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Summary

The enzymatic degradation of plant polysaccharides is a process of fundamental impor-
tance in nature. Furthermore, polysaccharide-degrading enzymes are very important in
many industrial processes. Therefore, the study of these enzymes is an important field of
research. The degradation of the plant cell wall is a complex process that involves a wide
range of enzymes, mainly produced by microorganisms. These enzymes include those
which degrade cellulose and hemicellulose — two of the main components in plant cell
walls. Such enzymes are often composed of two or several separated modules which
perform different functions. Carbohydrate-binding modules (CBMs) are frequently present
and are known to be important for efficient hydrolysis of cellulose. However, the role of
CBMs in hemicellulose degradation is less clear.

In this work, the structure and function of hemicellulose-degrading enzymes was inves-
tigated. The focus was on enzymes which degrade mannan and heteromannans such &
galactoglucomannan, the major softwood hemicellulose. The main enzyme studied was
a p-mannanase (TrMan5A) produced by the filamentous fufiggeoderma reesei

This enzyme is composed of a catalytic module and a CBM. In order to study the func-
tion of the two modules, a mutant lacking the C-terminal CBM was constructed (Paper
IV). By use of this mutant and the full-length enzyme, the binding properties of the
CBM and its effect on hydrolysis of different substrates was investigated. The results of
this study demonstrate that the CBM of TrMan5A has a positive influence on the hy-
drolysis of complex mannan substrates containing cellulose. Furthermore, this increase
in hydrolysis could be linked to binding of the CBM to the substrate. Binding studies
revealed that the CBM binds to cellulose, but not to mannan.

The enzyme-polysaccharide interaction in the active site cleft of the catalytic module of
TrMan5A was also studied in this work (Paper VII). Several mutants of specific amino
acids were designed, based on the previously solved structure of the catalytic module.
The enzymatic activity of the catalytic residue mutants was very low or abolished. In
contrast, a mutant of Argl71 (Argl71Lys) displayed activity in the same range as the
wild-type enzyme. Interestingly, this mutant also appears to have a more alkaline pH-
optimum than the wild-type. However, the Argl71Lys mutant was impaired in hydroly-
sis of small substrates.

In addition to TrMan5A, the properties opanannanase (MeMan5A) from blue mussel
(Mytilus eduli3 and ap-mannosidase (AnMan2A) from the fung@ispergillus niger

were studied in this work (Papers I, Il and V). MeMan5A belongs to the same enzyme
family as TrMan5A. Also, th@-mannosidase is related to ffwenannanases since they

are members of the same enzyme clan (GH-A). Studies on the catalytic properties of the
enzymes showed that all three enzymes are capable of degrading polymeric mannan



(Papers I, V and VI). Furthermore, TrMan5A and AnMan2A also degraded highly crys-
talline mannan, which was visualised by transmission electron microscopy (Paper Il1).

Also included in the present study is a comparative investigation of the enzymatic deg-
radation of heteromannans (Paper VI). Here, glucomannan and galactoglucomannan were
degraded by several polysaccharide-degrading enzymes involved in the breakdown of
cellulose and hemicellulose. The results show that these substrates can be hydrolysed by
both mannoside- and glucoside-hydrolases.

In conclusion, this work showed that the enzyme-polysaccharide interaction in the two
modules of TrMan5A is important in determining overall enzymatic efficiency and
specificity in the hydrolysis of complex substrates. Altogether, the results presented dem-
onstrate the need to use complex substrates in order to reveal the mechanisms of plant
polysaccharide degradation.



Introduction

Carbohydrates are essential for life on earth.

They function as long-term storage depots of the energy captured in photosynthesis, and as inte
gral parts of genetic information carried in DNA. Furthermore, carbohydrates play many other
important roles in nature: for example, they are involved in intercellular communication and host/
pathogen recognition. Moreover, carbohydrates in the form of polysaccharides are the main struc-
tural elements of plants.

In terms of biomass, cellulose and hemicellulose are the most abundant polysaccharides on eart|
and are synthesised in huge amounts: it has been estimated‘tbenri€s of cellulose are pro-
duced per annum [60]. Thus, these polymers are powerful renewable resources. However, in
order to maintain a balance in the ecosystem, these polysaccharides must eventually be degrade
Even though the spontaneous degradation of polysaccharides under physiological conditions is
thermodynamically favourable, it is exceedingly slow; it has been estimated that the half-life of
cellulose is almost 5 million years [282]. In nature, the rate of turnover of plant polysaccharides is
enhanced by polysaccharide-degrading enzymes, produced mainly by various soil-living
decomposers which degrade decaying plant material (Figure 1).

Polysaccharides

Qlw
a’ Microbial

Plants decomposers

CO,

Figure 1. Synthesis and degradation of plant polysaccharides.

The plant cell wall is mainly composed of tightly associated cellulose, hemicellulose and lignin.
Due to this complex structural composition, the degradation of the plant cell wall is a difficult
task. Accordingly, a complex mixture of enzymes is required in order to degrade the cell wall
components. Many of these enzymes have modular structures with separate carbohydrate-bind-
ing modules (CBMs) which anchor the enzymes to different components in the cell wall [278].



In several cases, these CBMs are very important for efficient substrate hydrolysis. For example,
generally cellulose-binding CBMs linked to cellulases mediate an increase in rate of cellulose
degradation [268]. However, cellulose-binding CBMs are also found in many hemicellulose-
degrading enzymes and their function in these enzymes is more elusive [95].

Hemicelluloses comprise a family of diverse polysaccharides. Generally, hemicelluloses have a
complex chemical structure and are often referred to as mannans, xylans and galactans on the
basis of the predominant sugar type in the main chain. One of the most common ma®@nans is
acetyl-galactoglucomannan which comprises up to 25 % of the dry weight in softwood [263].
However, a range of other mannan-type polysaccharides are synthesised by a wide variety of
plants, and are found in different types of plant tissue [185]. Their main role is often to function as
structural polysaccharides and/or as reserve energy.

Due to the complex structure of hemicellulose, several different hemicellulose-degrading en-
zymes (usually referred to as an enzyme system) are produced for the complete degradation of
these polymers into their monomeric components [26, 61]. Such a system often includes a com-
bination of endo- and exo-acting enzymes. Two of the major endo-acting enzymes involved in
degradation of hemicellulose apemannanase anfl-xylanase. In the case @-acetyl-
galactoglucomannaifi-mannanase is the major depolymerising enzyme. In addition, the exo-
acting enzymeg-mannosidasey-galactosidase angtglucosidase are needed for a complete
degradation of galactoglucomannan.

In addition to their importance in nature, hemicellulases are important in many industrial applica-
tions [183, 280, 284]. Polysaccharide-degrading enzymes in general are the second largest group
of commercially produced enzymes [100]. Furthermore, cellulases and hemicellulases account
for approximately 20 % of the world enzyme market [193]. In particular, hemicellulases have
several existing and potential uses in the pulp and paper industry [280]. Environmental concerns
have been raised against the use of large quantities of chlorinated compounds in pulp bleaching
processes. Treatment of pulp wittxylanases prior to bleaching reduces the amount of bleach-

ing chemicals needed in the process, thus providing an environment-friendly alternative [280]. In
addition,f-mannanases also have potential uses in pulp-bleaching [45, 249].

From prehistoric time, wood have been used by humans as building material and as an energy
source. The more refined industrial uses of wood have been focused on the cellulose component.
However, in recent years it has been realised that hemicelluloses also have many potential indus-
trial applications [89]. As environmental problems increase, it is likely that recyclable
polysaccharides will be attractive for industrial applications in the future [16]. In order to study
the structure of hemicelluloses, and to modify their properties, hemicellulose-degrading enzymes
are important tools [158]. Thus, research in these enzymes is of vital interest.

The general ainof the current work was to increase the understanding of the molecular mecha-
nisms in mannan-degrading hemicellulases. In particular the enzyme-polysaccharide interaction
in a number of mannan-degrading enzymes was investigated. The main enzyme studied was a
modularf-mannanase (TrMan5A) froffrichoderma reeseiwhich contains a catalytic module

and a CBM. In this work, the binding properties of the CBM and its effect on the overall activity

of this enzyme was studied (Paper IV). Moreover, the substrate interaction in the active site cleft
of the catalytic module of TrMan5A was investigated (Paper VII).
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In addition, the molecular properties opanannosidase (Papers | and Il) from the fungss
pergillus nigerand g3-mannanase (Paper V) from the blue muddsti(us eduli3

were studied. Furthermore, the activity of these enzymes and TrMan5A were investigated, with
an emphasis on their ability to degrade mannan polymers (Papers |, Ill and VI).

This thesis is divided into two major parts (see Table of contents, page 3)

In the first part of this thesi&eneral background) the mannan-degrading enzymes are de-
scribed in the context of plant cell-wall degradation. First, the mannan-containing polysaccharides
are presented. Then, an overview of polysaccharide-degrading enzymes is given. Finally, the
mannan-degrading enzymes are introduced, with an emphgsisiannanases.

In the second pa(Present investigation) the results described in Papers I-VII (listed on page 5)
are presented and discussed.
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General background

Mannan-based polysaccharides

Mannans in wood: hemicelluloses

Wood comprises the bulk of the tree trunk and is essentially composed of the cell walls of xylem
cells. The major constituents of these cell walls are cellulose, hemicellulose and lignin [83]. The
relative amounts of cellulose, hemicellulose and lignin can vary to some degree, depending on
the species (Table 1). Furthermore, the chemical composition of wood depends on the tissue, cell

type and growth rate [226].

Table 1. Composition of woods from some representative species. Data from Timell [263]

Species Cellulose (%) Hemicellulose (%) Lignin (%)
Acer rubrum 45 29 24
Betula papyrifera 42 38 19
Fagus grandifora 45 29 22
Pinus strobus 41 27 29
Picea glauca 41 31 27

The concept of hemicellulose was introduced by Schulze in 1891, to define alkali-extractable
plant polysaccharides [83]. Hemicelluloses are a group of heteropolysaccharides with a degree of
polymerisation (DP) around 100-200 [263]. They are built up by a main chain composed of one
or several types of sugar monomers. In addition, different types of side-groups are frequently
attached to the main chain [234].

As seen in Table 2, different hemicelluloses are found in wood derived from gymnosperms
(softwoods) and angiosperms (hardwoods) [263]. The amounts of the different hemicelluloses
can also vary considerably depending on the cell type and the stage in development. In softwoods,
the major hemicelluloses ar®-acetyl-galactoglucomannan and arabin®4-
methylglucuronoxylan, an exception being larchwood where arabinogalactan is the predominant
hemicellulose [263]. In hardwoods, the major hemicellulose componeMaisetyl-40O-
methylglucuronoxylan, but a smaller amount of glucomannan is also found (Table 2).

13



Table 2.Hemicelluloses in hardwoods and softwoods. Data from Timell [263].

Hemicellulose Amount (% of wood ) Degree of polymerisation
Hardwood

Glucomannan 3-5 >70
O-acetyl-4O-methylglucuronoxylan 10-35 ~200

Softwood

Arabino-4-O-methylglucuronoxylan 10-15 >120
O-acetyl-galactoglucomannan 15-25 >100
Arabinogalactah 10-20 ~220

an larchwood only

Hardwood glucomannan is built up by a linear chaif-¢f—4)-linked mannose and glucose
residues. The mannose/glucose ratio in glucomannans is typically in the range 1/1-2/1 [263].
Galactoglucomannan is built up by a glucomannan main chain, but also ingi(des)-linked
galactosyl side-groups attached at some mannose residues (Figure 2). In softwood
galactoglucomannan, acetyl groups have been reported to be attached at the C-2 and C-3 posi-
tions of some mannose residues [150, 158], in an apparently random fashion [139].

O-acetyl galactoglucomannan can be divided in two fractions: one soluble in water, which has a
galactose/glucose/mannose ratio of 1/1/3 and one soluble in aqueous alkali, which has a galac-
tose/glucose/mannose ratio of 0.1/1/3 [263].

¥
AL
HO
oH .:%.
aH P =,
NS aaz;;ﬂ‘:‘jm m&
. 0 D\w L
fil1-4) pil-4)

MAN (2 Ac) CGLC MAMN (3 Ac) MAMN MAMN

Figure 2. A schematic view oD-acetyl-galactoglucomannan.

Algal mannans

A range of different polysaccharides are produced by algae [208], some of which have industrial
importance [79]In vivo, two of the main roles of these polysaccharides in the algae are to func-
tion as reserve energy and as structural material. LB€hr>4) mannan is present in the cell
walls of several siphonaceous green algae in the famitiembularia, CodiunandHalicoryne

[88, 126, 157]. Furthermore, mannan is also found in some red algae, Bacptaga umbilicalis

14



[135]. In some of these algae, mannan is the main structural polymer and displays a microfibrillar
morphology [51, 166]. Some algal mannans display a high degree of polydispersity: the mannan
from Codium fragilehas a degree of polymerisation between 20 and 10 000 [167].

