaccharide instead of a water molecule
attacks at the anomeric centre, leading to elongation of the saccharide chain
(Sinnott, 1990). Transglycosylation has been postulated to play a role in the
induction of cellulase promoters (Bielgt al, 1991; Fowleret al, 1993;
Nevalainen and Penttila, 1995) and it can be applied in the enzymatic synthesis of
oligosaccharides (Gusakat al, 1991; Ogawaet al, 1990). Inverting amylases
such as glucoamylases have been shown to be able to reverse the hydrolysis by
condensation reaction (Sinnott, 1990; Nikoktval, 1989). This ability has also
been used in the synthesis of some gluco-oligosaccharides (Netkand 995).

Both of the reaction mechanisms involve oxocarbonium ion-like transition
states (McCarter and Withers, 1994; Tanakal, 1994). With some retaining
enzymes, most notably with the hen egg-white lysozyme
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Figure 12. The two different reaction mechanisms of glycosyl hydrolases, shown
here with -1,4-glycanases. See text for details. Modified from Withers and
Aebersold, 1995.
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(HEWL), attempts to prove the existence of a covalent glycosyl-enzyme
intermediate have failed (Sinnott, 1990). Another type of mechanism has been
suggested in which the positively charged oxocarbonium is stabilized by the
catalytic nucleophile through electrostatic interactions (Sinnott, 1990). In addition,
ring distortion at the subsite preceding the scissile bond has been suggested as an
element of the catalytic machinery for both inverting and retaining glycosyl
hydrolases (Harriet al, 1993; Strynadka and James, 19Rroki et al, 1993;
Vargheseet al, 1992). The identification of active site carboxylic acid residues
usually occurs through X-ray crystallographic determination of the 3D structure of
protein. Chemical modification and/or site-directed mutagenesis is then used to
identify and assign specific functional roles to residues involved in substrate
binding and catalysis. In the case of retaining enzymes, the active site carboxylic
acids can be identified without the protein structure by the use of affinity labels or
mechanism-based inactivators to specifically derivatise the key amino acids. 2-
Deoxy-2-fluoro-derivatives of glucose and cellobiose have successfully been used
as mechanism-based inhibitors which covalently bind the nucleophile in the
retaining enzymes (McCarter and Withers, 1994; Withers and Aebersold, 1995).

A mutagenesis study of an inverting T4 lysozyme showed that the reaction
mechanism can also be altered (Kurekal, 1995). A single substitution, T26E,
in the active site cleft produced an enzyme that cleaved the bond but bound the
product covalently to the enzyme (Kuro&t al, 1993). The mutation T26H
produced an enzyme which was catalytically active but which retained the
configuration at the anomeric centre, contrary to the wt enzyme (Ketaod,
1995). The crystal structure of the T26H mutant revealed that histidine-26 acts as
a nucleophile in the hydrolysis. The authors suggested a general approach to
engineer the mechanism of glycosyl hydrolases. A mutation providing an
imidazole or a carboxylate next to the base catalyst in an inverting enzyme (Fig.
12) should block the attack of the solvent and function as a nucleophile, thus
retaining the mechanism. The nucleophilic group in retaining enzymes (Fig. 12)
should be substituted with a smaller amino acid, which would leave more space
for the water to attack and lead to inversion of the anomeric configuration (Kuroki
et al, 1995). A related experiment has been described for a retafing
glucosidase in which mutation E358A in the presence of a small nucleophilic
anion led to an inverting mechanism (Withers, 1995).

1.4.2 The active site

Of the 52 glycosyl hydrolase families hitherto classified, the 3D structures are
known for 22 families (for review see Davies and Henrissat, 1995). The TIM
barrel type of fold is the most common and is found in nine different families.
Davies and Henrissat (1995) compared all the solved 3D structures and concluded
that the active site topologies can be divided into only three classes regardless of
the stereochemistry or the overall fold of the enzyme (Fig. 13). Pocket- or crater-
like active sites are encountered in enzymes hydrolysing monosaccharide units
from chain ends, such g&glucosidases, glucoamylases gxdmylases (Fig.

13a). The two latter exoenzymes, which cleave starch granules, have adapted to a
substrate with a large number of non-reducing ends exposed at the surface (see
section 1.1.2). This kind of active site is not optimal for a substrate like native
crystalline cellulose, which has very few chain ends available (see section 1.1.1).
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The second class of topologies includes active sites situated in a tunnel which
allows the enzyme to release products from chain ends while remaining bound to
the polysaccharide chain (Fig. 13b). The only examples existing at the moment are
the two T. reesei cellobiohydrolases (CBHI and CBHII), which are active
especially on crystalline cellulose. It is currently under discussion whether the
loops closing the tunnel can open occasionally to allow a random binding or
whether the cellulose chain penetrates the tunnel only from one entrance. The
third class of topologies is a derivative from the previous one. Here the loops are
shorter or turned away from the tunnel, making the active site into a cleft or
groove open from both ends (Fig. 13c). The open active site structure allows
random binding along the polysaccharide chain and is commonly found in endo-
acting enzymes, such asamylases, endocellulases, xylanases and lysozymes.

.

Figure 13. The three active site topologies of glycosyl hydrolases described by
Davies and Henrissat (1995). The pocket of A. awamori glucoamylase (a). The
tunnel of T. reesei CBHII (b). The cleft of T. fusca E2 (c). E2 belongs to the same
family 6 as CBHII. The proposed catalytic amino acids are shaded in red. From
Davies and Henrissat (1995).
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Structural studies have confirmed that the active sites of glycosyl hydrolases
are composed of multiple binding sites, or subsites, for the sugar units of
polymeric substrates. The substrate binding sites are commonly lined with
aromatic residues, especially tryptophans and tyrosines, which make hydrophobic
stacking interactions with the sugar rings. In addition, the active sites contain
many residues which form hydrogen bonds to the substrate either directly or via
water molecules (Rouvinegt al, 1990; Svensson and Sggaard, 1993; Miketmi
al., 1993; Aleshinet al, 1994; Divneet al, 1994). The hydrogen bonds are
apparently responsible for the specificity of the binding and also dictate the
directionality (reducing vs. non-reducing end) of the binding (Feasht, 1985;
Davieset al, 1995). The H-bonding networks and planar stacking of aromatic ring
structures with sugar rings both seem to be a common theme in many
carbohydrate degrading enzymes (e.g. in cellulases and amylases) or carbohydrate
binding proteins (e.g. in many lectins and periplasmic binding proteins) (Beurne
al., 1993; Quiocho 1993; Toone, 1994). Site-directed mutagenesis studies also
imply the importance of these interactions in carbohydrate-degrading enzymes
(Bourneet al, 1993; Svensson and Sggaard, 1993; Svensson, 1994).

Many amino acid residues involved in substrate binding also appear to be
important for the hydrolysis. A conserved loop region containing a tryptophan
residue in glucoamylase is suggested to play a critical role in ground-state and in
transition state enzyme complexes (Natarajan and Sierks, 1996). The scissile bond
in glucoamylases is between the first and second subsite whereas the tryptophan is
stacked up against the third sugar ring. The glucoamylase complex structure
(Aleshinet al, 1994) also reveals that this stacking interaction may exert strain on
the glycosidic linkage between the second and third glucose units. Such a strain
could be transferred to the scissile glycosidic linkage or it could be used to
promote the release of products (Alesgiral, 1994). Interestingly, an equivalent
tryptophan (W84) in am-amylase from the yeaS8accharomycopsis fibuligera
has been addressed a similar role. Mutation of this tryptophan to leucine enhanced
the transglycosylation activity and reduced the hydrolysis activity on small soluble
malto-oligosaccharides (Matswt al, 1994). The cyclization (intramolecular
transglycosylation) activity of a bacterial CGTase could be reduced while keeping
the hydrolysis activity unchanged by removing a tyrosine residue near the cleavage
site.a-Amylases which are functionally related to CGTases are known to possess
a small residue (Gly, Ser or Val) at the corresponding position (Peneirga
1995). A condensation reaction of an inverting glucoamylase could be improved
by mutating serine to tyrosine in a distant subsite 4 (Svemtsin1995).

Various types of conformational changes in and around the active site have
also been reportedHumicola insolenseGV, soybeanp-amylase and pig
pancreatica-amylase 3D structures of liganded and unliganded enzymes have
revealed a conformational change of a flexible loop. In complex structures the
loop moves closer to the ligand, forming part of the active site and shielding the
reaction center from solvent (Mikaret al, 1994; Daviegt al, 1995; Qiaret al,

1994). As a consequence of this lid flipping in EGV, a third aspartate is brought
into close
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contact with the two catalytic aspartates. Site-directed mutagenesis of the third
aspartate reduced thg,kvalue whereas thei&alue remained almost unchanged.
The role of this aspartate is suggested to be either in transition state stabilization
or in determining the protonation state of the proton donor (Davials 1995).

1.5 ENZYMOLOGY OF AMYLASES AND CELLULASES

1.5.1 Activity measurements

The diversity and heterogeneity of natural substrates coupled with the mixed
specificities of individual enzymes presents a problem in the characterization of
amylases and cellulases. Furthermore, the enzymatic degradation of native
insoluble substrates involves steps and mechanisms which are not yet understood
at the molecular level. Therefore biochemical studies always use cellulose and
starch in some modified form to enable or simplify analyses. There are basically
four different types of substrates used for activity measurements: purified
insoluble substrates approximated to a native substrate, modified insoluble
substrates, soluble modified polysaccharides and soluble oligosaccharides.
Catalytic activity is usually measured by quantifying formed soluble saccharides
or chromophoric aglycon. The action of enzymes on insoluble substrates can also
be assayed by other means. For example, changes in the physico-chemical
properties of the insoluble substrate, such as degree of polymerisation or small
particle formation can be followed (Kleman-Leydral, 1992, 1994; Walkeet
al., 1990; 1992). Carboxymethyl cellulose (CMC) and hydroxyethyl cellulose
(HEC) are water-soluble substrates used to assay endoglucanase activities. The
activity can be measured as a decrease in viscosity (Hulme, 1988). A similar
viscosimetric method has been used to measuagylase activity on starch
pastes (Marciniak and Kula, 1982).

The measurement of soluble products from insoluble or soluble polymeric
substrates often means assaying the formed reducing sugars. One of the simplest
and most widely used is the 3,5-dinitrosalisylic acid (DNS) method (Sumner,
1921; Miller, 1959; Ghose, 1987). However, the colour development in the
reaction is not strictly proportional to the number of reducing sugars present, but
also to the length of the oligosaccharides, leading to higher apparent reducing
values with longer sugars (Robyt and Whelan, 1972). DNS itself also breaks down
the substrate. In addition, the reaction is rather insensitive, and many metal ions,
thiols and phosphate ions disturb the reaction. Several other reducing sugar
determination methods have also been developed, e.g. the Somogyi-Nelson
method (Somogyi, 1952; Nelson, 1944), alkaline ferricyanide method, (Robyt
al., 1972; Halliwell and Lovelady, 1981), the parahydroxybenzoic acid hydrazine
(Lever, 1972) and the 2,2’-bichinconinate method (Waffenschmidt and Jaenicke,
1987;Garciaet al, 1993) which are reported to be more sensitive and/or to yield
more reliable results.

Sensitivity can also be increased by the us¢Ust‘C]-labelled cellulose
(Vardanis and Finkelman, 1981). In some cases dye groups have been attached to
the polymeric substrate, e.g. dyed Avicel (Wood and Bhat, 1988), and dyed
amylose- and amylopectin (Klein et al., 1970; Babson et al., 1968) and dyed and
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cross-linked starch (Ceskat al, 1969; Phadebas tablets, Pharmacia). The
enzymatic assay is based on color released from the substrate.

The coupled assay presented by Canevascini (1985) is based on the
oxidation of cellobiose by a cellobiose oxidase or cellobiose dehydrogenase in the
presence of an electron acceptor. There are many possibilities for the electron
acceptor (Schou, 1993). The assay may be performed continuously in the reaction
mixture or discontinuosly by stopping the cellulase action first. Since the
enzymatic oxidation is not very specific, the reducing end of the substrate is
usually modified (e.g. methylated or reduced) to prevent background problems
(Schouet al, 1993). Corresponding methods have been used for amylases, in
which the concentration of released glucose is determined either by glucose
oxidase/peroxidase (Kungt al, 1984) or by hexokinase/glucose-6-phosphate
dehydrogenase method (Rauscher, 1984).

