University of Groningen

Identification and characterization of glycoside hydrolase family 32 enzymes from Aspergillus
niger
Goosen, Coenie

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Goosen, C. (2007). Identification and characterization of glycoside hydrolase family 32 enzymes from
Aspergillus niger. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

Identification and Characterization of
Glycoside Hydrolase Family 32 Enzymes
from Aspergillus niger

Coenie Goosen

Coenie Goosen

Identification and characterization of glycoside hydrolase family 32 enzymes
from Aspergillus niger

The work described in this thesis was carried out at the Centre for Carbohydrate
Bioprocessing (CCB), a collaboration between the Business Unit Food and
Biotechnology Innovations of TNO Quality of Life, and the Microbial Physiology
Department of the Groningen Biomolecular Sciences and Biotechnology Institute
(GBB) of the University of Groningen.

This work was funded by SenterNovem NL (IOP Genomics Programme IGE
01021) and the Groningen Biomolecular Sciences and Biotechnology Institute
(GBB). The author gratefully acknowledges financial support from Royal Cosun
(CFTC), TNO and the GBB for printing of this Ph.D. thesis.

The author wishes to thank:
* Karel Habets for the front and back cover artwork.
* Marrit Habets for the cover and bookmark design.

RIJKSUNIVERSITEIT GRONINGEN

Identification and Characterization of
Glycoside Hydrolase Family 32 Enzymes
from Aspergillus niger

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen
op gezag van de
Rector Magnificus, dr. F. Zwarts,
in het openbaar te verdedigen op
vrijdag 21 september 2007
om 13:15 uur

door
Coenie Goosen
geboren op 3 februari 1975
te Pretoria, Zuid-Afrika

Promotores:

Prof. dr. L. Dijkhuizen
Prof. dr. M.J.E.C van der Maarel

Beoordelingscommissie:

Prof. dr. A.M. Driessen
Prof. dr. I.J van der Klei
Prof. dr. J. Hille

Prelude
From humble beginnings as scientist in a (very) small private company, I started my
journey to big Europe, putting my feet firmly down on the soil of Amsterdam.
Experiencing an international flight for the first time, followed by a two and a half
hour train ride to (what seemed to me) the end of the earth, I greeted the brisk winters
sunshine in Groningen. Well, my journey did not start out smoothly: my luggage got
delayed at Frankfurt airport, so, there I was, South African meeting the European
winter with nothing more than jeans and a T-shirt. In the following weeks I quickly
adapted to understanding and communicating (in my own way) in Dutch, a language
closely related to my mother tongue Afrikaans, and started to wind myself into the
everyday life of Groningen.
During my stay in Groningen I have met a group of interesting and motivated
colleagues from different geographical backgrounds: Dutch, German, Polish, and
Spanish, to name but a few. During my years of research at the Centre for
carbohydrate Bioprocessing (CCB) I have experienced and learned a lot from these
people, both on scientific as well as personal level. As always, there are too many
names to mention, but, I would like to highlight a few: First of all, my promotors
Lubbert and Marc, and my previous supervisor Gert-Jan..thank you for your
enthusiasm (when times got tough), support and guidance through the past few years.
Francois, my old University of Pretoria partner in crime, and very close friend (and
paranimf!)..thank you for your great ideas when I got stuck in the abyss of scientific
research, and most of all, for your friendship. Marta, my other paranimf..thank you for
your friendship..you made this South African boytjie respect the fiery patriotism of
the Catalans! My Irish friend Ronan (ROC, as ever present on his tip boxes) - thanks
for great times watching rugby, having the occasional creamy pint (G-force) and
being a terrific tour guide during our visit to the emerald isle. Rachel, thanks for your
enthusiasm and support during our collaboration in this project, and for your advice
when I needed an objective view and support. Lukasz, Slavko (Slavvie), Kamila,
Pieter, Wieger (ladies☺) and all members of Micfys..what can I say..it was a pleasure
to work with all of you! To my two students, Derma and Jolanda..nice job done guys
☺!

Outside of the CCB I have enjoyed the support from many people. Again I would like
to mention a few: Jolande..through good and tough times you have always supported
and believed in me. I thank you from the bottom of my heart. To my parents, Hans
and Alet, brother and sister Hardie (Boerie) and Marli, and brother and sister in law,
Johan (Swarrie) and Liani..BAIE dankie vir julle ondersteuning en liefde. Julle is my
rotsfondasie. Karel and Tineke Habets, thank you for all your support and help, and
making me feel at home. To the love in my life: Marrit..thank you for your love and
all your support…Lief vir jou!. Finally, to my heavenly Father, for guiding and
carrying me on this path.

Contents
Page
Chapter 1
General introduction to the project

1

Chapter 2
Database mining and transcriptional analysis of genes encoding
inulin-modifying enzymes of Aspergillus niger

25

Chapter 3
Molecular and biochemical characterization of a novel intracellular
invertase from Aspergillus niger with transfructosylating activity

55

Chapter 4
Exo-inulinase of Aspergillus niger n402: a hydrolytic enzyme
with significant transfructosylating activity

77

Chapter 5
Samenvatting en conclusies

97

Chapter 6
Summary and concluding remarks

109

Chapter 7
Samevatting en konklusies

119

Appendix 1
Genome sequencing and analysis of the versatile cell factory
Aspergillus niger CBS 513.88

129

References

141

Chapter 1

CHAPTER 1

1

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.

Microbial Physiology
Univ. of Groningen
Microbial Physiology
Univ. of Groningen

In silico search for fructanases
(DSM sequence database)
Biophysical
Chemistry,
Univ. of
Groningen

Cloning of
putative enzymes

cDNA library
screening

Protein over-expression and
purification

Crystallography

Kinetics/ product analysis
3D structure determination
Univ. of Leiden
Univ. of Wageningen

Assemble data from expression
analysis

Propose a network of enzymes involved in
sucrose- and fructan modification

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
4
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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.

Glucose

(A)

(B)

Glucose
Fructose
Fructose

1

1
6

2

2

Fructose

(C)
2

Fructose

2

1

6
2

Fructose

2

1
Fructose

(D)

Fructose

1
Glucose
Glucose

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;
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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
11
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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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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%)
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Abstract
As a soil fungus, Aspergillus niger can metabolize a wide variety of carbon sources,
employing sets of enzymes able to degrade plant-derived polysaccharides. In this
study the genome sequence of A. niger strain CBS 513.88 was surveyed, to analyse
the gene/enzyme network involved in utilization of the plant storage polymer inulin,
and of sucrose, the substrate for inulin synthesis in plants. In addition to three known
activities, encoded by the genes suc1 (invertase activity; designated sucA), inuE (exoinulinase activity) and inuA/inuB (endo-inulinase activity), two new putative
invertase-like proteins were identified. These two putative proteins lack N-terminal
signal sequences and therefore are expected to be intracellular enzymes. One of these
two genes, designated sucB, is expressed at a low level, and its expression is upregulated when A. niger is grown on sucrose- or inulin-containing media.
Transcriptional analysis of the genes encoding the sucrose- (sucA) and inulinhydrolysing enzymes (inuA and inuE) indicated that they are similarly regulated and
all strongly induced on sucrose and inulin. Analysis of a ∆creA mutant strain of A.
niger revealed that expression of the extracellular inulinolytic enzymes is under
control of the catabolite repressor CreA. Expression of the inulinolytic enzymes was
not induced by fructose, not even in the ∆creA background, indicating that fructose
did not act as an inducer. Evidence is provided that sucrose, or a sucrose-derived
intermediate, but not fructose, acts as an inducer for the expression of inulinolytic
genes in A. niger.
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1. Introduction
Inulins are linear polymers of fructose residues (fructans), which are primarily linked
by β-2,1-glycosidic bonds, and usually followed by a terminal glucose moiety. Inulin
is present as storage polysaccharide in roots and tubers of plants such as Jerusalem
artichoke, chicory and dahlia (Cairns, 2003). Its presence has also been implicated in
protection against water deficit in dry and cold conditions (Hendry & Wallace, 1993;
Pilon-Smits et al., 1995). Inulin in plants is synthesized by the concerted action of two
fructosyltransferases, with sucrose as the primary fructosyl donor (see for review
Ritsema & Smeekens, 2003). Inulin has attracted considerable research attention
because it is a relatively inexpensive and abundant substrate for the production of
fructose-rich syrups, as well as a source for the production of fructo-oligosaccharides
(FOS). Both fructose syrups and FOS are regarded as ‘functional foods’ since they
positively influence the composition of the intestinal microflora (Yun, 1996;
Roberfroid & Delzenne, 1998; Kaplan & Hutkins, 2003).
Yeasts and filamentous fungi employ various enzymes to degrade inulin and
sucrose (Pandey et al., 1999). Apart from displaying substrate hydrolysis, some of
these enzymes can also perform transfructosylation reactions, producing the
trisaccharide 1-kestose from sucrose (Rehm et al., 1998; Sangeetha et al., 2004; Yanai
et al., 2001) and even longer fructo-oligosaccharides (Heyer & Wendenburg, 2001).
Currently, all known fungal inulin-modifying enzymes are grouped together in family
32 of glycoside hydrolases (GH32) (http://afmb.cnrs-mrs.fr/CAZY/index.html)
(Coutinho & Henrissat, 1999). Members of family GH32 share conserved amino acid
motifs and possess a similar three-dimensional protein structure (Pons et al., 1998;
Alberto et al., 2004; Nagem et al., 2004). Aspergillus niger degrades inulin using both
endo-inulinases (EC 3.2.1.7), encoded by the inuA and inuB genes (Ohta et al., 1998;
Akimoto et al., 1999), and an exo-inulinase (EC 3.2.1.80), encoded by the inuE gene
(Moriyama et al., 2003). Endo-inulinase hydrolyses inulin internally to produce
mainly inulotriose and -tetraose (Akimoto et al., 1999), whereas exo-inulinase
hydrolyses the terminal β-2,1- fructosidic bonds in both sucrose and inulin (Arand et
al., 2002; Kulminskaya et al., 2003; Moriyama et al., 2003). Invertase (bfructofuranosidase, EC 3.2.1.26), encoded by the suc1 gene (Boddy et al., 1993),
hydrolyses the β-2,1- glycosidic bond in sucrose to produce fructose and glucose
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(L’Hocine et al., 2000). A specific b-fructosyltransferase activity (EC 2.4.1.9) without
significant invertase activity has been purified from A. niger strain AS0023. This
enzyme transfers fructose residues from the non-reducing terminal β-2,1-glycosidic
bond in sucrose to another sucrose or inulin molecule to form kestose or higher
fructo-oligosaccharides (L’Hocine et al., 2000). Unfortunately, the gene encoding this
enzyme activity has not been identified and characterized yet.
Recent advances in the genome sequencing of A. niger opened possibilities to
further exploit this fungus to identify additional inulin-modifying enzymes. The full
genomic sequence of A. niger was made available to us by DSM Food Specialties
(http://www.dsm.com). Based on deduced amino acid similarities, we have identified
six putative proteins that belong to family GH32. Apart from the three known fungal
enzymes (InuA/B, InuE and Suc1), three new putative inulin-modifying enzymes
were identified. The coding sequence for one of them appears to be a pseudogene
(inuQ), while the other two genes encode intracellular invertase-like proteins that
were named SucB and SucC. The transcriptional regulation of these five putative
inulin/sucrose-modifying proteins in relation to various carbon sources has been
studied in further detail.

2.

Methods

2.1

Strains and culture conditions.

A. niger strain N402 used in this study was derived from the wild-type strain A. niger
van Tieghem (CBS 120.49, ATCC 9029) (Bos et al., 1988). The A. niger strain used
for the sequencing of the genome by DSM is CBS 513.88 (a natural derivative of
strain NRRL 3122). Strain AB4.1 is a pyrG derivative of N402 (van Hartingsveldt et
al., 1987) and was used to construct the creA deletion strain. A. niger strains were
grown in minimal medium (MM) (Bennett & Lasure, 1991) containing 7 mM KCl, 11
mM KH2PO4, 70 mM NaNO3, 2 mM MgSO4, 76 nM ZnSO4, 178 nM H3BO3, 25 nM
MnCl2, 18 nM FeSO4, 7.1 nM CoCl2, 6.4 nM CuSO4, 6.2 nM Na2MoO4 and 174 nM
EDTA. Erlenmeyer flasks of 300 ml were inoculated with 2 x 106 spores ml-1 and
incubated at 30 oC in a rotary shaker at 300 r.p.m. for 21 h. Each flask contained 100
ml MM (pH 6.5) supplemented with 0.1% (w/v) Casamino acids and 2% (w/v) carbon
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source. Glucose, sucrose (BDH Chemicals), xylose, fructose and maltose (SigmaAldrich), inulin (Sensus Frutafit, Cosun) and starch (Windmill Starch, Avebe) were
used as carbon sources. For transfer experiments, N402 was pregrown in MM
supplemented with 2% (w/v) xylose or 2% (v/v) glycerol and 0.1% (w/v) Casamino
acids for 18 h at 30 oC on a rotary shaker at 300 r.p.m. Mycelium was harvested by
suction over a nylon membrane and washed with MM without carbon source.
Aliquots of 1.5 g wet weight of mycelium were transferred to 70 ml MM containing
1% (w/v) of various carbon sources and incubated at 30 oC with agitation. Mycelial
samples were taken at different time points by harvesting over a Miracloth filter
followed by freezing in liquid nitrogen. The samples were stored at -80 oC prior to the
isolation of total RNA. Conidiospores were obtained by harvesting spores from a
plate of complete medium (minimal medium with 0.5%, w/v, yeast extract and 0.1%,
w/v, Casamino acids) containing 1% (w/v) glucose, after 4–6 days of growth at 30 oC,
using a 0.9% (w/v) NaCl solution.
Transformation of A. niger AB4.1 was as described by Punt & van den Hondel
(1992), using lysing enzymes (L1412, Sigma-Aldrich) for protoplast formation. The
bacterial strain used for transformation and amplification of recombinant DNA was
Escherichia coli XL-1 Blue (Stratagene). Transformation of XL-1 Blue was
performed by the heat shock protocol as described by Inoue et al. (1990).

2.2

Database mining of A. niger genome.

The A. niger CBS513.88 genome has been determined by random sequencing of
selected BACs to a 7.5-fold coverage. The resulting genome sequence (35.9 Mb)
consists of approximately 400 contigs, which are assembled into 19 supercontigs (Dr
N. van Peij, DSM, personal communication). The sequence of the A. niger genome
became recently available (Pel et al., 2007). Accession numbers of currently
described members of families GH32 and GH68 were selected from the
Carbohydrate-Active Enzymes server at http://afmb.cnrs-mrs.fr/CAZY/ Coutinho &
Henrissat, 1999), and the corresponding protein sequences were extracted from the
GenBank/GenPept

database

and

Swiss-Prot

database

released

at

http://www.ncbi.nlm.nih.gov/entrez/ and http:// www.expasy.org/sprot/. Sequences
were aligned with the CLUSTALW program (Thompson et al., 1994; Chenna et al.,
2003) and transformed in a hidden Markov model (HMM) profile (Eddy, 1998) with
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the HMMbuild program from the HMMer package at http:// hmmer.wustl.edu/.
Subsequently the A. niger genome was searched using the HMM profiles and the
Wise2 package from http://www.ebi.ac.uk/Wise2/. Multiple sequence alignment of
known fungal fructan-modifying enzymes, based on full-length predicted protein
sequences (Table 1), was performed using the CLUSTALW interface in MEGA 3.1
(www.megasoftware.com) with gap-opening and extension penalties of 10 and 0.2,
respectively. Bootstrap test of phylogeny was performed by the neighbour-joining
method using 1000 replicates.

2.3

Norrthern analysis

Total RNA was isolated by grinding frozen (-80 oC) mycelium in liquid nitrogen with
a pestle and mortar. Powdered mycelium (200 mg) was extracted with 1 ml TRIzol
Reagent (Invitrogen) in accordance with the supplier’s instructions. For Northern
analysis, 5 mg total RNA was incubated with 3.3 ml 6 M glyoxal, 10 ml DMSO and 2
ml 0.1 M phosphate buffer (pH 7) in a total volume of 20 ml for 1 h at 50 oC to
denature RNA. RNA electrophoresis was performed in a SEA-2000 electrophoresis
apparatus (Elchrom Scientific) at 10 oC. The RNA samples were separated on 1.5%
(w/v) agarose gel using 0.01 M phosphate buffer (pH 5) and transferred to Hybond-N
filters (Amersham) by capillary blotting. Filters were prehybridized at 65 oC for 2 h in
a solution of 0.9 M NaCl, 90 mM trisodium citrate, 1.0% (w/v) Ficoll, 1.0% (w/v)
polyvinylpyrrolidone, 1.0% (w/v) bovine serum albumin, 10 mM EDTA, 0.5% (w/v)
SDS and 100 mg ml-1 single-stranded herring sperm DNA. Hybridizations were
performed at 42 oC for 18 h in a solution of 50% (v/v) formamide, 10% (w/v) dextran
sulphate, 0.9 M NaCl, 90 mM trisodium citrate, 0.2% (w/v) Ficoll, 0.4% (w/v)
polyvinylpyrrolidone, 0.4% (w/v) bovine serum albumin, 0.4% (w/v) SDS and 100
mg ml-1 single-stranded herring sperm DNA. Blots were washed twice in highstringency washing buffer (30 mM NaCl, 3 mM trisodium citrate and 0.5%, w/v,
SDS) for 20 min at 65 oC.
Probes for the detection of the six (putative) sucrose- and fructan-modifying enzymes
of A. niger were generated using six pairs of oligonucleotide primers by PCR using A.
niger N402 genomic DNA as template (for primer sequences see supplementary
Table S1). The PCR-amplified fragments were run on an agarose gel and purified
from the gel. The purified DNA fragments were cloned into plasmid pGEMT-easy
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and sequenced to confirm their identity. Probes were generated by EcoRI digestion of
the pGEMT-easy vector containing the gene encoding the inulinolytic enzyme.
Fragments were purified from gel and [a-32P]dCTP-labelled probes were synthesized
using the Rediprime II DNA labelling system (Amersham Pharmacia Biotech)
according to the instructions of the manufacturer.

Table 1.

Fungal family GH32 proteins used for multiple sequence alignment in
Figs 1 and 2

2.4

Disruption of the carbon catabolite repressor CreA in A. niger.

The plasmid used to disrupt the creA gene was constructed as follows. The DNA
fragments flanking the creA ORF were amplified by PCR using N402 genomic DNA
as template: 1.4 kb of 59 flanking DNA and 0.9 kb of 39 flanking DNA was amplified
by PCR using primers CreAP1f and CreAP2r, CreAP3f and CreAP4r (supplementary
31

Database Mining and Transcriptional Analysis
Table S1), respectively. Each primer was adapted with a restriction site for further
cloning. The amplified PCR fragments were digested with NotI and BamHI or BamHI
and KpnI respectively, and cloned into pBlueScriptII SK to obtain plasmids pF5 and
pF3. Subsequently, pF3 was digested with BamHI and KpnI, and the fragment
obtained was ligated into BamHI- and KpnI-digested pF5 to give pF53. pF53 was
digested with SalI and BamHI and inserted with the SalI–BamHI fragment containing
the Aspergillus oryzae pyrG gene, obtained from plasmid pAO4-13 (de Ruiter-Jacobs
et al., 1989), resulting in the creA disruption plasmid pXY1.1. Plasmid pXY1.1 was
linearized with NotI and transformed into AB4.1.
Uridine-prototrophic transformants were selected by incubating protoplasts on
agar plates containing MM without uridine. Transformants were purified and genomic
DNA was isolated and analysed by PCR to identify possible ∆creA strains. Primer
pairs used to identify homologous recombination of the creA deletion construct on the
creA locus were CreAP5f and PAO10 or PAO9 and CreA6f. Primer pairs used in the
PCR to analyse the presence of the wild-type creA gene were CreAP5f and CreAP7r,
CreAP8f and CreAP6r (supplementary Table S1). Three independent creA deletion
strains with identical phenotypes were obtained and designated XY1.1, XY1.2 and
XY1.3. Strain XY1.1 was further used for analysis of the expression of inulinmodifying enzymes and we will refer to this strain as the ∆creA strain in the
remainder of the paper.
For complementation of the ∆creA strain, the creA gene, including 1.3 kb
promoter and 0.8 kb of terminator sequences, was amplified by PCR using primers
CreAP1f and CreAP6r. The PCR product of 3.5 kb was cloned into pGEMT-easy
(Promega) and co-transformed with pAN7.1 (Punt et al., 1987) to ∆creA strain XY1.1
to generate XY1.1-CreA.

2.5

Nucleotide accession numbers.

The A. niger CBS513.88 DNA sequences encoding family GH32 members, including
1000 bp upand downstream of the ORF, and their predicted protein sequences were
obtained from DSM (Dr G. Groot). The sequence data have been submitted to the
GenBank database under accession numbers DQ233218 (sucA), DQ233219 (sucB),
DQ233220 (sucC), DQ233221 (inuA), DQ233222 (inuE) and DQ233223 (inuQ).
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3.

Results

3.1

Identification of glycoside hydrolase family 32 members in the A. niger
genome.

Glycoside hydrolase families GH32 and GH68 include invertase, levanase, inulinase
and levansucrase enzymes of bacterial, fungal and plant origin (Coutinho & Henrissat
1999; Pons et al., 1998). The two families are structurally similar (clan GH-J), sharing
a similar fivefold b-propeller fold (Meng & Futterer, 2003; Nagem et al., 2004).
Protein sequences from members of families GH32 and GH68 were extracted from
the GenBank/GenPept and Swiss-Prot databases and were used to construct HMM
profiles to identify additional members in the genome of A. niger CBS513.88. Family
GH68 profiles did not return any significant matches. The family GH32 profile
returned five significant sequences. In addition to three family GH32 members
already described for A. niger – invertase (Suc1, Boddy et al., 1993), exo-inulinase
(InuE, Moriyama et al., 2003) and endo-inulinases (InuA/InuB, Ohta et al., 1998) –
two new members were identified, which were named SucB and SucC.
A neighbour-joining tree based on phylogenetic analysis of all currently
available functionally described family GH32 fungal protein sequences was
constructed. As shown in Fig. 1, four subgroups of fungal inulinolytic enzymes can be
distinguished: (i) exo-inulinases/fructosyltransferases, (ii) endo-inulinases, (iii) yeast
invertases/inulinases and (iv) invertases from filamentous fungi. The complete
inventory and the notion that these four groups are evident within the fungal GH32
enzymes had not been noticed in earlier studies in which phylogenetic trees of GH32
family proteins had been constructed (Pons et al., 1998; Moriyama et al., 2003).
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Endo-inulinase

Exo-inulinase/
Fructosyltransferases

Yeast invertase/
inulinase

Filamentous fungi
invertase

Figure. 1.

Neighbour-joining tree of functionally characterized GH32 family
members from filamentous fungi and yeast species. GH32 proteins
identified in the genome of A. niger CBS513.88 are shown in bold.
The proteins, their main activities, accession numbers, and the source
(organisms) of the protein sequences used in this alignment, are listed
in Table 1. Bootstrap values are indicated on the node of each branch.
The tree was created with MEGA 3.1 using default settings for gap and
extension penalties. The bar indicates 10% amino acid sequence
difference.

In the secondary structure of microbial GH32 proteins eight well-conserved domains
(A, B, B1, C, D, E, F and G, respectively) can be distinguished (Pons et al., 1998;
Ohta et al., 1998). Domains A, D and E (designated blocks I, II and III by Pons et al.,
2004) contain highly conserved acidic residues that are located in the active site of
members of family GH32. These highly conserved acidic domains, as well as the
other conserved domains, are also present in most of the fungal fructan-modifying
enzymes (Fig. 2).
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It has been previously reported that A. niger strain 12 contains two genes encoding
endo-inulinases that differ by only 8 of the 516 amino acids (Ohta et al., 1998). In the
genome sequence of A. niger strain CBS513.88, a single gene encoding an endoinulinase could be identified. The presence of single-copy endo-inulinase genes in A.
niger strains CBS513.88 and N402 was confirmed by Southern blot analysis (data not
shown). Sequence comparison of the endo-inulinases of strains CBS513.88 and 12
revealed that the enzyme from strain CBS513.88 displayed higher similarity to InuA
(9 amino acid differences) than to InuB (15 amino acid differences) of strain 12. The
single endo-inulinase in strain CBS513.88 has been designated InuA.
Besides the three known inulinolytic activities, two previously unknown
GH32 family members were identified in the A. niger CBS513.88 genome sequence.
Unlike the SucA, InuA and InuE proteins, SucB and SucC lack an N-terminal signal
sequence, or any other recognizable targeting signal, which suggests that the proteins
are localized intracellularly, in the cytosol. The SucB and SucC protein sequences
were

analysed

using

SecretomeP

1.0b

prediction

(http://www.cbs.dtu.dk/

services/SecretomeP- 1.0) (Bendtsen et al., 2004) to assess if these enzymes might be
secreted via a non-classical secretion pathway. Both enzymes have an NN-score close
to the threshold value of 0.6 (0.651 for SucB and 0.586 for SucC), which does not
exclude the possibility that the two proteins are secreted via a non-classical secretion
pathway. This result should be interpreted with care, as the program has been trained
using sequences of human non-classical exported proteins.
Phylogenetic analysis indicated that SucB and SucC group together with
fungal invertases (Fig. 1). Comparison of the deduced amino acid sequence of SucB
with all functionally described GH32 family proteins revealed highest identity to the
A. niger SucA protein (24% identity, 41% positives, evalue of 4 x 10-32). SucC also
displays the highest identity to the A. niger SucA protein (28% identity, 42%
positives, evalue of 2 x 10-43). Pairwise comparison indicated that SucB and SucC
have higher identity to each other (35% identity, 52% positives, e-value of 2 x 10-97)
than to any other functionally annotated GH32 family member (Fig. 1). The sucB and
sucC genes encode proteins of 617 and 601 amino acids respectively, and contain all
conserved domains (A–G), including the conserved acidic residues in domains A, D
and E (Fig. 2).
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Figure. 2.
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Conserved domain alignment of family GH32 enzymes from
filamentous fungi and yeast species. Conserved residues are shaded by
different intensities based on homology level in the alignment. Black,
100% homology; dark grey, ≥75% homology; light grey, ≥50%
homology; very light grey, ≥33% homology. Conserved acidic residues
are indicated with an asterisk (*). The eight conserved domains (A, B,
B1, C, D, E, F and G) are indicated at the top. Proteins used are also
shown in Fig. 1 and listed in Table 1.

