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ABSTRACT
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Two polysaccharide-degrading enzymes (endo-1,4-D-glucanase and β-mannanase)
from blue mussel, Mytilus edulis, have been purified to homogeneity using a
combination of several chromatographic steps. Each enzyme has been characterized
with regard to its molecular weight, isoelectric point, pH and temperature stability, pH
and temperature optimum and substrate specificity. The amino acid sequence of the
endoglucanase has been determined at the protein level. The two enzymes are true
blue mussel proteins as confirmed at the DNA level. The nucleotide sequences of
synthesized cDNA from digestive gland and of genomic DNA from gill tissue were
compared. Both genes contain introns, a property typical of eucaryotic organisms.
Amino acid sequence based classification has revealed that the endoglucanase
belongs to the glycoside hydrolase family 45, subfamily 2 while β-mannanase is a
member of family 5.

Both enzymes form insoluble inclusion bodies when expressed in Escherichia coli.
Refolding attempts were unsuccessful. However, the β-mannanase was successfully
expressed in the methylotropic yeast Pichia pastoris with an expression level above
100 mg/l in shaking culture. Crystals of the endoglucanase were made from the native
protein and a dataset was collected to 1.85 Å resolution using an in-house rotating
anode x-ray source. Crystals were also produced using recombinant β-mannanase and
a dataset was collected to 1.4 Å resolution at the ESRF synchrotron beamline ID14-
EH1. The three dimensional structure of the endoglucanase was solved by X-ray
crystallography.
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Abbreviations
bp base pair
BSA bovine serum albumin
CBD cellulose binding domain
CBH cellobiohydrolase
CMC carboxymethyl cellulose
DSC Differential Scanning Calorimeter
EG endoglucanase
GH glycoside hydrolase
HPLC high performance liquid chromatography
IEC ion exchange chromatography
IEF isoelectric focusing
IMAC immobilized metal ion affinity chromatography
LBG locust bean gum
MALDI-TOF MS      Matrix-assisted laser desorption/ionization – time of

flight mass spectrometry
nt nucleotide
ORF open reading frame
PCR polymerase chain reaction
RACE rapid amplification of cDNA ends
SEC size exclusion chromatography
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel

electrophoresis
5'-UTR 5'-untranslated region
3'-UTR 3'-untranslated region

Amino Acids

A Ala Alanine C Cys Cysteine D Asp Aspartic acid
E Glu Glutamic acid F Phe Phenylalanine G Gly Glycine
H His Histidine I Ile Isoleucine K Lys Lysine
L Leu Leucine M Met Methionine N Asn Asparagine
P Pro Proline Q Gln Glutamine R Arg Arginine
S Ser Serine T Thr Threonine V Val Valine
W Trp Tryptophan Y Tyr Tyosine
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Purpose of the studies

There are very few reports in the literature on the purification and structure
determination of cellulases and mannanases from higher organisms. So, when we
incidentally discovered the presence of a thermo resistant endoglucanase and a β-
mannanase in extracts from the digestive tract of blue mussel we thought it would be
of general interest to embark on such a study. Particularly so as cellulases and
mannanases have important technical applications. Very early in these studies the
question whether or not the enzymes are inherent mussel proteins became apparent as
there is always a risk of microbial contamination when preparing extracts from
digestive organs. This called for an investigation of the gene organization of both
enzymes.

Another reason for initiating the current study was an interest in comparing the three-
dimensional structure of the blue mussel endoglucanase and mannanase with their
fungal and prokaryotic counterparts.
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Introduction

The blue mussel, Mytilus edulis

Why study blue mussel enzymes?

The blue mussel, M. edulis, is a cosmopolitan marine animal, distributed in the boreal
northern hemisphere from the White Sea in the north, to the Atlantic coast of southern
France in the south. In the western Atlantic it extends from Canada in the north to
North Carolina, USA, in the south. It also occupies the southernmost coasts of
Argentina and Chile but is absent from the rest of the Pacific Ocean (Figure 1). The
most important limiting factor for distribution worldwide is thought to be the
temperature (Stubbings, 1954). Damage by sub-zero temperatures is minimized in M.
edulis by the presence of nucleating agents in the haemolymph (Aunaas et al., 1988).
Also in temperate locations M. edulis is subject to lethal freezing conditions
periodically, but they can survive even when the tissue temperature falls below –10ºC
(Williams, 1970).

Figure 1: World distribution of M. edulis. The picture originates from the web site:
www.marlin.ac.uk/images/distribution.

M. edulis colonies form dense beds composed of several layers (Figure 2), with
individuals bound together by so called byssus threads. These threads are secreted and
can be lengthened or shortened to slightly alter the location of an individual (Newell,
1989). Such beds are ecologically important because they provide niches also for
other marine organisms. M. edulis is euryhaline and during significant salinity
fluctuations, the mussel will stop the flow from its excurrent siphon and close its shell
for up to four days. If the salinity change is permanent, the mussel will adjust itself
osmotically to the new condition (Newell, 1989). M. edulis is a filter feeding
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organism, that collects bacteria, phytoplankton, detritus and dissolved organic
material for food but also filters out other contaminants in the process. M. edulis is
easily cultivated to large quantities (Figure 2).

    

Figure 2. M. edulis colony in nature (photo from www.marlin.ac.uk/wwf by Keith
Hiscock) and cultivated on a rope (Aquatext.com).

M. edulis is also one of the most extensively studied marine organisms. It gains
considerable commercial value as a food source, but is also important to research and
environmental studies. Responses of blue mussels to pollutant exposure can include
delay of maturation, inhibition of growth, and increased mortality, which make this
species a useful indicator of the ecosystem health (Newell, 1989). Thus, the blue
mussel rapidly accumulates lipophilic organic contaminants (e.g. oil pollution),
particularly in the digestive gland, and is used worldwide as a pollution monitor
(Wootton et al., 1995). Also metal contamination of marine waters can be monitored
thanks to its high ability to absorb metal ions. Blue mussels can filter and concentrate
harmful bacteria from sewage (Newell, 1989). In addition, anti-inflammatory
substances have been isolated from blue mussel extracts (Miller et al, 1993).
Polymorphism of genetic loci in blue mussel has been detected by PCR (Côrte-Real et
al, 1994) and genetic diversities have been studied (Maas et al, 1999). Because blue
mussel is extremely widespread its food digestion mechanism should be of general
interest.

Does blue mussel synthesize endogeneous cellulases and mannanases?

The traditional view has been that cellulose digestion cannot occur in animals because
of lack of suitable enzyme systems and that they have to rely on symbiotic gut
microorganisms to hydrolyze this polysaccharide. Plant fibers are major components
of ruminant diets, and the anaerobic microorganisms, including bacteria, fungi and
protozoa, inhabiting the rumen ecosystem play a vital role in their digestion. Thus
cattle and sheep have symbiotic microorganisms in their rumen that produce various
cellulases and hemicellulases. Cellulolytic enzymes have been isolated from rumen
fungi (Trinci et al., 1994; Wallance, 1994; Gilbert et al., 1992; Xue et al., 1992 ab)
and some of them are well characterized. Another classic example of this kind of
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symbiosis is that between phylogenetically lower termites and unicellular organisms
(protists) that colonize their hindguts: cellulose fermented to acetate by the protists
can be used as an energy source by the termite (Breznak et al., 1994).

It has been reported that there are digestive enzymes present in the gut of the tropical
earthworm Pontoscolex corethrurus (Zhang et al, 1993). These enzymes were capable
of degrading starch, pullulan, microcrystalline cellulose, carboxymethylcellulose,
mannan, glucomannan, galactomannan and lichenin. However, when the origin of
these enzymes was investigated by cultivating the gut wall tissue in vitro, cellulase
and mannanase activities were not detected in either the cultured tissues or in the
culture medium. Therefore, the conclusion was drawn that the cellulases and
mannanases were produced by microorganisms ingested with the soil. There are
reports on the production of endogenous cellulase components by some wood-feeding
insects (Slaytor, 1992), however, an unambiguous origin of these enzymes has not yet
been established. Cellulases and mannanases have been isolated and purified from
several other higher organisms such as edible snail, Helix pomatia (Rebeyrotte et al.,
1967), green mussel (Marshall, 1973) and the marine mollusc Littorina brevicula
(Purchon, 1977; Kiesov, 1982). However, there were no conclusive evidences
provided regarding the endogeneous origin of these enzymes.

The results presented in this thesis support the notion that the endoglucanase and β-
mannanase described in this work are true mussel proteins and that blue mussels do
have their own systems to produce various polysaccharide-degrading enzymes.

The blue mussel feed digestive system. The crystalline style: location,
composition and function

The digestive structures and the shape of the crystalline style are shown in Figure 3.
The mouth is located at the anterior end of the visceral mass between a pair of labial
palps and followed by a short oesophagus. The oesophagus leads into a larger
stomach. On the side of the stomach is the greenish digestive gland. Ducts from the
digestive gland open into the stomach. A concentrically laminated hyaline rod called
the crystalline style (Figure 3) is synthesized in a part of the digestive gland called the
style sac. The crystalline style grows and thus protrudes continuously into the
stomach. Cilia on the walls of the style sac rotate the crystalline style. This rotation
aids in pulling a food-laden mucous strand through the mouth into the stomach.
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Figure 3. Digestive and respiratory structures (left image) and shape of the
crystalline style.

A crystalline style is present in the digestive system of most bivalves and is largely
composed of mucoproteins, carbohydrates, inorganic solids and water. More than
90% of the dry matter of the style is protein and carbohydrate (Bailey & Worboys,
1960; Kristensen, 1972; Shahul-Hameed, 1986). Irrespective of the species, the ratio
between protein and carbohydrate is approximately 3:1 (Yellowlees, 1980). The
proteins in the crystalline style are said to be crystalline. Inside the stomach the
crystalline style softens and dissolves slowly, releasing a variety of digestive enzymes
into the stomach (Kristensen, 1972). The stomach wall and the other digestive glands
may also release enzymes into the stomach.

Crystalline styles break down spontaneously under a variety of physico-chemical
conditions. At the same time the dissolution of the styles acidifies and lowers the
viscosity of the mucoid contents of the stomach. In all bivalves, the style is
continually being used up and renewed (Ellis 1978). The enzymes of the style are
secreted by the epithelium of the sac and the style can be reabsorbed when it is not
needed.  It is often absent in animals that have not fed recently.

When the crystalline style revolves in the stomach it performs a number of functions
that are relevant to the digestive process, such as mixing and food digesting. As
mentioned above, during this process, the crystalline style dissolves slowly, liberating
into the stomach a number of enzymes such as α-amylase, cellulase, laminarinase,
chitinase, α-glucosidases (maltase, sucrase, melizitase and trehalase), β-fructosidase,
arbutinase, α-D-mannosidase amongst glycoside hydrolases, trypsin, leucine-amino-
peptidase and aminotripeptidase amongst peptide hydrolases and arylesterase and
lipase amongst carboxylic ester hydrolases (Alemany et al, 1973; Birkbeck et al,
1984; Onishi et al, 1985; Kaur, 1990). These enzymes initiate a preliminary phase of
extracellular digestion in the stomach and are capable of liberating reducing sugars
from phytoplanktons as well as from natural particulate detritus (Lucas et al, 1984).
However, until this work, there has been no report published on the presence of a
mannanase in the crystalline style of blue mussels. As they also live in the shallower
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parts of the tidal zone they might filter mannan-rich particles released from various
sea weeds such as brown and red algae.

The carbohydrases of the crystalline style not only catalyze extracellular digestion in
the stomach, but also participate in intracellular digestion in the digestive diverticula
(Brock et al, 1992). When the particles are broken down sufficiently, they are carried
on ciliary tracts in the stomach to the digestive diverticulum for intracellular
digestion. Digestive cells in the diverticulum take up small food particles together
with digestive enzymes into food vacuoles within the cells where nutrients can be
used directly. The intestine carries both undigested particles and waste products to the
rectum, where they are stored prior to evacuation from the anus through the exhalant
siphon.

