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General introduction to the project

Cells, as independent organisms or as the basic building blocks of tissues, contain
coding elements which enable them to store and express characteristic properties. The
basic units of these coding elements are DNA (Deoxyribonucleic acids), which
generally serves for storage of information, and RNA (Ribonucleic acids). RNA is
derived from DNA, and consists of various species, i.e. tRNA (transfer RNA) and
rRNA (ribosomal RNA), both of which are involved in the synthesis of proteins, and
mRNA (messenger RNA), which is the template for the synthesis of a specific
protein. The DNA of cells and viruses, which contains hereditary information, is
called its genome.
Genomics encompasses the knowledge, understanding and application of the coding
elements in the genome of an organism. Since the development of the first DNA
sequencing reaction by Sanger in the middle of the 1970s (Sanger & Coulson, 1975),
the field has progressed tremendously. Genomics technology enables scientists to
determine the “recipe of life”, the coding sequences for proteins determining structure
and physiology of all life. In later years, Leroy E. Hood's Laboratory at the California
Institute of Technology (Caltech) developed a semi automated DNA sequencing
apparatus (Smith et al., 1986). In combination with the introduction of shotgun
sequencing, faster sequencing of larger genomes was made possible. In essence,
shotgun sequencing is based on fragmenting the genomic DNA, followed by cloning
it in an appropriate vector and sequencing the ends of each fragment. This process is
repeated in order to obtain overlapping fragments which are assembled by software to
give rise to the complete genome sequence (Roach et al., 1995). This technology
enables rapid and precise sequencing of large genomes, and linked together with fast
computer technology and powerful prediction programs, the possible function of
putative genes can be determined. In 1995, by means of automated shotgun
sequencing, the first complete genome sequence of a free-living organism became
available: the human opportunistic pathogen Haemophilus influenzae (Fleischmann et
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al., 1995). The completion of the sequencing of the human genome (IHGSC, 2001;
Venter, 2001; IHGSC, 2004) and following publications (Arnold & Hilton, 2003;
Carroll, 2003; Collins et al., 2003a; Collins et al., 2003b; Frazier et al., 2003; Jasney
& Roberts, 2003) paved the way for present and future scientists to study complex
physiological processes and cell cycles, as well as to determine the basis for a number
of human diseases. A large number of genome sequences are currently available
which include members of all kingdoms of life (http://www.ncbi.nlm.nih.gov/
Genomes).
Fungi, as pathologically and industrially important micro-organisms, have
enjoyed the same strong focus of attention in the field of genomics. Currently, more
than 40 complete genome sequences from fungi alone are available, with an equal
number currently being sequenced (Galagan et al., 2005b). As part of the Dutch
government’s initiative to stimulate genomics research in the Netherlands, a national
Innovation Oriented Research Program on Genomics was set up in the beginning of
2000. The idea behind this program was to link the knowledge and expertise of
academic institutions active in genomics research to the market know-how of the
private sector, in order to build intellectual capital and identify research of
commercial value (http://www.senternovem.nl/iopgenomics/). As a component of this
research program, the Universities of Groningen, Leiden and Wageningen joined
forces and expertise to collaborate on a project entitled “Disclosing the Carbohydrate
Modifying Network of Aspergillus niger by functional genomics”, or for short,
CarbNet. A. niger is used extensively by biotechnology companies as producer of
citric acid, and as a source of a diversity of industrial enzymes (Olempska-Beer et al.,
2006; Pel et al., 2007). The CarbNet program aimed to determine the complexity of
the carbohydrate modifying enzyme (CME) network of the fungus A. niger by
applying a range of different technologies and expertise. The polyphasic approach
followed included technologies such as genome mining and targeted overexpression,
transcriptional- and proteome analysis of CMEs, and high throughput screening
(HTS) assays to detect novel enzymes in an unbiased manner. The Dutch Life
Sciences company DSM, one of the project partners, made the whole genome
sequence of their A. niger strain CBS513.88 (a natural derivative of the type strain
NRRL 3122) available exclusively to the academic groups involved in the project (Pel
et al., 2007).
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The Centre for Carbohydrate Bioprocessing (CCB) TNO-University of
Groningen was responsible for HTS of cDNA libraries from A. niger as well as
identification, overexpression and biochemical characterization of starch, sucrose- and
fructan modifying enzymes (Fig. 1). Using HTS of cDNA libraries from A.niger
grown on starch and fructans, we were unable to identify any novel starch-, sucroseand fructan modifying enzymes. For this reason, we opted for targeted overexpression
of these enzymes, identified during the genome analysis. The focus of the work
described in this thesis is thus on the methodologies followed as well as on the
identification, overexpression and characterization of fructan and sucrose modifying
enzymes encoded in the genome of A. niger.
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Figure 1.