3.2

Identification of glycoside hydrolase family 32 members in other
fungal genomes

The genomes of the ascomycete fungi Aspergillus nidulans, Aspergillus fumigatus,
Neurospora crassa, Gibberella zeae and Magnaporthe grisea and the basidiomycete
fungus Ustilago maydis were analysed for the presence of GH32 family members.
The results are summarized in Table 2 and a phylogenetic tree is available as
supplementary Fig. S1.
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A. nidulans contains two genes that encode proteins belonging to the GH32
family. AN5012.2 displays the highest identity to the A. niger InuE and probably
represents the extracellular A. nidulans sucrose-hydrolysing activity described by
Vainstein & Peberdy (1990, 1991). An invertase similar to the A. niger SucA protein
appears to be absent in A. nidulans. The second member of the GH32 family
(AN3837.2) has high identity to the A. niger SucB protein (Table 2). As in A. niger,
the protein is predicted to be intracellular in A. nidulans, as an N-terminal signal
sequence is not present. Orthologues of an endo-inulinase (InuA-like) or a second
intracellular invertase-like protein (SucC-like), as found in A. niger, were not found in
the A. nidulans genome. A. fumigatus contains four genes that encode proteins
belonging to the GH32 family. Based on the sequence alignments, Afu5g00530 and
Afu5g00480 are likely to encode the endo- and exo-inulinases, respectively.
Afu6g05000 is highly similar to the A. niger SucB protein and also predicted to be
intracellularly localized. The fourth GH32 family member, Afu2g01240, shows the
highest sequence identity to yeast-like invertases, also reflected in the neighbour
joining tree (Fig. S1). N. crassa contains only a single GH32 family member. This
protein displays the highest sequence identity with β-fructofuranosidases of bacterial
origin (Bacillus megaterium FruA; e-value 3 x 10-72) (Chiou et al., 2002) and groups
in the fungal tree together with the yeast-like invertases (Fig. S1). G. zeae (anamorph
Fusarium graminearum) contains five GH32 family members. FG08415.1 is the
putative orthologue of the A. niger SucA protein. In the original annotation, the
protein lacks an N-terminal signal sequence. However, deleting the first 81 amino
acids of the predicted protein sequence renders a protein of 619 amino acids,
containing a predicted signal sequence. FG02339.1 is most homologous to the
Saccharomyces cerevisiae Suc2 protein (e-value 3x10-82) and clusters together with
yeast-like invertases. FG03288.1 encodes a protein with high identity to the SucC
protein of A. niger. The protein is also predicted to be intracellularly localized.
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Table 2.
Fungus
A. nidulans

A. fumigatus

Inventory of GH32 proteins in genomes of filamentous fungi
ORF number

Closest A. niger

homolog

Closest functionally

AN3837.2

SucB; 1e-144

AngSucA; 1e-33

Intracellula

AN5012.3*1

InuE; 4e-166

AngInuE; 4e-166

Extracellular

Afu2g01240

InuE; 2e-70

PanInv1; 3e-79

Extracellular

Afu5g00530

InuA; 4e-183

PpuInuC; 0.0

Extracellular

Afu5g00480

InuE; 3e-169

PpuInuD; 0.0

Extracellular

Afu6g05000

SucB; 1e-182

AngSucA; 2e-36

Intracellular

N. crassa

NCU04265.2

InuE; 3e-41

BmeFruA; 3e-72

Extracellular

G. zeae

FG02067.1

InuA; 5e-05

PmaCft; 2e-09

Intracellular
Extracellular

M. grisae

U. maydis

FG02339.1

InuE; 7e-59

ScSuc2; 3e-82

FG03288.1

SucC; e-136

AngSucA;1e-50

Intracellular

FG06451.1

InuE; 4e-61

BsuSacC; 1e-72

Extracellular

FG08415.2*1

SucA; 0.0

AngSucA; 0.0

Extracellular

MG02507.4

InuE; 1e-55

KmaInu1; 3e-83

Extracellular

MG05785.4

SucA; 2e-49

AngSucA; 2e-49

Extracellular

MG07837.4

SucB; 8e-36

AsySft1; 7e-30

Extracellular

MG10748.4

SucA; 1e-08

AngSucA; 1e-08

Truncated protein; Domain
A, B1, B, C, D, F are missing

MG10767.5*1

SucA; 2e-14

AngSucA; 2e-14

Extracellular

UM01945.1

InuE; 1e-66

SpoInv1; 2e-90

Extracellular

UM03605.1

SucB; 2e-89

AngSucA; 3e-37

Intracellular

*BLASTP searches were performed with the full-length protein sequences.
†Localization

was

predicted

using

the

SignalP

3.0

Prediction

program

at

http://www.cbs.dtu.dk/services/SignalP/. Proteins with a predicted N-terminal signal sequence were
considered as extracellular proteins. Proteins lacking an N-terminal signal sequence were considered as
intracellular enzymes. ‡Annotation improved manually.

FG06451.1 shows the highest identity (e-value 1 x 10-72) to the Bacillus subtilus SacC
protein, which has levanase activity (Martin et al., 1987). FG02067.1 is an interesting
member of the GH32 gene family as it shows very limited sequence identity to the
known enzymes. It is predicted to be an intracellular enzyme and shows the highest
identity (e-value 2 x 10-09) to a cycloinulooligosaccharide fructanotransferase from
Bacillus macerans (Kim & Choi, 2001). M. grisea contains five GH32 enzymes, four
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of which cluster in a separate branch different from the other fungal proteins (Fig.
S1). One of the predicted enzymes (MG10748.4) is N-terminally truncated because
the ORF is at the end of a contig. The annotation of MG10767.4 has been improved,
resulting in a protein that contains all the conserved GH32 domains. MG02507.4
clusters in the group of yeast-like invertases (Table 2, Fig. S1), whereas the remaining
four form a distinct group with high sequence identities to each other (e-value 1 x
10-112 or lower). Three of the enzymes are predicted to be secreted; for the fourth
protein this is not known (N-terminally truncated because this ORF is at the end of a
contig). It will be of interest to characterize the biochemical properties of those
enzymes. Finally, U. maydis contains two GH32 family members. UM01945.1
encodes a protein that is most similar to yeast-like invertases, while UM03605.1
encodes a predicted intracellular protein most closely related to the A. niger SucC
protein. The comparison of the GH32 enzymes from various filamentous fungi thus
reveals that different fungi contain different repertoires for the utilization of inulin
and/or sucrose. Intracellularly located GH32 enzymes appear not to be unique to A.
niger, as the presence of these proteins is also predicted in the other fungi (Table 2).
With one exception (FG02067), these enzymes cluster as a distinct group in the
phylogenetic tree (Fig. S1).

3.3

Transcriptional regulation of inulin-modifying enzymes in A. niger

The expression of the five putative inulin/sucrose-modifying enzymes identified in the
genome of A. niger in relation to the presence of different carbon sources was studied
by Northern blot analysis. RNA was extracted from A. niger N402 mycelia grown in
minimal medium containing xylose, glucose, maltose, starch, fructose, sucrose or
inulin (all 2%, w/v) as sole carbon source. Expression of the inuE, sucA and inuA
genes could be detected only on sucrose and inulin (Fig. 3a). sucB was not only
expressed in the presence of sucrose and inulin; weak expression was also detected on
other carbon sources (Fig. 3a). sucB expression on glucose and maltose was detected
after longer exposure of the Northern blot (not shown). The detection of two different
sized mRNAs for the sucB gene suggests two different mRNA start sites, or two
different polyadenylation sites. The presence or absence of one of the two mRNAs
was not correlated with a particular carbon source. Expression of sucC was not
detected on any of the carbon sources tested (results not shown). The differences in
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expression level of the various genes (relatively low on sucrose and high on inulin)
might be caused by differences in the growth stage of the cultures. Growth of A. niger
on sucrose is much faster than that on inulin. After 21 h, the sucrose-grown culture
was in the mid-exponential phase of growth, while the inulin-grown culture was still
in the early exponential phase (data not shown).
The expression of genes encoding inulinolytic enzymes was also studied using
transfer experiments. A. niger strain N402 was pre-grown in 2% (w/v) xylose medium
for 18 h and mycelium was transferred to either 1% (w/v) inulin, 1% (w/v) sucrose or
1% (w/v) maltose medium and grown further for 2, 4, 8 and 24 h. Since the
inulinolytic genes were not expressed on xylose (Fig. 3a), this carbon source was
chosen for pre-culturing. Mycelia were isolated before the transfer (t = 0 h) and at
specific time points after the transfer (2, 4, 8 and 24 h) and total RNA was isolated
and subjected to Northern analysis. As expected, no expression of inulinolytic
enzymes was observed during growth on xylose (Fig. 4, t = 0 h). The expression of all
four genes, inuE, sucA, inuA and sucB, was induced after transfer from xylose to
sucrose and inulin (Fig. 4). No induction of any of the inulinolytic genes was
observed on maltose, although a low level of expression of inuE could be observed.
The induction of genes on sucrose was much faster and more dramatic compared to
the response to inulin, reflecting the much faster growth on sucrose than on inulin (see
above). The expression of the inuE, sucA and inuA genes decreased after 4 h growth
on sucrose, probably due to the rapid utilization or conversion of the available
sucrose. As inulin was utilized more slowly, expression levels remained higher for a
longer period. The results in Fig. 4 also indicate that, although the different genes are
co-regulated and all induced on sucrose or inulin, there were slight differences in
expression pattern. Whereas the inuE transcript remains present most abundantly at 24
h after transfer to inulin, the levels of sucA and inuA mRNA had already decreased.
We have no conclusive explanation for these observations; these differences may be
due to differences in mRNA stability, or to expression also being under control of
multiple regulatory mechanisms such as pH regulation, mediated by the PacC
transcriptional regulator, or carbon catabolite repression, mediated by the CreA
repressor protein. The presence of binding sites for PacC (5’-GCCARG-3’) (see for
review Penalva & Arst, 2002) and CreA (5’-SYGGRG-3’) (see for review Ruijter &
Visser, 1997) in the promoters of most of these genes might support the latter
explanation.
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(A)

(B)

N402

∆creA

St M G X F Su I

St M G X F Su I
- inuE
- sucA
- inuA
- sucB
- 18S

Figure. 3.

RNA

Expression analysis of A. niger inulinolytic genes in wild-type N402
(A) and the ∆creA strain (B). Total RNA was extractd from mycelia
grown for 21 h at 30 oC in MM containing 2% (w/v) of different
carbon sources. RNA (10 mg) was separated by agarose gel
electrophoresis, blotted, and hybridized with

32

P-labelled probes

specific for inulinolytic genes. St, starch; M, maltose; G, glucose; X,
xylose; F, fructose; Su, sucrose; I, inulin. Ethidium bromide staining of
18S rRNA was used as loading control.
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Inulin
2 4 8 24

0

Maltose
Sucrose
2 4 8 24 2 4 8 24
- inuE
- sucA
- inuA
- sucB
- 18S RNA

Figure. 4.

Northern blot analysis of inulinolytic genes in A. niger wild-type strain
after transfer from xylose to different carbon sources. A. niger was
pregrown in MM containing 2% (w/v) xylose and 0, 1% (w/v)
Casamino acids at 30 oC for 18 h. Total RNA was prepared from
mycelia grown for 2, 4, 8 and 24 h after transfer from pregrown culture
to fresh MM containing 1% (w/v) inulin, 1% (w/v) sucrose or 1%
(w/v) maltose; 5 mg total RNA was loaded on the gel. Ethidium
bromide staining of 18S rRNA was used as loading control.

3.4

Expression analysis of the inulinolytic genes in a ∆creA background

In the yeast Kluyveromyces fragilis, fructose has been described as an inducer of
inulinase expression (Grootwassink & Hewitt, 1983). The results shown in Fig. 3(a)
indicate that the genes encoding the inulinolytic enzymes are not expressed on
fructose in A. niger. This might be caused by the high concentration of fructose used,
resulting in carbon catabolite repression mediated by CreA. Therefore, the expression
of genes encoding inulinolytic enzymes was also examined in a ∆creA mutant of A.
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niger strain N402. A ∆creA null mutant was generated and verified as described in
Methods. The phenotype of the ∆creA strain was similar to that described for severe
creA mutants in other A. niger strains and in A. nidulans (Ruijter & Visser, 1997;
Shroff et al., 1997), including reduced radial growth and reduced conidiation (data not
shown). Transformation of the ∆creA strain with the wild-type creA gene fully
complemented the reduced growth and reduced conidiation phenotype of the ∆creA
strain (data not shown).
The expression analysis of the inuE gene in the ∆creA strain showed that the
expression of this gene was higher than in the wild-type strain, indicating that it is
under control of carbon metabolite repression. Expression of inuE was found in the
∆creA strain after growth on glucose, and to some extent on maltose and starch. This
is in contrast to the expression of inuE on xylose and fructose, which was
undetectable in both the wild-type and the ∆creA strain. Apparently, the expression of
the inuE gene requires an activator or inducer molecule and is not expressed under
derepressing (∆creA) conditions. Inspection of the 1 kb promoter sequence of the
inuE gene revealed the presence of 13 putative CreA-binding sites that might be
involved in mediating repression, but their functionality has not been studied.
Analysis of the expression of the other genes encoding inulinolytic enzymes showed a
different expression pattern in the ∆creA strain. sucA and inuA, both expressed
specifically on inulin and sucrose in the wild-type strain, were expressed at a lower
level (sucA), or not detectable (inuA) in the ∆creA strain (Fig. 3b). Expression of sucA
and inuA was not detected after growth on xylose and fructose, similar to what was
observed for inuE. In contrast to the expression profile of the inuE gene, no
expression was detected of sucA and inuA after growth on starch, maltose and
glucose. Thus, although CreA-binding sites are present in the 1 kb promoter regions
of the sucA and the inuA genes (six and five sites, respectively), the expression of
both genes does not seem to be directly controlled by CreA. Disruption of catabolite
repression in the ∆creA strain could lead to the inactivation of complex pathways,
which might bring about decreased or total loss of expression. The expression pattern
of sucB also suggests that this gene is, like inuE, under carbon catabolite repression
control. sucB is not exclusively expressed on inulin and sucrose, but also on starch,
xylose and fructose, and to a lesser extent on maltose and glucose (Figs. 3 and 4).
Expression of the sucB gene in the ∆creA background showed two remarkable
features: (i) expression of sucB in the ∆creA strain was also detected on maltose and
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glucose, in addition to the other carbon sources, indicating that CreA mediated
catabolite repression of sucB on maltose and glucose in the wild-type strain; (ii)
expression of sucB in the ∆creA background favours the transcription of the smallersized mRNA molecule. The 1 kb promoter region of sucB contains seven putative
CreA-binding sites. Expression of the sucC gene was also not detected in the ∆creA
mutant (data not shown). Clearly, the different responses of inuE, sucB and sucA/inuA
in a ∆creA mutant background suggest the involvement of additional factors other
than the presence of an inducer and repression via CreA. These might include
environmental factors such as pH, nitrogen availability and temperature.

3.5

Sucrose acts as an inducer of the inulinolytic system in A. niger

Fructose has been shown to induce expression of inulinases in the yeast K. fragilis
(Grootwassink & Hewitt, 1983). The expression analysis of the inulinolytic genes in
the wild-type A. niger strain and the ∆creA strain after growth on fructose did not
result in detectable expression of any of the genes, indicating that fructose is not the
inducing molecule for expression (Fig. 3). Further evidence that fructose did not act
as an inducer for the expression of the inulinolytic genes was obtained in a transfer
experiment. Wild-type A. niger strain N402 was pregrown in 2% (w/v) glycerol
minimal medium for 18 h and mycelium was transferred to minimal medium
containing decreasing concentrations of fructose: 50 mM, 5 mM, 500 mM, 50 mM, 5
mM, 500 nM, 50 nM, 5 nM, and no carbon sources. As shown in Fig. 5(a), this
gradual decrease in fructose did not result in expression of the different inulinolytic
genes, not even after 4 h of growth. A similar transfer experiment was performed to
medium containing sucrose in an identical concentration series. As expected, sucrose
induced expression of the genes encoding the inulinolytic enzymes (Fig. 5b). The
induction of inuE, sucA, inuA and sucB reached the highest level at 50 mM sucrose,
indicating that some form of repression at high sucrose concentrations may exist, e.g.
catabolite repression by released glucose from sucrose hydrolysis. The addition of 50
mM or 5 mM of glucose, 1-kestose or 1-nystose did not trigger induction of the
inulinolytic system (data not shown).
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RNA

Northern blot analysis of genes encoding inulinolytic enzymes of
A. niger N402 using carbon-shift experiments. A. niger was pregrown
in MM containing 2% (w/v) glycerol at 30 oC for 18 h. Total RNA was
prepared from mycelia grown for 4 h after transfer to fresh MM
containing concentrations of fructose (A) or sucrose (B) as indicated; 5
mg total RNA was loaded on the gel. Ethidium bromide staining of
18S rRNA was used as loading control.

4

Discussion

The availability of the A. niger genome sequence and subsequent search for
inulinolytic enzymes using HMM profiles generated for GH32 family members has
allowed identification of five putative enzymes acting on inulin and/or sucrose in the
genome of A. niger. A sixth gene was identified, but considered as a pseudogene
because of the various stop codons that were present in the predicted ORF. In addition
to three extracellular inulinolytic activities of A. niger, the invertase encoded by the
suc1 gene, the exoinulinase encoded by the inuE gene, and the endo-inulinase activity
encoded by the inuA gene, two additional genes, sucB and sucC, were identified. We
will briefly discuss the different enzymes in the genome of A. niger strain CBS513.88
in relation to previously identified enzymic activities in Aspergillus spp. and in
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relation to their activity. The A. niger invertase activity has been shown to be encoded
by the suc1 gene (Boddy et al., 1993). The Suc1 protein from A. niger strain B60 has
been described as a 566 amino acid protein; its protein sequence is identical to that of
the SucA protein encoded by the genome of A. niger CBS513.88. The Suc1 protein
groups in the phylogenetic tree with the previously described fructosyltransferase
FopA (Yanai et al., 2001). FopA was originally published as an enzyme from A. niger
strain ATCC 20611, but this strain has been reclassified as an Aspergillus japonicus
strain (ATCC culture collection database; http://www.lgcpromochem-atcc.com/).
Compared to the Suc1 protein sequence (Boddy et al., 1993), FopA has an extra Cterminal extension consisting of 38 amino acids (Yanai et al., 2001). We have reexamined the suc1 coding region and from that analysis we predict the existence of a
55 bp intron sequence 1 bp upstream of the termination codon. Taking the intron
sequence into account, the Suc1 protein is predicted to become 39 amino acids longer
than the sequence published by Boddy et al. (1993). To verify our prediction, the suc1
cDNA was amplified using RT-PCR and sequenced, which confirmed the presence of
the intron (data not shown). We have renamed the suc1 gene as sucA, to meet the
general nomenclature rules for A. niger. Although the A. niger SucA protein is 67%
identical to the FopA protein, and both proteins cluster in the same branch of the
phylogenetic tree, the enzymic activities of the two proteins appear to be different.
FopA displays a much higher fructosyltransferase activity than Suc1 from A. niger
strain B60 (Yanai et al., 2001). SucA, which is identical to Suc1, is therefore likely to
encode a fructofuranosidase lacking any detectable fructosyltransferase activity under
the given assay conditions. A second fungal fructosyltransferase-encoding gene was
identified in Aspergillus sydowi (sftA) (Heyer & Wendenburg, 2001), which clusters
with FopA and SucA (Fig. 1). The sftA gene was only expressed in the conidia of A.
sydowi, and its product SftA is capable of producing fructo-oligosaccharides up to 40
fructose units long (in vitro). High-molecular-mass polymers were detected when
intact conidia were incubated with sucrose as substrate. Unexpectedly, these two
transferases (SftA and FopA) did not show a higher sequence identity to each other
than to SucA. Our sequence alignment did not reveal any obvious differences between
the proteins that could explain their different reaction specificities. SucA orthologues
were not identified in the genomes of A. nidulans and A. fumigatus.
A surprising finding was the presence of only one copy of an endo-inulinase gene in
the A. niger genomes of strain CBS513.88 and N402. Previous studies with A. niger
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strain Fig. 5. Northern blot analysis of genes encoding inulinolytic enzymes of A.
niger N402 using carbon-shift experiments. A. niger was pregrown in MM containing
2% (w/v) glycerol at 30 6C for 18 h. Total RNA was prepared from mycelia grown
for 4 h after transfer to fresh MM containing concentrations of fructose (a) or sucrose
(b) as indicated; 5 mg total RNA was loaded on the gel. Ethidium bromide staining of
18S rRNA was used as loading control. http://mic.sgmjournals.org 3069 Genes
encoding inulin-modifying enzymes of A. niger 12 revealed the presence of two very
similar genes, inuA and inuB, both encoding endo-inulinase (Ohta et al., 1998).
Expression analysis revealed that only the inuB gene is transcribed actively (Akimoto
et al., 1999). Most likely, the presence of the two genes is a result of a recent
duplication event that is specific for A. niger strain 12 and has not occurred in A. niger
strains CBS513.88 and N402.
The inuE gene encodes a third known inulinolytic enzyme, an exo-inulinase,
characterized from A. niger strain 12 (Moriyama et al., 2003). The putative exoinulinase from CBS513.88 is 99% identical to InuE from A. niger 12 and 100%
identical to Aspergillus foetidus fructosyltransferase 1- Sst (Rehm et al., 1998); the
latter was shown to produce 1- kestose in the presence of high concentrations of
sucrose. However, Moriyama et al. (2003) did not detect transfructosylation activity
in the culture filtrate of a Pichia pastoris strain expressing inuE, although the enzyme
was incubated at substrate concentrations where transfructosylation should occur (150
mM), as reported by Rehm et al. (1998). It appears unlikely that the three amino acid
differences between 1-Sst and InuE affect reaction specificity since the differences
involve similar amino acid residues: His199Gln, Gly476Ser and Thr499Ser.
Moriyama et al. (2003) suggested that 1-Sst might be an exo-inulinase that possessed
an additional fructosyltransferase activity in the presence of high concentrations of
sucrose. Both proteins contain signal sequences at their N-termini and are secreted as
extracellular proteins. inuE was specifically induced on sucrose and inulin and
repressed on fructose and glucose (Moriyama et al., 2003). In view of the 100%
sequence identity of the A. niger CBS513.88 InuE and 1-Sst proteins, it is most likely
that the A. niger InuE protein also has fructosyltransferase activity. However, further
biochemical data about InuE are required. The InuE protein is also 91% identical to
the Aspergillus awamori exo-inulinase Inu1 protein (Arand et al., 2002). A. awamori
Inu1 is the only enzyme in this branch of the phylogenetic tree with levanase
(hydrolysis of b-2,6 glycosidic linkages) activity. No transfructosylation activity has
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been reported for the A. awamori Inu1 protein. The different enzymic properties of
the enzymes in this group are currently not well understood and need further
biochemical investigation.
Two new invertase-like proteins (SucB and SucC) were identified in the
genome of A. niger. As the two proteins contain all the conserved domains and the
catalytic residues of GH32 family members it is very likely that these proteins contain
sucrolytic or inulinolytic activities. Biochemical analysis of the recombinant SucB
protein expressed in E. coli indeed indicates that SucB has hydrolysing activity on
sucrose, 1-kestose and nystose as well as transfructosylation activity, resulting in the
formation of 1-kestose and nystose from sucrose and 1-kestose, respectively
(Chapter 3; Goosen et al., 2007).
Both SucB and SucC are predicted to be intracellularly localized. The current
gene models do not indicate the presence of typical hydrophobic signal sequences for
targeting the protein into the endoplasmic reticulum in order to secrete the proteins
via the secretory pathway. The algorithm (SecretomeP 1.0b prediction) used to predict
the probability that SucB and SucC are exported via a nonclassical secretion pathway
was not conclusive, as the prediction scores of the proteins were close to the threshold
values. Moreover, these values should be interpreted with care, as the program has
been trained using sequences of human non-classical exported proteins as no nonclassical protein export has been shown to be present in filamentous fungi. Also in the
genomes of other filamentous fungi GH32 family members without a predicted Nterminal signal sequence were identified (Table 2), indicating that the presence of
these intracellular enzymes is widespread among filamentous fungi and not specific to
A. niger.
The presence of carbohydrate-degrading enzymes that do not contain a signal
sequence is not limited to inulinolytic enzymes alone. In the genome of A. nidulans,
41 polysaccharide-degrading enzymes were predicted that lacked a signal sequence
(de Vries et al., 2005). The presence of these intracellular enzymes strongly suggests
that fungi are capable of transporting oligosaccharides into the cell which are
subsequently hydrolysed by the intracellular enzymes. Alternatively, these
intracellular enzymes may also possess transglycosylation activity, e.g. for the
synthesis of inducer molecules that activate transcription factors.
The genome of A. niger also contained an ORF which showed homology to the group
of exo-inulinases. However, to assemble this ORF encoding 137 amino acids,
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containing some of the conserved domains characteristic for family GH32 members,
three putative frame shifts had to be corrected. Missing domains were not found in
sequences adjacent to the predicted ORF. The genomic DNA region containing this
putative inulinase (inuQ) was amplified by PCR from CBS513.88 and N402 and resequenced, which confirmed that the original DNA sequence was the correct one
(data not shown). From this we concluded that inuQ is probably a pseudogene and not
producing a functional protein. Northern analysis of mRNA isolated from cells grown
on a variety of different carbon sources did not result in detection of inuQ mRNA,
indicating that the gene is not transcribed under the conditions tested.
Expression analysis of the five genes revealed that the genes encoding the
extracellular enzymes (SucA, InuE and InuA) are co-regulated and specifically
expressed on sucrose and inulin. It is rather surprising that the inuA gene is induced
by sucrose. Physiologically, there is no reason for the fungus to secrete this enzyme
during growth with sucrose, since the enzyme does not hydrolyse the fructose-glucose
disaccharide. However, a beneficial mechanism might have evolved, as sucrose and
inulin might often be present together in plant material. Inulin is broken down
primarily into fructose residues by the action of the exo-inulinase gene product and
into inulo-oligosaccharides by the action of the endo-inulinase. The specific
expression of sucA and inuE on inulin and sucrose is in agreement with previous
obserrvations (Wallis et al., 1997; Moriyama et al., 2003; Rehm et al., 1998). The
expression of the single endoinulinase (inuA) gene in A. niger N402 on sucrose and
inulin is different from that described for inuA (no expression observed) and inuB
(constitutively expressed on inulin, fructose and glucose) in A. niger strain 12
(Akimoto et al., 1999). Analysis of the promoter sequences of the inuA genes of the
A. niger CBS513.88 and N402 strains revealed that they contain five putative CreAbinding motifs (SYGGRG) in their first 1000 bp. creA encodes a wide-domain
regulatory protein that binds to the promoter of target genes to prevent or decrease
expression if a favourable carbon source (such as glucose or fructose) is present
(Dowzer & Kelly, 1991; Ruijter & Visser, 1997). No such binding sites were
observed when analysing the upstream sequence region of the A. niger 12 inuB gene.
This difference in the promoter sequences of inuA (A. niger CBS513.88 and N402)
and of inuB (A. niger 12) may be responsible for their different expression patterns in
relation to different carbon sources. Thus, A. niger strains CBS513.88, N402 and 12
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differ both in the number of genes encoding endo-inulinases and in the way their
expression is regulated.
Two lines of evidence led us to propose that sucrose, and not fructose, acts as
an inducer for the expression of the genes encoding the inulinolytic enzymes. First,
we showed that a low concentration of sucrose (50 mM initial concentration) induced
the expression of the genes encoding the inulinolytic enzymes. The lower expression
of the inulinolytic genes at higher sucrose concentrations suggested that sucrose (or
the hydrolysis products of sucrose: glucose and fructose) caused carbon catabolite
repression, possibly via the repressor protein CreA. The addition of 5 mM sucrose
resulted in relatively low levels of expression. Lowering the sucrose concentration
even further did not result in detectable mRNA levels of any of the genes after 4 h of
growth. At this point we can not rule out the possibility that also these lower
concentrations of sucrose might have induced expression of the inulinolytic enzymes
at earlier time points. Assuming that the mRNAs might not be very stable, we might
have missed the induction as we have analysed the expression only after 4 h. In an
identical experimental set-up, also fructose was tested as an inducer, previously
reported to act as an inducer for inulinase expression in the yeast K. lactis
(Grootwassink & Hewitt, 1983). We obtained no evidence that fructose acted as an
inducer for the expression of the inulinolytic enzymes in A. niger. Formally, it is
possible that the inulinolytic genes are induced by low influx levels of fructose which
escaped detection after 4 h of growth. The addition of low concentrations of fructose
may have resulted in starvation and the inability of the fungus to induce expression
due to a lack of energy. One could postulate that fructose can act as an inducer at low
concentrations but repress expression at higher concentrations. If this is the case,
growth of the ∆creA strain on fructose should lead to a high level of expression of the
genes encoding the inulinolytic enzymes. However, in Fig. 3(b), we show that the
inulinolytic genes are not expressed in the ∆creA strain, giving additional support that
fructose does not act as an inducer for the expression of the inulinolytic enzymes. The
results obtained from our transcriptional study fit well with the early observations by
Vainstein & Peberdy (1991) that the invertase production in A. nidulans was the
highest in sucrose medium and low in the culture fluid of fructose-grown mycelia.
These findings indicate that the expression of inulinolytic enzymes is similarly
regulated in A. nidulans and A. niger. As glucose, 1- kestose or 1-nystose did not
induce expression of the inulinolytic genes either, we suggest a mechanism by which
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sucrose is transported across the plasma membrane. Once intracellular, the sucrose
molecule, or a derivative of it, acts as an inducer to activate a transcription factor to
drive the expression of the inulinolytic genes. Current research is aimed at the
identification of transcriptional activator(s) involved in the activation of expression of
inulinolytic and/ or sucrolytic enzymes, and to determine the possible role of the
intracellular sucB gene during growth on inulin and sucrose.
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Table S1.

