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1 Vele artikelen zijn verschenen over de rol die polyolen spelen bij 
osmoregulatie in schimmels. Daarin wordt ten onrechte geen aan-
dacht besteed aan de plaats van accumulatie van polyolen in de eel. 

2 Bij de door Henrissat voorgestelde classificatie van glycosyl hydrola­
ses, gebaseerd op overeenkomsten in aminozuurvolgordes, hadden 
de voor de verschillende families karakteristieke kenmerken van 
aminozuursamenstelling aangegeven moeten worden. 
(Henrissat (1991), Biochem J 280:309-316; Henrissat and Bairoch (1993), 
Biochem J 293:781-788) 

3 Door Yoder et al. (1993) wordt een verband gelegd tussen de 6-
helix structuur van pectaat lyase C (PeIC) en de eigenschap van het 
eiwit om door een dialyse membraan te lekken. Dezelfde eigenschap 
zou het voor PeIC mogelijk maken om in de plantecelwand verborgen 
polygalacturonaat te bereiken. De flexibiliteit en openheid van 
structuur die hiervoor nodig is lijkt strijdig met de hoge stabiliteit van 
het pectaat lyase. 
(Yoder et al. (1993), Science 260:1503-1507) 

4 De conclusie van Kelley en Reddy dat glucose oxidase het belangrijk-
ste H202 genererende enzym is tijdens de afbraak van lignine door 
Phanerochaete chrysosporium, wordt onvoldoende door experimen­
ted data ondersteund. 
(Kelley en Reddy (1986), J Bacteriol 166:269-74) 

5 Er is nooit tijd om een experiment goed te doen maar er is altijd tijd 
om er een over te doen. 

6 Menig dierenliefhebber houdt een dier in gevangenschap. 

7 De mogelijkheden om aansluiting te verkrijgen op internet zouden 
even groot moeten zijn als de mogelijkheden voor aansluiting op 
kabeltelevisie. 

8 Kostenbeheersing in de gezondheidszorg is slechts mogelijk als veel 
nieuwe technieken en medicijnen niet worden toegepast. 

Wageningen, 27 September 1993 Cor Witteveen 
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Chapter 1 

Introduction1 

Among the filamentous fungi overproduction of primary metabolites is quite 
common. The carbon source available is thus used for the synthesis of biomass, 
production of energy and metabolites which can accumulate in the cell or are 
excreted. The function of this overflow metabolism often is not clear. In many 
fungi it can be stimulated and in some cases conditions have been found where a 
carbon source is converted almost quantitatively in one or more overflow 
metabolites. In Aspergilli two groups of compounds are overproduced under 
certain conditions, namely: organic acids and polyols. Synthesis of these com­
pounds is part of carbon metabolism and common mechanisms might be involved 
in the production of both organic acids and polyols. 

1 ORGANIC ACID PRODUCTION BY ASPERGILLI 

The Aspergilli are well-known for their ability to produce organic acids of 
which the most important ones are listed in Fig. 1. Apparently these fungi have 
an intrinsic tendency to overproduce such metabolites. The organic acids can be 
divided in two groups: the TCA cycle related acids (citric-, itaconic-, malic-, 
fumaric-, succinic- and oxalic acid) and those directly derived from glucose 
(gluconic and kojic acid). The conditions necessary to achieve appreciable forma­
tion of the acids vary. The main factors involved are a high concentration of a 
carbon-source which is readily metabolised, the external pH and adequate 
aeration of the cultures. Besides these factors other nutritional parameters have 
been described to influence acid formation, amongst which trace metals, and 
nitrate and phosphate levels (reviewed e.g. by Miall (1978) and Rohr et al. 
(1992)). 

1.1 TCA cycle related organic acids 
Considering the biochemical problems for the fungus that must be overcome 

during the extracellular production of the TCA related acids four aspects are of 
importance: 
1. A high flux through the Embden-Meyerhof pathway (EMP), must be main­

tained. 

1Part of this chapter will be published: J Visser, HJ Bussink and C Witteveen. Gene 
expression in filamentous fungi: the expression of pectinases and glucose oxidase in 
Aspergillus niger. In: Recombinant microorganisms and gene expression. A Smith (ed). 
Marcel Dekker, New York. In press. 
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Fig 1 Schematic representation of biosynthetic pathways of organic acids in 
Aspergilli and their localization in the cell. C = cytosol, M = mitochondrion. 
Hyphenated arrows represent transport over a membrane. 1: glucose oxidase, 2: 
lactonase, 3: glucose dehydrogenase, 4: pyruvate carboxylase, 5: malate dehydro­
genase, 6: oxaloacetate hydrolase, 7: fumarase, 8: succinate dehydrogenase, 9: 
malate dehydrogenase, 10: citrate synthase, 1 1 : aconitate hydratase, 12: cis-
aconitate decarboxylase. 

2. Transport of the metabolites in and out of the mitochondria must take place. 
3. Cofactor and ATP balances must be maintained. 
4 . Excretion of the acids into the medium requires transport across the plasmic 

membrane. 
In fungi the biochemical details of these processes are still surprisingly unknown. 
Good aeration and a high level of an easily metabolisable substrate are supposed 
to be of importance for a high f lux through the EMP. Xu et al. (1989) showed 
that an increase of the sugar level caused induction of citric acid formation. This 
occurred w i th a concomitant increase of the fructose-2,6-bisphosphate level, an 
activator of phosphofructokinase. 

Some of the reactions in the biosynthetic pathway for the synthesis of the 
organic acids are catalyzed exclusively in the mitochondrion. In relation to the 
transport of metabolites into and out of the mitochondria it is presumably 
essential that pyruvate carboxylase is a cytosolic enzyme (Bercovitz et al., 
1990). The involvement of this enzyme in organic acid formation has been 
demonstrated using labeled substrates (Cleland and Johnson, 1954; Bentley and 
Thiessen, 1957; Winskil l , 1983; Kubicek, 1988a; Peleg et al., 1988). For citrate 
formation it has been suggested that malate is made in the cytosol (Fig. 1) and 
then exchanged for citrate (formed in the mitochondria) via the tricarboxylic acid 
carrier, thus ensuring an efficient transport of citric acid out of the mitochondria 
(Kubicek, 1988b). 

Cis-aconitate decarboxylase, which is induced specifically under conditions of 
itaconic acid production, catalyzes the decarboxylation of cis-aconitate to 
itaconate and is localized in the cytosol (Jaklitsch et al., 1991). Since aconitate 
hydratase is localized exclusively in the mitochondria it can be concluded that cis-
aconitate in this case and not citrate is exported from the mitochondria. 