Overview of the CarbNet program, with focus on the identification,
overexpression and characterization of sucrose- and fructan modifying
enzymes.
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2

Sucrose and fructans

2.1

Sucrose synthesis in plants

Sucrose is one of the most widely known and used carbohydrates in today’s modern
world. The history of man and sugar goes back as far as 512 BC, when the Emperor
Darius of Persia invaded India and found “the reed which gives honey without bees”.
Cane sugar was only introduced in Western Europe as a result of the crusades in the
11th century AD. In the 15th century, the first sugar refinery was started up in Venice.
However, being a sought-after product, it remained exclusively for the pleasure of the
rich. Refined cane sugar became only available to the common man by the end of the
18th century, when Prime Minister Gladstone of Britain abolished all taxes on sugar.
During the Napoleonic wars, Britain blocked the export of cane sugar to continental
Europe, which in turn led to the replacement of cane sugar with beet sugar. Later,
when imports fell under threat during the First World War, Britain followed the same
road. Currently, sugar is produced by more than 120 countries, stretching from the
America’s, through Europe, Africa, Asia and Australasia, which further emphasizes
the importance and wide use of this carbohydrate in modern society (for overview
see: www.sucrose.com).
Sucrose is a simple, non-reducing dimeric carbohydrate (disaccharide)
composed of α-D-glucopyranose and β-D-fructofuranose (Fig. 2). It is found in all
plants, and especially in the industrially important crops sugar-cane and beet. Cyanoand purple bacteria are the only prokaryotes identified thus far that are able to produce
sucrose by means of photosynthesis. Plants synthesize sucrose in response to salt or
osmotic stress to help maintain osmotic balance and stabilize protein and membrane
structure and function (McKay et al., 1984; Jouve et al., 2004).
The starting point for sucrose synthesis in plants is activated glucose (UDPglucose) that is derived from glucose-1-phosphate, which is a direct product of
photosynthesis. The fructose-6-phosphate involved in sucrose synthesis is also
derived from photosynthetic products. The enzyme sucrose 6-phosphate synthase is
responsible for the joining of the glucose and fructose moiety. It is activated by
glucose-6-phosphate and by light which leads to dephosphorylation of the enzyme. In
this way sucrose synthesis is synchronised with photosynthesis. Sucrose also
represents the principal transport carbohydrate in almost all plants. The plant storage
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carbohydrates inulin (see below) starch, cellulose, and other complex cell wall
polysaccharides, are typically derived from the glucose and fructose moieties of
sucrose. Sugars supply all the fixed carbon for synthesis of biological compounds and
are fundamental for sustaining the energy flow to all food systems.
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Figure 2.

Chemical structures of sucrose (A), neokestose (B), 1-kestose (C) and
6-kestose (D).

Numbers indicate the respective carbon positions

involved in glycosidic linkages (reproduced with permission from
http://www.brenda.uni-koeln.de/).
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2.2

Fructans: types and structures

Fructans are oligomeric- or polymeric structures consisting of fructose moieties linked
together by β-glycosidic bonds, usually ending with a terminal glucose moiety. These
molecules can be broadly subdivided into five groups: inulins (primarily β-2,1glycosidic bonds), inulin neo-series (β-2,1-glycosidic bonds, with fructose attached at
both the carbon position 1 (C1) and 6 (C6) of a terminal glucose), levans (primarily β2,6-glycosidic bonds), levan neo-series (as in the case of inulin neo-series, but mainly
consisting of β-2,6-glycosidic bonds) and mixed type levans (containing both β-2,1and β-2,6-glycosidic linked fructose moieties). The simplest fructans of the inulin and
levan series are 1-kestose and 6-kestose, respectively (Fig. 2). In case of the neoseries inulins and levans, different sub-types have also been identified, containing
longer chains of fructose at both the C1 and C6 of the terminal glucose (Vijn &
Smeekens, 1999; Ritsema & Smeekens, 2003a; Ritsema & Smeekens, 2003b).

2.3

Production of fructans

Fructans are produced by numerous plants, fungi and certain bacteria, where they
perform a range of different functions (see below). A short overview regarding
fructans synthesis in these groups follows.

2.3.1 Bacteria
Over the years, a number of bacterial species have been shown to be responsible for
extracellular fructan synthesis. These include members of the genera Actinomyces,
Bacillus, Erwinia, Pseudomonas and Streptococcus, as well as the lactic acid bacteria
(LAB) group. Fructan production in bacteria has largely been limited to the levan
/mixed type levans, although the presence of inulin-type fructans has been reported
(Vijn & Smeekens, 1999; van Hijum et al., 2006). Bacterial fructans are usually of
large molecular mass (degree of polymerization (DP) of > 1 x 105 fructose moieties)
and

produced

by

the

action

of

a

levansucrase

(2,6-β-D-fructan

6-β-D

fructosyltransferase, EC 2.4.1.10) or an inulosucrase (2,1-β-D-fructan 1-β-D
fructosyltransferase, EC 2.4.1.9) (Vijn & Smeekens, 1999; van Hijum et al., 2001;

6

Chapter 1
van Hijum et al., 2003; van Hijum et al., 2006). These enzymes (generally designated
fructansucrases or fructosyltransferases, FTFs) synthesize a fructan by acting in the
extracellular environment on sucrose and transferring the fructose moiety to a
growing polymer chain, acting as acceptor substrate. Apart from transglycosylation
(or polymerization) activity, these enzymes can also hydrolyze sucrose (invertase
activity) to free glucose and fructose, using water as acceptor substrate (Vijn &
Smeekens, 1999; van Hijum et al., 2006).

