Accessory enzymes from Aspergillus

involved in xylan and pectin degradation



Promotor: Dr. ir.J. A. M. de Bont

Hoogleraar Industriéle Microbiologie

Copromotor: Dr.ir. J. Visser
Universitair hoofddocent, sectie Moleculaire Geneticavan Industriéle

Micro-organismen



Ronald Peter de Vries

Accessory enzymes from Aspergillus

Involved in xylan and pectin degradation

Proefschrift
ter verkrijging van de graad van doctor
0p gezag van de rector magnificus
van de Wageningen Universiteit,
Dr. C. M. Karssen,
in het openbaar te verdedigen
op maandag 13 september 1999

des namiddags te half tweein de Aula.



The research described in this thesis was financially supported by Danisco A/S (Brabrand,
Denmark) and was performed in the laboratories of the section Molecular Genetics of

Industrial Microorganisms at Wageningen Agricultural University.

Accessory enzymes from Aspergillus involved in xylan and pectin degradation / Ronald P. de
Vries. - [Sl.:sin.]

Thesis Landbouwuniversiteit Wageningen. - With ref. - With Summary in Dutch.

ISBN 90-5808-108-7

Subject headings: Aspergillus/ xylan / pectin

The Aspergillus niger image on the cover was kindly provided by "The Fungal Research
Trust', UK.



aan mijn ouders






Contents

1. Introduction.

2. Aim and outline of the thesis.

3. ThefaeA genesfrom Aspergillus niger and Aspergillus tubingensis encode ferulic

acid esterases involved in degradation of complex cell wall polysaccharides

4. Influence of ferulic acid on the production of feruloyl esterases by Aspergillus niger

5. Regulation of the feruloyl esterase (faeA) gene from Aspergillus niger.

6. Induction and structural characterisation of FaeA from A. niger

7. AguA, the gene encoding an extracellular a-glucuronidase from Aspergillus

tubingensis, is specifically induced on xylose and not on glucuronic acid

8. Differential expression of three a-galactosidase genes and asingle

[3-galactosidase gene from Aspergillus niger

9. CreA modulates the XInR induced expression on xylose of Aspergillus niger

genesinvolved in xylan degradation

10. Synergy between accessory enzymes of Aspergillusinvolved in the degradation

of wheat arabinoxylan

11. Synergy between accessory enzymes of Aspergillusinvolved in the degradation
of sugar beet pectin

12. Concluding remarks

Summary

49

53

71

83

95

105

123

141

149

161

173

179



Samenvatting

Curriculum Vitae

Publications

Nawoord

183

187

189

191



Chapter 1

General introduction

A modified verison of this chapter will be submitted for publication.



Chapter 1

1. The plant cell wall

1.1. Plant cell wall polysaccharides

Plant cell wall polysaccharides are the most abundant organic compounds found in nature.
They can be divided into three groups. cellulose, hemicellulose and pectin. Cellulose
represents the major constituent of cell wall polysaccharides and consists of a linear polymer
of B-1,4-linked D-glucose residues. The cellulose polymers are present as ordered structures
(fibres) and their main function is to ensure the rigidity of the plant cell wall.

Hemicelluloses are more heterogeneous polysaccharides and are the second most abundant
organic structure in the plant cell wall. The maor hemicellulose polymer in cereals and
hardwood is xylan. Xylan consists of a 3-1,4-linked D-xylose backbone and can be substituted
with different side-groups such as L-arabinose, D-galactose, acetyl, feruloyl and p-coumaroyl
and glucuronic acid residues (Wilkie and Woo, 1977). A second hemicellulose structure
commonly found in soft- and hardwoods is (galacto)glucomannan (Timell, 1967), which
consists of a backbone of 3-1,4-linked mannose and glucose residues and contains galactose
side groups. Softwoods contain mainly galactoglucomannan whereas in hardwoods
glucomannan is the most common form.

Pectins form another group of heteropolysaccharides, which consist of a backbone of a-1,4-
linked galacturonic acid residues. In specific ‘hairy’ regions the galacturonic acid backbone is
interrupted by a-1,2-linked rhamnose residues. Long side chains consisting mainly of L-
arabinose and D-galactose residues can be attached to these rhamnose residues. In pectins of
some origins (e.g. sugar beet and apple) ferulic acid is present as terminal residues attached to
O-5 of the arabinose residues or O-2 of the galactose residues.

The hemicellulose and pectin polysaccharides, as well as the aromatic polymer lignin interact
with the cellulose fibrilles creating a rigid structure strengthening the plant cell wall. They
also form covalent crosslinks, which are believed to be involved in limiting cell growth and
reducing cell wall biodegradibility. Two types of covalent crosslinks have been identified
between plant cell wall polysaccharides and lignin (Fry, 1986). The crosslink studied in most
detail isthe formation of di-ferulic acid bridges. Di-ferulic (di-cinnamic) acid bridges between
polysaccharides and lignin have been identified in many plants. They have been shown to
occur between arabinoxylans from bamboo shoot cell walls (Ishii, 1991), between pectin
polymersin sugar beet (Oosterveldt et a., 1997), and between lignin and xylan in wheat (Bach
Tuyet Lam, 1992). A second type of crossinks is the ester linkage between lignin and
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glucuronic acid attached to xylan, which was identified in beech wood (Imamura et al., 1994;
Takahashi et al., 1988).

1.2. Structural features of xylans

The structure of xylans found in cell walls of plants can differ strongly depending on the origin,
but aways contains a [B-1,4-linked xylose backbone (Wilkie, 1979). The schematic
representation of xylan (Fig. 1) also lists the different structures which can be attached to the
xylan backbone and which cause the large variety of xylan structures found in plants. Although
most xylans are branched structures, some linear polysaccharides have been isolated
(Montgomery et a., 1956; Eda et d., 1976). Cerea xylans contain large quantities of L-
arabinose and are therefore often referred to as arabinoxylans, whereas hardwood xylans are
often referred to as glucuronoxylans due to the high amount of glucuronic acid attached to the
backbone.

Arabinose is connected to the backbone of xylan via an a-1,2- or a-1,3-linkage as single
residues or as short side chains. These side chains can also contain xylose, 3-1,2-linked to
arabinose, and galactose which can be either (3-1,5-linked to arabinose or (3-1,4-linked to
xylose. Acetyl residues are attached to O2 or O3 of xylose in the backbone of xylan, but the
degree of acetylation differs strongly amongst xylans from different origin. Glucuronic acid and
its 4-O-methyl ether are attached to the xylan backbone via a a-1,2-linkage, whereas aromatic
(feruloyl and p-coumaroyl) residues have so far only been found attached to O5 of terminal
arabinose residues. As a consequence of all these features the xylans form a very heterogeneous
group of polysaccharides (see e.g. Brillouet and Joseleau, 1987; Bgpai, 1997; Schooneveld-
Bergmanset a., 1998).

xylose V.
glucuronic acid
arabinose
galactose
ferulic acid

O
acetyl

«<0e0On

Fig. 1. Schematic presentation of the xylan.
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1.3. Structural features of pectins

Pectins are complex heteropolysaccharides which contain two different defined regions (de
Vries et a., 1982). The ‘smooth’ regions consist of a backbone of a-1,4-linked galacturonic
acid residues, which can be acetylated or methylated. In the ‘hairy’ regions (Fig. 2) the
galacturonic acid residues in the backbone are interrupted by a-1,2-linked rhamnose residues,
to which long arabinan and galactan chains can be attached at O4. The arabinan chains consist
of amain chain of a-1,5-linked arabinofuranosidase residues which can be substituted with a-
1,3-linked arabinofuranoside and with feruloyl residues attached terminally to O2 of the
arabinose residues (Guillon and Thibault, 1989). The galactan sidechains contain amain chain
of -1,4-linked gal actopyranoside residues which can be substituted by feruloyl residues at O6
(Guillon and Thibault, 1989). Approximately 20-30% of the feruloyl residues in sugar beet
pectin are attached to arabinan side chains, while the other feruloyl residues are attached to
galactan side chains (Guillon and Thibault, 1989). The hairy regions also contain acetyl
groups ester-linked to galacturonic acid residues of the backbone (Schols and Voragen, 1994).

galacturonic acid
rhamnose
arabinose
galactose

ferulic acid

260> Hm

Fig. 2. Schematic presentation of the hairy region of pectin. Based on Schols and Voragen (1996).

1.3. Aromatic residuesin plant cell wall polysaccharides

The aromatic acids commonly found in nature can be divided into two classes of compounds:
cinnamates and cinnamate conjugates (Clifford et a., 1999). The most common cinnamate is
ferulic acid, which is the major aromatic compound present in sugar beet fibre and cered
brans. Other cinnamates are p-coumaric acid (spinach, sugar beet fibre, cereal brans), caffeic

acid (coffee beverage, blueberries, apples, ciders) and sinapic acid (broccoli, kale, citrus
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juices). The group of cinnamate conjugates consists of p-coumaroylquinic and feruloylquinic
acids, tartaric and malic conjugates, rosmarinic acids and cell wall conjugates (Clifford et al.,
1999). The latter compounds are believed to play an important role in the structure and
function of the plant cell wall. Ferulic acid can be linked to both the hemicellulolytic (Smith
and Hartley, 1983) as well as the pectic (Rombouts and Thibault, 1986) fraction of plant cell
walls and is able to cross-link these polysaccharides to each other as well as to the aromatic
polymeric compound lignin (Lam et a., 1994; Ishi, 1997). This cross-linked structure results
in an increased rigidity of the cell wall. Anincrease in ferulic acid cross-links during ageing of
the plant cell, suggests a function for these cross-links in limiting cell growth (Fry, 1979;
Wakabayashi et a., 1997). A role for these cross-links in preventing bio-degradability of the
plant cell wal by micro-organisms has aso been suggested. Indications for a limited
enzymatic degradation of arabinoxylan due to ferulate cross-links have been observed (Eraso
and Hartley, 1990; Grabber et al., 1998). Additionally, the antimicrobial effects of these
aromatic compounds (Aziz et a., 1998) could add to the plant defense mechanism against
fythopathogenic micro-organisms.

In cereals, cinnamic acids (mainly ferulic acid) were identified to be ester-linked to arabinose
residues in arabinoxylan in the primary cell wall. Ferulic acid was detected both as terminal

residues and ferulate dimers linked in several ways (Fig. 3), such as 5,5 or 5,8 carbon-carbon

CH30 COOH
OCH3 O‘
COOH
OCH3 ! OCH3

CHz0  OH OH  OCHg COOH  COOH OH

ferulic acid 5,5"-diferulic acid 8-O-4"-diferulic acid 8,8"-diferulic acid
aryltetralin form

O

HO

O F S C0OH OOH
CH30 C CH30 = OH
HO O N
OCH HO COOCH OCH3
3

8,5'-diferulic acid 8,5'-diferulic acid benzofuran form 8,8'-diferulic acid

Fig. 3. Schematical presentation of ferulic acid and di-ferulic acid structures identified in plant cell walls. Based
on Kroon et al. (1999).
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bonds (Kroon et al., 1996b; 1996; Ishii, 1997). Analysis of feruloylated oligosaccharides
isolated from several crude plant products indicated that ferulic acid is linked to C5 of
arabinose residues attached to xylan (Smith & Hartley, 1983; Saulnier et al., 1995; Wende &
Fry, 1997) whereas in pectin ferulic acid is attached to either C2 of arabinose residues or C6

of galactose residues of the pectic sidechains (Colquhoun et al., 1994).

2. Bio-degradation of plant cell wall polysaccharides

2.1. Aspergillus

The genus Aspergillus is a group of filamentous fungi which consists of a large number of
species. The first record of this fungus can be found in Micheli's Nova Plantarum Genera
(1729), but a more detailed description of the Aspergilli didn't appear until the middle of the 19"
century. In 1926 a first classification of these fungi was proposed describing 11 groups within
the genus (Thom and Church, 1926). A re-examination of the genus was published by Thom and
Raper (1945), identifying 14 distinct groups. Some of these groups consist of pathogenic fungi
(e.g. A. fumigatus, A. flavus and A. parasiticus), but most important in the context of this thesis
are some members of the group of black Aspergilli (A. niger and A. tubingensis). In addition to
the morphological techniques traditionally applied, new molecular and biochemical techniques
have been used in recent years in the re-classification of this group of Aspergilli (Kusters-van
Someren et d., 1991a; Megnegneau et al., 1993; Vargaet a., 1994; Nikkuni et al., 1996; Hamari
et al., 1997; Parenicova et d., 1997). This analysis resulted in the clear distinction of eight
groups of black Aspergilli (A. niger, A. tubingensis, A. foetidus, A. carbonarius, A. japonicus, A.
aculeatus, A. heteromorphus, and A. dlipticus; Parenicova et d., 1997). Products of severa of
these species have obtained a GRAS (Generally Regarded As Safe) status, which alows them to
be used in food and feed applications. The black Aspergilli have a number of characteristics
which make them interesting organisms for industrial applications, such as good fermentation
capabilities and high levels of protein secretion. In particular the wide range of enzymes
Aspergillus produces for the degradation of plant cell wall polysaccharides are of major
importance to the food and feed industry. Recently, several Aspergillus sp. have received an

increasing interest as hosts for heterologous protein production (Davies, 1994).
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2.2. Degradation of the xylan backbone

The bio-degradation of the xylan backbone depends on two classes of enzymes. Endoxylanases
(EC 3.2.1.8) are able to cleave the xylan backbone into smaller oligosaccharides, which can than
be further degraded to xylose by -xylosidases (EC 3.2.1.37). Both classes of enzymes, as well
as their encoding genes, have been characterised from many organisms. Several different endo-
Xylanases have been identified in Aspergillus. Although variation is detected in their molecular
mass or pH optimum, the major difference between the enzymesisin their pl which ranges from
3.5 (Itoetd., 1992a) to 9.0 (Fujimoto et al., 1995). Endoxylanases also differ in their activity

Table 1. Physical properties of Aspergillus endoxylanases.

Organism Enzyme Mw PHopt Tt °C) Pl Reference

A. aculeatus Fla 18 4.0 50 5.6 Fujimoto et al., 1995

A. aculeatus Flb 26 5.0 50 9.0 Fujimoto et al., 1995

A. aculeatus Fill 52 5.0 70 3.8 Fujimoto et al., 1995

A. awamori I 39 55-60 55 5.7-6.7 Kormelink et a., 1993a
A. awamori I 23 5.0 50 3.7 Kormelink et al., 1993a
A. awamori Il 26 4.0 45-50 3.3-35 Kormelink et al., 1993a
A. flavipes 45 5.0 55 Sherief, 1990.

A. foetidus | 24 7.6 Bailey et al., 1991

A. foetidus I 26 4.6 Bailey et al., 1991

A fumigatus | 22 >0.4 Bailey et al., 1991

A fumigatus I 10 5.7 Bailey et al., 1991

A. kawachii XylA 35 55 6.7 Ito et al., 1992a

A. kawachii XylB 26 45 4.4 [to et al., 1992a

A. kawachii XylC 29 20 35 Ito et al., 1992a

A. nidulans 34 6.0 56 34 Fernandez-Espinar et al., 1994
A. niger 33 4.0 50 4.2 Gorbacheva and Rodionova, 1977a
A. niger 208 46 55 6.7 Frederick et al., 1981
A. niger 28 5.0 40-45 3.65 Fournier et a., 1984

A. ochraceus 48 6.0 Biswaset al., 1990

A. oryzae I 28 5.0 7.0 Bailey et al., 1991

A. oryzae I 26 5.0 4.9 Bailey et al., 1991

A. oryzae 465 50 55 3.6 Golubev et al., 1993

A. sojae X-l 327 55 60 35 Kimuraet al., 1995

A. sojae X-1I-B 355 55 50 3.75 Kimuraet al., 1995

A. sydowii 30 55 60 Ghosh & Nanda., 1994
A. tubingensis  XInA 19 3.6 de Graaff et a., 1994
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towards the xylan polymer. Some enzymes cut randomly between unsubstituted xyl ose residues,
whereas the activity of other endo-xylanases strongly depends on the substituents on the xylose
residues neighbouring the attacked residues. Another distinction between endoxylanasesisin the
liberation of L-arabinose. Based on this criteria endoxylanases were divided into two groups by
Dekker and Richards (1976), those which did not release L-arabinose and those which did
release L-arabinose.

In several Aspergilli, three different endoxylanases have been identified (Ito et al., 1992a;
Kormelink et al., 1993a; Fujimoto et al., 1995). The best studied Aspergillus endoxylanases,
with respect to substrate specificity, are the three enzymes from A. awamori (Kormelink et a.,
1993a). Counting from the reducing end, A. awamori endoxylanase | is unable to remove one
unsubstituted xylose residue adjacent to single substituted xylose residues or two unsubsituted
xylose resdues adjacent to doubly substituted xylose residues (Kormelink et al., 1993b). A.
awamori endoxylanase 111 was not able to remove two unsubstituted xylose residues adjacent to

singly or doubly substituted xylose residues towards the reducing end (Kormelink et al., 1993b).

Table 2. Genes encoding Aspergillus endoxylanases and their assignment to the glycosyl hydrolase families.

Organism Gene Glycosyl hydrolase family Database access. no.  Reference

A. aculeatus Fla 10 ABO013110 Ara etd., inpress

A. awamori exlA 11 X78115 Hessing et d., 1994

A. kawachii XynA 10 D14847 Itoeta., 1992b

A. kawachii xynB 11 D38070 Ito, unpublished

A. kawachii xynC 11 45138 Ito et al., 1992c

A. nidulans xInA 11 749892 Perez-Gonzalez et a., 1996
A. nidulans xInB 11 749893 Perez-Gonzalez et d., 1996
A. niger 11 A19535 Krengel and Dijkstra, 1996
A. niger xynB 11 D38071 Ito, unpublished

A. niger xyn4 11 U39785 Luttig et al., unpublished
A. niger Xyn5 11 U39784 Luttig et al., unpublished
A. oryzae xynG1l 11 AB003085 Kimuraet a., 1998b

A. oryzae F1 10 AB011212 Kitamoto, unpublished
A.tubingends  xInA 11 L26988 de Graaff et al., 1994

Hydrolysis of a glucuronoxylan by an endoxylanase from A. niger str. 14 (Gorbacheva and
Rodionova, 1977b) resulted mainly in xylobiose, xylotriose, and xylose, but the hydrolysis of an
arabinoxylan by the same enzyme resulted mainly in oligosaccharides with a degree of

polymerisation of over 3. This suggest that the action of this endoxylanase is strongly inhibited
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by the presence of arabinose residues on the xylan backbone. All xylanases which have been
purified to date are produced when Aspergillus is grown on xylan. Most of these enzymes are
also produced when xylose was used as a carbon source, but al at lower levels than on xylan.
Thisisdiscussed in more detail in section 3.4.

Severa genes encoding endoxylanases from Aspergillus sp. haven been cloned. Based on the
derived amino acid sequence the gene products have been assigned to the different glycosyl
hydrolase families (Henrissat, 1991; Henrissat and Bairoch, 1993 & 1996) as described by B.
Henrissat at URL: http://afmb.cnrs-mrs.fr/~pedro/cazy/ (Table 2). Aspergillus endoxylanases can

be found in families 10 and 11 of the glycosyl hydrolases. Based on the data of the A. kawachii
endoxylanases it would appear that the acidic endoxylanases belong to family 11, whereas the
neutral endoxylanases belong to group 10. However, more data on other neutral and basic

endoxylanases is needed to verify this.

B-Xylosidases have been identified in severa Aspergilli (Table 3). This enzyme is highly
specific for small unsubstituted xylose oligosaccharides (up to DP 4) and results in the
production of xylose. Although this enzyme is of maor importance for the compl ete degradation
of xylan, absence of the enzyme does not interfere with the induction of the xylanolytic system
(van Peij et d., 1997).

Table 3. Physical properties of Aspergillus 3-D-xylosidases.

Organism Enzyme Mw PHopt Tt (°C) Pl Reference

A. awamori 110 6.5 70 4.2  Kormelink et al., 1993a
A. foetidus 83 44 Baleyeta., 1991

A. fumigatus 90 4.5 75 54  Kitpreechavanich et al., 1986
A. fumigatus 60 4.3 Baleyeta., 1991

A. nidulans XInD 85 5.0 50 3.4  Kumar and Ramon, 1996
A. niger 5.0 >75 Uchidaet a., 1992b

A. niger 122 3840 70 4.9 Rodionovaet al., 1983
A. oryzae 62 45 Baleyeta., 1991

A. pulverulentus  B-Xyl | 65 2535 60 4.7  Sulistyo et al., 1995

A. pulverulentus  B-Xyl Il 100  4.0-50 60 35 Sulistyoetal., 1995

The ability of an A. awamori [3-xylosidase to release xylose from xylo-oligosaccharides was
studied to determine its substrate specificity (Kormelink et al., 1993b). This enzyme was only

able to release xylose from the non-reducing end of branched oligosaccharides when two
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contiguous unsubstituted xylose residues were present adjacent to singly or doubly substituted
xylose residues. The genes encoding [3-xylosidases from Aspergillus sp. have al been assigned
to glycosyl hydrolase family 3 (Table 4), unlike some bacteria [-xylosidases which have been
assigned to family 39.

Table 4. Genes encoding Aspergillus -D-xylosidases and their assignment to the glycosyl hydrolase families.

Organism Gene  Glycosyl hydrolase family Database access. no.  Reference

A. nidulans xinD 3 Y 13568 Perez-Gonzalez et a., 1998
A. niger xinD 3 784377 van Peij et a., 1997

A. oryzae xyl-1 3 ABO009972 Hashimoto et ., unpublished

For some [3-xylosidases transxyl osylation activity has been detected (Kizawa et a., 1991; Bailey
et a., 1991; Shinoyama et al., 1991; Sulistyo et a., 1995), allowing the production of novel
xylose containing oligosaccharides by using this enzyme. Production of xylo-oligosaccharides
from xylose using 3-xylosidase in a condensation reaction was also demonstrated (lizuka et a.,
1992), suggesting a possible application for these enzymes in the synthesis of specific

oligosaccharides.

2.3. Degradation of the pectin backbone

The structura differences between the main chain of the hairy and the smooth regions of pectin
have implications for the enzymes involved in the degradation of these regions. The smooth
region backbone can be hydrolysed by pectin lyases (EC 4.2.2.10), pectate lyases (EC 4.2.2.2)
and polygalacturonases (EC 3.2.1.15 and EC 3.2.1.67). In Aspergillus, families of genes
encoding these types of enzymes have been identified (Harmsen et a., 1990; Bussink et al.,
1992a; Parenicova et a., 1998). Several classes of enzymes are involved in the degradation of
the hairy region backbone. Rhamnogalacturonan hydrolases and rhamnogalacturonan lyases
have been identified in Aspergilli (Mutter et al., 1994a, 1994b & 1996; Suykerbuyk et al., 1995)
and were found to be highly specific for the hydrolysis of the hairy regions of pectin.

2.4. Accessory enzymesinvolved in the degradation of plant cell wall polysaccharides

2.4.1. a-L-Arabinofuranosidases and ar abinoxylan ar abinofur anohydr olases

Arabinose resdues can be removed by arabinofuranosidases and arabinoxylan
arabinofuranohydrolases. These enzymes and their corresponding genes have been widely

studied from many different micro-organisms and differ strongly in substrate specificity. Severa

10
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arabinofuranosidases and arabinoxylan arabinofuranohydrolases have been purified from
Aspergillus sp. (Table 5), and studied with respect to their activity on polymeric and oligomeric
substrates. The A. niger arabinofuranosidase purified by Kaneko et a. (1993) was only able to
release termina a-1,3-linked arabinose residues, whereas arabinofuranosidase B from A. niger
was able to release termina a-1,2-, a-1,3- and a-1,5-linked arabinose residues (Beldman et a.,
1993). Unlike some of the arabinofuranosidases, the arabinoxylan arabinofuranohydrolase
(AXH) from A. awamori was not able to release arabinose from pectin or pectin derived
oligosaccharides but is highly specific for arabinose residues linked to xylan (Kormelink et al.,
1991). Wood and McCrae (1996) reported the ability of an Aspergillus awamori
arabinofuranosidase to release feruloylated arabinose residues from wheat straw arabinoxylan.
Large differences can be observed when comparing the molecular mass and pl of severa

arabinofuranosidases (Table 5).

Table 5. Physical properties of Aspergillus arabinofuranosidases and arabinoxylan arabinofuranohydrol ases.

Organism Enzyme Mw PHopt Tt °C) Pl Reference

A. aculeatus Bl 37 3.0-35 Beldman et al., 1993

A. aculeatus B2 37 4.0-4.5 Beldman et ., 1993

A. awamori 64 4.6 50 3.6,3.2 Wood and McCrae, 1996
A. nidulans o-AFase 36 55 55 4.3 Fernandez-Espinar et a., 1994
A. nidulans AbfB 65 4.0 65 33 Ramon et al., 1993

A. niger ADbfA 83 34 46 33 van der Veenet al., 1991
A. niger AbfB 67 3.8 56 35 van der Veenet a., 1991
A. niger A 128 4.1 50 6-6.5 Rombouts et al., 1988

A. niger B 60 37 60 5.5-6 Rombouts et al., 1988

A. niger 53 3.8 3.6 Tagawa and Kaji, 1988
A. niger 61 3.9 60 <3.7 Gunata et a., 1990

A. niger 5-16 67 4.0 60 35 Kaneko et a., 1993

A. sojae X-11-A 343 50 50 39 Kimuraet al., 1995

A. terreus ADbfA 39 4.0 7.5 Luonteri et al., 1995

A. terreus AbfB1 59 4.0 8.3 Luonteri et al., 1995

A. terreus AbfB2 59 4.0 85 Luonteri et al., 1995

A. awamori Axh 32 5.0 Kormelink et al., 1991
A.tubingensis  AxhA 32 3.6 Gielkenset a., 1997

11
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Production of arabinofuranosidases has been observed on arabinoxylan (Kaneko et a., 1993),
sugar beet pulp (van der Veen et al., 1991; FHipphi et a., 1993b), and L-arabinose and L-arabitol
(van der Veen et al., 1993; Ramon et a., 1993). Arabinoxylan arabinofuranohydrolases were
produced when Aspergillus was grown on oat straw (Kormelink et a., 1991) and birchwood
xylan (Gielkens et a., 1997). The induction of these enzymes is discussed in more detail in
section 3.3.

The mode of action of AXH from A. awamori, and two arabinofuranosidases (Arafur A and B)
from A. niger, was studied on akali-extractable wheat-flour arabinoxylan (Kormelink et al.,
1993c). AXH specifically released a-1,2- and a-1,3-linked arabinose residues from singly
substituted xylose residues. While Arafur B was only able to release arabinose from termina
single substituted residues, AXH and Arafur A were able to release arabinose from both terminal
and non-termina single substituted xylose residues. AXH and Arafur B were able to release
arabinose from the intact polysaccharide as well as from xylo-oligosaccharides, while Arafur A
was only able to release arabinose from oligosaccharides. Additionally, AXH was not able to
release arabinose from arabinan, sugar beet pulp, or pectin, whereas Arafur A and B were active
on these substrates. Based on this information it can be concluded that AXH is specifically
involved in arabinoxylan degradation, while Arafur A and B are more genera arabinose
releasing enzymes. Additiona information about the substrate specificity of AXH was obtained
from a study using a sorghum glucuronarabinoxylan as a substrate (Verbruggen et a., 1998a &
1998b). It was demonstrated that AXH was not able to release arabinose from xylose residues
adjacent to glucuronic acid substituted xylose residues. The enzyme was also not able to remove
arabinobiose side chains (Verbruggen et a., 1998a & 1998b).

The difference between arabinoxylan arabinofuranohydrolases and arabinofuranosidases is aso
apparent with respect to the assgnment to the glycosyl hydrolase families (Table 6).
Arabinofuranosidases are assigned to family 51 and 54, whereas arabinoxylan
arabinofuranohydrolases belong to family 62. AbfA from A. niger is assigned to a different
family than AbfB from A. niger, which might reflect the substrate specificity of the enzymes.
Both enzymes are able to rel ease arabinose from arabinan and sugar beet pulp, but only AbfB is

able to release arabinose from xylan.
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Table 6. Genes encoding Aspergillus arabinofuranosidases and arabinoxylan arabinofuranohydrolases and their

assignment to the glycosyl hydrolase families.

Organism Gene Glycosy! hydrolase family Database access. no. Reference

A. nidulans abfB 54 Y 13759 Gielkenset al., 1999

A. niger abfA 51 L29005 Flipphi et a., 1993a

A. niger abfB 54 XT74777 Flipphi et al., 1993b

A. niger abf2 54 U39942 Crouset d., unpublished
A. niger axhA 62 Z78011 Gielkenset d., 1997

A. tubingensis  axhA 62 Z78010 Gielkenset al., 1997

2.4.2. Endoar abinases

Endoarabinases hydrolyse the a-1,5-linkages of arabinan polysaccharides which are present as
side chains of pectin. Although some arabinofuranosidases are aso able to hydrolyse polymeric
arabinan (see 2.4.1), endoarabinases strongly enhance the efficiency of arabinan degradation and
positively influence the action of arabinofuranosidases. So far, no indications have been
obtained for the presence of more than one endoarabinase in any Aspergillus sp. (Table 7). The
production of endoarabinases by Aspergillus sp. was observed on sugarbeet pulp (van der Veen
et a., 1991), and L-arabinose and L-arabitol (Ramon et al., 1993; van der Veen et d., 1993). In
A. niger, induction of AbnA seems to occur simultaneously with the induction of AbfA and
AbfB (Flipphi et al., 1994).

Table 7. Physical properties of Aspergillus endoarabinases.

Organism Enzyme Mw PHopt  Tor (°C) P Reference

A. aculeatus Endo-araA 45 55 Beldman et ., 1993

A. nidulans Abn 40 55 68 3.25 Ramon et al., 1993

A. niger 345 A7 50-55 3.0 Schopplein and Dietrich, 1991
A. niger 35 5.0 50 45-55 Romboutset a., 1988

A. niger AbnA 43 4.6 51 3.0 van der Veenet al., 1991

An analysis of the degradation patterns of linear (1-5)-a-L-arabino-oligosaccharides using A.
niger endo-arabinase, demonstrated that the enzyme is not (or hardly) able to release termina
residues, but preferentially acts on internal linkages (Dunkel and Amado, 1995).

Only one endoarabinase encoding gene has been reported from Aspergillus sp. (Flipphi et al.,
1993c; Access. No. L23430). Based on the sequence of this gene, AbnA was assigned to family
43 of the glycosyl hydrolases.
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2.4.3. a- and [3-D-Galactosidases

The remova of D-galactose residues requires the action of a-gaactosidases (EC 3.2.1.22) and
B-gaactosidases (EC 3.2.1.23). [3-Galactosidases release terminal galactose residues from the
galactan side chains of pectins. Studies addressing the activity of a- and 3-galactosidases on
xylan have not been reported. However, the production of a- and B-galactosidases on xylan
containing crude substrates indicates a putative role for these enzymes in the degradation of
xylan. Production of a-gaactosidases has been reported on arabinoxylan (Manzanares et d.,
1998), glucose (Zapater et a., 1990), locust bean gum (den Herder et a., 1992), wheat and rice
bran (Somiari and Balogh, 1995), lactose and galactose (Rios et al., 1993) and guar flour (Adya
and Elbein, 1977). Aspergillus sp. produce (-galactosidase during growth on arabinoxylan
(Manzanares et a, 1998), polygaacturonic acid (McKay, 1991), wheat bran (Gonzalez and
Monsan, 1991), and lactose (Reczey et a., 1992). Several different a-galactosidases have been
purified from Aspergillus sp. (Table 8), but there are no indications for more than one [3-

galactosidase produced by any Aspergillus sp. The differences in molecular mass observed for

Table 8. Physical properties of Aspergillus a- and [3-gal actosidases

Organism Enzyme Mw PHopt Topt °C) Pl Reference
a-galactosidases

A. ficuum 70.8 6.0 60 Zapater et al., 1990

A. nidulans 87 4-5 50 6.3 Rioset al., 1993

A. niger AglA 82 4.8 den Herder et al., 1992

A. niger AglB 54 45 50-55 4.2-46 Manzanareset al., 1998
A. niger AgIC 95 6.0 Knap et ad., 1994

A. niger 45 4-45 Adyaand Elbein, 1977

A. niger 78,69 5 50 Somiari and Balogh, 1995
A. oryzae 64 4.0 60 Annunziato and Mahoney, 1987
A. tamarii 88 4.2-4.3 Civaset d., 1984a

A. tamarii 77.5 4.2-4.3 Civaset al., 1984a

A. tamarii 56 4.8 Civasetd., 1984b

[3-galactosidases

A. fonsecaeus 124 45 4.2 Gonzalez and Monsan, 1991
A. niger 93 4 60-65 4.6 Manzanares et al., 1998

A. niger 117 4.9 Greenberg and Mahoney, 1981
A. phoenicis 4.0 70 Reczey et al., 1992
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the purified 3-galactosidases (Table 8) are most likely due to strain differences and differences
in glycosylation of the enzymes.

Severd genes encoding a-galactosidases have been cloned and characterised from Aspergillus
niger (den Herder et al., 1992; Knap et al., 1994; Chapter 8). Based on the sequence, AglA (den
Herder et a., 1992; Acces. Nr. X63348) has been assigned to glycosyl hydrolase family 27.
AgIB (Chapter 8) shares significant sequence identity with AglA and other eukaryotic a-
gaactosidases from family 27, suggesting that this enzyme aso belongs in this family. AglC
(Knap et al., 1994) is highly homologous to Trichoderma reesai Agl2, a member of family 36
which consists mainly of bacterial a-galactosidases. Based on the sequence of the [-
galactosidase encoding gene (lacA; Kumar et al., 1992; Access. No. L06037) this enzyme has
been assigned to family 35 of the glycosyl hydrolases.

2.4.4. Endo- and exogalactanases

The gdactan side chains of pectin are hydrolysed by endogalactanases (EC 3.2.1.89),
exogaactanases and [(-galactosidases. Endogalactanases are able to hydrolyse the gaactan
polysaccharides resulting in the liberation of galactobiose and gaactose. Production of
endogal actanases was observed on beet pulp (Kimura et al., 1998a), soy bean (Christgau et a.,
1995), and locust bean gum (Araujo and Ward, 1990). Differences between the enzymes exist
with respect to their ability to hydrolyse 3-1,3-, [-1,4- or [3-1,6-linkages between gaactose
residues. Two types of arabino-galactans are present as side chains of pectins. Type | consists of
a backbone of [3-1,4-linked galactopyranose residues, while type Il consists of a backbone of 3-
1,3-linked galactopyranose residues that can be branched by [(-1,6-linked galactopyranose
residues. For the complete degradation of these polysaccharides al three types of
endogalactanases would be required, but so far mainly 3-1,4-endogalactanases have been
reported (Table 9). So far, only one exogalactanase has been purified from Aspergillus (Bonnin
et a., 1995). This enzyme was able to release galactose from galacto-oligosaccharides and
potato galactan (Bonnin and Thibault, 1996; Bonnin et al., 1997). Additionally, exogal actanase
possessed gdactose transferase activity (Bonnin et a., 1995 & 1997; Bonnin and Thibault,
1996), indicating a possible application for this enzyme in the production of specific galacto-

oligosaccharides.
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Table 9. Physical properties of Aspergillus endo- and exogal actanases.

Organism linkage Mw PHopt Topt (°C) P Reference

A. aculeatus  B-1,4- 42 4.25 50 4-6 vandeVisetd., 1991
A.aculeatus B-1,4- 38 3540 50-55 28 Lahayeet al., 1991

A. aculeatus  B-1,4- 43 4.0-4.5 40-65 <3.0 Christgau et al., 1995

A. niger B-1,4- 46 4-5 55 29 Schopplein and Dietrich., 1991
A. niger B-1,4- 43 4.0 50-55 4-6 vandeVisetd., 1991

A. niger B-1,4- 32 35 55 Yamaguchi et al., 1995

A. sojae B-1,4- 39.7 4.5 50 3.6 Kimuraet al., 1998a

A. niger B-1,6- 60 35 60 Brillouet et al., 1991

A. niger exo-p-1,4- 90-120 35 60 3.8-41 Bonninetal., 1995

A gene encoding an A. aculeatus (3-1,4-endogalactanase has been reported (Christgau et d.,
1995; Acces. Nr. L34599) and the sequence of a similar gene from A. tubingensis has been
submitted to the GenBank database (Van der Viugt-Bergmans and van Ooaijen, unpublished
results; Acces. Nr. AJ012316). Based on these sequences both enzymes were assigned to
glycosyl hydrolase family 53.

2.4.5. a-Glucuronidases

Glucuronic acid residues and their 4-O-methyl ethers can be removed from the xylan backbone
by a-glucuronidases (3.2.1.131). The activity of this enzyme has been detected in alarge number
of fungal and bacteria culture filtrates, but a-glucuronidases have only been purified from a
small number of organisms (Table 10). All eukaryotic a-glucuronidases so far identified are
present as monomeric enzymes with the exception of the a-glucuronidase from Agaricus
bisporus (Puls et a., 1987). All enzymes are mainly active on small xylo-oligomers and
therefore depend on the action of endoxylanases. a-Glucuronidases have the highest activity
againgt aldotriouronic acid (MeGIcAXyl,), whereas only low or no activity is observed against
aldobiouronic acid (MeGIcAXyl) or adotetrauronic acid (MeGIcAXyl3). Synergy between a-
glucuronidases and endoxylanases, and a-glucuronidases and [3-xylosidase has been reported for
severa of these enzymes (Castanares et al., 1995; Chapter 7 and 10). The a-glucuronidase from
Helix pomatia is the only a-glucuronidase for which activity was detected against p-nitrophenyl-
o-D-glucuroniside (Kawabata et a., 1995).
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Table 10. Physical properties of fungal and bacterial a-glucuronidases.

Organism Enzyme Mw  pHop Topt pl Reference

O
Agaricus bisporus 180 33 52 Pulset al., 1987
A.niger 5-16 CM-I 130 438 60 53 Uchidaet al., 1992a
A. niger 5-16 CM-II 150 4.8 60 53 Uchidaet al., 1992a
A. tubingensis AgQuA 107 456.0 70 5.2 Chapter 7
Phanerochaete chrysosporium 112 35 50 4.6 Castanares et al., 1995
Piromonas communis 103 55 50 Wood and Wilson, 1995
Thermoascus aurantiacus 118 45 65 Khandke et al., 1989
Trichoderma reesei 91 45-6.0 5.0-6.2 Sika-Ahoet al., 1994
Helix pomatia (snail) PNP-Gaase 97 3.0 50 6.8 Kawabata et al., 1995
Thermotoga maritima AgQuA 78 6.3 85 4.7 Ruileet a., 1997
Thermoanearobacterium sp. 74 54 60 4.65 Shao et a., 1995

Only five genes encoding a-glucuronidases have so far been reported (Table 11). These genes
show significant sequence identity and the corresponding enzymes are therefore all assigned to
glycosyl hydrolase family 67. Additionally, genome sequencing of Neurospora crassa reveaed

the presence of a putative a-glucuronidase encoding genein this fungus (Nelson et a., 1997).

Table 11. Genes encoding a-glucuronidases and their assignment to the glycosyl hydrolase families.

Organism Gene  Glycosyl hydrolase Database Reference

family access. no.
Aeromonas caviae Xyg 67 AB022788 Kitagawaet d., in press
A. tubingensis aguA 67 Y 15405 Chapter 7
Bacillus stearothermophilus ~ aguA 67 AF098273 Shulami et ., 1999
Thermotoga maritima aguA 67 Y 09510 Ruileet a., 1997
Trichoderma reesel glrl 67 268706 Margolles-Clark et ., 1996

2.4.6. Feruloyl and p-coumar oyl ester ases

Feruloyl and p-coumaroyl residues are found attached to O5 of arabinose residues in xylans, and
to O3 of arabinose residues and O6 of galactose residues in pectin. Due to the ability of these
residues to crossink xylan and pectin polysaccharides to each other and to lignin they are
important for the structural integrity of the plant cell wall. Although some prokaryotic feruloyl
esterases have been purified, the mgority of these enzymes have been studied from eukaryotic
sytems (Table 12). Several types of enzymes can be identified based on their physical properties
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as well as by substrate specificity. Based on molecular mass feruloyl esterases can be divided in
small monomeric enzymes (20-36 kDa), large dimeric enzymes (monomeric residues of 60-120
kDa), and monomeric enzymes with an intermediate molecular mass (57-75 kDa). All enzymes
(except A. awamori CE) are active on methyl-ferulate, which is a synthetic substrate commonly
used for feruloyl esterase assays. Studies of the activities of feruloyl esterases against natural
substrates have focussed mainly on xylan and xylan derived oligosaccharides, from which most
enzymes were able to release ferulic acid. Only two of these enzymes, FaeA (Chapter 3 and 12)
and CinnAE (Kroon et d., 1996a) have been shown to release ferulic acid from pectin.

Aspergillus species produce severd feruloyl esterases with different substrate specificities. A
comparative study using A. niger FaeA and CinnAE (Kroon et a., 1997) demonstrated a
preference of FaeA for substrates with a methoxy group at O3 of the aromatic ring and an
increase in activity was observed when the number of methoxy groups on the aromatic ring
increased. The activity of CinnAE was low or absent on substrates containing a methoxy group

at O3 of the aromatic ring, while additional methoxy groups at other positions of the aromatic

Table 12. Physical properties of fungal and bacteria feruloyl esterases.

Organism Enzyme Mw PHopt Tos Pl Reference

(0
A. awamori FE 112 3.7 McCreeetal., 1994
A. awamori CE 75 4.2 McCreeetal., 1994
A. niger Fae-l 63 3.0 Fauldsand Williamson, 1993
A. niger Fae-ll 29 3.6  Fauldsand Williamson, 1993
A. niger FaeA 36 5.0 55 3.3 Chapter 3
A. niger CinnAE 758 6.0 50 4.8 Kroonetal., 1996a
A. niger CE 120 Barbe and Dubordieu, 1998
A. oryzae FAE 30 45-6.0 36 Tenkanenetal., 1991
A. tubingensis FaeA 36 Chapter 3
Neocallimastix 11 7.2 4.7 Bornemanetal., 1991
Neocallimastix MC-2 FAE-I 69 Borneman et al., 1992
Neocallimastix MC-2 FAE-II 24 Borneman et a., 1992
Penicillium expansum 575 56 37 Donaghy and McKay, 1997
Penicillium pinophilum p-CAE/FAE 57 6.0 55 4.6 Castanareset al., 1992
Clostridiumthermocellum  XynZ 45 Blumet al., 1998
Sreptomyces FAE 29 55 30 7.9  Fauldsand Williamson, 1991

olivochromogenes

Streptomyces avermitilis FAE 6 50 Garciaet a., 1998
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ring reduced CinnAE activity compared to unsubstituted compounds. Hydroxy substitutions on
the aromatic ring increased the activity of CinnAE, but reduced FaeA activity. These two
enzymes were aso studied with respect to their ability to release ferulic acid from
oligosaccharides derived from sugar beet pulp and wheat bran (Raet et d., 1994). FaeA was
able to release ferulic acid, which was linked to O5 of arabinose (as present in whest
arabinoxylan). FaeA was not able to release ferulic acid linked to O2 of arabinose (as present in
sugar beet pectin), but did release ferulic acid linked to O6 of galactose (also present in sugar
beet pectin) suggesting a specificity for the linkage rather than the polymeric compound.
CinnAE (FAE-I) was able to release ferulic acid from all oligosaccharides tested, but was more
active against arabinose linked ferulic acid (Ralet et al., 1994). These data suggest that the
different feruloyl esterases from A. niger have complementary functions in the degradation of
cell wall polysaccharides. Although this has not been studied in detail for other organisms,
differences in substrate specificity have been identified for other feruloyl esterases. A. awamori
produces a coumaroyl esterase which is unable to hydrolyse feruloyl esters (McCrae et d.,
1994). A similar enzyme has not been reported for other organisms, but in nearly al
purifications feruloyl esterase activity was followed using methylferulate as a substrate.

Coumaroyl esterase activity would therefore not be detected.

Table 12. Genes encoding enzymes with feruloyl esterase activity.

Organism Gene Database access. no.  Reference

A. niger faeA Y 09330 Chapter 3

A. tubingensis faeA Y (09331 Chapter 3
Butyrivibrio fibrisolvens cinl U44893 Darympleet a., 1996
Butyrivibrio fibrisolvens cinll u64802 Darympleet al., 1997
Clostridiumthermocellum ~ XynY X83269 Blumet al., 1998
Clostridiumthermocellum ~ XynZ M22624 Blumet al., 1998
Pseudomonas fluorescens  xynD X58956 Ferreiraet al., 1993

To date genes encoding enzymes with feruloyl esterase activity have only been cloned from A.
niger, A. tubingensis, Butyrivibrio fibrisolvens, Clostridium thermocellum and Pseudomonas
fluorescens (Table 13). The level of sequence identity between these genesis very low. A region
of the amino acid sequence of FaeA from A. niger and A. tubingensis has homology to the active
site of lipases (Chapter 3). In lipases the active site is a catal ytic triad, which consists of a serine,

an aspartic acid and a histidine residue. The spacing between these residues in the amino acid
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sequences of lipasesis conserved and is also present in FaeA, suggesting asimilar active site for
this enzyme. However, no lipase activity could be detected for FaeA (Aliwan et d., 1999).

2.4.7. Acetyl- and methylester ases

Acetylesterases (EC3.1.1.72) and methylesterases (EC 3.1.1.11) release acetyl- and methyl-
residues from the backbone of cell wall polymers (xylan and pectin). Acetylxylan esterases
remove acetyl from O3 of xylose in the xylan main chain. Although acetylxylan exterase activity
has been detected in several Aspergilli, such as A. niger, A. japonicus, and A. nidulans (Khan et
al., 1990), only a limited number of acetylxylan esterases have been purified from Aspergillus
sp. (Sundberg et a., 1990, Kormelink et al., 1993d). Unlike most other accessory enzymes
acetylxylan esterases are highly active on the polymeric substrate, and are believed to be
important for an efficient degradation of the xylan backbone by endoxylanases.

The acetyl- and methylresidues in the smooth regions of pectins are removed by pectin
acetylesterases (Searle-van Leeuwen et d., 1996) and pectin methylesterases (Forster et dl.,
1988; Khanh et al., 1991). So far, two pectin methylesterases have been purified from
Aspergillus sp. (Baron et al., 1980; Khanh et al., 1991). A rhamnogalacturonan acetylesterase
has been purified from A. aculeatus (Kauppinen et al., 1995) and from A. niger (Searle-van
Leeuwen et d., 1996). This enzyme removes the acetylresidues from the backbone of the hairy
regions of pectin and was found to be essential for the action of rhamnogal acturonan hydrolase
(Chapter 11).

Table 13. Genes encoding Aspergillus acetyl- and methylesterases and their assignment to the carbohydrate esterase
families. Abbreviations: RGAE, rhamnogalacturonan acetylesterase; AXE, acetylxylan esterase; PME, pectin

methylesterase.
Organism Enzyme  Gene Carbohydrate esterase Database  Reference
family access. no.
A. aculeatus RGAE rhal 12 X89714 Kauppinen et al., 1995
A. niger RGAE rgaeA 12 AJ242854  Chapter 11
A. awamori AXE aceA 1 D87681 Koseki et al., 1997
A. niger AXE axeA 1 A22880 de Graff et al., 1992
A. aculeatus PME pmel 8 U49378 Kauppinen et a., unpublished
A. tubingensis PME pmeA 8 X54145 Khanh et a., 1991
A. oryzae PME pmeA 8 AB011211  Kitamoto et al., 1999
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Only a limited number of genes encoding Aspergillus acetyl- or methylesterases have been
reported so far (Table 13). Their difference with respect to their substrate specificity is reflected
by their assignment to the different carbohydrate esterase families (Coutinho and Henrissat.,
1999).

2.5. Synergy between enzymesinvolved in the degradation of xylan and pectin

Efficient degradation of heteropolysaccharides requires co-operative or synergistic interactions
between the enzymes responsible for cleaving the different linkages. Synergy has been reported
for many enzymes from Aspergillus involved in xylan degradation, usually between a main
chain cleaving enzyme and one or more accessory enzymes. Synergistic action was observed
between endoxylanase, [3-xylosidase, arabinoxylan arabinofuranohydrolase and acetylxylan
esterase in the degradation of different (glucuronoarabino-)xylans (Kormelink and Voragen,
1993). Synergy was aso observed between these enzymes and some of the other xylanolytic
enzymes. The release of ferulic acid from xylan by aferuloyl esterase from A. niger was strongly
enhanced by the addition of endoxylanases (Bartolome et a., 1995; Chapter 3). Similarly, both
endoxylanase and [3-xylosidase positively influenced the release of 4-O-methyl-glucuronic acid
from birchwood xylan by A. tubingensis a-glucuronidase (Chapter 7). The latter enzyme in turn
enhanced the activity of endoxylanase and [3-xylosidase on this substrate. Synergy was aso
demonstrated between an endoxylanase (Xyll) and arabinoxylan arabinofuranohydrolase (AXH)
from A. awamori in the degradation of sorghum glucuronoarabinoxylan (Verbruggen et a.,
19984). A recent study revealed that synergistic interactions in the degradation of xylan are not
only present between main chain cleaving enzymes and accessory enzymes, but also occur
amongst accessory enzymes and that nearly all accessory enzymes positively influence the
activity of the main chain cleaving enzymes (see Chapter 10).