Mannan-based storage polysaccharides

Besides amylose and amylopectin, which are the most widespread storage polysaccharides in
plants, there is a diverse group of mannan-based storage polysaccharides found in the seeds
roots, bulbs and tubers of various plants [185]. These include the mannans, galactomannans anc
glucomannans which are discussed below.

Mannan: Linear chains off-(1—4) mannan are found in the plant seed endosperms of certain
plant species [18, 184, 283]. Mannan has been isolated from ivoRhyielephas macrocarpa

date (Phoenix dactyliferpaand green coffee beagffea arabicy In most cases, these
polysaccharides are highly insoluble in water and very dense. Accordingly, it has been suggested
that the mannan forms the molecular basis for the hardness which is characteristic for palm ker-
nels, such as the ivory nut. In the cell wall of the seed endosperm of ivory nut, mannan is the
major component and it has been characterised in some detail. Based on their solubility in alkali,
two different fractions of mannan have been isolated from the ivory nut [162]. These fractions
differ mainly in their DP [18, 184] and morphology [51, 184].

Galactomannan: Galactomannans are reserve polysaccharides in the seed endosperm of legu-
minous plantsl{eguminosag[217]. In contrast to unsubstituted mannans, the galactomannans
are water soluble and can imbibe water, thus providing a water-holding function for the seed
[217]. They are composed pf(1—4)-linked mannan chains wiih-(1—6)-linked galactosyl

side groups [179]. Both the solubility and the viscosity of the galactomannans are influenced by
the mannose/galactose ratio, which can vary from 1 to 5 [217]. Furthermore, the distribution of
the substituents can vary considerably [67], which also affects the physical properties of
galactomannans [73]. Two of the most well characterised galactomannans are those found in
locust bean gum and guar gum, isolated from the see@srafonia siliquaand Cyanaposis
tetragonolobusrespectively [101, 220]. Locust bean gum galactomannan has a mannose/galac-
tose ratio of approximately 5/1 and a molecular weight of 310 000 [220]; guar gum galactomannan
has a mannose/galactose ratio of 2/1 and a molecular weight of 220 000 [101]. In combination
with other polysaccharides, these galactomannans have strong gelling properties and are thus
used as thickeners in the food and feed industries. Galactomannans and their derivatives are als
used in paper making, mining and in the textile industry [101, 220].

Glucomannan: Some glucomannans are found as storage polysaccharides in the seeds of certain
annual plants, for example some lilidsliacead and irises Ifidaceag [185]. Furthermore,
glucomannans are found in the bulbs, roots and tubers of several other types of plants [185].
Many of these glucomannans are water soluble and have the same general structure as
glucomannans found in wood: they are composediefla=4)-linked mannan chain with inter-
spersed glucose residues in the main chain and are often acetylated [185]. The mannose/glucos
ratio ranges from 4/1 to below 1/1 [18%)}ne of the most thoroughly characterised of these
glucomannans is the so-called konjac mannan — isolated from the tubEmsogshophallus
konjac[198]. This polysaccharide has a mannose/glucose ratio of 1.6/1 and a degree of polymeri-
sation above 6000. [198].
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Crystalline mannans

Polysaccharides in nature can be organised in more or less regular structures; ranging from ir-
regular or amorphous structures to highly organised and crystalline structures. The most abun-
dant polysaccharide in nature, cellulose, is partially crystalline. In addition to cellulose, X-ray
analysis has yielded information about the structures of a number of other polysaccharides such
as chitin, xylan, amylose and mannan [169].

Crystalline lineai3-(1—4) D-mannan has been found in the cell walls of ivory nuts and in the
algaeAcetabularia crenulatand Codium fragile[51, 88, 184]. Two polymorphs — mannans |

and Il — have been observed in these cell walls. The morphologies of mannan | and mannan Il are
granular and fibrillar, respectively [51]. Crystalline glucomannan from wood can be obtained,
but only after partial degradation or modification [262]. After dissolution of glucomannan in
alkali it can be recrystallised as mannan | or mannan I, depending on the crystallisation condi-
tions [50]. Furthermore both mannan and glucomannan can be recrystallised onto cellulose fibers,
yielding the so-called shish/kebab (cellulose/mannan) morphology [50]. Native glucomannan
andO-acetyl-galactoglucomannan appear to be mostly non-crystalline in nature, probably due to
their more complex structures [169].

Polysaccharide-degrading enzymes: an introduction

Polysaccharide-degrading microorganisms

Bacteria and fungi thriving on decaying plant material constitute an important part of the ecosys-
tem. These microorganisms decompose polysaccharides and other plant materials, thus recycling
organic and inorganic material in the atmosphere and biosphere. Many of these polysaccharide-
degrading microorganisms are soil- or water-living. However, some polysaccharide degrading
anaerobes degrade plant polysaccharides in the stomach of ruminants [55]. For several
decomposers, plant cell wall polysaccharides are the principal carbon and energy source. Accord-
ingly, these organisms usually produce secreted enzymes which degrade the polysaccharides into

mono- and oligosaccharides which can be further metabolised in the cell.

Industrially important fungi

The ability of some soil-living fungi to produce large amounts of polysaccharide-degrading en-
zymes and other groups of extracellular enzyrees ffroteinases and lipases) makes them at-
tractive for use in industrial enzyme production. Fungi from the gésgargillusandTrichode-

rmaare examples of two families of industrially important fungi. Notabighoderma reeseas

a potent producer of several cellulases and hemicellulases which are widely used in industrial
applications [279, 280]. Besides its high enzyme production caphaitgsehas the advantage

of being non-toxic and non-pathogenic which is important in large scale fermentation processes
[196]. In addition to endogenous enzymes, strains ofAgplergillusandTrichodermahave also

16



been used as hosts for expression of foreign eukaryotic proteins [142, 206]. For efample,
reeseihas been used for the production of single chain antibodies and mammalian interleukin
[206].

Modularity of polysaccharide-degrading enzymes

Polysaccharide-degrading enzymes often have a modular structure. By definition, modular en-
zymes are composed of two or more independently folded modules — each formed from a con-
tiguous sequence [37]. Furthermore, each module has a distinct structure which is related to its
function. The overall structures and the functionally important residues are often conserved amongst
similar modules. A modular architecture has been found amongst lipases, endonucleases, peptide
synthases and several other classes of enzymes [141]. Modular polysaccharide-degrading en-
zymes are commonly composed of a catalytic module connected to one or more additional cata-
lytic or non-catalytic module [278]. In many cases, these modules are connected by linker se-
guences [96]. The most common modules are the cat@hdigcoside hydrolases and the non-
catalytic carbohydrate-binding modules (CBM), which are discussed below. However, several
additional non-catalytic modules have also been described [268]. Thermostabilizing modules
have been found in some xylanases [114], and S-layer homology (SLH) modules, involved in
cell-surface attachment, have been described in several types of polysaccharide-degrading en-
zymes [268]. Dockerin modules, found in polysaccharide-degrading enzymes from anaerobic
bacteria and fungi, attach the enzymes to the “cellulosome” — a large multi-enzyme complex
composed of several different enzymatic activities [230]. This cellulosome is composed of a core
structure called a scaffold, onto which several types of enzymes can be attached.

Glycoside hydrolases

General catalytic features

TheO-glycoside hydrolases constitute the main group of enzymes which participate in the degra-

dation of plant polysaccharides. The diversity of carbohydrate structures is reflected in the wide

range of substrate specificity found amongst glycoside hydrolases. The structure and function of
glycoside hydrolases has been intensively studied: the first enzyme structure solved by X-ray
diffraction was a glycoside hydrolase (hen egg-white lysozyme), solved in 1965 [30]. Based on

kinetic data and later on structural information, a general mechanism for glycoside hydrolases
has been proposed [70, 144, 233]. According to this theory, two main mechanisms for glycoside
hydrolases exist. These are called retaining and inverting mechanisms, referring to the stere-
ochemical outcome at the anomeric carbon in the product.

In both mechanisms, the hydrolysis of the glycosidic bond proceeds through general acid/base
catalysis involving two carboxylates (glutamates or aspartates) positioned in the active site [281].
The inverting mechanism proceeds through a single step reaction involving the direct attack by a

nucleophilic water on the anomeric carbon, and the simultaneous protonation of the glycosidic
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oxygen and aglycone departure. The mechanism of retaining enzymes (double displacement)
includes a first step which involves the attack by a nucleophilic carboxylate on the anomeric
carbon and the concomitant release of the aglycone, resulting in a covalent enzyme-glycoside
intermediate. In the second step the covalent intermediate is attacked by a nucleophilic water
which releases the glycoside from the enzyme (Figure 3).
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Figure 3. General mechanism for retaining glycoside hydrolases. The nucleophile (B) and acid/base (A)
catalytic residues are shown. The aglycone (R) is also indicated.

Family classification

A little more than a decade ago, Henrisstahl. presented a family classification of glycoside
hydrolases, based on sequence alignment and hydrophobic cluster analysis [115, 149]. As new
sequences have been reported, they have been annotated into different families and new families
have been added [116, 117]. A continuously updated database is available on the internet at: http:/
/afmb.cnrs-mrs.fr/~cazy/CAZY/index.html [63]. At this stage 87 families have been reported.
The relevance of this family classification has also been supported by the increasing amount of
structural information, which has accumulated in recent years [39, 119]. Based on structural
similarities, several families have been organised into clans. One of the major clans is the GH-A
clan comprising at least 16 families [118, 131, 137]. This clan shareg/t)glgarrel (TIM-

barrel) fold, which is one of the most common protein folds [264]. In addition, the positions of
the catalytic residues are conserved in clan GH-A: the catalytic acid/base and nucleophile are
positioned at the C-termini @fstrands 4 and 7, respectively [131].
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Structural features

Glycoside hydrolases have been found to have one of two major cleavage preferences: exo-acting
enzymes hydrolyse residues at the chain ends and endo-acting enzymes hydrolyse glycosidic
bonds internally in the polysaccharide chain [233]. For several structurally determined enzymes
the cleavage preference is reflected by the active site architecture (Figure 4) [69]. Endo-acting
enzymes, such as endoglucanasefanthnnnanase, often have cleft shaped active site surfaces
[76, 223]. On the other hand, pocket-shaped active site structures are found amongst several exo
acting enzymes which release monosaccharides from non-reducing ends fsgalaatsidase

and glucoamylase [8, 136]. A tunnel-shaped active surface is found in cellobiohydrolases, which
release cellobiose from the reducing or non-reducing ends of cellulose [75]. However, it should
be pointed out that the architectures of the active sites of endo- and exo-acting enzymes does no
necessarily reflect the observed cleavage preference — discrepancies may exist. Furthermore, th
boundaries between exo- and endo-acting enzymes are not absolute: enzymes which are mainly
endo-active mav show exo-activivity avide versd241, 266].

{al [ fol

Figure 4. Examples of active site topologies in glycoside hydrolases: (a) the pocket (glucoamylase from
Aspergillus awamoji (b) The cleft (endoglucanase froGiostridium thermocellum (c) The tunnel
(cellobiohydrolase Cel6A fromrichoderma reesgi Adapted from [222].

In glycoside hydrolases, binding of several glycoside residues in the active site region is often
required. Accordingly the substrate binding surface can be divided into several subsites. Accord-
ing to the recommended nomenclature [72], these are numbered +4, +3, +2, +é&tc.lfren

the non-reducing end to the reducing end, withQkgdycosidic bond to be cleaved being posi-

tioned between subsite +1 and —1 (Figure 5).