2.3.2 Plants
Whereas bacteria employ a single enzyme for inulin or levan synthesis, plants make
use of a range of different enzymes to produce fructans (Vijn & Smeekens, 1999).
Fructan synthesis in plants starts with the de novo synthesis of the smallest of the
fructan series inulin (1-kestose) and levan (6-kestose) from two sucrose molecules
(acting as donor and acceptor substrate), catalysed by the enzyme sucrose: sucrose 1FTF (1-SST). Elongation of the 1-kestose is performed by the action of the enzyme
fructan: fructan 1-FTF (1-FFT) thus creating oligosaccharides consisting of up to 50
fructose units. Other fructan synthesizing enzymes identified in plants include
sucrose: fructan 6-FTF (6-SFT), producing bifurcose from sucrose and 1-kestose, and
fructan: fructan 6G-FTF (6G-FFT), producing neokestose from the same substrates
(Fig. 3). Elongation and branching of these oligosaccharides by 1-FFT or 6-SFT leads
to the formation of mixed-type, as well as inulin- or levan neoseries, oligosaccharides
(Vijn & Smeekens, 1999).

2.3.3 Fungi
Based on their amino acid sequences, fungal FTFs are more closely related to plant
FTFs than to fructansucrase enzymes found in bacteria (Van den Ende et al., 2002).
The fungal FTF enzymes are also involved primarily in the synthesis of short-chain
oligosaccharides of fructose (up to DP 40), identified to be of the inulin-type.
Fructooligosaccharide production from sucrose has been reported for Aureobasidium
pullulans (Cairns & Ashton, 1991), Penicillium roquefortii (Jang & Hang, 1996),
Aspergillus foetidus (Rehm et al., 1998), A. niger (L'Hocine et al., 2000; Nguyen et
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al., 1999), Aspergillus oryzae (Sangeetha et al., 2004), Aspergillus aculeatus (Ghazi
et al., 2006) and Aspergillus japonicus (Dorta et al., 2006). Synthesis of large
molecular mass inulins has been implicated with the conidia of Penicillium
chrysogenum (Olah et al., 1993) and Aspergillus sydowi (Heyer & Wendenburg,
2001). Fungal invertases have also been shown to be involved in the production of 1kestose (Cairns & Ashton, 1991), however, these molecules are usually produced in a
side reaction of hydrolysis at high sucrose concentrations.

Figure 3.

Reaction specificities of plant FTFs involved in fructan synthesis.
(*1) bifurcose is the shortest of the branched fructans. (*2) neokestose
series fructans may be elongated at either the first fructose moiety of
sucrose, or from the glucose moiety, giving rise to fructans of various
lengths.

2.4

Physiological roles of fructans in bacteria, plants and fungi

Although fructan synthesis has been identified in bacteria, plants as well as in certain
fungal species, very little is known and understood regarding their precise in vivo
functions. In bacteria, high molecular weight fructans may play a role in protection of
these organisms in their natural environment (e.g. against phagocytosis or desiccation)
or play a structural role in the formation of biofilms of complex bacterial communities
8
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(Cerning, 1990). In the oral cavity, fructan production has been shown to be directly
involved in the adhesion of bacteria to each other as well as to the tooth surface
(Balakrishnan et al., 2006). In the oral biofilm, several bacterial species have been
shown to accumulate fructans as extracellular energy source, thus enabling these
organisms to store carbohydrates in a form inaccessible to oral flora lacking fructan
hydrolysing enzymes (Russell, 1990).
In plants, the presence of fructosyltransferases and fructans has been shown in
vacuoles (Druart et al., 2001) as well as roots (Van den Ende et al., 2000). In the
vacuole, fructan accumulation can reach levels in excess of 70% (dry mass) without
influencing photosynthesis (Vijn & Smeekens, 1999). Climate could also play a major
role in the accumulation of fructans in plants. Accumulation of fructans has been
reported for plants in temperate climate zones with seasonal drought and frost,
whereas fructan production in plants from the tropics is almost absent. Fructan
synthesis has been shown to occur in temperatures far below the optimum conditions
of the corresponding FTF enzymes (Koops & Jonker, 1996). Accumulation of storage
compounds thus may continue throughout the cold season. These stored fructans are
thus available for utilization when the environmental temperature becomes favourable
for growth. The involvement of fructans in drought tolerance has also been suggested
in the past. It was, however, difficult to show a direct correlation, as results between
studies differed, and the complementation of a fructan negative host with FTF
enzymes may cause stress to the organism by unnatural fructan accumulation (Vijn &
Smeekens, 1999).
Although the presences of intra-and extracellular FTFs have been shown in
fungi, very little is known about their physiological role (Rehm et al., 1998; L'Hocine
et al., 2000; Heyer & Wendenburg, 2001; Ghazi et al., 2006). Fructans synthesized by
fungi are mostly of a low DP (1-kestose and 6-kestose). However, when incubating
intact conidia of the fungus A. sydowi with sucrose, the formation of high molecular
weight fructans was observed (Heyer & Wendenburg, 2001). It was speculated that
these fructans could be a storage compound for the fungus, especially in an
environment with fierce competition for available carbon sources. Furthermore,
intracellular fructans may play a role regulation of osmolarity or in the induction of
other proteins involved in the modification of fructans (see Chapter 3).
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2.5

Applications of fructans

Relatively high amounts of fructans are commonly found in a variety of fruits and
vegetables such as wheat, onions, bananas, garlic and leek. It has been estimated that
the average daily consumption per person of inulin-type fructans in the U.S.A. and
Europe are in the ranges of 1-4 g and 3-11 g, respectively (Jang & Hang, 1996).
Chicory fructans as well as oligofructose are recognized as natural food ingredients in
the European Union and in the U.S.A, where they possess the GRAS (Generally
Regarded As Safe) status. Fructans are currently classified as “novel foods” in the
European Union, and have been applied to various food products to improve their
quality. Inulin-type fructans are currently used as sucrose substitutes (lower caloric
value), as fat replacers, texturing agent, foam stabilizers as well as to improve the
mouth feel of certain products (see Kaur & Gupta, 2002). The quality of food
products (texture, mouth feel etc.) can be enhanced by the addition of fructans, e.g. in
bakery products (biscuits, breads, and pastries), spreads and infant formulas. Fructans
have also been classified as non-digestible oligosaccharides, where numerous claims
have been made with regards to their human health benefits (for review see
(Roberfroid, 1996). This will be discussed in further details below.