The use of soluble oligosaccharide substrates is well suited for kinetic
measurements in mechanistic studies of enzyme action. Besides kinetic constants,
cleavage patterns can be determined and subsite mapping performed. Separation
and analysis of reaction products is usually done either by HPLC or TLC (Doner,
1988; Dubreuccet al, 1989; Bhatt al, 1990; Ruohonemt al, 1993; Brauret
al., 1993; Nidetzkyet al, 1994b). Alternatively, oligosaccharides coupled with a
chromophoric aglycon have been used as substrates. The aglycon is usually either
methylumbelliferyl or p-nitrophenyl. When this group is cleaved off by the
enzyme, a measurable increase in fluorescence or absorbance occurs. These
substrates are only useful for enzymes capable of hydrolysing the aglycon (van
Tilbeurgh et al, 1982; van Tilbeurgh and Claeyssens, 1985; Claeyssens, 1988;
van Tilbeurgh et al, 1988; Bhatet al, 1990; Macarronet al, 1993).
Oligosaccharides carrying a radioactive laBel ¢r **C) at the reducing end sugar
also allow sensitive detection and can be used with all enzymes. Radioactively
labelled cello-oligosaccharides and malto-oligosaccharides have been used
particularly to monitor end-product distribution, thus providing information about
which end of the substrate is attacked (Allen and Thoma, 1976bgBagt1990;
VrSanska and Biely, 1992; Biebt al, 1993; Matsuket al, 1995). Proton NMR
can be used for the continuous monitoring of the reaction while information
concerning the stereochemistry and attacked end is also obtained (Witlaérs
1986; Knowleset al, 1988; Claeysseret al, 1990; Telemast al, 1995).

1.5.2 Subsite mapping and ligand binding studies

The existence of multiple binding sites in tandem array was predicted for
many depolymerases involving carbohydrases before any structural data was
available. This subsite model led to a postulation that short oligomeric substrates
can have several possible binding modes, of which some are productive and lead
to bond cleavage while others are non-productive. Subsite mapping aims to
determine the number of subsites, locate the site of cleavage and assign a certain
free energy of binding to each subsite of various hydrolases (Hiromi et al., 1973;
Allen and Thoma, 1976a; 1976b; Thoma and Crook, 1982). It is based on the use
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of a series of oligomeric substrates of increasing length to determine the bond
cleavage frequencies together with the chain length dependence of the Michaelis
constant (k) and the turnover rate {§. The general assumption is that the
overall binding is a simple sum of binding energies for each subsite. It has been
argued by Sigurskjold and coworkers (1994a) that the overall binding is a
cooperative process of interactions involving several subsites and cannot be split
into distinct subsites, each giving an additive contribution to binding. With the 3D
structures now available for some of these enzymes, it is also evident that the
assignment of different subsites on the basis of steady-state kinetics does not
necessarily correlate with the structural data. ForeeseiCBHI four subsites
were predicted on the basis of bond cleavage frequencies and relative rates of
hydrolysis (Bielyet al., 1993). However, the complex structures of various cello-
oligosaccharides with CBHI wt and inactive mutants have revealed clear densities
for sugar rings at ten different subsites (Alwyn Jones, personal communication).
The roles of aromatic side chains in substrate binding have been monitored
with protein difference spectroscopy. Sugar-protein interactions affect the
microenvironment of the chromophore and cause spectral shifts. Difference
spectroscopy has been applied e.gAtoniger glucoamylase to quantitate the
dissociation constants on various inhibitors. Chemical modifications and several
mutant glucoamylases were used to determine the roles of individual aromatic
residues in these binding events (Svensson and Sierks, 1992). The binding of
soluble substrates and ligandsTtareeselCBHII wt enzyme has also been studied
by difference spectroscopy and by fluorescence titration (van Tilbeztrgth,
1985; 1989). The latter method is based on quenching of the fluorescence of 4-
methylumbelliferyl-D-glucosides either partially or completely as a result of
binding to CBHIl. The dissociation constants of CBHIl wt for free
oligosaccharides (up to cellotriose) have been measured by displacement titration
of the MeUmb-glucosides (van Tilbeurgit al, 1989). Thermodynamics of
binding have been studied with both of the above mentioned hydrolases
(Sigurskjoldet al, 1994a; van Tilbeurgbt al, 1989). Sigurskjold and coworkers
used titration microcalorimetry to determine the thermodynamic param&@ts (
AS°, AH®) and the stoichiometry of binding for the fungal glucoamylase. The
binding kinetics and involvement of transient intermediates on a reaction pathway
has also been studied with different carbohydrases. Stopped-flow fluorometry was
used to investigate the binding kinetics of MeUmb-glucosidés teeseiCBHI|
wt (van Tilbeurgh et al, 1989) and of malto-oligosaccharides to two
glucoamylases (Olsegt al, 1993; Ohnishet al, 1994).

1.6 AIMS OF THE PRESENT STUDY

The general aim was to study the structure-function relationships of two
carbohydrate-degrading enzym®s,stearothermophilus-amylase and. reesei
cellobiohydrolase I, using the techniques of protein engineering. The 3D structure
of CBHII catalytic domain had been solved and the design of single amino acid
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changes was based on the known structureBFstearothermophilua-amylase

no 3D structure exists, but a molecular model was constructed on the basis of
sequence alignment and the known structur@spfergillus oryzae-amylase. In

both cases amino acid changes were made Wyro mutagenesis methods.

The specific aims were:
1. To develop an efficienin vitro mutagenesis method for the generation of
random mutant libraries of complete genes.

2. To use the random mutagenesis method forBhestearothermophilus-
amylase gene.

. To improve the purification af. reeseiCBHII active site mutants.

. To study the role of specific amino acid residues in catalysis and substrate
binding in the active site af. reeseilCBHII.

W

40



2 MATERIALS AND METHODS

2.1 STRAINS AND VECTORS

Escherichia colistrain BW313 lacking dUTPasalyt) and uracil-DNA
glycosylase {ng activities was used as a host to produce the uracil template for
all the random mutagenesis work (Kunkel, 1985). Strains JM109 and TG2 (both
dut+ ungt) were used as expression hosts for randomly mutagenised genek.
strain DH® (Promega) was used as the bacterial cloning host for attith2
mutagenesis work. A UV-induced, tryptophan auxotrophic mutant strain,
ALKO2319 (unpublished, Primalco Ltd Biotec) derived from Thereeseistrain
VTT-D-79125 (Bailey and Nevalainen, 1981) was used as the initial host for
constructing new expression strains for CBHIl mutants. Two double replacement
strains ALKO2877 (CBHIl- EGI-) and ALKO3133 (CBHII- EGII-) were
constructed as described in detail in 1V.TinreeseiALKO2877 (CBHII- EGI-)
the genes encodingbh2 andegll have been replaced bgpC andamdSgenes,
respectively and in strain ALKO3133 (CBHII- EGIIt)pC and amdSmarkers
replace th&ebh2andegllgenes.

M13mpl8 and M13mp19 vectors containing the N-terminal fragment of the
E. coli B-galactosidase gene were used in the development of the random
mutagenesis method. Tloeamylase gene from the strah stearothermophilus
ATCC 12980 was also cloned into these phage vectors (Tapani Reinikainen,
unpublished). M13mp18 contains the coding strand and M13mp19 the non-coding
strand ofa-amylase as a 1.9 KHindIll- Sma fragment from the plasmid pCSS1
(Suominenet al, 1987). Plasmid pTTc9 (Teeet al, 1987) contains thebh2
cDNA as ankEcadRI-BanHlI restriction fragment in pUC8. The fungal expression
vector pUJ10 is a derivative of pBR322 containing lteZ gene linked to the
cbhl promoter and terminator sequences (Ulla Airaksinen and Merja Penttila,
unpublished). A phleomycin selection plasmid pAN8-1 (Matedral, 1987) was
used in selection of thErichodermatransformants.

2.2 DNA TECHNIQUES

DNA manipulations were carried out according to standard protocols
(Sambroolet al, 1989).

2.2.1 Random mutagenesis

The development of the mutagenesis method based on the use of a DNA
polymerase lacking proofreading activity is described in detail in I. A single-
stranded uracil-containing template from phage vectors M13mp18 and M13mp19
is first prepared irnE. coli BW313 (Kunkel, 1985). Thereafter a base-limited
elongation of the second strand is performed with Klenow polymerase. The
elongation is performed in four separate reactions (termed A-, C-, G- and T-) in
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which one nucleotide at a time is limiting. Each limiting nucleotide mixture
contains some radioactively labelled (eitleef’P or a->*S) nucleotide, and the
elongation can be checked on a sequencing gel. The limiting nucleotide
concentration can be varied depending on how long primer elongation is desired.
After removal of all nucleotides the misincorporation step with reverse
transcriptase is carried out. Each of the four reaction mixtures contains three
misincorporating nucleotides (e.g. the A- reaction contains dCTP, dGTP and
dTTP) in optimized proportions to give, in principle, a 1:1:1 ratio of incorrect
bases. Finally the elongation to completely double-stranded molecules is
performed in the presence of Klenow polymerase arigdse.

The random mutagenesis & stearothermophilusx-amylase gene was
performed in M13mp18 (coding strand) and M13mp19 (non-coding strand) phage
vectors. The 1.9 kb insert contained the gene encadegylase with the signal
sequence (1650 bp) under tleamylase promoter (234 bp). The random
mutagenesis was performed as described above. An area of 200 - 300 nucleotides
at one time was mutagenised under similar conditions as described in I. Five
primers were used to mutagenise the A nucleotides in the whole coding region of
a-amylase in the M13mp19 construction. With one of these primers C and G
nucleotides were also mutagenised. T and G nucleotides were mutagenised with
one primer in the M13mp18 construction.

2.2.2 Site-specific mutagenesis of CBHI|

Mutations W135F (TGG TTC), WI135L (TGG-TTG), W272A
(TGG- GCG), W272D (TGG-GAC) and Y169F (TAT-TTT) were introduced
into thecbh2cDNA by a polymerase chain reaction (PCR) @ial, 1989). The
nucleotide sequence of the whole fragment subjected to PCR was confirmed. The
mutatedcbh2cDNA was cloned under tlaohlpromoter of the fungal expression
vector by changing thKsp-Sma restriction fragment (containing thacZ gene)
of puUJ10 into the mutateficoRI-BanHI fragment.

E. colicompetent cells were transformed with standard protocols (Sambrook
et al, 1989).Trichodermatransformation was carried out according to a standard
method using co-transformation with the selection plasmid pAN8-1 (Peettild,
al., 1987; Nyyssonert al, 1993). Screening of the best producing transformants
was performed as described earlier (Srisodidd, 1993).

2.3 CHARACTERIZATION OFa-AMYLASE MUTANTS

The mutagenised double-stranded DNA was transfect&d ¢oli IM109 or
TG2 and the cells were plated on glucose minimal medium/H-top amylopectin
azure plates, pH 7, which were incubated atC3dvernight. Expression of
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functional a-amylase was detected as halos around the plaques. A three-grade
scale was used to assay thamylase activity as follows: ++ for wt size halos, +

for smaller but visible halos and - for non-detectable halos. Mutations were
identified by DNA sequencing.

2.4 PREPARATION OF THE IMMUNOAFFINITY
CHROMATOGRAPHY COLUMN

Three different monoclonal antibodies (mAbs) were tested for
immunoaffinity chromatography by coupling them on CNBr-activated Sepharose
4B (Pharmacia, Sweden) as described by the manufacturer. All the antibodies
belong to the IgG1 subclass, and recognize either the catalytic domain (CII-8) or
the cellulose-binding domain and the interdomain linker (Cll-82 and CII-30) of
CBHIl (Aho et al, 1991). Of the three monoclonals, CII-8 did not bind CBHII in
the conditions tested whereas CII-82 bound so tightly that only 7 M urea could be
used for elution. The third monoclonal, CII-30, bound CBHII in 30 mM sodium
phophate, 250 mM sodium chloride, pH 7.4 and elution was achieved with 0.1 M
citrate buffer, pH 2.6-3.0. Further coupling experiments were carried out with this
mADb.