Primers used in this study

Primer name Sequence 5’ to 3’
InuEP1f

CTGGTGGCATCGAGTGGGG

InuEP2r

GTGGCGGGGAATGGCCAT

InuAP1f

TGGATGAACGAGCCAAACG

InuAP2r

ACGGCCTCTCCTTGTCCGCCA

SucAP1f

ATGAAGCTTCAAACGGCTTC

SucAP2r

AAGATACTCACCGAACCCAA

SucBP1f

CTCCGAATGCCCTGACTGCTA

SucBP2r

GGGTCTGAAAGGGCTGGTTT

SucCP1f

GGAACGCAGCCGGTTTAT

SucCP2r

GCTAACACCAAGCGAGACGG

InuQP1f

TGTATCAGAATCCGCGGT

InuQP2r

TAGTCCGGTGCGAATACG

CreAP1f

TTGCGGCCGCCGACACCCAACAATACGGG

CreAP2r

CGGGATCCCGGTCGACGCATGTGAAGCTTGTCCCAA

CreAP3f

CGGGATCCTCAGCCACACGTTGGTTTG

CreAP4r

GGGGTACCGGGAATGGTCTGGTCTCCGT

CreAP5f

CCTTACAGCTTTACCTTAC

CreAP6r

GTAAAGTACCCCGACTGC

CreAP7r

CGACGCCATGTTGGAGTTC

CreAP8f

AGTCCTTCCCAGGGTCACCA

PAO10

TTCGCGAGACTGAATGCG

PAO9

AATGTCAATTCCAGCAGCG
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Figure. S1.

Neighbour-joining tree of GH32 family members identified in the
genomes of A. niger, A. nidulans, A. fumigatus, N. crassa, G. zeae,
M. grisea and U. maydis, together with functionally described GH32
family members from filamentous fungi and yeasts. If the fungal
protein has a highest blastp hit with a bacterial GH32 enzyme, this
enzyme was included in the tree. BmeFruA, Bacillus megaterium
FruA (AAM19071); BsuSacC, Bacillus subtilus SacC (CAA29137);
BmaCft, Bacillus macerans Cft (Q9F0I5). Proteins predicted to lack
an N-terminal signal sequence were considered as intracellular
enzymes and indicated by the grey background. Accession numbers
of the proteins are listed in Tables 1 and 2 of the main paper.
Bootstrap values are indicated at the node of each branch. The tree
was created with Mega 3.1 usingdefault settings for gap and
extension penalties. Bar indicates 10% amino acid sequence
difference.
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Abstract
A novel sub-family of putative intracellular invertase enzymes (glycoside hydrolase
family 32) has previously been identified in fungal genomes. Here we report
phylogenetic, molecular and biochemical characteristics of SucB, one of two novel
intracellular invertases identified in Aspergillus niger. The sucB gene was expressed
in Escherichia coli and an invertase negative strain of Saccharomyces cerevisiae.
Enzyme purified from E. coli lysate displayed a molecular weight of 75 kDa, judging
from SDS-PAGE analysis. Its optimum pH and temperature for sucrose hydrolysis
were determined to be 5.0 and 37-40oC, respectively. In addition to sucrose, the
enzyme hydrolyzed 1-kestose, nystose and raffinose, but not inulin and levan. SucB
produced 1-kestose and nystose from sucrose and 1-kestose, respectively. With
nystose as substrate, products up to a degree of polymerization (DP) of 4 were
observed. SucB displayed typical Michaelis-Menten kinetics with substrate inhibition
on sucrose (apparent Km, Ki, and Vmax of 2.0 (±0.2) mM, 268.1 (±18.1) mM and 6.6
(±0.2) µmol min-1 mg-1 of protein (total activity) respectively). At sucrose
concentrations up to 400 mM, FTF activity contributed approximately 20-30% to total
activity. At higher sucrose concentrations, FTF activity increased up to 50% of total
activity. Disruption of sucB in A. niger resulted in earlier onset of sporulation on solid
media containing various carbon sources, whereas no alteration of growth in liquid
culture media was observed. SucB thus does not play an essential role in inulin or
sucrose catabolism in A. niger, but may be needed for intracellular conversion of
sucrose to fructose, glucose, and small oligosaccharides.
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1.

Introduction

Fructans and fructooligosaccharides (FOS) consist of a chain of fructose molecules
linked to a terminal glucose residue. These fructose monomers are linked by either β
2,1 (inulin) or β 2,6 (levan) glycosidic bonds. Inulin and levan have several favorable
properties which make them commercially interesting for applications in
pharmaceutical- and food industries (Vijn & Smeekens, 1999). In the human digestive
track, FOS are almost exclusively fermented by bifidobacteria and lactobacilli, which
have beneficial health effects (May et al., 1994; Tannock, 1997; Sghir et al., 1998).
Commercially, FOS are produced by the enzymatic hydrolysis of inulin isolated from
plants, primarily chicory and Jerusalem artichoke (Vijn & Smeekens, 1999).
Alternatively, sucrose can be converted into FOS, using a range of different
transfructosylating enzymes, originating from plants, bacteria and fungi (Vijn &
Smeekens, 1999). FTF and hydrolytic enzymes belong to glycoside hydrolase families
(GH) 32 and 68 (Coutinho & Henrissat, 1999) constituting enzyme clan GH-J, based
on shared conserved domains (Nagem et al., 2004). These enzymes have been
reported to be present in a variety of plants, bacteria and fungi (Vijn & Smeekens,
1999). FOS synthesis has been reported for the commercially important fungus
Aspergillus niger, reflecting a side reaction of an invertase (EC. 3.2.1.26; (Somiari et
al., 1997; this chapter)) or as the result of the activity of a specific fructosyltransferase
(EC. 2.4.1.9; (L’Hocine et al., 2000)). Nguyen et al. (1999) reported the presence of
an intracellular invertase in A. niger IMI303386, grown on sucrose or inulin as sole
carbon source. The purified enzyme produced free glucose and fructose from sucrose
hydrolysis, as well as 1-kestose and nystose from sucrose FTF. However, the gene
encoding this enzyme has not been identified and characterized. Yanai et al. (2001)
reported characteristics of an extracellular β-fructofuranosidase from A. niger 20611.
This enzyme displayed increased FTF activity compared to other known Aspergillus
invertases. The strain was, however, later reclassified as Aspergillus japonicus ATCC
20611. The true identity, diversity, and characteristics of invertases and FTF enzymes
present in A. niger thus remained to be determined.
Recently, the complete genome sequence of A. niger has become available
(Pel et al., 2007) and was analyzed for putative sucrose and fructan-modifying
enzymes (Yuan et al., 2006; Chapter 2). In addition to sucA, encoding the previously
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characterized extracellular invertase (Boddy et al., 1993), two novel putative invertase
genes were identified (sucB and sucC) (Fig. 1). The sucB (but not the sucC) gene was
(constitutively) expressed at a low level on starch and xylose, and up-regulated in the
presence of sucrose and inulin (Yuan et al., 2006; Chapter 2). Orthologues of these
genes have also been identified in other fungal genomes (see below). We have cloned
and heterologously expressed the A. niger sucB gene, allowing a biochemical
characterization of the purified enzyme. An A. niger sucB gene disruption strain was
constructed to determine whether this novel intracellular invertase enzyme plays a
significant role in growth on sucrose and inulin. This paper reports on the
phylogenetic, molecular and biochemical characterization of SucB. The data show
that in addition to invertase activity, SucB displays transfructosylating activity.

2.

Materials and methods

2.1

Phylogenetic analysis

The complete amino acid sequence of SucB (DQ233219) (39) was blasted against the
protein database at Swissprot (http://www.ncbi.nlm.nih.gov/BLAST/).

Identified

sequences containing family GH32 domains (http://afmb.cnrs-mrs.fr/CAZY/) were
aligned

with

SucB

(CLUSTALW

interface

in

MEGA

3.1,

http://www.megasoftware.com) followed by Bootstrap test of phylogeny (gapopening, 10; extension penalties, 0.2; 1000 replicates). Sequence logos were created
by SequenceLogo (http://bio.cam.ac.uk/seqlogo/).

2.2

Strains, plasmids, media and growth conditions

A. niger strains N402 (Bos et al., 1988), NRRL3122 (Pel et al., 2007) and AB4.1 (van
Hartingsveldt et al., 1987) and Escherichia coli strains XL1-Blue (Stratagene, La
Jolla, Ca), TOP 10 and BL21 (DE3) STAR (Invitrogen, Carlsbad, Ca) were used in
this study. The A. niger genome sequence derived from strain CBS513.88 (a natural
derivative of strain NRRL3122). A. niger strains were grown in Aspergillus Minimal
Medium (MM, (Bennet et al., 1991)) or Complete medium (CM; MM supplemented
with 0.5% (w/v) yeast extract and 0.1% (w/v) casamino acids). Conidiospores were
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obtained by harvesting spores from a CM plate containing 1% (w/v) glucose, after 4-6
days of growth at 30°C, using a 0.9% (w/v) NaCl solution. Transformation of A. niger
AB4.1 was as described previously (Punt & van den Hondel, 1992). Cloning of sucB
was performed using Gateway cloning technology (Invitrogen) and the integrity of
constructs were verified by DNA sequencing (Baseclear, Leiden, the Netherlands).
The Gateway expression vectors pDEST17 and pYES-DEST52 were used for
expression in E. coli and the invertase negative strain of S. cerevisiae
(BY4743∆suc2).
S. cerevisiae strains were grown aerobically at 30°C in SC plus glucose media (1.7
g.l-1 yeast nitrogen base, 5 g.l-1 ammonium sulphate, 2.5 g.l-1 sodium succinate, 5 g.l1

Casamino acids, 0.1 g.l-1 tryptophan, 20 g.l-1 glucose), followed by induction of

expression in SC media plus 20 g.l-1 galactose.

2.3

Cloning and purification of SucB

The coding sequence of sucB was amplified in a two step procedure. The first two
exons were amplified using primers sets SucBGATEF, SucBDNAP1 and
SucBDNAP2, SucBGATER, respectively, followed by joining of the two exons in a
single PCR reaction together with outside primers SucBGATEF and SucBGATER
(Table 1).

Table 1.

Primers used during this study

Name

Sequence

SucBGATEF

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATAATGGAGCGGCAAACTAGCCCCTCAG

SucBGATER

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACTCGCGCATCGACTT CTTCC

SucBcDNAP1

TGTTGGTGGATGGTGCCATGGAGGACTCTAT

SucBcDNAP2

CATGGCACCATCCACCAACACAAACCAGCCCT

SucBP1f

TAGCGGCCGCCATCGCGACTGTCCTCATACA

SucBP2r

CAGCGGCTTGGGTCTAGAATCATCCGAACTATTCTCGATT

SucBP3f

ATCCTCTAGAGTCGACCTGCAGTCGATGCGCGAGTGAGAT

SucBP4r

TGGAATTCCTCATTTACGTCATCGTCGGCGA
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Amplifications were performed in a GeneAmp PCR system 2700 thermal cycler
(Applied Biosystems, Foster City, Ca) using the Expand High Fidelity PCR System
(Roche Diagnostics Corporation, Indianapolis, IN.) under the following conditions:
initial denaturation of 2 min at 94°C, 30 cycles of 15 s denaturation at 94°C,
annealing at 55°C for 30 s and elongation at 72°C for 90 s, followed by a final
elongation step of 7 min at 72°C. Gateway cloning of the fragments was performed
according to the.manufacturer’s instructions (Invitrogen.) to create constructs
pDEST17-sucB and pYES-DEST52-sucB, respectively.
Cultures of E. coli BL21 (DE3) STAR containing pDEST17-sucB were inoculated
into fresh LB media containing 100 µg ml-1 ampicillin. Soluble expression of SucB
was achieved at 18oC (optical density at 600nm of approximately 0.4), followed by
induction at 18oC for 6 h (1 mM isopropyl-ß-D-thiogalactopyranoside [IPTG]). Cells
were harvested by centrifugation (10 min, 4°C, 4000 x g) and cell pellets were
resuspended in 5 ml 50 mM sodium phosphate buffer (pH 8) containing 250 mM
NaCl, 10 mM imidazole and 5mM beta-mercaptoethanol. Following sonification
(seven times for 15 sec at 8 µm with 30 s intervals), cell-free lysate was obtained by
centrifugation (20 min at 4°C, 10,000 x g). SucB was purified from the cell-free
lysates using His-tag affinity chromatography according to the manufacturer’s
instructions (Sigma-Aldrich, St. Louis, Mo.). Protein concentration, size, and purity
were determined using the Bradford reagent (Bio-Rad, Hercules, Ca.), sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and Biosafe Coomassie staining
(Bio-Rad).
Cultures of S. cerevisiae BY4743∆suc2 cells containing the expression vector pYESDEST52-sucB were used to inoculate 50 ml of fresh medium containing 2% galactose
to induce protein expression. After 5 h of growth, cells were pelleted by
centrifugation and washed with sterile demineralized water. Y-PER (Pierce
Biotechnology, Rockford, IL) was used for cell lysis (according to the manufacturer’s
recommendations), followed by the preparation of cell-free lysate as described above.

2.4

Activity assays

Enzymatic activity was quantified spectrophotometrically by separate measurements
of the released glucose and fructose from sucrose (D-glucose/D-fructose kit, Roche
Diagnostics Corporation). The pH and temperature optima were determined by
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measuring initial rates in 50 mM phosphate-citrate buffer containing 100 mM sucrose
using a pH range of 4.0 to 7.5 and a temperature range of 25 to 60°C. The effect of
sucrose concentration on enzyme activity was determined using two independent
experiments performed in triplicate by measuring initial rates over a substrate range of
12 sucrose concentrations (2.5 mM to 1 M) in 50 mM acetate buffer at 37oC, pH 5.0.
Corrections for background glucose and fructose values at high substrate
concentrations were made accordingly. Non-linear regression curve fitting was done
using Sigma Plot (Systat Software, Richmond, Ca) applying the Michaelis-Menten
formula for substrate inhibition (y=Vmax*[S]/Km+[S]+([S]2/Ki), where y equals the
specific activity (µmol.mg-1min-1).

2.5

Substrate specificity and product range

In order to identify substrate specificity of SucB, and the products made after
incubation, 14 µg of purified SucB was incubated overnight in 50 mM acetate buffer
(pH 5.0) at 37oC with a range of substrates. The effect of reducing agents
dithiothreitol (DTT) and β-mercaptoethanol (BME) on SucB activity was also tested
by incubating the enzyme at optimal conditions overnight in the presence of these
agents at concentrations up to 100 mM. Substrate conversion and product formation
were analyzed by thin layer- (TLC) (aluminum sheets silica gel 60 F 254, Merck and
Co., Whitehouse station, NJ.) and high performance anion exchange chromatography
(HPAEC) Dionex Corporation, Sunnyvale, Ca.). Sample separation on TLC was
performed using a mixture of butanol, ethanol and water (3.8:3.8:2.4 [vol/vol/vol]) or
ethyl acetate, 2-propanol and water (6:3:1 [vol/vol/vol]). Subsequently, plates were
dried and sprayed with developer solution [95% methanol, 5% sulfuric acid and 3 g l-1
2-(1-naphthylamino) ethylamine dihydrochloride]. Product formation by SucB was
confirmed by HPAEC as described previously (Ozimek et al., 2006).

2.6

Construction of the sucB::pyrG gene deletion strain

A sucB deletion cassette was constructed by PCR amplification of 1.0 kb of 5’ and 3’
DNA flanking regions of the sucB gene using primers SucBP1-SucBP4 (Table 1).
Both fragments were cloned into pBlue-ScriptII (Stratagene) using appropriate
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restriction enzymes (Table 1). The A. oryzae pyrG gene from pAO4-13 (de RuiterJacobs et al., 1989) was isolated as a 2.7 kb XbaI fragment and cloned between the 5’
and 3’ sucB flanking regions to give p∆sucB.
Prior to transformation into AB4.1, p∆sucB was linearized with EcoRI.
Uridine prototrophic transformants were purified and screened for sucB deletion by
Southern blot analysis (Sambrook et al., 1989). Genomic DNA was isolated and
digested with XhoI and the 3’ region flanking the sucB gene was used as a probe. As
predicted, a 2.2-kb hybridizing DNA fragment was observed in the wild type strain,
whereas a 4.0-kb DNA fragment was detected in sucB deletion strains (data not
shown). Several sucB deletions strains were independently obtained, and strain NC1.1
(∆sucB) was used throughout this study.

2.7

Microtiter plate growth assay

Growth of A. niger strains N402 and NC1.1 was determined using a HTS7000
BioAssay Reader (Perkin Elmer Life and Analytical Sciences, Inc., Wellesley, MA.).
Spores (1 x 104) were inoculated in each well of a 96-wells microtiter plate (Nalge
Nunc International, Rochester, NY.) and incubated at 32°C for 56 h. Each well
contained 200 µl of MM with 1% (wt/vol) of one of the various carbon sources,
supplemented with 0.1% (wt/vol) casamino acids to stimulate spore germination. Six
replicates of each condition were made. Growth was monitored by measuring the
optical density at 595 nm (OD595) every 2 h.

3

Results

3.1

Sequence analysis

Using the predicted amino acid sequence of SucB in phylogenetic analysis, we have
identified SucB orthologues in various other fungal species. In silico analysis
indicated that these putative invertases also lack any recognizable signal peptide
sequences, as has been reported for SucB (Yuan et al., 2006). Multiple sequence
alignment between these new group of putative intracellular invertases and known
fungal invertases indicate that they cluster together, in a separate subfamily, clearly
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distinct from known extracellular fungal and yeast invertase proteins (Fig. 1). Table 2
depicts sequence logos (Crooks et al., 2004) constructed from alignments of the SucB
subfamily members, revealing the presence of all eight conserved domains
characteristic for family GH32.

3.2

Cloning and purification of SucB

Initial attempts to clone the sucB from a cDNA library constructed from an inulin
growing A. niger strain N402 were unsuccessful, probably because of the relatively
low level of expression of the sucB gene (Yuan et al., 2006). Following amplification,
the full coding region of sucB (1,854 bp) was obtained. The same procedure was
followed to clone the second putative intracellular invertase identified in A. niger
(sucC); however, we failed to obtain functional expression in either E. coli or S.
cerevisiae.
Purification of SucB from E. coli was confirmed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis analysis, where the protein size was estimated at
75 kDa (70 kDa, calculated). C-terminally His-tagged SucB expressed in S. cerevisiae
strain BY4743∆suc2 could not be sufficiently purified using Ni-nitrilotriacetic acid
affinity chromatography. Therefore, the cell-free lysate was used for comparative
studies. SucB expressed in both E. coli and S. cerevisiae displayed similar
characteristics, whereas no activity could be detected in S. cerevisiae BY4743∆suc2
containing the empty expression vector. SucB in the cell-free extract of E. coli or S.
cerevisiae, as well as the affinity purified SucB from E. coli, only displayed activity
for a maximum storage time of three days (4oC or -20oC in 20% glycerol). Thus, for
all subsequent analysis, the enzyme was used directly after purification.