2.6

Health benefits of fructans

Fructans, especially inulin, have been shown to be advantageous in promoting human
health. Polymeric fructans are not digested by human intestinal enzymes, and have
accordingly been classified as non-digestible oligosaccharides. The non-digestibility
of fructans is attributed to the glycosidic linkage type in the molecule. Human
digestive enzymes (α-glucosidase, maltase-isomaltase and sucrase) are specific for αglycosidic linkages, and unable to hydrolyse the β-glycosidic linkage found in
fructans. Studies have shown that the largest portion of ingested inulin (up to 88%)
moves through the upper part of the digestive tract without any significant hydrolysis
(Cerning, 1990; Balakrishnan et al., 2006). It has also been shown that low molecular
mass inulin is more sensitive to degradation in the stomach and small intestine than
high molecular mass inulins (Knudsen & Hessov, 1995; Cummings et al., 2001;
Rumessen & Gudmand-Hoyer, 2006), where the latter mostly end up in the colon.
Thus, it has been proposed that this inulin maybe be classified as “colonic food”,
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where it serves as substrate for the endogenous microflora of the host organism
(Cummings et al., 2001). In vitro studies in chemostats demonstrated that inulin as
well as oligosaccharides could selectively stimulate the growth of bifidobacteria,
enabling them to become the dominant species in faecal slurries (Wang & Gibson,
1993; Gibson & Wang, 1994). These results have been confirmed by in vivo studies
using adult subjects where it was shown that the intake of 15 g of inulin per day
significantly modified the composition of the faecal microbiota, enabling
bifidobacteria to become the most numerous bacterial group (Gibson et al., 1995).
Apart from the stimulation of colonic bifidobacteria, inulins also induce
physiological effects in the gastrointestinal tract (Roberfroid, 2000). Ingestion of
fructans have also been shown to be responsible for lowering of the cholesterol level,
where their action is due to a reduction of de novo fatty acid synthesis in the liver
through inhibition of the enzymes acetyl-CoA carboxylase, fatty acid synthase, malic
enzyme, ATP citrate lyase and glucose-6-phosphate dehydrogenase (Delzenne &
Kok, 2001). Ingestion of fructans has also been shown to have a positive effect by
reducing the risk for colonic cancer and thereby displaying anti-tumoral, -ulcer, and
immuno-modulation activities (Pool-Zobel, 2005; Watzl et al., 2005). Colonic
fermentation of inulin produces gases as well as short-chain carboxylic acids and
lactate (Bach Knudsen & Hessov, 1995; Sobotka et al., 1997; Osman et al., 2006).
These acids have an effect on the intestinal tissue, and increase either intestinal or
bacterial enzymes (Osman et al., 2006). The production of carboxylic acids in the
colon has also been implicated with an increased absorption of minerals, particularly
calcium and magnesium (Coudray et al., 2005). These minerals play important roles
in rate of colonic epithelial cells turnover as well as the formation of insoluble fatty
acids salts, reducing the effect of these harmful compounds. Also, approximately half
of the energy of inulin is lost in the fermentation process, classifying these substrates
as low-energy food ingredients (for an overview see Roberfroid, 2000).

3

Fructan modifying enzymes

3.1

Diversity of fructan modifying enzymes

Fructan modifying enzymes (i.e. enzymes acting on fructans and/or on the primer for
fructan synthesis, sucrose) are primarily divided into two main groups: fructan
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producing enzymes (fructansucrases or fructosyltransferases, FTFs) and fructan
hydrolysing enzymes (invertases, inulinases and levanases). FTF enzymes cleave the
glycosidic bond of sucrose and use the energy released to link the freed fructosyl
moiety to either sucrose, a growing fructan chain, or to other acceptor substrates
(various mono- and disaccharides) (Vijn & Smeekens, 1999; Ritsema & Smeekens,
2003a; Ritsema & Smeekens, 2003b). This creates fructans of various lengths, starting
from the simplest of fructans, 1-kestose or 6-kestose, to high molecular mass
molecules comprising several thousands of fructose moieties. Invertases hydrolyse
sucrose and small fructan oligosaccarides, where water acts as an acceptor substrate
for the liberated fructose (Sturm, 1999). Oligo- and polymeric fructans are hydrolysed
by the actions of inulinases and levanases, which are divided in two main groups:
endo- and exo-acting. These enzymes hydrolyse fructans to give rise to short
oligosaccharides (Miasnikov, 1997; Ohta et al., 1998; Akimoto et al., 2000), or to free
fructose (Liebl et al., 1998; Arand et al., 2002; Kulminskaya et al., 2003),
respectively (see (Vijn & Smeekens, 1999).
Bacterial fructansucrase enzymes belong to glycoside hydrolase (GH) family
68, whereas bacterial invertases and fungal/plant FTF and sucrose/fructan hydrolytic
enzymes belong to family GH32 (http://www.cazy.org (Coutinho et al., 1999). GH32
and GH68 together constitute enzyme clan GH-J, based on sequence similarity and
shared conserved domains (Naumoff, 2001) (Tables 1 and 2).