For optimal citric and itaconic acid formation the external pH has to be low 
(Kubicek and Rohr, 1986; Miall, 1978). The internal pH is effected only to a 
small extent. The reason for the low pH requirement is not clear. However t w o 
possibilities can be indicated: (1) it is important for the excretion of the organic 
acids over the plasma membrane and (2) it is important for maintaining the 
energy balance in the cell. The low external pH may cost the cell a lot of energy 
because of leakage of H + over the membrane (Sigler and Hofer, 1991). Since 
citric and itaconic acid formation from glucose are processes that result in a net 
synthesis of 1 ATP and 3 NADH, it is possible that the energy required for the pH 
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correction contributes to maintaining the energy balance in the cell (Rohr et a/., 
1992). Another factor of importance in relation to this is that high oxygen 
tensions induce an alternative respiratory pathway (the salicylhydroxamic acid 
(SHAM) sensitive respiratory pathway) which is important for the reoxidation of 
NADH (Rohr era/., 1992). 

Oxalic acid, which is mainly studied because of its toxicity which makes it an 
unwanted byproduct which arises for example in gluconic acid and citric acid 
fermentations, is formed from oxaloacetic acid by an oxaloacetate hydrolase 
which is localized in the cytosol (Kubicek et a/., 1988a). This enzyme has been 
purified from A. niger (Lenz et a/., 1976). The optimal pH for oxaliic acid forma­
tion is in the range of 4-6. 

L-Malic acid is not produced commercially by fermentation, although good 
yields of malic acid formation by Aspergillus flavus starting from glucose have 
been described (Battat et a/., 1991). A molar yield of 128% from glucose was 
reported. Succinic and fumaric acid are produced as well in this process. The 
production conditions for these acids are different from those reported for citric 
and itaconic acid. They have in common that adequate aeration is required but in 
this case the pH of the medium has to be around 6. This is achieved by adding 
CaC03 to the medium. Low nitrogen and phosphate levels are required for 
optimal production conditions. The biochemical pathway of the C4 acid formation 
is through the reductive branch of the TCA cycle. L-malic acid is formed from 
pyruvate mainly via oxaloacetate (Peleg et a/., 1988, 1989). This was demon­
strated by showing that [1-13C] glucose resulted in C3 labeled L-malic acid (Peleg, 
1989). The cytosolic localization of pyruvate carboxylase and of an isoenzyme of 
NAD+- dependent malate dehydrogenase suggests that malic acid formation is 
completely a cytosolic process. The molar yields from glucose above 100% 
confirm the cytosolic route via pyruvate carboxylase, since biosynthesis via the 
oxidative reactions of the TCA cycle leads to a maximal molar yield of 100%. 
The highest efficiencies are obtained when CaC03 is present as a neutralizing 
agent. Possibly HC03" is taken up by the hyphae as substrate for pyruvate 
carboxylase, thus stimulating the efficiency of acid formation. 

1.2 Glucose derived organic acids 
Kojic acid (2-hydroxymethyl-5-hydroxy-y-pyrone) has been produced commer­

cially on a small scale using Aspergillus oryzae or Aspergillus flavus (Miall, 1978). 
The conditions for production are similar to those for citric and itaconic acid 
production: a low pH of around 2 favours kojic acid formation. The main 
pathway for the formation of kojic acid is directly from glucose without splitting 
of the sugar molecule. However, kojic acid can also be synthesized from smaller 
molecules (Arnstein and Bentley, 1953). From an analysis of the enzymes 
induced during kojic acid fermentation Bajpai era/. (1981) concluded that glucose 
dehydrogenase and gluconic acid dehydrogenase are involved in the first two 
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steps. Glucose oxidase, catalyzing the oxidation of glucose to glucono-<Mactone, 
is not involved in the first step (Bajpai et a/., 1981). No information is available 
about the metabolic steps after the oxidation of glucono-d-lactone, but a hypoth­
esis has been formulated by Bajpai et a/.(1981). 

The formation of gluconic acid is different from the patway of synthesis of 
the other acids. The process is extracellular (Chapter 2 of this thesis) and is in 
fact a one step conversion of glucose. The result of this is that production of 
gluconic acid is much faster than the production of the other acids (1 day for the 
conversion of 30% glucose to gluconic acid versus 7 to 10 days for conversion 
of 20% or less sugar into the other organic acids). Gluconic acid formation is one 
of the main topics of this thesis and aspects of gluconic acid formation and the 
enzymes involved will be described in more detail in the next paragraph. 

2 THE GLUCOSE OXIDATION SYSTEM OF ASPERGILLUS NIGER 

2.1 Glucose oxidase: a brief introduction 
The reaction catalyzed by glucose oxidase (B-D-glucose:oxygen 1-oxidoreduc-

tase; EC 1.1.3.4.) is the oxidation of glucose to glucono-£-lactone with con­
comitant reduction of oxygen to hydrogen peroxide. In Aspergillus niger the 
glucono-<J-lactone can be hydrolyzed by a lactonase (EC 3.1.1.17) or is hydro-
lyzed spontaneously while the hydrogen peroxide is decomposed by catalases 
(EC 1.11.1.6) (Fig. 2). 

Glucose oxidase in A. niger was first described by Muller in 1928. Franke and 
Lorenz (1937) reported the formation of H202 in the reaction and demonstrated 
that other hydrogen acceptors can replace oxygen. They partially purified glucose 
oxidase and obtained evidence that glucose oxidase is a flavoprotein (Franke and 
Deffner, 1939). In Penicillium notatum glucose oxidase was initially described as 
an antibiotic compound and named Penicillin A, but was soon recognized as 
glucose oxidase and renamed notatin, an enzyme similar to the one already 
described for Aspergillus niger (Coulthard et a/., 1942 and 1945). Keilin and 
Hartree (1948a) characterized a highly purified glucose oxidase from P. notatum. 

In addition to A. niger and several Penicillium species (Nakamatsu et a/., 
1975) glucose oxidase has been found in a number of other filamentous fungi 
including Phanerochaete chrysosporium where it might have a function in the 
degradation of lignin by lignin peroxidases (Ramasamy et a/., 1985; Kelley and 
Reddy, 1986). The hydrogen peroxide formed by glucose oxidase of Talaromyces 
flavus is thought to be involved in the biocontrol of another fungus, Verticillium 
dahliae (Kim et a/., 1988). The physiological function of glucose oxidase is not 
always clear, since the organism cannot utilize the energy released in the 
oxidation reaction. The most likely function is that it contributes to the 
competitiveness of the organism, by the removal of the easily degradable 
glucose, by the concomitant acidification of the immediate environment or by the 
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Fig. 2. Enzymatic reactions of the oxidation of IS-D-glucose to gluconic acid by A. niger 

formation of the toxic H202 , to which A. niger is highly resistant. In some 
organisms the provision of H202 as a substrate for a peroxidase might be an 
important function as is suggested for P. chrysosporium. 