The substrate

Cellulose

Cellulose is the major structural polysaccharide of plants (woody and fibrous plants,
like trees and grasses) and the most abundant macromolecule produced by living
organisms. It is a polymer of β-1,4-linked glucopyranose residues. The long
polymeric chains of glucose attach to one another by a network of hydrogen bonds
eventually leading to crystallization. The cellulose of plant cell walls is closely
associated with other cell wall components, mainly hemicellulose and pectin, and
some proteins. It is therefore not perfectly crystalline but contains areas of more or
less ordered structure, chain ends and dislocations (Chanzy, 1990). The percentage
crystalline structure of cellulose in a cell wall varies according to the cell type and its
development stage. For example, cellulose generally constitutes 20-40% of dry
weight in expanding primary walls, whereas it commonly increases to 40-60% in
secondary walls.

The large quantities of cellulose-based material in nature gives its degradation a prime
economic significance. Cellulolytic turnover by living organisms has been estimated
to be approximately 109 tons/year (Coughlan, 1985). The enzymatic degradation of
cellulose is performed by a wide variety of plant, bacterial and fungi which possess
endoglucanases, cellobiohydrolases and β-glucosidases acting in a synergistic fashion
to facilitate complete cleavage of the cellulose β-1,4-glycosidic bonds (Béguin &
Aubert, 1994; Henrissat, 1994; Wood, 1992).

The substrates used in this study are CMC, amorphous cellulose and cellulose-derived
oligosaccharides. CMC is a water-soluble long chain cellulose derivative substituted
with carboxymethyl groups that is commonly used as a model substrate for detecting
β-1,4-endoglucanases. Cleavage between the substituted groups can result in a rapid
decrease in the degree of polymerization and solution viscosity. Insoluble phosphoric
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acid swollen cellulose was used as the most amorphous and homogeneous cellulose.
In addition, the following oligosaccharides were used: cellotriose, cellotetraose,
cellopentaose, cellohexaose and celloheptaose.

Mannan

Mannan-containing polysaccharides are a major component of the hemicellulose
fraction in both hardwoods and softwoods as well as in the endosperm of many
leguminous seeds and some mature seeds of non-leguminous plants. Hemicelluloses
are usually associated with cellulose and lignin in plant cell walls (Dekker, 1979,
1985; Araujo et al, 1990). Hardwood mannans are composed of β-1,4-linked
mannopyranose and glucopyranose units, whereas softwood contains two different
types of acetylated galactoglucomannans. These consist of glucose, mannose and
galactose in the ratio 1:3:1 and 1:4:0.1, respectively. Unsubstituted β-1,4-mannan,
found in some non-leguminous plants, resembles cellulose in the conformation of the
individual polysaccharide chains, and is water insoluble. In leguminous seeds, water-
soluble galactomannan is the main storage carbohydrate, comprising up to 20% of the
total dry weight (McMleary, 1988). It has a α-galactose linked at the O-6 position of
some mannose residues and may also have some β-D-glucose residues incorporated in
the backbone. Furthermore, the mannose residues can be acetylated to various degrees
at the O-2 and O-3 positions. β-mannan is an important structural component of some
marine algae (Jones, 1950; Love et al., 1964) and terrestrial plants such as ivory nut
(Aspinall et al., 1953) and coffee bean (Wolfrom et al., 1961).

β- D-Gal p (1      6) Acetyl at C-2  or C-3

··· β- D-Manp (1    4)- β- D-Manp (1 4)- β- D-Manp (1 4)- β- D-Manp (1 4) ····

··· β- D-Manp (1    4)- β- D-Manp (1 4)- β- D-Manp (1 4)- β- D-Manp (1 4) ····
A typical mannan structure

A typical glucomannan structure

A typical galactomannan structure

A typical galactoglucomannan

··· β- D-Glc p (1    4)- β- D-Manp (1 4)- β- D-Manp (1 4)- β- D-Manp (1 4) ····

β- D-Gal p (1 6) Acetyl at C-2  or C-3

··· β- D-Glc p (1    4)- β- D-Manp (1 4)- β- D-Manp (1 4)- β- D-Manp (1 4) ····

Figure 4. The structures of mannan, glucomannan, galactomannan and
galactoglucomannan. Mannans and glucomannans are polymers with a backbone
consisting of β-1,4-linked mannopyranose units. In glucomannans, the main polymer
chain also contains glucopyranose units, randomly distributed within the molecule. In
galactoglucomannans, D-galactose side groups are linked to the mannose or glucose
units of the backbone chain by α-1,6-linkages.
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The substrate used routinely in this study is galactomannan from locust bean gum
with a mannose:galactose ratio of 4:1 (Bicho et al., 1991). In addition, ivory nut
(Phytelephas macrocarpa) mannan, an unbranched β-1,4-linked mannan homopoly-
mer (Reese et al., 1965), and manno-oligosaccharides (mannobiose, mannotriose,
mannotetraose and mannopentoase) were used as substrates in the hydrolysis
experiments as well.

Polysaccharide degrading enzymes

Glycoside hydrolase families and their classification

Glycoside hydrolases (EC 3.2.1.-) are a widespread group of enzymes that hydrolyze
the glycosidic bonds in oligo- and polysaccharides. Due to the complicated structures
of the carbohydrates with different combinations in nature, a large number of
enzymes with different substrate specificities are required. Glycoside hydrolases from
various sources, including bacteria, fungi, plants and animals were classified into
different families based on their amino acid sequence similarities (Henrissat, 1991;
Henrissat and Bairoch, 1993, 1996). The basic principle behind the family
classification is that the family membership of a particular enzyme can be defined
from its sequence alone and there is a direct relationship between sequence and
folding similarities. Structure conservation was shown to be much stronger than
amino acid conservation. Families can thus be grouped into “clans” according to their
three-dimensional structure (Henrissat, 1991). So far there are totally 87 families and
some of them are well studied.
 
The glycoside hydrolases often display a modular organization and usually consist of
a single catalytic domain linked to one or more non-catalytic domains. However,
bifunctional polysaccharide hydrolases containing two dissimilar catalytic domains
have been identified via gene cloning in Ruminococcus flavefaciens (Flint et al.,
1993), Clostridium thermocellum (Ahsan et al, 1996), C. saccharolyticus (Gibbs et
al., 1992) and Anaerocellum thermophilum (Zverlov et al., 1998). Most cellulases and
some hemicellulases are two-domain proteins composed of a catalytic domain
connected via a linker peptide to a small cellulose-binding domain.

Catalytic mechanisms

Enzymatic hydrolysis of the glycosidic bond takes place via general acid catalysis that
requires two critical residues: a proton donor and a nucleophile/base (Davies &
Henrissat, 1995). Glycoside hydrolases hydrolyze e.g. β-1,4-glycosidic bonds within
the main chain of the substrate either by inversion or by retention of the anomeric
configuration. For each family listed in the “CAZy-Carbohydrate-Active enzymes”
database, the catalytic mechanism, when known, as well as the type of amino acid
residues acting as a nucleophile/base and as a proton donor are documented. The
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inverting enzymes utilize a single displacement mechanism where an attacking
nucleophilic water molecule inverts the configuration at the anomeric center during
hydrolysis. The retaining enzymes instead utilize a double-displacement mechanism,
containing a covalent glycosyl-enzyme intermediate where the nucleophile in the
second step can be either a water molecule or another carbohydrate molecule (Sinnott,
1991; McCarter and Withers, 1994). These enzymes often have trans-glycosylating
abilities. Enzymes in the same family share the same catalytic mechanism.

Cellulases

Cellulases are mainly produced by fungi, bacteria and other cellulolytic organisms
and are one of the largest members of the glycoside hydrolase family. They catalyze
the degradation of cellulose by hydrolysis of the β-1,4-glycosidic bond. There are
three main types of enzymes found in cellulase systems that can degrade crystalline
cellulose: endo-1,4-β-D-glucanases (EG, EC 3.2.1.4), cellobiohydrolases (CBH, EC
3.2.1.91) and β-glucosidase (EC 3.2.1.21).

The EGs cleave bonds within chains located in amorphous disordered regions of the
cellulose and rapidly decrease the degree of polymerization of the substrate.
Meanwhile, the enzymes create new chain ends on the cellulose surfaces for attack by
the CBH (Kleman-Leyer et al, 1994; 1996; Davies & Henrissat, 1995; Harjunpää et
al., 1996; Warren, 1996). An EG has an active site located in a cleft on the enzyme
surface allowing the cleavage to happen in the middle of the chain. They degrade
carboxymethyl cellulose (CMC) and amorphous cellulose very efficiently. The CBH
attacks the cellulose chain from its end progressively by releasing mainly cellobiose
(Schmid et al, 1990, Vrsanská et al, 1992; Teeri, 1997). Avicel is a common substrate
for measuring CBH activity. CBH has an active site similar to EG, however, the loop
structure covering the active site is longer and thus the active site is located in a
tunnel rather than in an open cleft. β-glucosidases complete the hydrolysis of the
cellulo-oligosaccharides and cellobiose to glucose. Pocket-like active sites are
encountered for these enzymes.

On the basis of the results of hydrophobic cluster analysis of the amino acid sequence
of the catalytic domain, cellulases have been placed into 11 families (Henrissat, 1991;
Henrissat & Bairoch, 1993). Typically, cellulases consist of a catalytic domain and a
cellulose-binding domain that are connected by a Pro/Thr/Ser-rich peptide linker
(Gilkes et al., 1991). The absence of a cellulose-binding domain, and associated
peptide linker, has been observed in some EGs, and this appears to affect their
substrate specificity but not their enzymatic activity (Gilkes et al., 1991; Wang &
Jones, 1995 a,b).

Cellulases have important industrial applications for the treatment of textiles or fabric.
They are used as ingredients in detergent compositions or fabric softener
compositions. Some cellulases are used in the textile industry because of their very
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efficient removal of fuzz and for preventing pilling on the cotton fiber. Another
important industrial use of cellulolytic enzymes is for the treatment of paper pulp.

β-Mannanases and β-Mannosidases

For the complete hydrolysis of softwood mannans into simple sugars that can be
readily used as energy sources by particular microorganisms, the synergistic action of
endo-1,4-β-mannanases (E.C 3.2.1.78, mannan endo-1,4-β-mannosidase) and exo-
acting β-mannosidases (E.C 3.2.1.25) is required. Additional enzymes, such as β-
glucosidases (EC 3.2.1.21), α-galactosidases (EC 3.2.1.22) and acetyl mannan
esterases are required to remove side chain sugars that are attached at various points
on mannans. A galactomannan structure whose glycosidic bonds are hydrolyzed by
three enzymes is shown in Figure 5.

Figure 5. Schematic galactomannan structure (Duffaud et al. 1997). The
nonreducing end of guar gum is shown schematically. The polymannose chain (β-
linkage) is substituted at every 2 residues by a galactose residue (α-linkage). The
arrows represent the glycosidic links recognized by β-mannanase, β-mannosidase and
α-galactosidase.

β-1,4-Mannanases are endohydrolases that cleave randomly within the 1,4-β-D-
mannan main chain of glalctomannan, glucomannan, galactoglucomannan, and
mannan (Matheson, 1985; McCleary, 1986). Apart from their ability to hydrolyze
different mannans, some β-D-mannanases have also been reported to transglycosylate
manno-oligosaccharide substrates (Harjunpää et al., 1995; Biely et al., 1995).
Hydrolysis of these polysaccharides is affected by the degree and pattern of
substitution of the main chain by α-D-galactosyl residues (galactomannan and
galactoglucomannan) (McCleary, 1979) and by the pattern of distribution of D-
glucosyl residues within the main chain (glucomannan and galactoglucomannan). In
glucomannan, the pattern of distribution of O-acetyl groups may also affect the
susceptibility of the polysaccharide to hydrolysis. Insoluble, crystalline mannan is
quite resistant to hydrolysis. Mannanases have been reported to be produced by
various microorganisms including bacteria, fungi and streptomycetes, but also by
animals and plants (Dekker et al, 1976; Takahashi et al, 1983; 1984). Like β-
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glucosidases in the cellulase system, β-mannosidases are essential for the complete
hydrolysis of plant polysaccharides such as galacto-, gluco-mannan and mannan.
They convert the manno-oligosaccharides produced by β-mannanases to mannose
(Reese et al., 1965). The galactose release from softwood pulp is enhanced by the
presence of mannanase in combination with α-galactosidase (Luonteri et al., 1998).