3.2

Glycoside hydrolase family 32 (GH32)

3.2.1 Biochemical and structural characteristics
The majority of fructan modifying enzymes is grouped together in family GH32.
These proteins share no less than eight conserved sequence domains (domains A to G;
see chapters 2, 3 and Table 2), of which three are directly involved in the catalytic
reaction (Naumoff, 2001; Pons et al., 2004). Enzymes from families GH32 and GH68
share the same catalytic mechanism for substrate hydrolysis (double displacement
with overall retention of the anomeric configuration (Fuchs et al., 1983; Naumoff,
2001; Pons et al., 2004) (Fig. 4). They also share similar structural characteristics, i.e.
a five bladed β-propeller fold housing the catalytic amino acid residues (Fig. 5). This
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feature was also identified in the tachylectin (lectin protein) of the Japanese horseshoe
crab (Beisel et al., 1999) and the Cellvibrio japonicus alpha-L-arabinanase from
family GH43 (Nurizzo et al., 2002).

Table 1.

Classification of GH32 and GH68 fructan modifying enzymes. The
origin of the enzymes are indicated by B, F or P (bacteria, fungi or
plants, respectively).

Common name (GH family)
Inulosucrases (GH68) (B)

EC
number
2.4.1.9

Inulin-type polymers from sucrose

Levansucrases (GH68) (B)

2.4.1.10

Levan-type fructans from sucrose

1-SST (GH32) (F)(P)

2.4.1.99

Inulin-type oligomers from sucrose

1-FFT (GH32) (F)(P)

2.4.1.100

Elongation of inulin oligomers

Invertases (GH32 and GH68)
(B)(F)(P)
Endo-inulinases (GH32)
(B)(F)
Exo-inulinases (GH32)
(B)(F)(P)
2,6-β-fructan 6-levan
biohydrolase (GH32) (B)
Fructan β2,1-fructosidase
(GH32) (P)

3.2.1.26

Hydrolysis of sucrose/raffinose

3.2.1.7

Endo- hydrolysis of inulin

3.2.1.80

Exo-hydrolysis of inulin/levan

3.2.1.64

Hydrolyses levan into levanbiose

3.2.1.153

Terminal hydrolysis of inulin – weak
sucrose hydrolysis

3.2.1.154

Terminal hydrolysis of levan – weak
sucrose hydrolysis

Fructan β2,6-fructosidase
(GH32) (P)
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However, structural comparison of the fructan modifying enzymes from families
GH32 and GH68 indicates the presence of an additional β-sandwich domain with
unknown function in family GH32. Verhaest et al. (2005), studying fructan 1exohydrolase IIa of Cichorium intybus observed binding of four glycerol molecules in
the cleft between the five-bladed β-propeller and the β-sandwich, indicating a possible
polymeric fructan binding site.

Table 2.

Conserved motifs of family GH32 enzymes identified in the genome of
Aspergillus niger CBS513.88. Catalytic residues are indicated by (*).
Completely conserved residues are underlined.

Enzyme
Name

Domain

Domain

Domain

Domain

Domain

Domain

Domain

Domain

A

B

B1

C

D

E

F

G

-

FDGSVI

SucA
(Extracellular
Invertase)
Chapter 2

QIGDPCL

FHVGFL

*

RDP

*

NFETGNV

FLDWGFSSYA

VLEIY

VFDHGC_GYA

VLEVF

YLDHG_SLYA

IVEIY

WMDWGPDFYA

SVEVF

WLNNGRDFDG

SVEVF

*

SucB
(Intracellular
Invertase)
Chapters 2,3

WMNDPCG

YHLSFQ

WGHAVS

FTGCFR

*

RDP

*

NWEVVNW

*

SucC
(Intracellular
Invertase)
Chapter 2

WINDPCA

YHLFYQ

WGHATS

FTGCFL

*

RDP

*

NWECANF

*

AngInuE
(Extracellular
Exo-inulinase)
Chapters 2,4

WMNDPNG

YHLFFQ

WGHATS

FSGSAV

*

RDP

*

VWECPGL

*

InuA
(Exracellular
Endoinulinase)
Chapter 2

WMNEPNG

WHLFFQ

WGHATS

FTGTAY

*

RDP

*
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Figure 4.

Representation of the double displacement mechanism with retention
of the anomeric configuration of the substrate (exo-inulinase from
Aspergillus awamori; family GH32). The R represents the fructose
moieties of the outgoing inulin group (taken from Nagem et al., 2004).

The general reaction for glycoside hydrolases involves the protonation of the
glycosidic oxygen followed by a nucleophilic attack on the anomeric carbon of the
sugar substrate by a carboxylate group (Nagem et al., 2004). The nucleophilic attack
is performed by a conserved aspartic acid in the first blade of the β-propeller (Asp41),
where a glutamic acid in the fourth blade of the β-propeller (Glu241) acts as the
proton donor (Table 2) (numbering in A. awamori exo-inulinase, see Nagem et al.,
2004). Enzymes from the clan GH-J also belong to a group of enzymes which retain
the anomeric configuration of the substrate following the reaction. This mechanism
differs from the enzymes from the families GH43 (β-xylosidases, β-xylanases, α-Larabinases, and α-L-arabinofuranosidases) and GH62 (α-L-arabinifuranosidases) that
cause inversion of the anomeric configuration (Pons et al., 2004)
In the catalytic site, the proton donor is within hydrogen bond distance of the
glycosidic oxygen in both the retaining (families GH32 and GH68) and the inverting
(family GH43) enzymes, but the nucleophilic base is more distant than the anomeric
carbon in the inverting enzymes that need to accommodate a water molecule between
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the nucleophilic amino acid and the sugar. This difference results in an average
distance between the two catalytic residues of 4.5 to 5.5 Å in retaining enzymes as
opposed to 9.0 to 9.5 Å in inverting enzymes (McCarter & Withers, 1994; Davies &
Henrissat, 1995; Pons et al., 2004).