2.2 Applications of glucose oxidase 
Glucose oxidase has several commercially interesting applications, which can 

be roughly divided into the production of gluconic acid, in which case usually the 
intact fungus containing the enzyme is used, and into applications for which the 
isolated enzyme is required. Different approaches for strain improvement are 
required for these t w o applications. Strains used for the production of gluconic 
acid have to be more resistant to the conditions used in the fermentation process 
including high oxygen levels, mechanical shear, high sugar and product concen­
trations and high levels of hydrogen peroxide, whereas this is not of less import­
ance for strains used for production of the enzyme. The availability of the 
structural gene for glucose oxidase allows for separate production of the enzyme 
in other microorganisms (Frederick et a/., 1990). 

Commercial preparations of glucose oxidase usually contain other enzymes, 
especially catalase. For some applications of glucose oxidase the presence of 
catalase is necessary to counteract the toxic H202 . In other cases, e.g. analytical 
purposes, the catalase has to be removed (Frost and Moss, 1987). A. niger 
catalase is also commercially available. 

Applications of glucose oxidase are all based on the capacity of the enzyme 
to form gluconate and hydrogen peroxide and to remove glucose and oxygen. All 
these four functions have found commercial applications (Scott, 1975). The use 
of A. niger for the formation of gluconate is discussed later in paragraph 2.3. 
Glucose removal by glucose oxidase was used for "desugaring eggs" in order to 
prevent the Maillard reaction (the condensation of an aldehyde and an amino 
group) (Scott, 1975). Oxygen removal by glucose oxidase is used to prevent 
oxidation and thus prevent colour and flavour changes. For this application it is 
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used sometimes in soft drinks, beer, wine, dried foods and foods containing oil 
emulsions in water like mayonnaise (Scott, 1975; Richter, 1983). A relatively 
new application is the use in toothpaste together w i th amyloglucosidase. The 
glucose oxidase forms H 20 2 which is used by an antibacterial system in the saliva 
based on lactoperoxidase. The high specificity for glucose in combination w i th 
the formation of the easily detectable H202 and the high stability of the enzyme 
render it a very attractive system for the determination of glucose in biological 
samples (Keilin and Hartree, 1948b). 

Finally, glucose oxidase is probably the most frequently used enzyme in 
biosensors. The stability, the high specificity and several possibilities to detect 
the activity of the enzyme make it an ideal enzyme for application in biosensors. 
Determination of glucose w i th high specificity has many, including biomedical 
applications. For reviews on the application of glucose oxidase in biosensors we 
refer to Schmid and Karube (1988) and Janata (1992) and references therein. 

2.3 Production of gluconic acid 
A. niger has been used for the production of gluconate since the 1930 's . In 

that period efficient processes for the production of gluconic acid using sub­
merged A. niger cultures were developed. Elevated air pressure and neutralization 
w i th calcium carbonate were applied in these processes. In 1952 Blom et al. 
developed a process for the production of sodium gluconate, using sodium 
hydroxide for the neutralization of the gluconic acid formed. For a more detailed 
description of the history of the gluconate fermentation process we refer to Miall 
(1978) and Rohr et al. (1983). 

The high Michaelis Menten constant of glucose oxidase w i th respect to 
oxygen (Km for oxygen = 0.48 mM at 2 7 ° C , Gibson et al., 1964) makes the 
dissolved oxygen level a key variable in the process kinetics of gluconate 
formation. Increasing the oxygen concentration under production conditions by 
elevation of the air pressure is the easiest and cheapest method to increase the 
formation rate of gluconate (May et al., 1934). A mathematical model describing 
the kinetics of growth and production coupled w i th gas/liquid oxygen transfer 
rates has been developed by Reuss et al. (1986). Their model takes into account 
the effects of pH on growth and production rate and the influence of sugar and 
gluconate concentrations on the solubility of oxygen and the kLa (the mass 
transfer coefficient) for oxygen. The main parameters and their effects included 
in the model are: 

The product formation rate is proportional to the dissolved oxygen concentra­
t ion under normal production conditions because of the high Km for oxygen. 
The optimal pH for growth is lower than the optimal pH for enzyme activity. 
An increase in the glucose and/or gluconate concentration results in a lower 
solubility and kLa of oxygen. 

From experimental data for product formation they calculated an apparent Km for 
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oxygen. This value (0.36 mM) is comparable to the value of the isolated enzyme. 
The model predicts an increased product formation rate when glucose is added 
continuously to the culture compared to a culture where the glucose is added 
batchwise. This is because of the better oxygen solubility and higher kLa at lower 
sugar concentrations. Adapting the pH at the beginning of the fermentation to 
values resulting in higher biomass formation does not give a relevant increase in 
the product formation under normal conditions (using 1 bar air for aeration). This 
is because the increase in biomass and thus in glucose oxidase is counterbal­
anced by a decrease in the oxygen level due to the higher amount of enzyme, 
resulting in a lower turnover per unit of enzyme. However, when the air pressure 
is increased to 4 bar more biomass does result in an increased product formation 
rate. 

Glucose oxidase overproducing strains become of course interesting as well 
under these high pressure conditions. They have the advantage that lower 
amounts of biomass are necessary to obtain the same or even higher activities. 
This means that a lower amount of glucose is used for the formation and 
maintenance of biomass and also that the amount of other organic acids like 
oxalic acid, that are formed under these fermentation conditions will decrease. 
Another advantage is the lower viscosity of the culture fluid, which will lead to 
higher kLa values. Two approaches are available for constructing strains with 
higher glucose oxidase levels: mutagenesis and subsequent selection of overpro­
duces or the use of molecular biological techniques. The advantage of a mutant 
selection strategy is that mutations with a broader effect can be isolated. For 
instance the goxB mutant (see Chapter 4) has, besides an increased level of 
glucose oxidase, also a higher level of two catalases which might be important 
for the protection of the cell during the gluconic acid fermentation process. 