Only a limited number of studies demonstrating synergy between pectinolytic enzymes from
Aspergillus have been reported. Pectin methyl esterase from A. aculeatus strongly enhanced the
degradation and depolymerization of pectin by polygalacturonases (Christgau et al., 1996).
Similarly, rhamnogal acturonan acetyl esterase (RGAE) from A. aculeatus had a positive effect
on the hydrolysis of the backbone of pectic hairy regions by rhamnogalacturonase A and
rhamnogal acturonan lyase from A. aculeatus (Kaupinnen et a., 1995). Although indications for
inhibition of RGAE activity by the side chains of the hairy regions were obtained (Kaupinnen et
al., 1995), a pre-treatment of pectin with arabinofuranosidase did not increase the acetyl release
by RGAE (Searle-van Leeuwen et a., 1992). Pectin lyase positively influenced the release of
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ferulic acid from sugar beet pectin by aferuloyl esterase from A. niger, but only to a small extent
(Chapter 3). The release of ferulic acid from pectin by a second A. niger feruloyl esterase was
positively affected by endoarabinase and arabinofuranosidase from A. niger (Kroon and
Williamson, 1996), indicating that synergy also occurs amongst pectinolytic accessory enzymes.
Recently, synergy in the degradation of hairy regions from sugar beet pectin was studied using
SiX accessory enzymes and a main chain cleaving enzyme (see Chapter 11). The positive effect
of rhamnogalacturonan acetyl esterase on the degradation of the hairy region backbone also
positively effected the activity of feruloyl esterase A, [3-galactosidase, and endogal actanase from
A. niger. Additionally, synergistic effects amongst these three enzymes, an endoarabinase and an

arabinofuranosidase from A. niger were detected.

3. Regulation of expression of genes encoding cell wall degrading enzymesin Aspergillus
3.1. Co-ordinated expression of genes encoding xylanolytic enzymes

Xylanolytic enzymes from Aspergilli have al been found to be produced on xylose, xylan and
crude xylan containing substrates, but not on other monomeric (e.g. glucose, galactose) or
polymeric substrates (e,g, cellulose, pectin). This suggests a general system of regulation of the
genes encoding these enzymes. Several genes encoding xylanolytic enzymes have been studied
with respect to induction of expression, all demonstrating expression in the presence of D-
xylose, xylobiose or xylan (de Graaff et a., 1994; Fernandez-Espinar et a., 1994; Kumar et a.,
1996; van Peij et a., 1997; Gidkens et al., 1997; Perez-Gonzaez et a., 1998; Chapter 7), but
repression of expression in the presence of glucose (see 3.4). Expression of some xylanolytic
genes was also observed on L-arabinose (Kumar et al., 1996; Chapter 5 & 7). This might be due
to small amounts of D-xylose present in the L-arabinose preparations used, as was detected for
the L-arabinose preparation obtained from Sigma (de Vries, unpublished results). Additionaly,
induction of xylanolytic enzymes was aso observed on cellobiose and cellulose (Hrmova et al.,
1989) and on a heterodisaccharide consisting of glucose and xylose (GlcB1-2Xyl) (Hrmova et
al., 1991) in A. terreus, which are compounds that also induce the cellulolytic system from this
fungus. A xylose induced, glucose repressed endoxylanase encoding gene (xynG1l) from A.
oryzae was expressed in A. nidulans, resulting in expression of the gene on xylose as well as
glucose (Kimura et al., 1998b). This indicates that the regulation of the expression of xylanolytic
genes is not identical in A. oryzae and A. nidulans as was reported for A. niger and A.
tubingensis (de Graaff et al., 1994).
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From A. niger, a gene encoding a transcriptional activator has been isolated by complementation
of a mutant unable to degrade xylan (van Peij et al., 1998a). Characterisation of this factor,
XInR, showed that it was responsible for the expression of genes encoding endo-xylanase and 3-
xylosidase. Sequence anaysis demonstrated that XInR is a member of the GAL4-like family of
transcriptional activators. Analysis of the promoter region of these genes identified a putative
XInR binding site, GGCTAAA, of which the second G was determined to be essential for XInR
binding by band mobility shift assays and in vivo (van Peij et al., 19983). A more detailed
analysis of therole of XInR in the regulation of genesinvolved in xylan, arabinan, and cellulose
degradation indicated that this protein activates the expression of other genes than xylanolytic
genes (van Peij et al, 1998b). Two endoxylanase (xXInB and xInC), a [3-xylosidase (xInD), an
arabinoxylan arabinofuranohydrolase (axhA), an acetylxylan esterase (axeA), an a-
glucuronidase (aguA), a feruloyl esterase (faeA) and two endoglucanase (eglA and eglB)
encoding genes were found to be regulated by XInR (van Peij et a., 1998b). However, an a-
arabinofuranosidase (abfB) and a 3-glucosidase (bglA) encoding gene were not regulated by this
protein. This indicates that besides its role as a xylanolytic activator, XInR aso regulates the
expression of some, but not al, genes encoding cellulolytic enzymes. A later study demonstrated
that XInR isaso involved in the regulation of an a- and a [3-galactosidase gene (aglB and lacA,
Chapter 8). Analysis of the promoter regions of the genes which are regulated by XInR
demonstrated that the 3" A in the consensus for the binding site is variable and the consensus
sequence was therefore dtered to GGCTAA (van Pej et a., 1998b). Introduction of a high
number of copies of a xylanolytic gene or the promoter of a xylanolytic gene results in a
decrease in expression of the other genes (Kitamoto et a., 1998). This indicates that the

production of XInR istightly balanced with the amount of genes this protein has to regulate.

3.2. Induction of expression of pectinolytic genes

The production of main chain cleaving enzymes (polygalacturonases, pectin lyases, and
rhamnogal acturonan hydrolases and lyases) has been detected on sugar beet pectin (Bussink et
al, 1992b), apple pectin (Harmsen et a., 1990; Suykerbuyk et a., 1997), polygalacturonic acid
(Ruttkowski et a., 1991), a combination of rhamnose and galacturonic acid (Suykerbuyk et al.,
1996), and soybean flour (Kojima et a., 1999). Expression of genes encoding pectinolytic main
chain cleaving enzymes has been reported on apple pectin (Harmsen et d., 1990; Kusters-van
Someren et al., 1991b & 1992), sugar beet pulp (Bussink et a., 1990 & 1991; Suykerbuyk et dl.,
1995), galacturonic acid (Kester et a., 1996), and polygalacturonic acid (Dean and Timberlake,
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1989). The expression of these genes differs from the expression of the genes encoding
accessory enzymes (see 3.3), indicating the absence of a general system regulating the
expression of pectinolytic genes as was described for the xylanolytic system (see 3.1.) Strong
differences are observed in the expression of polygalacturonase encoding genes. Cary et 4.
(1995) reported a constitutively expressed polygal acturonase encoding gene from A. parasiticus
which was highly expressed on both pectin and glucose, whereas for the gene encoding
endopolygalacturonase E from A. niger, no expresson could be detected on pectin,
polygaacturonic acid or galacturonic acid (Parenivova et a., 1998). Three other
polygalacturonase encoding genes from A. niger were induced in the presence of sugar beet
pulp, and a promoter deletion analysis of one of these genes (pgall) identified a region which
was important for high-level gene expression (Bussink et a., 1992b; Visser et a., 1994).
Comparison of this region to the promoters of the other genes (pgal and pgaC) identified a
consensus sequence which is similar to an upstream activating sequence of the S. cerevisiae cycl
gene, to which the HAP2/3/4 activating complex binds (Visser et a., 1994). Additionaly, a
hexanucleotide sequence was detected in the promoters of severa pectin lyase encoding genes
(CCCTGA; Benen et d., 1996). However, the function of these sequences have not yet been
studied in detail.

The accessory enzymes involved in pectin degradation al have specific induction patterns.
Endoarabinases and arabinofuranosidases are induced by sugar beet pulp, arabinose and L-
arabitol (see 3.3.). Endogal actanases and [3-galactosidases are induced by galactose and severa
gaactose containing oligo- and polysaccharides. Induction of these types of enzymes on pectin
may be due to the release of small amounts of arabinose and galactose from the polymer. An
exception is the A. oryzae [B-galactosidase which is also induced during growth on
polygalacturonic acid (McKay, 1991) and could therefore be co-regulated with some of the

genes encoding pectin main chain degrading enzymes.

3.3. Regulatory factorsinvolved in theregulation of specific genes

Certain xylanolytic and pectinolytic genes can adso be induced by specific compounds.
Frequently, the inducing compounds are products of the encoded enzymes or metabolites
derived from the enzyme products.

As mentioned before arabinofuranosidases and endoarabinases are induced when Aspergillus is
grown on sugar beet pulp, whereas arabinoxylan arabinofuranohydrolases are produced during

growth on xylan (see 2.4.1.). Induction was also observed on monomeric carbon sources, such as
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L-arabinose and L-arabitol (Ramon et a., 1993; van der Veen et a., 1993; Hipphi et a., 1994,
Gielkenset al., 1997 & 1999). The expression of two arabinofuranosidase encoding genes (abfA
and abfB) and one endoarabinase encoding gene (abnA) was studied in A. niger (Flipphi et al.,
1994). Transformants containing additional copies of one of the genes showed reduced
expression levels of the other two genes compared to awild type strain. Thisindicates that these
genes are most likely under co-ordinated control of a specific transcription factor. The reduction
in expression observed would then be caused by titration of the transcription factor by the
additional copies of one of the genes. Indications that L-arabitol, and not L-arabinosg, is the true
inducing compound of this regulatory system were obtained by using an A. nidulans mutant
defective in L-arabitol dehydrogenase activity (de Vries et a., 1994). This mutant accumulated
L-arabitol when grown on media containing glycerol and L-arabitol. Under these conditions an
increase in the arabinofuranosidase, endoarabinase, and L-arabinose reductase activity was
observed compared to a wild-type strain. These data aso suggest co-ordinated induction of
extracellular arabinose rel easing enzymes and enzymes involved in L-arabinose catabolism. This
was confirmed in A. niger where induction of arabinofuranos dases and endoarabinases occurred
simultaneously with the induction of intracellular enzyme activities involved in L-arabinose
catabolism (L-arabinose reductase and L-arabitol dehydrogenase; van der Veen et d., 1993).

Induction of a- and 3-gal actosidases from Aspergillus was observed on wheat and oat bran (Park
et a., 1979; Somiari and Baogh, 1995), polygalacturonic acid (McKay, 1991), lactose (Rios et
al., 1993; Manzanares et d., 1998), and galactose (Rios et al., 1993), but few papers describe
studies of the expression of Aspergillus a- and [3-galactosidase encoding genes at the molecular
level. Den Herder et al. (1992) demonstrated that the A. niger a- galactosidase A encoding gene
(aglA) was expressed on galactomannan. A recent study (see Chapter 8) compared the
expression of this gene to two other a-galactosidase encoding genes from A. niger (aglB and
aglC) and the A. niger 3-galactosidase encoding gene (lacA). Strong differences were observed
in the expression of theindividua genes on monomeric, oligomeric and polymeric substrates. Of
the three a- galactosidase encoding genes, only aglA seemed to be specifically expressed on
galactose and gal actose-containing oligo- and polysaccharides. The aglB gene was constitutively
expressed on al carbon sources tested, but had increased expression on xylose and xylan. This
could be attributed to regulation via the xylanolytic transcriptiona activator XInR (see 3.1.).
Expression of aglC was only detected on glucose, which is surprising for an a-galactosidase

encoding gene. The expression of lacA was highest on arabinose, xylose and xylan (regulated by
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XInR, see 3.1.) and pectin, whereas only low expression was observed on gaactose. The
expresson on pectin is supported by the production of this enzyme from A. oryzae on
polygaacturonic acid (McKay, 1991) and might indicate that this gene is co-regulated with
genes encoding pectin main chain degrading enzymes (see 3.2.).

The induction of faeA from A. niger by the product of the enzyme, ferulic acid, has recently
been studied (Chapter 4 and 5). This gene is expressed during growth on xylan and xylose,
mediated by XInR (see 3.1.). The addition of ferulic acid to media containing xylan or xylose
increased the expression of faeA whereas other xylanolytic genes were unaffected, indicating a
second regulatory system for the induction of faeA. Although the two systems positively
influence each other, ferulic acid induced expression is not dependent on XInR (Chapter 5). In
an XInR negative mutant, expression of faeA was similar on ferulic acid or a combination of

ferulic acid with xylose, while no expression of other xylanolytic genes was detected.

3.4. Carbon cataboliterepression

The major system responsible for carbon repression in Aspergillus is mediated via the carbon
catabolite repressor protein CreA (Dowzer and Kelly, 1991; for a recent review see Ruijter and
Visser, 1997). CreA is a zinc finger protein which binds to specific sites in the promoters
(SYGGRG) of a wide range of target genes (Kulmburg et al., 1993) in the presence of easy
metabolisable substrates, such as glucose or fructose, and inhibits or decreases the expression of
these genes. Severa A. nidulans and A. niger CreA mutants have been isolated which display in
(partialy) de-repressed phenotypes (Arst et a., 1990; Shroff et a., 1996, Ruijter et al., 1997).
Using these mutants, CreA mediated repression of gene expression has been detected for the
alcohol and proline gene clustersin A. nidulans (Cubero and Scazzochio, 1994; Panozzo et al.,
1998) and for severa extracellular proteasesin A. niger (Jarai and Buxton, 1994). Recently, the
mechanism of CreA mediated repression has been investigated in more detail (Strauss et d.,
1999). It appeared that the creA geneis strongly expressed when monomeric repressing carbon
sources are added to the culture, but CreA quickly down-regulates the expression of its encoding
gene. This autoregulation was demonstrated to be dependent on the formation of glucose-6-
phosphate (Strauss et al., 1999). Under carbon de-repressing conditions a significantly higher
creA expression was observed, but this did not result in the formation of the CreA-DNA
complex. Formation of this complex was dependent on de novo protein synthesis (Strauss et al.,
1999). At this point it is not clear whether the change from active to inactive CreA and vice
versa is caused by covalent modification of CreA or by protein degradation.
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The influence of CreA on the cell wall degrading enzyme systems from Aspergillus has been
widely studied. CreA mediated repression in Aspergillus was detected for genes encoding
arabinases and L-arabinose catabolic enzymes (Ruiter et a., 1997), severa endoxylanases (de
Graaff et d., 1994; Fernandez-Espinar et a., 1994; Pinaga et al., 1994; Perez-Gonzalez et 4d.,
1998; Orgjas et a., 1999) and other xylanolytic functions, such as B-xylosidase (Kumar and
Ramon, 1996), arabinoxylan arabinofuranohydrolase (Gielkens et al., 1997) and feruloyl esterase
(Chapter 5). Some of the pectinolytic genes from Aspergillus are aso repressed in the presence
of glucose (Madonado, 1989; Bussink et al., 1991; Solis-Pereira, 1993; Kester et a., 1996).
Removal of four putative CreA binding sites from the promoter of the A. tubingensis xXInA gene
resulted in an increased expression of this gene (de Graaff et a., 1994), indicating that at least
one of these sitesis involved in CreA binding. Gel mobility shift analysis of a fragment of the
promoter of the A. nidulans pectate lyase encoding gene (pelA) using afusion protein containing
the N-terminal part of CreA demonstrated binding of the fusion protein to this fragment (Ho et
al., 1995) and a potentia rolefor CreA in the regulation of (some) pectinolytic genes.

CreA mediated repression is not restricted to glucose and fructose alone. Other monomeric
carbon sources also result in (weaker) CreA mediated repression of gene expression. Xylose is
commonly regarded as the monomeric inducer of xylanolytic gene expression in Aspergillus (see
3.1). Recently, the effect of different xylose concentrations on xylanolytic gene expression was
studied (Chapter 9) demonstrating that high concentrations of xylose result in CreA mediated
repression of the expression of xylanolytic genes. At lower xylose concentrations higher
expression levels were observed. A similar phenomenon was observed for the regulation of
cellulase biosynthesis in A. terreus (Ali and Sayed, 1992). At high concentrations of glucose,
xylose and cellobiose a decrease in cellulase production was observed.

The ferulic acid induced expression of the feruloyl esterase A encoding gene (faeA) from A.
niger was studied in combination with a number of different monomeric carbon sources
(Chapter 6). For nearly all combinations, higher faeA expresson was detected in a CreA
derepressed mutant than in awild-type strain, indicating that CreA mediated repression occurred

in the presence of all these carbon sources.

3.5. pH dependent expression

The major factor involved in pH dependent expression in Aspergillus is the pH regulatory
protein PacC. At akaine pH PacC activates akaline expressed genes and represses acid
expressed genes, therefore PacC has a dual function (Tilburn et al., 1995). The gene encoding
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this protein (pacC) has been cloned from A. nidulans (Tilburn et al., 1995) and A. niger
(MacCabe et al., 1996), and was shown to complement A. nidulans pH regulatory mutants,
previoudly isolated as mutants defective in phophatase expression (Dorn, 1965; Arst and Cove,
1970; Arst et a., 1980). PacC is activated under akaline conditions by proteolytic modification
of the C-terminal region, after which it is able to bind to specific target sites (GCCARG, with R
being A or G) in the promoter of target genes (Orgjas et al., 1995). Six genes (palA, palB, palC,
palF, palH and pall) are involved in the signal transduction pathway |leading to the activation of
PacC (Caddick et a., 1986; Arst et a., 1994; Tilburn et al., 1995).

pH regulation of genes encoding cell-wall degrading enzymes has not been studied in detail in
Aspergillus. However, indications for pH dependent expression of xylanolytic and pectinolytic
genes have been obtained. The production of different polygalacturonases was studied in A.
kawachii using culture media with different pH (Kojima et al., 1999). From culture medium at
pH 2, two polygalacturonases were purified, whereas one polygal acturonase was purified from
culture medium at pH 5. The N-terminal amino acid sequence of these enzymes were different,
demonstrating that the pH of the culture medium influences which polygalacturonase is
produced by A. kawachii. Using PacC mutants, it was shown that in A. nidulans the expression
of the mgor arabinofuranosidase encoding gene (abfB; Gielkens et a., 1999) and two
endoxylanase encoding genes (XInA and xInB; MacCabe et d., 1998) is regulated by PacC.
These two endoxylanse encoding genes have opposite expression patterns, XinA being expressed
under akaline conditions and xInB under acidic conditions. Analysis of the promoter regions of
xInA and XInB revealed the presence of two and one PacC consensus sites, respectively
(MacCabe et d., 1998). Several putative PacC binding sites were also detected in the promoter
of the A. nidulans 3-xylosidase encoding gene (XInD), but no clear indications for PacC control
of this gene were obtained (Perez-Gonzaez et a., 1998).

4. Industrial applications

The enzymes discribed described in this chapter are involved in the degradation of complex
plant cell wall polysaccharides. Plant cell walls are a mgor part of the crude biomass which is
used in awide variety of industrial processes. A first step in the industrial processing of biomass
frequently involves (partial) degradation of the polymeric fraction. It is therefore obvious that
enzymes capable of degrading the plant cell wall can be applied in many of these processes and
are agood aternative to chemical processing. In this section, examples of industrial applications

of xylanolytic and pectinolytic enzymes are given.
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Applications of xylanolytic systems can be found in a variety of industrial processes. In the pulp
and paper industry cellulase free xylanolytic enzyme preparations can be of great value in the
bio-bleaching of pulps (Viikari et a., 1994). Enzymatic degradation of the hemicellulose-lignin
complexes present in pulps leaves the cellulose fibres intact and strongly reduces the amount of
bleaching chemicals (chlorine) needed. This not only results in areduction in chemical costs, but
also reduces the environmental problems caused by the use of chlorine. The most important
enzyme that is used in enzyme-aided bleaching is endoxylanase (Viikari et a., 1994), but the
addition of other xylanolytic enzymes has aso been shown to be effective (Kantelinen et al.,
1988). A second areain which the xylanolytic enzyme preparations are widely used is the bakery
industry. In this context their main effect is in solubilising the arabinoxylan fraction of the
dough, resulting in an increased bread volume and an improved quality of the dough (Maat et al,
1992; Poutanen, 1997; Petit-Benvegnen et al., 1998). Other applications for xylanolytic enzymes
can be found, such asin increasing the feed conversion efficiency of animal feeds (Bedford and
Classen, 1992), clarifying juices (Zeilkus et d., 1991), and the production of xylose, xylobiose
and xylo-oligomers (Puls et a, 1988; Biely et a, 1991; Pellerin et a., 1991). The
oligosaccharides produced can be used as functional food additives or adternative sweeteners
with beneficial properties.

Pectinases are of mgjor importance in the beverages industry, due to their ability to improve
pressing and clarification of concentrated fruit juices (Grassin and Fauguembergue, 1996).
Pectin methyl esterase and other pectinolytic enzymes are aso used for the gelation of oranges
and the production of carrot puree (Heldt-Hansen et a., 1996). Whereas xylanolytic enzymes are
mainly used in the paper and pulp industry for bio-bleaching, pectinolytic enzymes are applied in
enzymatic debarking (R&ttd and Viikari, 1996; Bajpai, 1997). Removal of the bark is the first
step in all processing of wood and is traditionally a very energy consuming process. Reduction
of the amount of energy required can be obtained by using pectinolytic enzymes to aid in the
process.

Other applications for pectinolytic enzymes have been found in increasing the yield of lemon
ped oils (Coll et d., 1996), and the production of oligouronides (Ross et a., 1996).

References

Adya, S., and A.D. Elbein. 1977. Glycoprotein enzymes secreted by Aspergillus niger: Purification and
properties of aa-gaactosidase. J. Bact. 129: 850-856.

Ali, S., and A. Sayed. 1992. Regulation of cellulase biosynthesisin Aspergillusterreus. World J.

29



Chapter 1

Microbiol. Biotechnol. 8: 73-75.

Aliwan, F.O., P.A. Kroon, C.B. Faulds, R. Pickersgill, and G. Williamson. 1999. Ferulic acid
esterase-111 from Aspergillus niger does not exhibit lipase activity. J. Sci. Food Agric. 79: 457-459.

Annunziato, M .E., and R.R. Mahoney. 1987. Partial purification and characterization of a-
gaactosidase from Aspergillus oryzae. J. Food Biochem. 11: 263-277.

Araujo, A., and O.P. Ward. 1990. Extracellular mannanases and gal actanases from selected fungi. J.
Ind. Microbiol. 6: 171-178.

Arst, H.N,, Jr., and D.J. Cove. 1970. Molybdate metabolism in Aspergillus nidulans. |I. Mutations
affecting phosphatase activity or galactose utilization. Mol. Gen. Genet. 108: 146-153.

Arst, H.N. Jr., C.R. Bailey, and H.A. Penfold. 1980. A possible role for acid phosphatase in y-amino-
n-butyrate uptake in Aspergillus nidulans. Arch. Microbiol. 125; 153-158.

Arst, H.N., Jr., D. Tollervey, C.E.A. Dowzer, and J.M. Kelly. 1990. An inversion truncating the creA
gene of Aspergillus nidulans results in carbon catabolite derepression. Mol. Microbiol. 4: 851-854.

Arst, H.N., Jr., E. Bigndll, and J. Tilburn. 1994. Two new genesinvolved in signalling ambient pH in
Aspergillus nidulans. Mal. Gen. Genet. 245: 787-790.

Aziz, N.H., SE. Farag, L.A.A. Mousa and M .A. Abo-Zaid. 1998. Comparative antibacterial and
antifungal effects of some phenolic compounds. Microbios. 93: 43-54.

Bach Tuyet Lam, T., K. liyama and B.A. Stone. 1992. Cinnamic acid bridges between cell wall
polymersin wheat and phalaris internodes. Phytochem. 31: 1179-1183.

Bailey, M .J., J. Puls, and K. Poutanen. 1991. Purification and properties of two xylanases from
Aspergillus oryzae. Biotechnol. Appl. Biochem. 13: 380-389.

Bajpai, P. 1997. Microbia xylanolytic enzyme system: properties and applications. Adv. Appl.
Microbiol. 43: 141-194.

Barbe, C., and D. Dubourdieu. 1998. Characterisation and purification of a cinnamate esterase from
Aspergillus niger industrial pectinase preparation. J. Sci. Food Agric. 78: 471-478.

Baron, A., F. Rombouts, J.F. Drilleau, and W. Pilnik. 1980. Purification et proprietes de la
pectinesterase produite par Aspergillus niger. Lebensm.-Wiss. U. -Technol. 13: 330-333.

Bartolome, B., C.B. Faulds, M. Tuohy, G.P. Hazlewood, H.J. Gilbert, and G. Williamson. 1995.
Influence of different xylanases on the activity of ferulic acid esterase on wheat bran. Biotechnol.
Appl. Biochem. 22: 65-73.

Bedford, M.R. and H.L. Classen. 1992. The influence of dietary xylanase on intestinal viscosity and
molecular weight distribution of carbohydratesin rye-fed broiler chicks. In: J. Visser, G. Beldman,
M.A. Kusters-van Someren and A.G.J. Voragen, eds., Xylans and Xylanases, Progressin
Biotechnology 7, Elsevier, Amsterdam, The Netherlands, pp. 361-370.

Beldman, G., M.J.F. Searle-van Leeuwen, G.A. deRuiter, H.A. Siliha, and A. G. J. Voragen. 1993.

30



General introduction

Degradation of arabinans by arabinases from Aspergillus aculeatus and Aspergillus niger. Carbohydr.
Polymers 20: 159-168.

Benen, J., L. Parenicova, M. Kusters-van Someren, H. Kester, and J. Visser. 1996. Molecular
genetic and biochemical aspects of pectin degradation in Aspergillus. In: J. Visser and A.G.J. Voragen
(eds.) Progress in Biotechnology 14: Pectin sand Pectinases, Elsevier Science, Amsterdam, pp. 331-
346.

Bidly, P.,, M. Vrsanska and M. Claessens. 1991. The endo-1,4-beta-glucanase | from Trichoderma
reesel - Action on beta-1,4-oligomers and polymers derived from D-glucose and D-xylose. Eur. J.
Biochem. 200: 157-163

Biswas, SR., S.C. Jana, A.K. Mishra, and G. Nanda. 1990. Production, purification and
characterization of xylanase from a hyperxylanolytic mutant of Aspergillus ochraceus. Biotechnol.
Bioeng. 35: 244-251.

Blum,D.L., |. Kataeva, X.-L. Li, and L. Ljungdahl. 1998. Phenolic acid esterase activity of
Clostridium thermocellum cellulosome is attributed to previously unknown domains of XynY and
XynZ. Nie Bioforum 98, Genetics, Biochemistry and ecology of cellulose degradation, Susuka, Japan.

Bonnin, E., M. Lahaye, J. Vigoureux, and J.-F. Thibault. 1995. Preliminary chracterization of anew
exo-f3-(1,4)-galactanase with transferase activity. Int. J. Biol. Macromol. 17: 3454-351.

Bonnin, E., and J.-F. Thibault. 1996. Galactooligosaccharide production by transfer reaction of an
exogaactanase. Enzyme Microb. Technol. 19: 99-106.

Bonnin, E., J. Vigoureux, and J.-F. Thibault. 1997. Kinetic parameters of hydrolysis and
transglycosylation catalyzed by an exo-3-(1,4)-galactanase. Enzyme Microb. Technol. 20: 516-522.

Borneman, W.S,, L.G. Ljungdahl, R.D. Hartley and D.E. Akin. 1991. Isolation and
characterisation of p-coumaroyl esterase from the anaerobic fungus Neocallimastix strain MC-2.
Appl. Environ. Microbiol. 57: 2337-2344.

Borneman, W.S,, L.G. Ljungdahl, R.D. Hartley and D.E. Akin. 1992. Purification and partial
characterization of two feruloyl esterases from the anaerobic fungus Neocallimastix strain MC-2.
Appl. Environ. Microbiol. 58; 3762-3766.

Brillouet, J.-M ., and J.-P. Joseleau. 1987. Invetsigation of the structure of a heteroxylan from the
outer pericarp (beeswing bran) of wheat kernel. Carbohydr. Res. 159: 109-126.

Brillouet, j.-M ., P. Williams, and M. Moutounet. 1991. Purification and some properties of a novel
endo-f3-(1-6)-D-galactanase from Aspergillus niger. Agric. Biol. Chem. 55; 1565-1571.

Bussink, H. J. D., H.C.M. Kester, and J. Visser. 1990. Molecular cloning, nuclectide sequence and
expression of the gene encoding prepro-polygalacturonase Il of Aspergillus niger. FEBS Lett. 273:
127-130.

Bussink, H. J. D., F. P. Buxton, and J. Visser. 1991. Expression and sequence comparison of the

31



Chapter 1

Aspergillus niger and Aspergillus tubingensis genes encoding polygal acturonase I1. Curr. Genet. 19:
467-474.

Bussink, H. J. D., F. P. Buxton, B. A. Fraaye, L. H. de Graaff, and J. Visser. 1992a. The
polygal acturonases of Aspergillus niger are encoded by afamily of diverged genes. Eur. J. Biochem.
208: 83-90.

Bussink, H.J.D., J.P.T.W. van den Hombergh, P.R.L.A. van den | Jssdl, and J. Visser. 1992h.
Characterization of polygal acturonase-overproducing Aspergillus niger transformants. Appl.
Microbiol. Biotechnol. 37: 324-329.

Caddick, M .X., A.G. Brownlee, and H.N. Arst Jr. 1986. Regulation of gene expression by pH of the
growth medium in Aspergillus nidulans. Mol. Gen. Genet. 203: 346-353.

Cary, JW., R.Brown, T.E. Cleveland, M. Whitehead, and R.A. Dean. 1995. Cloning and
characterization of anovel polygal acturonase-encoding gene from Aspergillus parasiticus. Gene 153:
129-133.

Castanares, A., SI1.McCraeand T.M. Wood. 1992. Purification and properties of a feruloyl/p-
coumaroy! esterase from the fungus Penicillium pinophilum. Enzyme Microbiol. Technol. 14: 875-
884.

Castanares, A., S.I. McCraeand T.M. Wood. 1995. D-Xylan-degrading enzyme system from the
fungus Phaner ochaete chrysosporium: isolation and partial characterisation of an a-(4-O-methyl)-
D-glucuronidase. J. Biotechnol. 43: 183-194.

Christgau, S., T. Sandal, L.V. Kofod, and H. Dalboge. 1995. Expression cloning, purification and
characterization of a3-1,4-galactanase from Aspergillus aculeatus. Curr. Genet. 27: 135-141.

Christgau, S., L.V. Kofod, T. Halkier, L.N. Anderson, M. Hockauf, K. Ddorreich, H. Dalboge,
and S. Kauppinen. 1996. Pectin methyl esterase from Aspergillus aculeatus: expression cloningin
yeast and characterization of the recombinant enzyme. Biochem. J. 319: 705-712.

Civas, A., R. Eberhard, P. le Dizet, and F. Petek. 1984b. Glycosidases induced in Aspergillus
tamarii. Secreted a-D-galactosidase and 3-D-mannanase. Biochem. J. 219: 857-863.

Civas, A., R. Eberhard, P. le Dizet, and F. Petek. 1984a. Glycosidases induced in Aspergillus
tamarii. Mycelial a-D-galactosidases. Biochem. J. 219: 849-855.

Clifford, M.N. 1999. Chlorogenic acids and other cinnamates - nature, occurance and dietary burden. J.
Sci. Food Agric. 79: 362-372.

Call,L.,D. Saura, J.M. Ros, M. Maliner and J. Laencina. 1996. Enzymatic treatment in the
extraction of cold-pressed lemon pedl ails. In: J. Visser and A.G.J. Voragen, eds., Pectins and
Pectinases, Progress in Biotechnology 14, Elsevier, Amsterdam, The Netherlands, pp. 963-970.

Colquhoun, 1.J., M .-C. Ralet, J.-F. Thibault, C.B. Fauldsand G. Williamson. 1994. Structure
identification of feruloylated oligosaccharides from sugar beet pulp by NMR spectroscopy. Carbohydr.

32



General introduction

Res. 263: 243-256.

Coutinho, P.M., and B. Henrissat. 1999. Carbohydrate-active enzymes: an integrated approach. Rec.
Adv. Carbohydr. Bioeng., in press.

Cubero, B., and C. Scazzocchio. 1994. Two different, adjacent and divergent zinc finger binding sites
are necessary for CreA-mediated carbon catabolite repression in the proline gene cluster of Aspergillus
nidulans. EMBO J. 13: 407-415.

Dalrymple, B.P., Y. Swadling, D.H. Cybinski and G.P. Xue. 1996. Cloning of a gene encoding
cinnamoy! ester hydrolase from the ruminal bacterium Butyrivibrio fibrisolvens E14 by a novel
method. FEM S Microbiol. Lett. 143: 115-120.

Dalrymple, B.P. and Y. Swadling. 1997. Expression of a Butyrivibrio fibrisolvens E14 gene (cinB)
encoding an enzyme with cinnamoy! ester hydrolase activity is negatively regulated by the product
of an adjecent gene (cinR). Microbiol .-UK 143: 1203-1210.

Davies, R.W. 1994. Heterologous gene expression and protein secretion in Aspergillus. Prog. Ind.
Microbiol. 29: 527-560.

Dean, R.A., and W.E. Timberlake. 1989. Regulation of the Aspergillus nidulans pectate lyase gene
(pelA). The Plant Cell 1: 275-284.

Dekker, R.F.H., and G.N. Richards. 1976. Hemicellulases: their occurrence, purification,
properties, and mode of action. Adv. Carbohydr. Chem. Biochem. 32: 277-352.

Donaghy, J. and A.M. McKay. 1997. Purification and characterisation of aferuloyl esterase from
the fungus Penicillium expansum. J. Appl. Microbiol. 83; 718-726.

Dorn, G. 1965. Phosphatase mutants in Aspergillus nidulans. Science 150: 1183-1184.

Dowzer, C.E.A., and J.M. Kdly. Analysis of the creA gene, aregulator of carbon catabolite
repression in Aspergillus nidulans. Mol. Cell. Biol. 11: 5701-57009.

Dunkel, M.P.H., and R. Amado. 1995. Analysis of endo-(1-5)-a-L-arabinanase degradation patterns
of linear (1-5)-a-L-arabino-oligosaccharides by high-performance anion-exchange chromatography
with pulsed amperometric detection. Carbohydr. Res. 268: 151-158.

Eda, S., A. Ohnishi, and K. Kato. 1976. Xylan isolated from the stalk of Nicotiana tabacum. Agric.
Biol. Chem. 40: 359-364.

Eraso, F. and R.D. Hartley. 1990. Monomeric and dimeric phenolic constituents of plant cell walls -
possible factorsinfluencing wall biodegradability. J. Sci. Food Agric. 51: 163-170.

Faulds, C.B. and G. Williamson. 1991. The purification and characterisation of 4-hydroxy-3-
methoxycinnamic (ferulic) acid esterase from Streptomyces olivochromogenes. J. Gen. Microbiol.
137: 2339-2345.

Faulds, C.B. and G. Williamson. 1993. Ferulic acid esterase from Aspergillus niger: purification

and partial characterization of two forms from a commercial source of pectinase. Biotechnol. Appl.

33



Chapter 1

Biochem. 17: 349-359.

Fernandez-Espinar, M., F. Pinaga, L. de Graaff, J. Visser, D. Ramon, and S. Valles. 1994.
Purification, characterization, and regulation of the synthesis of an Aspergillus nidulans acidic
xylanase. Appl. Microbiol. Biotechnal. 42; 555-562.

Ferreira, L.M.A., T.M. Wood, G. Williamson, C.B. Faulds, G.P. Hazlewood, and H.J. Gilbert.
1993. A modular esterase from Pseudomonas fluorescens subsp. Cellulosa contains a hon-catalytic
binding domain. Biochem. J. 294: 349-355.

Flipphi, M.J.A., J. Visser, P. van der Veen, and L.H. de Graaff. 1993a. Cloning of the Aspergillus
niger gene encoding a-L-arabinofuranosidase A. Appl. Micrabiol. Biotechnal. 39: 335-340.

Flipphi, M.J.A., M. van Heuvel, P. van der Veen, J. Visser, and L .H. de Graaff. 1993b. Cloning
and characterization of the abfB gene coding for the mgjor a-L-arabinofuranosidase (ABF B) of
Aspergillus niger. Curr. Genet. 24: 525-532.

Flipphi, M.J.A., H. Panneman, P. van der Veen, J. Visser, and L.H. de Graaff. 1993c. Molecular
cloning, expression and structure of the endo-1,5-a-L-arabinase gene of Aspergillus niger. Appl.
Microbiol. Biotechnol. 40: 318-326.

Flipphi, M.J.A., P. van der Veen, J. Visser, and L .H. de Graaff. 1994. Arabinase gene expression
in Aspergillus niger: indications for coordinated regulation. Microbiology 140: 2673-2682.

Forster, H. 1988. Pectin esterase from Phytophtera infestans. Meth. Enzymol. 161: 355-361.

Fournier, R.A., M.M. Frederick, J.R. Frederick, and P.J. Reilly. 1984. Purification and
characterization of endo-xylanases from Aspergillus niger. Il An enzyme of pl 3.65. Biotechnol.
Bioeng. 27: 539-546.

Frederick, M.M., J.R. Frederick, A.R. Frayzke, and P.J. Reilly. 1981. Purification and
characterization of a xylobiose- and xylose-producing endo-xylanase from Aspergillus niger.
Carbohydr. Res. 97: 87-103.

Fry, S.C. 1979. Phenolic components of the primary cell wall and their possible role in the hormonal
regulation of growth. Planta 146; 343-351.

Fry, S.C. 1986. Cross-linking of matrix polymersin the growing cell walls of angiosperms. Ann. Rev.
Plant. Physiol. 37: 165-186.

Fujimoto, H., T. Oadi, S.-L. Wang, T. Takiwaza, H. Hidaka, S. Murao, and M. Arai. 1995.
Purification and properties of three xylanases from Aspergillus aculeatus. Biosci. Biotech. Biochem.
59: 538-540.

Garcia, B.L., A.S. Ball, J. Rodriguez, M.l. Perez-Leblic, M .E. Ariasand J.L. Copa-Patino. 1998.
Production and characterisation of ferulic acid esterase activity in crude extracts by Sreptonyces
avermitilis. Appl. Microbiol. Biotechnol. 50: 213-218.

Ghosh, M., and G. Nanda. 1994. Purification and some properties of axylanase from Aspergillus



General introduction

sydowii MG49. Appl. Environ. Microbiol. 60: 4620-4623.

Gielkens, M.M.C., J. Visser, and L.H. de Graaff. 1997. Arabinoxylan degradation by fungi:
characterisation of the arabinoxylan-arabinofuranohydrolase encoding genes from Aspergillus niger
and Aspergillus tubingensis. Curr. Genet. 31: 22-29.

Giekens, M., L. Gonzales-Candelas, P. Sanchez-Torres, P. van de Vondervoort, L. de Graaff, J.
Visser, and D. Ramén. 1999. The abfB gene encoding the major a-L-arabinofuranosidase of
Aspergillus nidulans: nucleotide sequence, regulation and construction of a disrupted strain.
Microbiology 145: 735-741.

Golubev, A.M ., F.H. Ibatullin, A.Y. Kilimnik, N.A. Radionova, and K.N. Neustroev. 1993.
Isolation and properties of endoxylanase and (3-xylosidase from Aspergillus oryzae. Biochemistry
(Russia) 58: 565-570.

Gonzalez, R.R., and P. Monsan. 1991. Purification and some characteristics of [3-galactosidase from
Aspergillus fonsecaeus. Enzyme Microb. Technol. 13: 349-352.

Gorbacheva, 1.V., and N.A. Rodionova. 1977a. Studies on xylan degrading enzymes. |. Purification
and characterization of endo-1,4-3-xylanase from Aspergillus niger str. 14. Biochim. Biophys. Acta
484: 79-93.

Gorbacheva, 1.V., and N.A. Rodionova. 1977b. Action pattern of endo-1,4-3-xylanase from
Aspergillus niger str. 14 on xylan and xylooligosaccharides. Biochim. Biophys. Acta 484: 94-102.

Graaff, L.H. de, J. Visser, H.C. van den Broeck, F. Strozyk, F.J.M. Kormelink, and J.C.P.
Boonman. Oct.1992. Cloning, expression and use of acetyl xylan esterases from fungal origin.
Patent EP 0507369-A.

Graaff, L.H. de, H.C. van den Broeck, A.J.J. van Oaijen, and J. Visser. 1994. Regulation of the
xylanase-encoding xInA gene of Aspergillustubingensis. Mol. Microbiol. 12: 479-490.

Grabber, J.H., J. Ralph and R.D. Hatfield. 1998. Ferulate cross-links limit the enzymatic degradation
of syntheticaly lignified primary walls of maize. J. Agric. Food Chem. 46: 2609- 2614.

Grassin, C. and P. Fauquember gue. 1996. Applications of pectinasesin beverages. In: J. Visser and

A.G.J. Voragen, eds., Pectins and Pectinases, Progress in Biotechnology 14, Elsevier, Amsterdam, The
Netherlands, pp. 453-462.

Greenberg, N.A., and R.R. Mahoney. 1981. Rapid purification of 3-galactosidase (Aspergillus niger)
from acommercia preparation. J. Food Sci. 46: 684-687.

Guillon, F., and J.-F. Thibault. 1989. Enzymic hydrolysis of the "hairy" fragments of sugarbeet
pectins. Carbohydr. Res. 190: 97-108.

Gunata, Z., J.-M. Brillouet, S. Vaoirin, R. Baumes, and R. Cordonnier. 1990. Purification and some
properties of an a-L-arabinofuranosidase from Aspergillus niger. Action on grape monoterpenyl

arabinofuranosylglucosides. J. Agric. Food Chem. 38: 772-776.

35



Chapter 1

Hamari, Z., F. Kevei, E. Kovacs, J. Varga, Z. Kozakiewicz, and J.H. Croft. 1997. Molecular and
phenotypic chracterization of Aspergillus japonicus and Aspergillus acul eatus strains with special
regard to their mitochondrial DNA polymorphism. Antonie van Leeuwenhoek 72: 337-347.

Harmsen, JAM., M.A. Kusters-van Someren and J. Visser. 1990. Cloning and expression of a
second Aspergillus niger pectin lyase gene (pelA): indications of a pectin lyase gene family in A. niger.
Curr. Genet. 18: 161-166.

Heldt-Hansen, H.P., |.V. Kofod, G. Budolfsen, P.M. Nielsen, S. Hiittel and T. Bladt. 1996.
Application of tailor made pectinases. In: J. Visser and A.G.J. Voragen, eds., Pectins and Pectinases,
Progressin Biotechnology 14, Elsevier, Amsterdam, The Netherlands, pp. 463-474.

Henrissat, B. 1991. A classification of glycosyl hydrolases based on amino-acid sequence similarities.
Biochem. J. 280: 309-316.

Henrissat, B., and A. Bairoch. 1993. New familiesin the classification of glycosyl hydrolases based on
amino acid sequence similarities. Biochem. J. 293; 781-788.

Henrissat, B., and A. Bairoch. 1996. Updating the sequence based classification of glycosyl
hydrolases. Biochem. J. 316: 695-696.

Herder, |.F. den, A.M. Mateo Rosdll, C.M. van Zuilen, P.J. Punt, and C.A.M .J.J. van den Honddl.
1992. Cloning and expression of a member of the Aspergillus niger gene family encoding a-
gaactosidase. Mal. Gen. Genet. 233: 404-410.

Hessing, J.G.M, C. van Rotterdam, J.M. Verbakel, M. Roza, J. Maat, R.F. van Gorcom, and
C.A.M.J.J. van den Hondd. 1994. Isolation and characterization of a 1,4-beta-endoxylanase gene of
A. awamori. Curr. Genet. 26: 228-232.

Ho, M .-C., M.P. Whitehead, T.E. Cleveland, and R.A. Dean. 1995. Sequence analysis of the
Aspergillus nidulans pectate lyase pel A gene and evidence for binding of promoter regionsto CREA, a
regulator of carbon catabolite repression. Curr. Genet. 27: 142-149.

Hrmova, M., P. Bidly, and M. Vrsanska. 1989. Cdlulose- and xylan-degrading enzymes of Aspergillus

terreus and Aspergillus niger. Enzyme Microb. Technol. 11: 610-616.

Hrmova, M., E. Petrakova, and P. Biely. 1991. Induction of cellulose- and xylan-degrading enzyme
systems in Aspergillusterreus by homo- and heterodisaccharides composed of glucose and xylose. J.
Gen. Microbiol. 137: 541-547.

lizuka, Y., H. Shinoyama, Y. Kamiyama, and T. Yasui. 1992. The condensation reaction of
Aspergillus niger crude -xylosidase using xylose. Biosci. Biotech. Biochem. 56: 331-332.

Imamura, T., T. Watanabe, M. Kuwahara and T. Koshijima. 1994. Ester linkages between lignin
and glucuronic acid in lignin-carbohydrate complexes from Fagus crenata. Phytochem. 37: 1165-
1173.

I'shii, T. 1991. Isolation and characterization of a diferuloyl arabinoxylan hexasaccharide from bamboo

36



General introduction

shoot cell-walls. Carbohydr. Res. 219: 15-22.

I'shii, T. 1997. Structure and functions of feruloylated polysaccharides. Plant Sci. 127: 111-127.

Ito, K., H. Ogasawara, T. Sugimoto, and T. | shikawa. 1992a. Purification and properties of acid
stable xylanases from Aspergillus kawachii. Biosci. Biotech. Biochem. 56; 547-550.

Ito, K., T. lkemasu, and T. Ishikawa. 1992b. Cloning and sequencing of the xynA gene encoding
xylanase A of Aspergillus kawachii. Biosci. Biotech. Biochem. 56: 906-912.

Ito, K., K. lwashita, and K. Iwano. 1992c. . Cloning and sequencing of the xynC gene encoding
xylanase C of Aspergillus kawachii. Biosci. Biotech. Biochem. 56: 1338-1340.

Jarai, G., and F. Buxton. 1994. Nitrogen, carbon, and pH regulation of extracellular acidic proteases of
Aspergillus niger. Curr. Genet. 26: 238-244.

Kaneko, S, T. Shimasaki, and |. Kusakabe. 1993. Purification and some properties of intracellular
a-L-arabinofuranosidase from Aspergillus niger 5-16. Biosci. Biotech. Biochem. 57: 1161-1165.

Kantdinen, A., M. Ratto, J. Sundquist, M. Ranua, L. Viikari, and M. Linko. 1988.
Hemicelluloses and their potential rolein bleaching. 1988 Intern. Pulp. Bleaching Conference.
TAPPI Proc. 1-9.

Kauppinen, S., S. Christgau, L.V. Kofod, T. Halkier, K. Dorreich, H. Dalboge. 1995. Molecular
cloning and characterization of a rhamnogal acturonan acetylesterase from Aspergillus acul eatus.
Synergism between rhamnogal acturonan degrading enzymes. J. Biol. Chem. 270: 27172-27178.

Kawabata Y., K. Ono, Y. Gama, S. Yoshida, H. Kobayashi and |. Kusakabe. 1995. Purification
and chracterization of a-glucuronidase from Snail acetone powder. Biosci. Biotech. Biochem. 59:
1086-1090.

Kester, H.C.M., M.A. Kusters-van Someren, Y. Muller, and J. Visser. 1996. Primary structure
and characterization of an exopolygalacturonase from Aspergillus tubingensis. Eur. J. Biochem.
240: 738-746.

Khan., AW., K.A. Lamb, and R.P. Overend. 1990. Comparison of natural hemicellulose and
chemically acetylated xylan as substrates for the determination of acetyl-xylan esterase activity in
Aspergilli. Enzyme Microb. Technal. 12: 127-130.

Khandke, K.M., P.J. Vithayathil and S.K. Murthy. 1989. Purification and characterisation of an a-
D-glucuronidase from a thermophylic fungus, Thermoascus aurantiacus. Arch. Biochem. Biophys.
274: 511-517.

Khanh, N.Q., E. Ruttkowski, K. Leidinger, H. Albrecht and M. Gottschalk. 1991.
Characterisation and expression of a genomic pectin methyl esterase-encoding gene in Aspergillus
niger. Gene 106: 71-77.

Kimura, |., H. Sasahara, and S. Tajima. 1995. Purification and characterization of two xylanases

and an arabinofuranosidase from Aspergillus sojae. J. Fermetn. Bioeng. 80: 334-339.

37



Chapter 1

Kimura, I., N. Yoshioka, and S. Tajima. 1998a. Purification and characterization of and endo-1,4-3-
D-gaactanase from Aspergillus sojae. J. Ferment. Bioeng. 85: 48-52.

Kimura, T., N. Kitamoto, Y. Kito, S. Karita, K. Sakka, and K. Ohmiya. 1998b. Molecular cloning
of xylanase gene xynG1 from Aspergillus oryzae KBN 616, a Shoyu Koji mold, and analysis of its
expression. J. Ferment. Bioeng. 85: 10-16.

Kitagawa, E., T. Suzuki, and K. Kawai. Xylosidase gene (xysB) and al pha-glucuronidase
gene (xyg) of Aeromonas caviae ME-1. In press.

Kitamoto, N., S. Yoshino, M. Ito, T. Kimura, K. Ohmiya, and N. Tsukagoshi. 1998. Repression
of the expression of genes encoding xylanolytic enzymes in Aspergillus oryzae by introduction of
multiple copies of the xynF1 promoter. Appl. Microbiol. Biotechnol. 50: 558-563.

Kitamoto, N., H. Okada, S. Yoshino, K. Ohmiya, and N. Tsukagoshi. 1999. Pectin methylesterase
gene (pmeA) from Aspergillus oryzae KBN616: its sequence analysis and overexpression, and
characterization of the gene product. Biosci. Biotech. Biochem. 63: 120-124.