Figure 5.

(A) Tertiary structure depiction of the Cichorium intybus 1exohydrolase (family GH32). (B) Cartoon of the enzyme structure,
showing the 5-bladed β-propeller (Domain 1), housing the active site
amino acids, and a β-sandwich (Domain 2) domain of unknown
function. Each propeller consists of four anti-parallel β-strands (A-D).
Glycosylation sites are indicated by N513 and N116 (reproduced from
Verhaest et al., 2005).

3.2.2 Conserved motifs and mutagenesis studies in family GH32
Although family GH32 contains eight conserved domains (Chapters 2 and 3; Table 2),
very little is currently known regarding their respective functions. Several studies
focussed on amino acids directly involved in catalysis, or those in their near proximity
(see below). In the invertase of Saccharomyces cerevisiae mutagenesis studies have
shown that aspartic acid residue 23 (Asp23) acts as nucleophile, whereas the glutamic
acid at position 204 (Glu204) performs the role of general acid/base catalyst (Reddy
& Maley, 1990; Reddy & Maley, 1996). The corresponding residues in the A.
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awamori exo-inulinase and Thermatoga maritima invertase are Asp41, Glu241 (as
depicted in Fig. 4) and Asp17, Glu190, respectively (Nagem et al., 2004; Alberto et
al., 2006). The highly conserved amino acid pair Asp-Pro (Asp23 and Pro24 in yeast
invertase, domain A), and surrounding amino acids, contribute to the “β-fructosidase
motif” in GH32, GH43 and GH68, which forms part of a bigger region called the
sucrose-binding box (domain A, Table 2). This domain was shown to be important for
activity, substrate- and product specificity, in the onion 6G-FFT (Ritsema et al., 2004;
Ritsema et al., 2005). Exchanging the first 36 amino acids of 6G-FFT with that of the
onion 1-SST caused a shift from catalyzing both β-2,1- and β-2,6-linkages between
fructose and glucose moieties (producing neo-series inulin, see Fig. 1) to primarily β2,1-linkages between the fructose moieties (inulin). Also within this sucrose-binding
box, the Asn at position 84 (Asn84 in 6G-FFT) was shown to be important for product
specificity, changing it into Ser, Ala or Glu also resulted in a shift towards inulin
synthesis (Ritsema et al., 2005).
Substrate specificity also became changed in the Festuca 1-SST when
replacing Glu318 (Glu-Cys motif, domain E; Table 2) by either Ala or Asp. The
recombinant enzyme was unable to use sucrose as substrate, whereas 1-kestose was
used as both donor as well as acceptor substrate for transfructosylation (Altenbach et
al., 2005). Mutations introduced into the highly conserved Arg-Asp-Pro motif
(Arg146 and Asp147 in T. maritima invertase, domain D) resulted in total loss of
enzyme activity, confirming the importance of these residues in the active site (Reddy
& Maley, 1990; Reddy & Maley, 1996; Batista et al., 1999; Altenbach et al., 2005).
Superimposing of the structures of the 1-exohydrolase IIa (1-FEH IIa) of
Cichorium intybus (GH32) (Verhaest et al., 2005), the invertase from T. maritima
(GH32) (Alberto et al., 2004; Alberto et al., 2006), the exo-inulinase of A.awamori
(GH32) (Nagem et al., 2004) and the levansucrase of Bacillus subtilis (GH68) (Meng
& Futterer, 2003) showed that all of the catalytic residues are situated within the βpropeller domain of each protein (Alberto et al., 2006; Verhaest et al., 2005).
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4