2.4 Enzyme properties 

2.4.1. Glucose oxidase 
Glucose oxidase from A. niger is a glycoprotein with a molecular weight of 

approximately 150 kDa (Nakamura and Hayashi, 1974,Pazur et a/., 1963; Pazur 
and Kleppe, 1964). Estimations of the carbohydrate content vary from 10 to 
25% (Nakamura and Hayashi, 1974; Pazur et al., 1965, Swoboda and Massey, 
1965, Kalisz et al., 1991). The native enzyme consists of two identical subunits 
(O'Malley and Weaver, 1972; Pazur et at., 1984; Frederick et a/., 1990) and two 
tightly but non-covalently bound FAD's (Pazur and Kleppe, 1964; Swoboda, 
1969) The holoenzyme contains two free SH groups and two disulfide groups 
(Swoboda and Massey, 1965, O'Malley and Weaver, 1972, Tsuge et a/., 1974). 
O'Malley and Weaver (1972) reported an intersubunit disulfide bridge whereas 
Tsuge et al. (1975), Jones et al. (1982) and Ye and Combes (1989) found that 
the subunits were bound non-covalently. 
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Both O- and N-linked carbohydrates were reported (Pazur et al., 1963; 
Takegawa et al., 1989, 1991a and b). The exact composition of the carbohy­
drates bound varies and depends on the production lots of manufacturers 
(Hayashi and Nakamura, 1976). When separated on the basis of their isoelectric 
point, usually several bands of glucose oxidase are found differing only in 
carbohydrate composition (Hayashi and Nakamura, 1981). The carbohydrates are 
mainly mannose and glucosamine (6:1) and a small amount of galactose. Several 
studies in which the function of the carbohydrates of glucose oxidase was 
investigated have been published (Pazur et al., 1965; Nakamura et al., 1974, 
1976 ; Pazur et a/., 1984; Takegawa et a/., 1989; Kalisz et a/., 1990 , 1991). 
Summarizing it can be said that at pH 5 - 6, where glucose oxidase is most 
stable, the carbohydrates do not contribute to the stability, but under less 
favourable pH conditions they do contribute to the stability of the protein. Using 
deglycosylated protein Kalisz et a/. (1990) were able to obtain crystals of A. 
niger glucose oxidase. Kusai et al. (1960) described the crystallization of native 
Penicillium amagasakiense glucose oxidase. According to Hendle et al. (1992) 
these crystals were not suitable for structure determination so they used deglyco­
sylated glucose oxidase f rom this organism for crystallization. The availability of 
the crystal structure (as recently published by Hecht et al. (1993)) and the 
structural gene for glucose oxidase opens new possibilities for research, because 
modified glucose oxidases can be studied. 

The specificity of glucose oxidase was the subject of several reports (Keilin 
and Hartree, 1952; Sols and De La Fuente, 1957; Adams et al., 1960; Pazur and 
Kleppe, 1964; Feather, 1970). Both the Aspergillus and the Penicillium enzymes 
are highly specific for the G-form of D-glucose. D-galactose, D-mannose and D-
xylose are oxidised at less than 1 % of the rate of oxidation of glucose. Both 2-
deoxyglucose and 6-deoxyglucose are oxidized by glucose oxidase, although at 
lower rates than glucose. 

Kleppe (1966) and Greenfield et al. (1975) showed that glucose oxidase of 
A. niger is inactivated by H202 and the enzyme is much more sensitive when the 
f lavin groups are in the reduced state. The mechanism of inactivation is not clear 
but the most likely mechanism seems to be the oxidation of methionine residues 
to methionine sulfoxide. 

The kinetic mechanism of the reaction catalyzed by glucose oxidase has been 
studied in detail by steady state and stopped f low methods for the Aspergillus 
and Penicillium enzymes (Gibson et al., 1964; Nakamura and Ogura, 1968; Bright 
and Appleby, 1969; Nakamura and Ogura, 1962). The experimental data can be 
explained by the fol lowing mechanism: 

k, k2 

E0 + S ^ E0-S - ^ Er + P, 
k.i 
k3 k4 

Er + 0 2 ^ E0-P2 —> E0 + P2 

Where S = glucose, P, = gluconic acid and P2 = hydrogen peroxide. 
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Only a few compounds are known to inhibit glucose oxidase. Both D-glucal, a 
structural analog of glucose, and halide ions are competitive inhibitors of glucose 
oxidase w i th respect to glucose and uncompetitive w i th respect to oxygen 
(Rogers and Brandt, 1971a and b). These two compounds bind at different loci in 
the active site of the enzyme (Rogers and Brandt, 1971c). 

2.4.2. Catalases 
Catalase activity is necessary for the detoxification of the hydrogen peroxide 

during the production of gluconic acid. This is essential for the viability of the 
cells and the stability of the glucose oxidase. Witteveen et al. (1992) (Chapter 2) 
showed that A. niger forms at least 4 different catalases, t w o of which are 
induced in parallel w i th glucose oxidase (CAT III and CAT IV). Several publica­
tions described the purification and characterization of an A. niger catalase. Since 
these catalases are glycosylated and are purified f rom commercial preparations, 
which very likely originate f rom glucose oxidase fermentations, they probably 
correspond w i th CAT IV, the cell wall bound catalase which is induced in parallel 
w i th glucose oxidase. This catalase is a tetramer w i th a reported molecular 
weight which varies strongly: 323 kDa (Gruft et al., 1978), 338 kDa (Mosavi-
Movahedi, 1987), 385 kDa (Kikuchi-Torii, 1982) and 460 kDa (Mosavi-Movahedi, 
1987). This is probably caused by differences in the carbohydrate content (10-
33%) . The amino acid composition has been determined by Gruft et al. (1978) 
and Mosavi-Movahedi (1987). The enzyme is much more stable than beef liver 
catalase, especially w i th respect to H202 resistance, proteolytic degradation and 
temperature and pH, especially at low pH (Scott and Hammer, 1960; Wasserman 
and Hult in, 1981) and is relatively insensitive to inhibition by HCN, HN3 and HF 
(Gruft et al., 1978; Kikuchi-Torii et al., 1982). However, the A. niger enzyme has 
a specific activity which is approximately 10-fold lower than that of bovine liver 
catalase. 

2.4.3. Lactonase 
The physiological importance of this enzyme is not clear since the hydrolysis 

of glucono-rf-lactone also occurs spontaneously (half t ime approximately 0.5 h, 
strongly dependent on the pH). Glucono-J-lactone is known to be a strong 
inhibitor of B-glucosidase, therefore lactonase is supposed to contribute to 
cellulose degradation by the hydrolysis of the lactones (Moeller, 1973 ; 
Bruchmann et al., 1987). The induction of the enzyme is coordinately regulated 
w i th glucose oxidase (see Chapter 4). Lactonase was partially purified f rom a 
commercial A. niger enzyme preparation by Bruchmann et al. (1987). They 
concluded that there are several lactonase isoenzymes. The molecular weight is 
approximately 70 kDa. 

2.5 Localization of the glucose oxidase system 
For a long t ime it was assumed that glucose oxidase of A. niger was located 
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intracellularly (Pazur, 1966). This was further supported by ultrastructural studies 
by van Dijken and Veenhuis who concluded that the enzyme was located in 
peroxisomes (Van Dijken and Veenhuis, 1980). Mischak e?a/.(1985) showed that 
under manganese deficient growth conditions glucose oxidase is found almost 
quantitatively in the culture f luid. They explained this by a cell wall localized 
glucose oxidase which enters the culture fluid because of an altered cell wall 
composition resulting f rom manganese deficiency. In Chapter 2 of this thesis 
evidence is provided for a cell wall localized glucose oxidase system. Thus the 
oxidation of glucose, which is a highly toxic process because of the hydrogen 
peroxide generation, takes place extracellularly where it is less harmful. 