CANR 7Ny A O
NN NNANS
-3 -2 -1 +1 +2

Figure 5. A schematic overview of the sugar residue binding subsites in the active site region in glycoside
hydrolases. The arrow indicates the point of cleavage.
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Carbohydrate-binding modules

Family classification

Carbohydrate-binding sites in general are common and are found in several types of proteins,
such as toxins, sugar transporters, lectins, antibodies and glycolytic enzymes [214]. Carbohy-
drate-binding modules (CBMs) however, are found mostly in polysaccharide-degrading enzymes.
CBMs have been widely studied in cellulose-degrading enzymes which bind tightly to cellulose
[257, 267, 269, 276]. These binding entities were originally referred to as “cellulose-binding
domains (CBDs)” [269]. However, more recently CBMs which bind to chitin, starch, xylan, mannan
and other polysaccharides have been described, not only in cellulases but also in other polysac-
charide-degrading enzymes [278]. In order to encompass a broader binding specificity, the con-
cept of the carbohydrate-binding module (CBM) was introduced [36]. By analogy to the glyco-
side hydrolases, CBMs are classified into families based on sequence similarities and when pos-
sible, 3D-structures [36, 39, 95, 269]. This classification is continuously updated and is available
at: http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html [63]. Presently, 30 families of CBMs have
been reported, some of which are listed in Table 3. A number of these families are closely related

and consequently were recently grouped into a superfamily [66, 247]
Structure and function

Depending on their binding properties, three types of CBMs have been identified [36]. Type A
CBM s bind to insoluble polysaccharides, such as cellulose and chitin with high affinity [155].
These types of CBMs, are founddrg.family I, I, 11l and V. Type B binding modules, found in
e.g.family Il and 1V, bind soluble polysaccharides and oligosaccharides, and in some cases also
amorphous, insoluble polysaccharides [265]. In addition to poly- and oligosaccharides, type C
CBNMs also have relatively high affinity for monosaccharides [34]. These CBMs are faeugd in
family IX and XIII.

The structure of CBMs from several families has been solved by X-ray crystallography and NMR
spectroscopy [39, 95]. In most cases, the structures are built up mgirtheéts, often with an
anti-parallelp-strand topology [39]. In general, CBMs which bind crystalline polysaccharides
(type A) display a flat ligand-binding surface with exposed aromatic residues [145, 288] (Figure
6). On the other hand, several modules which bind amorphous polysaccharides and oligosaccharides
(Type B) display a groove-shaped binding surface lined with polar residues [132, 143]. Recently,
the structure of a Type C CBM from family IX was solved and it was found to have a slot-shaped
binding site, “large enough to accommodate a disaccharide” [34, 202].

Analyses of mutational and chemical modifications have demonstrated the importance of the
aromatic residues found on the flat surfaces of type A CBMs in ligand binding [41, 152, 218]. In
at least some type B CBMs, both aromatic and polar residues have been shown to contribute
significantly to ligand binding [143, 285]. The significance of aromatic and polar residues in
CBMs is not surprising; the presence of these types of residues is a recurring theme in protein-
carbohydrate interactions [214]. A general scheme in protein-carbohydrate associations is that

20



aromatic residues are aligned face-to-face with the hydrophobic face of the sugar ring, thus pro-
viding stacking interactions. Polar residues, on the other hand, are thought to make hydrogen
bonds with the hydrophilic hydroxyl groups. Thermodynamic analyses of CBM binding have
shown that, generally, binding of soluble polysaccharides and oligosaccharides is promoted mainly
by a decrease in enthalpy, resulting from several hydrogen bonding contacts between the protein
and the ligand [34, 35, 42, 133, 250]. In contrast, binding of a type A CBM to crystalline cellulose
has been shown to be driven by an increase in entropy, partly due to dehydration of the ligand-
binding surface [64].

Figure 6. Examples of structures of typd#) and type Bb) CBMs.a. The family | CBM from thd. reesei
endoglucanase TrCel7A [14%]. The family IV CBM from theC. fimi endoglucanase CfCel9B [42].
Residues implicated in binding are shown in red.

Cellulose-binding CBMs

Some of the most studied cellulose-binding CBMs are those from the flingasei and from

the bacteriaCellulomonas fimandPseudomonas cellulogaé, 114, 155, 269]. The cellulose-
binding CBMs fromT. reeseire relatively small (30-40 residues) and classified into family I. A
majority of the family | CBMs are connected to cellulases of fungal origin [155, 257]. However,

a few fungal hemicellulases, including theeesep-mannanase also carry family | CBMs [171,

244]. InT. reeseicellulases it has been shown that family | CBMs are important for efficient
hydrolysis of cellulose [257, 267, 276]. Two of the most stutliedeseiCBMs are those from

the endoglucanase Cel7B and the cellobiohydrolase Cel7A[151, 152, 154]. The solved 3D struc-
tures of these CBMs reveal that they share a similar overall fold [145, 174]. In addition, structural
and mutational work has shown that the three exposed aromatic residues on the flat binding
surfaces of the CBMs are important for binding [152, 173, 175, 218, 219]. However, the two
CBMs show different binding affinities for cellulose and it has been proposed that this difference
depends to a large degree on a single amino acid substitution on the flat binding surface [151].
Furthermore, substitution of the CBM in Cel7A with the CBM from Cel7B demonstrated that an
increased binding to cellulose of the hybrid enzyme could be linked to an increase in cellulose
hydrolysis [236].

The CBMs fromC. fimi are mainly classified into family 1l and IV [36, 269]. The modules in

these families are found only in bacteria and are larger than those in family | (100-150 residues).
One of the most studied CBMs is the family Il CBM from @dimienzyme CfXyn10A which
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Table 3 Alist of CBM families, in accordance with the generally accepted classification system [36, 95,
269]. The CBMs in this table include those in which binding to cellulose and/or hemicellulose has been
indicated. References give examples of structural and functional studies

Families®  Entries® Ligands® Binding Amino Catalytic modules Reference
surfaces acids attachetd
| 87 Cellulose Flat 30-40 Mannanase [145,152]
Chitin Xylanase
Cellulase
Esterase
Il 94 Cellulose Flat (lla) 100 Cellulase [231, 288]
Xylan Twisted (l1b) Xylanase
Chitinase
1 61 Cellulose Flat 150 Mannanase [271]
Xylan Xylanase
Cellulase
\Y 18 Cellulose Groove 150 Xylanase [42| 132]
Cellulose (D¢). Cellulase
B-1,3/1,4 Glucan
Oligosaccharides
\Y 71 Cellulose Flat 60 Cellulase [43
Chitin Chitinase
\ 32 Cellulosa Cleft 120 Xylanase [66]
Xylan Cellulase
B-1,3/1,4 Glucan Esterase
Oligosaccharides Chitinase
IX 16 Cellulose Slot 170 Xylanase [34, 20P]
Xylan
B-Glucan
Oligosaccharides
Monosaccharides
X 11 Cellulose Flat 45 Xylanase [215]
Mannanase
Cellulase
Xl 3 Cellulose N.D. 180-200 Cellulase [168]
XV 2 Xylan Groove 160 Xylanase [189,250]
Oligosaccharides
XVII 8 Cellulose Groove 200 Cellulase [33, 201]
Cellulose (D€j}. (shallow)
B-Glucan
Oligosaccharides
XXII 41 Xylan Groove 150 Xylanase [52]
B-1,3/1,4 Glucan
Oligosaccharides
XXIII 1 Mannan N.D. 230 Mannanase [237]
XXVII 4 Mannan N.D. 180 Mannanase [247]
XXVIII 9 Cellulose N.D. 190 Cellulase [35]
p-1,3/1,4 Glucan
Oligosaccharides
XXIX 1 Cellulose (Def) N.D. 130-140 Non-catalytic  [87]
Mannan

aCBM families are typed in Roman numerals, to distinguish them from the glycoside hydrolase families
bBased on those available at http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html [63]
¢This list is not complete, only some examples are included
dCellulose derivatives
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display mixed glucanase/xylanase activity [97, 98, 288]. This CBM displays a ligand-binding
area somewhat resembling the flat surface in family | CBMs [288], and it has been shown to bind
tightly to cellulose [97]. Furthermore the hydrolysis of cellulose by CfXyn10A increases in the
presence of the attached CBM [98]. In constrast, another family II CBMGrdimimodule has

been proposed to promote non-hydrolytic disruption of cellulose surfaces, independent of the
catalytic module [74]. Family Il has been divided into two subfamilies, on the basis of the pre-
ferred binding ligand: family Ila modules bind to cellulose and family Ilb modules bind to xylan
[97, 231]. Remarkably, site-directed mutagenesis of a single amino acid residue on a family Ilb
CBM changed its binding specificity from xylan to cellulose [232]. The two tandem family IV
CBMs in theC. fimi endoglucanase Cel9B bind to amorphous cellulose and oligosaccharides
[133, 265].

Cellulose-binding CBMs from family Il and family X are ubiquitous among polysaccharide-
degrading enzymes frofA. cellulosg and are found in both cellulases and several types of
hemicellulases [114]. IfP. cellulosa, cellulose-binding CBMs from both cellulases and
hemicellulases have been shown to influence hydrolytic activity [28, 29,14@&me cases, two
CBMs are connected to the same enzyme. For examplB, tidtulosa xylanase Xyl10A con-
tains one family I CBM and one family X CBM which bind to cellulose apparently independent
of each other [99].

Galactoglucomannan-degrading enzymes

Due to the complex chemical structure of hemicelluloses, multiple enzymes are often needed for
the complete degradation of these polymers. In the ca®eaoétyl-galactoglucomannan, four
different glycoside hydrolase-thannanasg-mannosidasey-galactosidase argdglucosidase)

and acetyl esterase are required for the complete conversion of the polymer into unsubstituted
monosaccharides (Figure P-Mannanase is the major endo-acting enzyme involved in
galactoglucomannan degradation [26, 180, 243]. This enzyme degrades the polymer into smaller
oligosaccharides, which are further hydrolysed to monosacchariggembynosidasey-galac-

tosidase an@-glucosidase.
Gala

T

3
-1,4-Manf3-1,4 -M%n|3-1,4-Mazn[3-1,4-Glc[3-1,4-ManB-1,4-ManB-1,4-ManB-1,4-Mgnﬁ-1,4-Gch-1,4-Man|3-1,4-

Ac

> = >|
1 Ac 1
Gala Gala
—> endo-f-1,4-mannanase \L

> a-1,6-galactosidase Manp-1,4-Manf-1,4-

—> PB-1,4-mannosidase
= acctyl(mannan)esterase
& B-1,4-glucosidase

Glcp-1,4-Manf-1,4-

Figure 7. Schematic overview of the enzymes involved in degradati@iaifetyl-galactoglucomannan.
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f-Mannanase

Biochemical properties

Endof$-1,4-D-mannanas@{mannanase; EC 3.2.1.78) catalyses the random hydrolysis of manno-
glycosidic bonds in mannan-based polysaccharides. Blosannanases degrade manno-
oligosaccharides down to a DP of 4 [26, 180, 243]. In addition, $amannanases are also

active on mannotriose, although at a much lower rate, thus indicating the presence of at least 4
subsites in sever@kmannanases [7, 112]. However, hydrolysis of oligosaccharides bypsome
mannanases from anaerobic fungi and bacteria has indicated that binding is required over at least
6 subsites [82, 110, 190]. The main end-products of mannan hydrolysimagnanase are often
mannobiose and mannotriose [3, 57, 225, 245, 273], although minor amounts of mannose and
mannotetraose also are produced in some cases [273]. In the degradation of heteromannans, the
pattern of released oligosaccharides is often more complex, probably due to hindrance of the
enzymatic hydrolysis caused by the substituents [182, 210, 240, 259]. It has also been shown that
at least som@-mannanases are capable of degrading crystalline mannan (Paper II).

In addition to hydrolysis, severfitmannanases can also perform transglycosylation [62, 107,
111]. For example, th&. reesei3-mannanase has been shown to form transglycosylation prod-
ucts with either mannose or mannobiose as glycosidic bond acceptors [111].

The pH and temperature optima of sofsmannanases are shown in Table 4. Generfly,
mannanases have moderate temperature optima (40)7@xcept som@-mannanases from
thermophiles which have higher temperature optima [93, 205, 209, 248]. The pH optima of most
B-mannanases are found in the neutral or acidic region. Commonly, the molecular weights of
mannanases are in the range of 30-80 kDa (Table 4).