Aspergillus niger as enzyme producer

4.1

General introduction

The fungal kingdom compromises over 1.5 million members, and they have a
profound impact on nearly all forms of life. Fungi play important roles in ecology as
well as in human, animal and plant pathogenesis. Fungal cellular physiology and
genetics share key components with animal and plant cells. These include important
factors and structures such as cell development, differentiation and cycles,
reproduction, intercellular signalling, circadian rhythms, DNA methylation, and
chromatin modification. Fungi therefore provide very interesting (model) systems to
study these processes. Apart from this, fungi have proven themselves as worthy
industrial organisms. Here, members of the Aspergilli group have particularly
attracted attention as formidable production hosts in industry (Abarca et al., 2004).
Because of the growing economical importance of the black Aspergilli, proper
classification systems needed to be set in place. Classification of Aspergilli was
classically based on morphological traits and characteristics of these organisms. The
major criteria used in classification isolates were (a) the colour of conidial heads, (b)
stalk surface and colour, (c) shape of vesicles and (d) absence or presence of metulae,
a structure below the phialides (conidiogenous cells producing conidia). However,
this group of fungi displayed a high degree of variability in their morphological and
physiological characteristics. These variations caused difficulty in classification of
this group, brought on by genetic and environmental factors, as well as the presence
of simple mutations (for review see (Abarca et al., 2004). Using restriction fragment
length polymorphism (RFLP) patterns, Kusters-van Someren (1991) examined 23
isolates from the A. niger aggregate group and divided them into two different
species: A. niger and A. tubingensis. Apart from making use of RFLP analysis on
ribosomal DNA, this method of classification was supported by using probes made
from several pectin lyase genes (present in all A. niger strains) in a southern blot
analysis approach.
A. niger is a filamentous fungus belonging to the subdivision Deuteromycotina
(Imperfect fungi), meaning that the fungus can only asexually reproduce by means of
conidiation (Gams et al., 1985). Within this subgroup, A. niger belongs to the class of
the Hyphomycetes, which produces conidiophores. These structures are non-septate
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morphological structures consisting of a conidial head and stalk, making up the
conidiophore. Conidia are produced from the tips phialides, and form an unbranched
chain (Fig. 6). A. niger is part of the black Aspergilli group, and are commonly found
in soil and on decaying plant material. By converting resistant plant polysaccharides
such as cellulose and pectin into small oligosaccharides and eventually into single
sugar molecules, fungi such as A. niger play an important role in carbon cycling. In
the agricultural sector, however, members of the Aspergilli group are also responsible
for spoilage of vegetable crops (Tournas, 2005).

Figure 6.

Macro and micro morphology of Aspergillus niger. (A) Macro
morphology of A. niger on solid culture media (CYA agar). (B)
Macrograph of the conidial heads. (C) Conidiophores, viewed at 200 x
and 900 x (D) magnification. (E) Unbranched chains of conidia.
Reproduced with permission from Dr. R.A. Samson, Fungal
Biodiversity Centre (CBS), Utrecht, The Netherlands.
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A. niger is an important industrial organism, and has been the subject of research for
several decades. Since A. niger holds the GRAS (Generally Regarded As Safe) status
with the US Food and Drug Administration (FDA), it is the preferred production
organism for a range of different products (Abarca et al., 2004). Since the 1960’s, it
has been exploited in the food industry, especially for its ability to produce a vast
range of enzymes, usually in large quantities. A. niger is also well known for its
ability to produce citric-, gluconic- as well as fumaric acid, all industrially important
acids and used in many applications in today’s modern life (Abarca et al., 2004).
Various production and strain improvement processes have been applied to date,
making A. niger a formidable production organism. Even in the field of heterologous
protein expression, A. niger has excelled, producing large quantities of foreign
proteins from various organisms (for review see Punt et al., 2002). Because of its
major importance, the Dutch company DSM, active in the production of various
enzymes and acids using A. niger, had determined the complete genome sequence of
their A. niger production strain (CBS513.88) and completed the annotation by 2002.
Recently, the annotation of the whole genome sequence was published by Pel et al.
(2007).
Amongst the large quantities of proteins produced by this organism, it also
contains an array of carbohydrate modifying enzymes (Pel et al., 2007). Enzymes
identified in the genome of A. niger and various other Aspergilli indicate that these
filamentous fungi are well equipped to metabolise these substrates (see Table 2).

4.2

The A. niger genome sequence

In recent years, fungal biotransformation contributed to the production of essential
antibiotics, metabolites as well as various enzymes. In order to harness the full
potential of this diverse group, a better understanding of their genetic makeup is
needed. In 1996 the genome sequence of the first member of the fungal kingdom,
Saccharomyces cerevisiae, was made publicly available (Goffeau et al., 1996). Since
then, several different fungal genome sequences became available through joint
projects and collaborations (Galagan et al., 2005b). These include representatives of
all major fungal groups (ascomycetes, basidiomycetes, zygomycetes, chytrids),
allowing in-depth comparison of specific traits. Currently, only few genome
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sequences are available from the Aspergillus group (Galagan et al., 2005a; Machida et
al., 2005; Nierman et al., 2005). The genome sequence of A. niger became publicly
available in 2007 (Pel et al., 2007). Sequencing of the genome was performed by
BioMax (Germany), as appointed by the Dutch company DSM (www.dsm.com). As
part of our collaboration with DSM within CarbNet and the IOP-Genomics program,
we gained access to the full genome sequence of A. niger before public release. This
enabled us to do extensive in silico mining for putative enzymes involved in the
metabolism of carbohydrates, with special focus on sucrose and fructan modifying
enzymes, the subject of this thesis. A concise overview of the sequencing project will
follow. For details see Pel et al. (2007).
The genome of A. niger CBS 513.88 was sequenced using a large ordered set
of bacterial artificial chromosomes (BACs) in a process called BAC walking. A total
of 14,165 predicted open reading frames, in a total genome size of 33.9 Mb, were
identified. Strong function predictions were made for 6,506 of these annotated open
reading frames. A total number of 1,069 metabolic reaction pathways were identified,
indicating the versatility of metabolism of this organism to utilize a large range of
substrates. With regards to biopolymer degradation, A. niger CBS 513.88 contains a
large set of enzymes capable to hydrolyze or modify these substrates. In CarbNet,
further studies aim to proof the biochemical function of these enzymes. A summary of
the in silico identified enzymes are depicted in Table 3. Further characteristics of
these enzymes are reported in subsequent chapters of this thesis.