The cell wal l is not a separate compartment so there must be a mechanism 
by which the proteins are retained. The proteins might be bound to cell wall 
components or they might be retained because the pore size is too small to let 
them diffuse out of the cell wal l . In Chapter 2 it is shown that not all the activity 
of glucose oxidase, catalase and lactonase is retained in the cell wal l . A certain 
amount is found in the medium. Aproximately 2 0 % of glucose oxidase, less than 
5% of catalase and 4 0 - 5 0 % of lactonase is found in the medium. This might be 
explained by the difference in size of the proteins. Catalase, having a very high 
molecular weight (at least 350 kDa) is retained almost completely, whereas 
lactonase (70 kDa) passes the cell wall more easily. Glucose oxidase (150 kDa) 
takes an intermediate position. In yeast it was shown that the passage of 
proteins through the cell wall is not just determined by the molecular weight of 
the proteins but is influenced by several factors (De Nobel and Barnett, 1991). 
However, the distribution of catalase, glucose oxidase and lactonase does 
suggest that the molecular size is an important factor. Expression of glucose 
oxidase in S. cerevisiae resulted in a strongly overglycosylated protein which 
apparently could easily pass the cell wall (Frederick et a/., 1990). A comparable 
result was obtained when the cellobiohydrolase from Trichoderma reesei was 
synthesized by S.cerevisiae (Pentilla et a/., 1988). 

2.6 Induction of the glucose oxidase system 
Factors important for optimal induction of glucose oxidase are: 

1 . high glucose concentrations (Zetelaki and Vas, 1968). 

2. a pH around 5.5. (Rohr et a/., 1983) 
3. a high level of dissolved oxygen (Zetelaki, 1970). 

Control of the external pH can be achieved either by t i tration w i th alkali or by 
adding CaC03 to the medium. The presence of manganese has been claimed to 
be important for glucose oxidase induction (Lockwood, 1975) but Mischak eta/. 
(1985) showed that this is not true. Nitrogen limitation is also not a prerequisite 
in obtaining efficient induction of glucose oxidase (Chapter 3), although this was 
previously reported to stimulate the formation of glucose oxidase in both 
Penicillium (Linton et a/., 1984) and Aspergillus (Muller, 1986). The latter 
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Fig 3 Alignment of amino acid sequences of glucose oxidase (A niger), glucose 
dehydrogenase (Drosophila melanogaster), choline dehydrogenase (Escherichia coir) 
and methanol oxidase (Hansenula po/ymorpha). The boxes at the N-terminus 
indicate the IS-er-IS motif involved in binding of the ADP part of FAD. Glycosylation 
sites are indicated by #. The filled circles indicate the asn and arg involved in the 
bending of the flavin and the open circles indicate conserved amino acids which 
are part of strong hydrogen bond interactions or buried salt bridges. 

publication relates to surface cultures of Aspergillus niger and is therefore not 
directly comparable. Induction of glucose oxidase requires the presence of 
glucose or of 2-deoxyglucose (Mischak et a/., 1985; Witteveen et a/., 1990a 
(chapter 3 of this thesis)). The effect of the pH is more complicated. There is no 
doubt that the optimal pH for induction is around 5.5, but at pH's as low as 2.5 
biosynthesis of glucose oxidase could still be demonstrated (Heinrich and Rehm, 
1982; Witteveen et a/., 1990a). A t a pH lower than 2.5 glucose oxidase is no 
longer stable. When raising the pH from 2 to 5.5 Mischak et al. (1985) could 
demonstrate de novo synthesis of glucose oxidase and Wirsel et al. (1990) 
demonstrated the induction of glucose oxidase mRNA. 

All these data do not contain any information on the molecular mechanisms 
of glucose oxidase induction. In Chapter 4 of this thesis data are presented 
which result in a hypothesis for the mechanism of induction of glucose oxidase, 
lactonase and catalase. 

2.7 The glucose oxidase gene 
Four recent publications described the isolation of the glucose oxidase gene 

(Kriechbaum et al., 1989, Frederick et al., 1990, Whit t ington et al., 1990 , 
Witteveen et al., 1993 ;see also Chapter 4 of this thesis). The methods used 
involved the use of protein sequence derived oligonucleotide probes (Kriechbaum 
et al., 1989, Frederick et al., 1990, Whit t ington et al., 1990) or the screening of 
a cDNA expression library using antibodies (Chapter 4). Kriechbaum et al. (1989) 
and Frederick et al. (1990) used a cDNA library constructed from the A. niger 
ATCC 9029 strain. Whit t ington et al. (1990) isolated the glucose oxidase gene 
directly f rom a genomic library of the A. niger B60 strain (Kubicek and Rohr, 
1978). The gox gene described in Chapter 4 is isolated f rom the CBS 120.49 
strain. The sequence of Whit t ington et al. (1990) shows some minor differences 
in the promoter region compared to the sequence of the ATCC 9029 strain (at 
positions -476 , -464 and -395). Comparison of the cDNA sequence and the 
genomic sequence revealed that no introns are present in the glucose oxidase 
gene. Nuclease S1 mapping of the 5' end of the gox t ranscript indicated the 
initiation of transcription to be at position -38, 43 bp downstream of the TATAA 
sequence (Whitt ington et al., 1990). Protein sequence data showed that the 
mature enzyme is preceeded by a 22 amino acid preprosequence which has a 
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monobasic processing site (Frederick et a/., 1990). The mature enzyme consists 
of 583 amino acids, contains 8 potential sites for N-linked glycosylation and 3 
cysteine residues. 

Comparison of the glucose oxidase amino acid sequence w i th a protein 
sequence database (Swisspir) resulted in 5 proteins w i th more extended 
homology: E.coli choline dehydrogenase, two Drosophila glucose dehydrogena­
ses, and two yeast methanol oxidases (Lamark et a/., 1 9 9 1 , Whetten et a/., 
1988, Krasney et a/., 1990, Ledeboer et a/., 1985, Sakai and Tani, 1992) . All 5 
proteins are f lavoproteins. Fig. 3 shows alignments of these sequences w i th 
glucose oxidase. Of the two glucose dehydrogenases and the two methanol 
oxidases only one in each case was used in the alignment. The stretches w i th 
highest homology are involved in FAD binding (Hecht et a/., 1993). A t the N-
terminal end the B-a-S motif is found which is involved in binding of the ADP 
moiety of the FAD (Wierenga et a/., 1986). A second (AA 243-289) and a third 
stretch (near the C-terminus) contain conserved blocks of amino acids that are 
also involved in the FAD binding. Besides these stretches a number of amino 
acids are conserved in all 4 sequences which are described by Hecht et a/. 
(1993) to be important for the tertiary structure. These amino acids form salt 
bridges buried in the protein or strong H-bridges. They are indicated in the f igure. 
For the activity of the protein it is essential that the FAD group is non-planar. Asn 
107 is involved in preventing the planarity of the FAD group. Arg 226 enforces 
this effect by forming a strong bond to the Asn 107. Both residues are conserved 
in all 4 sequences. The region which is involved in substrate binding is less 
homologous than the FAD binding parts. However, in these areas there are t w o 
stretches (around AA 325 and 434) that show a series of conserved amino acids. 
The function of these parts is not known. * 

5 of the 8 potential N-glycosylation sites in glucose oxidase are indeed 
glycosylated. All these sites are in regions wi th lower homology to the other 
proteins. This is in agreement w i th previously published results that enzyme 
activity and stability are not effected by deglycosylation (see paragraph 2.4.1). 