Crosslinking the purified mAb CII-30 (against the linker+CBD part of
CBHII) (Aho et al, 1991) to Protein G Sepharose 4 Fast Flow matrix (Pharmacia,
Sweden) was performed as described in IV and was slightly modified from Stern
and Podlanski (1993). This column was used to purify the CBHIl mutants W135L,
W135F, Y169F, W272A and W272D as a final step (see section 2.5). The mutants
were bound to the column in 50 mM Na citrate, 150 mM NacCl, pH 6.4 and eluted
with 0.1 M citrate, pH 2.7. The fractions were neutralized with 1 M Tris/HCI, pH
8.5.

2.5 EXPRESSION AND PURIFICATION OF CBHII ENZYMES

CBHII wt protein was purified from th&. reeseiRut C-30 strain as
described by Reinikainegt al. (1995a). CBHIlI mutant proteins W135F, W135L,
W272A, W272D were produced in tigichodermastrain ALKO2877 (CBHII-
EGI-) and mutant Y169F in strain ALKO3133 (CBHII- EGII-) basically as
described in IV. Desalted culture supernatant was run through a DEAE-Sepharose
fast flow column (Pharmacia, Sweden) equilibrated in 50 mM NaAc buffer, pH
5.6. The flow-through fraction containing CBHIl was further purified with
thiocellobioside-based affinity chromatography (Tomehal, 1988a) and finally
with immunoaffinity chromatography (see section 2.4).

W135F, W135L and Y169F catalytic domains for structure determination
were produced by papain (Sigma) digestion (Tonehel, 1988b). Catalytic
domains were purified with a MonoQ column (Pharmacia, Sweden) equilibriated
in 20 mM bis-Tris pH 7.0 and were eluted with a linear salt gradient (0 - 0.1 M
NacCl) using the FPLC System.
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2.6 PROTEIN BIOHEMISTRY

2.6.1 Estimation of protein concentration

Double antibody sandwich ELISA was used to quantitate CBHII during the
course of purification. It was carried out essentially as described by Buhler (1991).
The monoclonal antibody against CBHII linker+CBD (CII-89) (Adtoal, 1991)
was used as the capture antibody and the polyclonal antibody (Niku-Patabla
1986) as the secondary antibody.

Total protein was measured by the Bradford method (Bradford, 1976) using
purified CBHII wt as a standard. CBHIl wt concentration in a purified preparation
was determined from the UV absorbance at 280 nm using a molar extinction
coefficient, £=80,500 M'cm™® (Tomme, 1991). For CBHIl W135F, W135L,
W272A and W272D mutants, a molar absorptivity value for tryptophan (5,550 M
tem™) (Wetlaufer, 1962) was subtracted resulting=#74,950 M'cm™. Similarly,
for CBHII Y169F mutant a molar absorptivity value for tyrosine (1,34éc™)
(Wetlaufer, 1962) was subtracted resultingeii79,160 M'cm™®. A value of
73,000 M'cm™* was used for CBHI and EGI (Tomme, 1991). For EGII, the molar
absorptivity, €=81,610 M'cm™, was calculated from the amino acid sequence
(Wetlaufer, 1962; Saloheimet al, 1988). The molecular mass of CBHIl is 58
kDa and of IgG 150 kDa.

2.6.2 SDS-PAGE and immunoblotting

The purity of the CBHII wt and mutant preparations was checked and
verified by SDS-PAGE (Laemmli, 1970) and Western blotting. Proteins were
separated on 10% gels and visualized by staining with BioRad silver staining kit
or Coomassie Blue (Merril, 1990). For immunoblotting, samples were run on
SDS-PAGE gel and proteins were transferred onto a nitrocellulose filter (Towbin
et al, 1979). Bands containing CBHII were identified with monoclonal antibody
raised against CBHII catalytic domain [CII-8, (Akbal, 1991) as described in
V.

2.7 MEASUREMENT OF CELLULOLYTIC ACTIVITIES

2.7.1 Detection of contaminating cellulase activities

Since neither the wild type nor the mutated CBHIl enzymes can cleave the
heterosidic linkage of small chromophoric oligosaccharides (van Tilbairgh
1988, and our results), these substrates were used to check the purity of CBHII
enzyme preparations. The contaminating activities were measured at saturating
substrate concentration in 50mM NaAc buffer, pH 5.0 &t GObasically as
described earlier (van Tilbeurgt al, 1988; Claeyssens, 1988; Tomme, 1981).
Glucosidase activity was determined using 0.9 mM 4-methylumbelliBeBA-
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glucopyranoside (MeUmb(Glg) (Sigma, USA) as substrate. CBHI and EGI
activities were measured in 0.9 mM MeUmb(GI($igma; USA) using 13 mM
D-gluconic acid lactone (Sigma; USA) as an inhibitopajlucosidases, and EGII
activity was measured in 0.4 mM MeUmb(Gl¢lambda, Austria) using 13 mM
D-gluconic acid lactone + 86 mM D-glucose (BDH, England) to inhfiit
glucosidases. The activities were calculated from the initial slopes of the reaction
velocity curves. Total endoglucanase activity was measured on 0.9 % (w/v)
hydroxyethyl cellulose (HEC) (Fluka, Switzerland) in 50 mM NaAc buffer, pH
5.0 at 50 C. Samples were taken at different time points and the reducing sugars
released were determined by the DNS method (Miller, 1959) using D-glucose as a
standard. The activities obtained on the different substrates were divided by the
estimated CBHII concentration to obtain “specific activities”. These values were
compared to the specific activities measured with purified control proteins (CBHI,
CBHIl , EGI and EGII) in order to calculate the contaminating protein amounts as
percentages. Since purifiggtglucosidase was not available, estimation of its
presence in the CBHII preparations was based on comparison with the wt CBHII
preparation.

2.7.2 Enzyme kinetics of CBHII

Turnover numbers and Michaelis constants for the hydrolysis of cello-
oligisaccharides (Gic- Glc) (Merck) in 10mM NaAc buffer, pH 5.0 at 27° C
were determined by HPLC (Waters Millipore, USA) equipped with an RI detector
basically as described by Telemeatral, 1995. The separation was achieved either
on an HC-40 cation-exchange column (Hamilton, USA) or on Aminex HPX-42A
(Bio-Rad). The conditions used with CBHII wt and Y169F mutant are described
in detail in lll. The pH dependence of both enzymes was determirgad@twith
cellotetraose as substrate, as described in Ill. With the mutal@§/yW135L,
W272A and W272D, usually one substrate concentration (200 - 300
assumed to be saturating, was used. In all measurements, samples were taken at
least at 8-10 different time points in order to produce reliable values for the initial
rates. Kinetic constants were obtained from the initial velocities of the reaction
curves by a non-linear regression data analysis program [EnZzfitter,
(Leatherbarrow, 198Y.) For CBHII wt and the W272A and W272D mutants the
hydrolysis was followed longer in order to obtain the whole curve. Progress-curve
analysis was then applied to the data basically as described by Tederahn
(1995).

2.8 LIGAND BINDING STUDIES

Association constants for CBHIl wt and W135L, W135F and Y169F
mutants were measured with small soluble cello-oligosaccharides and their
derivatives. Binding of MeUmb(Gl¢g)and MeUmb(Glc) in 50mM NaAc buffer,
pH 5.0 at 16 C was studied by direct fluorescence quenching titrations as
described by van Tilbeurgat al. (1985). Fluorescence was measured with an
Aminco SPF-500 ratio spectrofluorometer equipped with a thermostated cuvette
holder. Excitation was invariably at 318 nm (spectral bandwith 2 nm) and the
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emission was measured at 360 nm with a bandwidth of 15 nm, 20 nm or 40 nm.
Glucose, cellobiose and cellotriose (Merck) were used as competitive ligands in
the displacement titrations. The dissociation constants for MeUmb-
oligosaccharides were obtained by non-linear least-squares fitting to the
fluorescence data following the mathematical treatment described by de &oeck
al. (1983). The fitting was implemented as a Macintosh program, which also
allowed manual fitting.

2.9 CRYSTALLOGRAPHY AND MODEL BUILDING

2.9.1 Structural model ofB. stearothermophilusr-amylase

The 3D model fora-amylase was constructed using the structure of
Aspergillus oryzaa-amylase as a template and is described in detail in Il. The
model building was performed by Liisa Holm.

2.9.2 X-ray crystallography of CBHII Y169F mutant protein

The catalytic domain of CBHII Y169F mutant crystallized in the same space
group (P2, a=49.1A, b=75.8A, c=92.9A art=103.2) as the wild type enzyme
(Rouvinenet al, 1990). The refinement of the structure was performed as
described in lIl. All the X-ray crystallographic work was performed in Uppsala
University, Sweden.

46



3 RESULTS

3.1 STUDY OF THE STRUCTURE-FUNCTION RELATIOSHIPS
OF B. STEAROTHERMOPHILU8-AMYLASE

3.1.1 Random mutagenesis @#-galactosidase andi-amylase
genes (Papers | and II)

The principle of the random mutagenesis method is illustrated in Figure 1
(. The a-fragment ofE. coli B-galactosidase was used as a target in the method
development (I). This region is included in the DNA of the single-stranded phage
vector M13mp1l9 and provides a simple screening criterion for the enzymatic
activity. The activity of functionabti-fragments is indicated as blue plaques on
plates containing chromophoric substrate (X-gal), whereas light blue and white
plagues indicate disruption of the function. The precise vyield, distribution and
equilibrium of various mutants were obtained by isolating and sequencing a large
number of plaques of different phenotypes. The mutations were distributed
essentially in random fashion (I, Fig. 4). The equilibrium between the different
point mutations could be altered by changing the proportions of different
misincorporating nucleotides in the mixtures (I, Table I). It was also noted that
forcing the misincorporation towards completion increased the proportion of
multiple mutations (I, Fig.3). Therefore a 40 - 60 % vyield of mutants each
containing 1.4 - 1.8 mutations/template appeared to give rise to the maximum
efficiency, if the aim was single amino acid changes in the corresponding protein.

The mutagenesis of a thermostabla-amylase from Bacillus
stearothermophilusvas performed in phage vectors M13mp18 and mp19. In these
constructions the-amylase gene is under its own promoter and signal sequence.
It is expressed ift.coli and secreted into the periplasm, from where it leaks out
after prolonged growth (Suominest al, 1987 and our own results). The pH
optimum forB. stearothermophilusi-amylase wt enzyme is pH 5 - 6 and it is
stable in the pH range 6.5 - 7.5 at’@Q(Vihinen and Mantsala, 1990). When
transfectede.coli cells were plated on amylopectin azure plates (pH 7), halos, i.e.
zones of clearance, could be detected around the plaques after overnight growth at
37°C. Random mutagenesis of theamylase gene was performed under similar
conditions as the mutagensis of teoli 3-galactosidase gene (I). A three-grade
scale (++, + and) was applied to the different sized haloes produced by different
a-amylase mutants on substrate plates. The proportion of halos showing reduced
or no activity (+ or-) was typically less than 10 %. Transformants from each three
activity classes were picked randomly and analysed by sequencing. This led to the
identification of 98 mutant enzymes, of which 31 showed no activity, 28 showed
decreased activity and 39 had wt-like activity on amylopectin azure plates (Il
Table 1l). 75 residues out of 515 were hit by at least one mutation and they were
distributed over most of the protein sequence. Since the mutagenesis was
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performed mainly to the A nucleotides of theamylase gene in the M13mp19
construction, most of the mutants contained codon changes in A. Some codons
also contained mutations in C and G, whereas none of the T nucleotides of the
coding strand were mutagenised.

3.1.2 The structural model ofB. stearothermophilust-amylase
and rationalization of the mutant data (Paper II)

The information of the amino acid change(s) combined to the assayed
activity of almost 100 different mutants allowed a comparison to be made to the
structural model ofi-amylase, which had been constructed independently of the
mutant data. The model building was done by first aligning the sequerige of
stearothermophilusi-amylase gene with nine other knowramylase sequences
(Il, Table | and Fig.1). The solved 3D structureAspergillus oryza&-amylase
(also called Taka-amylase A) (Matsuwtaal, 1984) was used as a template (I,
Fig. 2). Thea-amylase model is composed of three domains: A, B and C. Domain
A is the large catalytic domain which folds into arif{)s barrel, or TIM barrel,
protein. It contains most of the conserved residuesi-amylases, e.g. three
carboxylic acids proposed to be involved in catalysis (D234, E264 and D331) and
aromatic amino acids involved in substrate binding to the active site. A
maltohexaose chain was docked into the substrate binding groove winding across
the C-terminal end of th@-barrel in domain A. The six glucose unit long
substrate could only be brought into contact with the proposed catalytic
carboxylates by introducing a sharp bend into the chain. The glucose units make
extensive contacts with a number of residues equivalent to those proposed for
Taka-amylase A (Matsuuet al, 1984) and some of them being highly conserved
in all a-amylases.