3.3

Influence of pH and temperature on SucB enzyme activity

The optimal pH and temperature conditions for SucB activity with sucrose as
substrates were determined by measuring the amount of released glucose
enzymatically (total activity). SucB activity could be detected from pH 4.5 to 7, albeit
at very low activity levels at pH values above 6.3. SucB displayed maximal activity at
pH 5.0 (Fig. 2A). The optimal temperature for SucB total activity is in the range 37 to
40°C (Fig. 2B). At temperatures of 50°C or higher, no activity could be detected,
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whereas at lower temperatures, the SucB specific activity remained relatively high,
with 50% activity remaining at 25oC

Figure 1.

Neighbor–joining tree of functionally characterized and putative fungal
invertases. Bootstrap values are indicated on the node of each branch.
The tree was created with MEGA 3.1 using default settings for gap and
extension penalties. The bar indicates 10% amino acid sequence
difference.
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Table 2.

Sequence logo depiction of conserved motifs identified in invertases
with known function and SucB orthologues *

Domain

Functionally

Putative intracellular

characterized invertases

invertases

A

B

B1

C

D

E

F

G
* See Yuan et al., 2006. Conserved motifs of glycoside hydrolase family 32 are indicated on the left.
Sequences used to construct the logos are the same as depicted in Fig. 1.

.
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Figure 2.

30

Effect of pH (A) and temperature (B) on SucB activity. The enzymatic
activity was determined by measuring the amount of glucose released
from the initial reaction of SucB (14 µg) incubated with 200 µl of 100
mM sucrose in citrate-acetate buffer at 37°C. Values depicted are the
mean of duplicates (±SEM), based on at least two independent
experiments.
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3.4

Kinetic analysis of SucB activity

Incubation of SucB with increasing sucrose concentrations lead to a typical
Michaelis-Menten-type kinetics with substrate inhibition (apparent Km, Ki and Vmax
of 2.0 ± 0.2 mM, 268.1 ±18.1 mM and 6.6 ±0.2 µmol mg-1 min-1 respectively).
Hydrolysis and FTF reactions displayed similar patterns, with apparent Km values of
2.5 ±0.2 and 0.9 ±0.5 mM, apparent Vmax values of 5.5 (±0.1) and 1.2 (±0.1) µmol
mg-1 min-1, and apparent Ki values of 206.3 (±12.8) and 797.6 (±196.5) mM,
respectively. Increasing the sucrose concentration from 2.5 mM to 1 M resulted in a
decreased hydrolysis activity and in an increased (20% to 50%) FTF activity in
relation to total SucB activity (Fig. 3). These observations were confirmed by the
TLC product analysis, showing increased 1-kestose and decreased free fructose
synthesis at higher sucrose concentrations (Fig. 4). HPAEC analysis showed that apart
from the formation of 1-kestose as the major FTF product, minor amounts of nystose
were also produced (result not shown).

(A)
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(B)

Figure 3.

Effect of sucrose concentration on SucB activity. (A) Total activity
was determined by measuring the amount of glucose released from the
initial reaction of SucB incubated with 12 sucrose concentrations
ranging from 2.5 mM to 1 M in 50 mM acetate buffer pH 5.0 at 37°C.
Values depicted were calculated from triplicate measurements. (♦)
Total activity; (■) Invertase activity; (▲) FTF activity. (B) Percentage
of either hydrolytic (black bars) or FTF (grey bars) activity compared
to the total activity of SucB, displayed for a range of sucrose
concentrations. Measurements are the mean of duplicates (±SEM),
based on two independent initial measurements. Approximately 14 µg
of purified protein was used in each case.
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Figure 4.

TLC analysis of the reaction products after overnight incubation of
SucB at 37°C with 50 mM (lane 1), 100 mM (lane 2), 500 mM (lane 3)
and 1 M sucrose (lane 4). Lane 5 shows the standards fructose and
kestose and lane 6 sucrose and nystose. Approximately 14 µg of
purified protein was used in all incubations. All samples were
equilibrated to the same concentration before spotting on the plate.

3.5

SucB substrate specificity and product formation

Substrate specificity analysis showed that SucB is able to hydrolyze sucrose, raffinose
and the inulin-type oligosaccharides 1-kestose and nystose (releasing fructose in each
case), as well as to perform oligomerization reactions (Fig. 5 A). Incubation of SucB
with 100 mM of 1-kestose in the presence or absence of 100 mM of sucrose produced
free fructose, sucrose and nystose, indicating that 1-kestose could be used as both
donor and acceptor substrates.
Alternatively, the sucrose formed subsequently was used as donor substrate
for transfer of free fructose to 1-kestose. Incubations of SucB with nystose alone or
nystose plus sucrose, yielded only free fructose, sucrose and 1-kestose (Fig. 5 A).
HPAEC analysis confirmed that nystose was the largest product produced from
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incubation of SucB with kestose, and that a minor amount of pentakestose (degree of
polymerization of 4) was produced after overnight incubation. SucB incubation in the
presence of sucrose plus 1-kestose or nystose did not facilitate product diversification,
but resulted in an increase in concentration of the observed products only.
Furthermore, SucB incubation with galactose and sucrose did not yield any other
products than observed for sucrose alone (Fig. 5 A).
SucB hydrolysed the sucrose moieties of the sugars raffinose [α-D-galactose(1,6)-α-D-glucose-(1,2)-β-D-fructose] (Fig. 5 A) and stachyose [α-D-galactose-(1,6)α-D-galactose-(1,6)-α-D-glucose-(1,2)-β-D-fructose] (Fig 5 B). No hydrolysis of any
of the α-glycosidic linkage sugars {trehalose [α-D-glucose-(1,1)-α-D-glucose],
turanose

[α-D-glucose-(1,3)-β-D-fructose],

palatinose

[α-D-glucose-(1,6)-β-D-

fructose] or melizitose [α-D-glucose-(1,2)-β-D-fructose-(1,3)-α-D-glucose]} was
observed. Using trehalose alone or in combination with sucrose (ratios 5:1 to 1:5) as
substrate, only 1-kestose formation from sucrose could be observed as FTF product
(results not shown). None of these α-glycosidic bond substrates were used as
donor/acceptor substrates in FTF reactions with sucrose (ratios 5:1 to 1:5). Hydrolysis
of larger polysaccharides such as inulin or levan could not be detected, not even after
overnight incubation (Fig. 5 A). Similar results were obtained when cell free extracts
from the recombinant S. cerevisiae strain carrying the construct pYES-DEST52-sucB
were used. In silico translation of the SucB reading frame revealed the presence of 13
cystein residues, which can potentially form disulfide bridges. Addition of up to 100

mM of the reducing agents DTT or BME did not influence the sucrose hydrolysis or
FTF activities of SucB indicating the absence of any structurally important disulfide
bridges.
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(A)

(B)

Figure 5.

TLC analysis of substrate specificity of SucB and reaction products
after overnight incubation at pH 5.0 and 37oC. (A) 100 mM kestose
with sucrose (lane1), kestose (lane 2), nystose with sucrose (lane 3),
nystose (lane 4), raffinose (lane 5), 1% inulin (chicory, see text, lane
6), levan (Bacillus subtilis produced, gift from Cosun Food
Technology, the Netherlands, lane 7) and 100 mM galactose with
sucrose (lane 8). Lanes 9 and 10 contain the standards fructose,
sucrose, 1-kestose and nystose. (B) 100mM stachyose incubated
without (lane 1) and with (lane 2) SucB. Released fructose is indicated.
Approximately 14 µg of purified protein was used in each case.
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3.6

Disruption of the sucB gene

Disruption of sucB did not result in a significant change in growth rates and yields of
A. niger in liquid media containing sucrose, inulin, glucose, fructose, xylose, maltose
or starch (data not shown). Interestingly, growth of the sucB deletion mutant strains
(e.g. strain NC1.1) on solid media containing these substrates resulted in an earlier
onset (approx. 1 day) of sporulation compared to that of the wild type A. niger. The
inclusion of additional uridine in the culture media to exclude suboptimal
complementation by PyrG did not rescue the NC1.1 strain from this sporulation
effect. No difference in colony diameter was observed between the NC1.1 and the
wild type strains on the various carbon sources, indicating that the growth of the
∆sucB strain was not affected.

4

Discussion

The recent availability of the complete genome sequence of A. niger (Pel et al., 2007)
enabled identification of two novel putative intracellular invertases (sucB and sucC)
(Yuan et al., 2006). Although these genes share conserved amino acid residues with
other family GH32 members, phylogenetically they cluster together with other
putative intracellular invertases from fungal origin in a new distinct group (Fig. 1).
These new putative invertases also contain all the conserved catalytic residues, as
depicted in the sequence logos (Table 2). The only exception is Sir-1, which is
missing the catalytic aspartate in domain A. This invertase was isolated from A. niger
strain IBT10sb and displayed increased FTF properties (Somiari et al., 1997).
We have previously shown that SucB expression was upregulated by sucrose
and inulin, whereas the enzyme was constitutively expressed at a low level with all
other substrates used (Yuan et al., 2006). The sucB gene also appears to be under
catabolite repression control, evident from expression profiling in a creA deletion
strain (Yuan et al., 2006). With regards to sucC, no expression could be detected in
mycelial mRNA under the same conditions. Using chromosomal DNA to construct
the predicted open reading frame of SucC also failed to produce functional protein in
both E. coli and S. cerevisiae.
In silico analysis of the SucB sequence revealed the absence of any
recognizable signal peptide sequences for protein secretion, indicating that it may play
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a role in A. niger intracellular metabolism. In view of the low levels of expression
observed for SucB in A. niger, and to avoid simultaneous separation with other
invertases/fructosyltransferases present in A. niger (L’Hocine et al., 2000), we
overproduced the SucB enzyme in E. coli as well as in an invertase-negative strain of
S. cerevisiae and subsequently determined its biochemical properties.
SucB clearly acts as an invertase, able to hydrolyze the glucose-fructose
glycosidic linkage in the smaller fructose-containing oligosaccharides sucrose,
kestose and nystose. Oligosaccharides larger than nystose, including polymeric inulin
and levan could not be hydrolyzed. The enzyme was unable to hydrolyze α-glycosidic
bonds in substrates or to use these compounds as donor/acceptor substrates in FTF
reactions. Weak hydrolysis of the sucrose moiety of stachyose, but not melizitose,
indicates that the fructose of the sucrose moiety should thus be positioned terminally
to enable correct orientation and binding in the active site. A similar observation was
made for the β-fructosidase from Thermatoga maritima, where it was shown that
hydrolysis occur in a typical exo-fashion (Liebl et al., 1998). Taking into account the
diversity of substrates hydrolyzed, one could assume that the -1 subsite in the active
site cleft (for numbering see Davies et al., 1997) can accommodate fructose (Alberto
et al., 2004; Nagem et al., 2004; Alberto et al., 2006), and that the enzyme most
probably does not contain multiple binding sites for fructose (as in the case for the
exo-inulinase of A. awamori) (Kulminskaya et al., 2003). In the three-dimensional
structure of the Cichorium intybus fructan 1-exohydrolase, Verhaest et al. (2005)
observed the presence of multiple glycerol molecules bound in the cavity between the
N- and C-terminal domains of the protein. This forms an open cleft which is emerging
from the active site, and is believed to be responsible for the binding of inulin or
higher molecular weight fructans. Obstruction of this cleft could possibly influence
the binding of high molecular weight inulins, limiting the enzyme to hydrolysis of
small oligosaccharides only (Verheast et al., 2005; Alberto et al., 2006). In view of
the low amino acid similarity between SucB and other characterized invertases and
the absence of structural data, we can only speculate that the same obstructing feature
is present in SucB. This feature could explain the inability of the enzyme to bind and
hydrolyze larger oligo- and polymeric fructans.
Apart from the hydrolytic activity observed for SucB, the enzyme was also
able to perform FTF reactions. This activity was already detected at sucrose
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concentrations as low as 2.5 mM, with 1-kestose as the major oligomerization product
(20-30% of total activity). At 1M, SucB displayed approximately 50% FTF activity,
largely due to a decrease of hydrolytic activity. Nystose was also produced as a minor
product in the FTF reaction when 1-kestose was used a substrate. Also, the presence
of a minor amount of pentakestose was observed after overnight incubation with
nystose. Larger SucB products have never been observed. The data thus indicate that
SucB is responsible for the intracellular production of small inulin-type
oligosaccharides. In 1995, Muramatsu and Nakakuki previously described the
purification and characterization of an intracellular beta-fructofuranosidase from
Aspergillus sydowi that could transfer fructose from sucrose to trehalose, thus creating
novel oligofructosyl trehaloses. However, when SucB was incubated with trehalose,
no novel oligosaccharides were observed.
The SucB characteristics differ from the previously published data on the
extracellular A. niger invertase Suc1/SucA/INV enzyme (Boddy et al., 1993; Wallis et
al., 1997; L’Hocine et al., 2000), and other invertases, in a number of aspects. SucB
displayed an apparent Km of 2.0 ± 0.2 mM, for sucrose, which is substantially lower
than reported previously (30 and 160 mM for Suc1 and 35.67 mM for INV), but
comparable to that of the extracellular acid invertase of Fusarium solani (3.57 mM)
(Bhatti et al., 2006). Extracellular invertases from both fungal as well as bacterial
origin generally display lower affinity for sucrose than was observed for SucB
(Gascon et al., 1968; Reddy & Maley, 1996; Wallis et al., 1997; Liebl et al., 1998).
However,

Rubio

and

Maldonado

(1995)

described

the

purification

and

characterization of an invertase from an A. niger strain isolated from lemons. The
invertase was purified from the mycelial lysate, and displayed a substrate affinity of
0.0625 mM for sucrose and a temperature optimum of 60oC. These characteristics
clearly deviate from what has been observed for SucB, indicating that this protein
might either be another intracellular invertase, or an isoform of SucB produced
intracellularly in A. niger and not during recombinant expression in E. coli or yeast.
Using sucrose as substrate, SucB displays an apparent Vmax (total activity) of
6.6 ± 0.2 µmol mg-1 min-1 (this study). This figure is more than a thousand fold lower
than the Vmax for the extracellular invertase in A. niger AS0023 (7,758.3 µmol mg-1
min -1) (L’Hocine et al., 2000). The purified extracellular A. niger invertase also did
not display any detectable FTF activity, not even at a sucrose concentration as high as
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2.2 M (L’Hocine et al., 2000), suggesting that the FTF described previously in
literature could have derived from contaminating fructosyltransferases (Hirayama et
al., 2006).
Compared to the extracellular invertase of A. niger (Suc1), SucB displayed a
lower optimum temperature value (37 to 40oC versus 50oC, respectively), whereas a
comparable pH optimum was determined (Boddy et al., 1993; Wallis et al., 1997).
However, SucB was only active in a narrow pH range (above pH 4, below pH 7 (Fig.
2A) compared to that observed for Suc1 (above pH 3, below pH10) (Boddy et al.,
1993; Wallis et al., 1997). In the extracellular environment, Suc1 should be able to
function in fluctuating pH conditions, where the extracellular pH could vary between
1.5 and 7.0 (Hesse et al., 2002). In the intracellular environment, however, the
cytoplasmic- and vacuolar pHs of A. niger is kept constant at 7.6 and 6.2,
respectively. This balance is maintained in order to control pH sensitive processes
such as DNA transcription and protein synthesis (Hesse et al., 2002). Taking these
facts into consideration, and in the absence of any detectable sequence for protein
export, we conclude that SucB functions sub-optimally in the intracellular
environment.
Although intracellular invertases have been identified in fungi before (Gascon
et al., 1968; Muramatsu & Nakakuki, 1995; Nguyen et al., 1999), little is known
about the role they play in the intracellular environment. To determine whether SucB
plays a crucial role in the metabolism of A. niger, a SucB disruption mutant strain was
constructed. No difference in growth rate, yield, and morphology was observed
between the sucB disruptant and the wild type A. niger N402 using liquid minimal
media with sucrose or inulin as carbon sources. When the NC1.1 sucB disruptant
strain was grown on solid minimal media containing various substrates, an earlier
onset of sporulation was observed compared to the wild type. However, as observed
in liquid media, no difference in growth was observed since the colony diameter was
equal to that of wild type A. niger. Supplementing the culture media with uridine to
minimize suboptimal complementation by the inserted pyrG gene did not alleviate the
observed effect, suggesting that SucB (in)directly plays a role in the sporulation of A.
niger.
Intracellular proteins usually do not contain disulfide bridges, which play a
crucial role in structure and function of extracellular proteins (Raina & Missiakas,
1997). These bridges could be disrupted by the addition of reducing agents, e.g. DTT
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and BME, which in turn may cause loss of activity, or decreased enzyme stability.
The inability of high concentrations of either DTT or BME to disrupt SucB activity
gives a further indication that no disulfide bridges crucial to activity or structural
integrity are present. This further supports the view that SucB is functioning in the
intracellular environment in A. niger.
Considering the high affinity for sucrose, the narrow functional pH range, and
the absence of an export signal sequence and functionally important disulfide bridges,
we speculate that SucB plays an intracellular role in salvaging low concentrations of
sucrose, kestose or nystose into fructose and glucose as energy sources. SucB may
also function in transfer of fructose units from sucrose to fructan or unknown acceptor
molecules. These molecules may be responsible for energy storage, the regulation of
osmolarity or play a role in the induction of other proteins involved in the
modification of fructans.
Further analysis and complementation studies should be conducted to
determine the effect of sucB gene disruption on the expression of other fructan
modifying enzymes, and the possible role it could play in initiating the earlier onset of
sporulation.
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Abstract
The exo-inulinase gene inuE of Aspergillus niger N402 was cloned and
heterologously expressed in Escherichia coli. The purified enzyme (AngInuE) was
able to hydrolyse sucrose, raffinose, inulin and levan, displaying a sucrose:inulin (S/I)
hydrolysis ratio of approximately 2.3, which is characteristic for a typical exoinulinase. Apart from hydrolysis, the enzyme had a significant transfructosylating
activity with increasing sucrose concentrations. The oligosaccharides produced
included 1-kestose, nystose, pentakestose, and low molecular weight inulins of the
neo-series type. The molecular mass of the E. coli produced and purified AngInuE
protein, lacking the signal sequence peptide, was approx. 57 kDa, close to the
calculated molecular mass of the mature protein. This AngInuE enzyme thus was
active in its monomeric, non-glycosylated state. Contradicting data on the hydrolysis
versus transfructosylation activity have been published on the identical sucrose:
sucrose 1-fructosyltransferase (1-SST, a dimeric and glycosylated) enzyme of
Aspergillus foetidus, and the almost identical (monomeric but glycosylated) exoinulinases (InuE and Inu1) of A. niger 12 and Aspergillus awamori. Our data clearly
show that the A. niger N402 InuE enzyme is a broad specificity exo-inulinase that
also has significant transfructosylating activity with sucrose. Site-directed mutants in
the Glycoside Hydrolase family 32 conserved domain G of AngInuE displayed
strongly reduced hydrolytic activities on sucrose, inulin and levan. Apparently, the
domain G amino acid residue Ser469 is important for catalytic efficiency, with a clear
role in hydrolysis of both sucrose and fructans.
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1.

Introduction

Fructans are composed of multiple fructose units linked primarily by β-2,1- (inulins)
or β-2,6-glycosidic bonds (levans). Many plants such as Jerusalem artichoke, chicory
and dahlia make inulin type fructans and store these in their roots (Cairns, 2003).
Inulins are used by the food industry to produce fructose-rich syrups, as fat substitutes
or for the production of short chain oligosaccharides that are used as a prebiotic (for
reviews see Vijn & Smeekens, 1999; Ritsema & Smeekens, 2003a; Ritsema &
Smeekens, 2003b). Fructans are synthesized and hydrolyzed by the action of enzymes
belonging to the glycoside hydrolase families 32 (GH32, in plants and fungi) and
GH68 (in bacteria) (http://www.cazy.org; Coutinho & Henrissat, 1999). Hydrolysis of
fructans is performed by endo-inulinase (EC 3.2.1.7) or exo-inulinase (EC 3.2.1.80)
enzymes (Vijn & Smeekens, 1999). In the filamentous fungus Aspergillus, both types
of inulinases have been identified, showing that this genus is well equipped to utilize
fructans from plant material (Ettalibi and Baratti, 1987; Ohta et al., 1998; Arand et
al., 2002; Moriyama et al., 2004).
Over the years, a number of transfructosylating enzymes as well as exoinulinases from Aspergillus species have been described that all share a near identical
amino acid sequence (Rehm et al., 1998; Arand et al., 2002; Moriyama et al., 2004).
Recently, we reported the identification and transcriptional analysis of fructan
modifying enzymes identified in the genome of A. niger (Yuan et al., 2006; Pel et al.,
2007). In silico and expression analysis indicated the presence of single endoinulinase (InuA; EC 3.2.1.7) and exo-inulinase (InuE; EC 3.2.1.80) enzymes in A.
niger. Comparison of the deduced amino acid sequence of the putative A. niger exoinulinase InuE (from here onward referred to as AngInuE) with other fungal exoinulinases and transfructosylating enzymes showed that AngInuE is identical to the A.
foetidus 1-SST. Surprisingly, the latter enzyme has been classified as a
fructosyltransferase active on sucrose without any inulin or levan hydrolysing activity
(Rehm et al., 1998). Moreover, AngInuE differs in only three amino acids from the
exo-inulinase (InuE) of A. niger 12 (Moriyama et al., 2003), an enzyme that
reportedly hydrolyzes inulin but not levan. AngInuE also displays a high sequence
identity (91%) with the inulin- and levan hydrolysing exo-inulinase Inu1 of A.
awamori (Arand et al., 2002). Both the A. niger 12 InuE and the A. awamori Inu1
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have been characterized as exo-inulinases lacking any detectable transfructosylation
activity on sucrose (Arand et al., 2002; Kulminskaya et al., 2003; Moriyama et al.,
2003). In this communication we demonstrate that the A. niger N402 AngInuE is
actually a true exo-inulinase with significant transfructosylation activity on sucrose
In the secondary structure of family GH32 proteins, eight well-conserved
domains (designated A, B, B1, C, D, E, F and G, respectively) can be distinguished
(Ohta et al., 1998; Pons et al., 1998). Three of these domains (A, D and E) contain
highly conserved acidic residues that are located in the active site of members of
family GH32. Apart from the well described “sucrose binding box” (domain A),
which plays an important role in catalysis, substrate- and product diversity (Ritsema
et al., 2004; Ritsema et al., 2005), little is known regarding the contributions of the
other conserved domains. Domain G is located in the cleft between the 5-bladed βpropeller and β-sandwich structures in family GH32 proteins, clearly separate from
the active site. Here we report analysis of site-directed mutants in domain G of
AngInuE, demonstrating that domain G in fact plays a profound role in catalysis.

2.

Materials and Methods

2.1

Strains and media

A. niger strain N402 used in this study was derived from the wild-type strain A. niger
van Tieghem (CBS 120.49, ATCC 9029; Bos et al., 1988). The strain was grown in
Minimal Medium (MM) (Bennet & Lasure, 1991) containing 7 mM KCl, 11 mM
KH2PO4, 70 mM NaNO3; 2 mM MgSO4, 76 nM ZnSO4, 178 nM H3BO3, 25 nM
MnCl2, 18 nM FeSO4, 7.1 nM, CoCl2, 6.4 nM CuSO4, 6.2 nM Na2MoO4 and 174 nM
EDTA. Escherichia coli strains TOP 10 and BL21 (DE3) STAR were used for general
cloning and for heterologous protein expression, respectively (Invitrogen).

2.2

Amplification and cloning of inuE

A cDNA library of A. niger N402 was created from total RNA of fungal mycelia
grown in minimal medium containing inulin as sole carbon source (Yuan & Ram,
unpublished results). The cDNA library was used as template for amplification of

80

Chapter 4
inuE (accession number DQ233222) using the forward primer inuEGateF, which
excludes the fragment encoding the N-terminal signal sequence (the first 19 amino
acids), and the reverse primer inuEGateR (Table 1). The construct was inserted into
the E. coli Gateway vector pDEST17, enabling the addition of an N-terminal 6x
histidine affinity tag (Invitrogen). Pwo polymerase (Roche) was used for
amplification. PCR cycling conditions used were: initial denaturation for 2 min at
94°C, 30 cycles of 15 sec denaturation at 94°C, annealing at 55°C for 30 sec and
elongation at 72°C for 90 sec, followed by a final elongation step of 7 min at 72°C.
PCR products were purified using the Geneclean II kit (Q.Biogene), followed by
inserting into the Gateway-compatible vectors (Invitrogen). Gateway cloning of inuE
was performed as described by the manufacturer. In short, the purified amplicon was
inserted by site specific recombination into the entry vector pDONR201, followed by
subsequent transfer to the expression vector pDEST17. The integrity of the insert was
confirmed by DNA sequencing (ServiceXS).