The quite extensive overall homology between the 6 proteins, even though 
they are f rom evolutionary distant organisms, is remarkable. They probably form 
a distinct class of structurally related flavoproteins. 

2.8 Overexpression of glucose oxidase and expression of the glucose oxidase 
gene in other organisms 

In f i lamentous fungi it is often possible to achieve overproduction of an 
enzyme just by increasing the copy number of the encoding structural gene, 
which can be achieved by (co)transformation (Visser et a/., 1993). Chapter 4 
describes that an increase in the copy number of the glucose oxidase gene 
results only in a l imited increase of the glucose oxidase level. High levels of 
glucose oxidase seem to have a negative effect on growth. 

Vectors containing the glucose oxidase gene have been used to transform 



introduction 15 

plM503 

Xhol 
•81 
TATAA- • ATG 

Xhol 

- ^ ^ \ ^ \ \ \ W \ \ \ \ W Sox C ,\\\\\\\\\\\\\\\\\\V 

phenotype after 
transformation of the 
goxC17 strain 

glucose and oxygen level 
dependent expression 

pGW1850 

Xhol (-89) 
low level constitutive 
expression 

Pstl Xhol 

plM120 
xlnA regulatory element 

158 bp 

xylan inducible, glucose 
repressible expression 

Fig 4 The glucose oxidase reporter system for analysis of upstream regulatory 
sequences. The upstream regulatory region of the goxC gene (plM503) is deleted 
leaving the TATA box unaltered resuting in pGW1850. In front of the goxC 
structural gene and the remaining basic transcription unit fragments containing 
potential upstream regulatory sequences are cloned such as a 158 regulatory 
element of the A.tubigensis xlnA gene. (Adapted after de Graaff et a/.(1992)). 

Saccharomyces cerevisiae and Aspergillus nidulans. S.cerevisiae (Frederick et a/., 
1990, De Baetselier et al., 1991) was transformed w i th the plasmid pSG02 in 
which the glucose oxidase gene (including the preprosequence) is under the 
control of the regulated ADH2-GAPDH hybrid promoter. This resulted in a produc­
t ion of glucose oxidase of 3 g per liter. The glucose oxidase produced this way 
was strongly overglycosylated, and had a molecular weight of 350-400 kDa as 
estimated by gel permeation chromatography. This enzyme had a normal activity 
but showed an increased heat resistance and pH stability. 

2.9 The glucose oxidase gene used in a reporter system 
The relatively easy and sensitive detection of the enzyme activity in intact 

mycelium and in solution , as well as the stability of the enzyme, allow the 
glucose oxidase gene to be used as an Aspergillus derived reporter system for 
gene expression and regulation studies. De Graaff e ra / . (1992) made a construct 
in which a promoter element derived from the xlnA gene of A.tubigensis which 
encodes an endo-xylanase was ligated to a fragment containing the goxC 
structural gene and the core promoter (TATA box and transcription initiation site) 
but w i thout regulatory sequences of the glucose oxidase gene (Fig. 4). This 
construct was used to transform a strain w i th the goxC mutation (Chapter 3). In 
this way they were able to show that a 158 bp element contains the information 
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Fig 5 Schematic representation of part of the hexose monophosphate pathway, the 
pentose phosphate pathway and metabolic routes involved in polyol synthesis and 
degradation. 1: hexokinase, 2: glucose-6-phosphate dehydrogenase, 3: 6-phosp-
hogluconolactonase, 4 : hexosephosphate isomerase, 5: , 6: trehalose-6-phosphate 
phosphatase, 7: phosphofructokinase, 8: NAD+-dependent mannitol-1 -phosphate 
dehydrogenase, 9: mannitol-1-phosphate phosphatase, 10: mannitol dehydrogena­
se, 1 1 : aldolase, 12: triosephosphate isomerase, 13: glycerol-3-phosphate 
dehydrogenase, 14: glycerol-3-phosphate phosphatase, 15: glycerol kinase, 16: 
dihydroxyacetonephosphate phosphatase, 17: glycerol dehydrogenase, 18: 6-
phosphogluconate dehydrogenase, 19: ribosephosphate isomerase, 20: ribulose-
phosphate 3-epimerase, 2 1 : transketolase, 22: transaldolase, 23: D-xylulose 
kinase, 24: NAD+-dependent xylitol dehydrogenase, 25: NADP+-dependent xylitol 
dehydrogenase, 26: NAD+-dependent L-arabitol dehydrogenase, 27: L-arabinose 
reductase, 28: D-xylose reductase 

for xylan-dependent induction and glucose repression. Also the effect of other 
carbon sources and other potential inducers could be investigated very efficiently 
using this system. A gox reporter system which includes the gox core promoter, 
is particularly useful to monitor transcription activation elements. 

3 POLYOL METABOLISM IN ASPERGILLUS 

Another group of compounds which can be considered in some ways as 
products of overf low metabolism are the polyols. Fig. 5 gives a schematic v iew 
of the polyols that are synthesized in A. niger and of their (assumed) biosynthetic 
pathways. Mannitol , glycerol and erythritol are the main polyols in A. niger. Low 
levels of arabitol are usually found whereas the other pentitols are only present 
under specific conditions. Trehalose can be considered as a cyclic polyol and is 
indicated as well in the scheme. Sorbitol, ribitol and galactitol have not been 
observed in A. niger except under specific conditions as for example growth on 
ribose in the case of r ibitol. When these compounds are studied it is important to 
be aware of the possible functions of the polyols. The fol lowing functions have 
been postulated: 

1 Balancing the osmotic pressure 
2 Carbon source reserve compounds 
3 Regulation of cofactor balance 
4 Transport of carbon substrates through the hyphae. 
The information about the role of the various polyols in Aspergilli is fragmentary 
and our knowledge about the function of each specific polyol is scarce. The main 
polyols which occur in A. niger are discussed below. 
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3.1 Mannitol 
Mannitol accumulation has been reported for many Aspergilli. It is an abun­

dant compound in conidiospores of A. oryzae (Horikoshi et a/., 1965) and it is a 
common polyol in the hyphae of most fungi studied (see for example Blumenthal, 
1976). 