B. stearothermophilug-amylase, like othem-amylases, contains a calcium-
binding site between domains A and B near the active site cleft. Some of the
amino acids involved in coordinating the’Cén are also conserved amoag
amylase sequences. Domain B, which forms a lid above the barrel structure,
shows generally very little amino acid similarity to Taka-amylase. Furthermore it
contains about 45 amino acid long insert not existing in Taka-amylase and this
segment was omitted from the model. The proposed structure for domain B should
therefore be treated with considerable caution. Domain C is about 100 amino
acids long and also lacks invariant residues. It is presumed to fold into an
antiparallel B-sheet structure similar to Taka-amylase A on the basis of
preservation of alternating hydrophobic and hydrophilic residupssinands. The
C-terminal extension of 19 amino acids in domain C was omitted from the model
because it does not exist in Taka-amylase A structure.

Figure 3 (l) shows the distribution of the three types of mutations in the
structural model ofa-amylase. There are two clear areas in which mutations
destroy the activity on polymeric substrate: around the active site cleft in domain
A where the proposed catalytic residues and tyrosines involved in substrate
binding are situated, and more surprisingly, at the interface between domains A
and C about 30 A away from the active site
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groove (ll, Table Il and Fig. 3a). The majority of the mutations that did not show
any effect on activity were situated at solvent-exposed surfaces in the 3D model.

The proposed catalytic amino acids in Taka-amylase A correspond to
residues D234, E264 and D331 B stearothermophilusi-amylase. D331 is
relatively accessible to solvent but D234 and E264, situated close to each other,
appear almost buried at the bottom of a pocket. All three amino acid residues were
hit by a mutation (D234G, E264D and D331A), which inactivated the enzyme (ll,
Table II). This suggests that all of them play a crucial role in catalysis. In addition,
a conserved arginine, R232, situated in the active site seems to be important for
the functionality ofa-amylase. The role of another conserved residue, H238, in
the C&" ion binding was supported by the data from two mutations H238N and
H238Y. H238N had reduced activity whereas mutation H238Y completely
abolished the activity.

The second major cluster of inactivating mutations was found between
domains A and C (Il, Table Il and Fig. 3). In theamylase model both salt
bridges and hydrophobic interactions are found across this interface. Single amino
acid substitutions 1428F and 1354L, both affecting the hydrophobic interactions,
severely or totally disintegrated the functionality of the enzyme. In addition, a
premature stop codon at residue 442, which removes two-thirds of the domain C,
led to inactivation of the enzyme.

3.2 THE CATALYTIC DOMAIN OFT. REESECBHII

3.2.1 The active site tunnel of CBHlII

The overall fold ofT. reeseiCBHII is a variant of the classical TIM barrel
with only seven paralleB-strands and fivex-helices (Fig. 8a) (Rouvineet al,
1990). At the C-terminal end of the barrel, two long loops stabilised by disulfide
bonds form an enclosed tunnel approximately 20 A long. CBHII protein complex
structures with different ligands have revealed four glucosyl binding sites (A-D)
within the tunnel (Rouvinept al, 1990; Rouvinen, 1990). Although each subsite
is somewhat flattened, they have different cross sections (lll, Fig. 4a-d). In the
subsites A, C and D tryptophan side chains W135, W367 and W269, respectively,
make significant contributions to the formation of the sugar binding sites. In site
A, in particular, this results in a narrower tunnel cross section. In addition, the
ligand structures have revealed & &@ist in the chain between subsites C and D.
Modelling studies with longer oligomeric substrates also suggest favourable van
der Waals interactions between W272 and the sixth glucosyl in the putative
binding site F just at the entrance of the tunnel (Fig. 14) (Rouvinen, 1990). This,
however, requires about a £1Wist in the cellulose chain between the fourth and
sixth glucosyl units. There are no clear hydrogen bonds or van der Waals contacts
for the putative subsite E (Rouvinen, 1990).

Besides tryptohan residues the active site tunnel contains many residues
which form hydrogen bonds to the substrate (Rouveateal,

49



Y168

Figure 14. A side-view of the catalytic domain (a) and the active site tunnel (b) of
CBHIl containing a celloheptaose substrate. The non-reducing end of the
substrate binds to subsite A and the bond cleavage occurs between subsite B and
C. D221 has been shown to act as a proton donor in the reaction, whereas D401
is suggested to act as a base catalyst. D175 is in hydrogen bond distance from
both D221 and Y169. Y169 is also within hydrogen bond distance from the sugar
unit at subsite B. The hydrophobic stacking interaction of a tryptophan side-chain
and the sugar ring is characteristic in the subsites A, C and D, and in the
hypothetical subsite F. The cellulose chain is twisted abdub&@iveen subsites

C and D, and 110between subsites D and F. The figures (a) and (b) were kindly
provided by Anna-Marja Hoffrén and Olle Teleman, respectively.
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1990). Most of these interactions involve charged residues, which are conserved
within the glycosyl hydrolase family 6. Hydrogen bonds involving ionizable
residues generally cause strengthening of the bonds by 3 kcal/mol as compared to
hydrogen bonds involving uncharged residues (Fetsalt, 1985).

3.2.2 Catalytic mechanism of CBHII

Kinetic and structural studies of CBHII have shown that the bond cleavage
takes place between the subsites B and C with an inversion Bfllklinkage
(Rouvinenet al, 1990; Ruohoneet al, 1993; Knowle%t al, 1988; Claeysseret
al., 1990). Since CBHII works with inversion of configuration the hydrolysis is
postulated to proceed through a single-displacement reaction involving a general
acid to donate a proton, and a base to assist the nucleophilic attack of water
(Koshland, 1953). Two neighbouring aspartic acids 221 and 175 were identified at
the centre of the tunnel between subsites B and C close the O-glycosidic linkage
and in hydrogen bond distance from each other (Fig. 14) (Rouginan 1990).

D221 is in an environment in which it is expected to be protonated, whereas D175
is more likely to be charged. The mutation D221A abolishes practically all of the
catalytic activity of CBHII but does not affect the binding properties on small
ligands. Mutation D175A severely impairs the catalytic activity of CBHII but also
slightly alters its binding behaviour (Ruohoretral, 1993 and Tables 2 and 3). In
addition, the D175A mutant was shown to have about 2 % residual activity on
soluble polymeric substrate whereas D221A was completely inactive (Laura
Ruohonen, personal communication). It thus seems that D221 acts as the proton
donor and that D175 has a role either in ensuring the protonation of D221,
stabilizing reaction intermediates or both. The catalytic base has not yet been
identified experimentally although D401 has been addressed to this role (Fig. 14).

3.2.3 The role of Y169 in the catalytic action of CBHII (Paper IIl)

A tyrosine residue, Y169, strictly conserved in the CBHII family 6 and
located at site B near the scissile glycosidic bond, may also be involved in the
catalytic mechanism (Fig. 14). Based on the CBHII structure this residue is in
hydrogen bond distance from the sugar ring and the carboxylate D175. Both of
these interactions were expected to be due to the hydroxyl group in the tyrosine
side chain and therefore a mutation Y169F was designed.

The crystal structure of the Y169F mutant enzyme was determined to a
resolution of 2.0 A (I, Fig. 1). Figure 2b (lll) overlays the native andl.&9F
mutant structures in the active site tunnel and demonstrates that the mutation
causes essentially no change in the structure. However, Y169F mutant enzyme
shows similar or increased binding (Table 3 @hdrable II) but lowered catalytic
rate on small soluble cellooligosaccharides as compared to the CBHIl wt enzyme
(Table 2 and lil, Table I). The catalytic constants for cellotriose and cellotetraose
degradation are shown in Table |
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Table 2. Catalytic constants for the CBHIl wild type and mutant enzymes.

Hydrolysis experiments were performed in 10 mM sodium acetate buffer, pH 5.0
at 27°C. Samples were taken at different time points and analyzed with HPLC as
described earlier (Ruohonen et al., 1993; Teleman et al., 1995). Kinetic constants
were calculated by a non-linear regression analysis (Enzfitter) or by analyzing

whole progress-curves as described by Teleman et al. (1995). The error is
estimated to be 10 % on the basis of four repeated experiments.

kcat (min-l)
Protein Glg Gley Glcg Glcg Ref.
CBHIl wt 3.7 220 60 840 1,2
D221A 0.01 <0.2 nd nd 3
D175A 0.03 <0.2 nd nd 3
Y169F 0.9 57 nd nd 1
W135F 0.1 75 nd nd 3,4
W135L 0.02 1 nd nd 3
W272A 20 300 480 1500 5
W272D 20 240 480 1800 5

nd = not determined

References: 1. Paper Il ; 2. Vesa Harjunetal, submitted; 3. Ruohonest al,
1993; 4. Koivulaet al, 1996; 5. Anu Koivula, unpublished.

Table 3. Association constants for the CBHII wild type and mutants. Binding
constants on MeUmb-glycosides were determined in 50 mM NaAc buffer, pH 5.0
at 16°C or 8C. The glucose concentration in the Glc +MeUmb(&é&periment

was in all cases 0.3 M. The data was analysed as described in section 2.8. The
uncertainty in Kgsvalues is estimated to be 10-15 % on the basis of four repeated
experiments.

Kass(M™)
Protein Temp. MeUmb(Glg) Glc +MeUmb(Glc) Ref.
CBHII wt 16°C 3 x10 6 x10 1,2
D221A 16C 2 x10 nd 3
D175A 16C 9 x10 nd 3
Y169F 16C >200 x16 17 x16 1,2
CBHIl wt 8°C 5 x10 10 x16 2
W135F 8C 0.5x 10 0.9 x 16 2,4
W135L &c 0.2 x 10 0.1x 16 2,4

nd = not determined

References: 1. Paper lll; 2. Anu Koivula, unpublished; 3. Ruoheinan 1993;
4. Koivulaet al, 1996.
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(1. The tumover number (k&) for Y169F mutant has decreased to 25 % of that
of the wild-type enzyme at pH 5.0. The specificity constapi/Kk,) has also
decreased both on cellotriose and on cellotetraose. The reaction rates for
cellotetraose degradation were determined as a function of pH. Over the whole pH
range studied the activity of the mutant enzyme was lower; in the pH range 4.5-
10.0 the activity was invariably 20 - 25 % of the CBHII wt activity, but at more
acidic pH values the activity differential increased linearly towards pH 2.0. The
pH-activity profiles are presented in Fig. 5 (ll1).

The association constants of MeUmb-derivatized oligosaccharides (from
direct titration) and of free oligosaccharides (from displacement titration) for
CBHII wt and Y169F are shown in Table BI)( CBHII wt and Y169F mutant
enzymes showed almost identical binding affinity towards both glucose and
Meumb(Glc). On the other hand, the mutation Y169F was found to increase the
binding affinity of CBHIl for MeUmb(GIc) over 50-fold (Table 3) and the
affinity for cellobiose or cellotriose 3-fold. The changed binding behaviour was
also evidenced by two different titration experiments. In a displacement titration
experiment D-glucose displaced MeUmb(Gl&om its complex with the mutant
enzyme (data not shown). This is in sharp contrast to the CBHIl wt enzyme, for
which glucose enhances the affinity of MeUmb(&in)the CBHII complex (van
Tilbeurghet al, 1985; 1989). A direct titration experiment with MeUmb(Gic)
the presence of a high glucose concentration (0.3 M) gavgs&aatue which was
lower than the Kssfor MeUmb(GIc). This is also opposite to the behaviour of
CBHII wt enzyme (Table 3).