4.3

A brief overview

With the availability of the full genomic sequence, we set forth to elucidate the true
diversity of fructan modifying enzymes present in the genome of A. niger. Focus was
further placed on the diversity and expression analysis of GH32 enzymes in A. niger,
identified from exhaustive in silico genome mining studies (Chapter 2; Yuan et al.,
2006). Subsequent chapters report the genetic and biochemical characterization of the
putative intracellular invertase (SucB) (Chapter 3; Goosen et al., 2007) and the
extracellular exo-inulinase (InuE) (Chapter 4; Goosen et al., submitted for
publication). In each chapter, the relevant data and findings are reported and discussed
aiming to elucidate the relevance and physiological functions of these enzymes.
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Finally, the results obtained are summarized and discussed (Chapter 5). Taking all
these aspects into consideration, this thesis provides a better insight into GH32
enzymes in A. niger in general, their diversity and biochemical characteristics.
Furthermore, additional mutagenesis studies aimed to further clarify the importance of
conserved residues present in this enzyme family, and will lay the basis for future
research in this field.

Table 3.

Comparison of all carbohydrate acting enzymes identified in currently
sequenced Aspergilli (taken from Pel et al., 2007. See Appendix 1).

Enzyme
β-glucosidase
β-galactosidase
β-mannosidase
β-glucuronidase
exo- β -Dglucosaminidase
β-glucosidase
β-xylosidase
β-Nacetylhexosaminidase
β-1,4-endoglucanase
β-1,4-endomannanase
exo-1,3-β-glucanase
endo-1,6-β-glucosidase
endoglycoceramidase
cellobiohydrolase
(non- reducing end)
cellobiohydrolase
(reducing end)
β-1,4-endoglucanase
β-1,4-endoxylanase
β-1,4-endoxylanase
xyloglucan-active β1,4- endoglucanase
α-amylase
α-1,6-glucosidase
α-1,3-glucan synthase
GPI-anchored αamylase- like

GH
family
GH1
GH2
GH2
GH2
GH2

A. niger

A. nidulans

A. fumigatus

A. oryzae

3
0
3
3
0

3
3
3
3
0

5
2
2
1
2

3
1
3
2
1

GH3
GH3
GH3

12
2
3

15
3
2

12
2
3

16
5
2

GH5
GH5
GH5
GH5
GH5
GH6

4
1
4
0
1
2

4
6
3
1
1
2

6
2
2
1
2
1

4
2
3
2
2
1

GH7

2

2

2

2

GH7
GH10
GH11
GH12

0
1
4
3

1
3
2
1

2
4
3
4

1
4
4
4

GH13
GH13
GH13
GH13

4
2
5
3

3
2
2
3

2
5
3
3

3
5
3
2
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intracellular αamylase-like
glycogen debranching
enzyme
glucoamylase
endomannanase
α-galactosidase
endopolygalacturonase
endorhamnogalacturonase
exo-polygalacturonase
exorhamnogalacturonase
xylogalacturonan
hydrolase
α-L-fucosidase
α-glucosidase
α-xylosidase
endo-inulinase
exo-inulinase
invertase
β-galactosidase
α-galactosidase
α-Larabinofuranosidase
endoarabinanase
β-xylosidase
β-1,4-xylosidase/αarabinofuranosidase
galactan 1,3-βgalactosidase
β-1,4-endoglucanase
α-Larabinofuranosidase
endo-1,4-β-galactanase
α-Larabinofuranosidase
β-1,4-endoglucanase
arabinoxylan
arabinofuranohydrolase
α-glucuronidase
endoglucanase
α-L-rhamnosidase
d-4,5 unsaturated

GH13

2

1

1

2

GH13

2

2

1

2

GH15
GH26
GH27
GH28

2
1
5
7

2
3
3
3

5
0
5
4

3
1
3
4

GH28

6

1

2

6

GH28
GH28

4
3

3
1

3
2

2
4

GH28

1

1

1

2

GH29
GH31
GH31
GH32
GH32
GH32
GH35
GH36
GH43

1
7
0
1
1
3
5
2
2

0
9
1
0
1
1
4
4
3

0
6
1
1
1
2
5
4
3

0
10
1
0
0
4
6
3
3

GH43
GH43
GH43

4
2
1

4
5
1

6
2
4

6
5
3

GH43

1

2

1

3

GH45
GH51

0
3

1
2

1
2

0
3

GH53
GH54

2
1

1
1

1
1

1
1

GH61
GH62

7
1

9
2

7
2

8
2

GH67
GH74
GH78
GH88

1
1
8
1

1
2
8
2

1
2
6
2

1
0
8
3
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glucuronyl hydrolase
exo-arabinanase
GH93
0
α-L-fucosidase
GH95
2
Rhamnogalacturonyl GH105
2
hydrolase
pectate lyase
PL1
1
pectin lyase
PL1
5
pectate lyase
PL3
0
rhamnogalacturonan
PL4
2
lyase
pectate lyase
PL9
0
rhamnogalacturonan
PL11
0
lyase
acetyl xylan esterase
CE1
1
feruloyl esterase
CE1
1
unknown esterase
CE1
1
pectin methylesterase
CE8
3
rhamnogalacturonan
CE12
2
TOTAL
171
Secreted
131 (77%)
Intracellular
40 (23%)
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2
3

3
2
2

3
3
2

3
5
5
4

2
4
3
3

4
8
3
4

1
1

1
0

1
0

1
1
1
3
2
186
134 (72%)
52 (28%)

2
0
2
4
2
186
124 (66%)
62 (34%)

1
2
2
5
4
217
159 (73%)
58 (27%)