The β-mannanase sequences reported permit assignment of these enzymes to either
glycoside hydrolase family 5 or 26. Both families share a common retaining
mechanism and two catalytic glutamic acid residues have been identified. β-
mannanases in both families belong to the 3-D structure group (β/α)8. The main
products obtained during the hydrolysis of mannan by β-mannanases are mannobiose
and mannotriose. β-mannanases from Aspergillus tamarii (Civas et al., 1984),
Trichoderma reesei (Stålbrand et al., 1993) and Aspergillus giganteus (Reese et al.,
1965) all produced mainly mannobiose and mannotriose and traces of higher
oligosaccharides.

Expansins

What is it?

Expansins are plant cell wall proteins first discovered by Daniel Cosgrove and his
group at Penn State University during their study of plant cell enlargement. They have
a unique “loosening” effects on plant cell walls and are thought to function in plant
cell growth, cell wall disassembly, cell separation and in pollen tube penetration.

Mechanism

The exact mechanism by which expansins cause loosening and extension of cell walls
is still not clear. However, there is evidence that they disrupt non-covalent bonding
between cellulose microfibrils and matrix glucans that stick to the microfibril. The
action of expansins is hypothesized to cause a transient release of short segment of
matrix glycans attached to cellulose microfibrils, with the results that the cellulose
and matrix polymers slide relative to one another. Wall hydrolases such as EGs cut
matrix glucans into shorter segments. This may lead to weakening, but not creep, of
the cell wall. Transglycosylases can recombine glycans into shorter or longer pieces,
depending upon conditions within the wall. Proton-ATPases in the plasma membrane
may lower the wall pH, thereby activating the expansins and other enzymes with
acidic optima and inactivating wall enzymes with neutral pH optima.

Expansin structure and function

The mature expansin molecular weight is 25-26 kDa. α-expansins are non-
glycosylated (unlike β-expansins). Eight cysteines (C) are found in the cysteine-rich
region and are strictly conserved in α-expansins. Some of these cysteines participate
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in disulfide bridges in the native protein. A basic region contains a high concentration
of basic amino acids (K, R). The CBD-like region has a series of conserved
tryptophans (W) similar to some CBD of cellulases. The conserved cysteines are also
found in family-45 glycoside hydrolases.

Figure 6. Typical α-expansin structure. Original picture is from the Expansin web
site in Penn State University (Prof Dan Cosgrove).
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Present investigation

Summary of purification of native EG and β-mannanase

The EG was purified from a homogenate of whole frozen blue mussel at the early
stage of this investigation. EG and β-mannanase were purified later from blue mussel
digestive gland crude extract. A combination of IMAC, IEC and SEC steps were used
in order to obtain the pure proteins. The procedure is summarized in Figure 7. Around
8 mg EG and 2 mg of β-mannanase can be obtained in a typical purification procedure
starting with around 30 kg frozen blue mussel.
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Endoglucanase characteristics

Enzymatic properties

The blue mussel EG is a non-glycosylated protein with a single polypeptide chain of
181 amino acid residues held together by six disulfide bridges. It has a molecular
mass of 19 702 Da as measured by MALDI-MS and 19 710.57 Da as calculated from
the determined amino acid sequence. The isoelectric point of the enzyme was
estimated by isoelectric focusing in polyacrylamide gel to be 7.6. The EG is a heat
resistant protein that can withstand 10 min at 100°C without irreversible loss of
enzymatic activity (Figure 8). After 30 minutes incubation in boiling water bath 50%
of the activity is irreversibly lost. The six disulfide-bridges may contribute to the
stability of the protein.

Maximum activity was obtained at pH 4.6 with a comparatively rapid decrease on
both acid and alkaline sides. More than 80% of the activity was found in the pH-range
4.0-5.5. The pH of the stomach of the M. edulis is around 5.0 to 5.5 that thus should
be a suitable pH-range for the enzymatic degradation. The enzyme displays an
unusually broad optimum temperature range of 30-50°C (Figure 8). However, only
40% of the maximum activity was recorded at 60°C. A melting temperature of 61.6°C
was obtained when the sample was run on a Differential Scanning Calorimeter (DSC)
(Figure 9). The same melting point was obtained from the second scanning curve
(light grey) providing an alternative evidence of the temperature stability of the EG.
After the second scanning the sample was assayed for enzymatic activity together
with a sample that had not been subject to the DSC. 85% of the original activity still
remained. The endoglucanase displays another unusual feature. Thus it retains 55-
60% of its maximum activity at 0°C (Figure 8). This correlates with reports that in
Sweden blue mussels actively ingests seston (suspended particles) at temperatures
below zero, suggesting that they can utilize spring phytoplankton blooms in boreal
waters even at very low temperatures (Loo, 1992). The EG is not inhibited by
subjecting it to a variety of metal salts including heavy metal ions like uranium and
mercury at a concentration of 10 mM. Amino acid sequence based classification has
revealed that the enzyme belongs to the glycoside hydrolase family 45, subfamily 2
(B. Henrissat, Center de Recherches sur les Macromolecules Végétales, CNRS,
Joseph Fourier Université, Grenoble, France, personal communication).
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hydrolysis of amorphous cellulose and CMC (D). The soluble and insoluble cellulose
was incubated with purified EG at 40°C for different periods of time. The rate of
formation of reducing end groups on the insoluble cellulose is shown as squares and
the rate of release of soluble oligosaccharides is shown as diamonds.

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 00
2 0

2 5

3 0

3 5

4 0

4 5

5 0

5 5

6 0

6 5

Temperature (°C)

C
p 

(K
ca

l/K
 m

ol
)

∆H=177.2 Kcal/mol
∆S=0.529 Kcal/ (K mol
Tt=61.6°C
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sample was then cooled down to 20°C in a time interval of 1°C/min. The sample was
then scanned again under the same conditions (light curve). The experiment was
performed by Karin Fromell at the Center for Surface Biotechnology, Uppsala
Biomedical Center.
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The enzyme readily degrades amorphous cellulose and CMC, however displays no
activity towards crystalline cellulose (Avicel), birch wood xylan, soluble starch and
galactomannan from LBG. No activity has been recorded towards p-nitrophenyl-β-
glucopyranoside or p-nitrophenyl-β-cellobioside. The EG did not hydrolyze
cellotriose or cellotetraose. However, it slowly cleaves cellopentaose to cellobiose
and cellotriose, and more rapidly cellohexaose to cellobiose and cellotetraose and
celloheptaose to cellobiose, cellotriose and cellotetraose, although the degradation
rate is slow. The main products obtained in the hydrolysis experiment confirm the
endo-β-1,4-glucanase character of the enzyme. A conspicuous feature of the mussel
EG is the absence of any motif similar to the ancillary modules (eg. CBD) found in
most bacterial and fungal cellulase components.

The EG shows low but significant α-expansin activity. The structural relationship
between M. edulis EG and α-expansins was first discovered by Gerard J. Kleywegt at
the Department of Molecular Biology, Uppsala university. The EG shows sequence
similarity to several α-expansin sequences. Family 45 EGs, particularly those of
subfamily 2 and α-expansins display several common features. Thus both are rich in
cysteine residues and their content of basic amino acid residues (K, R) is high. The
presence of a small but significant expansin activity with the blue mussel EG has been
confirmed by Dan Cosgrove at Penn State University.

According to Lehmann et al. (2000), it was commonly believed for some time that a
high specific activity of an enzyme requires a high structural flexibility. Such an
ability of the protein to undergo conformational changes, sometimes is connected to a
concomitant negative impact on its thermostability. Thermophilic enzymes are
characterized by a high thermostability and have been found to be poor catalysts at
room temperature because they are significantly more rigid than their mesophilic
counterparts at room temperature. Somero (1975) stated: “In order for an enzyme to
increase its catalytic efficiency, it must ‘pay the price’ of a loss in its thermal stability.
Conversely, for an enzyme to increase its thermal stability, it must ‘pay the price’ of a
loss in catalytic efficiency”. The thermostability of the M. edulis EG is high, however
the specific activity is much lower than that of EGs from other sources and other EGs
from the same source. A similar behavior is also found with Trichoderma reesei EGV
(Saloheimo et al., 1994). Both enzymes give rise to a strong viscosity decrease when
incubated with CMC, but with a concomitant low production of reducing sugars.
However, it was reported that T. reesei EGV is not stable at temperatures above 60°C.
So, the low specific activity of M. edulis EG might not entirely be considered a
consequence of its thermostability.

Thermostable enzymes have considerable potential in biotechnical applications
because of their resistance to heat denaturation and consequently lower replacement
costs when enzymes are intergrated into high temperature processes. However, the
structural basis of thermostability is still poorly understood. As deduced from
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structures of hyperthermophilic organisms with a growth temperature optimum above
80ºC, oligomerization of the protein, ionic interactions at the protein surface and
multiple interactions among different segments appear to be the most important
factors for thermostability (Ermler et al., 1997). There are indications that the
utilization of arginine in ion pairs is strongly preferred. Arginine residue participating
in ion pairs shows multiple hydrogen bonds between the guanidinium group of the
arginine and the carboxylate group of the acidic partner. One thermostable β-
mannanase from Thermomonospora fusca has a temperature optimum at 80ºC and
there is only one disulfide-bridge in the molecule (Hilge et al., 1998). Another β-
mannanase from Streptomyces lividans has 54% sequence identity to T. fusca β-
mannanase, but shows a considerably lower temperature optimum of 58ºC. Hilge et
al., (1998) found that there are more charged residues present in the T. fusca
sequences that form more salt bridges. So, for the M. edulis EG, not only six
disulfide-bridges may contribute to the stability, but also the high content of arginine
residues present in the molecule.

The M. edulis EG still displays around 55-60% activity at 0°C and this feature is
similar to the cold-adapted enzymes produced by organisms that do not have any
temperature regulation, their internal temperature is close to that of the surrounding
environment. However, psychrophilic enzymes produced by cold-adapted
microorganisms display a high catalytic efficiency and are most often associated with
high thermosensitivity (Gergay et al., 2000). It should be mentioned that some
antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs), a group of proteins
that play an important role in protecting many marine fishes from freezing in icy
seawater such as type II AFPs isolated from herring (Clupea harengus), smelt
(Osmerus mordax) and sea raven (Hemitripterus americanus), are proteins containing
many disulfide bridges. Herring AFP consists of 130 amino acids with a molecular
mass of 14.6 kDa. This single-chain protein contains five intrachain disulfide bonds
and its antifreeze activity and conformation are Ca2+ dependent. The six disulfide-
bridges in M. edulis EG molecule may play the similar role, particularly at low
temperature.

Organization of the endoglucanase gene

Using PCR and cloning techniques, a complementary DNA sequence of EG was
synthesized from mRNA obtained from the digestive gland of the mussel. It contains
a 5’ untranslated region, a 633-nucleotide ORF encoding a 211 amino-acid protein
and a 3’ untranslated region. The cDNA and deduced amino acid sequence are shown
in Figure 10. The short 5’ untranslated sequence (29 bp) is a common feature of
numerous mRNA sequences of invertebrate enzymes (Sellos & Van Wormhoudt,
1992; Le Boulay et al., 1995; Klein et al., 1996). The 3’-UTR exhibits two putative
polyadenylation signals (AATAAA) located 19 and 10 nucleotides upstream from the
poly (A) tail. The differential use of these distinct termination signals can potentially
result in the generation of different transcript lengths (Nagahama et al., 1991). The 3'-
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UTRs may also influence translation efficiency, mRNA localization and degradation
rate. The coding region contains a eucaryotic secretion signal peptide with 17 amino
acid residues including methionine, a 181 amino acid bioactive polypeptide, and
finally, a 13 amino acid residues C-terminal peptide. A QGKR sequence (a combined
proteolysis/amidation signal) is found to be located at position 98-101.

Figure 10. Sequence of the EG cDNA and of the deduced EG protein. Conceptual
translation of the ORF of 211 amino acids is shown in the one letter representation
below the respective codons. The ATG start codon is at position +1. The dot indicates
a stop codon. The signal peptide sequence is shown underlined from residues 1-17. A
consensus polyadenylation signal (AATAAA) is located between the stop codon and
the poly(A) region (underlined). The amidation site is boxed at position 198-201.
Horizontal arrows indicate the mature protein obtained from amino acid sequence
analysis. Vertical arrows indicate the positions of the two introns. The nucleotide
sequence has been allocated the accession number: AJ271364 in EMBL Nucleotide
Sequence Database.