2.3

Construction of AngInuE mutant proteins

To create a triple mutant of AngInuE that is identical to InuE of A. niger 12 described
by Moriyama et al. (2004), point mutations were successively introduced by inverse
PCR using 30-40 bp complimentary primers and Taq Expand long template
polymerase (Roche). Three consecutive sets of primers were used to introduce the
mutations Gln199His (primer pair 0185Q199Hfw and 0185Q199Hrev), Ser476Gly
(primer pair 0185S476Gfw and 0185S476Grev) and Ser499Thr (primer pair
0185S499Tfw and 0185S499Trev) (Table 1).
To determine the importance of the putative fructan binding domain G
(SVEVF motif) on AngInuE activity, mutations were introduced as described above
by replacement of the conserved serine residue (Ser469Thr and Ser469Val, primers
depicted in Table 1). Amplification conditions were as recommended by the
manufacturer. Following PCR, samples were treated with DpnI to hydrolyse wild-type
methylated pDEST17-AnginuE (plasmid DNA from E. coli TOP 10), and
subsequently transformed into E. coli TOP 10 and BL21 (DE3) STAR. The integrity
of the mutants was confirmed by DNA sequencing (ServiceXS).
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Table 1.

Primers used in this study. Changed nucleotides are shown underlined

Name

Sequence

inuEGateF

GGGGACAAGTTTGTACAAAAAAGCAGGCTGCTTCAACTATGACCAGCCTTACC

inuEGateR

GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAATTCCACGTCGAAGTAA

0185Q199Hfw

GACGAGTCCCATAAATGG

0185Q199Hrev

CCATTTATGGGACTCGTC

0185S476Gfw

GTGCCGGATAGCACTGGCATGGTGAGGTTGAG

0185S476Grev

CTCAACCTCACCATGCCAGTGCTATCCGGCAC

0185S499Tfw

GGAGGCCAAGGTGAGACGACTTTGACGGCTCAGATC

0185S499Trev

GATCTGAGCCGTCAAAGTCGTCTCACCTTGGCCTCC

InuES469T forw

GTATCTTCGTCGACAGGTCCACCGTCGAGGTATTCGGAGG

InuES469T rev

CCTCCGAATACCTCGACGGTGGACCTGTCGACGAAGATAC

InuES469V forw

GTATCTTCGTCGACAGGTCCGTCGTCGAGGTATTCGGAGG

InuES469T forw

CCTCCGAATACCTCGACGACGGACCTGTCGACGAAGATAC

2.4

Protein expression and purification

Starting cultures of E. coli BL21 STAR (Invitrogen) containing the respective
expression vectors were grown at 37oC for 16 h. Subsequently, 10 ml of each culture
was used to inoculate 1 litre fresh Luria Bertani medium, followed by growth
overnight at 18oC with agitation. To increase expression of soluble protein, cells were
heat shocked at 50oC for 10 min with agitation, followed by induction using
isopropyl-ß-D-thiogalactopyranoside (IPTG, 1 mM final) and further growth for 6 h at
18oC (until OD600nm 0.8-1.0). Cells were harvested by centrifugation (10 min, 4°C,
4000 x g) and cell pellets were resuspended in 10 ml 50 mM sodium phosphate
buffer, pH 8, containing 250 mM NaCl, 10 mM imidazole and 5 mM of βmercaptoethanol. Cell lysis was done by sonification on ice (7 cycles of 15 sec at 8
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micron with 30 sec intervals). Cell free lysate was obtained by centrifugation (20 min
at 4°C, 10,000 x g). Active protein was purified from the cell-free lysates using NiNTA affinity chromatography (Sigma-Aldrich) and concentrated using a 30 kDa
ultracentrifugation filter (Microsep). The final concentrated volume (500 µl) was
loaded on a Superdex 200 HR gel filtration column (Sigma-Aldrich) and fractionated
using a 20 mM Tris-HCl buffer pH 7.4 containing 200 mM NaCl at a flow speed of
0.3 ml per min. Active eluted fractions (0.6 ml each) were pooled, followed by
exchanging the buffer to 50 mM acetate, pH 5.0 (PD10 desalting column, Amersham
Biosciences) and concentration (30 kDa ultracentrifugation filter, Microsep). Protein
concentration was determined using the Bradford reagent (Bio-Rad). Enzyme activity
was determined after all purification steps by incubation with 100 mM sucrose in 50
mM acetate buffer, pH 5, at 37°C, and determining the rate of initial glucose and
fructose release as described below. Purification of the protein was verified by
analysis of the fractions by 10% SDS-PAGE and Coomassie staining.
Protein size estimation was performed by blue native page electrophoresis
(Nijtmans et al., 2002), size exclusion chromatography (Superdex 200 HR,
Amersham) as well as by mass spectrometry (MALDI-TOF MS). For MALDI-TOF
MS analysis, 0.75 µl of protein (0.4 mg ml-1 in 20 mM NaCl) was spotted and mixed
on a MALDI target with an equal volume of matrix (10 mg ml-1 sinapinic acid in a
50:50:0.1 (v/v/v) water: acetonitrile: trifluoroacetic acid solution). Spectra were
acquired in positive linear mode on a Voyager DE-Pro mass spectrometer (Applied
Biosystems) and calibrated using bovine serum albumin as mass standard.

2.5

Activity assays

Enzyme activity was quantified spectrophotometrically by separate measurements of
the released glucose and fructose using the D-glucose/D-fructose kit (Roche).
Transfructosylation was measured by calculating the difference between released
glucose and fructose. Optimal pH was determined by measuring enzymatic activity
(initial rates) at 37oC in 50 mM phosphate-citrate buffer containing 100 mM sucrose,
with a pH range of 4 to 7, using 0.5 pH unit increments. Optimal temperature was
determined by measuring enzyme activity using 100 mM sucrose in 100 mM acetate
buffer at pH 4, with a temperature range of 37 to 70°C. To avoid substrate
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autohydrolysis, the effect of substrate concentration on enzyme activity was
determined under suboptimal conditions, in 100 mM acetate buffer at pH 5.0, 37oC.
Enzyme activity was measured in triplicate using 64 ng of purified enzyme and a
sucrose range of 15 concentrations (2 mM to 1 M). The sucrose to inulin (S/I)
hydrolysis ratio was determined by adding 64 ng of purified enzyme (in 20 µl) to 200
µl of sucrose or inulin (pH 5.0, 37oC), at concentrations ranging from 8.7 to 43.4 g l-1.
The molecular mass of the inulin (Frutavit TEX, Sensus) was estimated at 4341.8 g
mol-1, based on an average determined chain length of 24.1 fructose units. All activity
data is based on triplicate activity measurements in 1 minute intervals during 8 to 12
min of incubation.

2.6

Substrate specificity and product range

To analyse substrate specificity and the product profiles of AngInuE (and mutants
derived), 55 ng of purified enzyme was mixed with 200 µl of the appropriate substrate
(at 100 mM; pH 5.0) and incubated between 10 min and 7 days. Substrates used
include sucrose (Sigma-Aldrich), 1-kestose (Fluka), raffinose (Sigma-Aldrich),
nystose (Fluka), inulin (Frutavit TEX, Sensus) and levan (from Bacillus subtilis, kind
gift from Dr. H. Raaijmakers, Royal Cosun). Products were characterized by thin
layer chromatography (TLC) as well as by high performance anionic exchange
chromatography (HPAEC; Dionex Corporation), as described before (Ozimek et al.,
2006; Goosen et al., 2007). Pure standards of glucose, fructose, sucrose, 1-kestose, 6kestose, nystose, pentakestose and the neo-series inulins neokestose (3b), 4c and 4b
(Shiomi et al., 2005) were used to calibrate the HPAEC column elution times.

3

Results

3.1

Cloning, heterologous expression and purification of AngInuE

To obtain the full length open reading frame of inuE, PCR amplification was
performed on a cDNA library of A. niger N402 grown on inulin, yielding a single
product of the expected size (1611 bp). The inuE amplification product was inserted
into the Gateway donor vector (pDONR 201), followed by sub-cloning into the

84

Chapter 4
destination vector pDEST17. The presence of a single intron in inuE at nucleotide
positions 394 to 453 was confirmed when comparing the nucleotide sequence of the
cDNA clone with that of inuE from the genomic sequence (accession number
DQ233222). No activity was detected in E. coli extracts when a standard induction
temperature of 37oC was used. The amount of soluble AngInuE protein in E. coli was
successfully increased by heat shock in combination with low temperature induction
(Strandberg & Enfors, 1991). Affinity purified AngInuE protein displayed a size of
approximately 89 kDa, judging from denaturing- and blue-native PAGE. Size
exclusion chromatography resulted in the elution of active protein with a molecular
mass of approximately 50 kDa. The same sample was analysed by mass spectrometry
(MALDI-TOF MS), which confirmed the expected molecular mass (57 kDa) of
monomeric AngInuE.

3.2

Activity of AngInuE

The effect of pH and temperature changes on AngInuE activity was determined using
sucrose and inulin as substrates. Maximal rates of hydrolysis of both sucrose and
inulin were observed at a temperature of 60oC and at a pH lower than 4. At this
condition significant abiotic hydrolysis of the substrate occurred as well, making a
reliable determination of the enzyme’s activity difficult. For this reason, all further
analysis were performed at pH 5 and 37oC, with no detectable abiotic hydrolysis of
the substrates; at these conditions the enzyme displayed approximately 60% of its
optimum activity.
Incubating AngInuE with increasing concentrations of sucrose produced a
typical Michaelis-Menten activity graph, where a Km of 31.7 (± 4.8) mM and Vmax
of 973.2 (± 30.7) µmole mg-1 min-1 were determined for hydrolysis (Fig. 1 A).
Transfructosylation activity increased with increasing sucrose concentrations (Vmax
of 657.1 (± 62.2) µmole mg-1 min-1, Km of 344 (± 57.5) mM), yielding various short
chain oligosaccharides (Fig. 1 B). At a sucrose concentration of 20 mM, InuE
displayed a transfructosylation activity of approximately 3% (12.5 µmole mg-1 min-1)
of total enzyme activity (430.3 µmole mg-1 min-1). Increasing the sucrose
concentration to 1 M brought about a significant increase in transfructosylation
activity to approximately 36% (539.5 µmole mg-1 min-1) of total enzyme activity
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(1501.3 µmole mg-1 min-1). The catalytic rates (kcat) for AngInuE sucrose hydrolysis
and transfructosylation were determined as 928.9 (± 30.7) s-1 and 627.3 (±62.2) s-1,
respectively, based on a molecular mass of the native mature monomeric protein
(calculated as 57.27 kDa). When measuring inulin hydrolysis, we noticed that
AngInuE was not saturated by inulin up to a concentration of 10 mM, reaching a
specific activity of 402.9 µmol mg-1 min-1. Above this concentration the inulin was
less soluble, making accurate determinations of kinetic parameters impossible. The
ratio of the initial rates of hydrolysis of sucrose and inulin (S/I ratio) was calculated to
be 2.3 (± 0.4) at the most.

3.3

Substrate specificity and product range

AngInuE was incubated with various substrates to determine its substrate specificity,
as well as the range of products obtained. The enzyme was incubated with 100 mM of
1-kestose or nystose, alone or in combination with 100 mM of sucrose, and with 100
mM raffinose, or 1% (w/v) of inulin or levan, respectively. TLC analysis showed that
InuE partially hydrolysed levan and produced fructose. A similar amount of inulin
was hydrolysed completely to fructose in the same amount of time (Fig. 2). HPAEC
analysis showed that AngInuE incubated from 10 minutes to overnight with 100 mM
of sucrose produced free fructose, glucose and minor amounts of short
oligosaccharides. When increasing the sucrose concentration to 1 M, larger amounts
of 1-kestose, 6-kestose and neokestose were found (overnight incubations shown in
Fig. 3 A). With 100 mM of 1-kestose as substrate, a similar product profile was
observed, except for the presence of small amounts of nystose and most likely the
neoseries inulin 4c (Fig. 3 B). Nystose gave a similar product profile as that found for
sucrose and 1-kestose, but also a small amount of pentakestose (GF4) was formed
(Fig. 3 C). Addition of 100 mM of sucrose to either 1-kestose or nystose did not alter
the product profile, but led to an overall increase in concentration of all products.
Raffinose was also hydrolysed, releasing free fructose and melibiose (α-D-galactose(1,6)-α-D-glucose) (data not shown).
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(A)

(B)

Fructose
Sucrose

Oligosacchrides

Figure 1.

(A) Effects of sucrose concentration on AngInuE activity. Activity was
determined by measuring the amount of glucose and fructose released
from the initial reaction of InuE (64 ng) incubated with 11 sucrose
concentrations ranging from 20 mM to 1 M in 50 mM acetate buffer
pH 5.0 at 37°C. Total- (♦), hydrolysis- (■) and transfructosylation
(▲) activities are depicted. (B) TLC plate showing free fructose,
sucrose and transfructosylation products after 2 (lane 1) and 5 (lane 2)
days of incubation of 64 ng AngInuE with 1 M of sucrose, pH 5.0,
37oC. Products identified are indicated.
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Figure 2

(A) TLC analysis wild-type AngInuE (lanes 1 and 2), AngInuE
Ser469Thr (lanes 3 and 4) and AngInuE Ser469Val (lanes 5 and 6) (6
µg each) incubated for 7 days (37oC, pH 5.0) with 200 µl of 1% (w/v)
of inulin or levan (odd and even numbered lanes respectively). Inulin,
levan and released fructose (F) are indicated. (B) TLC analysis of
products synthesized by wild-type AngInuE (lane 1), AngInuE
Ser469Thr (lane 2) and AngInuE Ser469Val (lane 3) (1 µg each) in the
presence of 1M sucrose (37oC, pH 5.0) for 7 days.
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(C)

Figure 3

HPAEC chromatogram depicting AngInuE product profiles; 55 ng of
enzyme was incubated (37oC, pH 5.0, overnight) with 1 M sucrose (A),
100 mM 1-kestose (B) and 100 mM nystose (C). G, glucose; F,
fructose; S, sucrose; 1-K, 1-kestose; F2, difructose; 6-K, 6-kestose;
NK, neokestose; N, nystose; 4c, neo-series inulin 4c (see text); F3,
trifructose; PK, pentakestose. Unknown products or products with
unclear identity are indicated by a question mark.

3.4

Characteristics of AngInuE mutants

The exo-inulinase of A. niger 12 (InuE, Moriyama et al. 2003), which is able to
hydrolyze inulin but not levan, and which lacks any detectable transfructosylation
activity, differs in only three amino acids from AngInuE. To determine the possible
effect of these three amino acid differences, all three amino acids of AngInuE were
changed into their InuE counterparts (Gln199His, Ser476Gly and Ser499Thr).
AngInuE and the triple mutant displayed comparable substrate specificity and product
profiles (data not shown). Also mutations in the family GH32 putative fructan binding
motif (SVEVF; domain G; Pons et al. 2002; Yuan et al. 2006) were made. Indeed, in
mutants Ser469Thr and Ser469Val levan hydrolysis was weak or absent (Fig. 2 A,
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lanes 4 and 6), whereas hydrolysis of 10 mM inulin was reduced to 64.8 and 38.9
µmol mg-1 min-1, respectively (approximately 16 and 10 % of wild type specific
activity; see Fig. 2 A, lanes 3 and 5). Surprisingly, the Ser469Thr and Ser469Val
mutations also caused a reduction in the kcat for sucrose hydrolysis, to 64.9 (± 1.6)
and 30.5 (± 0.3) s-1, respectively (approximately 7 and 3 % of wild type maximum
velocity). Interestingly, the affinities of the Ser469Thr and Ser469Val mutant proteins
for the hydrolysis of sucrose increased, from a Km of 31.7 (± 4.8) mM for wild type,
to Km values of 8.5 (± 1.7) and 16 (± 0.8) mM, respectively. Mutagenesis of Ser469
also influenced transfructosylation activity of AngInuE with sucrose (Fig 2 B). At
sucrose concentrations of 20 mM to 1 M, mutant Ser469Thr displayed
transfructosylation activities of approximately 30 to 50% of total enzyme activity,
respectively. The Ser469Val mutant displayed transfructosylation values between 14
to 25% of total enzyme activity. The transfructosylation/hydrolysis ratio in mutant
Ser469Thr, but not in Ser469Val, is thus clearly higher than in wild type AngInuE.

4

Discussion

This paper deals with the cloning, heterologous expression and biochemical
characterization of the single exo-inulinase (here referred to as AngInuE) identified in
A. niger CBS 513.88 and N402 (Yuan et al., 2006). Biochemical characteristics of the
purified AngInuE protein that was overproduced in E. coli were compared to those of
the orthologous enzymes of A. foetidus (1-SST, 100% identity, Rehm et al., 1998), A.
niger 12 (InuE, 99% identity, Moriyama et al., 2004) and A. awamori (Inu1, 91%
identity, Arand et al., 2003).
AngInuE expressed in E. coli was active as a non-glycosylated monomeric
enzyme of 57 kDa which displayed primarily hydrolytic activity on sucrose, inulin
and levan. Second to that, transfructosylation activity was also detected with sucrose
and the small oligomeric inulins 1-kestose and nystose. Transfructosylation products
included 1-kestose, 6-kestose, pentakestose and the neo-series inulins (Fig. 3).
Increasing the substrate concentration resulted in an increase in transfructosylation
activity (Fig. 1 A). Furthermore, AngInuE displayed a S/I ratio of 2.3 (± 0.4)
indicating that it is a true exo-inulinase. This value correlates well with the data of
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Moriyama et al. (2003) showing that the InuE of A. niger 12 has an S/I ratio of 4.3.
Inulinases typically display an S/I ratio in the range of 0.5 to 18.5, whereas true
invertases display S/I values of several thousands (Vandamme & Derycke, 1983).
In contrast to AngInuE, the 100% identical protein 1-SST from A. foetidus was
inactive towards inulin, its major activity being transfructosylation of sucrose (up to
70% at 1 M sucrose, compared to 36% for AngInuE) (Rehm et al., 1998; this study).
On the contrary, no transfructosylation activity was observed for the closely related
Inu1 and InuE enzymes when incubated at sucrose concentrations ranging from 150 200 mM (Kulminskaya et al., 2003; Moriyama et al., 2003).
Exo-inulinases generally possess the ability to hydrolyze both β-2,1- (sucrose,
inulin) as well as β-2,6- (levan) glycosidic linkages, releasing free fructose in the
process (http://www.expasy.ch/enzyme/; Bairoch, 2000). AngInuE clearly released
fructose from both inulin and levan, although at a lower rate from levan. Similar
results have been found for the Inu1 exo-inulinase of A. awamori (Arand et al., 2002;
Kulminskaya et al., 2003). But these results differ clearly from those found with the
1-SST of A. foetidus (Rehm et al., 1998) and the InuE of A. niger 12 (Moriyama et
al., 2004): for these enzymes no hydrolysis of levan could be detected. Comparison of
the deduced amino acid sequences of AngInuE and the InuE of A. niger 12 showed
that these two enzymes differ in only three amino acids. The three amino acids that
differ are chemically similar, and are not present in one of the eight conserved motifs
defined for family GH 32 (Ohta et al., 1998; Pons et al., 2002). From the threedimensional structure of the A. awamori exo-inulinase (Nagem et al., 2004) we
observed that these changes are not in the vicinity of the catalytic core of the enzyme,
and therefore are unlikely to have a direct effect on substrate utilization. No
differences in activity or product specificity were observed with the AngInuE triple
mutant, with the amino acid sequence changed into that of the A. niger 12 InuE, thus
confirming that these three amino acids are not responsible for the differences in
specificity found between the orthologous enzymes. Clearly, unnoticed differences in
activity assay and/or protein production conditions may cause these differences in
enzyme properties. It also remains possible that the observed differences between
AngInuE, 1-SST and InuE are caused by the absence of glycosylated amino acids in
the E.coli-expressed AngInuE. Previous studies with other proteins have shown that
non- and over- glycosylated forms of one and the same protein may have an effect on
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protein kinetics, stability and even specificity (Shipley et al., 1993; Wicker-Planquart
et al., 1999; Barbier et al., 2000).
The molecular mass of AngInuE was determined using a number of
independent techniques. Although the methods gave somewhat different values, they
all indicate that the enzyme was active as a monomer of about 57 kDa. The size was
in the same range as that of the deglycosylated Inu1 from A. awamori (69 kDa)
(Arand et al., 2002) and InuE from A. niger 12 (81 kDa) (Moriyama et al., 2004).
However, it clearly differs from the 180 kDa found for the 1-SST of A. foetidus
(Rehm et al., 1998) and the 210-240 kDa found for the SUC2 from A. niger N402
(Wallis et al., 1997). The two latter enzymes are active as dimers. Substantial
variation in molecular mass of exo-inulinases from other Aspergillus has also been
reported: A. versicolor being 230 ± 20 kDa (Kochhar et al., 1997), A. candida being
54 kDa (Kochhar et al., 1999) and A. ficuum being 74 kDa (Ettalibi et al., 2001).
Differences in size may be attributed at least partly to gel electrophoresis mobility
shifts reflecting substantial glycosylation of the proteins produced in the fungal hosts.
The possibility also exist that different isoforms of the enzyme were present and
functionally active, as has been shown before for the intracellular and extracellular
invertase of S. cerevisiae (Rubio & Maldonado, 1995; Straathof et al., 1986) and the
two different isoforms of the extracellular exo-inulinase of A. fumigatus (Gill et al.,
2006).
A structural feature widely present in family GH32 enzymes is the C-terminal
β-sandwich domain, which contains the sequence motif SVEVF (GH32 domain G).
Although the precise function of this domain is unknown, its presence appears to be
essential for activity. Altenbach et al. (2005) showed that a chimera consisting of the
N-terminal part of Festuca sucrose: sucrose 1-fructosyltransferase (1-SST) and the Cterminal part of the barley sucrose: fructan 6-fructsyltransferase (6-SFT) resulted in
truncation of the C-terminal

β-sandwich domain during heterologous expression in

Pichia pastoris, resulting in a catalytically inactive protein. Furthermore, Kim et al.
(2005) reported that amino acid substitutions in the N-terminal domain (NTD) of the
family GH32 Arthrobacter sp. S37 endoinulinase (EnIA), or truncation thereof,
caused reduction and even loss of enzyme activity. Although different in structure
from the C-terminal β-sandwich domain, Kim et al. (2005) proposed that both these
domains could be involved in protein dimerization and binding of carbohydrates.
Within the β-sandwich domain, the sequence SVEVF (family GH32 domain G) is
93

Exo-Inulinase of A. niger N402
highly conserved among fungal polymeric fructan hydrolysing enzymes, but not in
invertases (Yuan et al., 2006), and has been proposed to play a role in polymer
binding (Burne et al., 1992; Ohta et al., 1998; Moriyama et al., 2003). Domain G is
located in a cleft between the 5-bladed β-propeller and the β-sandwich domain. Also
3D structural analysis of the exo-inulinase of A. awamori, and the FEH protein of
Cichorium. intybus indicated that the β-sandwich domain might be involved in fructan
binding, based on the presence of glycerol molecules in the cleft situated between the
two structural domains (Arand et al., 2003; Verhaest et al., 2005). In this study we
have shown that substitution of the highly conserved Ser469 of domain G into a
structurally and biochemically similar residue (Thr469) decreased hydrolytic activity
of AngInuE on sucrose, inulin and levan. The importance of this residue in hydrolysis
of sucrose and fructans was further supported by substitution of Ser469 into a
hydrophobic residue (Val469), which almost completely abolished activity on
sucrose, inulin and levan. The presence of the SVEVF motif in AngInuE, especially
the conserved Ser469, thus is of crucial importance for overall catalytic efficiency.
Further mutagenesis studies are needed to elucidate the precise function of this
domain in AngInuE and in the family GH32.
To conclude, the biochemical characteristics and the substrate/product
specificity of AngInuE from A. niger have been determined, and compared to those of
closely related exo-inulinases/transfructosylation enzymes of Aspergillus species
published earlier. We have shown that A. niger AngInuE is an exo-inulinase,
hydrolysing sucrose and the fructans inulin and levan. At the same time it also
displayed clear transfructosylation activity with sucrose, producing small oligomers of
inulin and levan, as well as inulins of the neo-series type. Furthermore, mutagenesis in
the conserved and putative family GH32 fructan binding domain G showed that this
domain is important for catalytic efficiency of AngInuE, especially with regards to
hydrolysis of sucrose and fructans. Minor changes in this domain may also influence
the hydrolysis to transfructosylation activity of AngInuE, further stressing the
importance of this domain in enzyme activity.
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Samenvatting en Conclusies
Genomics, de studie van het erfelijke materiaal van een organisme, maakt het
mogelijk om metabole routes op te helderen, de mogelijke functie van eiwitten te
voorspellen en om een dieper inzicht te verkrijgen in de complexe regelmechanismen
van

een

levende

cel.