Kitpreechavanich, V., M. Hayashi, and S. Nagai. 1986. Purification and characterisation of
extracellular B-xylosidase and [3-glucosidase from Aspergillus fumigatus. Agric. Biol. Chem. 50:
1703-1711.

Kizawa, H., H. Shinoyama, and T. Yasui. 1991. The synthesis of new xylosyloligosaccharides by
transxylosylation with Aspergillus niger 3-xylosidase. Agric. Biol. Chem. 55; 671-678.

Knap, I.H., M. Carsten, T. Halkier, and L.V. Kofod. October 1994. An a-gal actosidase enzyme.
international patent WO 94/23022.

Kojima, Y., T. Sakamoto, M. Kishida, T. Sakai, and H. Kawasaki. 1999. Acidic condition-inducible
polygalacturonase of Aspergillus kawachii. J. Mol. Catalysis B: Enzymatic 6: 351-357.

Kormelink, F.J.M., M.J.F. Searle-van Leeuwen, T.M. Wood, and A.G.J. Voragen. 1991.
Purification and characterization of a (1,4)-3-D-arabinoxylan arabinofuranohydrolase from
Aspergillus awamori. Appl. Microbiol. Biotechnol. 35: 753-758.

Kormelink, F.J.M., and A.G.J. Voragen. 1993. Degradation of different[(glucurono)arabino]xylans
by combination of purified xylan-degrading enzymes. Appl. Microbiol. Biotechnol. 38: 688-695.

Kormelink, F.J.M., M.J.F. Searle-van Leeuwen, T.M. Wood, and A.G.J. Voragen. 1993a.
Purification and characterization of three endo-(1,4)-B-xylanases and one (3-xylosidase from
Aspergillus awamori. J. Biotechnol. 27: 249-265.

Kormelink, F.J.M., H. Gruppen, R.J. Vietor, and A.G.J. Voragen. 1993b. Maode of action of the
xylan-degrading enzymes from Aspergillus awamori on akali-extractable cereal arabinoxylans.
Carbohydr. Res. 249:; 355-367.

Kormelink, F.J.M., H. Gruppen, and A.G.J. Voragen. 1993c. Mode of action (1,4)-3-D-

arabinoxylan arabinofuranohydrolase (AXH) and a-L-arabinofuranosidases on alkali-extractable

38



General introduction

wheat-flour arabinoxylan. Carbohydr. Res. 249: 345-353.

Kormelink, F.J.M ., B. Lefebvre, F. Strozyk, and A.G.J. Voragen. 1993d. The purification and
characterisation of an acetyl xylan esterase from Aspergillus niger. J. .Biotechnol. 27: 267-282.

Koseki, T., S. Furuse, K. Iwano, H. Sakai, and H. Matsuzawa. 1997. An Aspergillus awamori
acetylesterase: purification of the enzyme, and cloning and sequencing of the gene. Biochem. J. 326:
485-490.

Krengd, U., and B. W. Dijkstra. 1996. Three-dimensional structure of Endo-1,4-beta-xylanase |
from Aspergillus niger: molecular basis for its low pH optimum. J. Mol. Biol. 263 70-78.

Kroon, P.A., and G. Williamson. 1996. Release of ferulic acid from sugar-beet pulp by using
arabinase, arabinofuranosidase and an esterase from Aspergillus niger. Biotechnol. Appl. Biochem.
23: 263-267.

Kroon, P.A., C.B. Fauldsand G. Williamson. 1996a. Purification and characterisation of a novel
esterase induced by growth of Aspergillus niger on sugar-beet pulp. Biotechnol. Appl. Biochem. 23:
255-262.

Kroon, P.A., C.B. Faulds, P. Reyden, J.A. Robertson and G. Williamson. 1996b. Rel ease of
covaently bound ferulic acid from fiber in the human colon. J. Agric. Food Chem. 45: 661-667.

Kroon, P.A., C.B. Faulds, C. Brezillon, and G. Williamson. 1997. Methyl phenylalkanoates as
substrates to probe the active sites of esterases. Eur. J. Biochem. 248; 245-251.

Kroon, P.A., M.T. Garcia-Conesa, | .J. Fillingham, G.P. Hazlewood, and G. Williamson. 1999.
Release of ferulic acid dehydrodimers from plant cell walls by feruloyl esterases. J. Sci. Food Agric.
79: 428-434.

Kulmburg, P., M. Mathieu, C. Dowzer, J. Kelly, and B. Felenbok. 1993. Specific binding sitesin
the alcR and alcA promoters of the ethanol regulon for the CreA repressor mediating carbon
catabolite repression in Aspergillus nidulans. Mol. Microbiol. 7: 847-857.

Kumar, S., and D. Ramon. 1996. Purification and regulation of the synthesis of a 3-xylosidase from
Aspergillus nidulans. FEMS Microb. Lett. 135: 287-293.

Kumar., V., S. Ramakrishnan, T.T. Teeri, J.K.C. Knowles, and B.S. Hartley. 1992.
Saccharomyces cerevisiae cells secreting an Aspergillus niger 3-galactosidase grown on whey
permeate. Bio/Technology 10: 82-85.

Kustersvan Someren, M.A., R.A. Samson, and J. Visser. 1991a. The use of RFLP analysisin
classification of the black Aspergilli - Reinterpretation of the Aspergillus niger aggregate. Curr. Genet.
19: 21-26.

Kusters-van Someren, M.A., JJA.M. Harmsen, H.C.M. Kester, and J. Visser. 1991b. Structure of the
Aspergillus niger pel A gene and its expression in Aspergillus niger and Aspergillus nidulans. Curr.
Genet. 20: 293-299.

39



Chapter 1

Kustersvan Someren, M., M. Flipphi, L.H. de Graaff, H. van den Broeck, H. Kester, A. Hinnen
and J. Visser. 1992. Characterisation of the Aspergillus niger pelB gene: structure and regulation of
expression. Mol. Gen. Genet. 234: 113-120.

Lahaye, M., J. Vigouroux, and J.-F. Thibault. 1991. Endo-3-1,4-D-ga actanase from Aspergillus
niger var. aculeatus. Purification and some properties. Carbohydr. Polymers 15:; 431-444.

Lam, T.B.T., K. liyama, and B.A. Stone. 1994. An approach to the estimation of ferulic acid bridges
in unfractioned cell walls of wheat internodes. Phytochem. 37: 327-333.

Luonteri, E., M. Siika-aho, M. Tenkanen, and L. Viikari. 1995. Purification and chracterization of
three al pha-arabinof uranosidases from Aspergillus terreus. J. Biotechnol. 38: 279-291.

Maat, J., M. Roza, J. Verbakel, H. Stam, M. Santosda Silva, M. Borrel, M.R. Egmond, M.L.D.
Hagemans, R.F.M. van Gorcom, J.G.M. Hessing, C.A.M.J.J. van den Hondel and C. van
Rotterdam. 1992. Xylanases and their applicationsin bakery. In: J. Visser, G. Beldman, M.A.
Kusters-van Someren and A.G.J. Voragen, eds., Xylans and Xylanases, Progressin Biotechnology 7,
Elsevier, Amsterdam, The Netherlands, pp. 349-360.

MacCabe, A.P., J.P.T.W. van den Hombergh, J. Tilburn, H.N. Arst, Jr., and J. Visser. 1996.
Identification, cloning and analysis of the Aspergillus niger gene pacC, awide domain regulatory gene
responsive to ambient pH. Mol. Gen. Genet. 250: 367-374.

MacCabe, A.P., M. Orgas, J.A. Perez-Gonzalez, and D. Ramon. 1998. Opposite patterns of
expression of two Aspergillus nidulans xylanase genes with respect to ambient pH. J. Bact. 180: 1331-
1333.

Maldonado, M.C., A.M. Strasser de Saad, and D. Callieri. 1989. Catabolite repression of the
synthesis of inducible polygalacturonase and pectinesterase by Aspergillus sp. Curr. Microbiol. 18:
303-306.

Manzanares, P., L.H. de Graaff, and J. Visser. 1998. Characterization of galactosidases from
Aspergillus niger: purification of anovel a-galactosidase activity. Enzyme Microb. Technol. 22:
383-390.

Margolles-Clark, E., M. Saloheimo, M. Siika-aho and M. Penttila. 1996. The a-glucuronidase
gene of Trichoderma reesei. Gene 172:171-172.

McCrae, S.I., K.M. Leith, A.H. Gordon and T.M. Wood. 1994. Xylan degrading enzyme system
produced by the fungus Aspergillus awamori: isolation and chracterization of aferuloyl esterase and
ap-coumaroyl esterase. Enzyme Microbiol. Technol. 16: 826-834.

McKay, A.M. 1991. Extracellular 3-gal actosidase production during growth of filamentous fungi on
polygalacturonic acid. Lett. Appl. Microbiol. 12: 75-77.

Megnegneau, B., F. Debets, and R.F. Hoekstra. 1993. Genetic variability and relatednessin the
complex group of black Aspergilli based on random amplification of polymorphic DNA. Curr.

40



General introduction

Genet. 23: 323-329.

Micheli, P.A. 1729. Nova Plantarum Genera. Florentiae.

Montgomery, R., F. Smith, and H. Srivastava. 1956. Structure of corn hull hemicellulose. |. Partial
hydrolysis and identification of 2-O-(a-glucopyranosuluronic acid)-D-xylopyranose. J. Am. Chem.
Soc. 78: 2837-2839.

Mutter, M., G. Beldman, H.A. Scholsand A.G.J. Voragen. 1994a. Rhamnogal acturonan a-L -
rhamnopyranosylhydrolase. A novel enzyme specific for the terminal nonreducing rhamnosyl unit in
rhamnogal acturonan regions of pectin. Plant Physiol. 106; 241-250.

Mutter, M., G. Beldman, SM. Pitson, H.A. Scholsand A.G.J. Voragen. 1994b.

Rhamnogal acturonan a-D-gal actopyranosyluronohydrolase. An enzyme that specifically removes the
terminal nonreducing galacturonosyl residue in rhamnogal acturonan regions of pectin. Plant. Physial.
117: 153-163.

Mutter, M., 1.J. Colquhoun, H.A. Schals, G. Beldman and A.G.J. Voragen. 1996.

Rhamnogal acturonase B from Aspergillus aculeatus is a rhamnogal acturonan a-L-rhamnopyranosyl-
(1,4)-a-D-galactopyranosyluronide lyase. Plant Physiol. 110: 73-77.

Nelson, M.A., S. Kang, E.L. Braun, M.E. Crawford, P.L. Dolan, P.M. Leonard, J. Mitchell, A.M.
Armijo, L. Bean, E. Blueyes, T. Cushing, A. Errett, M. Fleharty, M. Gorman, K. Judson, R.
Miller, J. Ortega, |. Pavlova, J. Perea, S. Todisco, R. Trujillo, J. Valentino, A. Wells, M. Werner-
Washburne, S. Yazzie, and D.O. Natvig. 1997. Expressed sequences from conidial, mycelial, and
sexua stages of Neurospora crassa. Funga Genet. Biol. 21: 348-363.

Nikkuni, S., N. Kosaka, C. Suzuki, and K. Mori. 1996. Comparitive sequence analysis on the 18S
rRNA gene of Apergillusoryzae, A. sojae, A. flavus, A. parasiticus, A. niger, A. awamori and A.
tamari. J. Gen. Appl. Microbiol. 42: 181-187.

Oogterveldt, A., J.H. Grabber, G. Bldman, J. Ralph and A.G.J. Voragen. 1997. Formation of
ferulic acid dehydrodimers through oxidative cross-linking of sugar beet pectin. Carbohydr. Res. 300:
179-189.

Orgas, M., E.A. Espeso, J. Tilburn, S. Sarkar, H.N. Arst, Jr., and M.A. Penalva. 1995. Activation
of the Aspergillus PacC transcription factor in response to alkaline ambient pH requires proteolysis of
the carboxy-terminal moiety. Genes & Development 9: 1622-1632.

Orgas, M., A.P. MacCabe, J.A. Perez-Gonzalez, S. kumar, and D. Ramon. 1999. Carbon catabolite
repression of the Aspergillus nidulans xXInA gene. Mol. Microbiol. 31: 177-184.

Panozzo, C., E. Cornillot, and B. Felenbok. 1998. The CreA repressor isthe sole DNA-binding protein
responsible for carbon catabolite repression of the alcA genein Aspergillus nidulans viaits binding to
acouple of specific sites. J. Biol. Chem. 273: 6367-6372.

Parenicova, L., J.A.E. Benen, R.A. Samson, and J. Visser. 1997. Evaluation of RFLP analysis of the

41



Chapter 1

classification of selected black Aspergilli. Mycol. Res. 101: 810-814.

Parenicova, L., J.A.E. Benen, H.C.M. Kester and J. Visser. 1998. pgak encodes a fourth member of
the endopolygal acturonase gene family from Aspergillus niger. Eur, J, Biochem. 251: 72-80.

Park, Y.K.,M.S.S. de Santi, and G.M. Pastore. 1979. Production and characterization of (3-
gaactosidase from Aspergillus oryzae. J. Food Sci. 44: 100-113.

Pdlerin, P., M. Gossdlin, J.-P. Lepoutre, E. Samain, and P. Debeire. 1991. Enzymic production of
oligosaccharides from corncob xylan. Enzyme Microb. Technol. 13; 617-621.

Perez-Gonzalez, J.A., L.H. de Graaff, J. Visser, and D. Ramon. 1996. Molecular cloning and
expression in Saccharomyces cerevisiae of two Aspergillus nidulans xylanase genes. Appl. Environ.
Microbiol. 62: 2179-2182.

Perez-Gonzalez, J.A., N.N.M .E. van Psij, A. Bezoen, A. P. MacCabe, D. Ramon, and L .H. de
Graaff. 1998. Molecular cloning and transcriptional regulation of the Aspergillus nidulans xInD gene
encoding B-xylosidase. Appl. Environ. Microbiol. 64: 1412-1419.

Petit-Benvegnen, M .-D., L. Saulnier and X. Rouau. 1998. Solubilization of arabinoxylans from
isolated water-unextractabl e pentosans and wheat flour doughs by cell wall degrading enzymes. Cereal
Chem. 75: 551-556.

Peij, N.N.M.E. van, J. Brinkmann, M. Vrsansk4, J. Visser, and L .H. de Graaff. 1997. 3-Xylosidase,
encoded by XInD, is essential for complete hydrolysis of xylan by Aspergillus niger but not for
induction of the xylanolytic spectrum. Eur. J. Biochem. 245; 164-173.

Peij, N.N.M..E., J. Visser, and L.H. de Graaff. 1998a. Isolation and analysis of XInR, encoding a
transcriptional activator co-ordinating xylanolytic expression in Aspergillus niger. Mol. Microbial. 27:
131-142.

Peij, N.N.M.E., M.M.C. Gielkens, R.P. de Vries, J. Visser, and L .H. de Graaff. 1998b. The
transcriptional activator XInR regulates both xylanolytic and endoglucanase gene expressionin
Aspergillus niger. Appl. Environ. Microbiol. 64: 3615-3619.

Pinaga, F., M.T. Fernandez-Espinar, S. Valles, and D. Ramon. 1994 Xylanase production in
Aspergillus nidulans: Induction and carbon catabolite repression. FEMS Microbiol. Lett. 115: 319-324.

Poutanen, K. 1997. Enzymes. An important tool in the improvement of the quality of cereal foods.
Trends Food Sci. Technol. 8: 300-306.

Puls, J., O. Schmidt, and C. Granzow. 1987. a-Glucuronidase in two microbial xylanolytic
systems. Enzyme Microb. Technol. 9: 83-88

Puls, J., A. Borneman, D. Gottschalk, and J. Wiegel. 1988. Xylobiose and xylooligomers. Meth.
Enzymol. 160: 528-536.

Ralet, M .-C., C.B. Faulds, G. Williamson, and J.-F. Thibault. 1994. Degradation of feruloylated

oligosaccharides from sugar beet pulp and wheat bran by ferulic acid esterases from Aspergillus niger.

42



General introduction

Carbohydr. Res. 263: 257-269.

Ramon, D., P. van der Veen, and J. Visser. 1993. Arabinan degrading enzymes from Aspergillus
nidulans: induction and purification. FEMS Microbiol. Lett. 113: 15-22.

Réattd, M. and L. Viikari. 1996. Pectinases in wood debarking, In: J. Visser and A.G.J. Voragen, eds.,
Pectins and Pectinases, Progress in Biotechnology 14, Elsevier, Amsterdam, The Netherlands, pp. 979-
982.

Reczey, K., H. Stalbrand, B. Hahn-Hagerdal, and F. Tjerneld. 1992. Mycelia-associated [3-
gaactosidase activity in microbial pellets of Aspergillusand Penicillium strains. Appl. Micrabiol.
Biotechnol. 38: 393-397.

Rios, S., A.M. Pedregosa, |. Fernandez Monistrol, and F. Laborda. 1993. Purification and molecular
properties of an a-galactosidase synthesized and secreted by Aspergillus nidulans. FEM S Microbiol.
Lett. 112: 35-42.

Rodionova, N.A., | .M. Tavobilov, and A.M Bezborodov. 1983. 3-Xylosidase from Aspergillus niger
15: Purification and properties. J. Appl. Biochem. 5: 300-312.

Rombouts, F.M ., and J.-F. Thibault. 1986. Feruloylated pectic substances from sugar-beet pulp.
Carbohydr. Res. 154: 177-187.

Rombouts, F.M ., A.G.J. Voragen, M .F. Searle-van Leeuwen, C.C.J.M. Geraeds, H.A. Schols,
and W. Pilnik. 1988. The arabinases of Aspergillus niger: Purification and characterization of two
a-L-arabinofuranosidases and an endo-1,5-a-L-arabinase. Carbohydr. Polymers 9: 25-47.

Ross, J.M., D. Saura, L. Call, M. Moliner and J. Laencina. 1996. Oligouronides of pectinsin
membrane reactor by enzymatic degradation of pectins from Citrus pedl. A preliminary study. In: J.
Visser and A.G.J. Voragen, eds., Pectins and Pectinases, Progress in Biotechnology 14, Elsevier,
Amsterdam, The Netherlands, pp. 983-990.

Ruijter, G.J.G., and J. Visser. 1997. Carbon repression in Aspergilli. FEM S Microbiol. Lett. 151: 103-
114.

Ruijter, G.J.G., SA. Vanhanen, M.M.C. Gidkens, P.J.I. vand de Vondervoort, and J. Visser. 1997.
Isolation of Aspergillus niger creA mutants and effects on the expression of arabinases and L-
arabinose catabolic enzymes. Microbiology 143: 2991-2998.

Ruile, P., C. Winterhalter and W. Liebl. 1997. |solation and analysis of a gene encoding a-
glucuronidase, an enzyme with anovel primary structure involved in the breakdown of xylan.
Molec. Microbiol. 23: 267-279.

Ruttkowski, E., N. Q. Khanh, F.-J. Wientjesand M. Gottschalk. 1991. Characterisation of a
polygal acturonase gene of Aspergillus niger RH5344. Molec. Microbiol. 5: 1353-1361.

Saraswat, V., and V. S. Bisaria. 1997. Biosynthesis of xylanolytic and xylan-debranching enzymes
in Melanocarpus albomyces 11S 68. J. Ferm. Bioengineering. 4: 352-357.



Chapter 1

Saulnier, L., J. Vigouroux and J.-F. Thibault. 1995. |solation and characterization of feruloylated
oligosaccharides from maize bran. Carbohydr. Res. 272: 241-253.

Schols, H.A., and A.G.J. Voragen. 1994. Occurrence of pectic hairy regionsin various plant cell wall
materials and their degradability by rhamnogal acturonase. Carbohydr. Res. 256: 83-95.

Schols, H.A., and A.G.J. Voragen. 1996. Complex pectins: structure elucidation using enzymes. In: J.
Visser, A.G.J. Voragen (eds), Progress in Biotechnology 14: Pectin and Pectinases. Elsevier Science,
Amsterdam, pp 793-798.

Schooneveld-Bergmans, M.E.F., A.M.C.P. Hopman, G. Beldman, and A.G.J. Voragen. 1998.
Extraction and partia characterization of feruloylated glucuronoarabinoxylans from wheat bran.
Carbohydr. Polymers 35: 39-47.

Schopplein, E., and H. Dietrich. 1991. Charakterisierung polysaccharidspaltender begleitaktivitaten in
€inem technischen pektinasepreparat. Deutsche L ebensmittel-Rundschau 87: 212-219.

Searle-van Lecuwen, M.J.F., L.A.M. van den Broek, H.A. Schols, G. Beldman, and A.G.J.
Voragen. 1992. Rhamnogal acturonan acetylesterase: a novel enzyme from Aspergillus aculeatus,
specific for the deacetylation of hairy (ramified) regions of pectins. Appl. Microbiol. Biotechnol. 38:
347-349.

Searle-van Leeuwen, M .J.F., J.-P. Vincken, D. Schipper, A.G.J. Voragen, and G. Beldman. 1996.
Acetyl esterases of Aspergillus niger: purification and mode of action on pectins. In: J. Visser and
A.G.J. Voragen (eds) Progress in Biotechnology 14: Pectins and Pectinases, Elsevier Science,
Amsterdam, pp. 793-798.

Shao, W., SK.C. Obi, J. Pulsand J. Wiegel. 1995. Purification and characterization of the a-
glucuronidase from Thermoanaer obacterium sp. Strain JW/SL-Y $S485, an important enzyme for the
utilization of substituted xylans. Appl. Environ. Microbiol. 61: 1077-1081.

Sherief, A.A. 1990. Separation and some properties of an endo-1,4-3-D-xylanase from Aspergillus
flavipes. Acta Microbiol. Hung. 37: 301-306.

Shibuya, N. 1984. Phenalic acids and their carbohydrate estersin rice endosperm cell walls. Phytochem.

3: 2233-2237.

Shinoyama, H., A. Ando, T. Fujii, and T. Yasui. 1991. The possibility of enzymatic synthesis of a
variety of 3-xylosides using the transfer reaction of Aspergillus niger B-xylosidase. Agric. Biol. Chem.
55: 849-850.

Shroff, R.A., R.A. Lockington, and J.M. Kdly. 1996. Analysis of mutationsin the creA geneinvolved
in carbon catabolite repression in Aspergillus nidulans. Can. J. Microbiol. 42: 950-959.

Shulami, S, O. Gat, A.L. Sonenshein, and Y. Shoham. 1999. The glucuronic acid gene cluster from
Bacillus stearothermophilus T-6. J. Bact. 181: 3695-3704.

Siika-Aho, M., M. Tenkanen, J. Buchert, J. Pulsand L. Viikari. 1994. An a-glucuronidase from



General introduction

Trichodermareesel RUT C-30. Enzyme Microb. Technol. 16: 813-819.

Smith, M.M. and R.D. Hartley. 1983. Occurrence and nature of ferulic acid substitution of cell wall
polysaccharides in graminaceous plants. Carbohydr. Res. 118: 65-80.

Solis-Pereira, S, E. Favela-Torres, G. Viniegra-Gonzalez, and M. Gutierrez-Rojas. 1993. Effects
of different carbon sources on the synthesis of pectinase by Aspergillus niger in submerged and
solid state fermentations. Appl. Microbiol. Biotechnol. 39: 36-41.

Somiari, R.l., and E. Balogh. 1995. Properties of an extracellular glycosidase of Aspergillus niger
suitable for removal of oligosaccharides from cowpea meal. Enzyme Microb. Technol. 17: 311-316.

Strauss, J., H.K. Horvath, B.M. Abdallah, J. Kindermann, R.L. Mach, and C.P. Kubicek. 1999.
The function of CreA, the carbon catabolite repressor of Aspergillus nidulans, is regulated at the
transcriptional and post-transcriptional level. Mol. Microbiol. 32; 169-178.

Sulistyo, J., Y. Kamiyama, and T. Yasui. 1995. Purification and some properties of Aspergillus
pulverulentus B-xylosidase with transxylosylation capacity. J. Ferment. Bioeng. 79: 17-22.

Sundberg, M., K. Poutanen, P. Markkanen and M. Linko. 1990. An extracellular esterase of
Aspergillus awamori. Biotechnol. Appl. Biochem. 12: 670-680.

Suykerbuyk, M. E. G., P. J. Schaap, H. Stam, W. Mustersand J. Visser. 1995. Cloning, sequence
and expression of the gene for rhamnogal acturonan hydrolase of Aspergillus aculeatus; anovel
pectinolytic enzyme. Appl. Microbiol. Biotechnal. 43: 861-870.

Suykerbuyk, M. E. G., P. J. |. van de Vondervoort, P. J. Schaap and J. Visser. 1996. |dentification
of regulatory mutants of Aspergillus aculeatus affected in rhamnogal acturonan hydrolase expression.
Curr. Genet. 30: 439-446.

Suykerbuyk, M. E. G., H.C.M. Kester, P. J. Schaap, H. Stam, W. Mustersand J. Visser. 1997.
Cloning and characterization of two rhamnogal acturonan hydrolase genes from Aspergillus niger.
Appl. Environ. Microbiol. 63: 2507-2515.

Tagawa, K., and A. Kaji. 1988. a-L-arabinofuranosidase from Aspergillus niger. Meth. Enzymol. 160:
707-712.

Takahashi, N. and T. Koshijima. 1988. Ester linkages between lignin and glucuronoxylan in alignin-
carbohydrate complex from beech (Fagus crenata) wood. Wood Sci. Technol. 22: 231-241.

Tenkanen, M., J. Schuseil, J. Pulsand K. Poutanen. 1991. Production, purification and
characterisation of an esterase liberating phenolic acids from lignocellulosics. J. Biotechnol. 18: 69-
84.

Thom, C., and M.B. Church. 1926. The Aspergilli, Williams and Wilkins Company, Baltimore.

Thom, C., and K.B. Raper. 1945. A manual of the Aspergilli. Williams and Wilkins Company,
Baltimore.

Tilburn., J., S. Sarkar, D.A. Widdick, E.A. Espeso, M. Orgjas, J. Mungroo, M .A. Penalva, and

45



Chapter 1

H.N. Arst Jr. 1995. The Aspergillus PacC zinc finger transcription factor mediates regulation of
both acidic and alkaline expressed genes by ambient pH. EMBO J. 14: 779-790.

Timell, T.E. 1967. Recent progress in the chemistry of wood hemicelluloses. Wood. Sc. Technol. 1.
45-70.

Uchida, H., T. Nanri, Y. Kawabata, |. Kusakabe and K. Murakami. 1992a. Purification and
characterization of intracellular a-glucuronidase from Aspergillus niger 5-16. Biosc. Biotech.
Biochem. 56: 1608-1615.

Uchida, H., I. Kusakabe, Y. Kawabata, T. Ono, and K. Murakami. 1992b. Production of xylose
from xylan with intracellular enzyme system of Aspergillus niger 5-16. J. Ferment. Bioeng. 74: 153-
158.

Varga, J., F. Kevei, A. Vriesema, F. Debets, Z. Kozakiewicz, and J.H. Croft. 1994. Mitochondrial
DNA restriction fragment length polymorphismsin field isolates of the Aspergillus niger aggregate.
Can. J. Microbiol. 40: 612-621.

Veen, P.van der, M.J.A. Flipphi, A.G.J. Voragen, and J. Visser. 1991. Induction, purification and
characterization of arabinases produced by Aspergillus niger. Arch. Microbiol. 157: 23-28.

Veen, P.van der, M. .J.A. Flipphi, A.G.J. Voragen, and J. Visser. 1993. Induction of extracellular
arabinases on monomeric substrates in Aspergillus niger. Arch. Microbiol. 159: 66-71.

Verbruggen, M.A., G. Beldman, and A.G.J. Voragen. 1998a. Structures of enzymically derived
oligosaccharides from sorghum glucuronoarabinoxylan. Carbohydr. Res. 306: 265-274.

Verbruggen, M.A., G. Beldman, and A.G.J. Voragen. 1998b. Enzymic degradation of sorghum
glucuronoarabinoxylans leading to tentative structures. Carbohydr. 306: 275-282.

Viikari, L., A. Kantelinen, J. Sundquist and M Linko. 1994. Xylanases in Bleaching - From an idea
to theindustry. FEM S Microbiol. Rev. 13: 335-350.

Vis, J.W. van de, M J.F. Searle-van Leesuwen, H.A. Siliha, F.J.M. Kormelink, and A.G.J. Voragen.
1991. Purification and characterization of endo-1,4--D-galactanases from Aspergillus niger and
Aspergillus aculeatus. Use in combination with arabinases from Aspergillus niger in enzymic
conversion of potato arabinogalactan. Carbohydr. Polymers 16: 167-187.

Visser, J., H.-J. Bussink, and C. Witteveen. 1994. Gene expression in filamentous fungi. In: A. Smith
(ed.) Gene expression in recombinant microorganisms, Marcel Dekker, Inc. New Y ork, pp. 241-308.
Vries, J.A. de, F.M. Rombouts, A.G.J. Voragen, and W. Pilnik. 1982. Enzymic degradation of apple

pectins. Carbohydr. Polymers 2: 25-33.

Vries, R.P. de, M.J.A. Flipphi, C.F.B. Witteveen, and J. Visser. 1994. Characterization of an
Aspergillus nidulans L-arabitol dehydrogenase mutant. FEM S Microbiol. Lett. 123: 83-90.

Wakabayashi, K., T. Hososn, and S. Kamisaka. 1997. Osmotic stress suppresses cell wall stiffening

and theincrease in cell wall-bound ferulic and diferulic acids in wheat coleoptiles. Plant Physiol. 113:

46



General introduction

407-411.

Wende, G. and S.C. Fry. 1997. O-feruloylated, O-acetylated oligosaccharides as side-chains of grass
xylans. Phytochem. 44: 1011-1018.

Wilkie, K.C.B., and S.-L. Woo. 1977. A heteroxylan and hemicellulosic materials from bamboo
leaves, and areconsideration of the general nature of commonly occurring xylans and other
hemicelluloses. Carbohydr. Res. 57:145-162.

Wilkie, K.C.B. 1979. The hemicelluloses of grasses and cereals. Adv. Carbohydr. Chem. Biochem.
36: 215-264.

Wood, T.M. and C.A. Wilson. 1995. a-(4-O-methyl-)D-glucuronidase activity produced by the
rumen anaerobic fungus Piromonas communis: a study of selected properties. Appl. Microbiol.
Biotechnoal. 43: 893-900.

Wood, T.M., and S.I. McCrae. 1996. Arabinoxylan-degrading enzyme system of the fungus
Aspergillus awamori: purification and properties of an a-L-arabinofuranosidase. Appl. Microbiol.
Biotechnol. 45: 538-545.

Yamaguchi, F., S. Inoue, and C. Hatanaka. 1995. Purification and properties of endo--1,4-
galactanase from Aspergillus niger. Biosci. Biotech. Biochem. 59:; 1742-1744.

Zapater, 1.G., A.H.J. Ullah, and R.J. Wodzinski. 1990. Extracellular a-galactosidase (EC 3.2.1.22)
from Aspergillus ficuum NRRL 3135: Purification and characterisation. Prep. Biochem. 20: 263-
296.

Zeikus, J.G., C. Leg, Y.E. Leeand B.C. Saha. 1991. Thermostabl e saccharidases. New sources, uses
and biodesign. ACS Symp. Ser. 460: 36-51.

47






Chapter 2

Aim and outline of thethesis

49



Chapter 2

This study focuses on accessory enzymes from Aspergillus involved in the degradation of two
types of plant cell wall heteropolysaccharides. xylan and pectin. At the start of this project,
enzymes cleaving the main chains of xylan and pectin were aready being studied in detail.
However, relatively little was known about the molecular characteristics of most of the
accessory enzymes and their encoding genes, or the influence these enzymes have on the
action of the main chain cleaving enzymes. The (partial) degradation of xylan and pectin is of
major importance for industrial processes in which crude plant materials are converted into
food or feed products. However, the amount of plant cell wall degrading enzymes produced by
Aspergillus is often insufficient to test applications at an industrial scale. To be able to
rationally apply these enzymes in food and feed processes it is important to study the
characteristics of the enzymes in more detail, both with respect to substrate specificity and
synergistic effects with other cell wall degrading enzymes. This thesis reports work in which
meeting the industrial need for larger quantities of better defined enzymes is combined with a
detailed analysis of the molecular characteristics of the genes encoding these enzymes, their
regulation and the activity of the enzymes on polymeric and oligomeric substrates.

One of the key-enzymes of this project was feruloyl esterase A (FaeA). This enzyme was
purified from Aspergillus niger and Aspergillus tubingensis and the genes (faeA) encoding
this enzyme were cloned from both fungi (Chapter 3). The genes were overproduced in
different fungi and the stability of the gene products was compared (Chapter 3). The
production of A. niger FaeA was studied on xylan and crude plant cell wall preparations
(Chapter 4), and on pectin (Chapter 6), aswell as the influence of the product of this enzyme,
ferulic acid, on the induction on xylan (Chapter 4). FaeA from A. niger was tested for activity
on xylan and pectin (Chapter 3) and a model for the 3-dimensional structure of this enzyme
was proposed (Chapter 6). The expression of faeA from A. niger was analysed in order to
identify both positively and negatively acting transcription factors regulating this gene
(Chapter 5 and 6).

A second accessory enzyme with a central role in this project was a-glucuronidase (AguA),
which was purified from A. tubingensis (Chapter 7). The activity of this enzyme on xylan was
studied as well as the synergy with an endoxylanase and 3-xylosidase in xylan degradation
(Chapter 7). The gene (aguA) encoding this enzyme was cloned and the expression of this
gene on xylan and some monomeric carbon sources was analysed (Chapter 7). The balance
between induction and repression of the expression of aguA, faeA, an endoxylanase (xInB)

and a B-xylosidase (XInD) encoding gene from A. niger on xylose has been studied to
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determine whether the xylose concentration influences the expression of the different
xylanolytic genes (Chapter 9).

Chapter 8 describes the cloning and characterisation of another gene (aglB) encoding an
accessory enzyme from A. niger, a-galactosidase B. The expression of this gene on
momomeric, oligomeric and polymeric carbon sources is compared with the expression of a
[3-galactosidase and two other a-galactosidase encoding genes from A. niger.

In Chapters 10 and 11 the synergy between the xylanolytic enzymes in the degradation of
wheat arabinoxylan, and between some pectinolytic enzymes in the degradation of sugar beet
pectin has been described. Synergy between individual main chain cleaving and accessory
enzymes has been reported in literature and aso in this thesis (Chapters 3 and 7). These
chapters focus on synergy between accessory enzymes as well as on the combined effects of a
large number of accessory enzymes and some main chain cleaving enzymes in the degradation
of xylan and pectin.

Finally, the main observations of this project are discussed, with an emphasis on the work
which is still needed to increase the understanding of the microbial systems involved in the

degradation of plant cell wall polysaccharides (Chapter 12).
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The faeA genes from Aspergillus niger and Aspergillus tubingensis
encode ferulic acid esterases involved in degradation of complex

cell wall polysaccharides

R. P. de Vries, B. Michelsen, C. H. Poulsen, P. A. Kroon, R. H. H. van den Heuvdl, C. B.
Faulds, G. Williamson, J. P. T. W. van den Hombergh and J. Visser
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Abstract

Wereport the cloning and char acterisation of a gene encoding aferulic acid esterase, faeA,
from Aspergillus niger and Aspergillus tubingensis. The A. niger and A. tubingensis genes
have a high degree of sequence identity and contain one conserved intron. The gene
product, FaeA, was overexpressed in wild-type A. tubingensis and a protease-deficient A.
niger mutant. Overexpression of both genes in wild type A. tubingensis and an A. niger
protease-deficient mutant showed that the A. tubingensis gene product is more sensitive to
degradation than the equivalent gene product from A. niger. FaeA from A. niger was
identical to A. niger Fae-l11 (Faulds and Williamson, 1994), as assessed by molecular mass,
pH and temperature optima, pl, N-terminal sequence and activity on methyl ferulate. The
faeA gene was induced by growth on wheat arabinoxylan and sugar beet pectin, and its
gene product (FaeA) released ferulic acid from wheat arabinoxylan. The rate of release
was enhanced by the presence of a xylanase. FaeA also hydrolysed smaller amounts of
ferulic acid from sugar beet pectin but the rate was hardly affected by addition of an endo-

pectin lyase.

Introduction

Cinnamic acids have been demonstrated to be covalently bound to polysaccharides
(arabinoxylans and pectins) in cell walls of gramineous plants (Fry, 1982; Kato and Nevins,
1985, Rombouts and Thibault, 1986, Smith and Hartley, 1983). Here, they have a possible
function in decreasing cell wall biodegradability (Borneman et a., 1986) and in regulating cell
growth (Fry, 1979) by covaently cross-linking cell wall polymers. To degrade these cell wall
polymers, many bacteria and fungi produce a wide range of hemicellulases, as well as cinnamic
acid esterases (Christov and Prior, 1993). Severa cinnamic acid esterases have been isolated
from Aspergillus niger (Faulds and Williamson, 1993 and 1994; Kroon et al., 1996; Tenkanen et
al., 1991). Most of these esterases are active on methyl esters of ferulic and p-coumaric acids,
but other hemicellulases increase the hydrolysis of these cinnamic acids from xylan. So far, only
acinnamoyl esterase (CinnAE) from A. niger has been shown to release ferulic acid from sugar
beet pectin (Kroon and Williamson, 1996).

We isolated a ferulic acid esterase (FaeA) from a commercia pectinase preparation which is
similar to Fae-Ill (Faulds and Williamson, 1994). We used the partial amino acid data to clone

the FaeA-encoding genes from A. niger and Aspergillus tubingensis and subsequently
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overexpressed these genes. To our knowledge, thisis the first paper that describes the isolation

and characterisation of a gene encoding a specific ferulic acid esterase.

Materials and methods

Strains, libraries and plasmids

The A. niger N402 (cspAl) and NW219 (nicAl leuAl pyrA6) were derived from strain N400 (=CBS
120.49). The prtF mutation present in A. niger NW154 (pyrA6 prtF28) was previoudy described (van
den Hombergh et a., 1995). The A. tubingenss strains used were NW756 and NW241 (pyrA2 fwnAl).
Escherichia coli DH5aF (BRL, Life Technologies Inc., Gaithersburg, USA) was used for routine
plasmid propagation. E. coli LE392 was used as a host for phage AEMBL 3. pBluescript (Short et a.,
1988) was used for subcloning. The genomic libraries of A. niger and A. tubingensis and the cDNA
library of A. niger have been described previoudy (de Graaff et a., 1994, Gielkens et d., 1997, Harmsen
et a., 1990).

Chemicals

Methyl ferulate was obtained from APIN Chemicals Ltd. Ferulic acid esterase was purified from a
commercia product, Pectinase PII® from Amano. Nitrophenyl acetate, phenylmethylsulfonyl fluoride,
ferulic acid, oat spelt xylan, and endoproteinase lysC were obtained from Sigma. Sugar beet pectin was
obtained from Danisco Ingredients. Lyophilised bovine plasma gamma globulin was obtained from Bio-
Rad Laboratories. Endoproteinase V8 was obtained from Boehringer Mannheim. Xylanase 1 was
purified from the commercial product Grindamyl H121 (Danisco Ingredients) and is equivalent to XInA
from A. tubingensis (de Graaff et al., 1994). Pectin lyase was purified from the commercial product
Pektolase CA (Danisco Ingredients). Water insoluble pentosan (WIP) from wheat arabinoxylan was
isolated by the method of Gruppen et a. (1989).

M edia and cultur e conditions

Minima medium (MM) contained (per litre): 6.0 g of NaNQOs, 1.5 g of KH,PO,, 0.5 g of KCl and 0.5 g
of MgSO, as well as trace elements (Vishniac and Santer, 1957) and 1 to 3 % glucose as carbon source
unless otherwise indicated. For complete medium MM was supplemented with 0.2% (wt/vol) tryptone /
0.1% (wt/vol) yeast extract / 0.1% (wt/vol) Casamino Acids / 0.05% (wt/vol) RNAs. Liquid cultures
were inoculated with 10° spores’ml and incubated at 30°C in a Gallenkamp orbital shaker at 250 rpm.
Agar was added at a concentration of 1.5% for solid medium. For the growth of strains with auxotrophic
mutations, the corresponding supplements were added to the medium.

For characterisation, transformants were grown for 6 days on MM containing a crude wheat
arabinoxylan fraction at a concentration of 1% (wt/vol). Supernatant samples were analysed by Western
analysis and activity measurement. For production of recombinant FaeA, transformant
NW154::pIM3207.7 was grown at 30°C in three batches of 300 ml of MM containing 0.5 g of ferulic
acid per litreand 10 g of oat spelt xylan per litre.

Purification of ferulic acid esterases

FaeA was purified from 10 g of Pectinase PIl which was dissolved in 300 ml of 50 mM sodium
phosphate buffer-1 mM EDTA (pH 7.0), stirred for 30 min, centrifuged (10,000 x g for 30 min), and
filtered (pore size, 0.8 mM). Fae-lll was purified from culture supernatants (10 I) of A. niger CBS 120.49
grown on oat spelt xylan as described previoudy (Faulds and Williamson, 1994). Recombinant FaeA
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was purified from 600 ml of culture filtrate from a 3-day-old culture of NW154::pIM3207.7 grown on
MM containing 0.5 g of ferulic acid per litre and 10 g of oat spelt xylan per litre. For al three sources of
enzyme, the ferulic acid esterase was purified by ammonium sulphate precipitation, hydrophobic
interaction chromatography, and anion-exchange chromatography as described previoudy for the
purification of Fae-lll (Faulds and Williamson, 1994). The purity of isolated ferulic acid esterases was
assessed by sodiumdodecylsulfate (SDS)-polyacrylamide gel electrophoresis (PAGE).

Characterisation of ferulic acid esterases

Molecular masses were determined by SDS-PAGE (Novex 4 tol2% Tris-glycine gel with the
electrophoresis conditions given by the manufacturer) by using a Pharmacia LMW electrophoresis
calibration kit and by mass spectrometry performed with a MALDI-TOF mass spectrometer (V oyager,
Perceptive) as described previoudy (Vestal et al., 1995). The protein concentrations of purified pectinase
ferulic acid esterase, recombinant FaeA and Fae-111 were determined by measuring the Axg and using the
extinction coefficient for FagA at 280 nm (43,660 M™ cm™), which was estimated from the amino acid
sequence as previoudly described (Gill and von Hippd, 1989), and the molecular weight obtained by
mass spectrometry. pl values were determined on a Novex isodlectric focussing gel (pH 3-7) using the
|IEF calibration kit from Pharmacia. The temperature optimum was determined by measuring activity
over atemperature range from 35 to 70°C. The pH optimum was determined by measuring activity at
37°C in 100 mM sodium acetate buffer with pH values ranging from 4.2 to 5.8 and in 100 mM
morpholineethanesulfonic acid (MES) buffer with pH values ranging from 5.5 to 7.0. Kinetic
measurements for methyl ferulate were performed in 200 mM morpholinepropanesulfonic acid (MOPS)
(pH 6.0) at 37°C with substrate concentrations ranging from 0.1 to 2.0 mM. The assay mixtures had a
total volume of 0.5 ml and contained 20 ng protein. At this protein concentration, reactions were linear
up to 60 min; reactions were terminated after 15 min by the addition of 0.5 ml of 11.3% acetic acid in
methanol. Hydrolysed samples were assayed by high performance liquid chromatography (HPLC) as
described below. Raw datawere analysed by the method of Wilkinson (1961).

Western analysisand protein deter mination

Western analysis of supernatant samples from Aspergillus cultures was performed by using polyclonal
antibodies raised in mice against purified FaeA. Protein concentrations in supernatants and throughout
purification procedures were estimated with the Bio-Rad protein assay reagent by using lyophilised
bovine serum abumin as a standard (Bio-Rad Bulletin 1177). The method is based on protein-dye
binding (Bradford, 1976).

Enzyme assays

Ferulic acid esterase activities in supernatant samples and throughout enzyme isolation were measured
by using methyl ferulate as a substrate. Samples (0.02 ml) were incubated in 100 mM sodium acetate
buffer (0.48 ml, pH 4.8) containing methyl ferulate (2 mg/ml). After 15 min, the incubation mixture (0.1
ml) was transferred to an Eppendorf tube containing methanol (0.5 ml) and MilliQ water (0.4 ml). This
effectively stopped the enzyme reaction. An aiquot (0.05 ml) of this mixture was anaysed by HPLC
with a type RP-8 reverse phase column (Spectra-Physics, Santa Clara, Ca, USA). Separation of substrate
(methyl ferulate) and product (ferulic acid) was achieved by using a linear gradient starting with 32%
(vol/val) methanol-0.3% (vol/vol) acetic acid-67.7% (vol/vol) water and ending with 64% (vol/val)
methanol-0.3% (vol/vol) acetic acid-35.7% (vol/vol) with detection at 325 nm. Endo-xylanase, [3-
xylosidase, and pectin lyase activities were determined as described previously (Bailey et a., 1992;
Rodionovaet a., 1983; van Houdenhoven, 1975).
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Analysis of hydrolysis productsfrom wheat arabinoxylan and sugar beet pectin

Hydrolysis by FaeA of sugar beet pectin and arabinoxylan was measured in 0.1 M sodium acetate buffer
(pH 4.8) containing 1% (wt/vol) WIP (isolated from wheat flour) and 1% (wt/vol) sugar beet pectin,
respectively, as the substrate. To 10 ml of the solutions enzymes were added in a total volume of 1 ml.
Samples were incubated for 1 and 24 h, respectively, at 50°C, after which a 5-ml sample was transferred
to a boiling water bath and incubated for 15 min to stop the reaction. The samples were filtered (pore
size, 45 mm) and subsequently analysed by HPLC.

Determination of N-terminal and inter nal peptide sequences of pectinase ferulic acid esterase
Amino acid sequences were determined by traditional procedures (Allen, 1989; Stone and Williams,
1986). Purified ferulic acid esterase was digested with endoproteinases lysC and V8 and with CNBr. The
digests were applied to reverse-phase columns (lysC and V8 digests were applied to C18 [Vydac] and
the CNBr digest was applied to C2 [Brownleg]). The columns were equilibrated with 0.1% (vol/vol)
trifluor acetic acid (TFA) in water, and peptides were separated by elution with 0.1% (vol/val) TFA in
acetonitrile in a 10 to 40% (vol/vol) gradient. Individua peptides were applied to micro-TFA filters and
analysed with an Applied Biosystems amino acid sequencer, (model 476A).

PCR cloning of a specific fragment of the faeA genes

Two  degenerate  oligonucleotides  (5-CARACIGAYATHAAYGGNTGGAT-3  and  5-
CRTARTCNGGRTAYTG-3, with Y, R, N, H, and | representing C/T, A/G, AIC/GIT, AICIT, and
ionisine, respectively) were designed and synthesised with an Applied Biosystems model 392 DNA
synthesiser. PCR were performed with a Sensa model 949E DNA processor by using these
oligonucleotides at 55°C and chromosomal DNA from A. niger N402 and A. tubingensis NW756. The
resulting fragments were cloned into the pGEM-T vector system (Promega), and sequence analysis was
performed as described below.

I solation, cloning and characterisation of the faeA genes

Plague hybridisation by using nylon replicas was performed as described by Benton and Davis (1977).
Hybridizations were performed overnight at 65°C by using the PCR fragment as a probe. Filters were
washed with 0.2x SSC-0.5% (wt/vol) SDS (1x SSC is 0.15 M NaCl plus 0.015 M trisodium citrate, pH
7.6]. Positive plagues, identified on duplicate replicas after autoradiography, were recovered from the
original plates and were purified by re-screening at low plague density. Standard methods were used for
other DNA manipulations, such as Southern anaysis, subcloning, DNA digestions and | phage and
plasmid DNA isolations (Sambrook et a., 1989). In vivo excision of positive cDNA clones was
performed as recommended by the supplier (Stratagene). Chromosomal DNA was isolated as previously
described (de Graaff et al., 1988). Sequence analysis was performed with both strands of DNA by using
the Sequenase DNA sequencing kit (United States Biochemical Corp.) and a T7 sequencing kit
(Pharmacia LK B) with additional oligonuclectides. Nucleotide and amino acid sequences were analysed
by using the computer programmes of Devereux et al. (1984). Aspergillus transformations were
performed as described by Kusters-van Someren et a. (1991) by using 1 ug of a construct carrying the
pyrA gene for selection of transformants and 20 g of the plasmid with the gene of interest. Contour-
clamped homogeneous electric field-Southern analysis of the A. niger faeA was performed as described
by Verdoes et al. (1994) by using modifications described by van den Hombergh et a. (1996).
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Nucleotide sequence accession numbers
The EMBL accession numbers for faeA from A. niger and A. tubingensis are Y09330 and Y (09331
respectively.

Results

Purification and amino acid sequence analysis of FaeA from Pectinase Pl |

FaeA was purified approximately 100-fold to electrophoretic homogeneity with a recovery of
34% from Pectinase Pll, a commercid A. niger product. Peptides were prepared by
endoproteinase lysC and V8 and CNBr digestion of the purified sample. Sequencing of the N-
terminal part of the protein and several internal peptides resulted in the sequences shown in Fig
2. FAE-1 is a combination of the N-terminal sequence and a LysC peptide. FAE-2 is a
combination of LysC, V8 and CNBr peptides. FAE-3 is a LysC peptide. A total of 132 amino

acids were sequenced.