There are several possibilities for the biosynthesis and degradation routes of 
mannitol. These are summarized by Blumenthal (1976). It is assumed that it is 
formed f rom and also degraded to fructose-6-phosphate. This implies both a 
reduction/oxidation and a dephosphorylation/phosphorylation step. The variation 
in the order in which these reactions occur and the cofactors used suggest a 
series of possibilities for the routes used. There is evidence that the biosynthetic 
route is by reduction of fructose-6-phosphate (F6P) to mannitol-1-phosphate 
(M1P) by an NAD+-dependent M1P dehydrogenase and subsequent dephosphory-
lation by a specific M1P phosphatase (Horikoshi et a/., 1965; Lee, 1967 ; Corina 
and Munday, 1 9 7 1 , Boonsaeng et al., 1976). The M1P dehydrogenase has been 
purified f rom A. niger (Kiser and Niehaus, 1981). The degradation of mannitol is 
assumed to involve oxidation by an NAD(P)+-dependent mannitol dehydrogenase 
and subsequent phosphorylation of the fructose formed by hexokinase (Horikoshi 
et al., 1965). However, no conclusive evidence has been presented in the 
literature for this route. Niehaus and Dilts (1982) purified an NADP+-dependent 
mannitol dehydrogenase form A. parasiticus. 

Hult and Gatenbeck (1978) postulated the presence of a mannitol cycle in the 
fungus Alternaria alternata. Synthesis of mannitol f rom F6P by NAD+-dependent 
M1P dehydrogenase and M1P phosphatase and remetabolizing the mannitol by 
oxidizing it to fructose by NADP+-dependent mannitol dehydrogenase and 
phosphorylation of the fructose to F6P would result in the net formation of 
NADPH at the cost of an NADH and an ATP. Hult et al. (1980) concluded f rom 
the presence of the enzyme activities that the mannitol cyle is an important 
pathway in imperfect fungi. However, the presence of the enzyme activities can 
not be taken as sole evidence for an active mannitol cycle. Singh et al. (1988) 
could not f ind a correlation between the activity of the mannitol cycle enzymes 
and the need of the cell for NADPH, whereas they found an increase of glucose-
6-phosphate dehydrogenase, gluconate-6-phosphate dehydrogenase and NADP+ -
dependent isocitrate dehydrogenase under conditions of increased requirement 
for NADPH. Therefore, the involvement of the mannitol cycle in generating 
NADPH is doubtful , although it can not be excluded that it plays a role under 
certain specific conditions. 

Al though mannitol is accumulated in Aspergilli under most circumstances, the 
levels show strong variations. Dijkema et al. (1985, 1986) found mannitol 
accumulation in A. nidulans associated w i th low oxygen levels, low pH and 
ammonium as a nitrogen source. A. clavatus g rown on glucose converted a 
considerable part of the sugar (30%) into mannitol which was reconsumed after 
exhaustion of the glucose (Corina and Munday, 1971). In conidiospores of 
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A.oryzae mannitol is present in high amounts and is metabolized during the very 
early stages of germination (Horikoshi et a/., 1965). Several reports have been 
published on the production of mannitol by fungi (Smiley eta/., 1967, Hendriksen 
et a/., 1988). The fermentation process is quite slow: about 80 g mannitol per 
liter is produced from glucose in 1 2 days by Aspergillus candididus w i th yields 
that approached 5 0 % of the glucose consumed (Smiley et a/., 1967). The 
process was strongly dependent on the initial pH of the medium and showed an 
opt imum in the aeration level required. In an earlier publication it was observed 
that very low aeration gave optimal results (Birkenshaw et a/., 1931). No 
dissolved oxygen tensions are given for these experiments so it is dif f icult to 
make a comparison. However, in contrast to the organic acid fermentations a 
l imited aeration seems to be favourable. Mannitol accumulates in the medium as 
long as there is external glucose available, but it is remetabolized as soon as the 
glucose has been consumed. 

These observations leave us w i th numerous questions on the function of 
mannitol for the fungal cell and about how mannitol pool formation and degra­
dation is regulated. Except for the apparent function as a storage compound in 
conidia of A. oryzae no clear answers can be given. The role of mannitol in A. 
niger is discussed in Chapter 8 of this thesis. 

3.2 Glycerol 
Glycerol is a common polyol in fungi. Like in many other fungi it is reported to 

play a major role in the osmotic adjustment of A. nidulans (Beever and Laracy, 
1986). In A. nidulans glycerol formation is stimulated by strong aeration. Upon 
starvation it is the f irst polyol which is metabolized by the fungus (Dijkema et a/., 
1985). In Phycomyces blakesleeanus large amounts of glycerol were synthesized 
during the early stages of germination (Van Laere and Hulsmans, 1987). 

The degradation route of glycerol has been extensively studied especially in 
A. nidulans. Several mutants have been isolated in the degradation pathway of 
glycerol. A glycerol uptake mutant ig/cC), unable to grow on glycerol, was 
isolated (Visser et a/., 1988). Mutants in glycerol kinase (g/cA) and in an FAD-
dependent glycerol-3-phosphate dehydrogenase [g/cB, g/cD and g/cG) demon­
strated that the route of degradation is via glycerol-3-phosphate and subsequent 
oxidation to dihydroxyacetonephosphate (Arst et a/., 1990, Hondmann et a/., 
1991). Mutants in the regulation of glycerol metabolism have been isolated as 
well (Hondmann and Visser, 1992). Witteveen et al. (1990b) (Chapter 7 of this 
thesis) demonstrated that the same route of glycerol degradation is fol lowed in 
A. niger. 

The biosynthetic route of glycerol is supposed to involve reduction of 
dihydroxyacetonephosphate by an NAD+-dependent glycerol-3-phosphate 
dehydrogenase. In Saccharomyces cerevisiae the level of this enzyme was 
increased during osmotic stress situations (Blomberg and Adler, 1989). The 
glycerol-3-phosphate is dephosphorylated by a phosphatase. The glycerol-3-
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phosphate phosphatase from the green alga Dunaliella tertiolecta was character­
ized (Belmans and Van Laere, 1988). An important factor determining the in vivo 
activity of the enzyme was found to be the glycerol-3-phosphate level in the cell. 
This means that the main control point in this organism is at the level of the 
g lycero l -3-phosphate dehydrogenase. An NADP + - dependen t g lycerol 
dehydrogenase has been isolated from A. nidulans and A. niger (Schuurink et al., 
1990). The enzyme is constitutive in both fungi and catalyzes the NADP+ -
dependent oxidation of glycerol to dihydroxyacetone. The Km for glycerol is very 
high (around 1 M), and the enzyme shows a strong inhibition by NADP+ . There­
fore it was assumed by the authors that the enzyme catalyzes in vivo the 
reduction of dihydroxyacetone. It is not clear whether this enzyme plays a role in 
glycerol formation since an alternative route via reduction of dihydroxyace-
tonephosphate to glycerol-3-phosphate is assumed to be the predominant 
biosynthetic route of glycerol. 

Glycerol is also involved in the catabolic pathway of dihydroxyacetone and D-
galacturonic acid of A. nidulans and A. niger (Hondmann et a/., 1 9 9 1 , Witteveen 
et a/., 1990 or Chapter 7 of this thesis). 