The genomic DNA sequence of the EG gene was studied on both Swedish and French
mussels. The source of the DNA for this study was gill tissue. The EG gene was
amplified by PCR and the amplified products were cloned and sequenced. Comparing
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the cDNA sequence with the genomic DNA sequence, it was found that there were
two introns present. This supports the inherent mussel origin of the EG. The lengths
of the two introns are 2171 bp and 497 bp for the French mussel DNA and 2550 bp
and 1229 bp for the Swedish mussel DNA, respectively. The difference observed in
intron sizes may be closely related to the evolution of these genes. Although the
introns vary in size between French and Swedish specimens, the splice junctions are
identical relative to the coding sequence after the nucleotide 34 and 286, respectively
(Figure 10). The intron sequences of the two specimens are very similar, varying
primarily only by point substitutions and several deletions or insertions. The
percentage of similarity for the introns of the two gene sequences is 96.9%. The
introns of the EG exhibit a high A+T content to a value around 70%. The high A+T
content of mussel introns may result from a natural drift of sequences under Bernardi
and Bernardi’s hypothetical selective pressure. An intriguing corollary to the Bernardi
and Bernardi’s hypothesis is that an elevated A+T content of non-coding sequences
may confer a selective advantage to cold-water organisms by facilitating unwinding
of the DNA helix at cold temperatures for transcriptional or replicative processes.

5’ extension analysis shows that the flanking regions of the EG have CAAT and
TATA boxes proceeding the translation start site in the usual location for eukaryotes
(Lewin, 1994). They were located at nucleotide positions –113 and –59, respectively
(Figure 11). The DNA motif CAAATG, a transcriptional factor site, was located at
position –981 to –976. It is identical to the consensus core binding site sequence
(CANNTG) of the bHLH (basic helix-loop-helix) class of transcription factors of β-
1,4-endoglucanse genes in plant-parasitic cyst nematodes (Yan et al., 1998). Southern
blot analysis failed to detect EG DNA, which may explain the extremely low
concentration of EG DNA in M. edulis.

-1078
-998
-918
-838
-758
-678
-598
-518
-438
-358
-278
-198
-118
-38

GTTCACCTTTCACATTAGAGAAGAAGACTGCCTGTATATGAGTTGCAGCACAAAATTTGCAATCAAACCTTTTAAACGTA
TATTATGCAAAGTTTACCAAATGTTTGCAGGTTCTTGGAGCCTCGTGTTTTTCTTTTGGATTAAAACTTTTCCCTTTTGG
GGAATACTTTATTATCTGAACAAAATTCTGTTTCATATTTTGTGAAATACCTTTGTTATGTTTAATATAAAGAGGGGTCT
TAAAAGCAGGGGCGGATCCAGCCATTTAAAAAAGGAGGTTCTTAACCCAGGACAAAGGGGAAAAGGGGGGGGGGTTCCAA
CTACATGTCCCTATTGATCATTGATGGTCATTTATCGTCAAACAAAAAAAGGGGAGGTTCAAACCCCCGGACCCCCCCCC
TGGATCCGCCAATGAAAAGGTAATCAAAAAGTTTTTCGTGCATACTAAACCAAACCGCAATGGATAAACCTTGGTTTGTT
AAAAAGATATCACGAGCCTAGAGGTCGAATTGTGTCATTTCCCCCAATCAATGCTTATCCAATAAGCCTTTAATTCAATC
TGTTGATTTGGCGTATTTCAAACTTGCAGATCTCTTATTTTAAAATTGGTCTTTCTTCTTCATGGGCTGAAATAATCAGT
TTATTATCTTAAACGAACTTAAAAATCCCCTAATTAACAATTTACCACAGAATGATTATGAATCAGAAGGTGATCTTCAG
GATATTCGAAATATTTTAAAATAACATCCCGGTAATTTTCGAATTATGTTTTTGAAAGTCGACCACTGCATTCGAATAGA
TAACAATAAATTAAAGCTATTTCTTTATAAGTGTTGTACGTTTTCGTTTGCTTTATGAAATAGAAGAATCATGTCACATT
TATCTGTGCAATTATATTTGCTTTCAATATAGACCAAATTATAGTCTAACGTTACAGTATTTCACCTCTGAACTATCCTG
TTTGGTTTTATAAGACAATCAGAGAGATAGCTCTGATCTGGAACGATAAGAACACTACTTATAAAACCTTCGTCAACTAT
TTCGTCTTTATCAAAAGTTGCACAGATCTCAGGAAAATATGAAATACTTGGTGTTGTCTCTTCTC

Figure 11. The result of the 5' sequence extension analysis of the EG gene of the
blue mussel. The CAAT and TATA motifs are marked grey. Numbering starts on the
adenosine of the start codon (bold) using negative number. CAAATG motif is
underlined.
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Homology with proteins from other sources

The amino acid sequence similarity between M. edulis EG and other proteins was
studied by searching in sequence databases. The sequence that has the highest identity
to the M edulis EG was found to be the EGV from fungus T. reesei that belongs to the
same family. This enzyme also contains two introns, however the lengths of which
(60 and 62 bp, respectively) are much shorter than those of the EG of M. edulis. Both
enzymes contain 6 disulfide bridges, however, there is no report on a heat resistance
feature of the EGV of T. reesei. A cellulose-binding domain is attached to the active
domain through the Thr rich region in T. Reesei EGV, however there was no CBD
found in the EG of M. edulis. The EG sequence was compared with the active core of
the EGV from T. reesei according to the method by Person (Person et al., 1997) and
the result is shown in Figure 12. In this figure, the signal sequences of both EGs and
the CBD sequence of T. reesei EGV are not included, only the most conserved
residues are shown.

M.edulis EG
T.reesei EGV

32
SCASTTNYHDSHKGACGCGPASGDAQFGWN----AGSFVAAASQMYFDS
YKATTTRYYDGQEGACGCGSSSG-A-FPWQLGIGNGVYTAAGSQALFDT
18       *

M.edulis EG
T.reesei EGV

GNKGWCGQHCGQCIKLTTTGGYVP---GQGGPVREGLSKTFMITNLCPN
AGASWCGAGCGKCYQLTSTGQAPCSSCGTGGAA--GQSIIVMVTNLCPN

M.edulis EG
T.reesei EGV

IYPNQDWCNQGSQYGGHNKYGYELHLDL
N-GNAQWCPVV---GGTNQYGYSYHFDI
                          *

Figure 12. Partial sequence alignment of EG from M. edulis with that of EGV
from T. reesei. Identical amino acids are marked light grey. The two Asp serving as
catalytic residues are marked with *.

Currently there are 13 organisms represented in family 45 in the database of the
Carbohydrate-Active Enzymes server CAZY. I.e. seven ascomycete fungi  (eg. H.
insolens and T.  reesei/Hypocrea rufa), one basidiomycete fungus (Ustilago maydis,
the common smut plant pathogen), one bacterium (Pseudomonas fluoroescence), one
chytridiomycete fungus (Piromyces equi, a ruminant gut symbiont), the blue mussel
M. edulis, an unnamed protist from the gut of a termite and finally one insect
(Phaedon cochleariae, the mustard leaf beetle). These sequences fall into two
subfamilies (B. Henrissat, personal communication). The M. edulis EG sequence is
most similar to the T. reesei enzyme as discussed above and they belong to the
subfamily 2. The T. reesei enzyme is much less similar to the other fungal enzymes
and all other members of family 45. The identity between M. edulis EG and H.
insolens EG5 is only around 10 %. H. insolens and all other sequences fall into
subfamily 1.
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From the database search partial sequence identities were found between EG and
several α-expansin sequences. A 32% sequence identity was obtained by comparing
the EG sequences with the partial sequences of α-expansin precursor from Nicotiana
tobacum and a 30% sequence identity with expansin from rice, Oryza sativa.

The endoglucanase (RsEG) sequence from another higher organism, the termite
(Watanabe et al., 1998), also contains a signal peptide of 16 amino acid residues and
its N-terminal cleavage also occurs after an alanine residue. In addition, like the blue
mussel EG, RsEG is lacking a motif similar to the ancillary module found in most
bacterial and fungal cellulases. However, the RsEG sequence is quite different from
that of blue mussel and belongs to another glycoside hydrolase family, namely family
9 (Henrissat & Bairoch, 1993). Also, the termite endo-β-1,4-glucanase exhibits low
exo-β-1,4-glucanase activity (Watanabe et al., 1997), producing cellobiose and
glucose. Four sequences of cyst nematode cellulases were described by Yan (et al.,
1998). Two of them, lacking a cellulose binding domain, are coded by genes that
possess seven introns, the other two, having cellulose binding domains, are translated
from a gene having eight introns. However, these cyst nematode cellulases belong to
glycoside hydrolase family 5, subfamily 2.

The 3-D structure of M. edulis EG

Overall structure: β-barrel

The native M. edulis EG was used to produce the crystals. The crystals gave strong
diffraction in our in-house rotating anode x-ray source and a dataset was collected to
1.85 Å, the highest resolution possible on this system. Initial attempts to solve the
structure by Molecular Replacement techniques, using H. insolens EG5 (2ENG,
Davies et al., 1996) and Barwin (1BW3, Ludvigsen & Poulsen, 1992) as search
models, were unsuccessful. Several heavy-atom derivatives were then prepared, a
99.8% completeness with 2.0 Å resolution dataset was collected on a derivative
containing Baker's dimercurial. The structure was finally solved by Gerard Kleywegt
using the multiple isomorphous replacement technique. The refined structure model
contains the complete polypeptide chain (residues 1 to 181), 161 water molecules and
one molecule of glycerol. Proline residues 8 and 108 are involved in cis-peptide
bonds and all the 12 cysteine residues are involved in disulfide bridges with the
pairings 4/16, 30/69, 32/176, 65/178, 72/157 and 103/113, respectively. The complete
model revealed why Baker's dimercurial had been such an excellent derivative in this
case. The enzyme contains nine histidine residues that are all situated on the surface,
thereby providing ideal binding sites for the mercury compound.  M. edulis EG has a
compact and globular structure with approximate dimensions of 30x40x50 Å (Figure
13a) built around a six-stranded β-barrel that has the characteristic 'double-psi fold'
(Figure 13b). Loops that interconnect the beta-strands combine to extend one of the
faces of the barrel into a shallow substrate-binding surface (upwards in Figure 13a). A
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short α-helix is present in the long loop between strands β1 and β2. At the N-terminus
there is a very short anti-parallel strand-turn-strand-turn-strand beta-sheet
immediately before strand β1. Finally, two α-helices are formed in the stretch of 27
residues after strand β6 at the C-terminus. The latter two helices form a protrusion
from the surface of the molecule opposite to the substrate-binding surface
(downwards in Figure 13a).

Figure 13. Overall structure of M. edulis Cel45A. (a) Backbone showing the
location of a shallow cleft on one face of the central six-stranded β-barrel with the
putative catalytic aspartate residues 24 and 132 sitting on either side of the cleft. On
the other side two α-helices at the C-terminus protrude from the β-barrel. (b) Folding
topology diagram with β-strands and α-helices numbered according to the generalised
double-psi fold (Castillo et al., 1999). Cel45A contains an extra α-helix at β1/β2,
three short strands at the N-terminus and two C-terminal α-helices. The residue
numbers of Cel45A at each end of the secondary structure elements are indicated.