Cloning and sequence analysis of the ferulic acid esterase (faeA) gene from A. niger and A.
tubingensis

Using two degenerate oligonucleotides based on peptides FAE-1 and FAE-2 a 256 bp fragment
was generated and subcloned for both A. niger and A.tubingensis. Trandation of the DNA
sequence of the two PCR fragmentsidentified al three amino acid sequences (FaeA 1, 2 and 3),
as determined by amino acid sequencing. Screening of the genomic libraries of A. niger and

A. tubingensis by using the PCR fragments as probes resulted in four and three positive | clones,
respectively. Redtriction analysis of these clones was performed, and a 1.5-kb Pstl/Hindll|
fragment and a 4-kb Kpnl/BamHI fragment from an A. niger clone and a 2-kb Pstl/BamHI
fragment and a 3-kb Pstl/Xhol fragment from an A. tubingensis clone were subcloned into
pBluescript SK+ resulting in plasmids pIM 3202, pIM3204, pIlM 3205, and pIM 3206, respective-
ly. Sequence analysis demonstrated that the A. niger and A. tubingensis structural genes contain
900 bp (Fig. 1) and 897 bp, respectively. Sequencing of the cDNA clones confirmed the
presence in both genes of an intron of 57 bp starting at position 461 of the structural gene.
Alignment of the DNA sequences of the two genes showed an identity of 87.1%.

Trandation of the DNA sequences from A. niger and A. tubingensis resulted in amino acid
sequences containing 281 and 280 amino acids, respectively (Fig 2). Comparison of the deduced
amino acid sequences to the determined amino acid sequences of the mature A. niger protein
indicated that there was a signal peptide of 21 amino acids. This peptide has al of the
characteristics of atypical signal peptide in fungi (von Heijne, 1986).
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- ATGAAGCAATTCTCTGCAAAATACGCCCT CATTCTTTTGGCGACT GCAGGACAAGCCCTCGOGGCCTCCACGCAA - 75
- GGCATCTCCGAAGACCTCTACAATCGCT TGGTAGAGATGGECCACTATCTCCCAAGCCGCCTACGCCGACCTATCC - 150
- AATATTCCATCGACTATTATCAAAGGAGAGAAAATTTACAACGCT CAAACT GATATCAACGGATGGATCCTCCEC - 225
- GACGACACCAGCAAAGAAATTATCACCGT CTTCCGT GGCACT GGCAGT GACACAAACCTACAGCTCGATACTAAC - 300
- TACACGCTCACGCCATTCGACACTCTACCT CAATGCAACGAT TGCGAGGT ACACGGT GGATACTATATTGGATGG - 375
- ATCTCAGT CCAAGACCAAGTCGAGT CGCT TGT CAAACAACAGGCTAGCCAGTATCCGGACTATGCGCTTACCGTG - 450
- ACAGGCCATAggt at gcgt gcttaccgtcttacaatttgttgtat gat atatactaactttat gat aGICTGGGA - 525
- GCGTCGATGGCAGCACTCACT GCCGCCCAGCT GTCCGCGACATACGACAACGT CCGTCTGTACACATTCGGCGAA - 600
- CCGCGCAGCGGCAACCAGGCCT TCGCGT CGTACAT GAACGAT GCGT TCCAGGT CTCGAGCCCGGAGACGACCCAG - 675
- TACTTCCGGGTCACTCATTCCAACGACGGCAT CCCAAACT TEGCCCCCGECGGACGAGGGT TACGCCCATGGTGET - 750
- GTAGAGTACTGGAGCGT TGATCCTTACAGCGCCCAGAACACGT TTGT CTGTACT GGGGATGAAGTACAGTGCTGT - 825
- GAGGCACAGGGECGGACAGGEEGTGAATGATGCGCATACTACT TATTTTGGGAT GACGAGCGGAGCTTGTACTTGG - 900

Fig.1. Nucleotide sequence of the faeA structural gene from A. niger. The intervening region (position 461 to

517) isgivenin lower case |etters.

The enzymes from A. niger and A. tubingensis contain a single putative N-glycosylation site, and
alignment of their amino acid sequences showed an identity of 92.5%. The calculated molecular
mass is 28 kDa for both proteins. The A. niger and A. tubingensis sequences differ at five and
three positions, respectively, from the determined amino acid sequences of pectinase FaeA. The
asparagine residue of the putative N-glycosylation site is likely to be glycosylated as this residue

could not be determined experimentally.

FAENI G - nkgf sakyal i | | at aggal aASTQGE SEDL YNRLVENMATI SQAAYADLCNI PSTI | KGEKI YNAQTDI NGW LR — 75
[LELEEL T IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

FAETUB - nkgf sakyai avvvt aghal aASTQGE SEDL YSRLVEMATI SQAAYADLCNI PSTI | KGEKI YNSQTDI NGW LR

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

FAE-1 - ASTQG SEDLYTRLVEMATI SQAAYADLCNI PSTI | KGEKI YNSQTDI NGWN LR

FAENI G - DDTSKEIl | TVFRGTGSDTNLQLDTNYTLTPFDTLPQCNDCEVHGGYY! GW SVQDQVESL VKQQASQYPDYALTV - 150
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

FAETUB - DDSSKEI | TVFRGTGSDTNLQLDTNYTL TPFDTLPQCNSCEVHGGYYI GW SVQDQVESL VQQQVSQFPDYALTV - 150
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII RENANIN

F"\E-l/FAE-Z-DDSSKIIIIIIIIIIIIIIIIIIIIIIIIIII - SLVKQQVSQYPDYALTV

FAE- 3 - El'l TVFRGTGSDT DTXYTLTPFD-

FAENI G - TCGHSLGASVAAL TAAQL SATYDNVRL Y TFGEPRSGNQAFASYMNDAFQVSSPETTQYFRVTHSNDG PNLPPADE - 225
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

FAETUB - TCGHSLGASLAALTAAQLSA YTFCE DTTQYFRVTHANDG PNLPPADE - 224
IIIIIIIIIIIIIIIIIIIIIIIII

- TGHSLGASL DNI RLYTF- FAEA- 2

FAENI G - GYAHGGVEYWSVDPYSAQNT FVCT GDEVQCCEAQGGQGYNDAHT TYFGMTSGACTW - 281
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

FAETUB - GDEVQCCEAQGGQGVNNAI

Fig. 2. Alignment of the deduced amino acid sequences for FaeA from A. niger and A. tubingensis. The sequence
identity is 92.5%. The determined amino acid sequences of the pectinase ferulic acid esterase (FAE-1, FAE-2 and
FAE-3) are also aigned with the protein sequences. The putative N-glycosylation site is in boldface type and
underlined. The signal sequence is given in lower case letters. The region homologous to the putative lipase
serine active site is underlined. FAENIG, A. niger FaeA; FAETUB, A. tubingensis FaeA.
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Analysis revealed high homology of a region of the enzymes to a putative lipase serine active
site (Fig. 3). This region is aigned with the putative serine active sites of Rhizopus delemar
(Haas et d., 1991), Mucor miehei (Brady et al., 1990), Humicola lanuginosa, and Penicillium
camembertii (Yamaguchi et a., 1991). A search of gene and protein libraries did not produce
any other genes or proteins with significant homology to these esterases. Contour-clamped

homogeneous electric field-Southern analysis demonstrated that the A. niger faeA gene is

located on chromosomel|.
Micor m ehei |ipase -VAVTGHSLGG .. 59...D...53... H
Hum col a | anugi nosa |i pase -WFTGHSLGG. .. 55...D...57. .. H
Penicillium canmenbertii |ipase -LVWGHSLGA. . . 55...D...60...H
Aspergill us ni ger FaeA -LTVTGHSLGA. . .61...D...53... H
consensus -..VIGISLG . ....... D....... H-

Fig. 3. Alignment of the putative serine active sites of a number of lipases with a region of the A. niger FaeA.
Only the regions containing the putative active site are shown. In the consensus sequence, amino acids which are
conserved in at least four of the five enzymes are shown. Amino acids which are conserved in al five enzymes

are indicated by boldface type.

Overexpression of faeA from A. niger and A. tubingensis

Combination of fragments from plasmid pIM3202 and pIM3204 and plasmids pIM3205 and
pIM3206 resulted in functional congtructs for faeA from A. niger and A. tubingenss,
respectively (plasmids pIM 3207 and pIM3208) (Fig 4). These constructs were transformed to A.
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|\ 1/
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[ | | | IM32
pIM3207 I \ pVI208
— /_};\ Smal \\
— \ i \ A ~san
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‘/f/\\ /44“'

Ty

! Hindi Sall EcoRV

Fig. 4. Expression constructs containing the faeA gene from A. niger (pIM3207) and A. tubingensis (plM3208).
The genes are depicted as black arrows. The narrow regions in the arrows indicate the intervening regions.
Chromosomal regions flanking the gene are stippled. The polylinker regions of the plasmid are depicted as black
boxes. pIM3207 is a combination of the 1.5-kb HindllI-Pstl fragment from pIM3202 and the 3.9-kb Kpnl-Pstl
fragment from pIM3204. pIM 3208 is a combination of the 2-kb BamHI-Pstl fragment of pIM3205 and the 2.2-
kb BamHI-Pstl fragment of plM3206.
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niger NW219 and A. tubingensis NW241 and to an A. niger prtF mutant (NW154). Western
analysis performed with a specific antibody against the pectinase FaeA was applied to select
transformants with a high level of FaeA production. Six high-producing transformants were
chosen, and the copynumber and FaeA activity after 6 days of growth on MM containing a crude
wheat arabinoxylan preparation at a concentration of 1% (wt/vol) were determined(Table 1). The
activity in the prtF strain was higher than the activity in the wild-type A. niger strain for the A.
niger gene product, while the copy numbers were comparable. For the A. tubingensis gene
product the same difference was observed, with alower number of copiesin the prtF strain.

Similarly, the A. tubingensis strain aso exhibited higher activities than the wild-type A. niger

strain for both gene products.

Table 1. FaeA activity and copynumber of six transformants.

grain® FaeA copy- strain description

activity” number®
NwW219 0.06 1
NwW154 0.13 1
Nw241 0.00 1
NW219::pIM3207.28 1.60 20 A. niger faeA in A. niger NW219
NW154::pIM3207.7 7.71 25 A. niger faeA in A. niger NW154 (prtF mutant)
NW241::pIM3207.15 3.16 10 A. niger faeA in A. tubingensis NW241
NW219::pIM3208.10 0.00 6 A. tubingensisfaeA in A. niger NW219
NW154::pIM3208.5 0.97 8 A. tubingensisfaeA in A. niger NW154 (prtF mutant)
NW241::pIM3208.6 0.80 7 A. tubingensisfaeA in A. tubingensis NW241

#Transformant designations are given as follows: strain::plasmid.transformant number.
b FaeA activity is expressed as micromoles of ferulic acid produced per minute per millilitre of supernatant

¢ Copynumbers were determined by hybridisation with the faeA gene, after which intensities were compared.

Transformant NW154::pIM3207.7 was used to compare the levels of induction on wheat
arabinoxylan and sugar beet pectin. The highest levels of FaeA activity in supernatant samples
were observed when this transformant was grown on a crude wheat arabinoxylan preparation
(Table 2). FaeA activity was also found in supernatant samples from media containing WIP and
sugar beet pectin, demonstrating that the faeA geneis not specifically induced on only xylan but

also on pectin.
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Table 2. Ferulic acid esterase activities in culture supernatants of transformant NW154::pIM3207.7 after 6 days of

growth.
Substrate® Activity”
Crude wheat arabinoxylan 3.08
WIP 1.39
Sugar beet pectin 0.19

% Substrates were added at a concentration of 0.5% (wt/val).
® Ferulic acid esterase activity is expressed as micromoles of ferulic acid produced per millilitre of supernatant per

minute.

FaeA from A. tubingensisis mor e sensitive to degradation than FaeA from A. niger

Four of the transformants described above were grown for 6 days on MM containing 1%
(wt/vol) oat spelt xylan. Supernatant samples were isolated and concentrated five times and
aliquots (0.02) of the concentrated samples were subjected to Western analysis. Severa low-
molecular-weight bands were detected (Fig 5). N-terminal amino acid sequencing showed
identical sequences for the mature protein and the second-largest protein, presumably produced
by truncation, indicating that this peptide originated by C-terminal degradation. In both
backgrounds (A. niger prtF and A. tubingensis) the amount of degraded protein compared to the
amount of mature protein was much higher in the transformant containing the A. tubingensis
construct than in the transformant containing the A. niger construct, indicating that the A. niger

gene product isless sensitive to degradation.

| — W . e Mature FacA

Fig. 5. Degradation patterns for FaeA from A. niger and A. tubingensis in the A. niger prtF mutant and in A.
tubingensis. Lane 1, transformant NW154::pIM3207.7 (A. niger faeA in A. niger); Lane 2, NW154::pIM3208.5
(A. tubingensis faeA in A. niger); Lane 3, NW241::.pIM3207.15 (A. niger faeA in A. tubingensis); Lane 4,
NW241::pIM3208.6 (A. tubingensis faeA in A. tubingensis); Lane 5, purified mature FaeA from A. niger.
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Recombinant A. niger FaeA isidentical to A. niger Fae-ll1.

Recombinant FaeA (from transformant NW154::pIM3207.7), Fae-lll, and the pectinase FaeA
were purified to electrophoretic homogeneity (see above). None of the purified preparations
contained detectable endo-xylanase, b-xylosidase, or endo-pectin lyase activity. Fae-lll and
recombinant FaeA were identical in all respects (Table 3). All three enzymes were identical with
respect to apparent M, as determined by SDS-PAGE, pH optimum and temperature optimum.
However, the pectinase FaeA had adightly higher pl than FaeA and Fae-I1l and alower Vi for
methyl ferulate.

Table 3. Comparison of Fae-111, FaeA from A. niger and FaeA isolated from acommercial pectinase preparation.

Enzyme M; as determined by pl Optimum  Optimum V max Km
pH temp (°C) methyl  methyl
SDS-PAGE Mass spectrometry ferulate ferulate
Fae-I11 36,000 29,740 = 16 33 50 55-60 147 0.72
FaeA from A. niger 36.000 29,738 £ 50 33 50 60 143 0.76
FaeA from pectinase 36.000 ND 34 50 60 86.0 1.00

® Totd protein content was determined by measuring the Ay of the purified enzyme solutions and using the
extinction coefficient for recombinant FaeA (43,660 M cm™) calculated from the amino acid sequence and the

molecular mass determined by mass spectrometry.

FaeA from A. niger is able to release ferulic acid from wheat arabinoxylan and sugar beet
pectin

WIP (1%, wt/vol) from wheat arabinoxylan was incubated with recombinant FaeA and xylanase
1for 1 and 24 h at 50°C. HPLC analysis of the samples showed that FaeA was able to release
ferulic acid from arabinoxylan in the absence of other hemicellulases (Table 4). Addition of
xylanase resulted in a strong increase in the amount of ferulic acid released. Depending on the
conditions, a two- to sevenfold increase could be obtained. The akali-extractable ferulic acid
content of the WIP was estimated to be 0.86% (wt/wt). In the presence of xylanase 1, FaeA was
able to release approximately 4.9% of the esterified ferulic acid in the WIP sample.

Inasimilar experiment 1% (wt/vol) sugar beet pectin was incubated with recombinant FaeA and
a pectin lyase. FaeA was able to release ferulic acid from sugar beet pectin in the absence of
other enzymes, but at a much lower level than it released ferulic acid from xylan (Table 3).
Addition of pectin lyase had only a minor effect on the liberation of ferulic acid. The alkali-
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extractable ferulic acid content of the sugar beet pectin was estimated to be 1.30% (wt/wt). FaeA
was able to release approximately 0.16% of the esterified ferulic acid in the sugar beet pectin

sample.

Table 4. FaeA activity on wheat arabinoxylan and sugar beet pectin®

Amount of Amount of Amount of Amount of ferulic acid released
Substrate FaeA xylanase 1 pectin lyase (ng/ml)
(1) (%) (1) 1h 24h
WIP from wheat 0 0 0 17
arabinoxylan 5 0 0 155
50 0 94 314
500 0 324 1,356
0 500 12 0
5 500 29 597
50 500 196 2,273
500 500 1,065 4,211
Sugar beet pectin 0 0 20 16
5 0 21 22
50 0 63 95
500 0 84 166
0 500 14 15
5 500 16 43
50 500 31 102
500 500 95 202

2 The FaeA solution contained 0.6 U/ml (0.6 mmol of ferulic acid liberated from methyl ferulatemin™ml™), the
xylanase 1 solution contained 0.18 mU/ml (nmol xylose liberated from oat spelt xylan/min/ml), and the pectin lyase
solution contained 6 units/ml. 1 pectin lyase unit was the amount of activity which gave rise to a change in Ayss of

0.01/min when the preparation was incubated with highly esterified pectin.

Discussion

Faulds and Williamson (1994) purified a ferulic acid esterase (Fae-111) from A. niger with high
activity against the methyl esters of severa cinnamic acids. We purified an enzyme from a
commercia enzyme preparation which was similar to Fae-l1l. Using reverse genetics we cloned
the corresponding gene (faeA) from A. niger and A. tubingensis and overexpressed both gene
products.

The characteristics of the product from the A. niger faeA gene are identical to those of Fae-lll
(Faulds and Williamson, 1994), indicating that these enzymes are in fact the same enzyme. The
differences observed in the molecular mass, K, and Vmna are well within the expected
experimental variations. This conclusion was strengthened by the identical N-termina amino
acid sequences of the two enzymes. The characteristics of FaeA isolated from the commercia

pectinase preparation are very ssmilar but not identical to those of the other two enzymes. Thisis
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probably due to strain differences as the origin of the preparation is unknown. The differencesin
the determined amino acid sequences of the enzyme from the commercia preparation and the
amino acid sequence of the recombinant FaeA aso indicate that the A. niger strain used for the
production of the pectinase preparation was not A. niger N400 (=CBS120.49). Further evidence
for the identity of FaeA and Fae-1ll was obtained by heterologous Southern hybridisation of A.
niger N400 chromosoma DNA, which showed only one band for all individual restriction
digests tested when faeA was used as a probe, thus demonstrating the presence of a single faeA
gene (data not shown).

The differences in molecular mass observed when different methods of determination (SDS-
PAGE and mass spectrometry) were used could be the result of a combination of two effects.
FaeA isavery acidic protein (pl = 3.3) which may lead to reduced binding of SDS and reduced
mobility on SDS-PAGE. Second, the fact that the asparagine residue of the putative glycosylati-
on site could not be determined experimentally indicates that the enzyme is probably
glycosylated, which resultsin a higher molecular mass on SDS-PAGE gels.

Overexpression of FaeA showed that the A. tubingensis enzyme was more sensitive to
degradation than the A. niger enzyme. This was clearly demonstrated in two different genetic
backgrounds, and it can therefore be assumed that the difference is due to the nature of the two
enzymes, even though they are nearly 93% identica in sequence. Whether this difference in
stability is due to the primary structure of these enzymes or to other factors is not clear at this
moment. In wild- type A. niger carrying the A. tubingensis faeA gene, hardly any mature FaeA
from A. tubingensis can be detected. Since A. tubingensis does not acidify the medium as
strongly as wild-type A. niger acidifies the medium, this could indicate that FaeA from A.
tubingensis is more sensitive to acid proteases than FaeA from A. niger. However, in the A.
niger prtF mutant, which is strongly reduced in acid protease activity, the difference between the
two gene products is aso very obvious. In this strain the amount of degradation for both gene
products is much lower than the amount of degradation in the A. niger wild-type strain, but
degraded bands can still be observed. If the degradation of FaeA from A. tubingensisin the prtF
strain is due to residual protease activity, this enzyme could be a useful target for further studies
to decrease protease activity.

FaeA is able to release ferulic acid from wheat arabinoxylan without the aid of other xylan
degrading enzymes. Addition of xylanase from A. niger increased the amount of released ferulic
acid two- to sevenfold. Bartolomé et a. (1995) showed that the source of the xylanase has a
strong effect on the level at which the liberation of ferulic acid is increased. They studied the
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effects of various xylanases on the liberation of ferulic acid from destarched whest bran by Fae-
I11 and showed that the A. niger xylanase had a relatively small effect compared to some other
xylanases. Addition of other xylanases could therefore increase the amount of ferulic acid
liberated even more.

FaeA isalso ableto release ferulic acid from sugar beet pectin, without the aid of other enzymes.
With Fae-1ll, no activity was detected on sugar beet pulp. This is because of differences in the
experiments. The hydrolysis with FaeA was performed with purified sugar beet pectin, whereas
the Fae-lll hydrolysis was performed with crude sugar beet pulp, which leads to a lower
substrate concentration and low substrate accessibility. Second, due to the amount of enzyme
available the amount of enzyme added was much lower in the Fae-1ll experiment, which may
have resulted in activity which is below the detection limit. Fae-lll was active on feruloylated
galactose, but not on feruloylated arabinose isolated from sugar beet pulp (Ralet et al., 1994).
The activity on sugar beet pectin observed for FaeA was therefore probably activity on the
ferulic acid linked to the galactose residues of sugar beet pectin. Addition of a pectin lyase from
A. niger had only a minor effect on the amount of ferulic acid which was released. This could
indicate that most of the feruloyl groups on which FaeA is active are already sufficiently
accessible for FaeA to release them. Alternatively, this pectin lyase may not produce any
oligomeric compounds with accessible ferulic groups, other than the ones that FaeA can aready
release from the polymer.

A region of FaeA has high homology to a putative lipase serine active site, which could be a
result of similarities in substrate characteristics and reaction mechanism for these two types of
enzymes. Both act on large molecules which contain polar and apolar residues. Additional
indications that thereis alipase-like serine active site in FaeA are found when the spacing within
the cataytic triade from lipases, which consists of a serine, an aspartic acid and a histidine, is
compared with the putative serine active sitein FaeA. The spacing for the serine and the aspartic
acid is between 55 and 59 residues and for the aspartic acid and the histidine between 53 and 60
residues for the four lipases in figure 3. FaeA has an aspartic acid at 61 residues &fter the
putative active site serine and a histidine at 53 residues after that aspartic acid, which is a
spacing similar to that of the lipases. No significant homology was found with any other gene in
the database including cinl, a gene coding for a cinnamoyl esterase from the bacterium

Butyrivibrio fibrisolvens (Darymple et d., 1996).
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Abstract

Extracellular feruloyl esterases from the filamentous fungus Aspergillus niger are
induced by growth on oat spelt xylan (OSX), which contains no detectable esterified
ferulic acid. FaeA accounted for most of the feruloyl esterase activity. Addition of free
ferulic acid to OSX at the start of the culture induced FaeA secretion a further 2.3-fold,
and also induced other feruloyl esterases which could not be ascribed to FaeA. Wheat
bran (WB)-grown cultures, containing 1% (m/v) ester-linked ferulic acid, gave almost
identical FaeA and total feruloyl esterase activities as the cultures grown on OSX plus
ferulic acid. De-esterification of WB yielded less total feruloyl esterase, and 2.4-fold less
FaeA, compared to untreated WB. A dightly modified form of FaeA was produced on
de-esterified WB. These results show that production of FaeA does not absolutely
require ferulic acid. However, production is stimulated by the presence of free ferulic
acid through increased expression, and is reduced by the removal of esterified ferulic

acid from the growth substrate.

I ntroduction

Cereals and sugarbeet contain high concentrations of ferulic acid (FA):- wheat bran (0.5-1%
m/w dry weight) (Hartley and Jones, 1977), maize bran (3%) (Saulnier et al., 1995), sugarbeet
pulp (0.6-1%) (Rombouts and Thibault, 1986). In the plant cell-wall, FA is mainly associated
with either hemicellulose (Smith and Hartley, 1983) or highly branched pectin (Rombouts and
Thibault, 1986), where it is ester-linked to arabinose or galactose depending on the cell-wall
source (Ralet et al., 1994; Colquhoun et al., 1994). Microbes, both fungal and bacterial, have
been identified which secrete specific esterases to cleave the FA from the plant polymers, and
some of these feruloyl esterases have been purified and partially characterised (Faulds and
Williamson, 1994; McCrae et al., 1994; Kroon et al., 1996). These act synergistically with
other carbohydrate-degrading enzymes (Bartolome et al., 1994). Feruloyl esterases from
Aspergillus niger are produced during growth on cell-wall derived growth substrates, but not
by glucose (Faulds and Williamson, 1994; Kroon et a., 1996). Enzymic hydrolysis of
complex plant cell-wall polysaccharides, such as arabinoxylan, is regulated by the micro-
organism. Induction of individual extracellular enzymes, such as xylanases (Pinaga et al.,
1994), arabanases and arabinofuranosidases (van der Veen et al., 1993) have previously been

examined in Aspergillus species. In this paper, we have measured the changes in both total
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feruloyl esterase and FaeA levels in culture supernatants during growth of A. niger on

different plant cell-wall preparations, both feruloylated and non-feruloylated.

Materials and methods

Strains and growth conditions

A. niger CBS 120.49 was grown on 1% (m/v) plant cell-wall preparations, supplemented with 0.1%
(m/v) D-glucose, at 25°C and 120 rpm agitation speed, as described previously (Faulds and
Williamson, 1994). A. niger NW154 (pyrA6, prtF28) was derived from A. niger N400 (CBS 120.49).
The prtF mutation present in this strain was previously described (van den Hombergh et al., 1995).
The multicopy faeA transformant used for the induction experiment (NW154::pIM3207.7) was
described previously (Chapter 3), and grown as above. Cultures were prepared in duplicate, and
aliquots (3 ml) removed daily.

Chemicals

De-starched wheat bran (WB) was obtained from Agro-Industrie Research et Developpements,
Pomacle, France. Xylans from oat spelt, birchwood and larchwood were obtained commercially.
Soluble xylan was prepared by the method of He et al. (1993), methyl ferulate (MFA) by the method
of Borneman et al. (1990), and pure FaeA prepared as previously described (Faulds and Williamson,
1994). De-esterified WB was prepared by incubating WB (1g, containing 1% FA, m/m, alkali-
extractable ferulic acid) overnight in 100 ml NaOH (0.1M) in a covered flask, under gentle agitation.
The whole reaction mixture was dialysed extensively against water. This material was then
supplemented with 0.1% (m/v) D-glucose, in growth media (Faulds and Williamson, 1994). WB in
water was used as a control throughout the dialysis procedure and subsequent media preparation.

Partial purification of culturefiltrates

Culture filtrates (100 ml) of A. niger CBS 120.49, obtained by filtering through miracloth, were
subjected to 80% saturation (NH,4).SO, fractionation. The pellet was resuspended in 50 mM sodium
phosphate (pH 7)/ 1 mM EDTA/ 0.6 mM (NH,),SO,, syringe filtered (0.45 mm), and fractionated on
an FPLC hydrophobic interaction chromatography (HIC) column (High-Load phenyl Sepharose HR
26/10) with aflow rate of 5 ml/min. After elution of unbound material with 50 mM NaPO, (pH 7)/ 1
mM EDTA/ 1.7 M (NH4),SO, (buffer A; 50 ml), bound proteins were eluted with a four-step
gradient:- 100%-60% buffer A in 150 ml, 60-30% buffer A in 150 ml, and 30-0% buffer A in 100ml.
A further 100 ml buffer B (buffer A without (NH4),SO,) was run through the column, before re-
equilibrating the column in buffer A. Fractions of 5 ml were collected.

Enzyme assays

Feruloyl esterase activity against methyl ferulate (MFA) was determined by the spectrophotometric
method of Ralet et al (1994), using an exss of 14000 M™* cm™ for MFA and 4300 M™ cm™ for free FA.
Activity (U) is expressed as mmol FA released/min at 37°C and pH 6. Xylanase activity was
determined by the release of reducing sugars from 1% (m/v) soluble xylan (Kellet et al, 1990).
Activity is expressed as mmol xylose equivalents released/min at 37°C and pH 5.4. Pyruvate kinase
and phosphoglucose isomerase levels were determined as described by Ruijter et al. (1997). Residual
FA in culture filtrates was measured by HPLC (Kroon and Williamson, 1996). Extracellular and
intracellular protein levels were determined using Coomassie-Plus reagent , bovine serum albumin
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used as a protein standard. Immunoblotting of culture supernatants (Brezillon et al., 1996), and two-
site ELISA (Millset al., 1997) were performed as previously described.

Results and discussion.

Effect of carbon source on the production of feruloyl esterase

A. niger (CBS 120.49) was grown on either 1% OSX, or on 1% WB, over a 10-day period.
Profiles of total feruloyl esterase activity on MFA in the culture filtrates are shown in Fig. 1.
On OSX, activity showed a maximum at 0.13 U/mg protein after 4 days growth. On WB,
activity showed a maximum after 3 days (0.34 U/mg protein), which was 2.6-fold higher than
the OSX-grown cultures. However, maximum activity may be reached after 3.5 days for both
cultures. Multiple forms of feruloyl esterase may be secreted during growth on cereals (Faulds
and Williamson, 1994; Kroon et a., 1996; Johnson et al., 1989; Linden et al., 1994,
Kormelink et a., 1993), and so not all of the esterase activity may be attributed to one

enzyme. No growth was observed when cultures were grown on FA (0.03%, m/v) aone.
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Fig. 1. Feruloyl esterase activities from culture supernatants of A. niger CBS 120.49 grown over a 10-day period
on 1% (m/v) OSX (¢) or wheat bran ().

Xylanase activity was detected in the supernatant after 24 h growth on WB and after 48 h
growth on OSX, maximum activity occurring 48 h after activity being first detected in the
culture filtrates on both growth substrates (704 and 703 U/mg protein, respectively).

Influence of ferulic acid on enzyme production

1. Addition of ferulic acid
As there was higher feruloyl esterase activity in WB-grown cultures compared to OSX-grown

cultures, the effect of adding free FA to a non-feruloylated growth substrate was examined.
OSX-containing medium was supplemented with either 0, 10 or 30 mg FA per 100 ml, which
is comparable to the alkali-extractable levels of ferulic acid found in OSX, WB and maize
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bran, respectively. OSX contained <0.0007% FA (m/m) in the cell-wall materia (based on a
limit of detection of FA on the HPLC of 4.85 ng FA/ml soluble extract , after alkali-treatment
and HPLC analysis). Since highest feruloyl esterase levels on OSX were reached over the first
5 days (Fig. 1), cultures containing the supplementary FA were examined over the same
period (Fig. 2a). Addition of free FA very clearly stimulated feruloyl esterase production by
the cultures, the response being dependent on the amount of FA added, with the highest
activity (0.3 U/mg protein) obtained in cultures grown in the presence of 30 mg FA. This
reponse was not due to changes in fungal biomass, as determined by measuring intracellular
protein, pyruvate kinase and phosphoglucose isomerase. Ferulic acid was very quickly lost
from the medium during the first 24 h of growth. By day 5, residual levels of the free acid
were below the limits of detection by HPLC (4.85 ng/ml culture medium). Xylanase activity
(Fig. 2b) was suppressed by the addition of FA, the degree of suppression increasing with
higher levels of free acid. This effect is the opposite to that observed with total feruloyl
esterase activity, showing that the fungal regulatory mechanisms involved in the production

and secretion of feruloyl esterases and xylanases are different.

2. Removal of ferulic acid

In a separate experiment, the effect of the removal of ferulic acid, and other ester-linked
groups, from wheat bran was examined. Alkali-treated WB was used as the carbon source, as
described in Materials and Methods. Use of de-esterified WB as a growth substrate decreased
feruloyl esterase levelsin the culture filtrate compared to the control, from 0.24 U/mg protein
to 0.14 U/mg protein (Fig. 2c). Thus, feruloyl esterase activity is diminished but not
completely lost. This is consistent with the results above, which show that ferulic acid either
stimulated or de-repressed feruloyl esterase production by A. niger, but FA is not absolutely
essential for feruloyl esterase production. It also shows that other ester-linked groups, such as

acetyl or methoxy-groups, are not essential for feruloyl esterase production.

Effect of carbon source on the production of FaeA

1. FaeA production from transformed A. niger

The role of FA was further elucidated using A. niger NW154:: pIM3207.7 (Chapter 3). The
multi-copy A. niger transformant was grown on a variety of cell-wall derived growth
substrates for up to 6 days, and activity against MFA was measured. Table 1 shows the
activities after day 4 of growth. FaeA production is clearly regulated by both FA and a sugar-
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Fig. 2. Influence of ferulic acid on feruloyl esterase and xylanase production. Feruloyl esterase (a) and xylanase
(b) activities from A. niger CBS 120.49 grown on OSX without supplementation (@) or supplemented with either
0.01% (m/v) FA () or 0.03% (m/v) FA (A). Feruloyl esterase (c) and xylanase (d) activities from A. niger CBS
120.49 grown on either WB (®) or de-esterified WB (M).

derived component of the plant cell-wall. The sugar compounds involved in FaeA regulation
do not necessarily have to be short linear xylo-oligosaccharides, which arise during growth on
different xylan preparations. There may also be more branched oligomers containing FA,
which are released from the xylan preparation during fungal growth, and which act on faeA
regulation, the gene encoding FaeA (Chapter 3). FA clearly stimulates FaeA production, but
the mechanism has yet to be elucidated. During growth of the transformant on xylose, FaeA
activity was detected, but at a lower level than during growth on more complex substrates.
This suggests that during growth of the wild-type fungus on xylose, activity was below the
detection limit of the assays used (0.6 mU/ml), and that the higher level produced by the
multi-copy transformant is thus detectable. No feruloyl esterase activity was detected during
growth of NW154::pIM3207.7 on glucose.
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Table 1. Induction of faeA expression during growth of A. niger NW154::pIM3207.7 on 1% (m/v) plant cell-wall
preparations (1 %, m/v) after 4 days growth. n.d. = not detected

Growth substrate Feruloyl esterase activity (U/mg protein)
Glucose n.d
Xylose 0.6

Oat spelt xylan 15
Birchwood xylan 0.5
Larchwood xylan 2.6

Wheat bran 55
OSX + 0.1% glucose 3.6

OSX + 0.01% FA 6.4

OSX + 0.03% FA 7.3

OSX + 0.05% FA 5.2

2. Characterisation of secreted FaeA

Other enzymes which hydrolyse MFA are also secreted by the fungus. Assays using MFA,
therefore, only give an estimate of total feruloyl esterase activity, so we determined the
amount of FaeA secreted in cultures using purification, immunaoblotting and ELISA. From the
time course of feruloyl esterase production on the various growth substrates, cultures were
harvested on the days corresponding to the time of maximum activity for the relevant culture,
ie day 3 for WB and de-esterified WB, and day 4 for OSX, OSX/FA and xylose-grown
cultures. SDS-PAGE of the culture supernatants showed multiple bands after staining.
Immunoblotting of the same culture filtrates and development with anti-FaeA antiserum
showed only one band corresponding to FaeA in each of the samples which exhibited feruloyl
esterase activity. Glucose- or xylose-grown culture supernatants, with no detectable feruloyl
esterase activity, do not contain an antibody-reactive protein, confirming that FaeA is not
produced in detectable levels by wild-type A. niger during growth on simple sugars. An
immuno-reactive band, corresponding to FaeA, was seen in the de-esterified WB-grown
culture filtrate, so the removal of FA from the growth substrate does not completely inhibit
FaeA production.

Immunablotting cannot be used to quantify the contribution that FaeA makes to overall
feruloyl esterase activity. The use of ELISAs on the crude culture supernatants was precluded
because of complete blocking of the antibody-FaeA interaction by the culture supernatant.
FaeA was therefore quantified using purification and ELISA. Feruloyl esterase activities
against MFA for five different growth substrates are shown as elution peaks after fractionation
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by HIC (Fig. 3). The peak of activity at 415 ml corresponds to FaeA. A different retention
time for activity (385 ml) was observed for the supernatant from the de-esterified WB-grown
culture. No activity was detected in any of the fractions from the xylose-grown wild-type
culture filtrate. Both peaks at 385 ml and 415 ml reacted in an ELISA with anti-FaeA
antiserum, the peak at 385 ml presumably being a post-translationally modified form of FaeA.

140

120 +

100 |

80

60

40

Feruloyl esterase activity [mU(fraction)-1)]

20

Elution volume (ml)

Fig. 3. Feruloyl esterase activity against MFA of (NH,),SO,-treated culture supernatants after growth for
maximum activity on xylose (@), OSX (0), OSX + 0.03% FA (¢), WB (0) or de-esterified WB (V).

FaeA has previously been shown to be precipitated by 80% (NH,4).SO,, and the activity values
from Fig. 3 allow quantification of FaeA in each culture supernatant (Table 2). These results
confirm that there is more than one feruloyl esterase with activity on MFA produced by A.
niger. The ratio of activities against the methyl esters of ferulate, sinapate, caffeate and p-
coumarate in the peak fractions was comparable to pure FaeA (1:4:0:~0) for both the 385 ml
and the 415 ml peaks. This confirms that the active peaks after HIC are FaeA, since different
feruloyl esterases give different ratios for these substrates (Faulds and Williamson, 1994,
Kroon et al., 1996). Table 1 shows both the total feruloyl esterase levels and the contribution
to total activity made by FaeA. Levels of FaeA increased 1.8-fold in response to the presence
of free FA in the growth substrate, and FaeA accounts for between 30% and 100% of the
feruloyl esterase produced during growth of A. niger CBS 120.49 on cell-wall preparations
from cereals.

Feruloyl esterase production has been previously examined (Christov and Prior, 1993) with
different organisms showing various responses during growth on feruloylated and non-

feruloylated plant cell-wall material. All agree that feruloyl esterases are induced by
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components of the cell-wall. However, this report is the first to show a direct response in

feruloyl esterase production to the presence of free ferulic acid in the growth medium.

Table 2. Contribution of FaeA to overall feruloyl esterase activity in cultures of A. niger CBS 120.49 grown on
plant cell-wall preparations (1 %, m/v).

Growth Substrate Total Feruloyl Esterase Total Feruloyl Esterase activity Estimated percentage
activity (U) after HIC corresponding to contribution of FaeA
FaeA (U) in total activity
Oat spelt xylan 0.4 0.4 81
Oat spelt xylan + FA 1.7 0.6 38
Wheat bran 17 0.6 36
De-esterified wheat bran 11 0.2 15

In summary, growth of Aspergillus niger on plant cell-wall preparations led to the production
of a number of feruloyl esterases, which are not detected during growth on monosaccharides.
The addition of FA stimulates feruloyl esterase production. The production of a known
feruloyl esterase, FaeA, is aso stimulated by FA. Xylanase levels in the cultures were

repressed by the addition of FA, while fungal growth was not affected.
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Abstract

Feruloyl esterases can remove aromatic residues (e.g. ferulic acid) from plant cell wall
polysaccharides (xylan, pectin) and are essential for their complete degradation. The
expression of the feruloyl esterase encoding gene (faeA) from Aspergillus niger depends
on D-xylose, mediated by XInR, the xylanolytic transcriptional activator, and on a
second system that responds to aromatic compounds with a defined ring structure such
as ferulic acid and vanillic acid. From the compounds tested, all inducing compounds
contain a benzenering, which is substituted at C; with a methoxy group and at C, with a
hydroxy group, but is not substituted at Cs. Various aliphatic groups may occur at C;.
faeA expresson on xylose or ferulic acid is repressed in the presence of glucose,
mediated by CreA the carbon catabolite repressor protein of A. niger. faeA expression
on combinations of ferulic acid and xylose is higher than on either compound alone,
indicative of a physiologically relevant releationship. The different inducing systems
enable A. niger to produce feruloyl esterase not only during growth on xylan, but also on

other ferulic acid containing cell wall polysaccharides such as pectin.

Introduction

Feruloyl esterases are enzymes that release aromatic residues, such as ferulic acid, from plant
cell wall polymers (de Vries et a., 1997). Ferulic acid residues in plant cell walls are mainly
linked to xylan and pectin and may crossink cell wall polymers to increase rigidity, inhibit cell
elongation, and reduce the biodegradability by micro-organisms (Ishii, 1997). In xylans ferulic
acid is attached to arabinose residues, which are linked to the xylan backbone (Saulnier et d.,
1995; Wende and Fry, 1997). In pectins, ferulic acid can be attached to galactose or arabinose
residues present in the side chains (Ishii, 1997). Ferulic acid can be enzymatically converted into
vanillin, a maor flavour compound (Falconnier et a., 1994; Lesage-Meessen et a., 1996;
Gasson et d., 1998).

Feruloyl esterases have been isolated from a wide range of micro-organisms (Christov and Prior,
1993; Faulds and Williamson, 1994; Kroon et al., 1996; Donaghy and McKay, 1997) when they
were cultured on complex substrates such as xylan, pectin, whest bran or sugarbeet pulp. Most
of these enzymes are active on feruloylated oligomers from xylan or pectin, but have little or no
activity towards the polymeric substrates. The feruloyl easterase A (FaeA) encoding gene (faeA)
from Aspergillus niger has been cloned and induction of the gene has been studied at the protein

level in an highly overproducing transformant (Chapter 3). High FaeA activity in the culture
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filtrate was detected when this transformant was grown on medium containing wheat
arabinoxylan. Low levels of FaeA activity were detected when A. niger was grown on sugarbeet
pectin (Chapter 3). Addition of ferulic acid to media containing xylan increased the level of
FaeA activity in the culture filtrate (Chapter 4).

Two regulatory systems of A. niger affect the expression of genes encoding enzymes involved in
the degradation of cell wall polymers. The carbon catabolite repressor protein, CreA, prevents
transcription of these genes in the presence of easy metabolisable substrates such as glucose or
fructose (Drysdale et al., 1993; Ruijter and Visser, 1997). The xylanolytic transcriptional
activator, XInR (van Peij et a., 1998a), is required for the expression of al xylanolytic genes
(including faeA) and some cellulolytic genes when A. niger is grown on xylose or xylan (van
Peij et d., 1998b). These two systems are not sufficient to account for the induction pattern
observed for faeA (Chapter 3 and 4). Induction on pectin and the enhanced induction on xylanin
the presence of ferulic acid suggest a more complex system of regulation. In this paper we have
studied the regulation of faeA at the molecular level, using A. niger strains with mutations in

different regulatory systems.

Materials and M ethods

Strains

All strains were derived from A. niger N400 (=CBS120.49). A low sporulating mutant, N402 (cspAl),
was used as a wild-type strain in all experiments. Mutations were obtained by UV mutagenesis. The
A. niger creA mutant NW200 (bioAl, cspAl, creAdd, pyrAl3::pGWe635, areAl::pAREGL), with a
derepressed phenotype, was selected in an areAl background (Ruijter et al., 1997) and co-
transformed with pAREG1 (containing the A. niger areA gene; McCabe et al., 1998) and pGW635
(containing the pyrA selection marker). A. niger NXA1-4 (argB13, cspAl, nicAl, pyrA6, UAS(XInA)-
pyrA, xInR1) has previously been described (van Peij et a., 1998a). No expression of xylanolytic
genes was observed on xylose in this loss of function mutant (van Peij et al., 1998b). Escherichia cali
DH5aF (BRL, Life Technologies Inc., Gaithersburg, Md.) was used for routine plasmid propagation.

Chemicals

Cdaffeic acid, cinnamic acid, p-coumaric acid, ferulic acid, 4-hydroxybenzoic acid, 34-
dimethoxycinnamic acid, protocatechuic acid, sinapic acid, syringic acid, vanillic acid, veratric acid,
veratryl alcohol, vanillyl alcohol and anisyl acohol were obtained from Acros (Oxon, UK). D-Glucose,
D-fructose and D-xylose were obtained from Merck (Darmstadt, Germany). L-Arabinose was from
Sigma (Zwijndrecht, The Netherlands). All other standard chemicals were either obtained from Sigma or
from Merck. 3-4-hydroxy-methoxy-phenyl propionic acid was a gift from Dr. Gary Williamson, Ingtitute
of Food Research (Norwich, UK).

M edia and cultur e conditions

Minimal medium (MM) contained per litre: 6.0 g NaNOg, 1.5 g KH,PO,, 0.5 g KCl, 0.5 g MgSO,4[{7H,0,
trace dements (Vishniac and Santer, 1957) and 1% (mass/vol) glucose as a carbon source unless
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otherwise indicated. For complete medium (CM), MM was supplemented with 0.2% (mass/vol)
tryptone, 0.1% (mass/vol) yeast extract, 0.1% (mass/vol) casamino acids and 0.05% (mass/vol) yeast
ribonucleic acids. Liquid cultures were inoculated with 10° spores/ml and incubated at 30°C in an orbital
shaker at 250 rpm. Bacto-agar at 1.5% (mass/ivol) was used to solidify the media. For the growth of
auxotrophic strains, the necessary supplements were added to the media at the following concentrations:
biotine, 4 pug/l; uridine, 200 mg/l; arginine, 200 mg/l; nicotinamide, 1 mg/l.

For al transfer experiments, the strains were pre-grown in CM (2% fructose) for 16 h at 30°C in an
orbital shaker at 250 rpm. Mycedlium was harvested by suction over a nylon membrane and washed with
MM or CM without carbon source. Aliquots (1.5 g, wet weight) of the mycdium were transferred to
MM or CM containing different carbon sources and incubated at 30°C for the time indicated. The
mycelium was again harvested by suction over anylon membrane, frozen in liquid nitrogen and stored at
-70°C.

DNA manipulations

Standard methods were used for DNA manipulations, such as subcloning, DNA digestions, and plasmid
DNA isolation (Sambrook et a., 1989). Sequence analysis was performed on both strands of DNA using
either the Cy™5 AutoCycle™ Sequencing kit or the Cy™5 Thermo Sequenase™ Dye Terminator Kit
(Pharmacia Biotech, Uppsala, Sweden). The reactions were analysed with an ALFred™ DNA Sequencer
(Pharmacia Biotech). Nuclectide sequences were analysed with computer programs based on Devereux
et al. (1984).

Northern analysis

Mycelium was powdered using a Micro-dismembrator (Braun, Melsungen, Germany). Total RNA was
isolated from powdered mycelium using TRIzol Reagent (Life Technologies), according to the
supplier’ sinstructions. For northern analysis, 5 pg total RNA was incubated with 3.3 ul 6 M glyoxal,
10 pl DMSO and 2 pl 0.1 M phosphate buffer (pH=7) in a total volume of 20 pl for 1 h at 50°C to
denature the RNA. The RNA samples were separated on a 1.5% agarose gel using 0.01 M phosphate
buffer (pH=5) and transferred to Hybond-N filters (Amersham, Little Chalfont, UK) by capillary
blotting. Filters were hybridised at 42°C in a solution of 50% (vol/vol) formamide, 10% (mass/vol)
dextran sulphate, 0.9 M NaCl, 90 mM Nas-citrate, 0.2% (mass/vol) ficoll, 0.2% (mass/vol)
polyvinylpyrolidone, 0.2% (mass/vol) bovine serum albumin, 0.1% (mass/vol) SDS and 100 pg/ml
single stranded herring sperm DNA. Washing was performed under similar stringency conditions: 30
mM NaCl, 3 mM Nas-citrate and 0.5% (mass/vol) SDS at 68°C. A 0.6 kb cDNA fragment of faeA, a
0.8 kb EcoRV/Kpnl fragment of aguA, encoding an a-glucuronidase (de Vries et a., 1998) and a 0.7
kb EcoRI fragment of the 18S rRNA subunit (Melchers et al., 1994) were used as probes. The aguA
gene was used to compare the expression of faeA to another gene regulated by XInR and the 18S
rRNA probe was used as a RNA loading control.

Results

Identification of putative regulatory boxesin the promoter region of faeA

Sequence anaysis was performed on the promoter region of faeA (EMBL Access. No.
Y 09330). A consensus sequence for the CreA repressor protein, SYGGRG (with S, Y and R
representing C/G, C/T and A/G, respectively; Kulmburg et al., 1993), was identified at
position -376 upstream from the ATG in the 3-5' orientation, and for the xylanolytic
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transcriptional activator XInR, GGCTAA (van Peij et a., 1998a) at positions -265 upstream
from the ATG inthe 5-3' orientation. A XInR-like sequence (GGCTAG) was detected at —225
upstream from the ATG in the 5'-3' orientation.

Expression of faeA on aromatic compounds
Mycelia of A. niger N402 were harvested 4 h after transfer to 0.03% (mass/vol) of the various

aromatic compounds shown in Fig. 1 or 0.03% (mass/vol) fructose.

cinnamic acid: R;=R,=R;=H; R,=COOH T4
coniferyl acohol: R; =OCHs; R,=0OH; R;=H; R,=CH,OH

p-coumaric acid: R;=Rs;=H; R,=H; R,=COOH ||

caffeic acid: Ry=R,;=OH; Ry=H; R,=COOH 7

ferulic acid: R; =OCH3; R,=OH; R;=H; R,=COOH

sinapic acid: R;=R;=0OCHj3; R,=OH; R,=COOH . Ry
3,4-dimethoxy cinnamic acid: R;=R,=0CHj3; R;=H; R,=COOH 3 Ry

anisyl alcohol: R;= R;=H; R,=0CHj;; R,=CH,OH

benzoic acid: R;=R,=R;=H; R,=COOH R4
protocatechuic acid: R;=R,=0OH; R;=H; R,=COOH

syringic acid: R;=R3;=0CHj; R,=0OH; R,=COOH

vanillic acid: R; =OCHgz; R,=0OH; R;=H; R,=COOH R3 R1
vanillin: R, =OCH3; R;=OH; Ry=H; R;=CHO R2
vanillyl alcohal: R; =OCHs; R,=0OH; R;=H; R,=CH,OH

veratric acid: R;=R,=0CHj3; R;=H; R,=COOH

veratryl alcohol: R;=R,=0CHs;; Rs=H; R,=CH,0OH

4-hydroxy benzoic acid: R;=R;=H; R,=H; R,=COOH

3-methoxy-4-hydroxy-

phenylpropionic acid: R; =OCH3;; R,=OH; R;=H; R,=C,H,COOH

Fig. 1. Aromatic compounds used in this study.