However, some modul@mannanases have molecular weights near or above 100 kDa [46, 239,
248]. Typically, mosp-mannanases have isoelectric points between 4 to 8. Frequently, multiple
B-mannanases with different isoelectric points and/or molecular weights are found in the same
organism [4, 125, 172, 190, 245, 270]. In some cases these enzymes are produced from different
genes[172, 190, 199], and in other cases, the enzymes are isoforms produced from the same gene
[4, 244]. These isoforms may be caused by differences in post-translational modifications.
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Table 4.Some properties gf-mannanases from families 5 and 26

Organism Swissprot  Family l\/lw$ pl Optima Reference
pH Temp
Agaricus bisporu£54-carb8 Q9P893 5 N.D. N.D. N.D. N.D. [256]
Agaricus bisporu©649 Q92401 5 449 N.D. N.D. N.D. [289]
Aspergillus aculeatus Q00012 5 45 4.5 5 60 [56]
Aspergillus niger - 5B)” 40 3.7 3.5 N.D. [3]
Bacillus circulansk-1 066185 5 62 Several 6.9 65 [293, 294]
Caldibacillus cellulovoran$ QI9RFX5 5 30.7 N.D. 6° 85¢ [248]
C°. saccharolyticu$ P22533 5 34 N.D. 6 80 [94, 160]
Clostridium cellulovoran$ - 5 38 N.D. 7 45 [255]
GE. stearothermophilus - 5 73 N.D. 5.5-7.5 N.D. [78, 252]
Mytilus edulis - 5 39 7.8 5.2 50-55 [287](PaperV)
Lycopersicon esculentum 048540 5 39 5.3° N.D. N.D. [25]
Streptomyces lividargs P51529 5 36 3.5 6.8 58 [15]
T&. polysaccharolyticum Q9ZA17 5 116 N.D. 5.8 65/75  [46]
Thermotoga maritimé Q9Ixov4 5 76.9 N.D. 7 90 [205]
Trichoderma reesei Q99036 5 51-53 Several 3-4 70 [244, 245]
Vibrio sp.Strain MA-138 069347 5 49 3.8 6.5 40 [253, 254]
Bacillussp. 5H 083011 26 37 N.D. N.D. N.D. [140]
Bacillussp. strain AM-001 P166699 26 58 5.9 9 60 [4,5,7]
Bacillus subtilisNM-39 P55278 26 38 4.8 5 55 [186, 187]
C° .saccharolyticuskt8B.4¢ P77847 26 N.D. N.D. 6-6.5 60-65 [92]
Cellulomonas fimi Q9XCV5 26 100 N.D. 55 42 [239]
Clostridium thermocellurh - 26 700 N.D. 6.3 65¢ [110]
Clostridium thermocellurFr1 - 26 55 N.D. 7" 75" [147]
Dictyoglomus thermophilurh  O30654 26 40 N.D. 5 80 [93]
Piromycessp4 P55296 26 68 N.D. N.D. N.D. [82]
Piromycessp. P55297 26 N.D. N.D. N.D. N.D. [190]
Piromycessp. P55298 26 N.D. N.D. N.D. N.D. [190]
Pseudomonas cellulosa P49424 26 46 N.D 7 N.D. [40]
Rhodothermus marinus P49425 26 113 N.D. 5.4 85 [209]

fMoIecuIar weights in kDa. Data from SDS-PAGE
Similarity from N-terminal sequence
aShown when available
Theoretical value from the amino acid sequence
¢ Expressed ir8. cerevisae
4 Expressed ifE. coli
€ Catalytic module only
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Occurrence and regulation

p-Mannanases have been isolated from a wide range of organisms, including bacteria [7, 40,
239], fungi [3, 56, 245], plants [25, 172] and animals (Paper V) [53]. Amongst bagteria,
mannanases have been found amongst aerobes, anaerobes and different extremophiles such as
thermophiles, halophiles and psycrophiles [205, 274, 296]. pAoginnanases are extracellular,
however some appear to remain attached to the cell [91]. In ptamtannanase activity has

been correlated with seed germination [77, 199, 200], and in some cases also with fruit ripening
[24, 38]. Somég-mannanases from molluscs have been isolated from their digestive tract (Paper

V) [85].

Expression of many microbigimannanases is induced by growth on mannan or galactomannan
[3, 13, 221]p-Mannanases from some microbes, includingeseihave also been produced by
growth on cellulose [221, 242]. However, expression oT tleesep-mannanase is repressed on
glucose and several other monosaccharides [170, 228]. In plants, produptimanhanase has
been shown to be regulated by plant hormones, such as gibbrellins and abscisic acid [10, 104]

Family classification and structural determination

All B-mannanases for which the genes have been cloned have been classified into families 5 or 26
of glycoside hydrolases [115, 119]. Both of these families are included in the GH-A clan of
glycoside hydrolases [32, 131] and the retaining mechanism has been confirmed for family 5 and
family 26 3-mannanases [3, 32, 112]. Both bacterial and eukargati@nnanase have been
annotated to family 5. This family also includes endo- and exoglucanases, xylanases and
endoglycoceramidases. An alignment of the amino acid sequences of some fam#éynbanases

mainly from eukaryotic sources is shown in Figure 8.

With the exception of a few anaerobic fungi, flremannanases in family 26 are of bacterial
origin. Besideg-mannanases, some endoglucanases andfa fe8vxylanases are also found in

this family. In some casef;mannanases from the same genus have been classified in different
families;p-mannanases from different strainsGafldocellulosiruptor saccharolyticdsave been
classified in both families 5 and 26 [92, 94], and those from diffaaillus species are also
found in both families [5, 187].
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Lycopersicon --—--LQ------ ISPG----IYDERV---FQGLDFVIAEAKK-——-———-——————=~ YG-
Mytilus —=——=FD--————~ NNG----YVTGIDNTLISDMRAYLHAAQRHNILIFFTL---WN--GA
consensus HE *
Trichoderma INAYVNAF-G-GNATT-WYTNTAAQTQYRKYVQAVVSR--—--—-—-YANSTAIFAWELG]
Aspergillus MQAYVTAY~G-ARAQTDFYTNTAIQAAYKNYIKAVVSR- YSSSAAIFAWEL.

Agaricus MDVYVNQMVGNGQPHDLEFYTNTAIKDAFKSYGRAFVSR~———————- YANEPTVMAWEL.
Geobacillus MMQYVNWI-G-ETNHDLFYTDERIKTAYKNYVHYLINRKNQYTGIIYKNEPTIMAWELA
Orpinomyces MDVWVKQF-G-GKYHDEFYTNKDIIKGYKQYIKAMINRVNTYTGOLYKDDPTIFSWQLA)

Lycopersicon SNDDEFYTHPMLKKYLKNHIERKVVTRLNSITKVAYKDDPTIMAWELM
Mytilus VKQSTH-Y---~RLNGLMVDTRKLQSYIDHALKPMANA------—- LEKNEKALGGWDIM|
consensus L
Trichoderma RC-~-NG-~——~——~ CSTDVIVQ-~---WA--——-- TSVSQYV-—-mm—— KSLDSNHLV
Aspergillus RC-=-QG~=—===—~ CDTSVLYN--=-WI-~=—-~- SDTSKYI-~-==~— KSLDSKHLV
Agaricus RC---KGSTGTTSGTCTTTTVIN-~--WA~~—~=~ KEMSAFIL--~~--- KTIDSNHLV
Geobacillus RN-~--DSD------- PTGDTLVR----WA------ DEMSTYI------- KSIDPHHLV
Orpinomyces RCN--NGPHGLPVKNCNTDTITK~--~~WM-~=~=~~ DEIATFI-~~~=~~ HOEDPNHLV
Lycopersicon RD-~--QAD~-----~ YSGKTVNG~~=~WV-=~=---QEMASFV—~~~=== KSLDNKHLL
Mytilus EGEIKPGESS-SEPCFDTRHLSGSGAGWAGHLYSAQEIGRFVNWQAAAIKEVDPGAMV
consensus : * B * HH
Trichoderma TLGDEGLGLST----~GDGAYPYTYGNGTDFAKN-VQIKSLDFGT PDSW--GTNYT
Aspergillus TIGDEGFGLDVD---~SDGSYPYTYGEGLNFTKN-LGISTIDEGT PDSW--GTSYD
Agaricus ATIGDEGF-YNQP-~~-GAPTYPYQGSEGVDFEAN-LAISSVDFAT PEPW--GQGAD
Geobacillus AVGDEGFFRRSSGGFNGEGSYMYTGYNGVDWDRL-IALKNIDYGT PEHW--GISPE
Orpinomyces SSGIEGIGLTPPAG-VDKNTYVYTYTEGTDYEAI-SALDSIDYNT PVGW-~GLKDY
Lycopersicon EVGMEGFYGDSIP--~ERKSVNPGYQVGTDFISN-HLINEIDFATI TDQWVSGQSDD
Mytilus TVGSWNMKADT = ~—~— DAMGFHNLYSDHCLVKAGGKQSGTLSFYQ ~-DW---~QNH
consensus * H * o* *
Trichoderma ----WGNGWIQTH-AAACLAAGKPCVFE|

Aspergillus ~--~WGNGWITAH-AAACKAVGKPCLLE

Agaricus AKA-WGTQWITDH-AASMKRVNKPVILE

Geobacillus NVERWGEQYILDH-LAAGKKAKKPVVLEEYGISATGV----QNR----EMIYDTWNRTME
Orpincmyces AKD~-GVIWIKAH-ADVDKKFNKPTVVEEWGLSTSADNVPIEQR----DPIYTQWMNEVL
Lycopersicon AQLVWMEKWITSHWEDARNILKKPLVL. GKSSRGQ----GSRDIFMSSVYRNVYNLAK

Mytilus ~~~~FGNESPFKH-SFSNFRLKKPMVIGEFNQEHGAG----MS53-~~-~ESMF-EWAY~--—
consensus * ** o %y

Trichoderma TTRGMGGDMFWQW-G------ DTFANGAQSNSDPYTVWY-NSSNWQCLVKNHVDAINGG-
Aspergillus NATGISGDL

Agaricus ESSGLTGDLIMWQA~G-—~—-—— SHLSTG~-DTPNDGYAVYP-DGPVYP-LVKSHASAMKNRA
Geobacillus EHGG-TGAMFWLLTGIDDNPESADENGYYPDYDGFRIVN~DHSSVINLLKTYAKLFNGDR
Orpincmyces ANDNIGMNM VCG~=—==—— EDYYG----TDGY-------=--~-= LLEE--DEI--~~
Lycopersicon EGGTMAGSLVWQL~==~-===== MAHGMENYDDGYCIVLGQTPSTTQIISDOAHVMTALA
Mytilus —~TKGYSGAWTHSR- ===~~~ TDVSWN--NQLRGIQHLR=~=~=w=—m SRTDHGQVQFGL-
consensus *

Figure 8. Sequence alignment of sofiienannanases from family 5. The residues conserved within family
5 are boxed. Conserved (*) and similar residues (:) are indicated in the consensus line. For references, see
Paper VII (Figure 2).
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The structures of two family f-mannanases — those frdmreeseiandT. fusca— have been
determined by X-ray crystallography [121, 223]. The structures of.tleeseiandT. fuscaf-
mannanases share the overaltd, fold, which is conserved in clan GH-A (Figure 9). Interest-
ingly, theT. reesef3-mannanase also contained two additighaheets which are not conserved
in other @/a), enzymes. Furthermore, four glycosylation sites are occupied with N-
acetylglucosamine residues (Figure 9).

The active site in thB-mannanase structures is located in a shallow cleft exposed to the solvent.
Within the active site, at least seven amino acids conserved in other family 5 enzymes (Figure 8)
are present. In th&é reeseif-mannanase these correspond to Arg54, Asn168, Glu169, His241,
Tyr243, Glu276 and Trp306 [223, 244]. Structures of thkscaandT. reeseienzymes with
oligosaccharides bound their active site clefts have also been solved [121, 223]. These structures
reveal the presence of several substrate-enzyme interactions in the -ZTafige?)(@nd +1 and

+2 (T. reese) subsites. The structure of the family 2&nannanase Manfom Pseudomonas
cellulosahas also been solved recently [124]. As expected;tiiannanase also exhibits tlfté (

a), fold and the conserved positions of the catalytic residues in clan GH-A. Very recently, the
crystallisation of the family $-mannanase (studied in Paper V) from blue mussel was also
reported [286].

Figure 9. The structure of the catalytic module of family-Bhannanase (TrMan5A) frofhreese[223]. a-
Helices are shown in golg@-sheets in light blue. The predicted acid/base and nucleophile residues are
shown in red and blue, respectively. The four N-acetylglucosamine residues are shown in green.
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Modular p-mannanases

Several3-mannanases display a modular architecture (Figure 10). Ampmgahnanases from
aerobic fungi, the enzymes from reeseiandA. bisporusare composed of a family 5 catalytic
module linked to a family | CBM [244, 256, 289]. Some bact@ralannanases from families 5
and 26 have more complex structuresGh&mip-mannanase Man26A contains both a mannan-
binding family XXIIl CBM, a putative SLH-module and a module of unknown function [237,
239, 240]. The family $-mannanase frommhermoanaerobacterium polysaccharolyticaiso
contain an SLH-module and, in addition, two internal family XVI CBMs [46]. Sevg&ral
mannanases from anaerobic bacteria and fungi contain dockerin modules which atfach the
mannanases to multienzyme complexes [82, 110, 190, 255]. A famjlyn28nnanase from

Caldocellulosiruptor saccharolyticie®ntains two family XXVII mannan-binding modules [247].