Structural similarity to H. insolens EG5

Until this study, the only published three-dimensional protein structure in family 45
was the catalytic domain of H. insolens EG5 (here abbreviated Hi_Cel45A), (Davies
et al., 1993). It contains a six-stranded beta-barrel with both parallel and antiparallel
beta-strand interactions. The folding topology, which has got a pseudo-twofold
symmetry, has been given the name 'double-psi β-barrel' in the SCOP classification of
protein topologies (URL: http://scop.mrc-lmb.cam.ac.uk/scop/; Murzin et al., 1995).
The structures of M. edulis EG (Me_Cel45A) and Hi_Cel45A were superimposed
with LSQMAN and a core of 105 residues could be matched (out of 181 and 210
residues, respectively) with an rmsd of 1.50 Å for the alpha carbons of the matched
residues even the sequence identity is as low as 10%. An overlay of the protein
backbones, using the complex of Hi_Cel45A with cellohexaose (4ENG; Davies et al.,
1995) is shown in Figure 14. The β-barrels superimposed well, but the construction of
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the binding site is strikingly different. In Hi_Cel45A the substrate-binding groove is
flanked by extended loops that form walls on both sides of the cleft. One of the walls
is largely absent in Me_Cel45A (to the right in Figure 14) due to deletions in the
regions between strands β1 and β2 and between β5 and α2. On the other hand, or
rather on the other side, the loss is compensated in Me_Cel45A by the extension of
the binding surface on the other side of the barrel so that it stretches along the entire
enzyme on this side instead. This is accomplished by longer loop regions between
α1/β3, β3/β4 and β4/β5. There is a loop on this side in Hi_Cel45A as well, adjacent
to the catalytic site. This loop, which is formed by the six residues between β4 and
β5, was found to be associated with large conformational changes upon substrate
binding in Hi_Cel45A (Davies et al., 1995). The movement encloses the -1 and +1
subsites at the point of cleavage and brings Asp114 (Hi_Cel45A numbering) at the tip
of the loop into position for hydrogen bonding with OH6 of the glucosyl unit in
subsite +1. In Me_Cel45A the side chain of Asn109 in the corresponding loop
occupies the same position and is probably equivalent in function. There are no signs
of flexibility in the loop in this enzyme, however. The temperature factors are not
significantly elevated and the electron density is as good as for the rest of the protein.
The rigidity is probably due to the packing of the rest of the longer β4/β5 insert (26
residues in Me_Cel45A, 6 in Hi_Cel45A) onto this side of the β-barrel to form a more
solid support than the corresponding loop has in Hi_Cel45A. The spacefilling models
for both enzymes are shown in Figure 15.

Active site comparison

Despite the lack of sequence similarity, Me_Cel45A is very similar in structure to
Hi_Cel45A at the central part of the substrate-binding groove. The proposed catalytic
residues in Hi_Cel45A, Asp10 and Asp121, have their countparts in Me_Cel45A
Asp24 and Asp132, respectively. Mutation of either of them led to the complete
inactivation of the enzyme. They sit on either side of the cleft with their carboxylate
groups separated by approximately 8.5Å. The relatively large distance (for inverting
enzymes) between the two catalytic residues allows room for an attacking water
molecule (Wang et al., 1994). Asp24 should act as the catalytic base, while Asp132
should act as the catalytic acid. Hi_Cel45A was experimentally shown to use the
inverting reaction mechanism (Schou et al., 1993). Almost all residues around the
proton donor Asp132 are preserved in equivalent positions, those are Thr20, Tyr22,
Ala51 and His130 (Thr6, Tyr8, Ala74 and His119 in Hi_Cel45A), suggested to be
catalytically important as well.

The β-strands are interconnected with long loops that flank one face of the β-barrel on
both sides so that a 40 Å groove is formed along the enzyme. One of the loops
(residues 112-117) could not be seen in the structure of the apo enzyme (PDB code
2ENG; Davies et al., 1993), but became ordered in the complex structures of the
wildtype enzyme with cellobiose bound in the glucosyl-binding subsites +1/+2 and of
the inactive mutant D10N with two molecules of cellohexaose bound, one in sites -4
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to -2 and the other in sites +1 to +3 (PDB codes 3ENG and 4ENG; Davies et al.,
1995).

Figure 14. Structure overlay with H. insolens EG5. Carbon trace showing the
extension of different loops from a common core structure. The light coloured
structure represents M. edulis EG and the dark coloured structure H. insolens EG5,
respectively.

Figure 15. Spacefilling models of Me_Cel45A (left) and Hi_Cel45A (right). The
two catalytic residues are marked dark. A cellohexaose molecule is situated at the
active site of Hi_Cel45A.
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The EG C-terminal is post-translationally amidated

Comparing the deduced amino acid sequence with the determined amino acid
sequence, it was found that 13 amino acid residues are lacking at the C-terminal of the
mature protein. This is tentatively interpreted as the effect of a post-translational
modification of the EG leading to the possible existence of an amide group rather than
a free α-carboxyl group in the C-terminal glutamine. The α-amide group is regarded
essential for the activity and stability of certain enzymes. Proteins that are prone to be
C-terminally amidated are always directly followed by a glycine residue which
provides the amide group, and most often by at least two consecutive basic residues
(Arg and Lys) which generally function as a precursor cleavage site (Kreil, 1984;
Bradbury and Smyth, 1987). The QGKR of EG at the amino-acid position 198-201 is
a typical amidation site containing the putative processing site. In many cases neutral
hydrophobic residues such as Val or Phe are good substrates for the amidation and
charged residues such as Asp or Arg are much less reactive. However, glutamine can
also serve as an amidation site (Suchanek & Kreil, 1977). This conclusion of the
amidated C-terminal is supported by MALDI-TOF analysis of the C-terminal peptide
(DHRTPSNSMYGQCQCAHQ) of the mature protein obtained after Asp-N digestion.
The molecular mass of this peptide (containing carboxyamidated cysteins) was found
to be 2175.56 instead of the theoretical value 2176.86 (for M + H). Amidation
includes an initial hydroxylation of the C-terminal glycine followed by hydrolysis of
the hydroxylation at the α-carbon of the glycine followed by dismutation to form
peptide amide and glyoxylate:

RCHC-NH-CH2COOH

O

RCHC-NH2 + CHCOOH

O O

RCHC-NH-CHCOOH

O OH

Does the EG have a pro-enzyme stage?

In order to confirm the hypothesis that the EG with a complete C-terminal, i.e.
containing the 13 amino acid sequence, functions as an enzymatically inactive pro-
enzyme, attempts were made to isolate it from crude mussel extract. These attempts
were not successful, indicating its absence due to that complete post-translational
modification had occurred. Instead attempts were made to express the EG with and
without the C-terminal 13 amino acid sequence in E. coli and Pichia pastoris.
Expression in E. coli gave rise to insoluble inclusion bodies that were found very
difficult to refold to enzymatically active form. Expression in P. pastoris, intra- and
extracellularly using vector or native signal peptide, gave rise to measurable EG
activity against both CMC and amorphous cellulose after induction for 48 hours.
Expression was also confirmed by Western blot using antibodies raised in rabbits
towards native EG. However, the results from SDS-PAGE and Western blot (Figure
16) showed heterologous molecular weights of the expressed EGs varying from 20 to
70 kDa. This result was supported by size exclusion chromatography on Superdex 75
that separated the crude recombinant EGs in the P. pastoris culture supernatant into
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three main size fractions. Unfortunately, the EG species with the expected molecular
weight, around 20 kDa, was present at a very low concentration, around 0.5% of the
total expressed protein. The majority of the expressed EG (estimated to around 70%)
displayed a molecular weight around 70 kDa, much higher than expected. SDS-PAGE
and Western blot showed a smeared area in the molecular weight in a range 40-60
kDa. This was also confirmed in the SEC experiment.

                     
                                     1     2     3      4                                1      2      3     4

Figure 16. SDS-PAGE (left image) and Western blot analysis of partially
purified EG fractions from P. pastoris culture supernatant. Lane 1, 70 kDa EG;
lane 2, 40-60 kDa EG; lane 3, 20 kDa EG, lane 4, LMW calibration kit (left image);
native EG on Western blot membrane as positive control (right image).

The 70 kDa EG did not bind to the metal chelating column (neither in Ni2+ nor in Zn2+

form) and was purified further by ion exchange chromatography. Attempts were made
to do N-terminal sequence analysis, however without success due to blocking of the
N-terminal. The 70 kDa EG was not shown to be heat-resistant as the native enzyme.
P.  pastoris is known for its tendency to over-glycosylate proteins, however, the EG
has no glycosylation sites and thus should not be glycosylated even by the P. pastoris
glycosylation system. Intracellular expression of the EG gave the same results. The
cause of this multi-molecular weight phenomenon is not understood at this moment.
However, the conclusion can be drawn that P. pastoris is not a suitable host for the
expression of M. edulis EG. So, till now there is no conclusive evidence that there
exists a pro-EG in the M. edulis.

Other EGs in the M. edulis cellulase system

As mentioned in the introduction, EG, CBH and β-glucosidases act in a synergistic
fashion to facilitate complete cleavage of the cellulose β-1,4 glycosidic bonds.
Microorganisms usually produce several different cellulases, thus H. insolens, a soft-
rot fungus, produces at least seven different cellulases (Schülein et al., 1993). So, it
was not surprising to find that several cellulases could also be identified in extracts
from M. edulis digestive gland. During the purification process an α-amylase and
several high molecular weight endoglucanases (HMW-EG) were detected in the 50
mM imidazole fraction of the IMAC step (Figure 8).  The HMW-EGs were purified
and partially characterized. After the IMAC step, a combination of SEC on Superdex
75 column, IEC on SP Sepharose HP column and preparative IEF steps were used in

96 kDa
67 kDa
43 kDa
30 kDa
20 kDa
14 kDa
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order to obtained pure enzymes as analyzed on IEF gel. At least four pure EG-active
proteins were obtained. They are single polypeptide chains with molecular masses
around 70 kDa as estimated by SDS-PAGE and SEC on Superdex 75 column. Their
pIs are in the range 5.0-7.5 as analyzed by IEF-PAGE. The specific activities of the
HMW-EGs were very high in comparison to the EG purified from the EDTA fraction
of IMAC. Values around 500 to 1000 fold were obtained using CMC as substrate at
pH 5.5. The four pure enzymes can be divided into two isoforms because of the
difference in pH optima and their stability. Two of them show slightly higher pI (6.5-
7.5) and have their optimum pH between 6.6-7.6. However, these enzymes were
shown not to be thermo-resistant as the LMW-EG. Their half-life is only 8 hours at
30°C. Another two HMW-EGs with slightly lower pI (5.0-6.5) have their pH
optimum at around 6.5. These enzymes were relatively stable, keeping their
enzymatic activity at 30°C for up to a week.

At a very early exploratory stage of this Ph.D.-project, a M. edulis crude extract was
run on a Superdex 75 column and the fractions obtained were assayed for EG activity
using the CMC substrate. Two activity peaks were detected, with molecular weights
around 70 kDa and 45 kDa, respectively (Figure 17). At the time the 20 kDa EG had
not yet been discovered due to its much lower specific activity as compared to the two
higher molecular weight EGs. The 70 kDa EGs were purified and partial
characterized as described above. The 45 kDa EGs needed further purification.
Incidentally, including the 20 kDa EG, the three size classes of EG in crude extracts
of native M. edulis size wise correspond to the recombinant EGs expressed in P.
pastoris with its three different active fractions. Does this coincidence hide any clues
to structural similarities? To be able to find the answer to this question, further
investigations have to be carried out.
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Figure 17. SEC of M edulis crude extract. The sample was run on a Superdex 75
60/600 column equilibrated in 20 mM phosphate buffer, pH 7.0 containing 0.5 M
NaCl at a flow rate 10 ml/min.
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β-Mannanase characteristics

Enzymatic properties

Some relevant properties of the M. edulis β-mannanase and three other mollusc
mannanases are summarized in Table 1. During the purification process, it was found
that there are two β-mannanase variants (here called ManA and ManB) present in the
blue mussel crude extract with molecular masses 39 216 and 39 265 Da, respectively,
as measured by MALDI-TOF mass spectrometry. The N-terminal sequences of the
two variants are the same, at least up to 12 amino acid residues. The enzymatic
properties of the two variants are similar regarding their pH and temperature optima
(Figure 18). So far no major differences between the two variants have been found
regarding their enzymatic properties. Frequently, extracellular microbial β-mannan-
ases appear in multiple forms. Thus it has been shown that several β-mannanase iso-
forms of T. reesei are expressed by the man1 gene (Stålbrand et al., 1995). However,
for the anaerobic fungus Pyromyces, three homologous β-mannanase encoding genes
have been isolated (Millward-Sadler et al., 1996). It is possible that the isoforms that
vary in pI may have originated from post-translational modifications such as
phosphorylation, glycosylation, sulfation, or deamidation of a single substitution.