High levels of expression were observed on ferulic acid, vanillic acid, vanillyl alcohoal,
coniferyl alcohol and 4-hydroxy-3-methoxy-phenyl propionic acid (Fig. 2). Lower expression
levels were observed on vanillin, veratric acid and veratryl alcohol. No expression was

detected on CM with any of the other aromatic compounds.
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Fig. 2. Expression of faeA on aromatic compounds. A. niger N402 mycelium was incubated for 4 h in CM
(blank), CM containing 0.03% (mass/vol.) fructose and CM containing 0.03% (mass/vol.) of the different
aromatic compounds. The 18S rRNA served as a RNA loading control. Abbreviations. hydr. = hydroxy; meth. =
methoxy; ppa = phenylpropionic acid.

CreA repressesthe expression of faeA

Myceliafrom A. niger N402 and NW200 were transferred to MM containing different carbon
sources and harvested after 4 h. The faeA gene was expressed on xylose, xylan and ferulic
acid at similar levelsin both strains (Fig. 3). Glucose strongly reduced the expression of faeA
on xylose in the wild-type strain, but only a small decrease was observed in the CreA mutant.
The presence of glucose abolished expression of faeA on ferulic acid and xylan in the wild-

type strain, but alow level of expression on ferulic acid was detected in the CreA mutant.
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Fig. 3. CreA repression of faeA expression. To determine the influence of the carbon catabolite repressor protein
CreA on faeA expression mycelium from A. niger N402 and NW200 (CreA mutant) was incubated for 4 h in
MM containing different carbon sources. The 18S rRNA served as a RNA loading control. Abbreviations: glc =
glucose; xyl = xylose; FA = ferulic acid.

Interaction between the different systemsfor induction of faeA expression
We compared expression of faeA to expression of aguA, which encodes an a-glucuronidase,
and also is regulated by XInR (van Peij et a., 1998b) in wild type and an XInR-deficient

mutant 2 h after induction. Expression of both faeA and aguA was higher on 0.03% xylose
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than on 1% xylose in the wild type strain (Fig. 4). Addition of ferulic acid to the carbon
sources strongly increased faeA expression, but had no significant effect on aguA expression.
aguA expression was not observed on any carbon source in the XInR mutant, but faeA
expression was detected in this mutant in the presence of ferulic acid, especialy in

combination with arabinose.
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Fig. 4. Interaction of different systems for induction on faeA expression. Relations between XInR and ferulic acid
induction of faeA expression were studied by incubating mycelium of A. niger N402 and NXA1-4 (XInR mutant)
for 2 hin MM different carbon sources. The 18S rRNA served as a RNA loading control. Abbreviations: xyl =
xylose; ara= arabinose; FA = ferulic acid.

Discussion

The data presented in this paper reveal that regulation of faeA transcription is complex. faeA
like other genes encoding plant cell-wall degrading enzymes is subject to carbon catabolite
repression. Expression of faeA on xylose in the presence of glucose was strongly reduced in
the A. niger wild-type strain, but only dlightly in the creAd4 mutant indicating that CreA
regulates the expression of faeA. The creAd4 mutant is not a complete loss of function mutant
and the degree of derepression is target and allele specific (unpublished data). This might
explain the reduced faeA expression on ferulic acid in the creA mutant when glucose is
present in the medium. The xylose concentration influences the XInR induced expression
levels of xylanolytic genes, which can be observed when comparing the expression of faeA
and aguA on 1% and 0.03% xylose. This phenomenon has been assigned to modulation of
gene expression via CreA (de Vries et a., 1999). faeA and aguA expression on arabinose is
most likely due to a small amount of xylose present in the arabinose preparation obtained

from Sigma (de Vries et a., 1998). The addition of ferulic acid to xylose or arabinose resulted
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in increased expression levels on these carbon sources for faeA, but not for aguA and for two
other xylanolytic genes xInB and xInD (data not shown), indicating that addition of ferulic acid
does not influence the overall regulation of the xylanolytic enzyme spectrum.

The faeA gene is expressed on aromatic compounds which have common features with respect
to their aromatic structure: the aromatic ring is substituted at C3 with a methoxy group and at
C4 with a hydroxy group, whereas Cs is not substituted. This indicates the presence of a
specific transcriptional activator which responds to these compounds. The nature of the group
attached to C; of the aromatic ring seems to be of less importance for the expression level.
From this group of aromatic compounds, only vanillin results in low faeA expression. One
explanation for this might be that the aldehyde function on C; results in lower induction of
faeA. Alternatively, the low level of expression may be caused by the strong toxic effect of
vanillin on A. niger. All aromatic compounds tested so far are to some extent toxic for A.
niger (Guiraud et al., 1995; Lopez-Malo et a., 1997). Vanillin is the most toxic of the
compounds used in this study as tested by plate growth experiments (data not shown). The
low levels of expression observed on veratric acid and veratryl alcohol in which both C; and
C, are substituted with a methoxy group, suggest that the regulatory system is also activated to
some extent by other aromatic compounds. The regulatory system described here differs from
other systems responding to the presence of aromatic compounds. Catabolism of benzoic acid
in A. niger was demonstrated to occur via 4-hydroxybenzoic acid and 3,4-dihydroxybenzoic
acid to protocatechuic acid (Boschloo et al., 1990). Expression of the gene encoding benzoate-
para-hydroxylase (bphA), responsible for the first step in the catabolism was induced by
benzoic acid (van Gorcom et al., 1990), but induction of the pathway was also reported in the
presence of 4-hydroxybenzoic acid (Boschloo et a., 1990). Since faeA expression is not
induced by benzoic acid or 4-hydroxybenzoic acid, this indicates the presence of at least two
independent regulatory systems responding to induction by aromatic compounds in A. niger.
Milstein et al. (1988) suggested a model for the degradation of certain aromatic compounds in
Aspergillus japonicus. In this model four groups of aromatic compounds can be distinguished
with individual catabolic pathways all converging at protocatechuic acid, followed by ring-
opening via a common pathway. One group consists of ferulic acid and derived compounds,
which are catabolized via vanillic acid. Cinnamic acid, coumaric acid and benzoic acid are
catabolized via 4-hydroxybenzoic acid. This suggests the presence of specific regulatory
systems for the different branches of aromatic catabolism. Recently, the expression of the

Penicillium simplicissimum vaoA gene, encoding a vanillyl-alcohol oxidase, has been studied
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in A. niger on a set of aromatic compounds (Benen et al., 1998). The highest expression of
vaoA was detected on compounds with an alcohol function on C; of the aromatic ring and a
methoxy group on C4. Compounds with a hydroxy group at C,4 did induce vaoA expression but
only at alow level. This is different from the expression pattern described for faeA in this
paper, indicating that the expression of vaoA involves a different system.

The expression of the faeA gene from A. niger is influenced by at least three regulatory
systems. It is co-expressed with other genes involved in xylan degradation and under the
control of the transcriptional activator XInR. As xylose is not only the inducer of this system
but also causes carbon catabolite repression, mediated by the CreA protein, faeA expression
levels will strictly depend on the inducer concentration. The response of an additiona
regulatory system to the release of ferulic acid from xylan and pectin might provide a
mechanism to make these plant cell wall polymers more rapidly accessible for degradation

even at higher xylose concentrations
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Abstract

Previoudly, faeA expression was detected on xylose, ferulic acid, xylan, pectin and crude
carbon sour ces, such aswheat bran and sugar beet pulp. A comparison of FaeA activity,
when an A. niger faeA multicopy transformant was grown on different polymeric and
crude carbon sources revealed that the highest FaeA production occurred when wheat
bran was used as a carbon source. Crude wheat arabinoxylan, sugar beet pulp and oat
gpelt xylan also resulted in high levels of FaeA activity. Low levels of FaeA activity were
detected when sugar beet or apple pectin was used as a carbon source. Expression of
faeA was also studied on different monomeric carbon sources and ferulic acid in both a
wild-type and an CreA derepressed mutant. Only xylose and arabinose were able to
induce faeA expression in the absence of ferulic acid. For combinations of ferulic acid
with all carbon sources, except galacturonic acid and rhamnose, an increase in
expression was observed in the CreA mutant compared to the wild-type.

A model for the 3-dimensional structure of FaeA is proposed, in which the putative
lipase-like catalytic triade and three disulfide bridges are visible. Most of the 15 amino
acid differences between A. niger and A. tubingensis FaeA can be found on the outside of
the structure, suggesting that they may be responsible for the increased sensitivity of A.
tubingensis FaeA for proteolytic degradation.

I ntroduction

Feruloyl esterase A from Aspergillus niger has been characterised at the enzymatic and
molecular level (Chapters 3, 4 and 5). The faeA gene has been cloned and overexpressed
(Chapter 3) and induction of the gene has been detected on crude plant cell derived substrates,
xylan, sugar beet pectin, ferulic acid and xylose (Chapters 3, 4 and 5). Repression of faeA
expression of xylose and ferulic acid was observed in the presence of glucose and could be
assigned to the carbon catabolite repressor protein CreA (Chapter 5).

The enzyme is active on methylferulate (Chapter 3), feruloyl-arabinofuranoside-
xylopyranoside-xylopyranose (FAXX, Faulds and Williamson, 1994), wheat arabinoxylan
(Chapter 3 and 4) and sugar beet pectin (Chapter 3). Using oligosaccharides isolated from
wheat bran and sugar beet pulp (Ralet et a., 1994) it was shown that FaeA was able to release
ferulic acid linked to O-5 of arabinose (as present in xylan), but that it was not able to release

ferulic acid linked to O-2 of arabinose (as present in pectin).
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Despite high amino acid sequence identity for A. niger and A. tubingensis FaeA, aremarkable
difference in stability was observed for the two proteins (Chapter 3). A. tubingensis
demonstrated a strongly increased sensitivity to proteolytic degradation resulting in multiple
discrete degradation bands on a SDS-PAGE gel.

This chapter provides additional data on the induction of faeA expression on polymeric
substrates and a more detailed analysis on the relation of ferulic acid induced faeA expression
with different monomeric carbon sources and CreA. Furthermore, it presents the 3-
dimensional model which is proposed for A. niger FaeA and possible implications of this

model in the difference in stability observed for A. niger and A. tubingensis FaeA.

Materialsand Methods

Strainsand growth conditions

Strain NW154::pIM3207.7 (cspAl, pyrA6::pGW635, prtF28) is a transformant containing multiple
copies of the A. niger faeA gene (Chapter 3). The prtF mutation present in this strain was previously
described (van den Hombergh et a., 1995). The A. niger CreA mutant NW200 (bioAl, cspAl,
creAd4, pyrAl3::pGW635, areAl::pAREGL) showing a derepressed phenotype was selected in an
areA1 background (Ruijter et al., 1997) and subsequently co-transformed with pAREGL (containing
the A. niger areA gene; McCabe et al., 1998) and pGW635 (containing the pyrA selection marker).
Minima medium (MM) contained per litre: 6.0 g NaNOg, 1.5 g KH,PO,, 0.5 g KCl, 0.5 g MgSO,4[7H,0,
trace dements (Vishniac and Santer, 1957) and 1% (mass/vol) glucose as a carbon source unless
otherwise indicated. For complete medium (CM), MM was supplemented with 0.2% (mass/val)
tryptone, 0.1% (mass/val) yeast extract, 0.1% (mass/vol) casamino acids and 0.05% (mass/vol) yeast
ribonucleic acids.

All cultures were inoculated at 10° spores/ml and grown in MM in a rotary shaker at 250 rpm and
30°C, unless otherwise indicated. For the growth of strains with auxotrophic mutations, the
corresponding supplements were added to the medium. Transfer experiments were performed as

described previoudy (Chapter 5).
Enzyme assay

Ferulic acid esterase activities in culture filtrate samples were measured by using methyl ferulate as a

substrate as previously described (Chapter 3).
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Deter mination of N-terminal amino acid sequences
Amino acid sequences were determined from electroblots of an SDS-PAGE separation of purified A.
tubingensis FaeA on an Applied Biosystems Procise Sequencer.

M odelling of FaeA

The A. niger FaeA model was generated using the program MODELLER (Sali and Blundell, 1993)
with four aligned lipases giving the input protein scaffold and the sequence alignment giving the
relationship between this scaffold and the A. niger FaeA sequence. The molecules were displayed on
a Silicon Graphics Indigo 2 with program O (Jones et al., 1991) and the protein cartoon was generated

using Insight 11 '98 (Molecular Dynamics, Inc).

Results and Discussion

Induction of faeA on polymeric substrates

Using an A. niger multicopy faeA transformant (NW156::pIM3207.7; Chapter 3) induction of
faeA on polymeric substrates was studied using Fae activity measurements. The highest
activity was measured in cultures containing wheat bran (Table 1), which is consistent with
previous experiments (Chapter 4). Cultures containing sugar beet pulp result in higher
extracellular Fae activities than cultures containing a crude wheat arabinoxylan preparation or
oat spelt xylan. Low levels of Fae activity were detected in cultures containing sugar beet or
apple pectin. The higher activity on wheat bran, sugar beet pulp and xylan isin part due to the
presence of xylose, which induces xylanolytic genes via the xylanolytic activator XInR (van
Peij et al, 1998a). The faeA gene is regulated by XInR (van Peij et a., 1998b) and is also
induced by ferulic acid (Chapter 4). A positive interaction between ferulic acid induction and
XInR regulation has been demonstrated (Chapter 5). In the crude substrates (wheat bran, sugar
beet pulp, wheat arabinoxylan) both xylose and ferulic acid are present resulting in a high
induction of faeA expression. Since both pectins contain low amounts of ferulic acid (data not
shown) this could mean that on pectin induction occurs only through ferulic acid.
Alternatively, an inducing component from pectin may not be able to induce faeA to the same
extent as xylose, resulting in lower Fae levels. A. niger produces several feruloyl esterases
(Brezillion et al., 1996). However, it is unlikely that the activity measured in the pectin
cultures should be assigned to another enzyme than FaeA, since cultures using an A. niger
wild-type strain and apple or sugar beet pectin as substrate resulted in lower levels of Fae

activity (data not shown).
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Table 1: Induction of Aspergillus niger ferulic acid esterase A on polymeric substrates.
All substrates were added at the amount of 1% (mass/vol). Fae activity is defined as the amount of ferulic acid

produced per min per ml supernatant (umolesxmin™xml™).

substrate activity
wheat bran 4.58
crude wheat arabinoxylan 3.08
oat spelt xylan 2.05
sugarbeet pulp 351
sugarbeet pectin 0.19
apple pectin 0.16

Influence of the carbon source on ferulic acid induction of faeA expression

A transfer experiment was performed using an A. niger wild-type (N402) and a CreA
derepressed mutant (NW200) to study the effect of the carbon source on the ferulic acid
induced expression of faeA. Both strains were grown for 16 h in CM containing 2%
(mass/vol) fructose after which the mycelium was harvested, washed and aliquots were
transferred to MM with different carbon sources. Mycelium samples were harvested after 4 h
and a northern analysis was performed on RNA isolated from the samples. In the absence of
ferulic acid, faeA expresson was only observed on xylose and arabinose (Fig. 1). The
expression on arabinose is probably due to the presence of alow amount of xylose present in
the arabinose preparation obtained from Sigma (Chapter 7). Expression of faeA was observed
on combinations of all carbon sources except galacturonic acid with ferulic acid in the CreA
mutant, but at different levels. For all of these carbon sources except rhamnose, reduced levels
of expression were observed in the wild-type.

The differences observed could be caused by several factors. Growth of A. niger is poor on
some of the carbon sources tested in this study (e.g. galacturonic acid) which may lead to a
reduction in expression of faeA. Secondly, the CreA mutant is not a loss of a function
mutation but has a derepressed phenotype. A low level of CreA repression is still present in
this strain. The presence of a strong repressing carbon source (e.g. glucose) could therefore
have a more significant effect in this background than carbon sources resulting in weaker
repression. Although other carbon sources than glucose and fructose have been demonstrated
to result in CreA mediated gene expression (e.g. xylose, Chapter 9), little is known about the

extent of the CreA effect of the different monomeric sugars. From the data presented here it
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can be concluded that nearly al monomeric carbon sources tested are to some extent able to
repress gene expression of faeA mediated via CreA. Only for the combination of rhamnose
with ferulic acid, no difference in faeA expression was observed between the wild-type and
the CreA mutant.
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Fig. 1. Expression of faeA on 1% (mass/vol) monomeric carbon sources alone and in the presence of 0.03%
(massival) ferulic acid. The 18S probe (Melchers et a., 1994) was used as a RNA loading control.

Abbreviations. gal. acid, galacturonic acid; gluc. acid, glucuronic acid; FA, ferulic acid.

Putative structure and stability of FaeA from A. niger and A. tubingensis

Based on the amino acid sequence of A. niger FaeA and its homology to four fungal lipases, a
model for the 3-dimensional structure of this enzyme was designed (Fig. 2). Three disulfide
bridges can be detected in the model (indicated in black). The three amino acids possibly
forming the active site, S™2, D*** and H**' (Chapter 3) are also indicated. When comparing the
amino acid sequences of FaeA from A. niger and A. tubingensis, 15 amino acid differences
and 1 amino acid deletion (in A. tubingensis FaeA) can be detected (Fig. 4). Only one of the
amino acid changes and the deletion are located in the core of the enzyme. All other amino
acid changes are on the outside of the enzyme structure.

The stability of A. niger FaeA compared to A. tubingensis FaeA as established by SDS-PAGE
is much higher (Chapter 3). Since discrete degradation products are visible, the reduced
stability of A. tubingensis FaeA ismost likely due to an increased sensitivity to specific
proteases. However, when the two proteins are kept under non-denaturing conditions, asingle
protein is present with the molecular mass of mature FaeA as determined by
massspectrometry (A. niger FaeA: 29724 Da and A. tubingensis FaeA: 29756 Da). This
suggests that, although A. tubingensis FaeA is partially digested by proteases, the disulfide
bridges are capable of maintaining the structural integrity of the enzyme.
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D93 -» S93
Change

Fig. 2. Suggested model for the 3-dimensional structure of FaeA from A. niger. The putative active side residues
(8133, D194, H247) and di-sulfide bridges are indicated by stick and ball structures (Based on Faulds et al.,
1998).

The first few residues of three degradation products from A. tubingensis FaeA have been N-
terminally sequenced. The largest product (26 kDa) had an identical sequence as the mature
FaeA (A ST Q C), indicating that this product originates from C-terminal truncation of the
mature protein. A well separated band of 22 kDa contained two proteins, which were both N-
terminally sequenced. One of the two proteins again had an identical N-terminal amino acid
sequence as the mature enzyme, indicating a further C-terminal truncation. The N-terminal
sequence of the other protein (X E V H) corresponds to a sequence 95 residues from the N-
terminus. In the amino acid sequence of FaeA X corresponds to a cysteine which isinvolved
in adisulfide bridge. The degradation product starts immediately after one of the amino acid
changes between the two enzymes; A. niger (D *C E V H) and A. tubingensis (S*C E V H).
Thus, it appears that an aspartic acid residue instead of a serine at position 93 may contribute
to the proteolytic stability of FaeA. Thisresidueislocated on the outside of the 3-dimensiona
model (Fig. 2), which would make it easily accessible for proteases. Whether the other

degradation products of A. tubingensis FaeA are also caused by amino acid changes compared
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to A. niger FaeA isnot clear at this point. The position of most of these residues on the
outside of the 3-dimensional structure makes them highly accessible for proteases, suggesting
that some of these residues may be involved in the decrease in stability of A. tubingensis FaeA

compared to A. niger FaeA.

nig. ASTQG | SEDL YNRLV ENMATI SQAAY ADLCN | PSTI | KGEK | YNAQ TDI NG 50
t ub. ASTQG | SEDL YSRLV ENMATI SQAAY ADLCN | PSTI | KGEK | YNSQ TDI NG 50

nig. W LRD DTSKE || TVF RGTGS DTNLQ LDTNY YTLTP FDTLP QCNDC EVHGG 100
t ub. W LRD DSSKE || TVF RGTGS DTNLQ LDTNY YTLTP FDTLP QCNSC EVHGG 100
* *

nig. YYIGNISVQD QVESL VKQQA SQYPD YALTV TGHSL GASMA ALTAA QLSAT 150
tub.  YYI GWISVQD QVESL VQQQV SQFPD YALTV TGHSL GASLA ALTAA QLSAT 150

nig. YDNVR LYTFG EPRSG NQAFA SYMND AFQVS SPETT QYFRV THSND G PNL 200
t ub. YDNI R LYTFG EPRS- NQAFA SYMND AFQAS SPOIT QYFRV THAND G PNL 199
* * * * *

nig. PPADE GYAHG GVEYW SVDPY SAQNT FVCTG DEVQC CEAQG GQGVN DAHTT 250
tub. PPADE GYAHG WEYW SVDPY SAQNT FVCTG DEVQC CEAQG GQGVN NAHTT 249

nig. YFGMI SGACTW - 261
t ub. YFGMTI SGHCTW - 260
*

>> >>» >>» >>» >> >»>>

Fig. 3. Alignment of the deduced amino acid sequence of mature FaeA from A. niger (A. nig.) and A. tubingensis
(A. tub.). Putative active site residues are indicated in boldface underlined. Sequence differences are indicated by

an asterix below the sequence.
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Abstract

An extracdlular a-glucuronidase was purified and characterised from a commercial
Aspergillus preparation and from culture filtrate of Aspergillus tubingensis. The enzyme
has a molecular mass of 107 kDa as determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and 112 kDa as determined by mass spectrometry,
has a determined pl just below 5.2, and is stable at pH 6.0 for prolonged times. The pH
optimum for the enzyme is between 4.5 and 6.0, and the temperature optimum is 70°C.
Thea-glucuronidase is active mainly on small substituted xylo-oligomersbut isalso able
to release a small amount of 4-O-methylglucuronic acid from birchwood xylan. The
enzyme acts synergistically with endoxylanases and (3-xylosidase in the hydrolysis of
xylan. The enzymeis N glycosylated and contains 14 putative N-glycosylation sites. The
gene encoding this a-glucuronidase (aguA) was cloned from A. tubingensis. It consists of
an open reading frame of 2,523 bp and contains no introns. The gene codes for a protein
of 841 amino acids, containing an eukaryotic signal sequence of 20 amino acids. The
mature protein has a predicted molecular mass of 91,790 Da and a calculated pl of 5.18.
Multiple copies of the gene were introduced in A. tubingensis, and expression was
studied in a highly overproducing transformant. The aguA gene was expressed on
xylose, xylobiose, and xylan, similarly to genes encoding endoxylanases, suggesting a co-
ordinate regulation of expression of xylanases and a-glucuronidase. Glucuronic acid did
not induce the expression of aguA and also did not modulate the expression on xylose.
Addition of glucose prevented expression of aguA on xylan but only reduced the

expression on xylose.

I ntroduction

Xylan is the most abundant hemicellulose structure present in plant cell walls. It consists of a
-1,4-linked backbone of xylose residues which can be substituted with a number of different
functions such as acetyl, arabinosyl, ferulic acid and 4-O-methyl-a-glucuronic acid residues.
To ensure cell wall rigidity, xylan is linked to other cell wall polymers, such as pectin and
lignin. Two residues attached to xylan are involved in these linkages. Ferulic acid, connected
to the xylan backbone through arabinose, can form a covaent linkage with other phenolic acid
residues present in pectin or lignin (liyama et a., 1994, Ishii, 1991; Ralph et a., 1995). The

other residue so far identified to be involved in cross-linking cell wall polymers is 4-O-
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methyl-glucuronic acid. Indications for an ester linkage between lignin and glucuronoxylan
through 4-O-methyl-glucuronic acid have been found in beech wood (Takahashi and
Koshijima, 1988). Calculations indicated that approximately one third of the glucuronic acid
residues attached to the xylan backbone are involved in this linkage.

Many bacteria and fungi are capable of degrading polymeric structures from plant cell walls
by producing a large number of enzymes which specifically cleave certain linkages in these
polymers. Endoxylanases (EC 3.2.1.8) cleave the xylan backbone, whereas (3-xylosidase (EC
3.2.1.37) cleaves off xylose monomers from the non-reducing end of xylo-oligomers. To
remove the side groups from the xylose backbone, arabinofuranosidases (EC 3.2.1.55),
acetylxylan esterases (EC 3.1.1.72), ferulic acid esterases, and a-glucuronidases (EC
3.2.1.139) are needed. A complex synergy exists between these enzymes, resulting in an
efficient degradation of the xylan polymer. a-Glucuronidase releases 4-O-methyl-a-
glucuronic acid from xylan. Although many organisms have been reported to produce
extracellular a-glucuronidases (Bronnenmeier et al., 1995; Ishihara et al., 1990; Khandke et
al., 1989; Puls et al., 1987; Shao et al., 1995; Siika-aho et a., 1994), for Aspergillus only two
intracellular a-glucuronidases have been described (Uchida et al., 1992). These intracellular
a-glucuronidases have dlightly different properties than extracellular a-glucuronidases from
other fungi (Bronnenmeler et a., 1995; Khandke et a., 1989; Shao et al., 1995; Siika-aho et
al., 1994), which all have molecular masses between 90 and 130 kDa and a dlightly acidic pl
and which are active mainly on small xylo-oligomers. So far, the molecular structure of a-
glucuronidase encoding genes has been described for only two organisms. An activity
screening of Trichoderma reesei cDNA clones resulted in the isolation of a clone which
contained the a-glucuronidase encoding gene (Margolles-Clark et al., 1996). A gene encoding
o-glucuronidase was also isolated from the hyperthermophilic bacterium Thermotoga
maritima (Ruile et a., 1997).

We have purified an extracellular a-glucuronidase from Aspergillus tubingensis and, using

reverse genetics, cloned the corresponding gene.

M aterials and methods

Strains, libraries, and plasmids
The A. tubingensis strains used were NW756 and NW241 (pyrA2 fwnAl). Escherichia coli DH5aF
(BRL, Life Technologies Inc., Gaithersburg, Md.) was used for routine plasmid propagation. E. coli
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LE392 was used as a host for phage A. pBluescript was used for subcloning. The genomic library from
A. tubingensis was previoudly described (de Graaff et d., 1994).

M edia and culture conditions

Minima medium (MM) contained the following (per litre): 6.0 g of NaNO;, 1.5 g of KH,POy,, 0.5 g of
KCl, 0.5 g of MgSO, and trace dlements (Vishniac and Santer, 1957) and 1% (wt/vol) glucose as a
carbon source unless otherwise indicated. For complete medium (CM), MM was supplemented with
0.2% (wt/vol) tryptone, 0.1% (wt/vol) yeast extract, 0.1% (wt/vol) casamino acids and 0.05% (wt/vol)
yeast ribonucleic acids. Liquid cultures were inoculated with 10° spores’ml and incubated at 30°C in an
orbital shaker at 250 rpm. Agar at 1.5% (wt/vol) was added for solid medium. For the growth of strains
with auxotrophic mutations, the necessary supplements were added to the medium.

Chemicals

D-Glucuronic acid was obtained from Fluka (Buchs, Switzerland). p-Nitrophenol-p-D-xylopyranoside,
D-xylose, D-glucose, L-arabinose, 3,5-dimethoxy-4-hydroxycinnamic acid, and birchwood xylan were
obtained from Sigma (St.Louis, Mo.). Aldotriouronic acid, xylo-oligosaccharides and Xylazyme
tablets were obtained from Megazyme International (Dublin, Ireland). Endoproteinase Lys-C and
bovine serum albumin were from Boehringer (Mannheim, Germany). N-Glycosidase F was from
Oxford GlycoSystems (Oxon, United Kingdom). Tag-polymerase, Q-Sepharose FF, Phenyl Sepharose
FF, Superdex 200 PG, Butyl Sepharose FF, protein molecular weight markers, and the fast protein
liquid chromatography Mono Q HR 5/5 and Superose 6 HR 10/30 columns were purchased from
Pharmacia (Uppsala, Sweden). Poros 10 HQ medium was obtained from PerSeptive Biosystems
(Cambridge, Mass.). Sumizyme AC was obtained from Sumitomo (Osaka, Japan). A PA 100 column
was obtained from DionexCorp (Sunnyvale, Calif.).

a-Glucuronidase assay

The incubation mixture for the a-glucuronidase assay (total volume, 0.2 ml) contained 0.16 ml of
substrate (2 mg/ml of aldotriouronic acid-aldobiuronic acid [80:20] in 0.05 M sodium acetate buffer
[pH 5.0] and 0.04 ml of enzyme solution to be assayed. The incubation was started by addition of the
enzyme. After 30 min of incubation at 40°C, the reaction was stopped by boiling the samples for 4
min. Precipitates were removed by centrifugation (10.000 x @) after which the supernatant was
transferred to a new tube. To each tube, 0.6 ml of copper reagent prepared as described by Milner and
Avigad (1967) was added, and then the sample was boiled for 10 min and cooled on ice.
Subsequently, 0.4 ml of arsenomolybdate reagent prepared as described by Nelson (1944) was added.
The samples were mixed gently, 0.8 ml of H,O was added, and the absorbance at 600 nm was
measured against H,O. Controls were prepared by boiling a complete assay mixture at time zero,
before incubation at 40°C. A substrate control was made by adding water instead of enzyme solution.
A standard curve was prepared by using D-glucuronic acid. One a-glucuronidase unit is the amount of
enzyme liberating 1 umol of glucuronic or 4-O-methylglucuronic acid per min under standard assay
conditions.

B-Xylosidase assay

The B-xylosidase assay mixture contained 600 pl of substrate (5.5 mg of p-nitrophenyl-3-D-
xylopyranoside in 6 ml 50 mM sodium acetate, pH 4.2) and 100 pl of purified B-xylosidase. The
assay mixture was incubated at 40°C. At 0, 7, 15 and 22 min, a 100-ul sample was removed and added
to 600 ul of stop reagent (0.13 M Na,COs), after which the absorbance at 405 nm was measured. A
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substrate blank was prepared by adding water instead of enzyme solution. One 3-xylosidase unit is the
amount of enzyme which liberates 1 pmol of xylose per min at 40°C.

Endoxylanase assay
Xylanase activity was determined by the amount of blue colour liberated from azurine-dyed cross-
linked birchwood xylan (Xylazyme tablets) under conditions recommended by the manufacturer.

HPL C analysis of monomeric and oligomeric residues from xylan

A 2.5-ml solution of birchwood xylan (0.5%) in 50 mM sodium acetate (pH 5.0) was incubated with
0.45 U of purified a-glucuronidase, 7.0 mU of purified xylanase A from A. tubingensis, 5.8 mU of
xylanase complex (Sumizyme AC), and 0.48 U of purified B-xylosidase. The four enzymes were
incubated alone and in al possible combinations in atotal volume of 3.25 ml for 3 h at 45°C. Boiling
the samples for 3 min stopped the incubation. The samples were analysed on a Dionex high-
performance liquid chromatography system equipped with a Dionex PA 100 column an a pulsed
electrochemical detector with a pH reference electrode. Elution was carried out with a 12 min linear
gradient from 0.02 to 0.05 M followed by a 33 min linear gradient from 0.05 to 0.12 mM sodium
acetate in 0.1 M NaOH at aflow rate of 1 ml/min.

Protein deter mination

During the a-glucuronidase purification, the protein concentrations were determined by measuring the
absorbance at 280 nm. Protein concentrations in the pooled samples were determined in microtiter
plates by a sensitive method (Bradford, 1976) performed according to instructions given by Bio-Rad
(Bio-Rad Bulletin 1177 EG). Bovine serum albumin was used as a standard.

PAGE and Western analysis

Sodium dodecyl sulfate-polyacrylamide gdl electrophoresis (SDS-PAGE), native gel electrophoresis, and
isodlectric focusing were carried out by using the Novex (San Diego, Cdlif.) system with precast gels.
Both electrophoresis and silver staining of the gels were done according to the instructions of the
manufacturer. Western analysis of supernatant samples from A. tubingensis cultures was performed with
polyclonal antibodies raised in mice against purified a-glucuronidase A (AguA) from A. tubingensis.

Purification

o-Glucuronidase was isolated from a commercia enzyme preparation, Pektinase 146 (Danisco
Ingredients, Brabrand, Denmark), derived from Aspergillus niger and from culture filtrate of A.
tubingensis NW241::pIM3212.8. All procedures were performed at room temperature.

(NH,4).SO, was added to 200 ml of Pektinase 146 or 20 ml of A. tubingensis culture filtrate to 45%
saturation. After 30 min of stirring, the precipitated protein was recovered by centrifugation for 20
min at 11,000 x g. The pellet was solubilised in 120 ml of Phenyl Sepharose buffer consisting of 20
mM sodium acetate (pH 5.0) and 1.5 M (NH,),SO,. The sample was applied to a 155-ml Phenyl
Sepharose FF column equilibrated in Phenyl Sepharose buffer. a-Glucuronidase was eluted with a
1,320 ml linear gradient from 1.5 to 0 M (NH,4).SO, in 20 mM sodium acetate (pH 5.0) with a
flowrate of 4 ml/min during which 12 ml fractions were collected. Fractions 60 to 101 (500 ml) were
pooled, concentrated, and desalted in Q-Sepharose buffer (20 mM triethanolamine, pH 7.3) by
ultrafiltration in an Amicon 8400 unit equipped with a 10-kDa membrane. The resulting sample was
applied to a 106-ml Q-Sepharose FF column equilibrated with Q-Sepharose buffer. After the column
was washed with 240 ml of Q-Sepharose buffer, the a-glucuronidase was eluted with a 420 ml linear

109



Chapter 7

gradient from 0 to 0.4 M sodium chloride in Q-Sepharose buffer at a flowrate of 3 ml/min, during
which 7.5 ml fractions were collected. Fractions 23 to 36 (105 ml) were pooled and concentrated by
ultrafiltration. The concentrated sample (7 ml) was loaded onto a Superdex 200 PG column (180 ml)
equilibrated in 20 mM sodium acetate (pH 5.0)-0.1 M sodium chloride. a-Glucuronidase was eluted
from the column with a flowrate of 1 ml/min, during which fractions of 2 ml were collected. Fractions
22 to 41 were pooled (18 ml), concentrated, and desalted. This sample was separated on a Mono Q
HR 5/5 column in six runs with 20 mM triethanolamine buffer (pH 7.3). The column was washed with
an 18 ml sodium chloride gradient from O to 0.1 M, and then a-glucuronidase was eluted at a constant
concentration of 0.1 M sodium chloride in the same buffer at a flowrate of 1.5 ml/min, during which
fractions of 0.75 ml were collected. The a-glucuronidase containing fractions were pooled (27 ml),
and (NH,),SO, was added to afinal concentration of 1.5 M. This sample was loaded on a 30 ml Butyl
Sepharose FF column equilibrated with Phenyl Sepharose buffer. After the column was washed with
50 ml of this buffer, the a-glucuronidase was eluted with a 160 ml linear gradient from 1.5to O M
(NH4)2SO, in Phenyl Sepharose buffer at a flowrate of 2 ml/min, during which 4-ml fractions were
collected. Fractions 22 to 26 (20 ml) were pooled, concentrated, and desalted as described above. A
final purification was achieved by loading the sample on a 4 ml Poros 10 HQ column equilibrated in
Q-Sepharose buffer; 5 ml was loaded per run. Elution was performed with a 22-ml linear gradient of
sodium chloride from 0 to 0.3 M in Q-Sepharose buffer at a flowrate of 2 ml/min. Fractions of 1 ml
were collected and screened for a-glucuronidase activity.

Determination of N-terminal and internal peptide sequences of AguA

The purified freeze-dried enzyme (100 pg) was dissolved in 50 pl of a solution containing 8 M urea and
0.4 M NH4HCO; (pH 8.4). After the solution was flushed with N, 5 pl of 45 mM dithiothreitol was
added, and the protein was denatured and reduced for 15 min at 50°C under N,. After the solution had
cooled to room temperature, 5 pl of 100 mM iodoacetamide was added for the cysteines to be derivatised
for 15 min at room temperature in the dark under N,. Subsequently, 135 ul of water and 5 pg of
endoproteinase Lys-C in 5 pl of water were added and the sample was incubated at 37°C under N, for 24
h. The resulting peptides were separated by reverse phase HPLC on a VY DAC C18 column (0.46 by 15
cm; 10 um; The Separation Group, Hesparia, Cdlif.) using solvent A (0.1% trifluoroacetic [TFA] in
water) and solvent B (0.1% TFA in acetonitrile). Selected peptides were re-chromatographed on a
Devedosil C18 column (0.46 by 10 cm, Novo Nordisk, Bagsvaad, Denmark) with the same solvent
system, prior to N-terminal sequencing. Sequencing was done on a 476A sequencer using pulsed-liquid
fast cycles according to the instructions of the manufacturers (Applied Biosystems, Foster City, Calif.).
For direct N-terminal sequencing, the purified protein was passed through a Brownlee C2 Aquapore
column (0.46 by 3 cm, 7 um, Applied Biosystems) with the same solvent system as above. N-terminal
sequencing was performed as described above.

Deglycosylation

Deglycosylation of the pure a-glucuronidase was performed with N-Glycosidase F (Oxford
Glycosystems, Oxon, UK) according to the procedure recommended by the manufacturer, with
denaturation of the protein before addition of the N-Glycosidase F.

Characterisation of the a-glucuronidase

The molecular masses of the native and the recombinant a-glucuronidase were determined by gel
permeation chromatography on a Superose 6 column at a flow rate of 0.5 ml/min with 20 mM
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triethanolamine (pH 7.3) as the eluent and RNase A (13.7 kDa), ovalbumin (43 kDa), aldolase (158
kDa), and catalase (232 kDa) as size standards.

The optimum temperature was measured using the assay described above, with incubation for 10 min
in 0.05 M sodium acetate buffer (pH 5.0) at different temperatures. The optimum pH was determined
by using 0.1 M sodium acetate in a pH range from 3.5 to 6.7; pH values were determined for the assay
tubes at room temperature. Temperature stability was determined by incubating 200 ul of purified a-
glucuronidase in 50 mM sodium acetate buffer (pH 5.0) at different temperatures for 20 h, after which
the a-glucuronidase activity was determined as described above. pH stability was determined by
incubating 150 pl of purified a-glucuronidase in 500 pl of 0.2 M sodium acetate (pH 4.0)-0.2 M bis-
tris (pH 6.0) or 0.2 M Tris (pH 8.0) for 3, 10, 13, 28, and 62 days at room temperature. Residual
activities were measured as described above.

Deter mination of the molecular mass using mass spectrometry

Samples containing 10 pl of native and recombinant a-glucuronidase were mixed with 1 pl of 10%
acetonitrile and desalted for 2 h at room temperature by use of VSWP013 filters (Millipore).
MALDI/TOF mass spectrometry was performed with a Voyager Biospectrometry Work Station
(Perseptive Biosystems). Samples were prepared by mixing 1 pl of desalted proteins and 2 pl of
matrix solution (saturated solution of 3,5-dimethoxy-4-hydroxycinnamic acid in 60% acetonitrile with
0.1% TFA). A 1 pl sample of the mixture was spotted into a well of the MALDI sample plate and
allowed to air dry prior to introduction into the mass spectrometer. Data for 100 3-ns laser pulses
were averaged for each spectrum, and linear, positive ion TOF detection was performed with an
accelerating voltage of 20,000V. Spectrawere smoothed with a 19-point Savitzky-Golay filter.

PCR cloning of a specific fragment of the aguA gene

Several degenerate oligonucleotides were designed and synthesised on an Applied Biosystems 392 DNA
Synthesiser. PCRs were performed with a Biometra Personal Cycler using these oligonucleotides at
55°C and chromosomal DNA from A. tubingensis NW756. A PCR using oligonucleotides 5 and 9 (5'-
GGNCCNATHGAYTTYCARGT-3 and 5-ARRTCRTARTTNACNCC-3, with H, Y, and R
representing A/C/T, C/T, and A/G, respectively) resulted in a fragment of 1,142 bp which was cloned
into the pPGEM-T vector system (Promega). Sequence anaysis was performed as described below.

Isolation, cloning, and characterisation of the aguA gene

Plague hybridisation using nylon replicas was performed as described by Benton & Davis (1977).
Hybridizations were performed overnight at 65°C using the PCR fragment as a probe. The filters were
washed with SSC/SDS (final concentrations, 0.2 xand 0.5%, 1 x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate [pH 7.6]). Positive plagues, identified on duplicate replicas after autoradiography, were
recovered from the origina plates and purified by re-screening at a low plague density. Standard
methods were used for other DNA manipulations, such as Southern and Northern analysis, subcloning,
DNA digestions, and A phage and plasmid DNA isolations (Sambrook et a., 1989). Chromosoma DNA
was isolated as previousy described (de Graaff et al., 1988). Sequence analysis was performed on both
strands of DNA with a Sequenase DNA sequencing kit (United States Biochemical Corporation,
Cleveland, Ohio) and a '"Sequencing Kit (Pharmacia LKB), using additiona oligonucleotides.
Nuclectide and amino acid sequences were analysed with the computer program of Devereux et al.
(1984). Asper gillus transformations were performed as described by Kusters-van Someren et a. (1991).
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Nucleotide sequence accession number
The EMBL accession numbersfor aguA from A. tubingensisis'Y 15405.

Results

Purification of a-glucuronidase

a-Glucuronidase was purified as described in Materiads and Methods. A summary of the
purification from the Pektinase 146 preparation is shown in Table 1. Throughout the purification
o-glucuronidase aways eluted as a single peak. The enzyme was purified 371-fold, with ayield
of 5.8%. SDS-PAGE patterns showing the different steps of the purification are given in Fig. 1.

The purified a-glucuronidase had no 3-xylosidase activity or endoxylanase activity.

Table 1. Purification of the A. niger a-glucuronidase.

Fraction Protein Total activity Specific activity Purification Yield
(mg) (nmol/min) (umol/min/mg factor (%)
of protein)
Pektinase 146 2,740 380 0.14 1 100
45% (NH,4),S0, 1,899 300 0.16 11 79
Phenyl Sepharose 619 195 0.31 2.2 51
Q-Sepharose 88 162 1.83 131 42
Superdex 200 PG 57 102 1.80 12.9 27
Mono Q 11 69 6.20 44.3 18
Butyl Sepharose 2.2 54 24.3 175 14.2
Poros 10 HQ 0.42 22 52.3 371 58

Enzyme properties

The apparent molecular mass of a-glucuronidase was 107,000 Da as determined by SDS-PAGE
(Fig 1) and 100,000 Da as determined by gel filtration, indicating that the native enzyme consists
of a single peptide chain. For the recombinant enzyme an apparent molecular mass of 115 kDa
was determined by SDS-PAGE. After N deglycosylation, a molecular mass of 95,000 Da was
observed for both the native and the recombinant enzyme by SDS-PAGE. The molecular mass
was also determined by mass spectrometry resulting in values of 112,079 Da for the native
enzyme and 116,488 for the recombinant enzyme.

The isoelectric point for the a-glucuronidase was just below pH 5.2. The pH and temperature

optimawere 4.5 to 6 and 70°C, respectively. At pH 6.0, the a-glucuronidase was completely
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Fig. 1. SDS-PAGE of the different steps in the purification of a-glucuronidase. Lane 1, low molecular mass standard
proteins, lane 2, starting material; lane 3, 45% ammonium sulphate precipitate; lane 4, Phenyl Sepharose FF pool;
lane 5, Q-Sepharose pool; lane 6, Superdex 200 PG pool; lane 7, Mono Q pooal; lane 8, Butyl Sepharose pool; lane 9,
Poros 10 HQ pool.

stable for at least 62 days at room temperature. A loss of 15% of the activity was observed after
13 days at pH 4, but even after 62 days, 68% of the activity was recovered. pH 8 was the least

favourable of the tested pH vaues. After 13 days, 82% of the activity was recovered; after 62
days, this value had dropped to 45%. At pH 5, the a-glucuronidase was 100% stable at 10°C for
20 h. At the same pH at 45, 50, 55, and 60°C the recoveries after 20 h were 88, 70, 52, and 10%,
respectively. Loss in activity during freezing was not observed. With aldotriouronic acid-
aldobiuronic acid as a substrate the Ky, for a-glucuronidase was determined to be 0.14 + 0.03

mg/ml (mean + standard deviation). For the recombinant enzyme, similar results were obtained.

Cloning and overexpression of aguA from A. tubingensis

Amino acid sequences were obtained for AguA as described in Materials and Methods. In total,
seven fragments containing 201 amino acids were sequenced (with six uncertainties). On the
basis of these amino acid sequences, nine degenerate oligonucleotides were designed and used in
PCRs with A. tubingensis chromosomal DNA. Although severa DNA fragments were
generated, only one combination (primers 5 and 9, based on peptides 5 and 4, respectively; see
Materials and Methods) resulted in a fragment in which both the amino acid sequences on which

the primers were based could be identified. The size of thisfragment is 1142 bp.
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A genomic library of A. tubingensis was screened by using this fragment as a probe, and four
hybridising phage A clones were isolated and purified. From one of these phages, a 7-kb
Xhol/BamHI fragment and a 4-kb Kpnl fragment containing part of the aguA gene and some
flanking regions were cloned (pIM3210 and pIM3211). These fragments were combined,
resulting in plasmid pIM3212 (Fig. 2), which was used to generate A. tubingensis multicopy
transformants. Transformation of this construct resulted in a number of transformants with
elevated levels of AguA as determined by Western analysis (data not shown). Transformant
NW241::pIM3212.8 had the highest level of a-glucuronidase activity (10 times the wild-type
activity) and was selected for further experiments. Slot blot analysis indicated the presence of 11

copies of the aguA genein this transformant.

EcoRV
EcoRl|
EcoRV
Kpnl
Hindlll
Sall
Clal
Pstl
Sall
+——Sstl
+——Pstl
+——Clal
——Nsil
— ~BamHlI

- Nsil

E

Fig. 2. Redtriction map of the insert containing the aguA gene (arrow) which is present in the functional construct
pIM3212.