3.2.4 Characterization of the kinetic behaviour of CBHII wt

Kinetic constants for CBHII wt enzyme were measured on soluble
oligosaccharides using either HPLC or proton NMIR Ruohonenet al, 1993;
Telemanet al, 1995; Harjunpa&t al, 1996, submitted). The data analysis was
performed either from the initial slopes or from complete hydrolysis curves by a
progress-curve analysis method described by Telestaal. (1995). The rate
constants are shown in Table 2 and the specificity constapt#Kx for
cellotriose and cellotetraose are presented in Table | (Ill). Kinetic experiments
with cellotriose have showed that this substrate can bind in more than one way in
the active site tunnel of CBHII. The productive binding mode is to subsites A-B-
C, whereas the non-productive binding was suggested to occur in subsites B-C-D
(Teleman et al, 1995). The productive binding mode leads to cellotriose
degradation inta-cellobiose and glucose (Fig. 15). Cellotetraose is degraded into
two cellobioses (Fig. 15). The specificity constant is 700-fold higher for
cellotetraose than for cellotriose hydrolysis, due to both increased binding and
reaction rate.

Cellopentaose and cellohexaose are degraded in two different ways and can
consequently have two different productive binding modes: the substrate is either
bound from the non-reducing end to subsite A or to one over A (Fig. 15). The two
binding modes have different orientations, in which the overall zig-zag patterns of
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glycosidic linkages are related by 2-fold rotation to each other. In this way either
a-cellobiose ora-cellotriose is cleaved off from the non-reducing end of the
chain. The overall rate constant for cellopentaose is four times lower than for
cellotetraose and 14 times lower than for cellohexaose (Table 2). With
cellohexaose it was also demonstrated that practically no cellotetraose is released
from the enzyme before a second cleavage occurs to produce cellobiose (Fig. 15).

3.2.5 The role of tryptophans W135 and W272
in the active site of CBHII

CBHII crystal structures with different ligands have shown that subsite A is
the tightest binding site (Rouvinet al, 1990; Rouvinen, 1990l)). This subsite
must be occupied for hydrolysis to occur, as demonstrated by NMR studies failing
to detecta-glucose among the hydrolysis products of CBHIlI (Ruohosieal,

1993; Telemart al, 1995). Earlier binding studies have revealed that subsite A is
very specific for an intact D-glucopyranose configuration (van Tilbeetgal,

1989). Two mutations, W135F and W135L, were made to study the role of a
tryptophan residue at subsite A. Substitution of an indole ring to a phenolic ring in
W135F mutant causes decreased binding on small ligands (Table 3) and
subsequent reduction in the catalytic efficiency of CBHII (Table 2). D-Glucose
enhances the affinity of MeUmb(Gjcin the enzyme complex similarly to the
behaviour of the CBHII wt (van Tilbeurgtt al, 1985; 1989). The reaction rate of
W135F on cellotriose is about 3 % of the wt value, whereas the reaction rate on
cellotetraose is over 30 % of the wt value.

Removal of the aromatic ring structure completely with mutation W135L
leads to even more pronounced effects on catalysis and binding (Tables 2 and 3).
A high glucose concentration (0.3M) could not be used to increase the association
constant for MeUmb(Glg) contrary to the behaviour of CBHII wt enzyme (Table
3). The reaction rates on both cellotriose and cellotetraose were only 0.5 % of the
corresponding values with CBHII wt. The crystal structures of unliganded mutant
proteins W135F and W135L have been solved, revealing basically no change in
the 3D structures (Alwyn Jones, personal communication).

The participation of the putative site F in binding and catalysis was studied
by making the mutations W272A and W272D. Here the idea was to remove the
aromatic ring structure completely (W272A) and to introduce an extra charge
(W272D) at the mouth of the tunnel. The kinetic data shows that the two mutants
behave similarly on cello-oligosaccharides (Table 2). The hydrolysis rates are in
all cases either increased or kept the same as compared to the CBHIl wt. The
decrease in the.k value with CBHII wt on cellopentaose over cellotetraose is not
detected with either of the mutants (Table 2).
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3.3 PURIFICATION OF THE CBHII ACTIVE SITE MUTANTS
(PAPER IV)

Accurate assessment of the activities of CBHII mutants requires protein
preparations of the highest purity. In particular, endoglucanases with high specific
activities on soluble substrates (Tomme, 1991; Macatat, 1993) need to be
removed completely. To improve the purification, recombindnt reesei
production strains lacking the genes coding for both CBHIlI and one of the two
major endoglucanases, EGI (strain ALKO2877) or EGII (strain ALKO3133) were
constructed (Fig. 1, IV). The second approach was to use an immunoaffinity
chromatography as the final purification step.

Of the three different monoclonal antibodies tested CII-30, which is specific
for the cellulose-binding domain (CBD) of CBHII, proved to be useful in
purification. Two procedures for preparation of the antibody matrix were tested.
Crosslinking of the monoclonal antibody to Protein G matrix instead of the
conventional immobilization via cyanogen bromide increased the binding
efficiency (IV, Table 1). All the tested active site mutants of CBHII (W135F,
W135L, Y169F, W272A and W272D) bound to the immunoaffinity column in
neutral pH and were eluted at pH 2.7. The purity of the CBHII mutant
preparations was tested using small chromophoric substrates and hydroxyethyl
cellulose, which are hydrolysed by the other cellulases but not by CBHIIl. A
summary of the purification of CBHIl W135L mutant (from strain ALKO2877) is
shown in Table 2 (IV). The immunoaffinity column could be used to purify
W135L mutant over 800-fold in a single step and resulted in a homogeneous
protein preparation free of proteolytically cleaved forms of CBHIl (Fig. 2, IV).
The use of the double replacemédntreeseiproduction strains, especially that
lacking the genes coding for both the endogeneous CBHIl and EGII, helped to
reduce the total endoglucanase activity in the mutant protein preparations as
shown in Table 3 (1V).
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4 DISCUSSION

4.1 IN VITROMUTAGENESIS (PAPERS I, 11, 111)

Mutational analysis is a potent tool in structure-function relationship
investigations of carbohydrate-degrading or any other enzymes. Mutagenesis can
also be used for various applications. There are different ways of making
mutationsin vitro: domain grafting, gene fragment grafting (chimeric genes) and
point mutations. One example of domain grafting is the use of cellulose-binding
domains as affinity tags to improve purification (discussed in section 1.3.5).
Chimeric genes have been constructed e.g. between varanoglases to study
and improve the thermostability needed in industrial applications (Sezu#,

1989). In the present work point mutations were made using two different
approaches which were complementary to each other.

There are still relatively few proteins for which a detailed 3D structure is
available. Furthermore, it is not self-evident which mutations should be made in
order to obtain a desired effect in function. This has led to the development of
various random mutagenesis methods, which all aim to create a library of all
possible point mutations in the target DNA. The DNA can be a regulatory region
of a gene, a fragment or the whole gene coding for a protein. Earliatro
random mutagenesis methods were based on the use of UV or various chemical
agents to mutagenize DNA. These methods lack a level of control and work
usually only with certain nucleotides and/or with certain mutational hot spot areas
in DNA (Botstein and Shortle, 1985). Random mutagenesis based on the use of
enzymatic misincorporation of nucleotides was introduced by Stedréle (1982)
and Zakour and Loeb (1982) but was used only in a very limited area of a DNA
fragment. In this work the enzymatic misincorporation was applied to a longer
DNA fragment, first to thg3-galacosidase fragmer#1(70 bp) and then to the
whole coding sequence of tlieamylase gene (1600 bp) by the use of limited
elongation of primers. A reverse transcriptase lacking the proofreading activity
was used in the misincorporation step and only the three wrong nucleotides were
supplied in the reaction. Enrichment of the mutant strariel icoli was achieved
by the uracil-template method described by Kunkel (1985). Theoretically, it is
possible to change any amino acid codon to any other by single point mutations in
40 % of the cases. This is sufficient to identify many functionally important amino
acids, as shown in this study. Alternatively, remutagenesis and selection can be
applied for several rounds. Random mutagenesis can also be performed using
degenerated, or spiked, oligonucleotides (Oliphetnal, 1986; Hermest al,

1989). The method is based on the controlled cross-contamination of the
nucleotide reservoirs during oligonucleotide synthesis by a DNA synthesizer. This
method is probably more random than the enzymatic methods, which sometimes
suffer from some sequence selectivity leading to uneven distribution of the

mutations (Hermest al, 1989).
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The polymerase chain reaction (PCR) (Seikal, 1985) has become one of
the most powerful tools in molecular biology. It is based on the use of heat-stable
DNA polymerase, synthetic oligonucleotides and thermal cycling devices. It was
first used to amplify DNA before cloning but soon found applications in all kinds
of gene cloning and construction work, in DNA sequencing and in generating
different types of mutations and synthetic genes (for a review see Rashtchian,
1995, and Taylor and Logan, 1995). All the point mutations of CBHII in this work
were made using PCR by the overlap extension method described bl &lo
(1989).

PCR has also been applied in random mutagenesis. The two different
methods used are based either on the use enzymatic misincorporation, also called
error-prone PCR (Graet al, 1992), or on synthetic degenerated oligonucleotides
(Barbaset al, 1992; Siderovski et al., 1992). These have also been used in
combination as described by Deagal (1994). Much of the development work
has been done in generating random antibody mutant libraries, where the targets
are the six complementary-determining regions (CDRs) needed in the recognition
and binding of an antigen (Graet al, 1992; Barba®t al, 1992; Denget al
1994). The power of the random approach when combined to an efficient
expression system (phage display) and a rapid screening method (usually on
microtiter plates) was very clearly demonstrated in these investigations. The
studies have led both to improvement and to the creation of new binding
specificities for antibodies useful in many diagnostic and therapeutic applications.

4.2 B. STEAROTHERMOPHILUSAMYLASE (PAPER II)

At the time of the random mutagenesis workRnstearothermophilusi-
amylase, only two 3D structures a@famylases had been solved (Buisstral,
1987; Matsuurat al, 1984). Furthermore, the resolution of Taka-amylase A 3D
structure, which was used as a template in the modelling, was only 3.0 A
(Matsuuraet al, 1984). The low resolution affects the accurate assignment of
main chain fold and bond lengths (Vihinehal, 1994). During the past five years
many high resolution 3D structures afamylases and other amylolytic enzymes
have been published (Table 1) and site-directed mutagenesis studies have been
performed (Svensson and Sggaard, 1993). This now facilitates a better elucidation
of the data presented in paper Il

The model building oB. stearothermophilusi-amylase was based on the
assumption that alb-amylases share a common structural design, since the
structures of porcine pancreatieamylase and a fungal Taka-amylase A had very
similar overall folds despite the low amino acid identity (23%, see Il, Table I). The
random mutagenesis data Bnstearothermophilug-amylase also supported the
model. The assumption has now been shown to be correct. All kneammylase
sequences belong to the same glycosyl hydrolase family 13 (Henrissat and
Bairoch, 1993). Furthermore, the solved crystal structures from family 13
comprising botha-amylase and CGTases have revealed at least three common
domains A, B and C showing high structural equivalence (Fig. 11) (Maebals
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1995; Brayeret al, 1995). The refined 3D structures also include a homologous
a-amylase fronBacillus licheniformigMachiuset al, 1995).

The precision of the structural model Bf stearothermophilusi-amylase
was assumed to be most accurate in the domains A and C, where the best
conserved regions are situated. In addition, the structure of the calcium binding
site between domains A and B was expected to be similar and to involve
conserved amino acids. The solved 3D structures have now revealed that the
active site is always situated in a cleft between domains A and B, domain A
invariably having the TIM barrel fold as was also predicted fr
stearothermophilusi-amylase. Furthermore, both the active site and the calcium
binding site show exceptionally pronounced structural similarity so that the highly
conserved amino acids are superimposable between various crystal structures
(Machiuset al, 1995; Brayeet al, 1995). Domain C in all amylases from family
13 forms &3-sheet structure including a Greek key motif and the overall topology
is very similar (Machiugt al, 1995).