Three β-mannanases from higher organisms: Littorina brevicula, Pomacea insularus
and Helix lucorum, have been purified and characterized and are listed in Table 1.  All
of them have got similar molecular weights, i.e. around 40 kDa. Their pI’s are all
around neutral or weakly basic. Their pH and temperature optima and pH and
temperature stabilities are very similar. The main hydrolysis products are the same.

Table 1 Comparison of some mollusc mannanase properties
Marine mollusc
Mytilus edulis

Marine mollusc
Littorina brevicula

Mud snail
Pomacea insularus

Edible snail
Helix lucorum

MW(Dalton) 39 000 42 000 44 000 35 000
pI 7.8 >7.0 >7.0 <7.6
pH optimum 5.2 6.5 5.5 6.6
pH stability 4.0-9.0 4.0-9.0 5.0-10.5 n.a.
Temperature optimum 52°C 50°C 50°C n.a.
Temp. stability (half life) 50°C (20 min) 50°C (10 min) 0-45°C 30-45°C
Basic amino-acid content 10.3 % 15.4 % * 12.6 % * n.a.
Main hydrolysis products M2, M3 M2, M3 M2, M3 M2, M3
References Present work Yamaura et al, 1996 Yamaura et al, 1993 Flari et al, 1995
* Cys and Trp were not determined. n.a. = information not available.
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Figure 18. Some properties of the β-mannanase. Relative enzyme activities
(percent of maximum) of the purified β-mannanase at different pH values (left). The
optimum temperature was measured at optimum pH (right). The squares (ManA) and
the diamonds (ManB) represent the two β-mannanase variants.

The M. edulis β-mannanase displays no activity towards birch-wood or oat-spelt
xylan, soluble starch, CMC and Avicel. Neither β-galactosidase nor β-mannosidase
activities were detected and no binding to cellulose or mannan could be observed. The
purified ManA and ManB show the same pattern of hydrolysis, thus they do not
hydrolyze mannobiose and mannotriose. The M. edulis β-mannanase cleaves
mannopentaose mainly to mannobiose, mannotriose and mannotetraose very
efficiently. The hydrolysis products were analyzed by HPLC as shown in Figure 19.
Mannotetraose can be hydrolyzed to mannose and mannotriose plus little mannobiose,
but the hydrolysis rate is very low in comparison to the hydrolysis of mannopentaose.
After 24 hours incubation, 73% of the mannotetraose still remains intact. The main
products of hydrolysis of ivory nut mannan are similar to the hydrolysis pattern of
mannopentaose. An accumulation of mannotetraose was observed after incubation for
24 hours. The release of significant amounts of mannotetraose combined with the fact
that only trace quantities of mannose can be detected indicates that the β-mannanase
is capable of performing transglycosylation reactions. Like the M. edulis EG, the β-
mannanase does not contain a substrate-binding domain, such as CBD. All of the
glycoside hydrolases belonging to family 5 share the retention mechanism.
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Figure 19. The hydrolysis of mannopentoase by β-mannanase analyzed by
HPLC. An aliquot of ManA (3.5 pmol) was incubated with 1 mM mannopentoase at
40°C in 50 mM sodium citrate buffer, pH 5.5 containing 0.1% BSA. Samples were
withdrawn after different time intervals and immediately put in a boiling water bath
for 2 min to stop the reaction. The denatured proteins were removed by centrifugation
at 14000 x g for 10 min. The supernatants containing the reaction products were
analyzed by HPLC on CarboPac PA-100 analytical column using 100 mM NaOH as
the mobile phase at a flow rate of 1 ml/min.

Gene organization

Using cloning and PCR techniques, a complementary DNA of the β-mannanase was
synthesized from mRNA isolated from the digestive gland of the mussel. It contains a
5’ untranslated region, a 1104 nucleotide ORF corresponding to 367 amino acid
residues and a 3’ untranslated region. The cDNA sequence is shown in Figure 20. The
short 5’ untranslated sequence (41 bp) is a common feature of numerous invertebrate
enzyme mRNA sequences and is also found for the EG. In addition to the nucleotides
encoding the N-terminal portion of the mature protein, those coding for a hydrophobic
signal peptide of 17 residues (including the methionine) were determined. This
suggests that before the enzyme molecules are released into the lumen, they are stored
in granulae inside the cells of the digestive gland of the mussel. There was no putative
polyadenylation signal (AATAAA) observed in the 3’-UTR. From the deduced amino
acid sequence, it is clear that this protein is rich in histidine, in total 19 residues were
found and the two Cys residues may form one disulfide-bridge.
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Figure 20. Sequence of the β-mannanase cDNA and of the deduced amino acid
sequence. Conceptual translation of the ORF to the 367 amino acids is shown in one-
letter code below the respective codons. The circle indicates the stop codon. The
arrows indicate the positions of the five introns. The nucleotide sequence (including
the intron sequences) has been located the accession number AJ 271365 in EMBL
Nucleotide Sequence Database.
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The genomic DNA for the β-mannanase gene was sequenced. In order to reduce the
risk of cross contamination of exogeneous DNA, gill tissue instead of digestive gland
was used to isolate the genomic DNA. Comparing the cDNA sequence with its
genomic DNA sequence, it was found that the coding region of the sequence was
interrupted by five introns. They vary in sizes and located after nucleotide 40, 229,
650, 804 and 876 respectively (Figure 20). This fulfils the characterization
requirement of the eucaryotic organism. The sizes of the exons and introns are shown
in Table 2.

Table 2: The sizes of the introns and exons and their conjunction sequences.
Exon Intron

Number Size (bp) Junction aa Size (bp) 5’-donor ---3’-donor
I 40 1367 CAACAGgttgtc---tttaagGATGTC
II 189 1369 CTGTCAgtaagt---gaatagGAGTGT
III 421 460 TGGCAGgttaat---atttagATTTGT
IV 154 Ser-Gly 437 CAAAGCgtaaat---tttcagGGTACT
V 72 Lys-His 412 TTCAAAgtaagt---ttccagCATTCC
VI 228

Because the β-mannanase gene was amplified by PCR using a sense primer from the
start codon and an anti-sense primer from right before the stop codon, the size of the
exon I is counted from the ATG initiation codon, whereas exon VI stopped at the stop
codon. The splice donor and acceptor sequences in the β-mannanase gene follow the
GT-AG rule (Breathnach et al., 1978).

Homology with β-mannanases from other sources

The N-terminal sequence of the β-mannanase was screened against database available
on the Internet. Significant sequence similarity was found to the two β-mannanases
from L. brevicula and P. insularus, respectively. Due to lack of available data in the
database for β-mannanases from the same higher organisms, entire sequence
similarity could not be compared. The N-terminal sequence alignment of three
mannanases is shown in Figure 21.

Animals N-terminal sequence

Mytilus edulis

Littorina brevicula

Pomacea insularus

RLSVSGTNLNYNGHHIFLSGANQAWVNYARDFGHNQ

GYLTRSGKHFVHNGKKVFLSGANQAWVAYG

GXLRRQGTNIVDSHGHKVFLSGANQAWVAYGYD

Figure 21. N-terminal sequence alignment of β-mannanases from M. edulis, L.
brevicula and P. insularus. The conserved amino acid residues are boxed and the
identical residues are marked grey.

The deduced amino acid sequence was also screened for identity with other β-
mannanases. All bacterial and fungus β-mannanases with the highest homology to M.
edulis β-mannanase belong to family 5, by far the most extensive family of glycoside
hydrolases (Henrissat & Bairoch, 1993). This family includes enzymes from both
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aerobic and anaerobic bacteria, and fungi, such as EGs, β-mannanases, or 1,3-β-
exoglucanases. The substrate specificity of family 5 glycoside hydrolases can be
relatively broad. For example, CelH of Clostridium thermocellum is able to hydrolyze
CM-cellulose, xylan and barley β-glucan (Yagüe et al., 1990). The sequence identity
among the members of family 5 is low and the sequences are further divided into
eight subfamilies, A1-A8 (Béguin, 1990; Lo Leggio et al., 1997; Hilge et al., 1998).
The identity between members of the same subfamily is usually 25% or more and
between subfamilies rarely greater than 20%. Up till now there are eighteen β-
mannanase sequences from 16 organisms represented in Family 5 in the database of
the Carbohydrate-Active Enzymes server CAZY: three fungi (eg. Agaricus bisporus,
a common mushroom, Aspergillus aculeatus and T.  reesei), one plant (tomato,
Lycopersicon esculentum), the blue mussel M. edulis, ten bacteria (mainly belong to
Bacillus/Clostridium group), one proteobacteria (Vibrio sp). Subfamily A7 contains
eukaryotic mannanases, while subfamily A8 is composed of bacterial mannanases. In
comparison with all β-mannanase sequences present in Family 5, the results from
structure based sequence alignment show that the M. edulis β-mannanase has the
highest sequence similarity to the β-mannanases from fungi A. bisporus, A. aculeatus,
T. reesei and from tomato, Lycopersicon esculentum with 18-20%. M. edulis β-
mannanase shows very low similarities (below 6%) to that of Thermoanaero-
bacterium polysaccharolyticum, Bacillus circulans and Caldibacillus cellulovorans.
An alignment between blue mussel β-mannanase and the mannanases from the same
family using T-COFFEE Multiple Sequence Alignment is shown in Figure 22.
Although the identities among the sequences are low, residues that may serve as
catalytic nucleophile and proton donor in this enzyme, and in other members of
family 5, are however conserved. This includes the amino acid sequence, NEP, which
has been shown to be the catalytic center of members of this family. Mutation of the
glutamic acid (E) to alanine (A) abolished enzymatic activity (Py et al., 1991). The
only exception is the β-mannanase from B. circulans that a Pro residue is replaced by
Trp residues.

Agaricus bisporus 239-258 YANEPTVMAWELANEPRCKG
Aspergillus aculeatus 184-203 YSSSAAIFAWELANEPRCQG
Clostridium cellulolyticum 248-267 LGEHPGVLGWDIINEPEWII
Clostridium cellulovorans 250-269 LGNHEAVMGWDCINEPEWII
Lycopersicon esculentum
(Tomato) Q9FZ03

157-176 YKDDPTIMAWELMNEPRDQA

L. esculentum Q93WT4 180-199 YKDDPTILSWELINEPRCPS
Mytilus edulis 163-182 LKNEKALGGWDIMNEPEGEI
Trichoderma reesei 182-201 YANSTAIFAWELGNEPRCNG
Thermobifida fusca 112-131 LQGEEDYVLINIGNEPYGND
Vibrio sp 134-153 LIGQEDYVIINLGNEPFGNN
Bacillus circulans 146-163 LIGKEDRVIINIANE--WYG
Caldibacillus cellulovorans 569-588 LAGQENFVIVNIGNEPYGNN
Streptomyces lividans 150-169 WRAQEDYVVVNIGNEPFGNT
Bacillus stearothermophilus 214-233 YKNEPTIMAWELANEPRNDS
Thermotoga maritime 185-204 YREEPTIMAWELANEPRCET
Thermoanaerobacterium
polysaccharolyticum

163-182 KYKDNPYVWFNTMNEPGSST
          :

Figure 22 (to be continued).
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Agaricus bisporus 326-360 SVDFATFHSYPEPW--GQGA-DAKAWGTQWITDHA--ASM
Aspergillus aculeatus 264-295 TIDFGTLHLYPDSW--GTSY----DWGNGWITAHA--AAC
Clostridium cellulolyticum 327-352 GLDFYDFHWY--------------DWATPYFNPVTTPASS
Clostridium cellulovorans 330-355 GLDFYDFHWY--------------DWATPWFNPMTTPASS
Lycopersicon esculentum
(Tomato) Q9FZ03