De

bouwsteen

van

het

genoom

is

DNA

(Deoxyribonucleïnezuur), die de drager is van de genetische informatie. De vertaling
van

deze

informatie

via

de

boodschapper

molecuul

mRNA

(messenger

Ribonucleïnezuur) leidt uiteindelijk tot synthese van een eiwit. Eiwitten spelen een
belangrijke rol in allerlei structurele en katalytische processen binnen en buiten de cel.
Om een zo volledig mogelijk inzicht in de diversiteit aan eiwitten in een cel te
verkrijgen is het noodzakelijk om de volledige DNA volgorde van het genoom te
kennen. De wetenschappers Sanger en Coulsen (1975) slaagden er als eersten in om
de volgorde van een stuk DNA te bepalen. In de jaren daarna hebben technologische
ontwikkelingen binnen de scheikunde en informatie technologie het mogelijk gemaakt
dat wetenschappers de volledige DNA volgorde van een organisme konden bepalen.
Dit heeft uiteindelijk geleid tot het in kaart brengen van het menselijke genoom (The
IHGSC. 2001; Venter et al. 2001).
In de loop van de jaren zijn de genomen van vertegenwoordigers van alle
verschillende vormen van leven bepaald. Een steeds groter aantal hele genoom
sequenties komt beschikbaar (zie http://www.ncbi.nlm.nih.goc/Genomes). Schimmels
hebben door de belangrijke rol die ze spelen als mogelijke ziekteverwekkers en door
het grootschalige industriële gebruik altijd al kunnen rekenen op een flinke
hoeveelheid aandacht. Ook als het gaat om het in kaart brengen van de hele genoom
sequentie. Er zijn nu meer dan 40 hele genoom sequenties van schimmels beschikbaar
(Galagan et al. 2005). Het Nederlandse bedrijf DSM heeft als eerste de hele genoom
sequentie van de schimmel Aspergillus niger in kaart gebracht (Pel et al. 2007).
A. niger behoort tot de klasse van de Hyphomycetes, subdivisie
Deuteromycotina (bekend als de Imperfecte Schimmels). Deze schimmel wordt veel
gebruikt bij de industriële, grootschalige productie van organische zuren zoals
citroenzuur en van verschillende soorten enzymen (Abarca et al. 2004; OlempskaBeer et al., 2006; Pel et al., 2007). A. niger bezit de GRAS (Generally Recognized as
Safe oftewel de Algemeen Beschouwd als Veilig) status wat betekent dat producten
en enzymen die door deze schimmel gemaakt worden, beschouwd worden als veilig
om te gebruiken in voeding en farmaceutische producten.
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Om een gedetailleerd inzicht te krijgen in de diversiteit van de enzymen die dit microorganisme maakt, is het noodzakelijk om deze enzymen te identificeren en hun
mogelijke functie in kaart te brengen (annotatie). De bevestiging van de werkelijke
enzym activiteit wordt bereikt door de genen die coderen voor de te onderzoeken
enzymen tot overexpressie te brengen in een gastheer, gevolgd door zuiweringen en
een biochemische karakterisatie. In het kader van het nationale subsidie programma
IOP-Genomics van SenterNovem (zie http://www.senternovem.nl/iopgenomics) en in
samenwerking

met

enkele

universitaire

en

industriële

partners

(zie

http://www.biopoort.net/carbnet/carbnet.html), hebben wij ons gericht op de
identificatie en het biochemisch karakteriseren van de koolhydraat-actieve enzymen
die gemaakt worden door A. niger CBS518.33 (de stam waarvan door DSM het
genoom in kaart was gebracht) alsook de stam N402 (die gebruikt is voor expressie
analyse en voor doelgerichte overexpressie). Daarbij hebben we gebruik kunnen
maken van de hele genoom sequentie van de CBB518.33 stam zoals die door DSM
bepaald was geworden.
Het onderzoek dat in dit proefschrift beschreven wordt, was gericht op
enzymen die sucrose en de fructanen inuline en levaan kunnen omzetten (Hoofdstuk
1). Fructanen worden gemaakt door planten, bacteriën en schimmels. Ze worden
toegevoegd aan bepaalde voedingsmiddelen vanwege product verbeterende en/of
gezondheidsbevorderende eigenschappen die aan fructanen worden toegeschreven
(Gibson et al., 1995; Kaur & Gupta, 2002). Er zijn een aantal enzymen van A. niger
beschreven die sucrose en fructanen kunnen hydrolyseren en modificeren. Daaronder
bevinden zich invertases (voornamelijk sucrose hydrolyse; Boddy et al., 1993), endoinulinase (endo-werkend, hydrolyse van inuline; Ohta et al., 1998), exo-inulinase
(exo-werkend, vrijmaken van fructose uit sucrose, inuline en levaan; Arand et al.,
2002; Moriyama et al., 2003) en fructosyltransferase (FTF of sucrose:sucrose 1fructosyltransferase (1-SST); maakt inuline oligosacharides uit sucrose; Nguyen et al.,
1999; L’Hocine et al., 2000).
Op basis van geconserveerde aminozuur domeinen worden deze enzymen
ingedeeld bij de familie 32 van de glycoside hydrolases (GH32) (zie Carbohydrate
Active Enzymes database; http://www.cazy.org/; Coutinho and Henrissat, 1999;
Hoofdstukken 2 en 3). Samen met de glycoside hydrolase familie 68 (GH68) vormt
de familie GH32 de enzym clan GH-J. Eiwitten in deze clan hebben een vergelijkbare
driedimensionale structuur, te weten een vijf-voudige -propeller vouwing (Men &
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Futterer, 2003; Nagem et al., 2004). Tot de groep van de GH68 enzymen behoren
inulo- en levaansucrases (inuline en levaan vormende enzymen), alsook invertases.
GH68 enzymen zijn afkomstig van micro-organismen behorende tot de Archaea en
Bacteria.
In Hoofdstuk 2 wordt de diversiteit van de enzymen van A. niger stam
CBS513.88 en N402 die actief zijn op sucrose en fructanen beschreven, alsook de
kenmerken van de regulatie van de expressie van deze enzymen. De volgende
hoofdstukken geven een gedetailleerde beschrijving van een nieuw intracellulair
invertase (SucB, Hoofdstuk 3) en een extracellulair exo-inulinase (AngInuE,
Hoofdstuk 4), waarvan de bijbehorende genen in het genoom van A. niger gevonden
zijn. Daarnaast is aandacht besteed aan het mogelijke fructan bindingsdomein van
GH32 enzymen en de mogelijke rol ervan in enzym katalyse en substraat herkenning.

Database mining en transcriptie analyse van genen coderend voor inulinemodificerende enzymen van A. niger.

In Hoofdstuk 2 wordt de diversiteit en transcriptie regulatie van GH32 enzymen van
A. niger in detail beschreven. Met behulp van sequenties van bekende familie GH32
enzymen alsook van de structureel verwante familie GH68 werden database
zoekprofielen (HMM profielen) opgesteld om nieuwe vertegenwoordigers van beide
families op te sporen in de hele genoomsequentie van A. niger stam CBS513.88.
Hiermee werden vijf complete open reading frames coderend voor GH32 enzymen
geïdentificeerd; deze vijf enzymen bezaten alle geconserveerde regio’s die
kenmerkend zijn voor de familie GH32 (Yuan et al., 2006; Hoofdstuk 2, Fig. 2).
Genen coderend voor familie GH68 enzymen werden niet gevonden.
Op basis van meervoudige sequentie vergelijkingen, gecombineerd met een
fylogenetische analyse en de constructie van een fylogenetische boom, werden de
volgende vijf GH32 leden gevonden: een endo-inulinase (AgnInuA), een exoinulinase (AgnInuE) en een drietal invertases (AgnSucAp; AgnSucBp, AgnSucCp)
(Yuan et al. 2006; Hoofdstuk 2, Fig. 1). Deze analyse bracht drie opvallende
kenmerken aan het licht. Ten eerste, genen coderend voor specifieke FTF-type
enzymen werden niet gevonden in de hele genoom sequentie, terwijl een dergelijk
enzym toch al eerder gezuiverd was uit een andere A. niger stam (L’Hocine et al.,
2000). Wel is tijdens het onderzoek een exo-inulinase met FTF activiteit gevonden,
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namelijk AgnInuEp. Dit exo-inulinase was qua aminozuur volgorde volledig identiek
aan het FTF van A. foetidus (Rehm et al., 1998). Het had ook een zeer hoge identiteit
met een exo-inulinase van A. niger 12 en Aspergillus awamori (Arand et al., 2002,
Moriyama et al., 2003). Ten tweede, er werd slechts één endo-inulinase (AngInuAp)
gevonden in de genoom sequentie terwijl voor A. niger 12 twee van dergelijke
enzymen, InuA en InuB, gevonden zijn (Ohta et al., 1998). De A. niger CBS513.88 en
N402 endo-inulinases vertoonden qua aminozuur volgorde een grotere gelijkenis met
InuA dan met InuB en daarom zijn deze InuA genoemd (Hoofdstuk 2). Ten derde,
twee nieuwe, waarschijnlijk intracellulaire, invertases AgnSucB en AgnSucC werden
geïdentificeerd (Hoofdstuk 2 en 3). Deze enzymen hebben geen N-terminaal signaal
peptide en zijn daarom zeer waarschijnlijk in de cel aanwezig. Een fylogenetische
analyse toonde aan dat al deze familie GH32 enzymen voorkomen in verschillende
schimmels behorende tot de Ascomycetes (Yuan et al. 2006; Hoofdstuk 2, Tabel 1 en
Fig. S1; Hoofdstuk 3, Fig. 1 en Tabel 1)..
Analyse van de genen coderend voor familie GH32 enzymen van A. niger
N402 liet zien dat AngInuE, AngSucA en AngInuA alleen tot expressie komen in
aanwezigheid van sucrose of inuline in het groeimedium. Het gen coderend voor
AngSucB kwam bij alle gebruikte koolstofbronnen tot expressie, zij het op een laag
niveau, terwijl voor AngSucC geen expressie gevonden werd bij de gebruikte
koolstofbronnen (Yuan et al., 2006; Hoofdstuk 2, Fig. 3, 4 en 5). Expressie analyse
van genen coderend voor familie GH32 bij groei van A. niger in een medium met
inuline, sucrose of maltose liet zien dat alleen bij sucrose en inuline, maar niet bij
maltose deze genen tot expressie kwamen (Hoofdstuk 2, Fig. 4). Ook in
aanwezigheid van fructose kon geen expressie van de genen coderend voor familie
GH32 enzymen gevonden worden. Deze waarneming sluit goed aan bij een eerder
gemaakte waarneming over het invertase van A. nidulans (Vainstein & Peberdy,
1991) en geeft aan dat genen coderend voor de fructan modificerende enzymen in
beide soorten op een vergelijkbare wijze gereguleerd wordt. Voor de expressie van
dergelijke genen zijn zeer waarschijnlijk additionele factoren nodig die niet aanwezig
zijn als er alleen xylose, maltose of fructose als koolstofbron aanwezig is. Expressie
analyse is ook uitgevoerd voor een A. niger stam waarbij de kataboliet repressie was
uitgeschakeld (A. niger ∆creA). De resultaten die daarmee verkregen werden toonden
aan dat de expressie van de genen die coderen voor AngInuE en AngSucB, maar niet
die voor AngSucA en AngInuA, onder de directe controle staan van kataboliet
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repressie (Hoofdstuk 2, Fig. 3). Op basis van deze resultaten wordt aangenomen dat
sucrose de cel in wordt getransporteerd en daar direct, of na conversie in een derivaat,
zorgt voor inductie van expressie van genen coderend voor GH32 enzymen
(Hoofdstuk 2).

Moleculaire en biochemische karakterisatie van een nieuw intracellulair
invertase van Aspergillus niger met een transfructosylerende activiteit.

Analyse van de complete genoom sequentie van A. niger gaf aan dat naast sucA, dat
codeert voor een reeds eerder beschreven extracellulair invertase, er twee onbekende
genen aanwezig zijn die zeer waarschijnlijk coderen voor invertases, te weten het
sucB en sucC. Na bestudering van sequenties uit databases werd de conclusie
getrokken dat ortologen van sucB in verschillende andere schimmels voorkomen. Insilico analyse gaf aan dat deze nieuwe invertases geen herkenbare signaal peptide
sequentie bevatten. Een fylogenetische analyse liet zien dat deze schimmel invertases
tot een nieuwe, aparte, groep behoren (Hoofdstuk 3, Fig. 1). Ondanks de
aanwezigheid van alle acht geconserveerde domeinen die karakteristiek zijn voor de
familie GH32 enzymen, werden er een aantal interessante sequentie variaties
gevonden bij de SucB familie. (Hoofdstuk 3, Tabel 2). Hoewel intracellulaire
invertases eerder gevonden zijn bij schimmels (Gascon & Lampen, 1968; Maramatsu
& Nakakuki, 1995; Ngyuen et al., 1999) is er weinig bekend over de biochemische
kenmerken en de functies die deze enzymen in de cel vervullen.
Het A. niger werd gen coderend voor SucB werd tot overexpressie gebracht in
Escherichia coli en in de gist Saccharomyces cerevisiae (Hoofdstuk 3). Het uit E.
coli cellen gezuiverde SucB werd biochemisch gekarakteriseerd. Het enzym liet
duidelijke kenmerken van een invertase zien: het hydrolyseerde sucrose en kort-ketige
inuline type oligosacharides, maar niet hoog moleculair inuline of levaan. Naast
hydrolyse vertoonde het SucB ook transfructosylerende activiteit met sucrose en 1kestose resulterend in 1-kestose en nystose als producten respectievelijk. De
transfructosylerende activiteit was direct proportioneel met de substraat concentratie
(tussen 20 en 50% bij een sucrose concentratie van 2.5 mM tot 1 M) (Hoofdstuk 3,
Fig. 3). Het enzym vertoonde ook duidelijke Michaelis-Menten kinetiek met sucrose
waarbij ook nog substraat inhibitie optreedt. De geschatte Km, Ki en Vmax waarden
bedroegen 2.0 (± 0.2) mM, 268.1 (± 18.1) mM en 6.6 (±0.2) mol min-1 mg-1 eiwit
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(totale activiteit), respectievelijk. Zowel de Km als de Vmax waarde zijn beduidend
lager dan de waarden die beschreven zijn voor andere invertases van schimmels en
bacteriën (Gascon & Lampen, 1968; Boddy et al., 1993; Reddy et al., 1996; Wallis et
al., 1997; Liebl et al., 1998; L’Hocine et al., 2000). SucB heeft dus weliswaar een
hoge affiniteit voor sucrose maar, vergeleken met eerder beschreven invertase
enzymen, een relatief lage activiteit. SucB had ook een beperkt pH bereik waarbij het
actief was (pH 4-7; Hoofdstuk 3, Fig. 2A), zeker in vergelijking met het
extracellulaire invertase Suc1 van A. niger (pH 3-10) (Boddy et al., 1993; Wallis et
al., 1997). Bij sucrose concentraties tot 400 mM bedroeg de transfructosylerende
(FTF) activiteit ongeveer 20 tot 30% van de totale activiteit. Bij hogere sucrose
concentraties nam de FTF activiteit toe tot 50% van de totale activiteit. Hierin
verschilt SucB sterk van SucA, het extracellulaire A. niger invertase. Dit enzym heeft
geen meetbare FTF activiteit, zelfs niet bij sucrose concentraties van 2.2 M (L’Hocine
et al., 2000).
In vergelijking met wild type A. niger vertoonde een mutant met een disruptie
van het SucB (A. niger ∆sucB) een eerder begin van de sporevorming bij groei op een
vast medium. Dit was onafhankelijk van de koolstofbron die was gebruikt. Echter, bij
groei in vloeibaar medium werd er geen verschil gevonden tussen de groei van het
wild type A. niger en de A. niger ∆sucB stam.
Op basis van de hierboven beschreven resultaten en waarnemingen wordt
aangenomen dat SucB een vertegenwoordiger is van een nieuwe groep van
intracellulaire invertases van schimmels (Goosen et al., 2007; Hoofdstuk 3; Fig. 1).
Deze intracellulaire invertases hydrolyseren sucrose, kestose en nystose en maken
daaruit vrije glucose en fructose die in het centrale metabolisme van de schimmel
gebruikt worden. Vanwege de transfructosylerende activiteit kan SucB ook nog een
rol hebben bij het opslaan van energie, de regulatie van de osmolariteit, of bij de
synthese van een inducer van fructan en sucrose modificerende enzymen. Verder liet
de analyse van de disruptie mutant zien dat het SucB enzym geen essentiële rol speelt
in het metabolisme van sucrose, maar dat het wel mogelijk een (in)directe rol speelt
bij het proces van sporulatie van A. niger.
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Exo-inulinase van Aspergillus niger N402: een hydrolytisch enzym met een
significante transfructosylerende activiteit

Op basis van de analyse van het hele genoom was een enkel exo-inulinase (AnginuE)
gevonden in A. niger CBS513.88 (Yuan et al., 2006; Pel et al., 2007; Hoofdstuk 2).
Een fylogenetische analyse had laten zien dat AngInuE identiek is aan het FTF van A.
foetidus, een geglycosyleerd dimeer enzym dat geen enkele inuline en levaan
hydrolyserende activiteit bezit (Rehm et al., 1998). Tevens was het AgnInuE
respectievelijk 99% en 91% identiek aan de monomere exo-inulinases van A. niger
stam 12 (InuE; Moriyama et al., 2003) en A. awamori (Inu1; Arand et al., 2002)
(Hoofdstuk 2). Zowel InuE als Inu1 zijn typische exo-inulinases die inuline
hydrolyseren maar hebben geen aantoonbare FTF activiteit (Moriyama et al., 2003;
Kulminskaya et al., 2003). Echter, in tegenstelling tot InuE, is Inu1 wel in staat om
levaan te hydrolyseren.
Om de werkelijke kenmerken van AngInuE te achterhalen, is het enzym via
heterologe expressie van het bijbehorende gen in E. coli geproduceerd en vervolgens
opgezuiverd. De resultaten lieten zien dat AngInuE een monomeer enzym is van 57
kDa met pH en temperatuur optima die sterk vergelijkbaar zijn met die van InuE en
Inu1. Echter, AngInuE heeft ook een duidelijke transfructosylerende activiteit in
aanwezigheid van sucrose, 1-kestose en nystose, waarbij oligosacharides van het
inuline, levaan alsook het neoseries inuline type geproduceerd werden (voor
chemische structuren zie Hoofdstuk 1; Goosen et al., in druk; Hoofdstuk 4).
AngInuE hydrolyseerde inuline en levaan waarbij vrije fructose geproduceerd werd
(Goosen et al., opgestuurd voor publicatie; Hoofdstuk 4). Opvallend is dat dat er
slechts drie aminozuren (niet geconserveerd in GH32) verschillend zijn tussen
AngInuE en InuE (Gln199His, Ser476Gly en Ser499Thr), maar dat de twee enzymen
duidelijk verschillende substraat en product profielen hebben. Echter, toen de drie
aminozuren specifiek voor AngInuE via site-specific mutagenese veranderd waren in
de drie aminozuren zoals die in InuE aanwezig zijn, trader geen verandering in de
inuline en levaan hydrolyserende activiteit, asook FTF activiteit op.
Een in de familie GH32 wijd verspreid structureel kenmerk is het C-terminale
β-sandwich domein. Dit domein bezit het geconserveerde sequentie motief SVEVF
(GH32 domein G). Het lijkt erop dat dit domein essentieel is voor de activiteit van het
enzym, hoewel de precieze functie nog onbekend is. Site-directed mutagenese van het
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Ser469 residue, dat in het geconserveerde familie GH32 domein G aanwezig is,
resulteerde in een significante reductie van de activiteit op sucrose, inuline en levaan
(Goosen et al., opgestuurd voor publicatie; Hoofdstuk 4). Diezelfde mutatie
resulteerde tevens in een verminderde transfructosylerende activiteit. De sequentie
SVEVF is zeer geconserveerd in de groep van schimmel enzymen die polymere
fructanen hydrolyseren. In de groep van de invertases is dit niet het geval (Yuan et al.,
2006). Mogelijk heeft deze specifieke sequentie een rol in het binden van het
polymere substraten (Burne et al., 1992; Ohta et al., 1998; Moriyama et al., 2003).
De resultaten beschreven in dit proefschrift laten zien dat AngInuE, na
productie in E. coli en opzuivering, actief is als een monomeer, niet geglycosyleerd
exo-inulinase, dat sucrose, inuline en levaan hydrolyseert. Daarnaast heeft het enzym
een duidelijke transfructosylerende activiteit bij hogere sucrose concentraties. De
verschillen in het molecuul gewicht en de biochemische karakteristieken tussen 1SST, InuE and Inu1 zouden veroorzaakt kunnen worden door (1) verschillen in de
gebruikte analytische methoden, (2) de gebruikte gastheren E. coli (niet
glycosylerend) en A. niger of (3) de mogelijke productie van verschillende iso vormen
van het enzym door A. niger. Onze resultaten laten verder zien dat het geconserveerde
motief SVEVF in het domein G van de familie GH32 β-sandwich regio significant is
voor de totale enzym activiteit. Zeer waarschijnlijk is dit motief ook betrokken bij de
binding van het polymeer.

Het GH32 enzym netwerk van Aspergillus niger.

Op basis van resultaten die behaald zijn met behulp van in-silico genoom mining en
de karakteristieken die in dit proefschrift (Yuan et al., 2006; Goosen et al., 2007;
Goosen et al., opgestuurd voor publicatie; Hoofdstuk 2-4) of in de literatuur
beschreven zijn, kan een model voor het netwerk van de sucrose en fructan
modificerende enzymen van A. niger CBS513.88 worden opgesteld (Fig. 1). Bij de
groei in de natuurlijke habitat komt A. niger sucrose en fructanen afkomstig uit
afgestorven plantenmateriaal tegen. Daardoor wordt het sucrose en fructan
modificerende enzym netwerk geïnduceerd (Yuan et al., 2006; Hoofdstuk 2). Een
specifieke importer zorgt ervoor dat sucrose, en niet inuline, de schimmel hyfe
binnenkomt waarna de transcriptie van sucrose en fructan modificerende enzymen
wordt geïnduceerd. Hydrolytische enzymen die een signaal sequentie bezitten worden
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via een eiwit secretie route geëxporteerd naar buiten (zie Pel et al., 2007). Daardoor
komen deze enzymen in direct contact met sucrose en fructanen. De schimmel A.
niger is in staat om met het extracellulaire invertase SucA, het exo-inulinase AngInuE
en het endo-inulinase InuA sucrose en fructanen te hydrolyseren. SucA maakt glucose
en fructose vrij uit sucrose. InuA hydrolyseert specifiek inuline in kleinere inulooligosacharides waardoor meer terminale niet-reducerende uiteinden vrijkomen die
als substraat dienen voor het exo-inulinase AngInuE. Dit laatste enzym hydrolyseert
deze inulo-oligosacharides evenals sucrose volledig tot vrije fructose en glucose.
Naast de hydrolyserende activiteit bezit AngInuE een transfructosylerende activiteit
waardoor kleine hoeveelheden inuline, levaan en neo-series inulo-oligosacharide
geproduceerd worden (Hoofdstuk 4). Deze oligosacharides kunnen de cel in
getransporteerd worden, maar het is meer waarschijnlijk dat ze afgebroken worden
naar vrije fructose en glucose.
De schimmel A. niger (en ook A. oryzae) wordt op grote schaal door de
fermentatie industrie gebruikt om grote hoeveelheden van een eiwit/enzym te
produceren. Deze filamenteuze schimmels bezitten een relatief grote diversiteit aan
extracellulaire koolhydraat hydrolyserende enzymen, waarvan een aantal op grote
schaal geproduceerd wordt voor diverse toepassingen (Abarca et al., 2004; Pel et al.,
2007). Een uitgebreide fylogenetische analyse liet zien dat naast deze extracellulaire
enzymen, de groep van de Aspergilli een aanzienlijk repertoire van glycoside
hydrolases bezit die geen herkenbare secretie signaal sequentie hebben (Pel et al.,
2007). Ondanks dat slechts zeer weinig bekend is over de biochemische kenmerken
van deze “intracellulaire” glycoside hydrolases lijkt het erop dat door de
wijdverspreide aanwezigheid in verschillende soorten Aspergilli deze enzymen een
vergelijkbare rol spelen in al deze schimmels. Mogelijke functies voor deze nieuwe
enzymen zijn in het intracellulaire metabolisme van geïmporteerde di- of kleine
oligosacharides, in de regulatie van de expressie van genen door de vorming van
specifieke inducer moleculen, in het omzetten van cellulaire koolhydraten die
vrijkomen door lysis van mycelium, of bij de regulatie van de osmolariteit door de
vorming van oligosacharides uit sucrose. Een rol bij differentiatie processen zoals
bijvoorbeeld sporulatie, zoals gevonden voor SucB, is ook niet uit te sluiten.
Het gen coderend voor SucB, zeer waarschijnlijk een intracellulair invertase,
ligt op het genoom van A. niger naast een waarschijnlijke hexose importer
(An15g00310; Pel et al., 2007), die een rol kan spelen bij de import van kleine
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hoeveelheden sucrose uit de extracellulaire omgeving. Eenmaal in de cel kan deze
sucrose door SucB gehydrolyseerd worden tot glucose en fructose die in het
katabolisme gebruikt kunnen worden. SucB kan ook een transfructosylering uitvoeren
hetgeen resulteert in de vorming kleine hoeveelheden inuline, levaan, en neo-series
oligosacharides. De disruptie van het sucB gen in A. niger gaf geen significante
verandering van de groei in vloeibaar medium. Dit is een aanwijzing dat het enzym
geen belangrijke rol speelt in het sucrose of fructan metabolisme. Echter, op vast
medium was bij de SucB disruptie stam in vergelijking met de wild type stam een
eerdere aanzet tot sporulatie te zien. SucB zou dus (in)direct een rol kunnen spelen bij
de aanzet tot sporulatie, hetzij door het opheffen van stress, door regulatie van de
osmolariteit, of door de opslag van energie, of door het verwijderen van vrije fructose
door transfructosylering. De aanwezigheid van SucB homologen in andere schimmel
soorten geeft aan dat deze enzymen mogelijk een belangrijke, doch niet essentiële, rol
spelen in het intracellulaire metabolisme van sucrose (Yuan et al. 2006; Goosen et al.
2007; Hoofdstukken 2 en 3).
Samengevat kan gesteld worden dat A. niger een aantal enzymen gebruikt
voor de hydrolyse van sucrose en fructanen. De genen coderend voor deze enzymen
worden specifiek geïnduceerd door hun eigen substraten, of van de substraten
afgeleide verbindingen, zoals bijvoorbeeld het geval is bij de inductie van inuA door
het van inuline afgeleide sucrose. Tenslotte dient opgemerkt te worden dat de exacte
rol die de intracellulaire enzymen spelen in het metabolisme van sucrose niet bekend
is. Het ophelderen van de specifieke functie/rol van deze nieuwe groep enzymen in
het metabolisme van A. niger is een interessant en uitdagend onderwerp voor
toekomstig onderzoek.
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Inuline van planten materiaal
AngInuE
AngInuE

InuA
SucA
AngInuE

SucB

Metabolisme
Inducer?
Opslag oligo’s?
Osmolariteit
Regulatie?
Sporulatie?