The alignment of domain B sequence was difficult because of the low
overall sequence homology. Domain B is a protrusion bet@estrand 3 and-
helix 3 of thea/[3 -barrel and the sequence varies depending on the enzyme. Three
homologous thermostable-amylases from Bacillus amyloliquefaciens B.
licheniformisandB. stearothermophilushare a similar B domain sequence about
100 amino acids long (ll, Table I). The sequence is longer than those of the other
aligneda-amylases, containing an insert of about 45 amino acids. This insert was
omitted from the structural model &. stearothermophilusi-amylase since no
template for modelling existed (Il, Fig. 2). It is therfore not surprising that the
topological alignment based on four existing crystal structures done by Machius
and coworkers (1995) varies most in domain B from the alignment presented in
paper Il. The 3D structure &. licheniformisa-amylase revealed a domain B with
a twisted3-barrel having a large hole in the interior (Machetsal, 1995).
However, crystallization of thB. licheniformisa-amylase could be accomplished
only in the calcium-free form. This may result in some artefacts in domain
orientation or structural integrity.

Most of the site-directednutagenesis studies hitherto conducted have
concentrated on the active site residues involved in catalysis and/or substrate
binding. In addition, in vitro mutagenesis has been used to study the
thermostability ofa-amylases (for review see Svensson and Sggaard, 1993;
Svensson, 1994). The catalytic mechanism of starch hydrolysisdogylases is
still not very well understood. It has been assumed that the catalytic mechanism
bears some resemblance to the mechanism of a retaining lysozyme from hen egg-
white (HEWL). All amylases (including CGTases) so far studied possess one
glutamic acid and two aspartic acid residues in the active site. In the literature all
pairs of these carboxylates have been proposed to be the catalytic pair involved in
hydrolysis. Site-directed mutagenesis of all three residues has been carried out
with many enzymes, such Bs subtilisa-amylase (Takaset al, 1992), barleyx-
amylase (Sggaamt al, 1993) and Taka-amylase A (Nagashimal.,1992) and
has always resulted in an inactive enzyme. This is also the case with the

58



stearothermophilus-amylase studied here (Il, Table 1l) and by others (Vihigien

al., 1991). Based on the examination of the complex structure of a maminalian
amylase Qiaret al (1994) suggested that the glutamate (corresponding to E264 in
B. stearothermophilug-amylase) would be the proton donor in the reaction.

The active site ofi-amylases contain multiple binding sites for the glucose
units of starch. Complex structures with ligands are still mostly lacking for
different a-amylases, but kinetic studies have suggested e.g. eight subsites for
Taka-amylase A (Allen and Thoma, 1976b), 10 subsites for baramylase
(MacGregor et al, 1994) and 11 subsites fom-amylase of the yeast
Saccharomycopsis fibuligefdatsuiet al, 1995). A complex structure of a pig
pancreatic-amylase shows a V-shaped active site cleft of five subsites in which
the substrate binds in a kinked conformation (@amal, 1994). The modelling
studies withB. stearothermophilug-amylase also suggested the involvement of a
bent binding groove (Il). Several of tlkeamylase subsites are characterized by
aromatic amino acids which are involved either in the stacking interactions or
which make hydrogen bonds to the sugar rings. Site-directed mutagenesis has
been used to study the roles of these residues (Svensson and Sggaard, 1993;
Matsuiet al, 1994; Svensson, 1994). B stearothermophilus-amylase single
or multiple mutations of Y15, Y57, Y60, Y63, Y369 and Y370 led to decreased
activity and were situated in the active site cleft in the model. The topological
alignment involving the homologow. licheniformisa-amylase (Machiugt al,

1995) differs slightly in this area so that e.g. the strictly conserved tyrosine near
the cleavage site is apparently Y57 instead of Y63, as suggested by our results
(numbering according tB. stearothermophilug-amylase).

The calcium binding site in domain B afamylases involves four amino
acid residues, two of which are strictly conserved (Machiwad,, 1995; Brayeet
al., 1995). The calcium binding site in thi& stearothermophilus-amylase
model included D105, D203, D205 and H238, where D105, H238 and D203 are
correctly aligned with the known calcium binding residues basedamylase 3D
structures (Machiuset al, 1995; Brayeret al, 1995). Two different point
mutations in H238 had a severe effect on the activity (I, Table II).

The roles of domain B and especially of domain C are still unclear. Besides
being important for calcium -binding, domain B has been shown to be important
for the substrate specificity of barlayamylase isozymes (Rodenbwal, 1994;
Svenssoret al, 1995).B. stearothermophilusi-amylase as well as related
amylases fromB. amyloliquefaciensand B. licheniformisare all thermostable
liquefying amylases with a relatively large domain B as seen from the sequence
alignment in Fig. 1 (II). One plausible explanation is that the structure of domain
B affects the end-product spectrum of starch hydrolysis. Furthermore, the loops in
domain A are shorter as compared to the 3D structure of Taka-amylase, thus
possibly also contributing to the substrate binding sit8. gtearothermophilua-
amylase.

No distinct function can be ascribed with certainty to domain C, although in
Bacillus CGTase crystal structures domain C was shown to involve a maltose
binding site (Fig. 8b) (Lawsoat al, 1994). In pig pancreati@z-amylase a clear
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electron density for maltose was also detected, this time between domains A and
C and similarly involving hydrogen bonding and a stacking interaction against a
tryptophan ring (Qiaet al, 1995). Furthermore, the maltose binds in approximate
helical conformation (Qiast al, 1995). In both cases, it is speculated that domain

C may have an anchoring role for natural polysaccharide substrates. C-terminal
deletions oB. stearothermophilua-amylase domain C (Vihinegt al, 1994) led

either to instability problems or slightly decreasegd #alues and increased
thermal stability in starch hydrolysis. The results from the random mutagenesis
support the idea that the domain C is important for the activity on polymeric
substrate and may have a role in orienting the amylose chain with respect to the
active site cleft in domain A (ll, Table Il). A concervative amino acid change
I354L severely reduced, while mutation 1428F totally destroyed the activity; both
mutations were situated at the interface between domain A and C in the model. In
addition, a stop codon at residue 442 (Il, Table Il) removing two-thirds of domain
C led to inactivation of the enzyme, supporting the results of Vihinen and
coworkers (1994).

This work on B. stearothermophilusi-amylase demonstrated how the
biochemical data obtained from the 98 random mutants could be used to provide
evidence supporting the overall fold of the structural model. The strength of the
approach was that a sufficiently large pool of mutats could be produced and the
activities assayed. On the other hand, the structural model could be used to
rationalize the mutant data, thus allowing general conclusions to be drawn from
the functionally important areas in the enzyme structure. The individual mutations
in the conserved residues confirmed their importance for the function.

4.3 PRODUCTION OF PURE CBHII ACTIVE SITE MUTANTS
(PAPER IV)

For the biochemical and structural characterization of CBHII mutants,
amounts of 20 - 50 mg of pure enzyme protein are typically needed. Basically this
is not a problem sincé€richoderma reesds an efficient producer of extracellular
proteins, and is capable of secreting about 40 g/l of cellulases in optimised
conditions (Durancet al, 1988). The strong inducibléblel promoter has been
applied successfully in the production of both homologous and heterologous
proteins inT. reesei(Nyysstneret al, 1993; Nevalainen and Penttila, 1995). In
inducing conditions on cellulose-based culture media all four major cellulases
(CBHI, CBHII, EGI and EGIIl) are produced simultaneously (Nevalainen and
Penttila, 1995). The purification of a single cellulase frorthodermaculture
supernatant is not a trivial task. Heterogeneity in protein preparations has been
shown to occur because of post-translational modifications, e.g. N- and O-
glycosylation (Salovuoriet al, 1987; Srisodsulet al, 1993; Béguin, 1990),
proteolysis (Hagspielet al, 1989; Haabet al, 1990) and protein-protein
interactions (Sprey and Lambert, 1983; Waidhl, 1989). Some cellulases also
bind nonspecifically to chromatographic matrices such as Sephadex.
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Attempts to produce fully active wild type or mutataliobiohydrolases in
heterologous hosts, such Bs coli and Saccharomyces cerevisid€&eeri, 1987;
Reinikainenet al, 1992; Michael Szardenings, personal communication), have so
far not been very successful. ProductionEincoli caused instability problems,
whereas inSaccharomyces cerevisias/erglycosylation decreased the specific
activity and also affected the binding on crystalline cellulose. This led to the use
of a recombinant. reesestrain lacking the endogenocdishlgene but containing
all the other cellulase genes to produce CBHI mutants (Srisaetsak 1993;
Reinikainenet al, 1995b). The CBHI mutations were designed to alter the linker
or CBD part and the normal purification scheme with an affinity column could be
applied (see below).

Hitherto the best purification scheme for both cellobiohydrolases from
Trichoderma culture filtrates includes anion exchange followed by affinity
chromatography based on a derivatized cellobioside ligand (Tanhale 1988a).

As shown, this purification method works rather efficiently on wt CBHI and
CBHII enzymes, producing homogenous enzyme preparations (IV, Table 3).
However, some CBHII active site mutants (shown with W135L mutant in 1V, Fig.
2a and Table 2) no longer bind properly to the affinity ligand, which is a substrate
analogue. Furthermore, it has been shown that trace amounts of endo-type activity
can be found in affinity purified CBHII preparations and lead to unexpected
results. One of these endoglucanases has been identified as EGII on the basis of
substrate specificity and its very similar protein properties to those of CBHII
(Reinikainen et al, 1995a). Endoglucanase contaminations cause problems
especially when studying either completely or partially inactive CBHII mutants,
since the major endoglucanases EGI and EGII have higher catalytic ragtes (k
values) on short oligosaccharides as compared to those of CBHII (Tomme, 1991).

In order to be able to purify CBHII active site mutants free of endoglucanase
contaminations recombinarit reeseiproduction strains lacking either the genes
coding for CBHII and EGI or for CBHIl and EGII were constructed. To further
improve the purification, an immunoaffinity column based on monoclonal
antibody against CBHII CBD was made. The purification was monitored by
assaying the activities of contaminating cellulases. This was necessary because no
specific substrates are available for assaying CBHII activity. Furthermore, specific
substrates alone would not have been adequate with CBHIl active site mutants.
Especially the two mutations in the catalytic residues (D221A and D175A)
causing almost total inactivation demonstrated the importance of the use of
sensitive chromophoric substrates for the detection of contaminating activities.
The catalytic rates given in Table 2 for these mutants are upper limits due to the
contamination problem (Laura Ruohonen, personal communication). The D221A
and D175A mutants also demonstrated the limitations of Tthehoderma
expression system, since 100 % pure enzyme cannot be obtained. With the other
active site mutants this was not such a severe problem as they remained quite
active and CBHIl mutants essentially free of endoglucanase contamination and
proteolytic degradation products could be purified from the culture media (1V,
Table 3).
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For similar structure-function studies in future it would be advantageous to
consider other host organisms. Heterologous hosts like insect cells or the yeast
Pichia pastoris which does not hyperglycosylate as easily Ss cerevisiae
(Romanos, 1995) could be considered. The powerful secretory capacity of
Trichodermacould also be applied if the expression could be performed under a
promoter active on glucose, on which endogenous cellulase genes are known to be
repressed (Nevalainen and Penttila, 1995). Some studies of this kind of approach
already exist (Nakari-Setala and Penttila, 1995).

4.4 VARIATIONS IN THE ACTIVE SITE STRUCTURES OF
FAMILY 6 CELLULASES

The glycosyl hydrolase family 6 currently contains 15 proteins of bacterial
and fungal origin (Tommeet al, 1995a). The 3D structures of two catalytic
domains have been solved: an exoglucanase (CBHII) Troreesei Rouvinenet
al., 1990 and an endoglucanase (E2) frdthermomonospora fusd&pezioet
al., 1993). The amino acid identity of these two catalytic domains is rather low, 26
%, but still the overall fold is an/p barrel in both cases. There are also some
differences in the structures; the most obvious is the the active site topology. This
is apparently a general difference among the family 6 endo- and exoglucanases
deduced from the sequence alignment: the spatially restricted active site tunnel of
CBHlIl is not formed in the endoglucanase E2. One of the loops forming the active
site in E2 is much shorter and the other is turned away and bindg ag®&0p in
the crystal structure (Fig. 8 and Fig. 13). Furthermore, it has been shown with the
Cellulomonas fimicellobiohydrolase A from the same family that deletion of a
fragment corresponding to the carboxy-proximal loop covering the active site
tunnel inT. reeseiCBHII leads to an enzyme having enhanced endoglucanase
activity (Meinke et al, 1995). The second difference is in the number and
character of subsites of family 6 exo- and endoglucanases. There is apparently
space for four subsites in the active site cleft of E2 (Tagtoal, 1995). The
CBHII catalytic domain is larger and there is an additional lid formed above the
entrance of the tunnel, which apparently contains a binding site for the sixth
glucose unit as discussed in section 4.5.4 (Fig. 14). In addition, cellobiose binds to
subsites A-B in E2 crystals (Speabal, 1993) whereas two molecules are found
(either in X-A + C-D or A-B + C-D as discussed in paper IIl) in CBHII crystals.