239-276 EIDFATIHAYTDQWVSGQSDDAQLVWMEKWITSHW--EDA

L. esculentum Q93WT4 260-297 GIDFTTIHMYPNQWLPGLTQEAQDKWASQWIQVHI--DDS
Mytilus edulis 270-296 TLSFYQVHTY--DWQN--------HFGNESPFKH---SFS
Trichoderma reesei 261-292 SLDFGTFHLYPDSW--GTNY----TWGNGWIQTHA--AAC
Thermobifida fusca 187-212 GNTVFSIHMY------GVYS------QASTITSYL--EHF
Vibrio sp 208-235 LNTIFSVHMY-EVYS-----------SYNSVNDYISSFTN
Bacillus circulans 218-246 KNTVFSIHMY--EYAGG---------NASTVKSNIDGVLN
Caldibacillus cellulovorans 642-669 RNLVFSIHMY------GVYD------TAAEVQSYIESFVN
Streptomyces lividans 223-250 RNTVFSIHMY------GVYD------TAAEVRDYLNAFVG
Bacillus stearothermophilus 299-334 NIDYGTFHLYPEHW--GISPENVEKWGEQYILDHL--AAG
Thermotoga maritima 272-307 TVDFGTFHLYPSHW--GVSPENYAQWGAKWIEDHI--KIA
Thermoanaerobacterium
polysaccharolyticum

249-274 KNTIFAFHNY----NEGDIQK--------KVEDYIDRA--
      :

Agaricus bisporus 361-390 KR-VNKPVILEEFGVTTN--------QPDTYAEWFNEIE-
Aspergillus aculeatus 296-328 KA-VGKPCLLEEYGVTSNHCAVESPWQQTAGNAT------
Clostridium cellulolyticum 353-387 LK-LDKPVIIGEMMPDTQSSSLKMTHKQVLDAIYKN----
Clostridium cellulovorans 356-390 LK-LDKPVIIGEMMSDTLSSSLKVDHKVVMDAIMAN----
Lycopersicon esculentum
(Tomato) Q9FZ03

277-312 RNILKKPLVLAEFGKSSR----GQGSRDIFMSSVYRNVYN

L. esculentum Q93WT4 298-336 KM-LKKPLLIAEFGKSTKTPGYTVAKRDNYFEKIYGTIFN
Mytilus edulis 297-329 NFRLKKPMVIGEFNQEHG---AGMSSESMFEWAYTK----
Trichoderma reesei 293-325 LA-AGKPCVFEEYGAQQNPCTNEAPWQTTSLTTR------
Thermobifida fusca 213-245 VN-AGLPLIIGEFGHDHSDGNP---DEDTIMAEAERL---
Vibrio sp 236-267 NGLV---LVIGEFASTHKGADVDEGSIMERSETLS-----
Bacillus circulans 247-278 K---NLALIIGEFGGQHTNGDVDEATIMSYSQEKG-----
Caldibacillus cellulovorans 670-701 R---GLPLVIGEFGHMHSDGDPNEQAIVQYAKQYN-----
Streptomyces lividans 251-281 N---GLPIVVGEFGDQHSDGNP---DEDAIMATAQSL---
Bacillus stearothermophilus 335-370 KK-AKKPVVLEEYGISATGVQNREMIYDTWNRTMFEH---
Thermotoga maritima 308-343 KE-IGKPVVLEEYGIPKSAPVNRTAIYRLWNDLVYDL---
Thermoanaerobacterium
polysaccharolyticum

275-308 NA-KGLYVFMEEYGKDYSDAAKEGVKSGLQAVMNK-----
        ::

Agaricus bisporus 391-413 ----SSGLTGDLIWQAGSHLSTGDTPN
Aspergillus aculeatus 329-349 ------GISGDLYWQYGTTFSWGQSPN
Clostridium cellulolyticum 388-408 ------GYAGYMLWSWNDGAFDCKPYV
Clostridium cellulovorans 391-409 ------GYSGYMTWAWNDG--SCGNFI
Lycopersicon esculentum
(Tomato) Q9FZ03

313-339 LAKEGGTMAGSLVWQLMAHGMENYDDG

L. esculentum Q93WT4 337-363 CAKSGGPCGGGLFWQVLGQGMSSFDDG
Mytilus edulis 330-350 ------GYSGAWTWSRTDVSWNNQLRG
Trichoderma reesei 326-346 ------GMGGDMFWQWGDTFANGAQSN
Thermobifida fusca 246-265 -------KLGYIGWSWSGNGGGVEYLD
Vibrio sp 268-286 --------LGYIGWSWSGNDTTTSDLD
Bacillus circulans 279-297 --------VGWLAWSWKGNSSDLAYLD
Caldibacillus cellulovorans 702-720 --------IGLFGWSWSGNGGGVEYLD
Streptomyces lividans 282-301 -------GVGYLGWSWSGNGGGVEYLD
Bacillus stearothermophilus 371-391 ------GGTGAMFWLLTGIDDNPESAD
Thermotoga maritima 344-364 ------GGDGAMFWMLAGIGEGSDRDE
Thermoanaerobacterium
polysaccharolyticum

309-328 -------GAGRIYWNWDGYDLYDLTSG

Figure 22. Family 5 β-mannanase sequence alignment using the T-COFFEE
Multiple Sequence Alignment program. Only the most conserved parts of the
sequences are shown. Identical residues are shadowed grey. The two catalytic
residues (E) are bolded. The position of conserved substitutions (:) and gaps (-) are
indicated.

Expression in Pichia pastoris

As expected, expression of the β-mannanase in E. coli gave rise to the formation of
insoluble inclusion bodies. Attempts to refold active protein from these have not, so
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far, given satisfactory results. However, application of the P. pastoris expression
system was quite successful. The methylotrophic yeast P. pastoris has important
advantages as a host for recombinant protein synthesis. This host often gives high
expression levels, proper protein folding and can be grown to high cell densities in
fermenters using minimal media. The high capacity for secretion of heterologous
proteins to the medium and the ability of post-translational modification, such as
glycosylation and amidation, make it a suitable host for many eukaryotic proteins that
are not possible to express in E. coli.

In order to be able to utilize the His-Tag for purification, the β-mannanase gene was
ligated in frame to the Pichia shuttle vector pPICZα B from Invitrogen. However, this
gave rise to an unexpected problem. The expressed protein showed heterogeneity with
regard to both molecular weight and pI. Because of undesired post-translational
modification, the His-tag of some expressed β-mannanases was unexpectedly
removed. It was cut in the c-myc epitope region of the vector. However, some of the
expressed β-mannanase molecules retained their His-tag intact. Even if the expression
level was high, up to 100 mg/L in shaking flasks, the product heterogeneity caused
the amount of each pure variety to be small. More seriously, when the purified
proteins, with and without the His-tag, were tested for their ability to form crystals,
the quality of these was very low and needle shaped. The presence of the His-tag
and/or partial c-myc epitope perhaps influenced the packing of the crystal lattice. The
exact reason for this problem still remains unknown. However, the problem was
overcome by reconstruction of the strain, i.e. by removing the c-myc epitop and the
His-tag. After this modification the β-mannanase was produced at a high expression
level and with a high degree of homogeneity forming most satisfactory crystals.

Different induction conditions were screened, including pH, temperature, medium,
induction time, etc.. Among the expression parameters investigated in shaking flasks,
the one with the most significant influence on the expression level was the induction
temperature. Although the concentration of total protein in the cell culture supernatant
varied only slightly with the induction temperature, there was a significant increase in
the concentration of β-mannanase activity when expression was allowed to occur at
lower temperatures. Thus, at 17°C the expression level was 5 fold higher than at 22°C
and 15 fold higher than at 27°C. Probably, at low temperatures the expression rate is
reduced allowing more time for correct folding of the β-mannanase to take place.
Similar results were obtained for an antifreeze protein expressed in P. pastoris (Li et
al., 2001) when an induction temperature of 23°C was used. Low temperatures have
been shown to improve the solubility of heterologous proteins in E. coli (Broeze et
al., 1978; Vasina and Baneyx, 1997). The fact that the protein concentrations were
similar irrespective of induction temperature is probably due to that some enzyme
species were misfolded at higher temperatures.
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The expression levels obtained exceeded 100 mg/L in shaking flasks and 900 mg/L in
a 14 L fermenter. For solving the three-dimensional structure by multiwavelength
anomalous dispersion, the protein was expressed in minimal media containing
selenomethionine (SeMet). 40% substitution of methionine to SeMet was achieved
with an expression level around 20 mg/L. The low expression level is probably due to
the toxicity of the SeMet that may reduce the growth rate of the cells.

Purification and characterization of recombinant β-mannanase

A one step purification procedure only was required to purify the recombinant β-
mannanase to homogeneity as analyzed by SDS-PAGE and IEF. Thus the P. pastoris
culture supernatant was directly applied to a Chelating Sepharose FF column
saturated with Ni2+ and eluted with a gradient from 0-0.5 M imidazole. The purified
β-mannanase showed a specific activity, pH optimum, pH stability, temperature
optimum and temperature stability close to that obtained for the native enzyme. The
result obtained concludes that the P. pastoris is a suitable host for the production of
the β-mannanase.

3-D structure

The M. edulis β-mannanase crystals were produced from the recombinant enzyme
purified as described above. The native crystal was diffracted to 1.4 Å resolution at
the ESRF synchrotron beanline ID14-EH1. SeMet incorporated mannanase crystal
was used for multiple-wavelength data collection to a value of 2.4 Å resolution.

The structures of four cellulases in glycoside hydrolase family 5 have been solved,
they were all endoglucanases from Acidothermus cellulolyticus (Sakon et al., 1996),
Bacillus agaradhaerans (Davies et al., 1998), Clostridium cellulolyticum (Ducros et
al., 1995) and C. thermocellum (Dominguez et al., 1996), respectively. In the same
family 5, two β-mannanase structures have been published, one was from bacterial
Therm. fusca (Hilge et al., 1998) in subfamily 8 and another was from fungus T.
reesei (Sabini et al., 2000) in subfamily 7. The attempt of using two available β-
mannanase structures as models for molecular replacement was not successful due to
the low sequence identities. Experimental phases for crystal structure determination
by multiple isomorphous replacement (MIR) and multiple-wavelength anomalous
diffraction (MAD) are currently being carried out.

Both of the determined β-mannanase structures (Hilge et al., 1998; Sabini et al.,
2000) show the classical (βα)8 barrel fold that is typical of the family 5 glycoside
hydrolases. The overall fold of the T. reesei β-mannanase is very similar to that of the
Therm. fusca enzyme. The differences between the structures are primarily in the
external loops on the surface of the molecule. The active site was shown to be a cleft
running across the molecular surface and the positions of the two catalytic glutamate
residues were identified. Four subsites were identified in the complexes of Therm.
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fusca mannanase with mannose oligomers. Sequence alignment reveals that only eight
residues are strictly conserved in all family 5 mannanases and cellulases (Hilge et al.,
1998), They are Arg50, His86, Asn127, Glu128, His196, Tyr198, Glu225 and Trp254
in the Therm. fusca sequence. However, Sabini (et al., 2000) stated that for the T.
reesei β-mannanase, the significance of seven of these residues is clear, as they are all
located at or close to the active site. Only His102 corresponding to His86 of the
Therm. fusca β-mannanase, has no obvious functional role in the catalysis
mechanism. A structure based sequence alignment of Therm. fusca, T. reesei and M.
edulis β-mannanases (Figure 23) gives an indication that residues Arg62, His102,
Asn161, Glu162, His262, Tyr264, Glu293 and Trp322 in M. edulis β-mannanase are
possibly located at the active site and may play the same role as for the other members
of family 5.