1. reesel
5 o |

A.bisporus
I= 5
C. fimi

26 - XXIII = e
T. polysaccharolyticum

5 - XVI = XVI = =
C. saccharolyticus

XXVII = XXVII » 26

C. cellulovorans

=Gt~ 5 =@l

Figure 10. A schematic picture of the modular organisation in spmennananses. Catalytic modules are
shown as boxes, CBMs as ellipses. Other modules are shown as pentag@nmafmanases are those
from Trichoderma reesgR44], Agaricus bisporuf256], Cellulomonas fimj239] Thermoanaerobacterium
polysaccharolyticurfd6], Caldocellulosiruptor saccharolyticy247] andCaldibacillus cellulovoranf248].
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Applications

B-Mannanases have several existing and potential industrial applications. They have been shown
to be effective in increasing the brightness of pulps in bleaching experiments [45, 192, 249, 280],
most notably in combination with xylanases [45, 58]. In the food and feed indsimesinanases

are used in the production of fruit juices and soluble coffee [102, 108, 224], and also in the
preparation of poultry diets [128}-Mannanases have also been shown to have a strong potential
as viscosity reducers of hydraulic fracturing fluids used in oil and gas production [183]. Further-

more,-mannanases have potential applications in recycling of copra and coffee wastes [216].

Exo-acting enzymes

B-Mannosidase

p-Mannosidase (EC 3.2.1.2B:1,4-D-mannoside mannohydrolase) catalyses the hydrolysis of
mannose units from the non-reducing end of mannosides. Howeverpsmaenosidases are

active both on glucosides and mannosides [21, 80]. The most commonly employed substrate for
analysis offf-mannosidase activity is a chromogenic monosaccharide. In addition, ggveral
mannosidases are also capable of degrading longer manno-oligosaccharides, with DP over 4 [6,
12, 113]. However, only a feg-mannosidases have been shown to release mannose from the
non-reducing end of mannan-based polymers [14, 122, 146] (Papers |, lll and VI).

B-Mannosidases have been isolated from widely different types of organisms, including eubacteria,
archaebacteria, plants, fungi and animals [12, 21, 53, 176,28&nnosidase appears to carry

out different functions, depending on the producing organsMannosidases from microbes

are often employed in the degradation of mannans and heteromannanas from decaying plant ma-
terial for nutritional purpose§-Mannosidases in plants are involved in the release of storage
polysaccharides in the seed endosperm during germination [178]. In contrast, manfimalian
mannosidases appear to function mainly as lysosomal enzymes involved in degradation of pro-
tein-linked glycansp-Mannosidosis is a congenital disorder, which results from the lack of a
functional p-mannosidase activity. This disease was first found in ruminants, but has more re-
cently also been described in humans [134].

Despite their functional difference, mapymannosidases are related to each other and are classi-
fied in family 2 of glycoside hydrolases, which is included in the GH-A clan [115, 119, 131]. The
molecular weights of mogtmannosidases, as determined from SDS-PAGE, are in the range 50-
130 kDa (Table 5). However, sorflfemannosidases appear to consist of several subunits [21,
204]. The isoelectric points of mogtmannosidases are in the acidic range, except for some
bacterial enzymes which have isoelectric points near neutrality (Table 5)pMustnosidases
show maximal activity at acidic or neutral pH, and with the exception of some thermophilic
enzymes, mofi-mannosidases show their maximal activity in the temperature range°@-70

No three-dimensional structure gb-anannosidase has been determined at this stage although the
crystallisation of &. reesep-mannosidase has been reported [11]. However, the structures of two
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other family 2 enzymes, those of the tetramEricoli 3-galactosidase and the hunfaglucuro-
nidase, have been solved [129, 130]. In Ehecoli -galactosidase, the active site pocket is

situated at a subunit interface [136].

Table 5.Properties of somg-mannosidases

Organism Swissprot®  Family Mw ® pl Optima Ref
pHremp
Aspergillus aculeatus 0741682 2 130 4 2 70 [12, 251]
Aspergillus awamori - - 96-100 4.55 3.8 66 [195]
Aspergillus niger Q9uuUZz3 2 135 5 2.5-5 70 Paper | & 1l
Bacillus sp. AM-001 - - 94 55 6 50 [6]
Cellulomonas fimi - 2 103 N.D. 7 55 [239]
C®. tetragonolobus - - 59 9.4 5-6 52 [176, 181]
Helix asperaviller - - 77.8 N.D. 3.3 37-42 [53]
Helix pomatia - - 94 4.7 4 55 [177]
Homo sapiens 000462 2 110 4.7¢ 4.5 N.D [9, 127]
Polyporus sulfureus - - 64 3.9 2.4-3.4 N.D. [275]
Pyrococcus furiosus Q51733 1 59 6.9 7.4 105 [21]
Rhizopus niveus - - N.D N.D. 5 40 [113]
Sclerotium rolfsii - - 57.5 45 25 55 [106]
Thermotoga neapolitana 2 95 5.6 7.7 87 [204, 205]
Tremella fuciformis - - 140 N.D. 5 N.D. [235]
Trichoderma reesei - - 105 4.8 3.5 N.D. [146]
Pomacea canaliculata - - 920 4.3 5 45 [122]
Trichosporon cutaneum - - 114 N.D. 6.5 40 [203]

aSwiss-prot accession numbers are shown when available
® Molecular weights in kDa. Data from SDS-PAGE (monomer size)
¢Determined fronp-mannosidase isolated from human placenta

$Cyamopsis

Other exo-acting enzymes

a-GalactosidasgEC 3.2.1.22) cleaveas-(1—6)-linked non-reducing galactose residues. These
enzymes have been classified into families 4, 27, 36 and 57 of glycoside hydrolases [115].
Eukaryotico-galactosidases are found in family 27 and most of the bacteg@hctosidases are
found in families 4 and 36 [1]. In hemicellulose degradatiegalactosidases release galactosyl
side-groups from oligomeric and polymeric mannan substrates. Somecef#iectosidases in
family 27 can release galactose from polymeric substrates [2]. However, most @f the

galactosidases in family 36 lack this ability [2, 159].

B-GlucosidasgEC 3.2.1.21) catalyses the hydrolysis of non-reducing terminal glucose residues.
Most p-glucosidases have been classified into families 1 and 3 of glycoside hydrolasef-[290].
Glucosidase is an ubiquitous enzyme found in most types of organisms. In hemicellulose degra-
dation,p-glucosidase releases non-reducing end glucose from oligosaccharides relegsed by
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mannanase. In a few cases it has been shown to release glucose residues from polymeric
glucomannan (Paper VIjp-Glucosidase is also important in the degradation of cellulose; it de-
grades cellobiose released by cellobiohydrolase and endoglucanase

In addition to glycoside hydrolasescetyl esteraseslso participate in the degradation of
acetylated heteromannans. Acetyl esterase catalyses the hydrolysis of acetyl groups from various
substrates. In the context of hemicellulose degradation, most studies on deacetylation have been
conducted with acetylxylan esterase [26]. However, a few examples of acetyl esterases active on

acetylated mannans have been reported [210, 260, 261].
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Present investigation

Outline

In this text, the results from Papers I-VII of the thesis are presented and discussed (see List of
papers, page 5). The text is divided into four parts:

In the first part(Mannan-degrading enzymes)the major enzymes studied in this work are
presented. The enzymatic characterisation (Paper I) and cloning (Paper ffhntdranosidase
(AnMan2A) is presented. Next, the characterisation @fnaannanase (MeMan5A) from blue
mussel is described (Paper V). After this, the modular organisationfahth@nanase (TrMan5A)
from T. reeseis presented (Papers IV and VII). Finally, the expression of TrManFArzesei
(Paper 1IV) andPichia pastorig(Paper VII) is described.

In the second part of the teffthe CBM of TrMan5A) , the characterisation of the CBM from
TrMan5A is presented (Paper 1V). In this work, the binding properties of the CBM was studied
and its influence on the catalytic performance of this enzyme was investigated. Furthermore the
possible role of cellulose-binding modulegimannanases is discussed.

The third par{The catalytic module of TrMan5A) describes the mutagenesis of specific amino
acids in the active site cleft of the TrMan5A catalytic module (Paper VII).

In the fourth part{Mannan-hydrolysis), the specificities in mannan-hydrolysis of several
hemicellulases are discussed (Papers I, Ill, VI, V and VI). The hydrolysis of mannan and
heteromannans by AnMan2A is presented (Papers | and VI). In addition, the hydrolysis of crys-
talline mannan bp-mannanase arfidmannosidase is described (Paper Il1). Finally, the degrada-

tion of different heteromannans by hemicellulases and cellulases is compared (Paper VI).
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Mannan-degrading enzymes

Aspergillusniger p-mannosidase, AnMan2A

Aspergillus nigemproduces several enzymes involved in hemicellulose degradation [1, 86]. In
this work ap-mannosidase isolated froA nigerwas purified and characterised (Paper 1). In
accordance with the recommended nomenclature for glycoside hydrolases [120], this enzyme is
referred to as AnMan2A (it has earlier been called Mnd2A). The investigation of the molecular
organisation and the enzymatic specificity of AnMan2A which has been conducted in this work
(Papers |, II, lll and VI) reveals some interesting features which are discussed in this section and
later (see pages 45, 46 and 48).

In this work, AnMan2A was purified to homogeneity in three steps (Paper I). The molecular
weight of the purified enzyme was analysed by gel filtration and SDS-PAGE. Interestingly, the
results suggest that tRemannosidase is a homodimer. This is an unusual observation since most
otherp-mannosidases analysed to date are monomeric. Only in a few previous cases have oligo-
meric -mannosidases been described [21, 204]. One example is the tetfmamnnosidase

from Pyrococcus furiosuR1].

Furthermore, an investigation of the enzymatic properties of AnMan2A showed that this enzyme
is able to degrade manno-oligosaccharides (Paper 1). The standard substrate useddin many
mannosidase studies is a small substrate composed of a chromophore linked to a mannosy! resi-
due. In this work we showed that oligosaccharides up to a DP of 6 are degraded by AnMan2A
(Paper I). An assessment of the activity of AnMan2A on longer saccharides was not made. How-
ever, as will be described later (see page 45) AnMan2A was also active on polymeric mannan
substrates. Thus, it can be speculated that AnMan2A probably also degrades longer
oligosaccharides. AnMan2A was also active on galactosyl-substituted manno-oligosaccharides
(Papers | and Il). However, galactosyl groups appear to pose some restrictions on AnMan2A,
since hydrolysis is blocked at the point of the first substituent. Degradation of oligosaccharides
above DP 3 and galactosyl substituted substrates has previously only been reported ffer a few
mannosidases [6, 12, 113, 240].

Further in this work, the gene encoding AnMan2A was cloned (Paper Il).gvlaahnosidase
genes analysed previously have been isolated from manBaslssurusMus musculusHomo
sapiens, Capra hircysnd bacteriaQ. fimi, Thermotoga maritima, Thermotoga neapolijg8a

22, 54, 148, 205, 239]. Apart from tRBemannosidase from the archad®yrococcus furiosus
which has been assigned to family 1 [21]fathannosidases with known sequences have been
classified into family 2. In the present case, AnMan2A was assigned to family 2 of glycoside
hydrolases on the basis of sequence analysis (Paper Il). Besath@#\ the only previously
described gene encoding a funfahannosidase was isolated fréwapergillus aculeatug51].

The catalytic acid and nucleophile of AnMan2A were predicted to be Glu479 and Glu584, re-
spectively (Paper Il). The only experimentally identified catalytic residue afrorannosidases
is the catalytic nucleophile (Glu519) in thenannosidase fror@. fimi, which was identified by
mass-spectrometry using a mannosyl fluoride inhibitor [238]. Analysis of the AnMan2A sequence
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also revealed 13 putative N-glycosylation sites (Paper Il). The presence of N-linked glycans was
also indicated by enzymatic deglycosylation of AnMan2A, which yielded a decrease in molecu-
lar weight of the enzyme (Paper I).

The M. edulis g-mannanase, MeMan5A

Both in terms of species and individuals, the molluscs (Phiattuscg constitute one of the
largest groups of animals and display a wide diversity in terms of feeding habits [65]. Filter-
feeding musselsPplysyringig are a group of molluscs which thrive on microscopic algae and
dissolved organic matter. As part of their digestive system, these organisms produce digestive
enzymes which are secreted into the stomach from a style sac [212]. Several polysaccharide-
degrading enzymes, including cellulases and amylases, have been found in the digestive tract of
filter-feeding mussels [212], but there has been no previous rep@rm@annanases in these
organisms. In this work (Paper \fsmannanase from the common blue muddggti{us eduli$

was purified and characterised. T@«nannanase variants with approximately similar molecular
weights and isoelectric points were identified. Both variants also had similar pH and temperature
optima (Paper V). Furthermore, the N-terminal sequences of both variants were identical and
showed significant similarity to two unclassififdmannanases from the molluscitorina
breviculaandPomacea insularuR291, 292].