The active sites of both cellulases contain many of the conserved amino acid
residues of family 6. The proposed general acid and general base catalytic residues
in both enzymes are in equivalent positions about 10 - 11 A away from each other
and on opposite sides of the glycosidic linkage of the substrate (see section 4.5.1).
However, a third conserved aspartic acid residue has a different conformation in
CBHII and E2. One of the loops containing the D79, corresponding to D175 in
CBHlII, is no longer part of the active site in E2. In CBHIlI D175 is within a
hydrogen bonding distance from D221 and Y169 and has been shown to be
involved in catalysis (Ruohoneat al, 1993) (Tables 2 and 3). On the other hand,
site-directed mutagenesis of four conserved aspartates in Cthefimi
endoglucanase CenA from the same family 6 suggested that D252 and D392
(corresponding to D221 and D401, respectively, in CBHII) are the acid and base
catalysts (Damude

62



et al, 1995). InterestinglyC. fimi CenA can cleave the heterocidic linkage of
chromogenic oligosaccharides, wher8asfuscaE2 andT.reeseiCBHII cannot
(Damudeet al, 1995; David Wilson, personal communication; van Tilbewegh

al., 1985 and our results). The differences in the active structures may be
important for catalytic mechanisms and substrate binding, allowing the different
functions of these enzymes.

4.5 HOW DOES THE CBHII CATALYTIC DOMAIN FUNCTION

4.5.1 Catalytic amino acids

The critical amino acid in the cleavage of glycosidic linkages seems to be
the acid catalyst. Mutations of the proton donor usually lead to a very great loss of
catalytic activity but do not affect the,.Kon unmodified substrates, whereas the
mutagenesis of the base catalyst or nucleophile can result in an enzyme with
considerable residual activity (Malcolmt al, 1989; Chavauxet al, 1992;
Svensson and Sggaard, 1993; Franeéseh, 1994; Svenssoet al, 1995). CBHII
cleaves the3-1,4 glycosidic bond of cellulose by acid catalysis with an aspartic
acid, D221, as the proton donor, and another aspartate, D175, probably ensures its
protonation and stabilises charged reaction intermediates (Ruobbagn1993).

Due to the inverting mechanism the nucleophilic water should approach the
anomeric carbon (C1) from the direction opposite to the proton donor, D221. The
base in inverting hydrolases is usually situated so that a water molecule can be
accommodated between the base and the sugar anomeric carbon (McCarter and
Withers, 1994) (see also Fig. 12). In the cas&.dlscaendoglucanase E2 from

the same family 6 as CBHII, it has been suggested that D265 corresponding to
D401 in CBHII acts as the base (Speetoal, 1993). The structure of CBHII
reveals, however, that although correctly oriented, D401 is salt-linked to R353 and
K395. These interactions would be expected to reduce its capacity to extract a
proton from the attacking water molecule.

Kinetic studies by Sinnott and coworkers (Sinnott, 1990; Konstantiatdis
al., 1993) have cast doubt on the classical single-diplacement mechanism for
CBHII, suggesting that a base may not be necessary. Experimental support is
obtained from the observation that the hydrolysisxafellobiosyl fluoride does
not seem to proceed with the Hehre-type resynthesis-hydrolysis mechanism
(Kasumiet al, 1987). It is thus possible that D401 functions as a weak base, or
that the polarization of the water molecule is accomplished by other residue(s).
Furthermore, the water molecule needed for the reaction could enter the active site
through a narrow tube reaching to the external solvent and filled with water as
oberved in the CBHIl structure (Rouvineat al, 1990). In this case
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endoglucanases like E2 would use a different type of mechanism, since no water
tunnel is found in E2 (David Wilson, personal communication).

4.5.2 Ring distortion as an element of the catalytic mechanism
(Paper IlI)

Both inverting and retaining enzymes are thought to operate through
transition states with substantial oxocarbonium ion character. In some hydrolases
the distortion of the sugar ring towards the transition state has been shown to
occur already when the substrate binds to the enzyme (McCarter and Withers,
1994). Kinetic studies of Konstantinidet al. (1993) and the high association
constant of cellobionolactonoximelll( Fig. 5) support the idea that the
mechanism of CBHII involves oxocarbonium ion-like transition states (van
Tilbeurghet al, 1989). On the other hand, no conformational changes have been
denoted in the structure after ligand binding (Rouvieéral, 1990; Rouvinen,
1990). There is some structural evidence that a sugar ring might adopt a distorted
configuration in site B upon binding of MeUmb(GI€)Il). In addtion, subsite B
in CBHII is different from all the other binding sites in that it has no tryptophan
and has a protrusion (lll, Fig. 4b) which may allow alternative sugar
conformations.

The experimental data support the idea that Y169 is involved in catalysis by
interacting with the glucose ring at the second binding site. The catalytic rate has
decreased, whereas the association constants on small soluble ligands have
increased (lll, Tables I and II). The mosbpounced effect on ¥;was observed
after binding of methylumbelliferyl-cellobioside (MeUmb(Glg) when the
Y169F mutant enzyme showed over 50-fold higher affinity as compared to the
wild type CBHII (lll, Table 1l). Earlier a significant increase in affinity was
observed after binding of a MeUmbGIcXyl ligand to the CBHII wild type (van
Tilbeurgh et al., 1989). This ligand is missing a methylhydroxyl group on the
sugar, while the Y169F mutant lacks a hydroxyl group in the corresponding
position on the enzyme. It is tempting to speculate that this is a ring distortion
effect. With more space at site B the sugar ring could adopt a more relaxed
conformation whereas in the tighter space (in the wild type enzyme) the ring may
be forced to adopt a more strained conformation.

The specificity constant {i¢K.) of the wt CBHII is 700-fold higher for
cellotetraose than for cellotriose hydrolysis (lll, Table I), due to both increased
binding and reaction rate. This shows that the sugar binding at subsite D is an
important factor in transition state stabilization. Y169F mutant shows transition
state destabilization, more pronounced on cellotriose than on cellotetthose (
Table I), further stressing the importance of subsite D. Since no ligand-induced
conformational changes have been observed with CBHII wt structures, catalysis
would be facilitated if all chemical species along the reaction coordinate
resembled each other, and if on binding at subsite B, the glucose unit were forced
into a conformation similar to the transition state. Furthermore, it is possible
although speculative that binding of the fourth sugar ring in site D causes strain,
which helps the ring distortion at site B. Since the catalysis rate of Y169F mutant
enzyme was reduced only to 25 % of the wt activity it is likely that other residues
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are also involved in the distortion of the sugar ring. Y169 residue is expected to
promote the distorted sugar conformation at site B by forming a hydrogen bond.

Reports of two inverting endoglucanases, namely E2 Trofuscaand EGV
from Humicola insolenssuggest involvement of conformational distortion of the
scissile bond (Tayloet al, 1995; Davieset al, 1995). The complex structure
between substrate and an inactive mutant of EGV shows excellent electron density
for an oligosaccharide in six of the enzyme’s seven subsites but no sugar unit at
the subsite preceding the cleavage site (Daatied, 1995). The geometry of the
cleavage site suggests that EGV would favour the binding of a sugar with an
elongated glycosidic bond resembling the proposed transition state of the scissile
bond (Tanakat al, 1994). It has also been proposed that the binding of a glucose
ring at the subsite preceding the cleavage site is energetically unfavourable for the
substrate and therefore no glucose unit is seen binding to it (Detvéds 1995).
In a molecular dynamics simulation studyToffuscaE2 (from family 6) a tilt in
the second sugar unit at subsite B was observed which also led to a
conformational distortion of the scissile bond (Tagbal, 1995). The modelling
data also suggested that the conserved tyrosine residue (corresponding to Y169 in
CBHII) might have an active role in the catalysis in the proton transfer process.
The experimental data oh reeseiCBHIl Y169F mutant does not support quite
such an active role for Y169 in the catalytic action.

In addition, a change in the pH activity profile was observed. Since the
altered pH activity profile of Y169F is not caused by a loss in pH stabllityi{
is likely that the hydrogen bonding network around D175 has changed and affects
the hydrolysis rate of the mutant. It is postulated that one of the functions of Y169
is to modulate the protonation states of the interacting carboxylates of D175 and
D221. Maintaining the negative charge of D175 stabilizes the charged reaction
intermediates and assures the protonation of D221. The structure reveals that the
pKa of Y169 may in turn be lowered due to its planar stacking interaction with the
guanidino group of a conserved R174.

4.5.3 The importance of subsite A

The earlier binding studies carried out before the CBHII structure became
available predicted that CBHII contains four subsites A-D and that the bond
cleavage occurs between sites C and D. The subsite A was proposed to be an
allosteric site where an intact D-glucose binds, increasing the binding affinity of
small ligands in subsites B, C and D (van Tilbeugghal, 1985; 1989). The
kinetic and structural data have confirmed the existence of at least four subsites
(I, Table I; Rouvinen et al, 1990). Kinetic studies with CBHIl wt have
demonstrated that high glucose concentration can inhibit cellotriose hydrolysis in
a non-competitive manner, whereas cellobiose inhibition is competitive (Teleman
et al, 1995). On the other hand, the mutagenesis data has demonstrated that the
bond cleavage occurs between subsites B and C. Furthermore, there has hitherto
been no structural evidence of a separate glucose binding site outside the tunnel.
The complex structure of CBHII wt with glucose+cellobiose revealed a glucose
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unit in subsite A and cellobiose in subsites C and D (Rouvateal., 1990),
whereas no structural changes could be detected in the enzyme structure. The non-
competitive inhibition of cellotriose was explained by assuming that cellotriose
can bind in two different ways in the active site tunnel of CBHII: productively (A-
B-C) and non-productively (B-C-D) (see section 4.5.4 for a suggestion of
additional non-productive binding modes). In the presence of high glucose
concentration glucose binds in subsite A and displaces cellotriose. The glucose
inhibition appears to be non-competitive and allosteric, since cellotriose is not
expelled from the active site (Telemainal, 1995).

The importance of subsite A was studied by making two mutations, W135F
and W135L, both removing the indole ring of W135 at site A. The kinetic data on
cellotriose and cellotetraose (Table 2) shows that both mutations have a
deteriorating effect on the catalytic rates. In addition, the binding affinities on
MeUmb-cellobioside have decreased 10-fold or more (Table 3). Since the
unliganded mutant enzyme structures of W135F or W135L do not reveal any
detectable changes (Alwyn Jones, personal communication), the binding site A
thus has a role both in substrate binding and in catalysis. Kinetic studies with
CBHIl wt enzyme have also demonstrated that subsite A must be occupied by the
substrate in order for the cleavage to occur, since-glucose has been detected
among the hydrolysis products (Fig. 15) (Ruohoeieal, 1993).