T. reesei
Therm.fusca
M. edulis

1-41
1-37
1-49

ASSFVTISGT QFNIDGKVGY FAGTNCYWCS FLTN------ ---HADVDST
ATGLHVKNGR LYEANGQEFI IRGVS----- ----HPHNWY PQHT----QA
-AARLSVSGT NLNYNGHHIF LSGANQAWVN YARDFGHNQY SKGKSTFEST
  :    :*    : :*:    : *::                         ::

T. reesei
Therm.fusca
M. edulis

42-90
38-75
50-90

FSHISSSGLK VVRVWGFNDV N-TQPSPGQI WFQKLSATGS TINTGADGLQ
FADIKSHGAN TVRVVLSNGV RWSKNG---- --------PS DVANVISLCK
LSDIQSHGGN SVRVWLHIEG E-STP----- ---EFDNNGY VTGIDNTLIS
:::*:* * :  ***       : :

T. reesei
Therm.fusca
M. edulis

91-140
76-100
91-133

TLDYVVQSAE QHNLKLIIPF VNNWSDYGGI NAYVNAFGGN ATTWYTNTAA
-QNRLICMLE VH-------- -----D---- ---TTGYGEQ SGA----STL
DMRAYLHAAQ RHN---ILIF FTLWNGAVKQ STHYRLNGLM VDT----RKL
     :  :: :::                          *

T. reesei
Therm.fusca
M. edulis

141-172
101-131
134-183

QTQYRKYVQA VVSRYANSTA IFAWELGNEP RC-------- ----------
DQAVDYWIE- LKSVLQGEED YVLINIGNEP YG-------- ----------
QSYIDHALKP MANALKNEKA LGGWDIMNEP EGEIKPGESS SEPCFDTRHL
:      ::  : :   ::       :: ***

T. reesei
Therm.fusca
M. edulis

173-212
132-172
184-232

---------N GCSTDVIVQW ATSVS-QYVK SLDSNHLVTL GDEGLGLSTG
---------N DSATVAAGAW DTSAAIQRLR AAGFEHTLVV DAPNWGQDWT
SGSGAGWAGH LYSAQEIGRF VNWQA-AAIK EVDPGAMVTV GSWNMKADTD
         :   ::     :  :  :   ::   :    ::: :  :   :

T. reesei
Therm.fusca
M. edulis

213-261
173-212
233-278

DGAYPYTYGE GTDF-AKNVQ IKSLDFGTFH LYPDSWGTNY TWGNGWIQTH
NTMRNNA--- ---DQVYASD PTGNTVFSIH MYG----VYS QASTITSYLE
AMGFHNLYSD HCLVKAGGKQ SGTLSFYQVH TYD----WQN HFGNESPFKH
                :   :      :  :*  *           ::     :

T. reesei
Therm.fusca
M. edulis

262-311
213-255
279-327

AAACLAAGKP CVFEEYGAQQ NPCTNEAPWQ TTSLTTRGMG GDMFWQWGDT
HFVNAGL--P LIIGEFG-HD HSDGNPDEDT IMAEAERLKL GYIGWS----
SFSNFRLKKP MVIGEFN-QE HGAGMSSESM FEWAYTKGYS GAWTWSRTDV
         *  :: *:: :: :                :    *   *:

T. reesei
Therm.fusca
M. edulis

312-346
256-291
328-352

FANGAQSNSD PYTVWYNSSN WQCLVKNHVD AINGG----- ----------
---------- ----WSGNGG GVEYLDMVYN FDGDNLSPWG ERIFYGPNGI
S--------- ----WNNQLR GIQHLKSRTD ---------- --HGQVQFGL
               * ::       ::   :

T. reesei
Therm.fusca
M. edulis

292-302
---------- -
ASTAKEAVIF G
---------- -

Figure 23. Amino acid sequence alignment of T. reesei, Therm. fusca and M
edulis β-mannanases. The eight residues that mannanases within family 5 share with
more than 60 cellulases are indicated by grey shadow. The catalytic residues of the
three mannanases are underlined.
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Summary of papers I - VI

Paper I.

Purification, characterization and amino-acid sequence analysis of a thermo-
stable, low molecular mass endo-β-1,4-glucanase from blue mussel, Mytilus
edulis.

A cellulase (endo-β-1,4-D-glucanase, EC 3.2.1.4) from blue mussel (Mytilus edulis)
was purified to homogeneity using a combination of acid precipitation, heat
precipitation, immobilized metal ion affinity chromatography, size-exclusion
chromatography and ion-exchange chromatography. Purity was analyzed by SDS-
PAGE, IEF and RP-HPLC. The endoglucanase was characterized with regard to
enzymatic properties, isoelectric point, molecular mass and amino-acid sequence. It is
a single polypeptide chain of 181 amino acids cross-linked with six disulfide bridges.
Its molecular mass, as measured by MALDI-MS, is 19702 Da; a value of 19710.57
Da was calculated from amino-acid composition. The isoelectric point of the enzyme
was estimated to by isoelectric focusing in a polyacrylamide gel to a value of 7.6.
According to amino-acid composition, the theoretical pI is 7.011. The effect of
temperature on the endoglucanase activity, with both carboxymethyl cellulose and
amorphous cellulose as substrates, was studied at pH 5.5. It displayed an unusual
broad optimum activity temperature range between 30 and 50°C. Another unusual
feature was that the enzyme retained 55-60% of its maximum activity at 0°C. The
enzyme readily degrades amorphous cellulose and carboxymethyl cellulose but
displays no hydrolytic activity towards crystalline cellulose (Avicel) and shows no
cross-specificity for xylan; there is no binding to Avicel. The enzyme can withstand
10 min at 100°C without irreversible loss of enzymatic activity. Amino-acid
sequence-based classification has revealed that the enzyme belongs to the glycoside
hydrolase family 45, subfamily 2 (B. Henrissat, Center de Recherches sur les
Macromolecules Végétales, CNRS, Joseph Fourier Université, Grenoble, France,
personal communica-tion).

Paper II.

Cloning and sequencing of a molluscan endo-β-1,4-glucanase gene from the blue
mussel, Mytilus edulis

Using polymerase chain reaction, cloning and sequencing techniques, a
complementary DNA encoding a low molecular weight cellulase (endo-1,4-ß-D-
glucanase,  EC 3.2.1.4) has been identified in the digestive gland of the marine
mussel, Mytilus edulis. It contains a 5’ untranslated region, a 633 nt long open reading
frame encoding a 211 amino acid protein, including a 17 amino acid signal peptide
and a complete 3’ untranslated region. At the carboxyl-terminal end of the purified
mature protein, a 13 amino acid peptide is lacking in comparison to the protein
sequence deduced from the open reading frame. This peptide is probably removed as
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a consequence of post-translational amidation of the C-terminal glutamine. The
endoglucanase genes have been isolated and sequenced from both Swedish and
French mussels. The coding parts of these two sequences are identical. Both genes
contain two introns, the positions of which are conserved. However the length of the
introns are different due to base substitutions, insertions or deletions showing the
existence of interspecies length polymorphism. The percentage of similarity for the
introns of the two gene sequences is 96.9%. This is the first time a molluscan
cellulase is characterized at DNA level. Amino-acid sequence-based classification has
revealed that the enzyme belongs to the glycosyl hydrolase family 45 (B. Henrissat,
Centre de Recherches sur les Macromolecules Végétales, CNRS, Joseph Fourier
Université, Grenoble, France, personal communication). There is no cellulose binding
domain associated with the sequence.

Paper III.

Endo-ß-1,4-mannanases from blue mussel, Mytilus edulis: Purification,
characterization, and mode of action

Two variants of an endo-ß-1,4-mannanase from the digestive tract of blue mussel,
Mytilus edulis, were purified by a combination of immobilized metal ion affinity
chromatography, size exclusion chromatography in the absence and presence of
guanidine hydrochloride and ion exchange chromatography. The purified enzymes
were characterized with regard to enzymatic properties, molecular weight, isoelectric
point, amino acid composition and N-terminal sequence. They are monomeric
proteins with molecular masses of 39,216 and 39,265 dalton, respectively, as
measured by MALDI-TOF mass spectrometry. The isoelectric points of both enzymes
were estimated to around 7.8, however slightly different, by isoelectric focusing in
polyacrylamide gel. The enzymes are stable from pH 4.0 to 9.0 and have their
maximum activities at a pH about 5.2. The optimum temperature of both enzymes is
around 50-55°C. Their stability decreases rapidly when going from 40°C to 50°C. The
N-terminal sequences (12 residues) were identical for the two variants. They can be
completely renatured after denaturation in 6 M guanidine hydrochloride. The enzymes
readily degrade the galactomannans from locust bean gum and ivory nut mannan but
show no cross-specificity for xylan and carboxymethyl cellulose. There is no binding
ability observed towards cellulose and mannan.

Paper IV.

Cloning and Expression in Pichia pastoris of a Blue Mussel (Mytilus edulis) β-
Mannanase gene

Using polymerase chain reaction, cloning and sequencing techniques, a 1.1 kb
complementary DNA fragment encoding for a β-mannanase (mannan endo-1,4-β-
mannosidase, EC 3.2.1.78) has been identified in the digestive gland of blue mussel,
Mytilus edulis. The cDNA sequence shows significant sequence identity to several β-
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mannanases in glycoside hydrolase family 5. The β-mannanase gene has been isolated
and sequenced from gill tissue of blue mussel and contains five introns. The β-
mannanase has been expressed extracellularly in Pichia pastoris using the
Saccharomyces cerevisiae α-factor signal sequence. The β-mannanase was produced
in a 14 liter fermenter with an expression level of 900 mg·L-1. The expression level is
strongly affected by the induction temperature. A two-step purification procedure,
composed of a combination of immobilized metal ion affinity chromatography and
ion exchange chromatography, is required to give a pure β-mannanase. However, due
to post-translational modifications, structural varieties regarding molecular weight
and isoelectric point were obtained. The specific activity of the purified recombinant
M. edulis β-mannanase was close to that of the wild type enzyme. Also pH and
temperature optima were the same as for the native protein. In conclusion, P. pastoris
is regarded a suitable host strain for the production of blue mussel β-mannanase. This
is the first time a mollusc β-mannanase is characterized at the DNA level.

Paper V.

Crystallisation and x-ray analysis of native and selenomethionyl beta-mannanase
Man5A from blue mussel Mytilus edulis expressed in Pichia pastoris

The glycohydrolase family 5 β-mannanase Man5A from Mytilus edulis has been
expressed in Pichia pastoris and purified in a form suitable for X-ray crystallographic
analysis. Crystals were grown by the hanging-drop technique at 293K using
polyethylene glycol 5000 monomethylether as precipitant and dioxane as additive.
The crystals belong to the orthorhombic space group P212121 with unit-cell
parameters a=61.8, b=64.8, c=90.7 Å. Diffraction to 1.5 Å resolution has been
obtained at 100 K. Expression was also made in the presence of selenomethionine.
The incorporation of SeMet was estimated at 40 % by amino acid analysis, and its
presence in crystals was confirmed by X-ray absorption scanning spectrum.

Paper VI.

The Crystal Structure of the β-1,4-D-endoglucanase Cel45A from Blue Mussel,
Mytilus edulis at 1.85 Å Resolution

We have crystallised the β-1,4-D-endoglucanase Cel45A from blue mussel, Mytilus
edulis, and determined its structure at 1.85 Å resolution. The enzyme has a compact
and globular structure built around a six-stranded β-barrel with a 'double-psi' fold.
Loops that connect the β-strands extend the surface of the barrel into a cellulose-
binding cleft. Together with Cel45A from Trichoderma reesei this enzyme forms a
separate subfamily 2 within Family 45 of glycoside hydrolases. Comparison of the
structure with that of Cel45A from Humicola insolens, which belongs to subfamily 1,
reveals remarkable structural differences between the two subfamilies. While the
central β-barrel and the catalytic site are well preserved, the substrate-binding cleft is
formed largely by loops either on one or the other side of the barrel. By
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superimposing the structure with the H. insolens Cel45A D10N/cellohexaose complex
we have identified putative sugar-binding residues in M. edulis Cel45A. A notable
difference is the formation of the sugar-binding platform in site -4 by tryptophan
residues from different positions in the sequence. Their sidechains overlap, but are
rotated by 80 degrees, suggesting that the cellulose chain might not show the
pronounced twist from site -4 to -2 observed in H. insolens Cel45A.

Unlike other members of Family 45, the M. edulis enzyme is not extended with a
linker and cellulose-binding module at the C-terminus. The polypeptide ends with two
α-helices that form a small protrusion on the barrel face opposite to the substrate-
binding cleft. Three histidines are exposed on this protrusion, which might have a
dedicated function. The enzyme contains no less than 9 histidines and all but one are
exposed.

Cel45A shows up to 30 % sequence identity with the N-terminal domain of α-
expansins, plant proteins that mediate cell wall remodelling during plant cell
elongation. We predict that expansins have a catalytic mechanism similar to that in
Cel45A.
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