Glycerol accumulates in an early stage of citric acid producing mycelium. It 
was suggested to play a role in the initiation of this process (Legisa and Mattey, 
1986). In Chapter 8 the role of glycerol in A. niger discussed. 

3.3 Erythritol 
Although erythritol is a common polyol in many fungi it has received l ittle 

attention. According to Dijkema et al. ( 1985, 1986) its biosynthesis is related to 
the f lux through the pentose phosphate pathway. Beever and Laracy (1986) 
showed that this polyol plays also a role in osmotic adjustment of A. nidulans. In 
line w i th the biosynthetic routes of glycerol and mannitol it is presumably formed 
from erythrose-4-phosphate by subsequent reduction and dephosphorylation. The 
role of erythritol in A. niger is discussed in Chapter 8 of this thesis. 

Erythritol catabolism has been recently investigated in A. nidulans in our 
laboratory. It involves an NAD+-dependent erythritol dehydrogenase which is 
highly specific for erythritol in the oxidative reaction and is most active w i th L-
erythrulose in the reductive reaction (Hondmann et al., unpublished results). 

3.4 Pentitols 
Arabitol has been reported to accumulate under certain conditions in some 

f i lamentous fungi like A. nidulans (Dijkema et al. 1985). Ribitol is found to 
accumulate less often but plays a prominent role in some fungi (see for example 
Corina and Munday, 1971). 

Chiang and coworkers established the catabolic pathway for D-xylose and L-
arabinose (Chiang et al., 1958; Chiang and Knight 1959, 1960a and b, 1961). 
Two polyols play a role in these pathways, namely: L-arabitol and xyl i tol. 
Information on pentitol metabolism in f i lamentous fungi is scarce and has only 
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received attention in relation to pentose catabolism. 

Pentose metabolism is of importance in relation to the degradation of 
hemicellulose. A. niger is able to produce a whole spectrum of enzymes for the 
degradation of these heteropolysaccharides (Johnson et a/., 1989). The involve­
ment of the pentitols in the induction of these enzymes has already been shown 
(v.d. Veen et a/., 1993). Witteveen et al. (1989) (Chapter 6 of this thesis) 
elucidated the catabolic pathway of L-arabinose and D-xylose. They isolated a D-
xylulose kinase mutant of A. niger. Two xylitol dehydrogenases which are part of 
the catabolic pathway of L-arabinose have been purified and characterized 
(Chapter 7). 

4. AIM AND OUTLINE OF THE THESIS 

The organism of study in this thesis is A. niger. A l though it has been used 
already for many years in several industrial processes for organic acid production, 
there is still l ittle information available about the details of the regulation of 
overf low metabolism. This thesis is a contribution to this f ield. It can be divided 
in t w o main topics: (1) regulation of gluconic acid formation and (2) polyol 
metabolism. Both the polyols and the organic acids are products of overf low 
metabolism and although there are many differences in the conditions under 
which they are produced and their function in the cell, there are also similarities. 
The aim of this thesis is to t ry to reach some understanding about the basic 
regulatory mechanisms of these processes. The work presented here was done 
as part of a project to study the possibilities for strain improvement for gluconic 
acid formation. The purely applied aspect of that work has been left out of this 
thesis but has played an important role in the choices that have been made 
during this study. 

The gluconic acid biosynthesis is the simplest of all the organic acids pro­
duced by Aspergillus. This has the advantage that it is easier to get insight in the 
regulation of the process. The actual formation of gluconic acid requires only one 
enzyme: glucose oxidase. Furthermore catalases and a lactonase are involved. 
There were contradictory reports on the localization of these enzymes in the 
hyphae. In Chapter 2 evidence is provided for a cell wall localized glucose 
oxidation system. For studying the regulation of induction of especially glucose 
oxidase, a useful approach is the isolation of regulatory mutants. The extra­
cellular localization of the enzyme and the fact that H 20 2 is formed by glucose 
oxidase enabled easy detection of glucose oxidase in intact mycelium grown on 
agar plates. This detection system was used to isolate mutants. A f irst descrip­
tion of the mutants and their genetic characterization is given in Chapter 3. A 
thorough genetic analysis is important for the construction of strains in a strain 
improvement program. Mutations can be combined in a single strain by standard 
genetic techniques (Debets, 1990) when detailed information is available on the 
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localization and type of the mutations. An accurate analysis of the induction 
parameters combined wi th an analysis of some of the mutants described in 
Chapter 3 resulted in a model for the induction of glucose oxidase, catalase and 
lactonase. The isolation of the glucose oxidase gene allowed further analysis of 
the regulatory mechanism at the molecular level. In Chapter 4 the data leading to 
a model for the regulation of induction of the enzymes are presented. 

As for the studies on polyol metabolism there was a general lack of biochemi­
cal information about the pathways involved in A. niger. Therefore it was decided 
to analyze some of the metabolic pathways involved in polyol metabolism f irst. In 
Chapter 5 the catabolic pathway of glycerol is studied. Glycerol is an important 
polyol in A. niger and is also one of the most mobile pools, so degradation of 
glycerol might also play a role during growth on other carbon sources than 
glycerol. In Chapter 6 the D-xylose and L-arabinose catabolism is described which 
involves the corresponding polyols as intermediates in the f irst steps of the 
degradation of these compounds. There were several reasons for studying 
pentose metabolism. There first was the indication that polyols were important 
intermediates in the f irst steps of pentose catabolic pathways (Chiang and 
Knight, 1961), therefore studying this pathway would contribute to the under­
standing of the kinetics of polyol synthesis and degradation. Another reason was 
the relation w i th hemicellulolytic enzymes. One of the options to improve 
gluconic acid formation was to investigate the possibilities of using relatively raw 
substrates and not just pure glucose. Hemicelluloses form an important impurity 
in raw starch. Pentoses are the major components of the hemicelluloses. Under­
standing the degradation pathway of D-xylose and L-arabinose is therefore 
important for the analysis of the regulation of hemicellulolytic enzymes. A. niger 
is an important producer of these enzymes. In Chapter 7 the purification and 
characterization of t w o xylitol dehydrogenases is described. These enzymes are 
part of the L-arabinose catabolic pathway. They catalyze similar reactions, the 
oxidation of xylitol to either L- or D-xylulose, but in vivo in exactly the opposite 
direction. Special attention was given to their kinetic properties w i th respect to 
their common product/substrate xylitol. This analysis contributes to our under­
standing of the type of mechanisms that the cell uses to control the levels of its 
polyol pools. Chapter 8 contains the description of a series of experiments carried 
out in an attempt to obtain more information on the role which the various 
polyols play in the physiology of A. niger. This chapter also describes that A. 
niger can accumulate large amounts of polyols in the medium in a way that bears 
similarities w i th the accumulation of TCA cycle related organic acids. 
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