Very recently the correspondifignannanase gene was cloned [287]. Sequence analysis revealed
similarities to family 5 of glycoside hydrolases and the encoded gene product will hereafter be
referred to as MeMan5A. Furthermore, since the gene was isolated from a tissue separate from
the digestive tract, possible contaminations from organisms inhabiting these organs were avoided
and unequivocal proofs of the endogenous nature @-thannanase was gained. Variantg-of
mannanases apparently encoded by one gene have been observed in several other organism
including T. reesei[244]. For other organisms differeptmannanases appear to be encoded by
several genes [172, 190].

The hydrolysis of manno-oligosaccharides by MeMan5A was analysed in this work (Paper V).
MeMan5A showed no activity on manno-oligosaccharides of DP up to 3. Moreover, mannotetraose
was degraded at a lower rate than mannopentaose. Thus, it was concluded that binding in at leas
five subsites is probably required for optimal activity. It was recently reported by others that crystals
of thisp-mannanase has been obtained [286]. A 3D structure of this enzyme will possibly provide
some information about the specific enzyme-polysaccharide interactions in the active site cleft.

Mannan-degrading enzymes have previously been found in several other types of molluscs. A
majority of these have been isolated from snails [53, 85, 122, 177, 246]. Due to the variability of
molluscs in terms of nutrition, it is tempting to believe that these enzymes are used for different
purposes. In the case ldf edulisit could be speculated that thienannanase participate in the
degradation of mannan from algal cell walls [88, 156, 208].

The modular T. reesei f-mannanase, TrMan5A

The filamentous fungus. reeseiis a potent producer of hemicellulose-degrading enzymes in-
volved in the degradation of different mannans and xylans [26]. One of the major hemicellulases
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produced by this fungus ispamannanase (TrMan5A), which is expressed in media containing
cellulose and galactomannan [221, 242]. Previously it was shown that sgvessnanase
isoforms with different molecular weights and isoelectric points are produceddsse245].

Later, a3-mannanase encoding gengaf) was isolated frort. reeseiand it was concluded that

the different isoforms are products of the same gene [242, 244]. Thus, it was suggested that the
isoforms are likely to differ mainly in their patterns of glycosylation or other types of post-trans-
lational modifications. Analysis of tiftmannanase sequence suggested that it is a modular en
zyme comprised of a N-terminal catalytic module and a C-terminal CBM connected by a Ser/
Thr/Pro rich linker sequence. On the basis of sequence alignment and hydrophobic cluster analy-
sis the catalytic module was classified into family 5 of glycosyl hydrolases according to the
classification by Henrissat al[115]. The C-terminal module showed extensive sequence simi-
larity with CBMs fromT. reesecellulases and was classified [244] into family | according to the
classification of Tommet al.[269].

TrMan5A appears to be specific for mannosidic linkages [244, 245]. Furthermore, in the present
work, no hydrolysis was observed when TrMan5A was incubated with cellulose or cello-
oligosaccharides (unpublished results).

In this study (Papers IllI, 1V, VI and VII), the functions of the two modules offtheeseif-
mannanase TrMan5A were investigated. In order to study the properties of the modules, a mutant
lacking the C-terminal CBM (TrManX*CBM), was constructed, and expressed.ireeseias
described below (Paper 1V). The full-length enzyme was also expressed under the same condi-
tions and both enzymes were purified to electrophoretic homogeneity. Furthermore, several mu-
tants of specific amino acids in the active site of TrMahGBM were expressed iRichia
pastorisand characterised, along with the wild type TrMan&B8M (Paper VII).

Homologous expression irT. reesei. As stated earliefT. reeseiis a very efficient producer of
secreted enzymes and was thus an attractive candidate as a host for gene expression of TrMan5A.
Furthermore, sinceé. reeseiis the native host of TrMan5A, correct processing of the enzyme is
more likely. SinceT. reeseis utilised as a host for heterologous expression [206], several methods
for transformation of foreign genes inforeeseihave been developed [164], which can be em-
ployed also for the expression of homologous proteins. The main problem posed for expression of
mutated homologous enzymes, such as TrMaCRWM, is to avoid the expression of the endog-
enous chromosomal gene. However, it has been showfttih@hnanase expressionlirreeseis
repressed when it is grown in a medium with glucose as the sole carbon source [170]. Furthermore,
it is known that genes under the control ofalspergillus nidulanglyceraldehyde phosphate dehy-
drogenasegpdA promoter are constitutively expressed in the presence of glucose [211].

Thus, in this work, thgpdA promoter was utilised for expression of mutants .ofeeseif-
mannanase (Paper V), as has been done previously with other glucose-repressed enzymes [59,
207]. The expression of TrMan5A and TrManS@BM in T. reeseiinder the control of thgpdA

promoter was successful and enzyme yields of approximately 5 mg/ml were obtained (Paper 1V).
Furthermore, the culture filtrate was composed of a limited number of proteins and protein puri-
fication was thus facilitated. Pure enzyme preparations were isolated in one or sometimes two
chromatographic steps.

Expression in Pichia pastoris: Traditionally, Saccharomyces cerevishas been the model
organism for yeast expression and also used for heterologous expression. In this specific case,
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TrMan5A was previously expresseddncerevisabut the enzyme yield was very low [244]. The
molecular weight of TrMan5A expressedSncerevisa&as higher (75 kDa) than that of the
reeseiexpressed enzyme (52-54 kDa) and it was suggested that the enzyme was likely to be
overglycosylated [242]. Expression gbamannanase fromspergillus aculeatualso resulted in

a higher molecular weight compared to the enzyme expressed in the wild-type organism [229].
Expression in the methylotrophic ye&spastorisshares many of the advantageSoterevisae

such as high expression yields of extracellular enzymes and simple techniques for molecular
genetic manipulations. Furthermof,pastorishas been reported to attach glycans of lower
molecular weight than those foundSncerevisa§l03].

In the present case, an expression system which utilises the alcohol oxidase pioqtastoris

was used. This promoter is strongly induced when the organisms are grown on methanol as sols
carbon source. In this work, TrManB&BM and a nhumber of mutants thereof were expressed
and secreted blp. pastoris using the native signal sequence from Theeeseienzyme (Paper

VII). The expression levels were approximately 10 mg/ml and pure enzyme preparations were
achieved after two chromatographic steps

The CBM of TrMan5A

Sequence and structure

Family | CBMs are common among polysaccharide-degrading enzyme3d .freeseiand other

fungi. A majority of theT. reeseicellulases carry family | CBMs either at their N- or C-termini
[155, 257]. AmongsT. reesehemicellulases, family | CBMs have been found only in TrMan5A
[244] and an acetyl xylan esterase [171]. However, family | CBMs have also been found in some
xylanases frontHumicola insolen§s8] and inf-mannanases fromgaricus bisporuf256, 289].

The C-terminal family | CBM of TrMan5A is proposed to be composed of 37 amino acids [242].
Figure 11 shows a sequence alignment of the CBM from TrMan5A with several other family |
CBMs derived fronT. reeseendoglucanases and cellobiohydrolases. The three aromatic residues
which are exposed on the flat binding surface in the structure of TrCel7A (Figure 12a) are con-
served in this alignment — in TrMan5A these residues correspond to Tyr378, Trp403 and Tyr404.
The importance of these conserved aromatic residues in several family | CBMs likezks®ei
cellulases has been extensively studied by site-directed mutagenesis [151-153, 218, 219].

TrManbSA 373 = SCSPLYGQCGGSGYTGPTCC-AQGT-CIYSNYWYSQCLNT 410

TrCel7A 461 PTQS QCGGIGYSGPTVC-ASGTTCQVLN QCL 497

TrCeleA 2 ACSS QCGGONWSGPTCC-ASGSTCVYSNDYYSQCL 38

TrCel7B 401 CTQT QCGGIGYSGCKTC-TSGTTCQYSNOYYSQCL 437

TrCel5A 1 QQT QCGGIGWSGPTNC-APGSACSTLN QCI 36

TrCel45A 205 GQQT QCGGAGWTGPTTCQAPGT-CKVQONQWYSQCLP 242
jo§egegot-i = o oSl o8 <8 <

Figure 11 Sequence alignment of family | CBMs from TrMan5A and a numbg&rreeseicellulasesThe
three conserved aromatic residues are boxed. Identical residues are also indicated (=). The numbers of the
amino acids at the N- and C-termini are shown. Adapted from [244].
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Based on the structure of the CBM from TrCel7A [145], the structures of the CBMs Bf the
reesecellulases TrCel6A, TrCel7B, TrCel45A and TrCel5A were studied by molecular dynamics
and were predicted to display a relatively similar structure [123]. Subsequently, the structure of
the CBM from TrCel7B was solved and the similarity with the CBM from TrCel7A was validated
[174]. In the current study, a model of the CBM from TrMan5A was generated using the program
Swiss-PdbViewer [105]. The modelling was based on the structure of the CBM from TrCel7A
[145]. As seen in Figure 12b, the flat surface from the CBM of TrCel7A is preserved in this
model. Interestingly, two bulky tyrosines protrude from the surface on the rough side of the CBM
model. One of these tyrosines (Tyr399) is present in a roughly similar position in the TrCel7B
structure [174]. The other tyrosine (Tyr402) appears to be unique for TrMan5A as no counterpart
could be found in an extensive sequence alignment [222]. However, it should be pointed out that
this is a preliminary model. The positions of these two residues and their possible involvement in

polysaccharide binding need to be further studied.

Binding properties of the CBM

Binding to cellulose and kraft fibers with TrMan5A has been observed previously [3, 90, 258],
and it was postulated that this binding is mediated by the C-terminal CBM [242]. In this work, the
guantitative and qualitative binding properties of the CBM were studied (Paper 1V). TrMan5A
and TrMan5ACBM were incubated with cellulose and the amount of free enzyme was ana-
lysed. Only TrMan5A adsorbed significantly to cellulose and it could thus be inferred that the
binding of TrMan5A to cellulose is indeed mediated by its C-terminal CBM.

The binding of TrMan5A to cellulose was also visualised by immuno-gold labelling (Figure 13).
Again, TrMan5A and TrMan5ACBM were incubated with cellulose. After several washes and
incubations with primary antibodies and protein A conjugated to gold-particles, the cellulose
samples were analysed by transmission electron microscopy. As seen in Figure 13, cellulose
microfibrils incubated with TrMan5A were more strongly labelled in comparison with those in-
cubated with TrMan5ACBM.
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Tyr402

Figure 12. a.Structure of the CBM from TrCel74. Model of the CBM from TrMan5A, based on the
structure of the CBM from TrCel7A. The numbers of the aromatic residues on the flat sides of the CBM
from TrCel7A and the model of the TrMan5A CBM are indicated. The numbers of the tyrosines on the
rough side of the model of the CBM from TrMan5A are also indicated.
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Figure 13 Visualisation of the adsorption of TrMan5A to ribbons of bacterial cellulose by gold labelling
and transmission electron microscopy. Electron micrographs of cellulose labelled with Trkéa=ma
TrMan5AACBM (b) are shown.
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A quantitative comparison of cellulose binding with geesecellulase carrying a family | CBM,
TrCel7B, was made (Paper IV, Figure 4). Analysis of the binding permitted an estimation of the
relative binding constant (Kfor the two enzymes. The results showed that the values of this
constant were fairly similar with TrCel7B (1.05) and TrMan5A (0.84). This similarity indicates
that the C-terminal CBM is a true cellulose-binding CBM. Thus, it can be suggested that TrMan5A
shares some of the properties which have been observed in other family | CBMs.