Fructose
Glucose

Figuur 1. Schematische weergave van het sucrose en fructan modificerende
enzym netwerk van Aspergillus niger cellen (zie tekst voor
details), metde extracellulaire enzymen (AngInuE, InuA, SucA)
en het intracellulaire enzym (SucB).
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Genomics, the study of an organism’s whole hereditary information, enables the elucidation
of metabolic pathways, the prediction of proteins and their functions, and the gaining of
deeper insight into the complex regulation within living cells. The building block of the
genome is DNA (Deoxyribonucleic acid), the basic molecule for storage of information.
Translation of this information via messenger molecules or mRNA (messenger Ribonucleic
acids) results in the formation of proteins. Proteins perform a vast array of functions,
including structural and catalytic ones. In order to gain full insight into the protein diversity of
cells, one needs to know the complete DNA sequence of the genome. DNA sequencing was
first established by Sanger and Coulson (1975). Over the years, technological advances in
chemistry and information technology enabled scientists to sequence complete genomes of
organisms. This, inevitably also has resulted in unraveling of the human genome (The
IHGSC, 2001; Venter et al., 2001; The IHGSC, 2004).
Genome sequencing expanded rapidly to all levels of the tree of life, where an ever
increasing

number

of

sequences

are

becoming

publicly

available

(http://www.ncbi.nlm.nih.gov/Genomes). Fungi, as important agents in pathology and
industry, have enjoyed the same strong focus of attention in the field of genomics. Currently,
more than 40 complete genome sequences of fungi are available (Galagan et al., 2005b). The
Dutch company DSM has invested substantially in order to obtain the genome sequence of
Aspergillus niger (Pel et al., 2007). A. niger belongs to the class of the Hyphomycetes, under
the subdivision Deuteromycotina (Imperfect fungi), and has enjoyed much interest from
industry as a potent producer of organic acids and enzymes (Abarca et al., 2004). In industry,
A. niger is used extensively as producer of citric acid and as a source of a diversity of
industrial enzymes (Olempska-Beer et al., 2006; Pel et al., 2007). A. niger also has the GRAS
(generally regarded as safe) status, indicating that products and enzymes produced by this
fungus are considered safe to be used in food and pharmaceutical applications. Understanding
the true diversity of enzymes produced by this organism requires their identification and
possible function prediction (annotation). Confirmation of enzyme activity is then done by
expressing the corresponding genes in host organisms, followed by biochemical
characterization of their respective activities. Under the flag of a Dutch national funding
program (http://www.senternovem.nl/iopgenomics/) and in collaboration with academic and
industrial partners (http://www.biopoort.net/carbnet/carbnet.html), we set forth to identify and
biochemically characterize the carbohydrate active enzymes encoded in the genome of A.
niger CBS518.33 (the strain sequenced by DSM) as well as the strain N402 (used for
expression analysis and as source for targeted overexpression studies). The work described in
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this thesis focused on enzymes active on sucrose, and the fructans inulin and levan (Chapter
1). Fructans are produced by plants, bacteria and fungi, and are used in the food industry
because of their product improving and health-beneficial characteristics (Gibson et al., 1995;
Kaur & Gupta, 2002). Currently, a number of enzymes have been identified from A. niger
which can hydrolyse and modify sucrose and fructans. These include the enzymes invertase
(primarily hydrolysing sucrose; Boddy et al., 1993), endo-inulinase (endo-acting, hydrolysing
inulin; Ohta et al., 1998), exo-inulinase (exo-acting, releasing free fructose from sucrose,
inulin and levan; Arand et al., 2002; Moriyama et al., 2003) and fructosyltransferase (FTF or
sucrose:sucrose 1- fructolsyltransferase (1-SST); making inulin-type short chain oligomers
from sucrose; Nguyen et al., 1999; L'Hocine et al., 2000). These enzymes belong to glycoside
hydrolase family 32 (GH32) based on the presence of conserved amino acid domains
(Carbohydrate Active Enzymes database; http://www.cazy.org/; Coutinho and Henrissat,
1999; Chapters 2 and 3). Together with glycoside hydrolase family 68 (GH68), they belong
to enzyme clan GH-J, sharing a similar three-dimensional structural fold (five-bladed βpropeller fold; Meng and Frutterer, 2003; Nagem et al., 2004). GH68 enzymes include inuloand levansucrases (inulin and levan formation, respectively), as well as invertases, with
currently only proteins represented from Archaea and Bacteria.
In Chapter 2 the diversity and expression regulation characteristics of the sucrose and
fructan active enzymes of A. niger strains CBS513.88 and N402 are described. Further
chapters present detailed descriptions of a novel intracellular invertase (SucB, Chapter 3) and
the extracellular exo-inulinase (AngInuE, Chapter 4) identified in the genome of A. niger.
Focus was also placed on the putative fructan binding domain of GH32, and its possible role
in catalysis and substrate recognition.

Database mining and transcriptional analysis of genes encoding inulin-modifying
enzymes of A. niger

The diversity and transcriptional regulation of GH32 enzymes in A. niger were explored in
Chapter 2. Sequences of known family GH32 proteins, as well as the structurally related
family GH68 proteins, were used to create database searching profiles (HMM profiles) to
identify any additional members present in the genome sequence of the A. niger strain
CBS513.88. Using this profile, a total of five GH32 proteins were identified based on the
presence of a full length open reading frame, and the conserved family GH32 domains (Yuan
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et al., 2006; Chapter 2, Fig. 2). No family GH68 members could be identified in the genome
sequence of A. niger.
By means of multiple sequence alignments, combined in a neighbour-joining tree, it
was shown that these five GH32 members represent endo-inulinase (AngInuA), exo-inulinase
(AngInuE) and filamentous fungal invertase (AngSucAp, AngSucBp, AngSucCp) proteins
(Yuan et al., 2006; Chapter 2, Fig. 1). From this analysis, three striking features came to
light. Firstly, no specific FTF-type enzyme could be identified in the genome sequence,
although such enzyme could be purified from another A. niger strain (L’Hocine et al., 2000).
However, a single exo-inulinase with FTF activity, AngInuEp, was identified. This exoinulinase possessed complete sequence identity with an FTF from A. foetidus (Rehm et al.,
1998), and high sequence similarities with the exo-inulinases from A. niger 12 and
Aspergillus awamori (Arand et al., 2002; Moriyama et al., 2003). Secondly, only a single
endo-inulinase (AngInuAp) could be identified in the genome sequence, compared to two
(InuA and InuB) identified in A. niger 12 (Ohta et al., 1998). The endo-inulinase of A.niger
CBS513.88 and N402 displayed a higher deduced amino acid sequence similarity with InuA
than with InuB, and was thus accordingly named InuA (Chapter 2). Thirdly, two novel
putative intracellular invertases, AngSucB and AngSucC (Chapters 2 and 3) were identified.
These proteins lack an N-terminal signal sequence, and are thus very likely localized
intracellularly. Phylogenetic analysis showed that the abovementioned family GH32 enzymes
are conserved in different ascomycete fungi, indicating their importance in fructan
metabolism (Yuan et al., 2006; Chapter 2, Table 1 and Fig. S1; Chapter 3, Fig. 1 and
Table 2).
Expression analysis of the genes encoding GH32 enzymes from A.niger N402
indicated that AngInuE, AngSucA and AngInuA were only expressed when sucrose or inulin
was used as carbon source. AngSucB was expressed (at a low level) on all carbon sources
tested, whereas no expression of AngSucC could be detected on any of the carbon sources
used (Yuan et al., 2006; Chapter 2, Figs. 3, 4 and 5). Transferring A. niger from medium
containing xylose as sole carbon source to one containing only inulin, sucrose or maltose,
confirmed that all abovementioned GH32 enzymes are only up-regulated when sucrose and
inulin, but not maltose, were used as carbon sources (Chapter 2, Fig. 4). Even in the presence
of increasing concentrations of fructose, no expression could be observed from any of the
identified genes encoding GH32 enzymes. This observation fits well with an earlier one made
for the invertase of A. nidulans (Vainstein & Peberdy, 1991), indicating similar regulation of
fructan modifying enzymes in the two species. The expression of genes encoding these
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proteins probably required additional factors not expressed in the presence of only xylose or
fructose as carbon sources. Expression analysis was also carried out in an A. niger strain
hampered in catabolite repression (A. niger ∆creA). The results obtained showed that
expression of AngInuE and AngSucB, but not AngSucA and AngInuA, was directly controlled
by catabolite repression (Chapter 2, Fig. 3). These findings lead to the proposal that sucrose,
as main inducing molecule, could be transported over the plasma membrane. Once inside, the
sucrose molecule, or a derivative thereof, could act as an inducer for the expression of genes
encoding GH32 enzymes (Chapter 2).

Molecular and biochemical characterization of a novel intracellular invertase from
Aspergillus niger with transfructosylating activity

Analysis of the A. niger genome sequence revealed the presence of sucA, encoding the
previously characterized extracellular invertase, and two novel putative invertase genes, sucB
and sucC. Database analysis revealed the presence of SucB orthologues in various other
fungal species. In silico analysis indicated that these putative invertases all lack any
recognizable signal peptide sequences. Phylogenetically these putative intracellular invertases
of fungal origin cluster in a new distinct group (Chapter 3, Fig. 1). Although all 8 conserved
domains characteristic of GH32 are present, the SucB subfamily showed interesting sequence
variations (Chapter 3; Table 2). Intracellular invertases have been identified in fungi before
(Gascon & Lampen, 1968; Maramatsu & Nakakuki, 1995; Nguyen et al., 1999), but very little
is known about their biochemical characteristics and functions in the intracellular
environment. The putative intracellular invertase (SucB) from A. niger was heterologously
expressed in Escherichia coli and in the yeast Saccharomyces cerevisiae (Chapter 3).
Purified SucB from E. coli expression was biochemically characterized. SucB displayed
typical characteristics of an invertase: it hydrolysed sucrose and short inulin-type
oligosaccharides, but not high molecular weight inulin or levan. Apart from hydrolysis, SucB
also has transfructosylating properties, producing 1-kestose and nystose from sucrose and 1kestose, respectively. Transfructosylation activity was directly proportional to the substrate
concentration (between 20 – 50 % using a sucrose concentration range of 2.5 mM to 1 M)
(Chapter 3, Fig. 3). SucB also displayed typical Michaelis Menten-type kinetics with
substrate inhibition on sucrose, with apparent Km, Ki, and Vmax values of 2.0 (±0.2) mM,
268.1 (±18.1) mM and 6.6 (±0.2) µmol min-1 mg-1 of protein (total activity), respectively.
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Both the Km and Vmax values are substantially lower than those reported for other fungal and
bacterial invertases (Gascon & Lampen, 1968; Boddy et al., 1993; Reddy et al., 1996; Wallis
et al., 1997; Liebl et al., 1998; L’Hocine et al., 2000). SucB also displayed a narrow pH
activity range (above pH 4, below pH 7; Chapter 3, Fig. 2A) compared to that observed for
the extracellular invertase Suc1 of A. niger (above pH 3, below pH10) (Boddy et al., 1993;
Wallis et al., 1997). At sucrose concentrations up to 400 mM, transfructosylation (FTF)
activity contributed approximately 20 to 30% to total activity. At higher sucrose
concentrations, FTF increased to up to 50% of total activity. In contrast, the purified
extracellular A. niger invertase did not display any detectable FTF activity, not even at a
sucrose concentration as high as 2.2 M (L’Hocine et al., 2000). Compared to wild-type A.
niger, disruption of sucB (A. niger ∆sucB) brought about an earlier onset of sporulation on
solid media, independent of the carbon source. However, in liquid media no differences
between the growth of wild-type A. niger and A. niger ∆sucB could be observed.
Taking the above observations together, it is proposed that SucB, as part of a novel
group of fungal intracellular invertases (Goosen et al., 2007; Chapter 3, Fig. 1), functions by
hydrolysing imported sucrose, kestose or nystose, producing free glucose and fructose for
metabolism. By performing transfructosylation, SucB could also have a function in energy
storage, regulation of osmolarity, or synthesis of the inducer of other fructan and sucrose
modifying enzymes. Furthermore, disruption of the sucB gene showed that this enzyme does
not play an essential role in the metabolism of sucrose, but could be (in) directly involved in
the sporulation of A. niger.

Exo-inulinase of Aspergillus niger N402: a hydrolytic enzyme with significant
transfructosylating activity

Genome analysis had identified a single exo-inulinase (AnginuE) in A. niger CBS513.88
(Yuan et al., 2006; Pel et al., 2007; Chapter 2). Phylogenetic analysis showed that AngInuE
is identical to the FTF of A. foetidus, a glycosylated, dimeric enzyme lacking inulin and levan
hydrolytic activity (Rehm et al., 1998), and 99% and 91% identical to the monomeric exoinulinases of A.niger 12 (InuE; Moriyama et al., 2003) and A. awamori (Inu1; Arand et al.,
2002) (Chapter 2). As typical exo-inulinases, both InuE and Inu1 hydrolyse inulin, but lack
any detectable FTF activity (Moriyama et al., 2003; Kulminskaya et al., 2003). However,
Inu1, opposed to InuE, is able to hydrolyze levan as well.
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In order to determine the true enzymatic characteristics of AngInuE, the gene encoding this
enzyme was heterologously expressed in and purified from E. coli. Results showed that
AngInuE is a monomeric enzyme of 57 kDa, which displayed pH and temperature optima
characteristics close to what has been described for InuE and Inu1. However, AngInuE also
displayed clear transfructosylation activity in the presence of sucrose, 1-kestose and nystose,
and produced oligosaccharides of both the inulin, levan as well as neo-series inulin type (for
chemical structures, see Chapter 1; Goosen et al., submitted for publication; Chapter 4).
AngInuE hydrolysed inulin and levan to release free fructose (Goosen et al., submitted
for publication; Chapter 4). Strikingly, although AngInuE differed from InuE by only three
amino acids (Gln199His, Ser476Gly and Ser499Thr), the two enzymes display different
substrate and product specificities. Following site directed mutagenesis of the three amino
acids AngInuE to their InuE counterparts, no changes in inulin or levan hydrolysis and FTF
activity could be observed.
A structural feature widely present in GH32 enzymes is the C-terminal β-sandwich
domain, which contains the conserved sequence motif SVEVF (GH32 domain G). Although
the precise function of this domain is unkown, its presence appears to be essential for activity.
Site-directed mutagenesis of Ser469 in the conserved family GH32 domain G significantly
reduced activity on sucrose, inulin and levan (Goosen et al., submitted for publication;
Chapter 4). Mutations in Ser469 also resulted in decreased transfructosylation activity,
compared to wild-type AngInuE. SVEVF is highly conserved among fungal polymeric
fructan hydrolysing enzymes, but not in invertases (Yuan et al., 2006), and has been proposed
to play a role in polymer binding (Burne et al., 1992; Ohta et al., 1998; Moriyama et al.,
2003).
Our data show that AngInuE, expressed and purified from E. coli, functions as a
monomeric, non-glycosylated exo-inulinase, hydrolysing sucrose, inulin and levan. The
enzyme is also capable of performing significant transfructosylation activity with increasing
sucrose concentrations. Differences in molecular weight and biochemical characteristics
between 1-SST, InuE and Inu1 may be based on differences in (1) analytic methods used, (2)
E. coli (non-glycosylated) and A. niger produced enzymes, or (3) production of different
isoforms of the enzyme in A. niger. Finally, our data show that the conserved motif SVEVF in
domain G of the family GH32 β-sandwich domain clearly plays a significant role in overall
enzyme activity, and may also be responsible for polymeric fructan binding.
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The GH32 enzyme network of A. niger

Enzymes identified by in silico genome mining, together with their known and experimentally
elucidated enzyme characteristics (Yuan et al., 2006; Goosen et al., 2007; Goosen et al.,
submitted for publication; Chapters 2-4) enabled us to propose a model for the sucrose and
fructan modifying enzyme network of A. niger (Fig. 1). In the environment, A. niger
encounters sucrose or fructan rich decaying plant material. This triggers the induction of
sucrose and fructan modifying enzymes (Yuan et al., 2006; Chapter 2). Sucrose, but not
inulin, most probably enters the fungal hyphe via a specific importer, inducing the
transcription of the sucrose and fructan modifying enzymes. Hydrolytic enzymes containing
signal sequences are exported via a protein secretion pathway (see Pel et al., 2007), enabling
them to get into direct contact with extracellular sources of sucrose and fructans. The fungus
A. niger is able to hydrolyse these carbohydrates using the extracellular invertase SucA, the
exo-inulinase AngInuE and the endo-inulinase InuA. SucA releases free glucose and fructose
from sucrose. InuA specifically hydrolyses inulin into smaller inulo-oligosaccharides. By
doing this, more terminal non-reducing ends from these inulo-oligosaccharides become
available as substrates for the exo-inulinase AngInuE. This enzyme completely hydrolyses
these inulo-oligosaccharides, as well as sucrose, to free fructose and glucose. Apart from the
hydrolysis activity, AngInuE produced small amounts of inulin-, levan and neo-series inulooligosaccharides (Chapter 4). These oligosaccharides might be imported into the cell, but are
most likely hydrolysed again to free fructose and glucose.
The industrially importance of A.niger (and A.oryzae) is firmly nestled on their ability
to secrete large quantities of proteins. These filamentous fungi also contain the highest
percentage of extracellular carbohydrate active enzymes, which are extensively used in
industry (Abarca et al, 2004; Pel et al., 2007). Phylogenetic analysis have shown that apart
from a large number of extracellular enzymes, Aspergilli also contain a significant repertoire
of putative carbohydrate-active enzymes lacking any detectable export signals (Pel et al.,
2007). Although little is known regarding the biochemical properties of these putative
intracellular enzymes, their widespread occurrence in different Aspergilli indicate that they
are conserved in function. These enzymes could play an important role in the intracellular
metabolism of imported di- or small oligosaccharides, in gene regulation by synthesis of
specific inducer molecules, in the salvaging of cellular carbohydrates following mycelial
breakdown, in osmolarity, or even in differentiation related processes, e.g. sporulation in case
of SucB.
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SucB, as putative intracellular invertase, is situated in the A. niger genome next to a putative
hexose importer (An15g00310; Pel et al., 2007), which might function by importing small
amounts of sucrose from the extracellular environment. Once inside, SucB may hydrolyse this
sucrose to make glucose and fructose available for catabolism, or perform transfructosylation
resulting in the formation of small inulin-, levan- and neo-series oligosaccharides. Disruption
of the sucB gene in A. niger did not cause any difference in growth in liquid media, showing
that this enzyme does not play an essential role in sucrose and fructan metabolism. However,
on solid media the SucB disrupted strains displayed earlier onset of sporulation compared to
the wild-type A. niger. SucB might thus be (in)directly responsible for the onset of
sporulation, either by relieving stress on the organism, by regulation of osmolarity, or
intracellular storage of energy, or by removing free sucrose via transfructosylation. The
presence of SucB homologues in other fungal species indicates that these proteins may all
play an important, but not essential role in the intracellular metabolism of sucrose (Yuan et
al., 2006; Goosen et al., 2007; Chapters 2 and 3).
A. niger thus employs multiple enzymes in order to facilitate sucrose and fructan
hydrolysis. These enzymes are specifically induced by their substrates, or substrate derivates,
as in the case of the induction of InuA by the inulin derivate sucrose. Finally, the precise
metabolic roles of intracellular sucrose hydrolysing enzymes are still unclear. Elucidation of
their specific function in overall metabolism in A. niger provides an interesting and
challenging topic for future research.
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Inulin from plant material
AngInuE
AngInuE

InuA
SucA
AngInuE

SucB

Figure 1.

Inducer?
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Sporulation?

Metabolism
Fructose
Glucose

Schematic representation of the sucrose and fructan modifying enzymes
network of Aspergillus niger (see text for details), depicting both extracellular
(AngInuE, InuA, SucA) and intracellular (SucB) sucrose and fructan
modifying enzymes.
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Genomika of erflikheidsleer, die studie van totale oorferflikheidseienskappe van ‘n
organisme, maak dit moontlik om metaboliese weë te ontsyfer, om proteine en hul funksies te
voorspel, asook om ’n dieper insig te verky aangaande die komplekse regulatoriese
meganismes van lewende selle. Die bousteen van die genoom is DNS (Deoksiribonukleïen
suur), die molekulere bousteen vir die opberging van informasie. Translasie van die
informasie vind plaas via boodskapper molekules, wat bekend staan as bRNS (boodskapper
Ribonukleïen suur), en lei tot die sintese van proteïene. Proteïene vervul menige funksies
insluitende dié van strukturele en katalitiese aard. Om dit moontlik te maak om die proteïen
diversiteit van selle te ontrafel, is dit nodig om die volledige genomiese volgorde van ’n
organisme te bepaal. DNA volgorde bepaling was vir die eerste keer uitgevoer deur Sanger en
Coulson (1975). Tegnologiese vooruitgang in chemie en informatika het dit vir
wetenskaplikes moontlik gemaak om volledige genomiese volgordebepalings van organismes
uit te voer. Dit het, in later jare, ook gelei tot die ontrafeling van die menslike genoom (The
IHGSC, 2001; Venter et al., 2001; The IHGSC, 2004)
Genomiese volgordebepaling het vinnig uitgebrei tot alle takke van die boom van die
lewe,

met

’n

kontinue

toename

in

publieke

toeganklike

genoom

volgordes

(http://www.nvbi.nlm.nih.gov/Genomes). Fungi, organismes van patologiese en industriële
belang, het dieselfde aandag geniet in die veld van genomiese volgordebepalings. Daar is
huidiglik meer as 40 volledige genoom volgordes van fungi beskikbaar (Galagan et al., 2005.
Die Nederlandse maatskappy DSM het substansieël geinvesteer om die genoom van
Aspergillus niger te ontravel (Pel et al., 2007).

A. niger behoort tot die klas van

Hyphomycetes, wat val onder die subdivisie Deuteromycotina (Imperfekte fungi) en het tot
dusver baie aandag geniet van die industrie as ’n potente organiese-suur en ensiem
produseerder (Abarca et al., 2004). Op die huidiglike oomblik in die industrie word A. niger
ekstensief gebruik as produseerder van sitroensuur en gesien as ’n belangrike bron van
potensieel bruikbare ensieme (Olempska-Beer et al., 2006; Pel et al., 2007). A. niger geniet
ook GRAS (“generally regarded as safe” of algemeen aanvaar as veilig) status, wat aandui dat
produkte en ensieme wat geproduseer word deur dié fungus beskou kan word as veilig vir die
gebruik in die voedsel en farmaseutiese bedryf. Om die totale diversiteit van ensieme
geproduseer deur dié organisme te verstaan, is dit nodig om hulle te identifiseer asook om
hulle funksies te voorspel (annotasie). Spesifieke ensiem aktiwiteit word bevestig deur die
ooreenstemmende gene uit te druk in gasheer organismes, gevolg deur biochemiese
karakterisering en analise.