Analysis of the nucleotide sequence of aguA and the derived amino acid sequence of the
enzyme

Subclones were made from pIM3210 and pIM3211 and sequenced. Additional sequence data
were obtained by using specific oligonucleotides. The aguA gene consists of an open reading
frame of 2,523 bp which contains no introns and codes for a protein of 841 amino acids (Fig. 3).
Analysis of the derived amino acid sequence indicated a putative eukaryotic signal sequence of
20 amino acids, which was confirmed by the N-terminal amino acid sequence of the mature
protein starting at position 21. The mature protein contains 14 putative N-glycosylation sites, of
which 4 were confirmed by the presence of an unidentifiable amino acid residue in the
sequenced peptides. The enzyme has a calculated pl of 5.18, which is identical to the measured
value. The calculated molecular mass of the mature protein is 93,904 Da, which is similar to the
value determined by mass spectrometry. In the promoter region of the gene, several boxes
possibly involved in transcription and regulation were identified. A TATA box was found 65 bp
upstream from the ATG, and CAAT boxes were found at positions-106, -161, and -313.
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ATGAGAGGT TCAAATCTCTTTCAATTGACCCTGGCTCTTTTACTGTCCT TGGT AGCAGCCGAGGAT GBGTACAAT GGT TGGCTCCGATATGCTCCCGTGT 100
mr g s nl f gl t I al I | s | v aaED GYNGWLIRYAPYV
peptide 1 (N-termnal)
CCTGCGATCTGCATTGTCGACAGGCT TTGCCGT CTCATAT TGT GT TGT TGAACAGCACCAAAGGAAGCCCGAT CGAGACT GCAGGACGAGAATTGAAAGC 200

S CDLHCRQALPSHI VLLNS ST KG GSZPI ETAGRTETLKA
AGGATTCCAATCGATTCTTTCGACGAACT TAACAT TTCATCCAT TTCAAT GCGATAGCT CCGCAT CAAT TCTGGT GGCTACCCT GGATGAGT ATCGCCAA 300
GF QS| L STNLTFHPFQCDSSASI L VATLDEYRDOQ
peptide 2

AAATGCCGGGACATCAACT TGCCCGAGCT TGATCCCGATGGCT TCTGGT TACAAT CCGAAGGGGACACAGT TCGCAT CTTAGGCAACAAT GCCAGAGGAG 400
K CRDI NLPELUDPDGFWLQSEGDTUVRI L GNNARG

CCTTGTACGGAGCATACGAATACCT CGCTATGGT GGCACAACGAAACT TCTCTCGT GT CGCGT ACACCACCAACCCACAT GCGCCGATCCGT TGGGTAAA 500
ALY GAYEYLAMVAQRNFSRVAYTTNPHAPI RWVN

TCAATGGGACAACAT GGACGGAAGT AT TGAACGAGGCT ACGGT GGCGCGT CCATAT TCTTCAAAGAT GGCACGGT GGT GGAAGACATGECTCCTGT TGAG 600
QWDWNMDGSI ERGYGGASI FFKDSGTVVEUDMMAZPVE

CAATATGCTAGGCT GCTCGCATCTATACGGATAAACGCAATTGT CGT TAATAAT GT CAAT GCGAACGCAACACT ACT GCTACCCGAAAATAT GAAAGGCC 700
QYARLULASI RI NAIT VVNNVNANATILILLPENMEKG

TGGGTCGCATAGCAGATGCCT GT CGACCATACGGCGT TCAAAT TGGCATATCGCTGAACT TTGCTTCACCAGAAAGCT TGGGCGGCCTAGAAACT TATGA 800
L GRI ADACRPYGVQI GI S L NFASPESILGGLETYD

TCCACTTGATCCTGGT GT CATTGCATGGT GGCAGAATAT CACCGATAGCCT CTATACCTATGTACCAGACAT GGCTGGGTACCT CGT CAAAGCAGACTCG 900
PLDPGVI AWWAQNI TDSLYTYVPDMAGYIULVKATDS

GAGGGCCAGCCAGGT CCAGATACATATAAT CGCACACT CTCACAAGGGGCGAATCTTT TCGCCCGT GCCCT GCAACCACATGGGGEGTGTGCTTATGTACC - 1000
EGQPGPDTYNRTLSQGANLFARALOQPHG GG GVLMY

GCGCCTTCGT CTACAACGACAACT TGAACGAAT CGGACT GGAAGGCT GATCGT GCCAAGGCAGCAGT GGAATACT TCAAGGACCTGGACGGTCAGTTCTA - 1100
R A FVYNDNLNESDWIKADIRAKAAVEYZFKDILDGA QTFY

CGAGAACGT CGT GGTACAGAT AAAGTACGGCCCAAT CGACT TTCAAGT ACGCGAGCCTACCTCACCCCT TTTCGCCAACCTCTACCAAACCAACACAGCC 1200
ENVVVQIl KYGPI DFQVREPT SPLFANLYQTNTA
peptide 5
ATAGAGT TGGAGGT TAGT CAGGAGT ACCT GBGGBCAGCAAT GTCATTTGGT GTACCTACCT CCGCT CTGGAAGACGGT CCTGGATTTTGACTTACGCGTAG 1300
I ELEVSQEYLGQQCHLVYLlLWPPLWKTUVLUDTFUDTLRYV

peptide 7
ATCACAAGCCT TCGATGGT CCGCGATATCATATCCGGACAGCGCT TCAACAGAACGCT CGEGGEGECTGEECAGCTGT TGT TAATGTGGGCACTAACAGAAC 1400
DHKPSMVRDI I SGQRFNRTLGGWAAVVNVGTNRT
ATGGCTGGGTAGCCACCTTGCTATGI CCAATCTGTACGCT TATGGT CGT TTGGCCT GGAGT CCGACAGACGAT TCTGAACAGATCCTCAAAGACTGGACT 1500
WL GSHLAMSNLYAYGRLAWSUPTWDUDS SEA QI L KDWT
CGCCTCACATTTGGACAAAAT CGGCAAGT CATCGACACTATTGCTGATATGCCCATGACCT CCTGGBCCTGCCTATGAAAACTATACAGGCAACCTGGGCA 1600
RLTFGQQNRQVI DTI ADMPMTSWPAYENYTGNTL G
TACAGACCCTGACAGATAT CTTGTATACT CACTAT GGCCCAAACCCAGCTACACAGGAT AACAAT GBCTGGGGT CAATGGACACGTGCTGATCACAATTC 1700
I Q TLTDI LYTMHYGPNZPATI QDNNGWGO QWTRADMHNS
AGTTGGAATGGACCGAACAATAT CGAAT GGCACT GGGT ATACCGGCCAATAT CCGGAGGAGGT TGCTCGCT TATACGAGT CACTAGAAACTACGCCAGAT - 1800
VGMDRTI S NGTOGYTGQYPETEVARLYESTLETTUPD
GATCTCGTCTTGTGGTTTCACCATGTACCATGGACTCATCGT TTGCATTCCGGGT TGACAGT TATTCAGCATTTCTACAACGCTCACTATGCTGGCTCAG 1900
DLVLWFHHVYVPWTHRLMHSGLTVI QHFYNAHYAGS
AAGCTGCACACGGCTTTATAAGACAATGGGAGT CTTTAAAAGGACT AAT TGAT CGGGAGCGATACGAGGCCATGCGGT CACGCCTTGTCTACCAGGCGGG 2000
E AAHGFI RQWESLIKGLI DRERYEAMRSIRLUVYQAG
ACACTCCATTGTCTGGCGCGATGCTATCAACAATTTCTACTACAACATGACCGGAAT TCCAGAT GT GBCTGGCCGT GTGBGTCATCATCCGTGECGCATT - 2100
HSI VWRDAI NNFYYNMTS GI PDVAGRVYVGHHZPWRI
GAAGCTGAGAGTATGAGAT TGGACGGATACCAGACGT ACACT GTCAGT CCGT TCGAGGCCGCT TCTAACACTACGGCAATTATTACCACCTCTAATTCAA 2200
EAESMRLDGYQTYTVSPFEAASNTTAI I TTSNS
CGACTGGGACAGCAAGAACTACCAT CAAAGCCCCT TCGGGAGTATATGATATAGGGGT GAACTACTACGAT CTCTATGGCGGT CAATCCAAGTGGACATT - 2380
T TGTARTTI KAPSGVYDI GV NYYDLYGGQSIKWT.L
peptide 4 peptide 6
ATCTGT GGGT GACAAGGTAGT GGGT CAAT GGCT TGGGGATATGGAGCAT CAAT CCCTAGGCCATACACCGT CTATATACT TGGACGGTCACTCGGCCACC 2400
S VGDKVVGQWL GDMEHO QSLGHTW®PSI YL DG GHSA AT
CGGATAACGT TTCAT GGGGT CGT CGTCCGBCAGGGT GATCAGCT GAAAAT TGT TGGCGAGGCGAAT GGGGT CGAGCCTGCTCCAGT GGATTATGTAGTGC - 2520
RI1I T FHGVVVRQGDO QLI KI VGEANGVEZPAPVIUDYVYV
peptide 3

TGCTACCGCCAGGGGTGGTTGAC 2523

L L PP GV VD
Fig. 3. Nucleotide sequence of aguA and derived amino acid sequence. The signal peptide (lowercase letters),

putative (boldface roman letters) and confirmed (boldface italics) N-glycosylation sites and the determined amino
acid sequences (underlined) are indicated.
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Putative binding sites for the CreA protein (Kulmburg et al., 1993), involved in carbon
catabolite repression, were found at positions -100, -123, -247 and -440. Only the first site is

present in the upper strand, the others are in the complementary strand.

A tubingensis MRGSNLFQLTLALLLSLVAAEDGYNGW. RYAPVSCDLHCRQ - ALPSHI VLLNSTKGSPI ETAGRELKAGFGSI L 73
T. reesei MVl RSLLLLLLAAI VPVFA- ESG DAW.RYARLPSSATRGHL TSFPDRI WLNASKNGPLASASSELHKG KG L 74
T. naritim MDYRM - - = = s m o mmme e oo COW.EYRGLPADVA- GKLKDWFSSVSI L- - - - - - - - EPGSSVLKDEI RRFS 46
M WARY L L
A tubingensis STNLTFHP- F- - - QCDSSASI LVATLDEYRQKCRDI NLP- ELDPDGFW.QS- - - EGDTVRI LGNNARGAL- YGAY 139
T. reesei GLDLDVSS- RGGKHCSTQKS| VI STLDTYQSACGKL SPKLNLKEDGYW.ST- - - KGGSVQ | GQNERGAL- YGAF 144
T. naritina ERS| Gl TPRFYSRPLKKEKY! MVGRLESLP- - - - - | KLDVNLGEEGFM_RTI EWNGSKI LLVTGETKKALVYG F 116
[ L L G L G AL YG
A. tubingensis EYLAMAQR NFSRVAYTTNPHAPI RWNQADNMD- - - - - - GS| ERGYGGAS| FFKDGTVWEDMAPVEQYARLLA 207
T. reesei QYLSYLGQG DFSGKAFASNPSAPVRWSNOADNL NAATAAHGS! ERGYGGPSI FFENGLI KEDLSRVPLYGRLLA 218
T. naritim DLMKRI RLGEDI EKMNVLAKPKAKFRMLNHWDNLD- - - - - - GTI ERGYAGNS!| FFKDNRI | | N- QRTKDYARLLA 184
PA R NWVDN G | ERGY G SIFF Y RLLA
A tubingensis SI R NAI VWNNVNANAT- - - LLLPENVKGLGRI ADACRPYGVQ G SLNFASPESLGGLETYDPLDPGVI AWAN 279
T. reesei SVGLNG VI NNVNADAN- - - LLNETNLQGLKRI ADLFRPWGVNVG SLNFASPQVLGDLSTFDPLDDSVI KWATD 290
T. naritina SI G NGWI NNVNVKKREVYLI DSI YLKKLKKLADI FREYG Kl YLS! NFASPVYLGGLDTADPLDERVARWARE 259
S N V NNWN L L AD R G SNFASP LGL T DPLD V WV
A. tubingensis | TDSLYTYVPDMAGYLVKADSEGQPGPDTYNRTL SQGANL FARAL QPHGGVL MYRAFVYNDNL NESDWKADRAKA 354
T. reesei KTDRI YQLVPDLAGYLVKANSEGQPGPL TYNRTLAEGANL FAKAVQPHGG VWFRAFVY- DQLNETDVWKADRANA 364
T. naritim KARG YDYI PDFGGFLVKADSEFNPGPHMFGRTHAEGANM. ARAL APFGGVVI WRAFVYNCL QDWRDYKTDRAKA 334
Y PD GLVKASE PGP RT GAN AA P GG  RAFWY D K DRA A
A tubingensis AVEYFKDLDGQFYENVWQ KYGPI DFQVREPTSPLFANL YQTNTA! ELEVSQEYLGQQCHLVYLPPLVKTVLDF 429
T. reesei AVDFFKSLDGQFDDNVLVQ KYGP| DFQVREPASPLFANLPKTAVSI ELEVTQEYLGQQSHLVYLPPLWOTVLGF 439
T. naritina AYDNFKPLDGQFDDNVI | Q KYGPMDFQVREPVNPLFGGVEKTNG LELQI TQEYTGQQ HLCFLGTLWKE! LEF 409
A  FK LDGF N QKYGP FQVREP PLF T E QYGQH L LW LF
A. tubingensis DLRVDHKPSMVRDI | SGQRFNRTL GEWAAVVNVGTNRTW. GSHLAMSNL YAYGRLAWSPTDDSEQ LKDWIRLTF 504
T. reesei DVRYNNRQSYVRDI | SGEVFGHKL GGYAGVI NVGVDDTW. GSHL AMSNIVFAYGRLAWNPRADSRDI VEEWTRLTF 514
T. naritim DTFAKGEGSYVKRI VDGTL FDRENNGFAGVSNVGDSVNWI GHDL AQANL YAFGRLAWKNPDEE! ERI VEEW KLTF 484
D SV I GF GAVNG WG LA N A GRLAWP I W LTF
A tubingensis GQONRQVI DTI ADMPMTSWPAYENYTGNLG QTLTDI LYTHYGPNPAT QDNNGAWGOWTRADHNSVGVDRTI SNGTG 579
T. reesei GLDRDWSTI ADVBLKSWPAYEGYSGNLG QTLTDI LYTHYGANPASQDNNGWEQOWTRADSKTI GVMDRTVSNGTG 589
T. naritina GDDEKVLENVSYM_NMKSHRTYEKYTTPFGL GWWNPGH HYGPNPEGYEYSKWETYHRANVEA! GVDRT- SRGTG 557
G V M S YEY G HYG NP WG RA G DRT S GIG
A tubingensis YTGQYPEEVARLYESLETTPDDLVLWEHHVPWIHRLHSGLTVI QHEYNAHYAGSEAAHGFI ROWESLKGLI DRER 654
T. reesei NAGQYPKEVAARFEHT QT TPDDL M_WFHHVPYTFRLHSGKSVI QHFYDAHYTGAATVQRFPAAVKSLKSKI DTER 664
T. naritim YTLQYHSPWKE! YDDI NTCPEDL LL FFHRVRYDHRLKSGKTL L QTMYDLHFEGVEEVEEFI KKWEELKDRVSPDI 628
Qv TPDLLFHY R.SG Q Y H G F W LK
A tubingensis YEAVRSRLVYQAGHS! VWRDAI NNFYYNMIGI PDVAGRVGHHPWRI EAESMRLDGYQTYTVSPFEAASNTTAI | T 729
T. reesei YNAVL YKL QYQTGHSLVWVRDAI TEFYRNLSS! PDQLNRVRNHPHRI EAEDVDL SGFTVWNVSPTECASKYKAI AT 739
T. naritima FERVKERL HVIQL EHAKEWRDVI NTYFYRRTGI PDEKGRKI YP 671
L Q H WDI IPD R
A tubingensis TSNSTTGTARTTI KAPSGVYDI GVNYYDLYGGQSKWIL SVGDKVVGQW.GDVEHQSLGHTPS! YLDGHSATRI TF 804
T. reesei NG - - TGTATTRLNVPSGKYTVAVNYYDVI NGTASYDVL LNGKSL GKWKGDSETH- LGHDFSTFLDCHSAI RI TF 810
A tubingensis HGWVRQGDQLKI VGEANGVEPAPVDYWLLPPGWD 841
T. reesei EGVRI SRGDKLTI RGTGNAQEQAAI DYVSI LPQGWWD 847

Fig. 4. Alignment of the amino acid sequences of a-glucuronidase from A. tubingensis, T. reesei, and T. maritima.

Identical amino acids are depicted below the amino acid sequences.

Alignment of the amino acid sequences of AguA and two other a-glucuronidases

The deduced amino acid sequence of AguA from A. tubingensis was aigned with the deduced

amino acid sequences of AguA from T. maritima (Ruile et a., 1997) and Glrl from T. reesel
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(Margolles-Clark et a., 1996) as shown in Fig. 4. AQUA was 59.3% identica to Glrl from T.
reesal and 39.3% identical to AguA from T. maritima. No clear highly identical boxes could be
identified, athough the level of identity is highest in the middle region of the enzymes.

TheaguA geneisinduced by xylan and xylose, but not by glucuronic acid

The induction of aguA was studied by a transfer experiment. Transformant NW241::pIM3212.8
was grown for 16 hin CM (3% fructose). The mycelium was harvested, washed with MM, and
transferred to MM with different carbon sources. After 6 h, the mycelium was harvested and
stored at -70°C. A Northern analysis was performed using RNA isolated from the mycelium
samples. Induction of aguA was observed on xylose, arabinose, xylobiose, and birchwood xylan
alone but not on glucose, fructose, glyceral, or glucuronic acid (Fig 5). The presence of glucose
completely inhibited the expression on birchwood xylan, but only reduced the expression on
xylose. Addition of glucuronic acid to the monomeric carbon sources did not result in an

increase in the expression of aguA.

| BRI I T P A 10111213 14151617 18

'* aguA

Fig 5. Northern analysis of the induction of aguA on different carbon sources. The top panel was probed with the
internal 2-kb Sall fragment of aguA, and the bottom panel was probed with a 700-bp EcoRI fragment from the A.
niger 18S ribosomal DNA and served as aloading control. Lane 1, mycelium from the pre-culture on fructose; other
lanes: mycelium transferred to the following carbon sources. lane 2, 1% glucose; lane 3, 1% fructose; lane 4, 1%
xylose; lane 5, 1% arabinose; lane 6, 1% glyceral; lane 7, 1% glucuronic acid; lane 8, 0.2% xylobiose; lane 9, 0.5%
birchwood xylan; lane 10, 1% xylose-0.2% glucose; lane 11, 1% xylose-1% glucose; lane 12, 1% xylose-2%
glucose; lane 13, 0.5% birchwood xylan-1% glucose; lane 14, 1%glucose-1% glucuronic acid; lane 15; 1%fructose-
1% glucuronic acid; lane 16, 1% xylose-1% glucuronic acid; lane 17, 1% arabinose-1%glucuronic acid; lane 18, 1%

glycerol-1% glucuronic acid.

The presence of endoxylanase or 3-xylosidase enhances the activity of a-glucuronidase on
xylan

The purified native o-glucuronidase was able to liberate minor amounts of 4-O-
methylglucuronic acid from birchwood xylan and wheat bran (data not shown) but had a much

higher activity on xylan derived oligomers. The influence of endoxylanase and 3-xylosidase on
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o-glucuronidase  activity was studied by incubating combinations of these enzymes with
birchwood xylan as described in Materids and Methods. Addition of xylanase A, xylanase
complex, and B-xylosidase increased the amount of 4-O-methylglucuronic acid liberated (Table
2). The amount of small oligomers (xylobiose and xylotriose) is larger when a combination of a-
glucuronidase and endo-xylanase is used than when endoxylanase is used alone, indicating a
positive effect of a-glucuronidase on the activity of endoxylanase on xylan. The most efficient
degradation of birchwood xylan was achieved when a combination of o-glucuronidase,

endoxylanase, and [3-xyl osidase was used.

Table 2. Synergistic effects of a-glucuronidase, endo-xylanase and -xylosidase activity on release of 4-O-

methylglucuronic acid, xylose and xylooligomers from birchwood xylan.

Amt released (ug/ml)?
4-O-Methyl- Xylose Xylobiose  Xylotriose

Enzyme(s) used in reaction mixtures glucuronic acid
None (control) 63 0 0 0
a-Glucuronidase 62 0 0 0
Xylanase complex 127 1260 440 129
Xylanase A 95 1300 <50 <50
B-Xylosidase 63 270 0 0
a-Glucuronidase plus:

Xylanase complex 379 1210 680 210

Xylanase A 206 1360 60 70

[B-Xylosidase 187 1060 <50 <50
Xylanase A + 3-xylosidase 107 1320 <50 <50
Xylanase complex + [3-xylosidase 146 1410 <50 <50
a-Glucuronidase + xylanase A + 398 1500 <50 <50

B-xylosidase

& The amount of 4-O-methylglucuronic acid was determined by the colorimetric method. The amounts of the

other compounds were determined by HPLC analysis.

Discussion

Purification of the a-glucuronidase required a complex procedure. The ammonium sulphate
precipitation applied as the first step did not give much purification with respect to the increase
in specific activity but was important because it removed much of the coloured contaminants

(possibly phenolic compounds), which would otherwise have interfered with later column
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chromatography steps. Gel filtration always gave alarge loss in activity but could not be omitted
in the procedure. The most essentia step was the Poros 10 HQ column, which had a high
selectivity for the a-glucuronidase. However, the separation capacity of Poros 10 HQ was poor
compared to that of Mono Q, and it was not possible to eliminate the Mono Q column.

The molecular mass determined by SDS-PAGE after trestment with N-glycosidase F was still
dlightly higher than the cal culated molecular mass from the amino acid sequence, dueto either O
glycosylation or running effects in the SDS-PAGE gel. Since the difference in molecular massis
small, the amount of O glycosylation, if any, will be small. The large difference in molecular
masses observed between the mature and the deglycosylated enzyme (107 and 95 kDa,
respectively, for the native enzyme) suggests that most of the 14 putative N-glycosylation sites
are actualy involved in glycosylation. The difference in molecular masses for the native and the
recombinant enzyme is probably due to differencesin the degree of glycosylation.

The molecular mass is similar to those of some other funga a-glucuronidases (Ishihara et a.,
1990; Siika-aho et al., 1994), but is lower than those of the Agaricus bisporus a-glucuronidase
(Puls et a., 1987), which has a molecular mass of 160,000 Da as determined by SDS-PAGE,
and the two interna a-glucuronidases from A. niger (Uchidaet a., 1992), which have molecular
masses of 130 and 150 kDa, respectively. The pl of AguA is similar to the pl of the A. niger a-
glucuronidases.

The amino acid sequence of AguA had a high level of identity to the amino acid sequences of
the a-glucuronidases from T. reesal and T. maritima (Margolles-Clark et a., 1996; Ruile et d.,
1997) as shown in Fig. 4. The homology was present throughout the sequence until the end of
the T. maritima amino acid sequence. The additional amino acid sequence from the two fungal
o-glucuronidases (starting at the end of the T. maritima sequence) also showed a high level of
identity, indicating that this region might be specific for fungal a-glucuronidases. Screening of
the databases did not detect any other enzymes which had a significant level of identity with the
a-glucuronidase from A. tubingensis.

The aguA gene was induced on xylose, xylobiose, and xylan, which resembles the induction of
xInA, encoding an A. tubingensis endoxylanase (de Graaff et al., 1994) and xInD from A. niger,
encoding a 3-xylosidase (van Peij et a., 1997). These data suggest that aguA is regulated by a
xylan- or xylose-specific system, which induces genes coding for xylan-degrading enzymes in
the presence of xylose or xylan. The low level of expression on arabinose has aso been observed

for other xylanolytic genes (unpublished data). Since a minor amount of xylose is present in the
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arabinose purchased from Sigma, this could explain the low level of expression, rather than a
possible inducing effect of L-arabinose itself. Glucose repressed the expression of aguA
completely in the presence of xylan but only partly in the presence of xylose. The presence of
four putative CreA binding sitesin the region directly upstream from the structural part of aguA
suggests that glucose repression occurs through this regulator protein. The reason for the leaky
repression in the presence of xylose is not clear and requires further study.

The hydrolysis of birchwood xylan by xylanases was enhanced in the presence of a-
glucuronidase, but complete hydrolysis to xylose was not observed. Although the enzymes tested
in this study clearly have a synergistic effect, other enzymes are needed as well to completely
degrade xylan. A synergistic effect of the addition of (endo)xylanase to an a-glucuronidase
incubation mixture was found. The activity of a-glucuronidases on polymeric substrates is very
low compared to the activity on small-oligomeric substrates, indicating that the presence of a
xylanase is essentia for efficient a-glucuronidase activity in vivo. Siika-aho et a (1994) found
that a-glucuronidase seemed to act exclusively on bonds between the terminal xylose at the non
reducing end and 4-O-methylglucuronic acid attached to it. From this data, a synergistic effect of
the addition of 3-xylosidase to an incubation with a-glucuronidase (and xylanase) was expected,
which was confirmed by the experiments described in this paper. Although the xylanase
complex aready contains 3-xylosidase, addition of this enzyme resulted in an increase in the
amount of liberated 4-O-methylglucuronic acid and a further degradation of xylobiose and
xylotriose to xylose.

In thisinvestigation, we have studied the hydrolysis of only hardwood xylan. A comparison with
softwood xylan or deacetylated xylan could elucidate whether the acetylation present in
hardwood is of any influence on the hydrolysis by a-glucuronidase. Hardwood xylan is a linear
xylan, while wheat bran xylan is highly branched. The influence of branching requires further
investigation in relation to the activity of a-glucuronidase on wheat bran xylan and applications

thereof.
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Abstract

A gene encoding a third a-galactosidase (AgIB) from Aspergillus niger has been cloned
and sequenced. The gene consists of an open reading frame of 1750 bp containing six
introns. The gene encodes a protein of 443 amino acids, which contains an eukaryotic
signal sequence of 16 amino acids and seven putative N-glycosylation sites. The mature
protein has a calculated molecular mass of 48835 Da and a predicted pl of 4.6. An
alignment of the AgIB amino acid sequence with those of other a-galactosidases revealed
that it belongs to a subfamily of a-galactosidases that also includes A. niger AglA. A.
niger AgIC belongs to a different subfamily that consists mainly of prokaryotic a-
galactosidases. The expression of aglA, aglB, aglC and lacA, the latter of which encodes
an A. niger B-galactosidase, has been studied by using a number of monomeric,
oligomeric and polymeric compounds as growth substrates. Expression of aglA is only
detected on galactose and galactose-containing oligomers and polymers. The aglB geneis
expressed on all of the carbon sourcestested, including glucose. Elevated expression was
observed on xylan, which could be assigned to regulation via XInR, the xylanolytic
transcriptional activator. Expression of aglC was only observed on glucose, fructose, and
combinations of glucose with xylose and galactose. High expression of lacA was detected
on arabinose, xylose, xylan, and pectin. Similar to aglB, the expression on xylose and
xylan can be assigned to regulation via XInR. All four genes have distinct expression

patterns, which seem to mirror the natural substrates of the encoded proteins.

I ntroduction

o-Galactosidases (EC 3.2.1.22) and (3-galactosidases (EC 3.2.1.23) are enzymes, which are
commonly found in nature and which are able to release a- or (-linked D-galactose from a
wide range of compounds. Several fungal a-galactosidases have been purified, in particular
from Aspergillus sp., and these enzymes have different physicochemical and kinetic properties
(Adya and Elbein, 1977; den Herder et a., 1992; Manzanares et al., 1998; Neustroev et a.,
1991; Ri6s et a., 1993; Somiari and Balogh, 1995). These enzymes can be divided into
different classes based on their characteristics. Some of these a-galactosidases have molecular
masses of 70 to 95 kDa (den Herder et a, 1992; Neustroev et a, 1991; Somiari and Balogh,
1995), whereas others are in the range of 45 to 56 kDa (Adya and Elbein, 1977; Civas et d.,
1984; Manzanares et a., 1998). The pl of Aspergillus a-galactosidases is between 4.5 and
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5.0, and all of the enzymes have activity against galactose containing oligosaccharides such as
raffinose. Induction of a-galactosidases has been observed on arabinoxylan (Manzanares et
al., 1998), galactose (Riés et al., 1993), galactomannan (den Herder et al., 1992), and wheat
and rice bran (Somiari and Balogh, 1995). Up to now two a-galactosidase encoding genes
have been cloned from Aspergillus niger. Den Herder et a. (1992) purified an a-
galactosidase, which was expressed on galactomannan and cloned the corresponding gene
(aglA). A second gene encoding an a-galactosidase from A. niger with activity against
galactose containing oligosaccharides has been described more recently (Knap et al., 1994).
We have designated this gene aglC. An extracellular 3-galactosidase has also been purified
from A. niger, and the corresponding gene (lacA) has been cloned (Kumar et al., 1992). There
are no indications of other genes encoding additional extracellular -galactosidases in A.
niger. One paper reported the purification of three forms of A. niger [3-galactosidase (Widmer
and Leuba, 1979), but these are most likely different glycoforms of the same enzyme. A. niger
[-galactosidase is induced during growth on polygalacturonic acid (McKay, 1991) and
arabinoxylan (Manzanares et al., 1998).

Galactose is present in different oligosaccharides (e.g., raffinose, stachyose, and melibiose)
and polysaccharides (galactomannan, pectin, and xylan) from plants. In pectin, galactose is
mainly present as branched sidechains (O'Neill et a., 1990), whereas in arabinoxylan, single
galactose residues are attached to xylose or arabinose (Ebringerova et a., 1990; Wilkie and
Woo, 1977).

A. niger has a very efficient extracellular enzyme spectrum specialised in degrading plant-
derived oligo- and polysaccharides, including those hydrolysing a- and 3-linked galactosides.
Some of these enzymes have a high substrate specificity, resulting in the production of a
number of enzymes with similar functions. a-Galactosidases from Aspergillus have been
shown to catalyse the hydrolysis of a-1,6-linked galactose residues from oligomeric (e.g.,
melibiose, raffinose, and stachyose) and polymeric (e.g., galactomannan) compounds
(Manzanares et al., 1998; Rios et a., 1993). The potential of A. niger to produce severd a-
galactosidases could indicate that these enzymes are active on different substrates and might
therefore have different expression patterns.

B-Galactosidase (lactase) is able to cleave [-linked galactose residues from various
compounds and is commonly used to cleave lactose into galactose and glucose (Wigley,

1996). The role of this enzyme of A. niger in nature is more likely in removing (-linked
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galactose residues from plant-derived oligo- and polysaccharides than in the hydrolysis of
lactose.

Here we describe the cloning and characterisation of the aglB gene encoding a third a-
galactosidase from A. niger, which was previously purified in our laboratory (Manzanares et
al., 1998). Also, we studied the expression patterns of the three a- and the (3-galactosidase

genes from A. niger in detail.

Materials and methods

Strainslibrariesand plasmids

All strains were derived from wild type A. niger N400 (=CBS 120.49). N402 has short conidiophores
(cspAl). CreA mutant strain NW200 (biocAl, cspAl, creAdd, pyrAl3::pGW635, areAl::pAREG])
was selected in an areAl background (Ruijter et al., 1997) and subsequently cotransformed with
PAREGL (containing the A. niger areA gene; MacCabe et a., 1998) and pGW635 (containing the
pyrA selection marker) to restore the areA wild type. The prtF mutation present in strain NW156
(leuAl, pyrA6, prtF28) was previously described (van den Hombergh et a., 1995) as was A. niger
NXA1-4 [argB13, cspAl, nicAl, pyrA6, UAS(XINA)-pyrA, xInR1], which has a defect in the
xylanolytic transcriptional activator gene xInR (van Peij et al., 1998a). Escherichia coli DH5aF was
used for routine plasmid propagation. E. coli LE392 was used as a host for phage AEMBLS3.
pBluescript (Short et al., 1988) and pGEM-T (Promega) were used for subcloning. The genomic and
cDNA libraries of A. niger have previously been described (Gielkens et a., 1997; Harmsen et al.,
1990).

Media and culture conditions

Minima medium (MM) contained (per litre): 6.0 g of NaNOs, 1.5 g of KH,PO,, 0.5 g of KCI, 0.5 g of
MgSQO,, trace elements (Vishniac & Santer, 1957), and 1% (mass/val) glucose as a carbon source unless
otherwise indicated . For complete medium (CM) MM was supplemented with 0.2% (mass/vol)
tryptone, 0.1% (mass/vol) yeast extract, 0.1% (mass/vol) casamino acids, and 0.05% (mass/vol) yeast
RNAs. Liquid cultures were inoculated with 10° spores/ml and incubated at 30°C in an orbital shaker at
250 rpm. Agar was added at 1.5% (mass/vol) for solid medium. For the growth of strains with
auxotrophic mutations, the necessary supplements were added to the medium.

In transfer experiments, strains were pregrown in CM containing 2% (mass/vol) fructose as a carbon
source. After 16 h mycelium was harvested and washed with MM without carbon source, and aliquots of
1 g (wet weight) were transferred to 50 ml of MM containing carbon sources as indicated in Results.
After 4 h (unless stated otherwise) of incubation in arotary shaker at 250 rpm and 30°C, mycelium was
harvested, frozen in liquid nitrogen, and stored at -70°C.

Chemicals

D-Xylose, D-glucose, D-fructose, D-galactose, D-mannose and lactose were obtained from Merck
(Darmstadt, Germany). D-Glucuronic and D-galacturonic acid were from Fluka (Buchs, Switzerland).
Melibiose, raffinose, stachyose, L-arabinose, gum arabic, gum karaya, locust bean gum, methyl-
umbelliferyl-a-D-galactoside and beechwood xylan were from Sigma (St. Louis, Mo.). Potato pectic
galactan was from Megazyme International (Bray, Ireland).
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PCR cloning of specific fragmentsof lacA, aglA, agIB, and aglC

Based on the nucleotide sequences of lacA, aglA, and aglC, specific oligonucleotides were designed
(5-GGTCTCTCTGAGGCAGGC-3 and 5-TAGTATGCACCCTTCCGC-3' for lacA, 5'-
ACGGCTCTATCGAGCAGCCC-3 and 5'-CTCCCCGTATATCGGGACCC-3 for aglA, and 5'-
ATGATCGGTCTTCCCATGCTG-3 and 5-TCGTCCATGACAAAGAGGTGG-3 for aglC) and
used in PCRs under the following conditions: melting at 95°C, annealing at 50°C, and elongation at
72°C. Chromosomal DNA of A. niger N402 was used as the template. This resulted in specific DNA
fragments of 373, 593, and 1276 bp for lacA, aglA, and agIC, respectively. For the isolation of a
specific fragment of aglB, one oligonucleotide was designed based on the N-terminal amino acid
sequence of AgIB (23) and one was based on a highly conserved region in a number of a-
galactosidases (5'-GGNTGGAAYTCNTGGAAYGC-3' and 5-CATNCCNCCRTTNCCNACYTC-
3, with Y and R representing C/T and A/G, respectively). PCRs at 42°C using these two
oligonuclectides and total cDNA from the A. niger cDNA library resulted in a fragment of 762
nucleotides. All three fragments were cloned in the PGEM-T vector system (Promega). Sequence
analysis was performed as described below.

I solation, cloning and char acterisation of the aglB gene

Plague hybridisation using nylon replicas was performed as described by Benton & Davis (1977).
Hybridizations were performed overnight at 65°C using the aglB PCR fragment as a probe. Filters were
washed in 0.2x SSC (1x SSCis0.15 M NaCl plus 0.015 M Nas-citrate, pH 7.6)-0.5% (mass/vol) sodium
dodecyl sulphate (SDS). Positive plagues, identified on duplicate replicas after autoradiography, were
recovered from the origina plates and purified by rescreening at low plague density. Standard methods
were used for other DNA manipulations, such as Southern and Northern analyses, subcloning, DNA
digestions, and lambda phage and plasmid DNA isolations (Sambrook et al., 1989). Chromosomal DNA
was isolated as previoudy described (de Graaff et al., 1988). Sequence analysis was performed on both
strands of DNA by using either the Cy5 AutoCycle Sequencing kit or the Cy5 Thermo Sequenase Dye
Terminator Kit (Pharmacia Biotech, Uppsala, Sweden). The reactions were analysed with an ALFred
DNA Sequencer (Pharmacia Biotech). Nucleotide sequences were analysed with computer programs
based on Devereux et al. (1984). Aspergillus cotransformations were performed as described by Kusters-
van Someren et al. (1991) by using the pyrA gene as a selection marker.

Northern analysis

Total RNA was isolated from powdered mycelium using TRIzol Reagent (Life Technologies) in
accordance with the supplier’s instructions. For Northern analysis, 5 g of total RNA was incubated
with 3.3 ul 6 M glyoxal-10 pl dimethyl sulfoxide-2 ul 0.1 M phosphate buffer (pH 7) in a total
volume of 20 pl for 1 h at 50°C to denature the RNA. The RNA samples were separated on a 1.5%
agarose gel using 0.01 M phosphate buffer (pH 5) and transferred to Hybond-N filters (Amersham) by
capillary blotting. Filters were hybridised at 42°C in a solution of 50% (vol/vol) formamide, 10%
(mass/val) dextran sulfate, 0.9 M NaCl, 90 mM Nag-citrate, 0.2% (mass/vol) ficoll, 0.2% (mass/vol)
polyvinylpyrrolidone, 0.2% (mass/vol) bovine serum albumin, 0.1% (mass/vol) SDS, and 100 pg of
single stranded herring sperm DNA per ml. Washing was performed under homol ogous conditions in
30 mM NaCl-3 mM Nas-citrate-0.5% (mass/vol) SDS at 68°C. A 0.7-kb EcoRI fragment of the 18S
rRNA subunit (Melchers et al., 1994) was used as a probe for RNA loading control.
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Sequence alignments
Amino acid sequence alignments were performed by using the Blast programs (Altschul et al., 1990)
at the server of the National Centre for Biotechnology Information (Bethesda, Md.).

Nucleotide sequence accession number. The EMBL accession number for aglB from A. niger is
Y 18586.

tctagttaccaaat gattgtggtaattgtct ctcaaccccgcagttccacgt aagtt cagt caaacat caccact acagccaat at aact t gcat caacct gcagcaacgctattcccga -271
t gcaacacggaacat caagt ccgct aacgt gcaat t gacagt gccacat caat at cct gccat gect gcat tt ct ccct aat agect agt t cggat agacccaagt cccggeact att gg —151
cctcgcctgcagatcttacccggacctgcaggtgtattattgctggttccccEcacgagcagctcagctatataggtcatgttctcctcactcttttcgttcaccgtcactgctcatctg -31

tctaaatatccattgaaagcacttgagaaaagATG:G;TGXWUCACCTCGTCCG:AGGTA@G:CGICG:AG:CCTG;‘ITCGACCCGATGIGTGWatgttgcctgcattcct 89
wil I t s s al | v p aaal V RZPDG intron 1

ccaaatt caat ctct cgact aacaagaagat cgttgattgt agGGCCTCACTCCTGCCCTI’GGCTGGAACTCTFGGAACGCATACAGCTGCGACATFGATGCCGACAAAATCGTGACTGC 209
L TPALGWNSWNAYSCDI DADJEKI VTA

CG:CAACGAG;TG;TCAATCT(}}I;'ITGAAGEACCTGIEATATGAGTATATCAACAQI atgccttctctctttcacaacaat caaaccacattgct aatt ggaat agTCGACGACTGCTG 329
A NEVVNLGLI KDLGY E Y intron 2 D DCW

GT CCGT CAAAT CCGGECCGCAACACCACCACCAAACGCAT CATCCCCGACCCAGACAAAT TCCCCAATGGECAT CTCCGGECGT CGCAGACCAGGT GCACGCTTTGGGATTGAAGCTGGGAAT - 449
S VKSGRNTTTIKRI I PDPDIKFPNGI SGVADO QQVHALGLIKILGI

CTACAGCAgt cagt acctaccccaacat cccccacccect aagcaat cagcacact aaccaaagt aat at gaagG:G:CGBCCTCACCACCTmTACCCCG:CAGTCTAGGCTAC 569
Y intron 3 A GLTTU CAGYUPASTLGY

GAAGAAATCGACGOGCAATCCT TTGCCGAATGGEGGGATTGACTg at gect cccacaagt ccccaat accct ct aacccaagcegt gct aacgaaagt at agACCTAAAATACGACAACTG 689
E EI DAQSFAEMWGI D intron 4 L K'Y DNTC

CGGCGT CCCCACCAACCT CACAGACCAATACACCT ACT GCGT CCCCGACAGCACCGACGGCT CCAACT ACCCCAACGGCACCT GCGT GAACCT CACGGACGCCGCACCCCAGGEGGTACGA 809
GVPTNLTDOQYTYCVPDSTDGSNYPNGTT CVNLTDAAPAOQGYD

CTGGGCCACCT CCACCACGGCGAAGCGGT ACCAGCGCAT GCGCGAT GCCCT GCTCAGT GT GAACAGGACGATCCT GTACT CGCTAT GT GACT GGGGCCAGGCGGATGT TAATGCCTGGEEG 929
WATSTTAKRYQRMRDALILSVNRTI LY SLCDWGOQADVNAWRG

AAATGCAACAGGAAATAGTI’GGCGCATGTCAGG(I;ATATCACGth atgctccctat gtccccttcaaccacaaagat cccat gaaaaaaagt at ct t gaggat gat act aat aaaaagt 1049
N ATGNSWRMS GD intron 5

acat caat ac ag CAACCT GGT CCCGCAT CGCCGAAAT CGCCAACGAAAACAGCT TCCTCATGAACTACGCCAACT TCT GGGGCT ATCCGGACCCAGACAT GCTGGAAGT GGGCAATGGGA 1169
TWSRI AEI ANENSFLMNYANFWGYUPDPDMLEVGNG

ATCTGACACT TCCCGAGAATAGAGCGCA GCCCTITGGGCGATGATGAAGGCGCC@TGMTMTGXBACGCCTgt atgtcctcttcccttatccctcccccaccttataactattc 1289
NLTLPENRAHFALWAMMKAPLI I GT intron 6

cccectttcect gt caat gacgacgt get aat at ct aat ggggggat gt ag'I'I'GGA'I‘I'CAATCGATACCTCCCACCTCACTATCCTCTCCAACAAACCCCTGCTCACCTI’CCACCAAGACG 1409
DSI DTSHLTI L SNIKPLLTTFHAOQD

CTGT GATCGGT CGTCCTGCGTACCCGT ATAAAT GGGGATATAAT CCCGAT TGGACGT TTGAT CCGGAGCAT CCGBCGGAGT AT TGGT CTGEECCGACT TCTTCTGGGGAGGTGT TTGIGTT 1529
A VI GRPAYPYKWGYNPDWTVFDZPEHPAEYWSGPTSSGEVFV

TGATGT TGAAT TCGGAGGGGEGAGGT CAAGACT CGCTCGGCGGT TTGGGAGGAGGT GCCT GAGT TGAAGGACAGAGGT ACGAAGAAGAAT TCGAAGGAGAAGAAGGGGT TTAAGGTGACGG 1649
L ML NSEGEVIKTRSAVWETEVPELIKDRGTI KT KNSIKTEZKIKGTFIKWVT

ATGCGT GGACGGGECAAGGACCT GGGGT GT GT CAAGGATAAGT ATGAGGT TAAGT TGCAGGCGCAT GATGT CGCGGT TTTGGT GGT GGGAGGECAATGT TAGgaaaaagact ttttctctt 1769
DAWTGKDLGCVKDIKYEVI KL QAHDVAVLVVGSGAOQTC -

Fig. 1. Nucleotide and derived amino acid sequences of aglB. The introns (lowercase |etters), putative regulatory
sequences (boldface and underlined), signa peptide (lowercase letters) and the putative N-glycosylation sites
(boldface capital |etters) are indicated.

Results

Cloning and sequence analysis of agIB from A. niger

Based on the N-terminal amino acid sequence (LVRPDGVGLTPALGWNSWNAY) of AglB
(Manzanares et al., 1998) and a highly conserved region present in a number of a-
galactosidases, two degenerate oligonucleotides were designed and a specific fragment of
aglB cDNA was isolated as described in Materials and Methods.

A genomic library of A. niger N40O was screened by using this fragment as a probe, and four
hybridising phage A clones were isolated and purified. From one of these phage clones, a 6-kb

Sstl fragment containing the aglB gene and flanking regions was cloned in pBluescript SK*
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(pIM3214). Subclones were made from this construct, and sequence analysis was performed,
resulting in the genomic sequence of aglB and its flanking regions (Fig. 1). A specific
oligonucleotide was designed for the region containing the start of the coding sequence of the
gene (5-ATGCGGTGGCTTCTCAC-3'), and another was designed for the region containing
the putative stop (5'-CTAACATTGCCCTCCCAC-3'), based on homology with other a-
galactosidases. PCRs at 50°C using these oligonucleotides and total cDNA from the A. niger
cDNA library resulted in a fragment of 1332 bp. A comparison of the sequence of this
fragment with the genomic sequence identified six introns (Fig. 1).

Analysis of the derived amino acid sequence indicated that the aglB gene encodes a protein of
443 amino acids containing a putative eukaryotic signal sequence of 16 amino acids. This
signal sequence was confirmed by the N-terminal amino acid sequence of the mature protein
(23). The mature protein has a calculated pl of 4.6 and a calculated molecular mass of 48,835
Da. In the amino acid sequence of the mature protein, seven putative N-glycosylation sites
could be identified.

Sequence analysis of the promoter region of aglB revedled several sequences possibly
involved in transcription and regulation. A CCAAT box was identified at position -308 from
the ATG and a TATA box was found at position -78. Putative binding sites for the CreA
regulatory protein that mediates carbon catabolite repression (19) were identified at positions -
98 and -350.

Overexpression of aglB

A. nigr NW156 was transformed with plasmid pIM3214 to generate multicopy
transformants. A total of 20 transformants were selected and inoculated on MM plates
containing 1% (mass/vol) xylose and methylumbelliferyl-a-D-galactoside. Five transformants
were identified which showed increased a-galactosidase activity, and these were purified.
These transformants and wild-type N402 were grown overnight on CM containing 1%
(mass/vol) fructose and transferred to MM containing 1% (mass/vol) xylose. After 4 h,
mycelium was harvested and RNA and chromosoma DNA were isolated. Southern and
Northern analyses were performed, and autoradiographs were scanned by using an LKB
Ultroscan XL laser densitometer and subsequently normalised for the loading control (18S
expression) to determine copynumbers, and expression levels. The estimated copynumbers of
the transformants ranged from 3 to 40 (Table 1), and expression levels were between 2.5 and

40 times wild type expression.
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Table 1. Copynumber and expression levels of A. niger aglB multicopy transformants.

strain Copy-number Relative expression level
Wild type 1 1
NW156::pIM3214.16 40 38
NW156::pIM3214.20 15 20
NW156::pIM3214.21 3 25
NW156::pIM3214.23 32 39
NW156::pIM3214.30 5 7

Comparison of the amino acid sequence of AgIB to other a-galactosidases

The deduced amino acid sequence of AgIB was compared to the amino acid sequences of
other a-galactosidases. AglB showed the highest overall similarity to an a-galactosidase from
Penicillium purpurogenum and Agll from Trichoderma reesei (62 and 54% amino acid
sequence identity, respectively). Two regions, in particular, were highly similar to those of a
number of other a-galactosidases from various organisms, including A. niger AglA, but not to
A. niger AgIC (Fig. 2). The highest similarity isfound in aregion of approximately 120 amino
acids starting just C terminal of the signal peptide of AgIB. High sequence similarity between
the enzymes is also observed in a region of approximately 70 amino acids which starts at
residue 233. As already stated, AglIC had no significant similarity to A. niger AglA and AgIB
but was found to be related to T. reesael Agl2 (64% amino acid sequence identity) and to a

number of bacterial a-galactosidases (Fig. 3).