An investigation of the binding of TrMan5A toward mannan-based polysaccharides was also
conducted (Paper V). EarlierGlostridium thermocelluf-mannanase was shown to bind in-
soluble mannan [110]. Furthermore, fhienannanase Man26A fro@ellulomonas fimand aj3-
mannanase froi@aldicellulosiruptor saccharolyticusere shown to bind to soluble galactomannan

via mannan-binding modules from families XXIll and XXVII, respectively [237, 247]. In con-
trast, no binding of TrMan5A to insoluble mannan, soluble galactomannan and crystalline mannan
was detected in the current work (Paper IV). However, TrMan5A did bind to a mannan sample
which contained some cellulose (Paper IV, Figure 6b). This mannan/cellulose complex had been
isolated from ivory nut and contained approximately 15 % cellulose. Further binding analysis
with anin vitro mixture of mannan and cellulose, suggested that TrMan5A binds to the cellulose
component in this mannan/cellulose complex (Paper V)

Effect on hydrolysis

In cellulose degradation, cellulose-binding CBMs are very important for efficient hydrolysis [98,
109, 267, 276]. In particular, several family | CBMs have been shown to increase the activity
towards insoluble cellulose substrates [155, 257]. The effect of hemicellulase-linked CBMs has
been investigated only to a limited extent and most studies have been related to xylan degrada
tion. The presence of cellulose-binding CBMs have been shown to influence the hydrolysis of
complex cellulose/xylan substrates by a xylanase and an arabinofuranosidaBe @@niosa

[28, 29, 99]. Also, xylan-binding CBMs from family VI and XXII have been shown to potentiate
the hydrolysis of insoluble but not soluble xylan by xylanases fEtwstridium thermocellum

[52, 84]. Amongst3-mannanases, the mannan-binding CBM of Man26A fliwstridium
thermocellurrhas been shown to increase the activity towards insoluble ivory nut mannan [110].
Furthermore, hydrolysis of soluble galactomannan by a famipsrBannanase from
Caldicellulosiruptor saccharolyticusas reduced in the absence of the two internal family 11l
CBMs [92].

In the present case, the possible influence of the family | CBM of TrMan5A on the hydrolysis of
mannan substrates was investigated by comparing the catalytic activity of TrMan5A and
TrMan5AACBM on a range of mannan-containing substrates (Paper V). Analysis of the hydroly-
sis of ivory nut mannan and galactomannan showed that the CBM had no effect on degradation of
either insoluble or soluble mannan. On the contrary, in the hydrolysis of a mannan/cellulose com-
plex, an increased hydrolysis rate was observed for TrMan5A in comparison with TriM2aBSA

(Paper IV, Figure 5b). Thus, it was concluded that the CBM has a positive influence on the degra-
dation of this substrate under the conditions used.

Interestingly, the results from these hydrolysis experiments fit well with the data from the binding
experiments: binding of the CBM to the mannan/cellulose complex could be correlated to the
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increase in activity towards this substrate (Paper IV, Figures 5b and 6b). In the cases where no
binding was detected, there was no influence on hydrolysis (Paper IV, Figures 5a and 6a). The
lack of influence on hydrolysis of soluble substrates agrees with what has been observed with
family | CBMs linked to cellulases where no major influence of the CBMs on hydrolysis of

soluble cellulose derivatives has been observed [155].

Why a cellulose-binding CBM on a3-mannanase?

In cellulose-degrading enzymes, the presence of cellulose-binding CBMs makes clear sense since
the CBM binds to the preferred substrate of the enzyme, thus increasing the effective substrate
concentration. The rationale behind the presence of cellulose-binding CBMs in hemicellulose-
degrading enzymes is more ambigious. Previous results have indicated that some cellulose-bind-
ing CBMs may promote non-hydrolytic disruption of cellulose surfaces [74]. It could be specu-
lated that such activities of a CBM in a plant cell wall could reveal previously inaccessible parts
of the hemicellulose to mannan-degrading enzymes.

On the contrary, results with some other CBMs have shown that, when isolated, these CBMs
cannot enhance hydrolysis independently of their catalytic modules [31, 191]. Hence, it has been
suggested that the increased hydrolysis obtained with CBMs is due to an increase in effective
substrate concentration [31]. Furthermore, it has been postulated that cellulose functions as a
general receptor for CBMs of both cellulases and hemicellulases [191]. Since cellulose is a major
component in the plant cell wall it might be an easy available target for CBMs. Moreover, since
cellulose has a uniform chemical composition it is possible that it displays a large number of
similar binding sites for CBMs.

Several studies have shown that mannan and cellulose are closely associated in the plant cell wall
[227, 297]. Therefore, it could be speculated that the binding to cellulose of the CBM in TrMan5A
positions the catalytic module in the close vicinity of accessible mannan chains. There are some
indications that at least some CBMs bind to different sites on cellulose [47]. However, more
studies need to be carried out in order to assess any possible cellulose binding preferences of the
CBM from TrMan5A.

It is instructive to compare the modular structure of TrMan5A with those in pifmannanases.
CBMs have been predicted for sevgFahannanases from family 5 and family 26 (Figure 10).
However, only in a few cases has the binding been experimentally confirmed. In addition to
TrMan5A, family | CBMs have been indicated in the furigahannanases frolgaricus bisporus

[256, 289]. However, thp-mannanases fromspergillus aculeatuandA. nigerappear to lack
cellulose-binding CBMs [3, 56].

Some other family B-mannanases have CBMs which have been classified into family Il and
XVI (Figure 10). Moreover, some family Z6mannanases, have family XXIll and XXVII CBMs
which have been shown to bind to mannan [237, 247]. However, prarannanases from both
families 5 and 26 appear to be sole catalytic modules. Thus, at present, it is difficult to establish
any obvious patterns in modularity amghighannanases. It clearly appears as if several different
strategies in mannan-hydrolysis exists.
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The catalytic module of TrMan5A

The active site cleft

The specificity of catalytic modules is governed mostly by its interaction with the substrate in the

active site cleft. Thus, an understanding of the function of specific amino acid residues positioned
at the active site or in its vicinity, is essential to an in-depth understanding of the function of an

enzyme. In order to pinpoint the function of a given amino acid, site-directed mutagenesis is a
powerful method which allows for comparative analyses with the wild-type enzyme. In the present
study, a number of mutants (listed in Paper VII, Table 1) of specific amino acids in the active site
of the catalytic module of TrMan5A were designed (Paper VII). The basis for the choices of

mutants was the solved structure of the catalytic module of TrMan5A, in complex with mannobiose
[223].

Figure 1 (Paper VII) shows a close up of the active site of TrMan5A, highlighting the catalytic
residues and one of the residues involved in mannobiose binding. As predicted from sequence
analysis [244], the catalytic residues (Glu169 and Glu276) are positioned in the active site in the
positions conserved within family 5 of glycoside hydrolases [71, 76, 121]. Also shown in Figure

1 (Paper of VII), is the mannobiose molecule positioned in subsites +1 and +2 [223]. Interest-
ingly, the mannose residue in subsite +2 is predicted to hydrogen bond to an arginine residue
(Arg171)[223]. The donor in this hydrogen bond is the C-2 hydroxyl of the mannose residue. The
conformation of the C-2 hydroxyl (which is axial in mannose) is the only conformatory differ-
ence from its C-2 epimer — glucose (in which the C-2 hydroxyl is equatorial). Thus, the hydrogen
bond between Arg171 and the mannose residue in the +2 subsite, can potentially be an interactior
which is important in determining mannan specificity.

Previous kinetic studies on oligosaccharide hydrolysis with TrMan5A has indicated that the +2
subsite is likely to be occupied in substrate binding, at least in the case of saccharides of DP
higher than 3 [112]. Furthermore, analysis of the transglycosylation pattern of TrMan5A indi-
cates that the enzyme can produce transglycosylation products of DP n+2 after incubation with a
substrate of DP n=5 [111]. Thus, it can be envisaged that the interaction between mannose in the
+2 subsite and Arg171 influences the rate of transglycosylation and potentially also the hydro-
lytic activity of the enzyme.

In summary, Arg171 is likely to be involved in substrate binding and was thus a strong candidate

for mutagenesis. In order to maintain the charge balance, a lysine mutant was constructed
(Arg171Lys). Furthermore, mutants of the catalytic residues were constructed in order to confirm

their role in catalysis. The aim was also to construct an inactive mutant for use in crystallisation

of an enzyme/substrate complex.

Characterisation of mutants

The analysis of the catalytic rate for the active site mutants constructed in this work (Paper VII)
gave interesting results. Comparison with the wild-type enzyme indicated that the Arg171Lys

43



mutant was almost equally active on polymeric galactomannarakies of 262 and 241's

were obtained for Argl71Lys and the wild-type, respectively (Paper VII, Table 2). However,
the apparent Kvalue for the mutant (1.3 g/l) was somewhat higher than the corresponding
value for the wild-type (0.59 g/l). Furthermore, a reduction in hydrolysis rate of this mutant
was observed on an oligomeric substrate (mannopentaose). It could be speculated that the cata-
lytic activity of the mutant is impaired only on shorter substrates, and that a certain DP higher
than 5 is required for this mutant to show activity in a range close to the wild-type enzyme.
Thus, it would be interesting to study the rate of degradation of a range of oligosaccharides
with different DP.

Interestingly, an indication of a shift in the activity optimum of Arg171Lys toward a more alka-

line pH was detected (Paper VII). Alkaline conditions are preferred in several industrial processes
in which cellulases and hemicellulases can be used [44]. Accordingly, there is an interest to engi-
neering these enzymes to increase their pH optima. Several previous studies have focused on
mutating charged or polar residues in the close vicinity of the catalytic residues [23, 81]. In the
present case, the mutated residue is located at the +2 subsite. However, it is also at hydrogen bond
distance to Glu205, which is situated closer to the catalytic acid/base (Paper VI, Figure 1). How-
ever, further kinetic studies need to be carried out in order to elucidate the mechanisms behind the
observed activity pH-optimum shift.

The activities of the mutants of the predicted catalytic residues (Glu169 and Glu276) were largely
reduced (Paper VII). No activity at all was detected for these mutants, with the exception of a
mutant of the acid/base (Glu169GIn) which did display activity, albeit very low (a 25-fold de-
crease in k (Paper VII, Table 2)). The low or abolished activities of these mutants support the
postulated involvement of Glul69 and Glu276 in the catalytic mechanism. In accordance with
the current observations, previous site-directed mutagenesis of either the nucleophile or the cata-
lytic acid/base residue of glycoside hydrolases has often resulted in a dramatic decrease in activ-
ity and frequently no activity was detected [161]. In several family 5 enzymes, the role of cata-
lytic residues has been established by site-directed mutagenesis [20, 48, 194, 213] or by mass

spectrometry, using covalently linked inhibitors [165, 277].

Mutant Glul69Ala

A 3D-structure of an enzyme can provide important information concerning the overall structure
of the enzyme and the position of its active site. However, in order to gain knowledge about
specific substrate interactions, it is often necessary to achieve a structure of the enzyme in a
complex with a substrate analogue. As stated earlier, TrMan5A has previously been crystallised
with a substrate in subsites +1 and +2 [223]. In order to get more information about the substrate
interactions in the active site cleft, it would be of interest to crystallise TrMan5A in the presence
of a substrate which covers more subsites. In particular, a structure with a substrate residue bound
in the —1 subsite might provide information about the catalytic mechanisms of mannoside hy-
drolysis. However, due to the hydrolytic activity of the wild-type enzyme, there is a big risk that
the substrate is degraded in the crystallisation process. Therefore, it was of interest to construct a
catalytically inactive mutant. In this work, one of the mutants (Glu169Ala) of the catalytic acid/
base residue which did not display any catalytic activity (Paper VII) was chosen as a candidate
for crystallisation.
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Mannan-hydrolysis

Degradation of unsubstituted mannan

In this work, the hydrolysis of unsubstituted mannan by different mannoside-hydrolases was inves-
tigated (Papers |, IV and V). MeMan5A, TrMan5A and AnMan2A were incubated with mannan and
the amount of hydrolysis was analysed. Mannan was degraded by TrMan5A (Paper V), MeMan5A
(Paper V) and, interestingly also by AnMan2A (Paper ). The mannan used in these studies was the
ivory nut mannan extracted from seedPlojtelephas macrocarp@his mannan has been reported

to have a DP of 20 [184] and was shown in the current work to be free of oligosaccharides of DP
lower than 7 (Paper I). AnMan2A was capable of releasing approximately 25 % of the mannose
residues in ivory nut mannan from the non-reducing end (Paper I). The alfllityarinosidases to
degrade polymeric mannan has been studied only to a limited extent and very few previous reports
have revealed the hydrolysis of mannampbyannosidases [14].

The main products formed after extensive hydrolysis of mannan with TrMan5A were mannobiose
and mannotriose (Paper IV). This product pattern agrees with previous reports on TrMan5A [245],
and other funggl-mannanases [3, 229]. MeMan5A also degraded mannan to mainly mannobiose
and mannotriose, but also produced significant amounts of mannotetraose (Paper V). Production
of mannotetraose has previously been reported after limited hydrolysis of ivory nut mannan with
ap-mannanase fror. niger[272, 273].