Onder die vaandel van die Nederlandse nationale

befondsingsprogram (http://www.senternovem.nl/iopgenomics/), en in samewerking met
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akademiese en industriele vennote (http://www.biopoort.net/carbnet/carbnet.html), het ons
gepoog om die koolhidraat aktiewe ensieme in die genoom van A.niger CBS518.33 (die stam
waarvan die genoom volgorde bepaal is deur DSM) asook die stam N402 (gebruik vir
ekspressie analise en as bron vir geteikende ekspressie analises) te identifiseer en analiseer.
Die werk wat beskryf word in hierdie tesis fokus op ensieme wat aktief is op sukrose sowel as
die fruktane inulien en levaan (Hoofstuk 1). Fruktane word deur plante, bakterieë en fungi
geproduseer en word in die voedselindustrie gebruik na aanleiding van hulle verbeterings- en
gesondheids eienskappe (Gibson et al., 1995; Kaur & Gupta, 2002). Huidiglik is daar ’n
aantal ensieme van A. niger geidentifiseer wat in staat is om sukrose en fruktane te hidroliseer
of te modifiseer. Dit sluit in invertases (primer sukrose hidroliserend; Boddy et al., 1993),
endo-inulinase (endo-aktief, hidroliseer inuline; Ohta et al., 1998), exo-inulinase (ekso-aktief,
stel fruktose vry vanaf sukrose, inuline en levan; Arand et al., 2002; Moriyama et al., 2003)
en fruktosieltransferase (FTF of sukrose:sukrose 1- fruktosieltransferase (1-SST); maak kort
oligomeriese kettings vanaf sukrose; Nguyen et al., 1999; L’Hocine et al., 2000). Hierdie
ensieme behoort tot die glikosied-hidrolase familie 32 (GH32) gebasseer op die
teenwoordigheid van gekonserveerde aminosuur domeine (Carbohydrate Active Enzymes
database; http://www.cazy.org/; Coutinho and Henrissat, 1999; Hoofstukke 2 and 3). Tesame
met die glikosied-hidrolase familie 68 (GH68), behoort die twee families tot die kliek GH-J,
waar hulle ’n ooreenstemmende drie-dimensionele struktuur deel (vyf-lemmige β-propeller
vouing; Meng and Frutterer, 2003; Nagem et al., 2004). GH68 ensieme sluit inulo- en
levansukrases (inulien en levaan vorming respektiewelik) asook invertases in waarvan al die
ensieme uit die familie tot dusver slegs in Archaea en Bacteria geidentifiseer is.
In Hoofstuk 2 word die diversiteit en ekspressie-regulerings karakteristieke van
sukrose en fruktaan aktiewe ensieme van A.niger stamme CBS513.88 en N402 beskryf.
Latere hoofstukke gee ‘n indiepte beskrywing van ‘n nuwe intrasellulêre invertase (SucB,
Hoofstuk 3) en ’n ekstrasellulêre ekso-inulinase (AngInuE, Hoofstuk 4), beide geidentifiseer
in die genoom van A. niger. Klem word ook geplaas op die moontlike fruktaan bindingsdomein van GH32, en sy rol in katalise en substraat herkenning.

Databasis ontginning en transkripsionele analise van inulien-modifiserende ensieme van
A. niger.

Die diversiteit en transkripsionele regulering van GH32 ensieme in A. niger was die fokus van
verdere ondersoek in Hoofstuk 2. Geen DNS-volgordes van bekende GH32 proteïene, asook
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struktureel verwante GH68 proteïene, was gebruik om die databasis soekprofiele op te stel nie
(HMM profiele) om sodoende nuwe ensieme in die genoom van die A. niger stam CBS513.88
te identifiseer. Deur gebruik te maak van dié soekprofiel is vyf nuwe GH32 proteïene
geïdentifiseer gebaseer op die teenwoordigheid van beide vollengte leesrame en
gekonserveerde familie GH32 domeine (Yuan et al., 2006; Hoofstuk 2, Fig. 2). Geen enkele
lid van die familie GH68 proteïene was geïdentifiseer in die genoom van A. niger nie.
Deur gebruik te maak van multi–DNS-volgorde vergelykings, saamgestel in ’n
filogenetiese boom, was dit duidelik sigbaar dat die vyf GH32 lede die endo-inulinase
(AngInuA), exo-inulase (AngInuE) en die die filamentagtige fungus invertase (AngSucAp,
AngSucBp, AngSucCp) ensieme verteenwoordig (Yuan et al., 2006; Hoofstuk 2, Fig. 1). Die
analise het drie noemenswaardige eienskappe aan die lig gebring. Eerstens, geen spesifieke
FTF-tipe ensiem kon geïdentifiseer word in die genoom-volgorde nie, alhoewel so ’n tipe
ensiem voorheen gesuiwer kon word vanaf ’n andere A. niger stam (L’ Hocine et al., 2000).
’n Enkele exo-inulinase met FTF-aktiwiteit kon wel geïdentifiseer word. Dié exo-inulinase
toon volledige volgorde homologie met die FTF van A. foetidus (Rehm et al., 1998), en hoë
volgorde homologie met die exo-inulinases van A. niger 12 en Aspergillus awamori (Arand
et al., 2002; Moriyama et al., 2003). Tweedens, slegs ’n enkele endo-inulinase (AngInuAp)
kon geïdentifiseer word in die genoom-volgorde, in teenstelling met die twee endo-inulinases
(InuA en InuB) in A. niger 12 (Ohta et al., 1998). Die endo-inulinase van A.niger CBS513.88
en N402 vertoon beide ’n hoër afgeleide aminosuur-volgorde homologie met InA in
teenstelling tot InuB, en was gevolglik dienooreenkomstig InuA benoem (Hoofstuk 2).
Derdens, twee moontlike intrasellulêre invertases, AngSucB en AngSucC (Hoofstukke 2 en
3) was ook geïdentifiseer. Beide dié proteine besit geen N-terminale sein-volgordes nie, en
word dus waarskynlik gelokaliseer in die intrsellulêre spasie. Filogenetiese analise wys
daarop dat die bogenoemde familie GH32 ensieme gekonserveerd voorkom in verskeie
ascomycete fungi, wat verder aanduidend is van hulle belangrike rol in fruktaan metabolisme
(Yuan et al., 2006; Hoofstuk 2, Tabel 1 en Fig. S1; Hoofstuk 3, Fig. 1 en Tabel 2).
Protein biosintetiese analise van gene wat vir GH32 ensieme van A. niger N402
kodeer dui daarop dat AngInuE, AngSucA, en AngInuA alleen uitgedruk word wanneer
sukrose of inuliene as koolstofbron aangebied word. AngSucB was uitgedruk (op ’n lae vlak)
op alle getoetste koolstofbronne, waar geen ekspressie van AngSucC waargeneem kon word
onder dieselfde toestande nie (Yuan et al., 2006; Hoofstuk 2, Figure 3, 4 en 5). Oordrag van
A. niger van groeimedium wat alleen xylose bevat as koolstofbron, na ‘n groeimedium wat
inulien, sukrose of maltose bevat, het aangedui dat ekspressie opgereguleer word aleen as
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sukrose of inulien, maar nie maltose nie, gebruik word (Hoofstuk 2, Fig. 4). Selfs in die
teenwoordigheid van verhoogde konsentrasies fruktose kon geen ekspressie van enige van die
GH32 ensieme waargeneem word nie. Die waarneming kom goed ooreen met ’n vroeëre
waarneming vir A. nidulans invertase (Vainstein & Peberdy, 1991) wat aanduidend is van
vergelykbare regulasie vir fruktaan-modifiserende ensieme in die twee spesies.

Die

ekspressie van gene wat kodeer vir dié ensieme benodig moontlik faktore wat nie tot
ekspressie kom wanneer alleen xylose of fruktose as koolstofbronne gebruik word nie.
Ekspressie-analise was ook uitgevoer in ’n A. niger stam met defektiewe kataboliet repressie
(A. niger ∆creA). Die resultate dui daarop dat ekspressie van AngInuE en AngSucB, maar nie
AngSucA en AngInuA nie, direk beheer word deur kataboliet repressie (Hoofstuk 2, Fig. 3).
Die bevindinge lei tot die voorstel dat sukrose, as hoof induserende molekule, oor die plasma
membraan getransporteer kan word. Sucrose, of ’n derivaat daarvan, kan dan in die
intrasellulêre omgewing optree as ’n induseerder van GH32 geen ekspressie (Hoofstuk 2).

Molekulêre and biochemiese karakterisasie van ’n nuwe intrasellulêre invertase van
Aspergillus niger met ’n trans-fruktosilerende aktiwiteit

Analise van die A. niger genoom-volgorde het die teenwoordigheid van sucA, wat kodeer vir
die gekaraktiseerde ekstrasellulêre invertase, asook twee nuwe invertase gene, sucB en sucC,
opgelewer. Analise van die databasis het ook verder die teenwoordigheid van SucB ortoloë
gene in verskeie ander fungi spesies aangetoon. In silico analise het verder aantgetoon dat
geen van die nuwe, potensiële invertases sein-peptied volgordes bevat nie. Filogeneties gesien
groepeer die nuwe intrasellulêre invertases almal saam in ’n nuwe groep (Hoofstuk 3, Fig. 1).
Alhoewel al agt van die gekonserveerde domeine, wat karakterisitiek is van GH32,
teenwoordig is, is daar duidelike volgorde verskille in die SucB subfamilie (Hoofstuk 3,
Tabel 2). Ten spyte van die feit dat intrasellulêre invertases al voorheen in fungi aangetoon is
(Gascon & Lampen, 1968; Maramatsu & Nakakuki, 1995; Nguyen et al., 1999), is daar nog
steeds weinig bekend oor hulle biochemiese eienskappe en hul funskies in die intrasellulêre
omgewing. Die moontlike intrasellulêre invertase (SucB) van A. niger was heteroloog
geproduseer in beide Escherichia coli en die gis Saccharomyces cerevisiae (Hoofstuk 3).
Gesuiwerde SucB na ekspressie in E. coli is verder biochemies gekarakteriseer. SucB vertoon
tipiese invertase karakterisitieke: dit hidroliseer sukrose en kort inuliene-tipe oligosakkariede, maar nie hoë-molekulêre massa inuliene en levaan nie. Afgesien van hidrolise,
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vertoon SucB ook transfruktosilerende eienskappe deur respektiewelik 1-kestose en nistose
vanaf sukrose en 1-kestose te produseer. Transfruktosilerende aktiwiteit was direk
proporsioneel tot die substraat konsentrasie (tussen 20 – 50 % deur ’n sukrose konsentrasie
reeks van 2.5 mM tot 1 M te gebruik; Hoofstuk 3, Fig. 3). SucB vertoon ook tipiese
Michaelis-Menten kinetika met substraat inhibisie op sukrose, met waarskynlike Km, Ki en
Vmax waardes van 2.0 (±0.2) mM, 268.1 (±18.1) mM and 6.6 (±0.2) µmol min-1 mg-1 proteïen
(totale aktiwiteit). Beide die Km en Vmax waardes is beduidend laer as waardes wat voorheen
beskryf was vir ander invertases van fungi en bakteriëe (Gascon & Lampen, 1968; Boddy et
al. 1993; Reddy et al. 1996; Wallis et al. 1997; Liebl et al. 1998; L’Hocine et al. 2000). SucB
het dus ’n hoër affiniteit vir sukrose, maar in vergelyking met die eerder beskrewe invertase
ensieme, ’n relatief lae aktiwiteit. SucB het ook ’n beperkte pH bereik waarin hy aktief was
(pH 4-7; Hoofstuk 3, Fig. 2A), seker in vergelyking met die ekstrasellulêre invertase Suc1
van A. niger (pH 3-10) (Boddy et al., 1993; Wallis et al., 1997). By sukrose konsentrasies tot
400 mM bedra die transfruktosilerende (FTF) aktiwiteit ongeveer 20 tot 30% van die totale
aktiwiteit. By hoër sukrose konsentrasies het die FTF aktiwiteit toegeneem tot 50% van die
totale aktiwiteit. Hierin verskil SucB sterk van SucA, die ekstrasellulêre A. niger invertase.
Die laasgenoemde ensiem besit geen meetbare FTF aktiwiteit, self nie by sukrose
konsentrasies van 2.2 M nie (L’Hocine et al., 2000).
In vergelyking met die wilde-tipe A. niger vertoon ’n mutant met ’n onderbreking in
SucB (A. niger ∆sucB) vroeëre spoorvorming wanneer dit op vaste medium gegroei word. Dit
was onafhanklik van die koolstofbron wat gebruik was. Daar was egter geen verskil in groei
waargeneem tussen die wild-tipe A. niger en die A. niger ∆sucB stam op vloeibare medium
nie.
Na aanleiding van die bogenoemde resultate en waarnemings word aangeneem dat
SucB ’n verteenwoordiger is van ’n nuwe groep van intrasellulêre invertases van fungi
(Goosen et al., 2007; Hoofstuk 3; Fig. 1). Dié intrasellulêre invertases hidroliseer sukrose,
kestose en nistose en stel dan rye glukose en fruktose vry wat weer in die sentrale
metabolisme van die fungus gebruik kan word. Vanweë sy transfruktosilerende aktiwiteit kan
SucB ook verder ’n rol speel by die berging van energie, die regulasie van osmolariteit, of by
die sintese van ’n induseerder vir ‘n fruktaan- en sukrose-modifiserende ensiem. Verder wys
die analise van ‘n SucB mutant dat dié ensiem geen essensiële rolspeel in die metabolisme
van sukrose nie, maar wel ’n moontlike (in)direkte rol in die proses van sporulasie van A.
niger.

124

Chapter 7

Ekso-inulinase van Aspergillus niger N402: ’n hidrolitiese ensiem met noemenswaardige
transfruktosilerende aktiwiteit

Op grond van die analise van die hele genoom was slegs ’n enkele ekso-inulinase (AngInuE)
gevind in A. niger CBS513.88 (Yuan et al., 2006; Pel et al., 2007; Hoofstuk 2). ’n
Filogenetiese analise wys daarop dat AngInuE identies is aan die FTF van A. foetidus, ’n
geglikosileerde dimeriese ensiem wat nie in staat is om inulien en levaan te hidroliseer nie
(Rehm et al., 1998). AngInuE vertoon ook 99% en 91% identiteit (respektiewelik) aan die
monomeer ekso-inulinases van A. niger 12 (InuE; Moriyama et al., 2003) en A. awamori
(Inu1; Arand et al., 2002) (Hoofstuk 2). InuE sowel as Inu1 is tipiese ekso-inulinases wat
inulien kan hidroliseer, maar geen aantoonbare FTF aktiwiteit besit nie (Moriyama et al.,
2003; Kulminskaya et al., 2003). In teenstelling tot InuE, is Inu1 egter wel in staat om levaan
te hidroliseer.
Om die daadwerklike eienskappe van AngInuE te bepaal, is die ensiem via heterologe
ekspressie in E. coli geproduseer en vervolgens gesuiwer. Uit die resultate blyk dit dat
AngInuE ’n monomeer ensiem van 57 kDa is, met pH en temperatuur optima hoogs
vergelykbaar met die van InuE en Inu1. AngInuE besit egter ook duidelike
transfruktosilerende aktiwiteit in die aanwesigheid van sukrose, 1-kestose en nistose, waarby
oligo-sakkariedes van inulien, levaan asook die neo-series tipe inulien geproduseer word (vir
chemiese strukture sien Hoofstuk 1; Goosen et al., gestuur vir publikasie; Hoofstuk 4).
AngInuE hidroliseer inulien en levaan waarby fruktose vrygestel word (Goosen et al.,
gestuur vir publikasie; Hoofstuk 4). Dit is opvallend dat daar slegs drie aminosure (nie
gekonserveerd in GH32) verskil tussen AngInuE en InuE (Gln199His, Ser476Gly en
Ser499Thr), maar dat die twee ensieme duidelik verskillende substraat en produk profiele
toon. Nadat die drie aminosure spesifiek tot AngInuE gemodifiseer was deur teiken-spesifieke
mutagenese (site-spesific mutagenesis) tot die aminosure soos wat dit voorkom in InuE, was
daar geen verskille gemerk in die hidroliserende aktiwiteit (inulien en levaan) asook die FTF
aktiwiteit nie.
’n Wydverspreide strukturele kenmerk in familie GH32 is die “β-sandwich” domein.
Die domein besit die gekonserveerde volgorde motief SVEVF (GH32 domein G). Dit wil
voorkom asof die domein essentieël is vir die aktiwiteit van ensieme in die groep, alhoewel
die presiese funksie nog onbekend is. Teiken-spesifieke mutagenese van die Ser469 residu,
wat gekonserveerd voorkom in die domein G van familie GH32, bring ’n noemenswaardige
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verlaging in die aktiwiteit op sukrose, inulien en levaan (Goosen et al., gestuur vir publikasie;
Hoofstuk 4). Dieselfde mutasie bring ook ’n verlaagde transfructosilerende aktiwiteit toe. Die
volgorde SVEVF is streng gekonserveerd in die groep van fungus ensieme wat polimeer
fruktane hidroliseer. In die groep van invertases is dit nie die geval nie (Yuan et al., 2006).
Die moontlikheid bestaan dat die spesifieke volgorde ’n rol speel in die binding van polimeer
substrate (Burne et al., 1992; Ohta et al., 1998; Moriyama et al., 2003).
Die resultate soos beskryf in dié proefskrif laat die leser sien dat AngInuE, na
produksie in E. coli gevolg deur suiwering, aktief is as ’n monomeriese, nie-geglikosileerde
ekso-inulinase wat sukrose, inulien en levaan hidroliseer. Naas hidrolise, vertoon AngInuE
ook duidelike transfruktosilerende aktiwiteit by hoë sukrose konsentrasies. Die verskille in
molekulêre gewig en biochemiese karakteristieke tussen 1-SST, InuE en Inu1 kan veroorsaak
word deur (1) verskille in die gebruikte analitiese metode, (2) die gebruikte gashere E. coli
(nie -glikosilerend) en A. niger of (3) die moontlike produksie van verskillende iso-vorme van
die ensiem deur A. niger. Ons resultate wys verder daarop dat die gekonserveerde motief
SVEVF in domein G van familie GH32 “β-sandwich” regio essensieël is vir totale ensiem
aktiwiteit. Die moontlikheid bestaan ook dat die motief betrokke kan wees by die binding van
polimere substrate.

Die GH32 Ensiem Netwerk van Aspergillus niger.

Na aanleiding van verkrygde resultate met behulp van in-silico genoom-volgorde analise, die
karakterisitieke soos beskryf in die proefskrif (Yuan et al., 2006; Goosen et al., 2007; Goosen
et al., gestuur vir publikasie; Hoofstukke 2-4) asook wat in die literatuur bekend is, kan ’n
model vir die netwerk van sukrose en fruktaan modifiserende ensieme van A. niger
CBS513.88 voorgestel word (Fig. 1). In sy natuurlike habitat kom A. niger sukrose en
fruktaan van dooie plantmateriaal teë. Daardeur word die sukrose en fruktaan modifiserende
netwerk geïnduseer (Yuan et al., 2006; Hoofstuk 2). ’n Spesifieke invoerder (“importer”)
sorg daarvoor dat sukrose, maar nie inulien nie, die fungus hife binnekom waarna transkripsie
van sukrose en fruktaan modifiserende ensieme geïnduseer word. Hidrolitiese ensieme wat ’n
sein-peptied volgorde besit word via ’n proteïen sekresie roete na buite ge-eksporteer (sien Pel
et al., 2007). Sodoende kom dié ensieme direk in kontak met sukrose en fruktane. A. niger is
in staat om met die ektrasellulêre invertase SucA, die exo-inulinase AngInuE en die endoinulinase InuA sukrose en fruktaan te hidroliseer. SucA stel glukose en fruktose vry vanuit
sucrose. InuA hidroliseer inulien tot kleinere inulo-oligo-sakkariedes waardeur meer nie126
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reduserende terminale vrykom wat die ekso-inulinase in staat stel om dit verder af te breek.
Die laasgenoemde ensiem hidroliseer dié inulo-oligo-sakkariedes asook sukrose volledig tot
vrye

fruktose

en

glukose.

Naas

hidroliserende

aktiwiteit,

besit

AngInuE

ook

transfruktosilerende aktiwiteit waardeur klein hoeveelhede inulien, levaan en neo-series inulooligo-sakkariedes geproduseer word (Hoofstuk 4). Dié oligo-sakkariedes kan moontlik in die
sel ge-importeer word, maar dis meer waarskynlik dat hulle afgebreek word na vrye fruktose
en glukose.
Die fungus A. niger (en ook A. oryzae) word op groot skaal deur die fermentasie
industrie gebruik om groot hoeveelhede proteïene en ensieme te produseer. Die filamentagtige
fungi besit ’n relatief groot diversiteit van ekstrasellulêre koolhidraat hidroliserende ensieme,
waarvan ’n aantal op groot skaal geproduseer word vir diverse toepassings (Abarca et al.,
2004; Pel et al., 2007). ’n Uitgebreide filogenetiese analise dui daarop dat naas dié
ekstrasellulêre ensieme, die Aspergilli groep ’n aansienlike repertiore van glikosied
hidrolases besit met geen herkenbare signaalpeptied volgordes nie (Pel et al., 2007). Ondanks
dat daar weinig bekend is aangaande die biochemiese kenmerke van dié “intrasellulêre”
glikosied-hidrolases, is dit duidelik dat hulle weidverspreide voorkoms in verskeie Aspergilli
daarop dui dat hulle moontlik ‘n vergelykbare rol kan speel. Moontlike funskies sluit in die
intrasellulêre metabolisme van di- of klein oligo-sakkariede; die regulasie van die ekspressie
van gene deur die vorming van spesifieke induseer-molekules; die omskakeling van sellulêre
koolhidrate wat vrykom vanaf lise van die mycelium, of by die regulsie van die osmolariteit
deur die vorming van oligo-sakkariede uit sukrose. ’n Rol by differensiasie prosesse soos
sporulasie, (soos in die geval van SucB), kan ook nie uitgesluit word nie.
Die geen wat kodeer vir SucB, hoogswaarskynlik ‘n intrasellulre invertase, lê op die genoom
van A. niger reg naas ’n waarskynlike heksose importer (An15g00310; Pel et al., 2007) wat ’n
rol kan speel by die imvoer van klein hoeveelhede sukrose vanuit die ekstrasellulêre
omgewing. Sodra dit in die sel is kan die sukrose deur SucB gehidroliseer word tot glukose en
fruktose wat verder in katabolisme gebruik kan word. SucB kan ook transfruktosilering
uitvoer om soedoende klein hoeveelhede inulien, levaan en die neo-series oligo-sakkariede te
produseer. Die onderbreking van die sucB geen in A. niger lei nie tot enige verskil in groei in
vloeibare medium nie, wat aanduidend is dat dit nie ’n essensiële rol in sukrose en fruktaan
metabolisme speel nie. Op soliede media vertoon die SucB onderbreekte mutant vroeër
sporulasie in vergelyking met die wilde-tipe A. niger. SucB speel dus ‘n (in)direkte rol in die
begin van sporulasie, hetsy deur die opheffing van stres, deur die regulasie van die
osmolariteit, deur die storing van energie, of deur die verwydering van vrye fruktose deur
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transfruktosilering. Die aanwesigheid van SucB homoloë in ander fungi wys daarop dat dit ’n
belangrike, dog nie-essensiële rol kan speel in die intrasellulêre metabolisme van sukrose
(Yuan et al. 2006; Goosen et al. 2007; Hoofstukke 2 en 3).
In samevatting, A. niger kan ’n aantal ensieme gebruik vir die hidrolise van sukrose en
fruktane. Die gene wat kodeer vir die ensieme word spesifiek geïnduseer deur hulle eie
substrate, of verbindings afgelei uit die substrate, soos in die geval van die induksie van inuA
deur die inulien-afgeleide sukrose. Ten slotte moet dit beklemtoon word dat die eksakte rol
wat die intrasellulêre ensieme speel in die metabolisme van sukrose nog onbekend is. Die
opheldering van die spesifieke funksie/rol van die nuwe groep ensieme in die metabolisme
van A. niger is wel ’n interessante en uitdagende onderwerp vir toekomstige navorsing.

Inulien van plant materiaal
AngInuE
AngInuE

InuA
SucA
AngInuE

SucB

Figure 1.

Induseerder?
Opberging van
oligo’s?
Reguleing van
osmolariteit?
Sporulasie?

Metabolisme
Fruktose
Glukose

Skematiese voorstelling van die sukrose en fruktaan modifiserende ensiem
netwerk van Aspergillus niger (sien teks vir besonderhede), aanduidend van
beide die extrasellulêre(AngInuE, InuA, SucA), asook intrasellulêre (SucB)
sucrose en fruktaan modifiserende ensieme.
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APPENDIX 1
Genome sequencing and analysis of the versatile cell
factory Aspergillus niger CBS 513.88
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Danchin, Alfons J M Debets, Peter Dekker, Piet W M van Dijck, Alard van Dijk, Lubbert
Dijkhuizen, Arnold J M Driessen, Christophe d’Enfert, Steven Geysens, Coenie Goosen, Gert
S P Groot, Piet W J de Groot, Thomas Guillemette, Bernard Henrissat, Marga Herweijer,
Johannes P T W van den Hombergh, Cees A M J J van den Hondel, Rene T J M van der
Heijden, Rachel M van der Kaaij, Frans M Klis, Harrie J Kools, Christian P Kubicek, Patricia
A van Kuyk, Jürgen Lauber, Xin Lu, Marc J E C van der Maarel, Rogier Meulenberg,
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Karoly Pal, Noël N M E van Peij, Arthur F J Ram, Ursula Rinas, Johannes A Roubos, Cees M
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