Differential expression of A. niger galactosidases

The expression of aglA, aglB, aglC and lacA was studied by carrying out transfer
experiments. A. niger N402 was grown for 16 h in CM containing 2% (mass/vol) fructose.
The mycelium was harvested and washed with MM without a carbon source, and aliquots
were transferred to MM with different carbon sources and incubated for 4 h as described in
Materials and Methods. A Northern analysis was performed using RNA isolated from the
mycelium samples and using the PCR fragments of aglA, aglB, aglC, and lacA and a fragment
of the 18SrRNA gene (Melchers et al, 1994) as probes (Fig. 4).
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Fig. 2. Alignment of the amino acid sequences of a-galactosidases from A. niger (AgIB and AglA; de Herder et
a., 1992), P. purpurogenum (Shibuya et a.), T. reesei (Agll; Margolles-Clark et al., 1996), Coffea arabica (Zhu
& Goldstein, 1994), Cyamopsis tetragonoloba (Overbeeke et al., 1989), Phaseolus vulgaris (Davis et a., 1997),
Mortierella vinacea (Shibuya et al., 1995), Saccharomyces cerevisiae (Turakainen et al, 1991), S. paradoxus
(Naumova et a., 1996), and Zygosaccharomyces cidri (Turakainen et al., 1994). In the consensus sequence,
amino acids are depicted which are conserved in at least 7 of the 11 a-gaactosidases. Amino acids, which are
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STAGTATCA- GYPASL GYEI ADWGVDYL YDNCN\/PSD\/SDEYVACAPDAVQT G PNGTCSTALEPNLAPPGY
SDAGT QT CSKTMPGSL GHEE TFASWGVDYL
SDA( CSKRMPGSL GHEE! TFASWGVDYL
SDAGT QT CSKTMPGSL GHEE TFASWG DYL
SSAGTLTCG GHI ASLGYEEI T

- GYPGSL GHEEEDAEFFAS M

S AG TC GYPGSLG EE DA TFASWG DYLKYDNC N

DWATSTTAKRY! LSVN- - RTI LYSL WGNATGNSVIRVSGDI TATWSRI AEI A- - NENSFLIMNYAN
DWSTSNTTKRENI MRDAL VAW( 1 LYSL ADVPSWENGTGNSVIRVT GDI NATWDRI TAI A- - NMNAHEL SSVD
DWSTSKSAERFNAVRNAL - - | VLSLCl WGVADVFSWENETAE SWRVBCGDI SPEWGSVTHI | - - NMNSFKIMNSVG
--Ke---- ERYPI MSKAL - - LNSGRSI FESL CEWGEEDPATWAKEVGNSWRTTGDI DDSWSSMT SRADMNDK- - - - - WAS
--Ke---- ERYPPMGKAL - - LSSGRPI FFSMCEWGVEI WAKSI GNSVRTTGDI EDNVIWSMT'SI ADSNDK- - - - - WAS
--Kee--- ERYPPNMVSBKAL - - ANSGRPI FFSL CEWGSEDPATWAKSVGNSWRTTGDI EDKWESM SRADL NDE- - - - - WAS
-- TAKLSYDRYNVNB%II:- - NKTGRPI LYSLCNWCGEDGPVWNFASTI GNSWRL SGDI YDNFNRPDPACPC- - ETYDCLLPG
- - APETSYKRYKAMSDAL - - NKTGRPI FYSL THYWGSDI ANSWRVSGDI YPOFTRPDSRCP! DCAYAG
- - TPESSHKRYKAMSDAL - - NKTGRPI FYSL TEYWGSDI ANSWRVEGD TAI:—':m _)b P DCKYAG
- - TPEI SYKRYKAMSDAL - - NKTGRPI FYSL TFYWGSAI SNSWRVSCGDVYI PCSGDEYDCSYPG
KQRYGHWHQVL SKMQHPLI FSESA- PAYFA- - - - GTDNNTDWYTVMVD- - W - - VPI YGELARHSTDI LVYSGA- - - - - GS
RY M AL GRPI  SLC WG w GNSWR - GDI R

ENRAHFALWAMVKAPL | | GTPLDSI DTSHLTI LSNKPLLT

NRAHFALWAI VKSPLI| | GTDLSTLPDTHLSI LKNADL| A

RTHFALWAAVKSPLL | GTD_%NI ELLKNKHLLA

RSHFS| WALAKAPLL | GCDI TFS:LSNAEVI A

EYRSHFES| WAL AKAPL L VGCDI RAVMDDTTHEL | SNAEVI A

Y- EYRAHFSI WALAKAPLL| GCDI RALDVTTKELL SNEEVI A
Fi EYRLHYTMAAALKSPLLLGNDVTNMTAQTKEI | MNDEVI A
Fi EEKAHFSMAAMVKSPL VI GADVNHL SYS| YSQASVI A
Yl EEKTHFSMAAMVKSPL | | GADVNHLKASSYSI YSQSSVI A
FHCSI MNI LNKAAPI GOANDL DV EVGVGNVEDSEEVAHFSMAAI VKSPLI | GADI DDLKDSSLSVYSNPAVI A
AVDS| MNNYNYNTLLARYQRPGYFNDPDFLI PI]-IPGLTAI]EKRSHFALV\ASFSAPLI | SAYI PALSKDEI AFLTNEALI A

GGMD DMEVGNG T ERHF WA KPLIGD SN VIA

nTnm

VRMA VKG
AT I](Y
- ATRVWR
- ATRI WKYHVSI DQY G -

- GTP- - El
VNQ]’LAQ)ATLASRDDTLDI LTRSLANGDRLLTVLNKGNTTVTRDI P\/QN_G_TEFDCTYTAEIJ_V\DG(TQ(I SDHI KI

ND GP A W GPL \
LMLNSEGEVKTRSAVEEV-
- LLFNSEDVAAS
- LMWNTLDHTVRY
- ALVNRGSSTAT
-1LV SRATVTASWSEDI Gl S
LV SSKAKVTASVED! GL VKHSTUSSVSCGEI
| LLNAGDNETKMIATWDDI WFYSL PNVDS- EVRDLVOKK- - - - - - - - - - -
ALLNGG KPRPMNTNLEEI FFDSYLGFEQL SSNDI YDLWANRVDNATSANI LNN
- ALLNGGVKARPMNATL EDI FFDSY%E STSWDI YDLWANRI DNATASAI LEN
ALLNGGNNERSMNASVDI FI DYLADSDEL SNTWGL YDLWARRVENATAAS| LSG
ELASHATAVFRL SLPQGCSSVWPTGLVFNTASGNCL TAASNSSVAFQSCNG-ETSQ WQVTPSGVI RPVSQTTQCLAADG
LN AW I DLW
- - - EKKGFKVTDAWIGKNLG: - - - - = - == - - - - - CVKDKYEVK- - LQAHDVAVL
HSNRYRVEDVW GKDL G- - K -L

NKVTNNTL YNATKL SYKEGLLNGDSRLFGTKVGT| SPDG | NTT- - VPAHGE ALYRLR- - - SSS

NMTSAGLNYNVTQLNYTAG ARNDSRLFGDRVVEL SKGES FRL E

NLVKLQACDSTDSDGRKWI'YPVT GNL KNAKT DGCL TEGSVQVKSCL YERDGQVFGLPSGVQLA
AH

identical in all 11 a-galactosidases are in boldface type.
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Chapter 8

A niger AglC M GLPM_WCLG- LFTLYGHSADTPATGVSNPQT| VTNGTSFRLNGDNVSYRFHVNSTTGDLI SDHFGGVVS- GTI PSPVEPAVNGWGVP 88
T. reesei Agl2 M_GAPSPRRLADVLAV- - - - TAGLVASVRAASPI SVSGKSFALNGDNVSYRFHVDDDSKDLI GDHFGGPATEDGVFPPI | GPl QGAVDLI 86
FA: A L T e e 0
P. pentosaucus M SLI TVDQANRVFHLHNQ- TLSYI FAVEQGGTLSH- - - - LYFGGHVDHYH- - - GELRYPRVDRGFSGN\L- - - - - - - - - PGSTDRTFSR 71
S. nutans M G VI KDN- - - LFYI HTK- DSSLI | E- ERDGDLLL- - - - KHLGKKI EAYHF- - SNTVFEK- DHAFSAN- - - - - - - - - - - PVADNRNYSY 67
E. coli M SK--------- YCRLSSPRSDLI | KTHPHAEI | WAGSAL- - - - - - - -------mmmmo o - KHFSP- - - - DDCASLERPVANGRLDI - 54
consensus M F P

A niger AglC GRI RRQFPDQGRGDFRI PAVRI RQSAGYTA- - - - - - - - - oo oo e oo oo m e - - - VT- TLVWHL YDNYSSVAADL SYSI FPKYD 146
T. reesei Agl2 GRORREFPDLGRGDFRTPAVHI RQAAGYTVSDFQYKSHRVVEGKPALRGLPSTF- - GDAGDVS- TLVVHWDNYSSVAADLTYSI FPKYD 173
T. ethanolicus = -------c-mma o YLSHKI YK- - - GKPKLEGLPATY- - VENEDEADTLEI EL YDKVANLKVTLI YTAFRDYD 54
P. pentosaucus DTLPKEYSTAGEMDYHL PAAI VRHTDGANAL YLVYQGYRI EAGKPKL SGLPAAF- - VEDETEAETLTI VLVDQVSQVEFDLQYTI YRDRP 159
S. nutans DTQRQ FGVHGFGDFRVPSLI LQHDNNDL TRF- KFKKAKI | KGE KARGLPNP- - - - HSSESAQSLALI LEDDLAKSRI VSDYTAYDDNA 151
E. coli DTPLTLI AENALGLFSSPGLEGHRNG - - - - - - - - ------------ LDASPVFYTVDVEHTENTLRLTSEDSVAGLRLVSEL - VMIPSG 122
consensunsus G GF P G LGP TL LD LY

A niger AglC Al VRSVNVI NQGPGNI TI QALASI SI DFPYQDL DIMVSL RGDVWARQANVQRSKVQYGVQGFGSSTGYSSHL HNPFLAI VDPATTQSQGQAW 236
T. reesei Agl2 Al VRSVNI TNMSKGNI TI EKLASL SVDL PYEDFDM. EL KGDWAREGKRL RRKVDYGSQGFGSTTGYSSHLHNPFFSLI TP ESQGEAW 263
T. ethanolicus VI TRSVRFENMGKED! KL L RAL SMNVDFNDDKFDM. QL SGAWARERHVI RRSLTPGVQSI ESTRGASSHQONPFI ALL RKDADEVWHGDVY 144
P. pentosaucus VVTRSVQVCNQGDHAVNL EKVASMQ DFTDRQFET! TLPGAHANERHPERGSI NYG QTFGSLRGTSSHQWNPFLALVDHT TTEFSGDAY 249
S. nutans Tl STFVKFENLSDKPVI LHRALSTMFDLPASHYDVI TFQGAYAREKSL RRHQ EQGLFKI GSNRGASGHAQTPSLI L TEHDSNEFYGEAL 241
E. coli | LKVRHALTNLREGDWQ NRFA- | TLPVAERAEEVVAFHGRWI REFQPHRVRL THDAFVL ENRRGRTSHEHFPAL | VGTPGFSEQQGEVW 211
consensus I RSV N G AS D D G WARE R GQ G RG SSH NPFL E GA

A niger AglC GFNLVYTGSFSAQVQKGSQGFTRAL L GFNPDQL SWAL GPGETL TSPQCVAVYSDKGL GSVSRKFHRL YRNHL MKSKFATSD- RPVLLNS 324
T. reesei Agl2 GFSLVYTGSFSVEVEKGSQGL TRAAI GVNPYQL SWPL GPGETFSSPEAVAVFSTTGVGGVBRKFHNL YRKHL I KSKFATOW HPVLLNS 351
T. ethanolicus GFSLVYSGNFLAQVEVDQYKMARVSMG NPFHFSW.LKPGETFQTPEVVMVYSDSGL NKVBNT YHKL YRNRL MRSKFKDKE- RPI LI NN 232
P. pentosaucus GFNLVYSGNHAFEL EKDQL DQLHLMVG NSYNFNWOL KAGATFQTPEVL MVYTNKGLNAMSQAYHHL | RERVVRSEFKNQE- RPI VWNN 337
S. nutans ALQLI YSGNFQAFVOKNQLNVVRLG GI NDDNFSWEL QANQSFETPVALI TYTDKGLTDLTQESHNFI KRHI | PKNFANKE- RPI LI NN 329
E. coli AVHL GWSGNHRVRCEAKT DGRRYVQAEAL WWPGEKAL RKNETL YTPW. YACHSADGL NGVBQQYHRFLRDE! | R- - FPEQKLRPVHLNT 298
consensus GF LVYSGN VEK R GN SWL GCETF TP W G M HLR SF RP L N

A. niger AglC WQGVYFDYNQSSI QTLAQQSAAL GVHL FVVDDGWFGDKYPRVSDNAGL GDVWWPNPARL PDGLTPVWQDI Tl LTVNGTESTKLRFG WE 423
T. reesei Agl2 VEGLGFDYNDTTI LHLAQESADLG KL FVL DDGWFGVKHPRVSDNAGL GDMEANPKRFPQGL PDFI SDVTKLKV- ANSSDHL QFGLWFE 439
T. ethanolicus VEATYFDFTEEKLKELAKEAKDLG ELFVLDDGAFGK- - - RNSDNSSL GDWFVNKEKI PSGLDGLQKA NSLG- - - - - - - - LKFGLWVE 310
P. pentosaucus VEATFFDFNEAKLKPI VDEAKQLG EMFVLDDGAFGH- - - RDDDNSSL GDWQVDHRKFPQGLNHFVKYVHEQG: - - --LKFA W.E 415
S. nutans VEATYFDFNRSQLLGLADEARKLG ELFVLDDGAFGH- - - RFDDNSSL GDWFVNEEKL GGSLDSFI KEI HDRG- - - - - LQFGLWFE 407
E. coli VEG YFNHNPDY! MQVAERAAALGVERFI | DDGAFKG- - - RNDDRAAL GDWYTDEQKYPNGLMPVI NHVKSLG: - - - - - - - MEFG WE 376
consensus VE FD LA EA LG E FVLDDGWG R DN LGDW N P G LG L FGAWE

A niger AglC PEMVNPNSTL YHEHPEWAL HAGPYPRTERRNQL VLNLAL PAVQDFI | DFMINLLQDTG SYVKWDNNRG HETPSPSTD- - - - - - - - HQY 505
T. reesei Agl2 PEMVNPNSTL YMEHPDWAI HAGSYPRTL TRNQLVLNVALPEVQDFI | ESLSNI LSNASI SYVKWDNNRG HEAPYPGLD- - - - - - - - YAY 521
T. ethanolicus PEMVSPDSDL YREHPNWCI HVPNRPRSESRNQL VL DL SRKDVQDY! | KVWSDI LESANI SYVKWDIVNRNMT El GSAL L PPERORETAHRY 400
P. pentosaucus PEM SYDSKL YQQHPDYL MQVPGRSPSPSRNQY! LDLGRQAVRNNI FDQLDQLLKSKQ DYl KWDMNRHL SDI YSVAL PPERQGEVYHRY 505
S. nutans PEMVSVDSKL YRAHPDW/I QADQREHT YSRNQLVLNLANL DWWAY!I KTVLDKLLTENTI DYVKWDYNRNI TNI GNGRTYLETQVOS- HAY 496
E. coli PEM NPDSDLFRLHPDW LSMPGYSQPTGRYQYVLNLNI PEAFDY!I YKRFLW.L GEHPVDYVKWDIMNREL VQAGHEGRAAADAQTR- - - - 462
consensus PEW PDS LY HPDW RNQLVLNL VDI LL I YVKWD NR

A. niger AglC M.GLYRVFDTLTTRFPDNLVWEGCASGGGRFDAGVL QYVPQ WISDNTDAI DRI TI QFGTSLAYPPSAMGAHL SAVPNAQTGRTVPI TFR 584
T. reesei Agl2 M.GLYRVFDTL SSKFPNVRWEGCASGGGRFDPGVL QYFPH WISDDTDAVERI Al QFGT SLVYPPSAMGAHVSAVPNGOTQRTTSI AFR 610
T. ethanolicus | LALYRI LEEI TTRFLMFLFESCAGGGGRFDPGRL YYMPQTWI SDNTDAVERLKI QYGT S| VYPLI SMGSHVSAVPNHQVHRI TPLKTR 489
P. pentosaucus VLGLYELLERLTTAYPHI LFEGCSGGGGRFDAGVAYYMPQ WASDNTDAVARLTI QYGTSLAYPI SLATAHVSVSPNQOTGRETSMSTR 594
S. nutans | LALYDMFSYLTTKHDKVL FESCSGGGGRNDL GVWMCYFPQUWSESDNTDAI ARLPI QYGSSYLYPTI SMGAHVSAVPNHQWNRHTPLTTR 585
E. coli - - QFYRLLDLLRERFPHVEFESCASGGCRI DFEVLKRTHRFWASDNNDAL ERCTI QRGVBYFFPPEVMGAHI GHRRCHATFRQHSI AFR 549
consensus CGLYR LTT F LFE CA GGGRFD G L Y PQ WSDNTDA R 1Q GTS YP MGAHVSAVPN QT R T R

A niger AglC AHVAMMGGSEGL EL DPATVEGDEI - - VPELLALAEKVNPI | LNGDL YRLRLPQDSQWPAA- LFVTQDGAQAVLFYFRSS- - - - - - - - - - R 661
T. reesei Agl2 AHVAMMGGSFGFEL TPAEMPEDDKAQ PG | ALAEKVNPI VWKGDMARL SL PEESNWPAA- LFI SQDGSQAVLFYFQ RANI NNAWPVLR 699
T. ethanolicus LDVAI SG- NFGFEL DL TKL SEEEKDLAKKYVKKYKEI RKLI QFGDFYRLLSP- FEGNETAWVFI NEEKTEFVAFYFKVLATPNDTI KRI Y 577
P. pentosaucus SAVAASG- VLGYELDLTQLSSADKQ VOKQWQYKQ RPLI QFGEFYRLKSP- | TSNQAAWWVFVSPQODEAI VMVFNLTSYAQPSLTKTK 682
S. nutans AHVAMMG- NLGYEL DLAVL TKNEKKAVANQ KHYKKI RSVWWQFGKLYRLI NPEVG NEVAVQYTYDNQ- - VLVTYVRI QSTI EMVETTVK 672
E. coli GLTALFG HMGLEL DPVAADAKESDGYRRYAL L YKEWRQL I HTGVLWRVDMPDSSI QVQG- - VWSPDQSQALFM SQLAMPDYTLPG LR 636
consensus VA G GELD K YK R I G YRL P A F A YF

A niger AQIC  IMBTMRRGS- - -« - r o mmommm o en e ottt GONGW - - - - - - - - - T 675

T. reesei Agl2 - - SGATLMNI GLQYQ FNGDYDSKVVFLE- - KQT 746

T. ethanolicus - - GCCDELMYAGQ Al PQLECDFQSVMVHFK- - KEA 626

P. pentosaucus - - GCDELMQLGFYDPVWYQDYTTKVYHFKAVTEN 733

S. nutans ETGQAF------------- SGAELMYAGLTI DMPQCGDYLSKQYYF- - - | KK 720

E. coli FPGLAAEVRYRLRVI DHPEI QL VGEGGHTVRRLPAWWNQPL EASGEW.AKGG QLPVLDPESAI LI ALERAV- - - 708

consensus L L Y G LM G GD

Fig. 3. Alignment of the amino acid sequences of a-galactosidases from A. niger (AgIC; Knap et al., 1994), T.
reesei (Aglll; Margolles-Clark et a., 1996), Thermoanaerobacter ethanolicus (Zerlov), Pediococcus
pentosaceus (Leenhouts et al.), Streptococcus mutans (Aduse-Opoku et al., 1991) and Escherichia coli
(Adanidis et a., 1989). In the consensus sequence, amino acids are depicted which are conserved in at least four
of the six a-galactosidases. Amino acids, which are identical in al six a-galactosidases are in boldface type.

Expression of aglA was observed on galactose and galactose-containing oligosaccharides
(lactose, melibiose, raffinose and stachyose) and polysaccharides (pectin, xylan, gum arabic,
gum karaya, and locust bean gum). A low level of expression was observed on arabinose. The

presence of glucose repressed the expression of aglA on galactose. The aglB gene was
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Expression of galactosidase genesin Aspergillus niger

expressed on all of the carbon sources tested, including glucose and fructose. Expression on
xylan was very high, whereas elevated expression levels were detected on galactose and
xylose. Expression of aglC was observed on glucose and fructose alone and on combinations
of glucose with xylose and galactose.

High expression of lacA was observed on arabinose, xylose, xylan and pectin. Low levels of
expression were detected on galactose and galactose-containing oligosaccharides (lactose,
melibiose, raffinose, and stachyose) and polysaccharides (gum arabic, gum karaya, and locust

bean gum). The presence of glucose reduced lacA expression on xylose.

Fig. 4. Expression patterns of galactosidase genes from A. niger on different compounds after 4 h of transfer. The
18S rRNA served as a RNA loading control. Percentages are in mass per volume. Abbreviations: glc, glucose;
xyl, xylose; gal, galactose.

Influence of XInR on the expression of aglB and lacA

Based on the high expression of lacA on xylose, arabinose, xylan and pectin and of aglB on
xylan, a second transfer experiment was performed to study the influence of the xylanolytic
transcriptional activator (XInR; van Pelj et al, 1998a) on the expression of aglB and lacA. A.
niger N402 and an XInR" mutant (NXA1-4) were grown for 16 h in CM containing 2%
(mass/val) fructose as a carbon source at 30°C. The mycelium was harvested and washed with
MM without a carbon source, and aliquots were transferred to MM containing different levels
of xylose (1 and 0.03%, mass/vol) or arabinose (1%, mass/vol) as a carbon source. After a2-h
incubation period, mycelium was harvested and a Northern analysis was performed by using
RNA isolated from the samples. Both the B-galactosidase- and a-galactosidase B-encoding
genes were expressed on all three carbon sources in the wild-type strain (Fig. 5). The

expression on 1-% xylose was lower than the expression on 0.03% xylose for both genes. In
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the XInR™ mutant, no expression of lacA was detected, but low levels of aglB expression were

still observed on xylose.

& & &
0—\3 Q(g\o Q‘)\ \:‘5 Qng\e e(b\ e-\s Qng\o (&
NS RS NSRS
idpe - e ——
XInR mutant i M
aglB lacA 18S

Fig. 5. Influence of XInR on the expression of lacA and agIB. Northern blot analysis was performed after 2 h of
transfer. The 18S rRNA served as a RNA loading control. Percentages are in mass per volume.

Discussion

Analysis of the derived amino acid sequence of AgIB resulted in a molecular mass of 48,835
Da, whereas the experimentally determined molecular mass is 54-kDa (Manzanares et a.,
1998). The difference in molecular mass suggests that AgIB is a glycoprotein and that several
of the putative N-glycosylation sites identified in the amino acid sequence are, in fact,
glycosylated. The predicted pl of 4.6 isin good agreement with the experimentally determined
pl value of 4.2 to 4.6 (Manzanares et a., 1998). The variation observed for the purified
enzyme is most likely caused by different glycoforms of the enzyme.

The amino acid sequence of AgIB is similar to the amino acid sequences of a number of other
o-galactosidases of eukaryotic origin, including another a-galactosidase (AglA) from A. niger
(den Herder et al., 1992) and an a-galactosidase (Agll) from T. reesel (Manzanares et a.,
1998). All of these enzymes belong to family 27 of the glycosyl hydrolases (Henrissat and
Bairogh, 1996). Two regions with a high level of similarity can be identified by comparing the
amino acid sequences of these enzymes, suggesting that they belong to a subfamily of a-
galactosidases. AgIC belongs to a different subfamily of a-galactosidases, together with T.
reesel Agl2 (Margolles-Clark et al., 1996) and a number of bacterial a-galactosidases, which
have been assigned to family 36 of the glycosyl hydrolases (Henrissat and Bairogh, 1996). A
third a-galactosidase isolated from T. reesel (Agl3; Margolles-Clark et al., 1996) does not
contain the conserved regions of either of these subfamilies and might therefore belong to yet
another subfamily. Den Herder et al. (1992) suggested the presence of four different a-
galactosidases in A. niger based on the analysis of a-gaactosidase activities, which could be

an indication of the presence of an A. niger homologue of T. reesei Agl3. However, several
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glycoforms of AglB were previously isolated (Manzanares et al., 1998), indicating that the
total number of a-galactosidases could be lower than four.

The expression of the four galactosidases studied here is specific for each gene. The carbon
sources resulting in the highest expression of [3-galactosidase-encoding lacA are xylose,
arabinose, xylan, and pectin. The expression on arabinose is probably caused by the presence
of a small amount of xylose in the arabinose that is commercially available (de Vries,
unpublished data). Expression levels of a number of xylanolytic genes on xylose have been
shown to be the result of a balance between XInR mediated induction and CreA mediated
repression of expression (Chapter 9). This appears also to be the case for lacA and would
explain the different expression levels observed for the different xylose concentrations. The
absence of lacA expression in the XInR deficient mutant indicates that the expression of this
gene on xylose and xylan is regulated by XInR, as has been shown for a number of other genes
(van Peij et al., 1998b). Production of [3-galactosidase has been performed by using wheat
bran (Park et al., 1979) that is rich in arabinoxylan, confirming the expression data obtained in
this study. The function of LacA as a member of the xylanolytic spectrum may therefore bein
removing B-linked galactose residues from xylan. The expression of lacA on galactose is
much lower than the expression on arabinose or on xylose. Although (-galactosidase is
commonly used for the hydrolysis of lactose (Wigley, 1996), plant (3-gal actosidases have been
suggested to play a role in pectin degradation (Gross et al., 1995) and production of
Aspergillus [3-galactosidase on polygalacturonic acid has been reported (McKay, 1991). The
expression of lacA on pectin observed in this study confirms that a pectin related compound is
also able to induce lacA gene expression. As for xylan, this could indicate a role for LacA in
the degradation of pectin by A. niger.

The expression of aglA was high on galactose and galactose-containing oligosaccharides but
was fully repressed in the presence of glucose. No expression was observed on other carbon
sources except arabinose and glucuronic acid, whereas moderate expression was also observed
on galactose-containing gums. In contrast, aglB was expressed on all of the carbon sources
tested. This suggests a basic level of expression of the gene, which is confirmed by the fact
that the increase in expression in multicopy transformants is similar to the increase in
copynumber. High levels of expression of aglB were observed on galactose, xylose, and
beechwood xylan but not on galactose-containing oligo- and polysaccharides (other than

xylan). The expression on glucose and fructose suggests that although the promoter of aglB
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contains two putative CreA binding sites, aglB is not, or is only to a small extent, subject to
CreA-mediated repression of gene expression. Previous studies demonstrated induction of a-
galactosidases on galactomannan (Civas et al., 1984; den Herder et a., 1992), lactose
(Manzanares et al., 1998; Rids et al., 1993), locust bean gum (Margolles-Clark et al., 1996),
wheat and rice bran (Somiari and Balogh, 1995), and galactose (Ri6s et al., 1993). The aglA
gene seems to represent an a-galactosidase, which is specifically induced on galactose. The
high expression levels on galactose-containing oligosaccharides could indicate a preference
for these structures (stachyose, melibiose, and raffinose) as the natural substrates. The aglB
gene is expressed on all carbon sources at a high basal level. The product of this gene might
therefore be important for the induction of other a-galactosidases by releasing small amounts
of galactose from polymeric compounds. The high level of expression on xylan suggests arole
for the xylanolytic activator XInR in the expression of aglB. The results from the experiment
with the XInR™ mutant confirm that XInR has a function in the expression of aglB, athough it
is different from the effects observed for other xylanolytic genes (van Peij et a, 1998b). These
genes are not induced on other sugars than xylose, and expression on xylose in the XInR
mutant is abolished. The expression of aglB on xylose is decreased in the XInR™ mutant but
not abolished. Thus, the expression of this gene does not exclusively depend on XInR. The
effect of XInR does suggest arole for AgIB in the xylanolytic spectrum, indicating that AglB
might be involved in releasing a-linked galactose from the xylan backbone. The different
expression levels at different xylose concentrations can't be explained as described above for
lacA, since no indications for CreA-mediated repression were observed for aglB. The
difference might be caused by a more indirect effect, possibly mediated by CreA, in
xylanolytic induction of gene expression. The xylanolytic genes tested for modulation of
expression on xylose (Chapter 9) also did not have identical expression patterns at different
xylose concentrations, but for al of the genes expression decreased with increasing xylose
concentrations. The results in this paper demonstrate that the xylanolytic activator XInR is
also involved in the regulation of an a- and a (3-galactosidase gene of A. niger, emphasising
its key role in hemicellulose degradation.

The expression pattern of aglC is remarkable for a gene encoding an a-galactosidase.
Expression was only observed on glucose, fructose, or combinations containing glucose.
Similar results have been obtained for T. reesei agl3, when expression of the latter and of a
number of other hemicellulase genes was studied on a set of different carbon sources

(Margolles-Clark et a., 1997). Expression was only observed on cellulose, sorbitol and
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glucose but not on galactose, xylose or other monomeric or polymeric compounds. The aglC
gene of A. niger has been clearly demonstrated to encode a-galactosidase activity by using p-
nitrophenyl-a-D-galactoside, raffinose, and stachyose as substrates, although no activity was
found by using guar gum (Knap et al., 1994). This could be an indication that AgIC activity is
specific for galactose residues linked to glucose or fructose in galactose-containing
oligosaccharides such as raffinose and stachyose and that the gene is therefore only expressed
in the presence of glucose.

Whether the expression of the four genes tested indeed mirrors the substrate preferences of the
encoded enzymes requires further study, involving activity measurements of the enzymes
against oligo- and polysaccharides. It is clear that the differences in expression of the genes
will result in specific enzyme spectra on different polymeric substrates. The polymeric

substrate used to produce A. niger enzyme preparations will therefore reflect its composition.
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Chapter 9

Abstract

The expression of the feruloyl esterase gene faeA, the a-glucuronidase gene aguA, the
endo-xylanase gene xInB and the (-xylosidase gene xInD from Aspergillus niger on
xylose has been studied in a wild-type strain and in a CreA mutant. A decrease in
expression of all four genes was observed with increasing xylose concentrations in the
wild-type strain, whereas expression levelsin the CreA mutant were not influenced. The
results in the wild type indicate that xylose concentrations higher than 1 mM result in
repression of the expression of the xylanolytic genes tested mediated by the carbon
catabolite repressor protein CreA. On xylose the expression levels of the xylanolytic
genes are therefore not only determined by induction via XInR but also by repression
via CreA. The genes tested are not influenced to the same extent by XInR or CreA

resulting in specific expression levels and patternsfor each individual gene.

Introduction

Degradation of xylan by filamentous fungi is widely studied especially in Aspergillus and
Trichoderma species (see for example Visser et al., 1992). These fungi have a wide spectrum
of genes encoding xylanolytic enzymes, such as endoxylanases (Torronen et al., 1992; de
Graaff et a., 1994) B-xylosidase (Margolles-Clark et a., 1996a; van Peij et a., 1997) a-
glucuronidase (Margolles-Clark et al., 1996b; Chapter 7), feruloyl esterase (Chapter 3) and
acetylxylan esterase (de Graaff et al., 1992a). All these genes are expressed on xylan and
xylose and repressed in the presence of glucose. In A. niger the transcriptional activator XInR
(van Pej et al., 1998a) directs the expression of these genes and of some cellulolytic genes
(van Peij et al., 1998b). Repression of xylanolytic genes in the presence of glucose has been
assigned to the carbon catabolite repressor protein CreA in A. niger (de Graaff et al., 1994)
and to its homologue Crel in T. reesel (Strauss et al., 1995). This protein is the major factor
responsible for carbon catabolite repression in Aspergillus and it's structure and mechanism
has been studied in detail in Aspergillus nidulans (Cubero and Scazzocchio, 1994; Shroff et
a., 1996; Panozzo et al., 1998).

Glucose and fructose strongly repress the expression of many genes including the xylanolytic
genes. However, carbon catabolite repression is not restricted to these sugars alone and other
monosaccharides such as xylose and arabinose have also been shown to have a repressing
effect on the expression of specific genes (Ruijter et al., 1997). We have studied whether the

expression of the xylanolytic genesin A. niger is influenced by a xylose mediated CreA effect
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by comparing the expression of four of these genes (faeA, aguA, xInB and xInD) on different
xylose concentrations in an A. niger wild-type strain and in a CreA mutant. This mutant is not
a complete loss of function mutant, but has a severely derepressed phenotype with respect to
the regulation of arabinofuranosidases and functions involved in arabinose catabolism (Ruijter
etal., 1997).

Materialsand Methods

Strainsand growth conditions

All strains were derived from A. niger N400 (=CBS 120.49). A. niger N402 (cspA1l) was used as a wild
type. A. niger NW200 (creAd4, bioA1l, areAl::pAREGI, pyrA13::pGW635) was derived from A. niger
NW145 (Ruijter et a., 1997) by restoring the areAl defect via a co-transformation with pGW635
(containing the pyrA gene as a selection marker) and pAREG1 (containing the areA gene; McCabe et
al., 1998) and has a derepressed phenotype for CreA function. Cultures were grown in minimal medium
(MM) containing per litre: 6.0 g NaNOs, 1.5 g KH,PO,, 0.5 g KCl, 0.5 g MgSO,, trace elements
(Vishniac and Santer, 1957), pH 6.0 or complete medium (CM = MM + 2 g/l peptone, 1 g/l casamino
acids, 1 g/l yeast extract, 0.5 g/l yeast ribonucleic acids, pH 6.0) with carbon sources as indicated in the
text, in arotary shaker at 250 rpm and 30°C. For the growth of strains with auxotrophic mutations, the
necessary supplements were added to the medium.

Transfer experiments were performed by growing the strains for 16 h in 300 ml CM containing 2%
(mass/vol) fructose as carbon source. The mycelium was harvested by suction over afilter and washed
with MM without a carbon source. One gram aliquots (wet weight) of the mycelium were transferred to
50 ml MM with different carbon sources and incubated for 2 h. The mycelium was harvested again,
dried between paper and frozen in liquid nitrogen. The mycelium samples were stored at -70°C to be
used for RNA isolation.

Table 1. Probes used in Northern analysis.

Gene EMBL Enzyme Fragment Reference

aguA Y 15405 a-glucuronidase A 0.8 kb EcoRV/Kpnl de Vrieset al, 1998
faeA Y 09330 feruloyl esterase A 0.5 kb EcoRV/Xhol deVrieset al, 1997
xinB D38071 endoxylanase B 0.9 kb EcoRI/Xhol Kinoshita et al, 1995
xinD 284377 B-xylosidase 2.8 kb Pstl/Nsil van Peij et al, 1997
18S X78538 18S rRNA subunit 0.7 kb EcoRl Melcherset al, 1994

Northern blot analysis

Total RNA was isolated from powdered mycelium using TRIzol Reagent (Life Technologies),
according to the supplier’ sinstructions. For northern blot analysis 5 g total RNA was incubated with
3.3 ul 6 M glyoxal, 10 ul DMSO and 2 pl 0.1 M sodium phosphate buffer pH 7 in a total volume of
20 pl for 1 h at 50°C to denature the RNA. The RNA samples were separated on a 1.5% agarose gel
using 0.01 M sodium phosphate buffer pH 5 and transferred to Hybond-N filters (Amersham) by
capillary blotting. Filters were hybridised at 42°C in a solution of 50% (vol/vol) formamide, 10%
(mass/val) dextran sulphate, 0.9 M NaCl, 90 mM Nag-citrate, 0.2% (mass/val) ficoll, 0.2% (mass/vol)
polyvinylpyrolidone, 0.2% (mass/vol) bovine serum albumin, 0.1% (mass/vol) SDS and 100 pg/mi
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single stranded herring sperm DNA. Washing was performed under homologous conditions to 30 mM
NaCl, 3 mM Nas-citrate and 0.5% (mass/vol) SDS at 68°C. The probes used are described in Table 1.
The 18S probe was used as a RNA loading control.

Concentration determination of xylose and glucose by HPLC

Culture filtrates were diluted with water to equal a 1 mM starting concentration and analysed by high-
performance anion-exchange chromatography (HPAEC) system (Dionex Corp., Sunnyvale, Calif.)
equipped with a pulsed amperometric detector (PAD. Samples were injected in a Carbopac PA 100
column (25 x 4 mm; Dionex Corp., Sunnyvale, Calif.) and euted with 0.05 M NaOH for 10 min at a
flow of 1 ml/min. Concentrations were cal culated using xylose and glucose as the standards.

wild-type CreA mutant

0 1 5 10 15 25 50 100 0 1 5 10 15 25 50 100

faeA -
A xInB

xinD

188

wild-type CreA mutant
1 5 10 15 25 50100 15 10 15 25 50100
aguA - - - -
faeA i ‘
B xInB |
xInDy

Fig.1. Expression of A. niger xylanolytic genes at different xylose concentrations.

The expression of four xylanolytic genes was compared at different xylose concentrations in the absence and
presence of 50 mM glucose. Panel A: expression at different xylose concentrations (mM); panel B: expression at
different xylose concentrations (mM) in the presence of 50 mM glucose.

Results and discussion

The expression of the genes encoding the accessory enzymes feruloyl esterase and a-
glucuronidase has been compared with that of two genes encoding functions involved in

degradation of the xylan backbone viz endoxylanase B and [3-xylosidase. In the wild-type strain
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the MRNA levels of the four genes tested were highly dependent on the xylose concentration.
The highest expression of all genes was observed at the lowest xylose concentration tested (1
mM). A decrease in expression was observed with an increasing xylose concentration, which
was gradual for xinB and xInD but more abrupt for the side chain removing functions (Fig. 1A).
In the CreA mutant, no significant differences in expression level were observed over the xylose
concentration range tested (1 - 100 mM). The consumption of xylose over the 2 h incubation
period is comparable for the different xylose concentrations, indicating that the differences
observed are not caused by starvation effects (Table 2).

Table 2. Extracellular concentrations of xylose and glucose after a2 h transfer of Aspergillus niger

pregrown on fructose.

wild-type (N402) CreA-mutant (NW200)

xylose glucose xylose glucose
Initial concentration (mM) (mM)
0 mM xylose 0 0 0 0
1 mM xylose 0.3 0 0.5 0
5mM xylose 4.4 0 3.8 0
10 mM xylose 9.0 0 8.7 0
15 mM xylose 13.7 0 134 0
25 mM xylose 23.8 0 22.6 0
50 mM xylose 46.8 0 42.9 0
100 mM xylose 91.4 0 92.1 0
1 mM xylose —50 mM glucose 0.7 48.9 0.6 42.5
5 mM xylose — 50 mM glucose 4.6 45.8 4.3 38.2
10 mM xylose — 50 mM glucose 9.8 44.9 9.9 34.0
15 mM xylose — 50 mM glucose 14.7 429 135 34.2
25 mM xylose— 50 mM glucose 239 447 214 38.7
50 mM xylose — 50 mM glucose 48.7 45.3 39.6 424
100 mM xylose — 50 mM glucose 95.8 43.7 715 35.9

The results described here indicate that high xylose concentrations cause a significant repression
of the expression of xylanolytic genesin particular of the aguA and faeA genes. Thisis mediated
by the carbon catabolite repressor CreA. The actual level of expression will therefore be
influenced by the balance between induction by XInR and repression by CreA. The leve of
expression due to induction by XInR varies for the individua genes. Similarly, the degree of

repression by CreA varies. Both effects will depend on number and the position of the functional
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regulatory sequences in the promoters of the xylanolytic genes. As a result of this, not only the
absolute expression levels of the genes are different, but also the decrease in expression with
increasing xylose concentrations can be different for each gene.

In previous studies xylose has mainly been regarded as an inducing carbon source and
expression of xylanolytic genes has always been studied in genera at relatively high xylose
concentrations (approximately 30-70 mM; de Graaff et al., 1992b and 1994; Gouka et al., 1996;
Mach et al., 1996; Gaspar et a., 1997; van Peij et a., 1997; Chapter 3 and 7). The expression
level of these genes on xylan was usually higher than on xylose. For A. niger this can now be
explained based on the results reported in this paper. Xylose is released gradually from xylan
resulting in a low xylose concentration in the medium. Under these conditions, repression by
xylose mediated by CreA is low and high expression levels are detected. However, in the
medium containing approximately 70 mM xylose, repression through CreA plays a more
important role, resulting in decreased expression levels. It is possible that the same modulation
occurs in other filamentous fungi, such as T. reesal as a homologue of CreA (Crel)was detected
(Strauss et al., 1995).

The expression of the same genes was aso studied at different xylose concentrations in the
presence of 50 mM glucose (Fig 1B). In the case of xinB and xIinD, expression in the wild type
(A. niger strain N402) is observed in the range of 10-15 mM xylose, for aguA this starts at 25
mM whereas no faeA expression is detected at any xylose concentration in the wild type. In the
CreA mutant agradual increase in expression is observed with increasing xylose concentrations.
The expression of aguA and faeA remains much weaker than in the presence of xylose alone.
The observed effects can be explained by residual CreA repression due to the fact that the CreA
mutant used is not a complete loss of function mutation. An aternative and more likely
explanation could be that glucose and xylose compete for the same transport system. When the
xylose concentration increases, the balance will shift and more xylose will be taken up resulting
in an increased expresson of the xylanolytic genes. Results obtained previoudy using
protoplasts and different concentrations of glucose and xylose (de Graaff et a., 1992b)
demonstrate the same effect. The glucose consumption is much higher in the CreA mutant than
in the wild-type strain (Table 2), indicating that CreA may be involved in down regulating
glucose transport systems.

Although the molecular details for our observations are not precisely known yet it is important to
notice that expression studies on the xylanolytic system in fungi should not only focus on the

role of xylose as an inducer, but also as a factor triggering carbon catabolite repression.
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Depending on the set-up of the experiment (growth conditions, incubation time) xylose

concentrations of 30 to 70 mM can be too high to study the induction of the xylanolytic system.
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Abstract

Synergy in wheat arabinoxylan degradation was studied using two main chain cleaving
enzymes (endo-xylanase and f-xylosdase) and six accessory enzymes (a-L-
arabinofuranosidase, arabinoxylan arabinofuranohydrolase, a-glucuronidase, a-
galactosidase, B-galactosidase and feruloyl esterase) from Aspergillus. These enzymes
were used, alone and in combinations, in incubations using water insoluble pentosan
(WIP) isolated from wheat flour. Synergy was observed between most enzymes tested,
although not always to the same extent. Degradation of the xylan backbone by
endoxylanase (XInA) and B-xylosidase (XInD) was influenced most strongly by the
action of a-L-arabinofuranosidase (AbfB) and arabinoxylan arabinofuranohydrolase
(AxhA), whereas a-glucuronidase (AguA) and feruloyl esterase (FaeA) had the largest
influence on arabinose release by AbfB and AxhA. Ferulic acid release by FaeA and the
release of 4-O-methyl glucuronic acid by AguA depended largely on the degradation of
the xylan backbone by XInA.

I ntroduction

Xylans are the major hemicellulolytic structures found in nature, and are important for the
structural integrity of the plant cell wall. Although al xylans contain a 3-1,4-xylose backbone,
large differences exist with respect to the sidegroups attached to the backbone. The major
substituent of wheat arabinoxylan is L-arabinose, but D-gadactose, D-(4-O-methyl-)
glucuronic acid, and ferulic acid residues are aso present (Brillouet and Joseleau, 1987,
Schooneveld-Bergmans et al., 1998). Arabinose can be present as single a-1,3- or a-1,2-
linked residues (Kormelink et al., 1993a) or as short arabino-oligosaccharides. Galactose has
been detected [(3-1,5-linked to single arabinose residues as well as [3-1,4-linked to xylose in
short arabinoxylan side chains (Ebringerova et a., 1990; Wilkie and Woo, 1977) Feruloyl
esters are detected at C5 of the arabinose residues (Borneman et al., 1986) and glucuronic acid
and its 4-O-methyl ether are attached to the xylan main chain via an a-1,2-linkage (Wilkie and
Woo, 1977). Acetyl residues have not been detected in wheat xylans.

Due to heterogeneity in the composition and structure of wheat arabinoxylan, a wide range of
enzymes is required for the biodegradation of this polysaccharide. Xylanolytic enzymes have
been purified from many micro-organisms, especially from species of the fungus Aspergillus.

Previoudly synergism between endo-xylanases and some accessory enzymes of Aspergillus
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has been demonstrated (Chapter 3 and 7; Wood and McCrae, 1996). However synergy

between accessory enzymes involved in xylan degradation has not been studied in detail.

In this paper we have studied 8 xylanolytic enzymes (Table 1), with respect to their individual
activity on wheat arabinoxylan and the synergism between these enzymes. The genes
encoding these enzymes are all expressed when A. niger is grown on xylan. Except for AbfB,
all genes are regulated by the xylanolytic transcriptional activator XInR (van Pelj et al., 1998).
We have chosen water insoluble pentosan (WIP) from wheat flour as a substrate for our
studies, because this polysaccharide contains al the sidegroups (accept acetyl residues)
commonly found in xylans. A comparison has been made between incubations with intact
WIP and incubations with WIP which was pre-treated with endoxylanase A to determine
whether there was a difference between simultaneous and sequential activity of main-chain

cleaving and accessory enzymes.

Table 1. Origin and amounts of the enzymes used in this study.

Enzyme symbol origin amount used reference

(g")
Endoxylanase A XInA A. tubingensis 1.0 Danisco A/S
B-Xylosidase XInD A. niger 25 van Peij et al., 19997
Arabinofuranosidase B ADbfB A. niger 101 vanVeenetal., 1991
Arabinoxylan AxhA A tubingensis 25 Danisco A/S
arabinofuranohydrolase A Gielkens et al., 1997
a-Glucuronidase AQUA A tubingensis Chapter 7
o-Galactosidase AgIB A. niger 0.5 Manzanares et al., 1998
[B-Galactosidase LacA A. niger 21 Manzanares et al., 1998
Feruloyl esterase A FaeA A. niger 0.5 Chapter 3

! As added to 500 pl of 0.5% WIP in the enzyme incubations.

Experimental

Sugar and ferulic acid analysis of water insoluble pentosan from wheat arabinoxylan

Water insoluble pentosan (WIP) from wheat arabinoxylan was isolated by the method of Gruppen et a
(1989). The sugar analysis was based on the work of Englyst and Cummings (1984) and involved acid
hydrolysis of WIP with 1M sulphuric acid after which the released monomers were determined by
HPLC using a Carbopac PA1 column (Dionex Corp., Sunnyvale, Ca) and a pulsed electrochemical
detector. The ferulic acid content was determined as described previously (Faulds et al., 1995).
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Xylan incubations

The amount of enzyme necessary when acting alone to obtain the maximum amount of released
monomeric compound after 24 h of incubation was determined by incubating WIP with the individual
enzymes and carrying out a time-dependent analysis of the amount of monomeric compound rel eased.
The amounts of the pure enzymes which were applied are indicated in Table 1. Enzyme incubations
were al performed in duplicate, using 500 pl of a 0.5% WIP suspension in 50 mM sodium acetate
buffer (pH 4.5) at 30°C for 24 h. The enzymes were inactivated by heating them in a boiling water
bath for 5 min. Undissolved material was precipitated by centrifugation (14.000 x g, 10 min) and the
supernatant was transferred to a new tube and stored at -20°C.

Sugar and ferulic acid analysis of the incubations

Ferulic acid concentrations in the incubations were analysed by HPL C with atype RP-8 reverse phase
column (Supelco, Bellefonte, Pa). Separation was achieved by using a linear gradient starting with
32%, 0.3%, 67.7% (vol/vol) methanol, acetic acid, water and ending with 64%, 0.3%, 35.7% (vol/vol)
methanol, acetic acid, water with detection at 325 nm. 4-O-methyl-glucuronic acid concentrations
were also determined by HPLC using a Carbopac PA-100 column (Dionex Corp., Sunnyvale, Ca).
Separation was achieved by using a linear gradient starting with 100 mM NaOH, 5 mM Na-acetate
and ending with 100 mM NaOH, 400 mM Na-acetate over a 20 min period at a flow of 1 mi/min.
Xylose, arabinose and galactose concentrations were determined using a Carbopac MA-1 column
(Dionex Corp., Sunnyvale, Ca)) and isocratic elution with 0.48 M NaOH. Detection of both 4-O-
methyl-glucuronic acid and neutral sugars was carried out using a pulsed amperometric detector
(PAD).

Results and discussion

Analysis of the composition of water insoluble pentosan (W1P) from wheat flour

The sugar and ferulic acid content of wheat arabinoxylan were analysed as described in
Experimental. Xylose and arabinose were the major neutral sugars present in the arabinoxylan
sample (Table 2) and only a small amount of galactose was detected (2.1%). The sample also
contained ferulic acid (0.49%) and 4-O-methyl glucuronic acid (6%). No acetyl residues were
detected in the WIP sample. The isolation of WIP did not prevent low amounts of glucose and

cellulose to be present in the sample.

Table 2. Sugar and ferulic acid analysis of water insoluble pentosan (WIP) from wheat flour.

Component % of total WIP  Component % of total WIP

(mass) (mass)
Xylose 32.1 Ferulic acid 0.49
Arabinose 20.7 Glucose 11.2
Galactose 21 Cellulose 9.4
4-O-methyl glucuronic acid 6.0
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Degradation of the xylan backbone is highly dependent on the removal of arabinose
residues by AbfB and AxhA

XInA aone was able to release 4.4% of the total amount of xylose from WIP but in
combination with XInD 52.4% was released (Table 3). AbfB and AxhA acted synergistically
with both XInA and XInD resulting in increased xylose release, while in the absence of XInC
or XInD they did not release any xylose. The presence of AgIB, LacA, AQuA and FaeA
resulted in aminor increase in the amount of xylose released by XInA (data not shown). Since
all enzymes increased the amount of xylose liberated by XInA, it can be concluded that XInA
prefers unsubstituted regions of xylan as a substrate. In particular removal of the arabinose
residues from the xylan backbone enables XInA to further degrade the polymer resulting in
increased amounts of xylose. This observation suggests that XInA is able to cleave the linkage
between a terminal xylose residue and the adjacent residue. Whether this action is from the
reducing or non-reducing end of the polymer can not be concluded from these results. Studies
of the action of the homologous enzyme purified from Aspergillus awamori have
demonstrated that, counting from the reducing end, at least two unsubstituted xylose residues
adjacent to singly or doubly substituted xylose cannot be removed by XInA (Kormelink et al.,
1993a and 1993b). The high proportion of side groups present in the wheat arabinoxylan

studied in this paper explains the large effect of the addition of accessory enzymes on XInA

Table 3. Influence of accessory enzymes on the release of xylose by XInA and XInD from water insoluble
pentosan (WIP) from wheat flour. Values are the percentage of the total amount of xylose present in the WIP
sample. N.D. means not determined. Absolute variations between duplicate incubations were all between 0.1%
and 0.6%.

Enzymes Intact WIP WIP treated with XInA
XInA 4.4 N.D.
XInA / AbfB 10.9 6.5"
XInA / AxhA 8.9 48"
XInA / AbfB / AxhA / FaeA 16.8 N.D.
XInA / XInD 52.4 N.D.
XInD 12.6 21.9
XInD / AbfB 19.6 45.2
XInD / AxhA 23.3 716
XInA / XInD / AbfB / AxhA / AguA / AgIB / LacA / FaeA 98.7 99.6"

1 XInA was only used for the pre-treatment, but is not present in the incubations.
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activity. A pre-treatment with XInA followed by incubations with AbfB and AxhA released
less xylose than incubations of WIP with a combination of XInA with AbfB or AxhA,
indicating synergy when both enzymes act ssmultaneously. However, incubation of WIP with
eight enzymes or a pre-treatment with XInA followed by incubations with the other seven
enzymes both resulted in complete degradation of the xylan backbone. This implies that XInD
is able to release al the xylose from the oligosaccharides which arose from the XInA pre-
treatment. XInD cleaves termina xylose residues from the non-reducing end of xylo-
oligomers. The increase observed when accessory enzymes are added indicates a preference
for unsubstituted terminal xylose residues, and illustrates the necessity for the presence of

accessory enzymes for the compl ete degradation of the xylan backbone.

Therelease of arabinose from water insoluble pentosan (WIP) from wheat flour, by both
AbfB and AxhA, is not only influenced by the main chain cleaving enzymes (XInA and

XInD), but also by other accessory enzymes

AbfB is able to release 40.9% and AxhA 23.7% of the arabinose present in wheat
arabinoxylan (Table 4). Incubation with both enzymes releases 62.2% of the arabinose
present, suggesting that the action of the enzymes is complimentary and liberate different
arabinose residues. Previous studies indicated that AxhA is able to release a-1,2- and a-1,3-
linked arabinose residues from both terminal and non-terminal singly-substituted xylose
residues, whereas AbfB can only release arabinose from terminal singly substituted xylose
residues (Kormelink et al., 1993a) The data presented in this study suggest that AbfB is
capable of removing arabinose residues from non-terminal xylose residues, since incubations
on intact arabinoxylan with this enzyme result in release of 40% of the total amount of
arabinose present. Arabinose release by AxhA is strongly increased in the presence of XInA,
but this is not the case for AbfB. The addition of AQuA and FaeA result in similar relative
increases in arabinose released by both AbfB and AxhA, demonstrating that the presence of 4-
O-methyl glucuronic acid or ferulic acid residues limits the activity of both enzymes. In the
case of ferulic acid this suggests that AbfB and AxhA are not able to release feruloylated
arabinose residues from arabinoxylan. 4-O-methyl glucuronic acid is attached directly to the
xylan backbone. The negative effect of this sidegroup is most likely due to a steric effect.
XInD positively influences the activity of AxhA on both intact wheat arabinoxylan and

arabinoxylan pre-treated with XInA. Although the presence of XInD increases arabinose
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Table 4. Arabinose release from water insoluble pentosan (WIP) from wheat flour by AbfB and AxhA. The
values are the percentage of the total amount of arabinose present in the WIP sample. N.D. means not

determined. Absolute variations between duplicate incubations were al between 0.1% and 1.0%.

Intact WIP WIP pre-treated with XInA

Additional enzymes AbfB AxhA AbfB / AXhA AbfB AxhA ADbfB / AXhA

40.9 23.7 62.2 54.3 35.6 99.8
XInA 43.6 37.8 86.4 N.D. N.D. N.D.
XInD 52.0 29.2 83.1 49.8 38.5 92.7
AguA 545 29.3 N.D. 59.4 40.6 N.D.
AgIB 429 284 N.D. 58.4 41.5 N.D.
LacA 46.1 29.8 N.D. 55.2 40.0 N.D.
FaeA 52.5 28.3 67.9 58.9 421 97.3
XInA / FaeA 53.9 30.5 91.4 N.D. N.D. N.D.

release by AbfB from intact arabinoxylan, it reduces the amount of arabinose released from
pre-treated arabinoxylan. Incubations of pre-treated WIP with a AbfB aone released 54.3% of
the total amount of arabinose, whereas addition of XInD resulted in arelease of 49.3% (Table
4). Similarly, incubations of pre-treated WIP with a combination of AbfB, AxhA, AguA,
AgIB, LacA and FaeA released 99.6% of the total amount of arabinose, while addition of
XInD to this combination resulted in a release of 87.1%. These data suggest a preference of
ADfB for longer xylo-oligosaccharides. Although thisis not the case for AXhA, this enzymeis
not able to compensate for the reduced AbfB activity in mixed incubations, indicating again
that AbfB and AxhA act on different arabinose residues of wheat arabinoxylan.