Crystallisation of mannan

As stated earlier (page 16), two polymorphs of crystalline mannan are found in the native state —
mannan | and mannan Il [51]. These two crystal forms can also be obtained upon recrystallisation
of mannan from solution. Recrystallisation of mannan in either polymorph is dependant on the
crystallisation conditions: a high molecular weight of the polysaccharide, a high polarity of the
crystallisation medium and a low temperature favour the formation of mannan Il crystals, and the
reverse conditions favour the formation of mannan | [50, 51]. In this study, mannans from ivory
nut andAcetabularia crenulatavere crystallised as mannan | and mannan Il, respectively (Paper
I11). The morphologies of mannan | and mannan Il crystals are strikingly different. Crystallisa-
tion in the mannan | form yields lozenge-shaped, laminated single crystals (Paper lll, Figure 1c).
Mannan Il, on the other hand, shows a ribbon-like morphology (Paper I, Figure 3).

The molecular structure of mannan | has been studied with electron diffraction and X-ray diffrac-
tion [19, 49, 88, 197]. Mannan | crystals are composed of anti-parallel sheets of mannan chains
packed with their molecular axes perpendicular to the base plane of the crystal (Figure 14). The
molecular structure of mannan Il is less well known. However, based on X-ray diffraction analy-
sis a model has been proposed [188, 295], in which the mannan chains are packed anti-parallel
within sheets which themselves are anti-parallel to neighbouring sheets.
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Figure 14. Structure of mannan | viewed as a projection of the unit cell ontaktp&ane. The unit cell
dimensions are a=8.92 A, b=7.21 A and ¢=10.27 A. Adapted from [222].

Degradation of mannan crystals

In the present study (Paper Ill), crystals of mannan | and Il were degraded by TrMan5A,
TrMan5AACBM and AnMan2A. In addition, mannan | crystals were also degraded l#. the
niger f-mannanase (AnMan5A). The enzymatic degradation of the crystals was studied with
transmission electron microscopy, electron diffraction and sugar analysis. The results show that
both mannan | and mannan Il crystals can be degraded with the enzymes used in this study.
However, only a limited degradation was seen with AnMan2A, especially in the case of mannan
Il. Based on the results from these enzymatic degradations and the established structure of mannan
| crystals, a model for degradation of mannan | crystals by the mannan-degrading enzymes was
proposed (Paper lll, Figure 6). According to this model, the initial sites of degradation by the
mannan-degrading enzymes are the corners of the crystal lamellae. After the initial degradation
of the corners, the endo-actifgnannanase will continue to hydrolyse the interior of the lamel-

lae. p-Mannosidase, on the other hand, will be unable to degrade the crystals after the initial
attack on the corner chains. Due to the antiparallel chain packing of the mannan | crystal every
other layer of mannan chains will have its non-reducing end buried in the interior of the crystal
and thus is unavailable for attack f;ymannosidase (Paper llI, Figure 6).
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The proposed enzymatic attack at the crystal corners was further supported by immuno-gold
labelling with -mannanase (Figure 15). TrMan5A and TrMan®&BM were incubated with
mannan | crystals and subsequently analysed by transmission electron microscopy. As seen in
Figure 15, the labelling appears to be clustered at the crystal corners to some extent.

I-lI

Figure 15. Visualisation of the adsorption of TrMan5A to mannan | crystals by gold labelling and transmis-

sion electron microscopy. Electron micrographs of crystals labelled with TrMap8Ad TrMan5ACBM
(b) are shown.
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The degradation of mannan Il crystals by TrMan®&BM altered the morphology of the crystal
samples (Paper lll, Figure 4). After prolonged incubation, the ribbon-like crystallites disappeared
and a granular matrix remained. However, the electron diffraction pattern of the degraded sample
is similar to the pattern prior to degradation which is typical of crystalline mannan Il. Thus, it
seems possible that the obtained granular matrix consists of undegraded mannan Il crystals.

Degradation of heteromannans

In this study, the degradation of different types of heteromannans by mannoside-hydrolases was
studied (Papers I, V, VI and VII). These investigations revealed several interesting features con-
cerning the catalytic properties of mannoside-hydrolases, in particular re¢mizxgnosidase.
AnMan2A was able to liberate mannose from galactomannan, glucomannan and
galactoglucomannan (Paper | and VI). Furthermore, AnMan2A also released acetyl-substituted
mannose from the non-reducing end®écetyl-galactoglucomanna®{acetyl-GGM) (Paper

VI). The hydrolysis of heteromannans fiymannosidase has previously only been studied to a
very limited extent [106, 122, 146], and this is the first indication tBatn@nnosidase have the
ability to liberate acetyl-substituted mannose. However, as was described in Paper I, AnMan2A is
restricted by galactosyl substituents.

Degradation of heteromannans also enabled some comparisons betweerpseearsnases.

In these studies TrMan5A, MeMan5A and famannanase froi@. fimi(CfMan26A) were used
(Papers V, VI and VII). Hydrolysis of LBG galactomannan by TrMan5A and MeMan5A under
assay conditions permitted an estimation of the Michaelis constghf¢Kthe two enzymes
(Paper V and Paper VII). The apparent\lue for LBG obtained with MeMan5A was 3.95 g/|
(Paper V). This was considerably higher than the corresponding value obtained with TrMan5A
0.6-0.7 g/l (Paper VII, Table 2). Interestingly, thg ¥alues for LBG in previous reports ¢n
mannanases from molluscs are generally considerably higher than those in reports di fungal
mannanases. The Kalues for thre@-mannanases from snails lie in the range (1.4-3 g/l) [53,
85, 180]. In constrast, reports on fungahannanases froffrichodermaandAspergillushave
given values between 0.0015-0.7 g/l [17, 56, 57, 229].

The degradation of glucomannan by CfMan26A and TrMan5A was also compared in the present
study (Paper VII, Figure 2). Analysis of the DP of the products formed after prolonged hydrolysis
revealed relatively similar patterns with the two enzymes; in both cases, mannobiose and
mannotriose were the major products formed. Slightly more mannotriose was formed with
CfMan26A in comparison with TrMan5A. Thus, no major difference in the product formation of
glucomannan degradation was observed under the conditions used. This may indicate that the
two f-mannanases from families 5 and 26 have similar binding requirements with respect to
mannose and glucose residues. However, it must be stated that the products were analysed only
with respect to their DP. In order to further assess any possible differences/similarities in substrate
binding requirements between family 5 and family@2éannanases, a larger number of en-
zymes should be included and a more detailed product analysis should be made.

In the context of mannan degradation, investigations on the hydrolysis of isolated glucomannans

and galactoglucomannans have previously been conducted, which have provided information
about the specific enzyme-polysaccharide interactiofshadinnanases. In particular, the subsite
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specificity of theT. reeseandA. nigerp-mannanases has been investigated to some extent [182,
259]. In both these enzymes glucose is allowed in the +1 subsite, but not in the -1 site.

In the present study, a comparison of hydrolysis of glucomannad-aoetyl-GGM by TrMan5A

was made (Paper VII). Analysis of the hydrolysis products showed that the DP profiles were
different forO-acetyl-GGM (mainly DP 2-5) and glucomannan (mainly DP 2-3). This indicates
that some restrictions exist for tffemannanase with regard to either galactosyl- or acetyl-
substituents. The restrictions of galactosyl-substituents for TrMan5A [259] arid thger 3-
mannanase [182], has previously been observed and it has been concluded that galactose
substituents can be accommodated in the —1 subsite, but not in the +1 subsite [182, 259]. Moreo-
ver, Pulset al. [210] demonstrated that acetyl-groups appears to limit hydrolysis of
galactoglucomannan by the nigerp-mannanase. However, a more detailed study on the re-
strictions of acetyl-substituents prmannanase activity has not yet been made. The degradation

of O-acetyl-GGM byp-mannanases is important, not only from an enzymologic point of view.
Previous work in our group has shown tfahannanases can be used as tools to analyse the
structure of heteromannans [158].

Interestingly, results from analysis @f-acetyl-GGM hydrolysis also indicated that an
endoglucanase (TrCel7B) fromreesehas a limited depolymerisation activity on this polymer
(Paper VII). It has previously been shown that TrCel7B and severallotieesecellulases are

active on glucomannan [138]. Furthermore, it has been reported that TrCel7B is active on xylan
[27]. In addition, the endoglucanase TrCel5A frimeeseidisplay activity on galactomannan
[163]. These cross-activities of cellulases are interesting in view of the close association between
cellulose and hemicellulose in the plant cell wall. A more detailed product analysis will possibly
reveal more information about specific enzyme-polysaccharide interactions in the degradation of
O-acetyl-GGM by TrCel7B. Of special interest here is to detect the specificity of interactions in
the -1 subsite.
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Conclusions & future perspectives

In this thesis, new results concerning the enzyme-substrate interaction of mannan-degrading en-
zymes have been presented and discussed. In particular, novel information has been put forwarc
regarding the function of a modulgrmannanase (TrMan5A). It was shown that the CBM of
TrMan5A binds to cellulose and potentiate the hydrolysis of complex substrates. Thus, the substrate
preference of this enzyme is influenced by interactions in both modules. An interesting fact is
that, in the present case, the binding of the CBM is not directed to the mannan-spbssate
However, these results may be a reflection of the tight and complex organisation of cellulose and
hemicellulose in the plant cell wall.

This observation opens up new questions regarding the role of CBMsamnanases and other
hemicellulases. It would be interesting to investigate if the cellulose-binding CBMs in these
enzymes bind to cellulose at specific positions where the cellulose and hemicellulose are closely
associated. It would also be interesting to comparé.tieese-mannanase with other modular
p-mannanases and other hemicellulases. CfMan26A, which carries a family XXIII mannan-binding
CBM, is an example of an interesting candidate for such a study.

The results presented here concerning the roles of specific amino afidnarmanase is some-

what unique in the area gfmannanases. Few studies of this kind have been carried out with
these enzymes. The results presented here have given some hints about the influence of Arg171
positioned in the +2 subsite, on hydrolysis. Therefore, it would be interesting to study this residue
and further assess its role in substrate recognition. Furthermore, a new complex-structure with an
inactive mutant will potentially provide new information about the specific enzyme/carbohy-
drate interactions in the active site cleft.

This work has also included studies on mannan hydrolysis by different mannan-degrading en-
zymes. The investigation of degradation patterns from hydrolysis of different heteromannans has
provided new insights into the specificity of different enzymes on these substrates. Interestingly,
ap-mannosidase was capable of degrading both mannans and heteromannans. A limited amoun
of degradation of mannan crystals was also detected witf-thisnnosidase. These observa-

tions indicate that thA. nigerp-mannosidase can participate in the direct enzymatic attack on
polymeric substrates. However, the nature of the enzyme-polysaccharide interaction remains to
be elucidated.

Due to the complex nature of the plant cell wall and mannan-based substrates, several issues nee
to be addressed in order to achieve a better understanding of mannan-degradation. Firstly, the
enzyme-polysaccharide interaction of mannoside-hydrolases in the degradation of the more com-
plex heteromannans, like-acetyl-galactoglucomanan, should be studied in more detail. In par-
ticular, the influence of different substituents on the rate of hydrolysis needs to be investigated
further. Secondly, a larger comparative study of mannan-degrading enzymes from different en-
zyme families would possibly reveal any differences or similarities in substrate specificity. In
general, improved methods for the separation and detection of polysaccharides and oligosaccharide:
would be very useful in these types of investigations.
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Furthermore, the results from this work indicate that an endoglucanaserl fir@mseican
depolymerise galactoglucomannan. This observation is interesting to discuss in the framework of
modular enzymes. Several modular enzymes possess both cellulase and hemicellulase catalytic
modules. Furthermore, modular enzymes may contain multiple CBMs with affinity for both cel-
lulose and hemicellulose. Thus, it appears that, at least in some cases, the enzymatic degradations
of cellulose and hemicellulose are interlinked with each other. These connections between cata-
lytic modules and CBMs with affinity for cellulose and hemicellulose are in accordance with the
observed enzyme-polysaccharide interaction of the moghmteannanase frofi reeseand clearly

illustrate the complexity of the plant cell wall.

In the study of complex substrates, integrated approaches including several other types of cell
wall-degrading enzymes, might prove to be useful. Since the results in this work showed that an
endoglucanase is capable of depolymerising isolated galactoglucomannans, it would be interest-
ing to assess if the enzyme also perform this activity in the plant cell wall. Possibly, such an
activity may facilitate the degradation of mannans by hemicellulases.

In summary, the work presented here has provided new information about enzyme-polysaccha-
ride interaction in the modulg@-mannanase fror. reeseiwhich will be valuable for further

studies on this enzyme and other modular enzymes. Furthermore, hydrolysis of mannans by
mannoside- and glycoside-hydrolases has opened up new questions regarding the substrate
specificity in the subsites of these enzymes. Hopefully, the work presented in this thesis will be an
incitement for continued studies on the specific polysaccharide interactions in modular enzymes.
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