The “glucose effect”, i.e. an increaseg.dalue for MeUmb-cellobioside in
the presence of high glucose concentration (0.3 M), was studied with W135F,
W135L and Y169F mutants (Table 3). Both the W135L and Y169F mutants
showed altered behaviour: high glucose concentration decreasegidhalke for
MeUmb-cellobioside. In addition, D-glucose could be wused to displace
MeUmb(Glc) from its complex with the W135L and Y169F enzyme (data not
shown). W135F mutant behaved like the wt enzyme: high glucose concentration
doubled the Ksvalue of MeUmb-cellobioside (Table 3). This data is interpreted
as indicating that glucose binds in the active site tunnel of CBHII wt to the subsite
A. On the basis of crystallographic data MeUmb(&ls) known to bind to
subsites A-B-C, as discussed in the previous section (Rouginalhy 1990). In
the presence of a high glucose concentration, glucose displaces MeUmli@&Ic)
of the A-B-C binding mode to another binding mode, e.g. to B-C-D and/or C-D-E.
Since the binding affinity of MeUmb(GIlg) to Y169F is so high, glucose is
expected to displace the ligand only partially and therefore the measpyed K
value reflects the combination of two (or more) binding modes. In the case of the
W135L mutant, glucose either does not bind to the subsite A or cannot induce the
higher affinity binding mode for MeUmb(Glg)

These studies further demonstrate that the high affinity glucose binding site
is the subsite A of the active site tunnel of CBHII, in which the affinity is caused
by the stacking interaction with the indole ring of W135. The binding of glucose
to subsite A may induce some subtle conformational changes, e.g. in subsite D,
not detectable in crystallographic experiments and causing the increagg in K
value. As shown by van Tilbeurgh al
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CLEAVAGE PRODIICTY

Figure 15. The action pattern of CBHII wt on soluble substrates. Cellobiose is not
degraded by CBHII and longer cello-oligosaccharides are cleaved only when the
subsite A is occupied. Cello-oligosaccharides can enter the active site tunnel in
two different conformations in which the patterns of the alternating glycosidic
linkages differ as shown in the picture. The chain cleavage occurs when the
orientation of the glycosidic linkage between subsites B and C is “down” towards
the catalytic acid residue. Only the productive binding modes are shown. The
black sphere denotes the new reducing endr-ahomeric configuration. The
picture was kindly provided by Vesa Harjunp&a.
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(1989), glucose decreases both the the on- and off-rate of MeUmbif@iding.
Theoretically, a high glucose concentration in the active site tunnel could affect
the ligand association and dissociation rates without causing any structural
changes in the enzyme. Nevertheless, this does not mean that the subsite coupling
upon oligomeric substrate binding in general, suggested by van Tilbeugh
(1989), could not hold for CBHII active site tunnel. Experimental confirmation,
however, may not be an easy task.

As discussed in the previous section (4.5.2) subsite D is important for the
transition state stabilization seen from the 700-fold higher specificity constant
(kcafKm) for cellotetraose compared with cellotriose hydrolysis (lll, Table I). The
specificity constant for W135F mutant on cellotetraose was decreased about 10
fold (Teeriet al, 1995). This shows that binding to both subsites A and D is
needed to reduce the activation energy of the reaction. Furthermore, the
hydrophobic interaction of the glucose ring at subsite D with W269 is likely to
play a similar role as in subsite A with W135.

4.5.4 Evidence for the new subsite F

The kinetic data on small soluble cello-oligosaccharides with CBHII wt can
be rationalized if it is assumed that there are more than four subsites and that non-
productive binding is possible with substrates shorter than the number of subsites.
In addition, the substrate is expected to enter the active site tunnel in two different
orientations with equal probabilities as discussed in section 3.2.4 (Fig. 15). It is
also possible that twisting of the oligosaccharide chain between subsites D and F
(Fig. 14) does not allow all possible non-productive binding modes e.g. for
cellotetraose, as discussed below. The earlier hydrolysis studids ogesei
CBHII (Nidetzky et al, 1994b) demonstrated that the progress-curves of
oligomeric substrates bend in a manner not explainable by any type of product
inhibition. The phenomenon was explained by a non-steady-state model based on
the formation of productive and nonproductive enzyme-substrate complexes.
However, the hydrolysis curves with CBHII wt enzyme did not show similar
behaviour in our experiments. It is possible that the discrepancy between the
results reported by us and by Nidetzky and coworkers (1994b) is caused by non-
specific binding of CBHII to the surface of glass tubes. This could be detected
only in very dilute enzyme concentrations, which were invariably used by
Nidetzky and coworkers (1994b) due to a sensitive detector used with HPLC.

The increased turnover numbers for F-site mutants W272A and W272D are
assumed to be due to decreased binding affinity for subsite F, which leads to
removal of some of the non-productive binding modes. The data obtained with
cellopentaose fits these assumptions. For CBHIl wt enzyme the catalytic rate on
cellopentaose is four times lower than for cellotetraose (Table 2). This is expected
to be due to non-productive binding to subsites including a sixth binding site F
(e.g. to B-F). The reaction rates of W272 mutants (Table 2) on cellopentaose are
8-fold higher as compared to the wt enzyme. In addition, the hydrolysis rate on
cellopentaose is now 2-fold higher than on cellotetraose. Cellotetraose binding to
CBHIl wt enzyme would not seem to involve a non-productive binding to C-F, as
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kcafGlC)s is higher than k{GlIc)s. In addition, no change was observed in the
hydrolysis rates with W272 mutants. One plausible explanation is that the twisting
of the oligosaccharide chain between subsites D and F does not allow (strong
enough) binding of cellotetraose to C-F in the wt or mutant enzymes (see Fig. 14).
Since the catalytic rates of W272 mutants also increased on cellotriose it is
speculated that one of the non-productive binding modes of cellotriose involves
binding to D-F in CBHIl wt enzyme, in addition to B-D as suggested earlier (see
section 4.5.3). The slight increase in the hydrolysis rate on cellohexaose is
interpreted as non-productive binding mode to B-F and one glucose ring
protruding outside the binding area. There might be other plausible explanations
for this result. It also remains to be seen whether the binding site F is important in
binding and/or breakdown of crystalline cellulose besides binding the cellulose
chain tighter in the active site. One of the remaining questions in the enzymatic
hydrolysis of crystalline cellulose is how the cellulose chain is lifted from the
solid surface to the active site tunnel of cellobiohydrolases. As discussed earlier
(see section 4.4), endoglucanase E2 from the CBHII family 6 does not have the
corresponding subsite. Other endoglucanases of family 6 also seem to lack the
equivalent to W272, whereas it is found in all the cellobiohydrolase sequences.

4.6 PROCESSIVITY OF POLYSACCHARIDE CHAIN
CLEAVAGE

Many carbohydrases are assumed to degrade the substrate in a processive
manner, catalyzing several bond cleavages before dissociation from the
polysaccharide chain. This is also referred as a multiple attack mechanism. Both
endo- and exo-types of enzymes have been suggested to have this property (Robyt
and French, 1967; Mazur and Nakatani, 1993; Dighal, 1994; Davies and
Henrissat, 1995). The processive action mode of a particular carbohydrase is
apparently dictated by the active site topology, number and character of subsites,
and position of the catalytic amino acids with respect to the number of subsites.
Exoenzymes, such as glucoamylases having a funnel-shaped active site with only
one entrance (Fig. 13a), are not predicted to make multiple cuts along the substrate
before dissociation. On the other hand, the endoenzyme porcine panareatic
amylase is known to proceed processively along the substrate (Robyt and French,
1967; Mazur and Nakatani, 1993). This ability can be partially attributed to the
open active site cleft (Fig. 13c). The degree of processivity is presumably also a
relative term, endoenzymes having a cleft being less processive than the
cellobiohydrolases having a tunnel-shaped active site. Some endoglucanases are
known to decrease the average DP or viscosity of the polymeric substrate rapidly
and can be assumed to favour a multichain attack action pattern, thus behaving
like classical endoenzymes (Kleman-Legeal, 1994; Srisodsuk, 1994).

Processive enzymatic action assumes that after the cleavage the soluble
product leaves the active site relatively rapidly, while the polymeric part of the
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product remains long enough in the active site for the next cleavage to occur. The
latter time can be affected by increasing the affinity or number of subsites for the
polymeric part of the chain. In general, the multiple subsites are probably needed
to prevent the chain from organizing back to a crystalline phase. As has been
shown with some hydrolases, sucloaamylases (Qiaet al, 1994), the substrate
binding groove may contain a bend or a kink. This topological feature might be
important for the hydrolysis of native starch having double-helical structures,
which need to be opened up before proper binding and cleavage can occur. Some
of the additional domains of amylases are probably also needed in this event (ll,
Lawsonet al, 1994; Qiaret al, 1995).

Trichodermacellobiohydrolases are proposed to act processively because of
the tunnel-shaped active site combined to the multiple binding sites (Bli\aie
1994; Davies and Henrissat, 1995). In addition, processivity is considered as a key
factor for the efficient enzymatic degradation of crystalline cellulose. However, it
has proved difficult to demonstrate processivity experimentally on crystalline
cellulose. Hydrolysis studies on soluble cello-oligosaccharides by Nidetzky and
coworkers (1994b) suggested th@t reesei CBHI and CBHII both act
processively. The data presented here from the hydrolysis of soluble substrates
further demonstrated that both CBHIl wt and W272 mutants degrade cellohexaose
in a processive manner: no cellotetraose could be detected as an intermediate
product (Fig. 15). This is postulated to be due to the hydrolysis rate of
cellotetraose being faster than the off-rate which leads to processive action of
CBHII. In addition, since no cellotetraose from the non-reducing end of the chain
was produced, it is concluded that loop opening must be very rare during
cellohexaose hydrolysis by CBHII (Fig. 15) (Harjunpétaal, submitted). It is
theoretically possible that the active site loops of CBHIl open to allow random
binding as the first step of crystalline cellulose hydrolysis. However, this event
must be very rare, as cellobiohydrolases do not significantly decrease the average
DP of crystalline substrates even after prolonged hydrolysis times and the only
soluble products encountered are cellobiose and glucose (Srisodsuk, 1994).
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5 CONCLUSIONS AND FUTURE
PERSPECTIVES

In the present investigation two different approaches were used to study the
relationship between enzyme structure and function. This also led to different
levels of information. Since the three-dimensional structure Bakillus
stearothermophilusi-amylase is not known, the data from random mutants could
not be used to draw detailed conclusions concerning e.g. the enzymatic
mechanism. On the other hand, important regions in the enzyme structure distant
from the active site cleft could be identified as having an unexpected effect on
enzyme function. Furthermore, the work demonstrated the power of random
mutagenesis to alter protein properties. This kind of approach is applicable for
many different purposes as long as an easy expression system and sensitive
screening method can be developed. The phage display method used to engineer
e.g. monoclonal antibodies and antibody fragments is probably the best example
of this. The use of polymerase chain reaction (PCR) has rationalized the field of
molecular biology. Besides making all the cloning work much easier, PCR can
also be used for mutagenesis, e.g. for random mutagenesis of complete genes or
gene fragments. The basic concept of enzymatic misincorporation of wrong
nucleotides to create mutations can also be applied in PCR-driven random
mutagenesis. The main difference from the random mutagenesis method
developed here is the speed with which the mutations can be produced by PCR.

In the second approach, site-specific mutations were made on the basis of
the known three-dimensional structure ©f reesei CBHII catalytic domain.
Structural data of various enzyme-ligand complexes combined to the detailed
kinetic and binding experiments with both wt and different mutant enzymes have
provided valuable information about how the catalytic domain of CBHII
functions. Together with other similar structure-function studies this provides us
with a better picture of carbohydrate-degrading enzymes in general. The catalytic
mechanism of glycosyl hydrolases can follow two general routes depending on the
spatial arrangement of the catalytic carboxylates and lead to retention or inversion
of anomeric configuration. The details of the mechanisms are apparently dictated
by the overall active site topology and the amino acid residues involved in the
substrate binding. Some enzymes are capable of going through conformational
changes upon substrate binding. Polymeric substrates can also bind in high energy
conformations to promote the catalysis. CBHII has been shown to degrade soluble
cello-oligosaccharides processively, suggesting that the loops forming the active
site tunnel open very rarely if ever. Evidence for the ring distortion as an element
of the catalytic mechansim of CBHIlI has been obtained. The results also
demonstrate that alterations in the substrate binding sites of CBHII affect the
catalytic efficiency. In addition, co-operativity may be involved in substrate
binding. The hydrophobic stacking interactions of tryptophans or tyrosines both in
catalytic and substrate binding domains of various carbohydrases seem to be a
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general way of providing high binding affinity towards the polysaccharide
substrate.

The catalytic mechanism and substrate binding to the active site or to the
substrate binding domain have been the most studied functions of various
carbohydrate-degrading enzymes. There are still many open questions waiting to
be solved in other fields of enzymatic functions. We do not understand e.g. how
breaking of the insoluble substrate is achieved by an individual enzyme, how the
catalytic domain and substrate binding domain interact or what is the function of
all the additional domains of carbohydrases. Even without fully understanding all
the details, applications are already possible but many more will evolve as we
learn more of the basic rules and learn to ask the right questions.
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