LacA and AgIB positively influence the arabinose release by AbfB and AxhA. LacA and
AgIB aonereleased only 0.4% and 1.2% respectively, of the total amount of galactose present
in the WIP sample (data not shown). Incubations combining these enzymes with XInA, XInD,
ADbfB, AXhA, AguA and FaeA released 5.6% of the galactose present. It is possible that the
WIP sample contains a small amount of arabinogalactan, reducing the amount of galactose
actually attached to arabinoxylan. Galactose has been demonstrated to be (-1.4-linked to
arabinose in arabinoxylan (Wilkie and Woo, 1977), which would be consistent with the effect
observed for LacA in this study. No reports about a-linked galactose in arabinoxylan have
been published. The data described here, combined with the fact that AgIB and LacA are
strongly induced on xylan (de Vries ate al, 1999), suggest that wheat arabinoxylan contains
both a- and 3-linked galactose and that AgIB and LacA are indeed members of the xylanolytic

155



Chapter 10

spectrum of A. niger. Whether a-linked galactose is also attached to arabinose is not clear.
The positive influence of AgIB on arabinose release could also be caused by a steric effect as

is suggested above for AguA .

Ferulic acid release by FaeA depends largely on the degradation of the arabinoxylan

backbone

FaeA aone was able to release 14.4% of the total amount of ferulic acid present in wheat
arabinoxylan (Table 5). The addition of AbfB or AXhA resulted in only a minor increase in
ferulic acid release, whereas addition of XInA increased the amount of ferulic acid released to
55%. After a XInA pre-treatment FaeA alone was able to release 40.8% of the ferulic acid and
up to 50.4% in combination with other accessory enzymes. Incubations with FaeA, XInA,
AbfB and AxhA on intact xylan released more than 96% of the total amount of ferulic acid.
This demonstrates that a combined enzymatic treatment results in a higher release than
consecutive treatments with individual enzymes. FaeA was shown previously to be active on
an arabinose-ferulic acid dimer as well as on small xylo-oligosaccharides containing arabinose
linked ferulic acid (Ralet et a., 1994). Our data indicate that the action of endo-xylanase A is
acrucia step to allow efficient removal of ferulic acid residues by FaeA, which is then further
enhanced by AbfB and AxhA.

Table 5. Influence of main chain cleaving enzymes and accessory enzymes on ferulic acid release by FaeA from
water insoluble pentosan (WIP) from wheat flour. Values are the percentage of the total amount of ferulic acid
present in the WIP sample. N.D. means not determined. Absolute variation between duplicate incubations were
all between 0.1% and 0.9%.

Enzymes Intact WIP ~ WIP treated with XInA
FaeA 14.4 40.8
FaeA / AbfB 16.2 44.6
FaeA / AxhA 16.9 434
FaeA / AbfB / AxhA 16.6 45.1
FaeA / XInA 55.0 N.D.
FaeA / AbfB / AxhA / XInA 96.9 N.D.
FaeA / AbfB / AxhA / AguA / XInD /AgIB / LacA 17.2 50.4
FaeA / AbfB / AxhA / AguA / XInD / AgIB / LacA / XInA 97.5 N.D.
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The release of 4-O-methyl glucuronic acid by AguA depends on an interaction with

XInA, aswell ason the activity of other accessory enzymes

AguA aone released 0.6% of the total amount of 4-O-methyl glucuronic acid from intact
wheat arabinoxylan and 6.7% from wheat arabinoxylan pre-treated with XInA. Incubations
with a combination of AguA and XInA on intact arabinoxylan released 86.7% of the total
amount of 4-O-methyl glucuronic acid. Previoudly, alow level of synergy between AguA and

aendoxylanase A from Aspergillus tubingensis has been demonstrated (Chapter 7).

Table 6. Influence of XInA and accessory enzymes on the release of 4-O-methyl glucuronic acid by AguA from
water insoluble pentosan (WIP) from wheat flour. Values are the percentage of the total amount of 4-O-methyl
glucuronic acid present in the WIP sample. N.D. means not determined. Absolute variations between duplicate

measurements were all between 0.1% and 0.9%.

Enzymes Intact WIP WIP treated with XInA
AguA 0.6 6.7
AguA / XInA 86.7 N.D.
AgQuA / AbfB 32 16.2
AQuA / AxhA 16 12.3
AguA / AgIB / LacA / AbfB / AxhA |/ FagA 3.8 59.2
AQuA / AgIB / LacA / AbfB / AxhA | FaeA / XInD 6.2 72.8
AguA / AgIB / LacA / AbfB / AxhA / FaeA / XInD / XInA 88.9 N.D.

The strong effect observed in this study can be attributed to the ability of XInA to remove
terminal xylose residues from xylan, which becomes an important factor when the incubation
timeislonger (24 hin this study compared to 30 min; Chapter 7). The addition of other
accessory enzymes to such an incubation does not significantly increase the amount of 4-O-
methyl glucuronic acid released. In incubations using pre-treated arabinoxylan, the addition of
other accessory enzymes has a strong positive effect on the release of 4-O-methyl glucuronic
acid by AguA, although the release does not reach the level of the simultaneous XInA / AguA
treatment. This indicates that the oligosaccharides which result from an incubation with XInA
alone are different from those arising when AguA is present. This aso impliesthat the
presence of 4-O-methyl glucuronic acid residues on the xylan backbone limits the degradation
of this polymer by XInA. Mainly the release of 4-O-methyl glucuronic acid is strongly
influenced in combination with XInA. Nearly al the ferulic acid, arabinose, and xylose can be

released from arabinoxylan pre-treated with XInA.
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The data in this study demonstrate that the synergy between the various xylanolytic enzymes
in the degradation of wheat arabinoxylan is not just based on the interactions between main
chain cleaving enzymes and accessory enzymes, but is a more complex phenomenon. Synergy
also occurs between the accessory enzymes resulting in an efficient and complete degradation
of this heterogeneous polysaccharide. These data are in agreement with the induction of the
genes encoding the xylanolytic enzymes which are under the co-ordinated regulation of the

xylanolytic transcriptional activator XInR (van Peij et a., 1998; Chapter 8).
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Abstract

Synergy in the breakdown of the hairy regions of sugar beet pectin was studied using
enzymes from Aspergilli involved in the degradation of the pectin side chains
(arabinofuranosidase, endoarabinase, B-galactosidase, endogalactanase, and feruloyl
esterase). Enzyme incubations, using these five side chain degrading enzymes alone and
in combinations, were performed using sugar beet pectin and sugar beet pectin pre-
treated with rhamnogalacturonan hydrolase and rhamnogalacturonan acetyl-esterase
and analysed for the release of arabinose, galactose, and ferulic acid. The pre-treatment
resulted in a two-fold increase in the release of galactose by B-galactosidase and
endogalactanase, but did not significantly influence the arabinose release by
arabinofuranosidase and endoarabinase. Galactose release by B-galactosidase and
endogalactanase was positively influenced by the presence of feruloyl esterase,
endoar abinase, and arabinofuranosidase. The release of ferulic acid by feruloyl esterase
alone was only detected using the pretreated pectin. Ferulic acid release from pre-
treated sugar beet pectin by feruloyl esterase was affected most strongly by the presence
of B-galactosidase raising the amount of ferulic acid released from 6.3 to 14.7% of the
total amount of ferulic acid present in sugar beet pulp. Incubations using a combination
of arabinofuranosidase, endoarabinase, B-galactosidase, and endogalactanase with
feruloyl esterase released 58.4% of the total amount of ferulic acid from pre-treated
sugar beet pectin and 7.9% from untreated sugar beet pectin.

I ntroduction

Pectins are heteropolysaccharides present in the primary cell wall of plants. In the backbone of
this polymer, smooth regions consisting of a-D-1,4-linked galacturonic acid residues are
interrupted by ramified hairy regions. Side chains consisting mainly of L-arabinose and D-
galactose are attached to the a-1,2-linked L-rhamnose residues present in the backbone of the
hairy regions (de Vries et al., 1982). Especially sugar beet pectin contains high levels of
ferulic acid, which can be attached to O-2 of a-1,5-linked arabinose residues of the arabinan
side chains, or to O-6 of (3-1,4-linked galactose in the galactan side chains (Guillon and
Thibault, 1989a and 1989b; Ralet et al., 1994; Colquhoun et al., 1994). Aspergilli produce a
wide range of enzymes for the degradation of pectin. Severa polygalacturonases, pectin

lyases, pectate lyases, and rhamnogalacturonases degrade the main chain of the pectin

162



Synergy in pectin degradation

polymer. Additionally, acetyl- and methylesterases remove the acetyl and methyl groups from
the main chain residues. Some of these enzymes were studied in detail (Benen et al., 1999;
Multter et a., 1996; Parenicova et al., 1998), and it has been shown that the combination of
these enzymes is necessary for the complete degradation of the pectin backbone. Degradation
of the side chains from the hairy regions requires additional enzymes. The arabinan
polysaccharides are hydrolysed by arabinofuranosidases and endoarabinases (Rombouts et al.,
1988), whereas galactan is degraded by beta-galactosidases and endogal actanases (van de Vis
et a., 1991). The feruloyl residues are removed by feruloyl esterases (Kroon et a., 1996;
Chapter 3). We have studied the synergy between five Aspergillus enzymes involved in the
degradation of pectic side chains (Table 1), and the influence of a pre-treatment of the pectin,
with rhamnogal acturonan hydrolase and rhamnogal acturonan acetylesterase, on the hydrolysis

of the side chains.

Table 1. Origin and amounts of the enzymes used in this study.

Enzyme symbol  origin amount used (ug)*  reference

Endoarabinase AbnA A. niger 20.0 Ramon et al., 1993
Arabinofuranosidase B AbfB A. niger 221 vander Veenet al., 1991
[3-galactosidase LacA A. niger 4.2 Manzanares et al., 1998
Endogal actanase GaA A. niger 19.7 Megazyme

Feruloyl esterase A FaeA A. niger 0.9 Chapter 3

Rhamnogal acturonan hydrolase RhgA A. aculeatus 12.0 Suykerbuyk et al., 1995
Rhamnogalacturonan acetylesterase  RgaeA  A. niger 16.7 This chapter

! Per 500 pl 1% sugar beet pectin in the enzyme incubations.

Materialsand Methods

Sugar and ferulic acid analysis of sugar beet pectin

The sugar analysis involved acid hydrolysis of WIP with 1M sulphuric acid after which the released
monomers were determined by HPL C using a a Carbopac PA1 column (Dionex Corp., Sunnyvale, Ca)
and a pulsed electrochemical detector. The ferulic acid content was determined as described previously
(Faulds et d., 1995).

Cloning, sequencing and overexpression of the A. niger rgaeA gene encoding rhamno-
galacturonan acetylesterase (RgaeA)

The rgaeA gene was cloned from an A. niger N400 AgvsL4 genomic library as described previoudly for
the faeA gene encoding feruloyl esterase (Chapter 3) using part of the A. aculeatus rgaeA gene as a
probe. The A. aculeatus rgaeA cDNA sequence (acc. nr. X89714) was used to design two oligonucleo-
tides (5-ACCGCCGTCTTGCACC-3' and 5-CCGTGCATACCACCGCC-3') which were used in
PCR with the A. aculeatus CBS 101.43 DNA as a template. The resulting 692 bp (0.7 kb) DNA
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fragment was sequenced to verify its identity and used as a probe. The sequence of the A. niger rgaeA
gene has been established as described before (Chapter 3) and has been deposited in the EMBL
nucleotide database (acc. nr. AJ242854). Overexpression of the A. niger rgaeA gene was
accomplished using a translational promoter fusion in which the constitutive promoter of the A. niger
pepE gene, which encodes peptidase E, a vacuolar aspartic protease (Jarai et a, 1994). The fusion of
the pepE promoter and the rgaeA gene followed the same strategy as outlined by Benen et a. (Benen
et al, 1999) for the fusion of the pki-promoter of the pyruvate kinase gene and several A. niger
endopolygal acturonases encoding genes, and resulted in plasmid pIM3874. This plasmid was used to
transform the A. niger strain NW188 (cspA1l, pyrA6, leuAl, goxC17, prtF28) as previoudly described
(Kusters-van Someren et a., 1991). The A. niger pepE-rgaeA transformant NW188::pIM3874.43,
which produced the highest amount of RgaeA, was used for large scale production and purification of
the enzyme.

RgaeA purification

A. niger pepE-rgaeA transformant NW188::pIM3874.43 was cultured using a 2.5 | fermentor in
minimal medium (Chapter 3) with 4g/l NH,Cl as N-source instead of NaNOs, supplemented with trace
elements (Visniac and Santer, 1957), 2 g/l yeast extract, 0.5 g/l casamino acids and 90 g/l glucose, as
carbon source. The culture medium was inoculated with 10° spores/ml and the fermentation was
carried out for 20 h at 700 rpm and 30°C. Relative O,-saturation was maintained at 30 %. The pH was
regulated at pH 3.5 by the addition of 5M NaOH. Culture fluid was collected by filtration, diluted
five-fold with water and adjusted to pH 6. Next, 50 g DEAE-Streamline (Pharmacia-Biotech) was
added to the filtrate and stirred for 1 h, after which the matrix was collected by filtration. RgaeA was
recovered by elution with 10 mM piperazine/HCI buffer pH 6.0, 1 M NaCl, followed by extensive
dialysis against the same buffer without the salt. The enzyme was loaded onto a Q-Sepharose Fast
Flow column (5x5 cm) (Pharmacia- Biotech) equilibrated in 20 mM piperazine/HCI pH 6.0 and eluted
with alinear 1500 ml NaCl gradient (0-1 M). RgaeA containing fractions were pooled and dialysed
against 20 mM piperazing/HCI pH 5.2 prior to storage at -20°C,. From 2 | of culture fluid 270 mg
RgaeA was purified.

Enzyme assay

RgaeA activity was routinely assayed at 30°C in 20 mM piperazine / HCI pH 5.0, using 1%
(mass/vol) sugarbeet pectin as substrate. Samples (100 pl) were taken from the reaction mixture, and
the pectin was precipitated by the addition of 100 pl 2-propanol followed by centrifugation. The
supernatant was evaporated under vacuum and the residual material was dissolved in 50 ul of water.
Acetate release was analysed by HPLC using an Aminex HPX-87H (Biorad) column eluted with 25
mM HCl at 50°C and using UV (210 nm) and RI detection. Using these standard conditions the
activity of RgaeA was 0.3 U/mg (=5 nkat/mg).

Synergism with rhamnogalacturonan hydrolase (RhgA)

The synergistic effect between RgaeA and A. aculeatus RhgA was investigated by incubation of a 500
ul of 1% (mass/vol) sugar beet pectin solution in 20 mM piperazine/HCI pH 5.0 for 16 h at 30°C with
RgaeA (100 pg) and RgaeA and RhgA (40 pg), respectively. Reactions were stopped by boiling for 5
min. The synergistic effect was monitored by determining the molecular mass distribution of the
sugar beet pectin before and after enzymatic treatment. Samples (50 pl) were analysed by high
performance size exclusion chromatography (HPSEC) as described before (Kester et al., 1999).
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Pre-treatment with RhgA and RgaeA

To 100 ml of a 1% pectin solution in 10 mM sodium acetate buffer (pH 4.5) 2.4 mg RhgA and 4.4 mg
RgaeA was added. The mixture was incubated for 72 h at 30°C to degrade the rhamnogal acturonan
backbone, after which the enzymes were inactivated by heating the mixture for 10 min in a boiling water
bath.

Pectin incubations

The amount of enzyme necessary to obtain the maximum amount of rel eased monomeric compound after
24 h of incubation was determined by incubating pectin with the individual enzymes alone and a time-
dependent analysis of the amount of monomeric compound released (Table 1). Enzyme incubations were
all performed using 500 pl of a 1% pectin solution in 10 mM sodium acetate buffer (pH 4.5) at 30°C for
24 h. The enzymes were inactivated by heating them in a boiling water bath for 5 min. Undissolved
material was precipitated by centrifugation (14.000 x G, 10 min) and the supernatant was transferred to a
new tube and stored at -20°C.

Enzyme assays

Ferulic acid concentrations in the incubations were analysed by HPL C with a type RP-8 reverse phase
column (Supelco, Bellefonte, Pa). Separation was achieved by using a linear gradient starting with
32% (vol/val) methanol-0.3% (vol/vol) acetic acid-67.7% (vol/vol) water and ending with 64%
(vol/vol) methanol-0.3% (vol/vol) acetic acid-35.7% (vol/vol) water, with detection at 325 nm.
Galactose and arabinose concentrations were also determined by HPLC using a Carbopac PA-100
column (Dionex Corp., Sunnyvale, Ca). Separation was achieved by using a linear gradient, starting
with 100 mM NaOH, 5 mM sodium acetate and ending with 100 mM NaOH, 400 mM sodium acetate,
over a 20 min period at a flow of 1 ml/min. Detection was carried out using a pulsed amperometric
detector (PAD).

Results and discussion

Analysis of the composition of sugar beet pectin

The arabinose, galactose and ferulic acid content of sugar beet pectin was analysed as
described in Materials and Methods. Galactose was found to be the major neutral sugar
component of sugar beet pectin, followed by arabinose and rhamnose (Table 2). Small
amounts of other sugars (fucose, glucose, xylose, and mannose) were also present, but each of

these constituted less then 0.1% by mass.

Table 2. Sugar and ferulic acid analysis of sugar beet pectin.

Component % of total pectin (mass)
arabinose 5.0
galactose 9.6
rhamnose 24

ferulic acid 0.63
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Rhamnogalactur onan acetylester ase (RgaeA) positively influences the degradation of the
rhamnogalactur onan backbone by rhamnogalactur onan hydrolase (RhgA)

The molecular mass distribution of sugar beet pectin was determined, before and after
incubations with RhgA aone and in combination with RgaeA, using size exclusion
chromatography. RhgA aone only resulted in a minor decrease in the molecular mass of the
pectin polymer (Fig. 1), whereas the combination of RhgA and RgaeA resulted in a large
decrease of the molecular mass. These results demonstrate that the removal of acetylesters by
RgaeA is essential for the action of RhgA.
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Fig. 1. Molecular mass distribution of sugar beet pectin before (A) and after a treatment with RhgA (B) and a
combination of RhgA and RgaeA (C).

Therelease of ferulic acid from sugar beet pectin by feruloyl esterase (FaeA) strongly
depends on the pre-treatment with RhgA and RgaeA and isincreased by the addition of
other accessory enzymes

FaeA aone was able to release some ferulic acid from RhgA/RgaeA-treated sugar beet pectin
(6.3%), but not from untreated sugar beet pectin (Table 3). Ferulic acid is involved in cross-
linking cell wall polysaccharides (Fry, 1979) and will therefore not be readily accessible to
ferulic acid esterases. As demonstrated in this paper, degradation of the pectin backbone
increases the accessibility of the ferulic acid residues resulting in an increased release of
ferulic acid by the esterases. In the past it has been reported that FaeA is not active against
sugar beet pulp (Brézillon et al., 1996; Faulds and Williamson, 1994). However, these
measurements were done on sugar beet pulp which was not treated with rhamno-gal acturonan
degrading enzymes. The results described in this paper reveal a strong synergy between FaeA

and these rhamnogal acturonan degrading enzymes.
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Table 3. Influence of the RhgA and RgaeA pre-treatment and the addition of other accessory enzymes on ferulic
acid release from sugar beet pectin by FaeA. Values are in percentage of the total amount of ferulic acid present

in sugar beet pectin.

Enzyme untreated pectin treated pectin
FaeA 0 6.3+0.6
FaeA / AbfB 24+£01 94+0.2
FaeA / AbnA 0 74+0.2
FaeA / LacA 0 147+0.2
FaeA / GaA 0 79+01
FaeA / AbfB / AbnA 47x0.1 9.7+05
FaeA / LacA | GalA 05+£01 20.1+06
FaeA / LacA / AbfB 14+£01 239+02
FaeA / LacA / AbnA 0 134+0.1
FaeA / LacA / GalA /AbfB 42+0.1 384+11
FaeA / LacA / GalA / AbnA 26+£0.1 195+0.1
FaeA / LacA / AbfB / AbnA 55+£01 224+01
FaeA / LacA / GalA |/ AbfB / AbnA 79+£0.2 584+ 13

Incubations with arabinofuranosidase (AbfB), endoarabinase (AbnA), 3-galactosidase (LacA),
and endo-galactanase (GalA), alone or in combinations, in the absence of FaeA did not result
in detectable amounts of ferulic acid released from either untreated or treated pectin (data not
shown), but these enzymes did influence the release of ferulic acid in the presence of FaeA.
The amount of ferulic acid released from enzyme incubations using pre-treated sugar beet
pectin was only dlightly increased in individual combinations of FaeA with AbfB, AbnA, and
GalA, or with a combination of AbfB and AbnA (Table 3), but the presence of LacA had a
strong effect on ferulic acid release (14.7-24%). Incubations with FaeA, AbfB, AbnA, LacA,
and GalA resulted in the highest release of ferulic acid from RhgA/RgaeA treated pectin
(58%). Previous reports demonstrated that FaeA was not active against arabinose (O-2) linked
ferulic acid, but was able to release galactose linked ferulic acid from sugar beet pectin
derived oligosaccharides (Ralet et al., 1994). Thisisin agreement with the data shown above.
Synergy was mainly observed between FaeA and LacA indicating a preference of the esterase
for galactose linked ferulic acid. Using untreated pectin, a small amount of ferulic acid was
released by FaeA when a combination of LacA and GalA was added (Table 3). Higher
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synergistic effects were observed in the presence of AbfB or in combinations of FaeA and
AbfB with other enzymes. Since FaeA was not able to release arabinose linked ferulic acid
from pectin oligomers (Ralet et a., 1994), this increase in released ferulic acid is most likely
due to the degradation of the arabinan side chains by AbfB resulting in an increased
accessibility of the galactose linked ferulic acid residues.

A different feruloyl esterase from A. niger (cinnamoyl esterase) able to release ferulic acid
from sugar beet pulp (Kroon and Williamson, 1996) was shown to be mainly active on
arabinose linked ferulic acid. This enzyme acted synergistically with endoarabinase in the
release of ferulic acid, but no positive interaction was observed with endogal actanase or [3-
galactosidase (Kroon and Williamson, 1996). The importance of [(-galactosidase and
arabinofuranosidase in the release of ferulic acid from sugar beet pectin is supported by the
data obtained by Micard et al. (1994). When comparing different commercial pectinolytic
enzyme preparations the highest release of ferulic acid from sugar beet pectin was obtained
using Pektolase LM, which contained the highest 3-galactosidase and arabinofuranosidase
activity of all the enzyme preparations tested.

The high amount of ferulic acid released by FaeA, in combination with rhamnogal acturonan
and side chain degrading enzymes indicates an important role for this enzyme in the complete

degradation of sugar beet pectin.

Arabinose and galactoserelease from sugar beet pectin

Arabinose release by AbnA was higher in untreated pectin than in RhgA / RgaeA treated
pectin (Table 4), whereas no significant increase was observed using AbfB or a combination
of AbnA and AbfB. No significant amounts of arabinose were released by any of the other
enzymes from treated or untreated pectin nor did the addition of LacA and GaA result in an
increase in the amount of arabinose released by AbfB and AbnA (data not shown). However,
the amount of galactose released by LacA, GalA, and a combination of these enzymes was
higher from treated pectin than from untreated pectin (Table 5). The strongest effect was
observed in incubations with only LacA. Incubations with a combination of LacA and GalA
resulted in an 3-fold increase in the amount of galactose released compared to incubations
with either of these enzymes alone. Addition of AbfB and AbnA to incubations with LacA
and GalA resulted in a further increase in the amount of galactose released. Hairy regions

from pectins are dense structures in which the individual side chains are close together. This
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Table 4. Influence of the RhgA and RgaeA pre-treatment and the addition of FaeA on arabinose release from
sugar beet pectin by AbfB and AbnA. Values are in percentage of the total amount of arabinose present in sugar
beet pectin.

enzyme untreated pectin  treated pectin  treated pectin with FaeA
AbfB 647+ 11 62.4+0.2 68.4+0.8
AbnA 27+01 59+0.3 104+0.1
ADbfB / AbnA 68.6 + 0.7 64.8+ 0.5 69.5+ 0.5

Table 5. Influence of the RhgA and RgaeA pre-treatment and the addition of FaeA on galactose release from
sugar beet pectin by LacA and GalA. Values are in percentage of the total amount of galactose present in sugar
beet pectin.

enzyme untreated pectin  treated pectin  treated pectin
with FaeA
LacA 09+0.1 8.2+0.6 104+ 0.3
GaA 83+0.6 10.0+0.8 124+ 0.1
LacA / GalA 152+ 0.3 304+£0.1 349+05
LacA / GalA / AbfB / AbnA 26.7+0.6 441 +0.3 50.4+ 0.6

may cause steric hindrance, resulting in a decreased activity of the enzymes acting on these
side chains. A structure has been proposed for sugar beet pectic side chains in which short
galactan side chains connect the longer arabinan chain to the rhamnogal acturonan backbone
(Albersheim, 1975; Sakamoto and Sakai, 1995). Thisisin agreement with the data described
above. In such a structure the long arabinan side chains which extend away from the pectin
backbone would be accessible for AbfB and AbnA, whereas the shorter galactan chains would
be shielded by the arabinan chains, preventing efficient hydrolysis by LacA and GalA. By
hydrolysing the rhamnogal acturonan backbone, the galactan chains become more accessible,
resulting in an increase in the amount of galactose released by LacA and GalA. The positive
effect of AbfB and AbnA on galactose release by LacA and GalA can aso be explained by an
increase in the accessibility of the shorter galactan chainsto LacA and GalA.

The addition of FaeA to incubations using AbfB, AbnA, LacA, and GaA, aone or in
combination did not influence the release of arabinose or galactose from untreated pectin (data
not shown). Addition of FaeA to incubations of treated pectin with AbnA alone increased the

amount of arabinose two-fold, but only a minor effect was observed using AbfB or a
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combination of AbfB and AbnA (Table 4). The release of galactose from RhgA / RgaeA
treated pectin was increased by the addition of FaeA in all enzyme incubations (Table 5). The
highest release of galactose was observed in incubations with all five enzymes. It is most
likely that the effects of the addition of FaeA on galactose release by LacA and GaA are due
to the ability of the enzyme to remove ferulic acid residues from the galactan side chains. This
would make these side chains more accessible to the galactan degrading enzymes. The
inability of FaeA to increase the arabinose release by AbfB confirms the observations that
FaeA is not able to hydrolyse the link between arabinose and ferulic acid in sugar beet pectin,
and would therefore not be able to remove the ferulic acid crossiinks. The other feruloyl
esterase purified previously (Kroon and Williamson, 1996) might have a stronger effect on the
release of arabinose by AbfB. Adding this enzyme to incubations with the five enzymes used
in this study (AbfB, AbnA, LacA, GalA and FaeA) could result in a further increase in the

release of both arabinose and ferulic acid from sugar beet pectin.
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The xylanolytic and pectinolytic enzyme systems from Aspergillus are widely studied due to
the wide range of industrial applications of these enzymes. This thesis adds information about
the expression of xylanolytic and pectinolytic genes and about the action of the encoded
enzymes on the polymeric substrates (xylan and pectin) to the data present in the literature.
There still isaneed to understand these systems in more detail with respect to their production
(gene expression, post-transcriptional regulation and secretion), the activity of the enzymes on
polymeric and oligomeric substrates, their kinetic parameters and the synergy between the

enzymes. Some of these issues will be discussed in this chapter.

1. Regulation of xylanolytic genes

The regulation of the xylanolytic system has been studied in detail and severa factors
involved in the expression of xylanolytic genes have been detected. Xylanolytic genes are
expressed in the presence of xylose, xylobiose or xylan (Chapters 3 to 9). The xylanolytic
transcriptional activator protein XInR plays a central role in the induction of xylanolytic gene
expression (see Chapter 1). Although it is obvious that intact xylan will not be the actual
inducer of the system, it is at this point unclear whether induction is only initiated by the
monomeric sugar xylose or if small xylo-oligosaccharides (xylobiose, xylotriose) are also
capable of inducing the system without first being degraded to xylose.

A consensus site (GGCTAA) has been proposed for the XInR binding site in the promoters of
xylanolytic genes. This consensus or a dight variation of it can be found in all XInR regulated
genes. Only the second G has thus far been confirmed to be essential by band shift assays and
in vivo. This residue was also conserved in al putative XInR binding sites identified so far.
However, analysis of the promoter regions of several xylanolytic genes identified sequences
which are highly similar to this consensus, but in which one of the two adenosine residues is
replaced by a different residue. The promoter of A. niger faeA contains one putative XInR
binding site and a sequence in which the second adenosine residue is replaced by a guanosine.
The XInR consensus site is absent in the promoter of A. tubingensis faeA, but a similar
sequence (GGCTAT) is present at the same position as the GGCTAG sequence in A. niger.
This faeA gene from A. tubingensis is expressed on xylose and xylan, suggesting that a T at
position 6 does not diminish expression. Both a XInR consensus sequence and the GGCTAG
sequence are present at conserved positions in the promoters of A. niger and A. tubingensis

aguA. A more detailed analysis using site-directed mutagenesis to change individual
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nucleotides will be needed to fully determine the variations which still result in a functiona
binding site for XInR. In such an approach it will be possible to eliminate the (wild-type)
XInR consensus site by mutating the second G, allowing a functional study of the sequences

similar to the XInR consensus.

A second factor which plays a central role in the expression of xylanolytic genes is the carbon
catabolite repressor protein CreA. The promoters of all xylanolytic genes isolated so far
contain one or more putative CreA binding sites and expression of these genesis repressed in
the presence of glucose. The extent of CreA repression is not limited to glucose. Other
monomeric carbon sources also result in repression of the expression of xylanolytic genes.
Xylose not only induces the expression of the xylanolytic genes via XInR, but also resultsin
repression of expression via CreA (Chapters 8 and 9). An increase in the xylose concentration
resulted in a decrease in the expression of xylanolytic genes. CreA mediated repression was
also observed in the presence of other carbon sources. Ferulic acid induced expression of faeA
in the presence of these carbon sources was lower in an A. niger wild type strain than in a
CreA derepressed mutant (Chapter 6). These results have implications for the industrial
production of xylanolytic enzymes from Aspergillus on (crude) polymeric substrates. During
growth of Aspergillus a mixture of carbon sources will be released, of which some might lead
to significant CreA mediated repression, resulting in a reduced production of the enzymes. To
be able to predict the levels of expression of xylanolytic genes on these substrates it will be
important to determine the strength of CreA mediated repression by other monomeric carbon
sources present in or liberated from polymeric substrates. Xylose is not used for the
production of xylanolytic enzyme preparations, since the commonly used concentration at lab
scale (between 30 and 70 mM) would lead to a substantial increase in the production costs of
the preparations. The data presented in this thesis demonstrate that a significant increase in
xylanolytic gene expression can be achieved at very low xylose concentrations (1 mM). If the
production of the xylanolytic enzymes is similarly influenced, adding a low amount of xylose

to the crude substrate will probably lead to a quicker and higher production of the enzymes.

In A. nidulans, pH regulation of some xylanolytic genes has been reported. Opposite
expression patterns for two endoxylanase encoding genes with respect to ambient pH, are
mediated by the pH regulatory protein PacC (see Chapter 1). This phenomenon has so far not
been studied in detail in other Aspergilli, but might have implications for the production of
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these enzymes by Aspergillus sp., since some species (e.g. A. niger) strongly acidify the
culture medium during growth. More detailed studies will be needed to determine the

influence of the pH of the culture medium on the production of xylanolytic enzymes.

Apart from these general regulatory systems a system specific for the feruloyl esterase A
encoding gene (faeA) has been identified. This system responds to the product of the enzyme
(ferulic acid) and acts synergistically with XInR in inducing the expression of faeA (Chapter
5). Several other feruloyl esterases have been purified from Aspergillus sp. (Chapter 1).
Whether the corresponding genes of these enzymes are controlled by the same ferulic acid
responsive system as faeA is unclear at this point.

No data has been reported in which additional regulatory systems have been studied for the
other xylanolytic genes. It would be interesting to see if other accessory enzymes are also
induced by the product of the enzyme reaction resulting in increased gene expression in the
presence of XInR induction. Adding small amounts of these specific inducers might enable

the production of differently balanced mixtures of xylanolytic enzymes.

2. Regulation of pectinolytic genes

Little is known about the regulation of pectinolytic genes from Aspergillus. Data about the
production of the pectinolytic enzymes indicates that unlike for the xylanolytic system, genes
encoding main chain cleaving pectinolytic enzymes and genes encoding accessory pectinolytic
enzymes do not have an overall inducing system (see Chapter 1). Some of the genes encoding
main chain cleaving enzymes seem to be constitutively expressed, whereas others are only
expressed in the presence of pectin or polygalacturonic acid. Although it is unlikely that these
polymeric compounds actually enter the cell and induce pectinolytic gene expression,
monomeric or low oligomeric compounds which are inducers of the pectinolytic system have
not been identified with certainty. The expression of some of the accessory enzymes encoding
genes has been studied in more detail and galactose and arabinose have been identified as
inducers of genes encoding galactose releasing and arabinose releasing enzymes, respectively
(see Chapter 1). Some of these genes are also part of the xylanolytic system, indicating the
presence of several regulatory boxes in the promoters of these genes responding to different
environmental conditions. Since it appears that not all pectinolytic genes are coordinately
regulated, it might be important to perform an expression study in which the influence of the

wide domain regulatory proteins is minimised. This can be achieved by using regulatory
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mutant strains (CreA, PacC, AreA) or by specifically mutating putative regulatory sequences
in the promoters of these genes. Such a study might reveal whether more than one pectinolytic

transcriptional activator is present.

3. Mode of action of pectinolytic and xylanolytic enzymes

The mode of action of most pectinolytic and xylanolytic main chain cleaving enzymesis being
studied in detail. Especially for the polygal acturonases and pectin lyases datais available with
respect to the kinetics, number of sub-sites and substrate specificity of the enzymes. In order
to be able to rationally select enzymes for industrial applications it will be useful to set up a
database for the xylanolytic main chain cleaving enzymes and for the accessory enzymes
involved in xylan and pectin degradation based on their mode of action on substrates of
different origin. These data will enable a rational choice between several similar enzyme
functions for a specific application involving a particular substrate. Using such a strategy will
increase the amount of desired product formed and will reduce the amount of undesired by-
products. Additionally, this might also lead to an understanding why Aspergillus produces
several enzymes for one function (e.g. endoxylanase, polygalacturonase, a-galactosidase),
whereas single enzymes are produced for other functions (e.g. a-glucuronidase, [3-

galactosidase).

4. Syner gy between cell wall degrading enzymes

Synergy has been observed between main chain cleaving and accessory enzymes in both the
xylanolytic and pectinolytic degrading system of Aspergillus and also between accessory
enzymes involved in these systems (Chapters 10 and 11). Using different combinations of
enzymes a different spectrum of products will be produced. Crude enzyme preparations
containing several enzyme functions are most commonly used in industrial processes,
resulting in good yields of products especially when complete degradation of the
polysaccharide to monosaccharides is required. However, in the production of tailor made
products (e.g. specific oligosaccharides) it might be more efficient to use a defined
combination of enzymes which will increase the amount of desired product formed, but will
not further degrade this product to monosaccharides. In order to design rational strategies for
such processes, it will be necessary to study the synergy of the xylanolytic and pectinolytic

enzymes in more detail. Analysis of the reaction products should then not only focus on the
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formation of monosaccharides, but also on the structure of the oligosaccharides. This will
require elaborate and detailed studies using NMR and mass spectroscopy and HPLC analysis.

Additionally, a more detailed study of synergy between the xylanolytic and pectinolytic
enzymes and other enzymes potentially able to act on xylan or pectin might result in the
identification of additional enzymes involved in the degradation of these polysaccharides. A
first example of this strategy is FaeA, which was stated not to be active on pectin. However, in
combination with some pectinolytic main chain cleaving and accessory enzymes, FaeA was
able to release 58% of the total amount of ferulic acid present in sugar beet pectin (Chapter
11). a- and pB-gaactosidases positively influenced the action of other xylanolytic enzymes
(Chapter 10), although no detectable amounts of galactose were released. This suggests that
the release of small amounts of specific residues might already have a significant impact on
the total degradation of the polysaccharide. In order to determine the action of specific
enzymes alone and in combinations, the availability of pure samples of all enzymes involved
in the degradation of xylan and pectin is required. At this point, it seems clear that not al
enzymes involved in the degradation of heteropolysaccharides have been identified.
Therefore, it can also be expected that additional synergistic effects will be observed as the

number of xylan and pectin degrading enzymes purified increases.
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The xylanolytic and pectinolytic enzyme systems from Aspergillus have been the subject of
study for many years. Although the main chain cleaving enzymes and their encoding genes
have been studied in detail, little information is available about most of the accessory enzymes
and their corresponding genes. This thesis describes the purification and characterisation of
two accessory enzymes from Aspergillus, feruloyl esterase A (FaeA) and a-glucuronidase A
(AguA), and the activities of these enzymes on polymeric substrates in relation to other
accessory enzymes. Furthermore, the characterisation and regulation of the FaeA and AguA
encoding genes (faeA and aguA), and some genes encoding other accessory enzymes is
studied.

FaeA is the mgor feruloyl esterase produced when Aspergillus niger is grown on xylan or
crude substrates such as wheat bran or sugar beet pulp. Addition of ferulic acid, the product of
FaeA, to media containing xylan increases the production of this enzyme. FaeA is able to
release ferulic acid from xylan and pectin oligosaccharides, as well as from synthetic
substrates such as methylferulate. The faeA gene was cloned from A. niger and Aspergillus
tubingensis. A blast of the deduced amino acid sequence of FaeA revealed no significant
homology to other proteins, except for a small region of FaeA which was highly similar to the
active site of lipases. Based on this homology, a 3-dimensional model for FaeA was proposed
by Pickersgill et al. Although only 16 amino acid differences were observed between FaeA
from A. niger and A. tubingensis, the latter enzyme was found to be much more sensitive to
proteolytic degradation.

AguA from A. tubingensis was able to release (4-O-methyl-) glucuronic acid from xylan
derived oligosaccharides, but had very little activity towards the intact polysaccharide. The
aguA gene was cloned, and database analysis of the deduced amino acid sequence revealed
homology to the a-glucuronidases from Trichoderma reesei and Thermotoga maritima.
Regulation of faeA and aguA expression was studied in A. niger and compared to other
xylanolytic genes. Both genes were found to be under the control of the xylanolytic
transcriptional activator protein XInR, which aso regulates endoxylanase, [3-xylosidase,
acetylxylan esterase, arabinoxylan arabinofuranohydrolase, and endoglucanase gene
expression. In a XInR negative mutant no expression of faeA and aguA was observed on

xylose or xylan. Expression of faeA in this mutant was observed in the presence of ferulic

179



Summary

acid, indicating the presence of a second system for the induction of this gene. This system
seems to be specific for faeA, since no expression of aguA or other xylanolytic genes was
observed under these conditions. In awild-type A. niger strain, expression levels of faeA were
higher on a combination of xylose and ferulic acid than the sum of the expression levels on
xylose and ferulic acid alone, suggesting a synergistic effect of these two inducing systems.
The carbon catabolite repressor protein CreA isinvolved in the repression of xylanolytic gene
expression in the presence of easy metabolisable carbon sources, such as glucose or fructose.
Expression of aguA and faeA on xylose and xylan, as well as expression of faeA on ferulic
acid was repressed in the presence of glucose. Depending on the concentration of xylose
present in the medium, this sugar also triggers CreA mediated repression of xylanolytic gene
expression. Using a concentration range from 1 to 100 mM, it was shown that expression
levels of faeA, aguA, and genes encoding endoxylanase B and (3-xylosidase decreased with
increasing xylose concentrations in an A. niger wild type strain. In a CreA derepressed mutant
constant levels of XInR induced gene expression were observed indicating that the xylose
concentration has a modulating effect via CreA.

A gene (aglB) encoding an a-galactosidase, which was produced when A. niger was grown on
crude wheat arabinoxylan, was cloned and the expression of this gene was compared with the
expression of two other a-galactosidase encoding genes (aglA and aglC) and a [3-
galactosidase encoding gene (lacA) from A. niger. All four genes had specific expression
profiles with respect to monomeric sugars, gal acto-oligosaccharides and polymeric substrates.
High expression on xylan was only observed for aglB and lacA, suggesting that these genes
may be part of the xylanolytic system from A. niger. This was confirmed using a XInR
negative mutant, which showed no (lacA) or reduced (aglB) expression of these genes on
xylose.

Synergy was studied between the accessory enzymes from Aspergillus involved in xylan
degradation and two main chain cleaving enzymes, endoxylanase A (XInA) and (3-xylosidase
(XInD). Except for a-L-arabinofuranosidase B (AbfB), the activity of all accessory enzymes
on xylan was increased in the presence of XInA. Similarly, the presence of accessory enzymes
increased the activity of XInA on xylan, indicating synergy between these enzymes. Synergy
was also observed between the accessory enzymes, resulting in more efficient degradation of
xylan. These results confirm that the gene products of XInR regulated genes are in fact al part

of the xylanolytic enzyme system of Aspergillus.
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Similarly, the synergy of enzymes involved in the degradation of the hairy regions in sugar
beet pectin was studied. Degradation of the pectin backbone did not influence the activity of
the arabinose releasing enzymes, AbfB and endoarabinase (AbnA), but had a strong effect on
the release of ferulic acid by FaeA and the release of galactose by endogal actanase (GalA) and
B-galactosidase (LacA). Synergy was also observed between galactose- and ferulic acid-
releasing enzymes.

The accessory enzymes from Aspergillus involved in the degradation of xylan and pectin form
a diverse group of enzymes which actively co-operate in polysaccharide degradation.
Common factors have been identified in the regulation of the genes encoding these enzymes,
but the expression patterns of the different genes also indicate the presence of other factors
influencing specific genes. This most likely enables Aspergillus to modulate the production of
these enzymes to obtain an efficient mixture for the degradation of the variety of substrates it

encounters.
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De schimmel Aspergillus produceert een groot scala aan enzymen om de plant celwand
polysacchariden xylan en pectine af te breken. Deze xylanolytische en pectinolytische
enzymsystemen worden al vele jaren bestudeerd en er is a veel informatie beschikbaar over
de enzymen die de hoofdketen van deze polysacchariden afbreken. Echter, de enzymen die
zijketens van xylan en pectine afbreken en de coderende genen zijn in mindere mate
bestudeerd. In dit proefschrift is de zuivering en de karakterisering van twee zijketen
afsplitsende enzymen, feruloyl esterase A (FaeA) en a-glucuronidase (AguA), beschreven en
is de activiteit van deze enzymen op polymere substraten bestudeerd in relatie tot andere
Zijketen afsplitsende enzymen. Daarnaast zijn de genen die coderen voor deze enzymen (faeA
en aguA) gekloneerd en is de regulatie van deze genen en een aantal andere voor zijgroep
af splitsende enzymen coderende genen bestudeerd.

FaeA is het voornaamste feruloyl esterase dat door Aspergillus niger geproduceerd wordt bij
groei op xylan of ruwe substraten zoals tarwe zemelen of suikerbieten pulp. De productie van
dit enzym door A. niger wordt nog verhoogd as er ferulazuur, het product van FaeA, wordt
toegevoegd aan het groeimedium. FaeA is in staat om ferulazuur af te splitsen van
oligosacchariden afgeleid van xylan en pectine, maar ook van synthetische substraten zoals
methyl-ferulaat. Het faeA gen is geisoleerd uit A. niger en Aspergillus tubingensis. De
afgeleide aminozuur sequentie van FaeA heeft geen significante homologie met andere
eiwitten. Een uitzondering hierop is een kleine regio van FaeA dat zeer hoge homologie
vertoond met de ‘active site’ van lipases. Op grond van deze overeenkomst is een 3-
dimensionaal model voor FaeA voorgesteld door Pickersgill et al. Een vergelijking van de
aminozuur sequentie van A. niger en A. tubingensis FaeA toonde aan dat er dechts 16
aminozuur verschillen zijn tussen de twee enzymen. Desondanks is het A. tubingensis enzym
veel gevoeliger isvoor proteolytische afbraak dan A. niger FaeA.

AguA van A. tubingensis is in staat om (4-O-methyl-)glucuronzuur af te splitsen van
oligosacchariden van xylan, maar is decht in geringe mate actief op het intacte
polysaccharide. Het aguA gen is gekloneerd en de afgel eide aminozuur sequentie van AguA is
vergeleken met andere eiwitten uit de database. AguA van A. tubingensis vertoonde sequentie
overeenkomst met a-glucuronidases van de schimmel Trichoderma reesei en de bacterie

Thermotoga maritima.
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Regulatie van de expressie van faeA en aguA is bestudeerd in A. niger en vergeleken met die
van andere xylanolytische genen. Het xylanolytisch transcriptie activatie eiwit XInR reguleert
de expressie van faeA en aguA op xylose en xylan. XInR reguleert verder ook de expressie
van genen coderend voor endoxylanase, [3-xylosidase, acetylxylan esterase, arabinoxylan
arabinofuranohydrolase en endoglucanase. In een XInR negatieve mutant werd geen expressie
gedetecteerd van faeA en aguA op xylose of xylan, maar faeA kwam wel tot expressie in
aanwezigheid van ferulazuur. Dit geeft aan dat er een apart inducerend systeem bestaat dat
specifiek is voor faeA, aangezien er onder deze condities geen expressie waargenomen werd
voor aguA of andere xylanolytische genen. In een wild type stam is de faeA expressie op een
combinatie van xylose en ferulazuur hoger dan de som van de expressie op beide substraten
apart, wat suggereert dat de beide systemen een synergistisch effect hebben.

Het koolstof kataboliet repressie eiwit CreA is betrokken bij de repressie van xylanolytische
genexpressie in de aanwezigheid van makkelijk afbreekbare kool stofbronnen zoals glucose en
fructose. De expressie van zowel faeA als aguA op xylan en xylose, alsmede de expressie van
faeA op ferulazuur werd gerepresseerd in de aanwezigheid van glucose. Ook xylose isin staat
om de expressie van xylanolytische genen te represseren via CreA, afhankelijk van de
concentratie waarin deze suiker aanwezig is. De expressie van faeA, aguA en de genen
coderend voor endoxylanase B (xInB) en (-xylosidase (xInD) nam af naarmate de xylose
concentratie toenam van 1 naar 100 mM. In een CreA negatieve mutant werd een constant
expressie niveau waargenomen, wat aangeeft dat de afname in de wild type stam een gevolg is
van CreA repressie.

A. niger produceert een a-galactosidase bij de groel op ruw tarwe arabinoxylan. Het gen
coderend voor dit enzym (aglIB) is gekloneerd en de expressie van dit gen is vergeleken met
de expressie van twee andere a-galactosidase coderende genen (aglA en aglC) en met een [3-
galactosidase coderend gen (lacA) van A. niger. De vier genen hadden elk specifieke
expressie patronen met betrekking tot monomere suikers, galacto-oligosacchariden en
polymere substraten. Hoge expressie van aglB en lacA werd waargenomen op Xxylan, wat
aangeeft dat deze genen deel uit maken van het xylanolytisch systeem van A. niger. Dit werd
bevestigd doordat geen (lacA) of verlaagde (aglB) expressie werd waargenomen in een XInR
negatieve mutant.

De synergie is bestudeerd tussen zijketen af splitsende enzymen en twee hoofdketen splitsende
enzymen, endoxylanase A (XInA) en 3-xylosidase (XInD) bij de afbraak van tarwe xylan. De

activiteit van alle zijketen afsplitsende enzymen, met uitzondering van a-L-arabinofurano-
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sidase B (AbfB), werd verhoogd in de aanwezigheid van XInA. Omgekeerd hadden de
zijketen af splitsende enzymen ook een positief effect op de activiteit van XInA, wat aangeeft
dat er synergie bestaat tussen deze enzymen. Daarnaast werd ook synergie waargenomen
tussen de zijgroep af splitsende enzymen, resulterend in een meer efficiénte afbraak van xylan.
De synergie van enzymen betrokken bij afbraak van de ‘hairy regions van suikerbieten
pectine is eveneens bestudeerd. Afbraak van de hoofdketen van pectine had geen effect op de
activiteit van de arabinose afsplitsende enzymen, AbfB en endoarabinase (AbnA), maar had
wel een positieve invioed op de activiteit van FaeA en de gaactose afsplitsende enzymen
endogalactanase (GalA) en LacA. Verder werd ook synergie waargenomen tussen galactose en
ferulazuur af splitsende enzymen.

De xylanolytische en pectinolytische zijketen afsplitsende enzymen van Asergillus vormen
een gevarieerde groep enzymen die samenwerken in de afbraak van xylan en pectine. Een
aantal algemene transcriptie factoren zijn betrokken bij de regulatie van de genen die coderen
voor deze enzymen. Echter, de expressie patronen van de verschillende genen geven ook
indicaties voor specifieke transcriptie factoren betrokken bij de regulatie van specifieke genen.
Via deze factoren is Aspergillus waarschijnlijk in staat om de productie van de verschillende
enzymen te beinvioeden om een mengsel te verkrijgen dat leidt tot een efficiénte afbraak van

de verschillende substraten waarmee de schimmel in aanraking komt.
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