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Gene symbols in carbon metabolism are listed on pp. 20-22.
Other gene symbols have their usual meaning (see Clutterbuck, A.J. (1981).
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PC Phabagen Collection

PEG polyethylene glycol

PEP phosphoenolpyruvate

SDS sodium dodecylsulphate
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uy ultra violet {1ight)
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GENERAL INTRODUCTION

In this thesis several aspects of carbon metabolism in Aspergiilus widulans
are studied.
Aepergillus nidulane has been used for several decennia as an eukaryotic model
to investigate gene-protein relationships. The possibilities offered by Asper-
gilli as a research object are well illustrated by the genes known thus far in
relation to carbon metabolism. These are reviewed in chapter I and a list of mu-
tations is added. Adspergiliue nidulans has the ability to degrade a wide variety
of carbon sources. The differences observed between classes of mutants in
their ability to utilize certain carbon scurces provide detection criteria
preceding genotypic characterization. Moreover suggestions can be given about
the possibie metabolic routes followed. This opens perspectives for developing
specific strategies for the isolation of new mutants in carbon metabolism
{chapter II), This is illustrated with mutants unable to use D-galacturonate.
Their classification on the basis of the criteria developed in chapter II s
described in chapter III.
When isolating glycolytic mutants the majority concerns enzymes catalyzing the
synthesis and conversion of pyruvate.
I focussed my attention on twoe of these enzymes viz: the pyruvate dehydrogenase
complex (chapter IV) and pyruvate kinase (chapter V). Affinity chromatographic
techniques which are well developed in this laboratory play an important rale in
the purification of these enzymes.
The purified pyruvate kinase was used to raise antibodies in a rabbit. This
forms the basis of chapter VI in which immunclogical methods are used to charac-
terize pyruvate kinase mutants and wild type under different nutritional
conditions.



I General information

T.1. Introduction

Detailed knowledge abaut microbial catabolic and biosynthetic pathways as
well as the regulation of these processes is available, particularly with res-
pect to prokaryotes. Mutants have proven to he very useful to study metabolism
and its regulation in these relatively simply structured organisms.
The organisation of the eukaryotic cell is more complicated since compartimen-
talisation occurs which introduces ancther dimension to regulation phenomena.
These cells are characterised by a membrane surrounded nucleus and possess
organelles such as mitochondria and glyoxysomes with specialised metabolic
functions and either or not with their own genetic information. Because of this
higher complexity less is known about genome structure and organisation and
about the processes involved in expression of the genetic information.
Since the early fifties the fungus Aspergillus nidulans has been the object used
as a model to study gene expression in lower eukaryotes. Genetic aspects of this
fungus have been investigated in detail.
As a result of mutation experiments many markers have been found on the eight
chromosomes. Via the vegetative as well as the generative cycle recombinants can
easily be obtained to study effectsof the genetic background on fungal physiology.
In bacterial genomes genes functional in metabolic route are often clustered.
These operons interact with other genes responsible for regulation. In eukaryotes
genes are normally unlinked and scattered over the genome. Expression of these
genes is still strictly regulated although control mechanisms different from
those in prokaryotes are necessary. The variation in metabolic control mechanisms
on the level of the gene products as known in bacteria is also expected in
eukaryotes. Elucidation of the processes involved in eukaryote gene expression
is an important reason for studying carbon metabolism in fungi. Besides, it is
of practical importance te obtain more fundamental knowledge about metabolism of
these fungi considering the fact that Aspergilli are used for the production of



metabolites and enzymes.

Micro~organisms used in biotechnological processes deviate from those naturally
ocecurring with respect to their metabolic regulation. Moreover the knowledge of
recombination mechanisms of these micre-organisms is generally limited and
examples of improvement of the preductive capacities otherwise than by mutaticn
are still scarce.

Although Aspergiilus nidulans itself is not used at this time in biotechno-
logical applications, related Aspergiil? have been used for a long time especial-
ly in food industry. Improvement of citric acid production by mutation in
Aspergilius niger strains is a well known example.

Due to the detailed knowledge of its genetics, Aspergiilus nidulans has proven

to be a good model to study metabolic diversity of carbon metabolism and its regu-
lation in relation to the genes involved. The key position of phasphoenolpyru-
vate and pyruvate in the metabolism of various carbon sources were the main
reason to focus atfeﬁtion on the identification and characterisation of these
genes and their corresponding enzymes involved in converting these metabolites

in A.nidulans,

I.2. Aspergiilus

The name Aspergtiius was used for the first time by Micheli, a priest, who
in 1729 defined the genus 4spergiillus because of the resemblance of the spore
forming structures of these fungi to a holy-water sprinkler (lLat. aspergillium).
Aspergiili show a world wide propagation due to their ability to act as biode-
teriorating organisms attacking organic materials and even inorganic compounds
(Thomas, 1977). Attention has been focussed on some Aspergilli because of their
medical importance {Young et al., 1970; Edwards and Al-Zubaidy, 1977; Bennett,
1980) as organisms causing aspergillosis {A.fumigazue) and as mycotoxin producers
in food (4.flavus). Aspergilli are also impertant in the commercial production
of organic acids such as citric, gluconic and itaconic acid formed by various
strains of A.niger and A.oryzae {Berry et «l., 1977; Jakubowska, 1977) for the
production of spirituous liquors e.g. saké with A.oryzae and for the industrial
production of enzymes both extracellular ones such as amylases, amyloglucosidase,
pectinase and proteases and intracellular ones such as glucose oxidase and lac-
tase (Barbesgaard, 1977).

I.3. Adspergillus nidulans
I.3.1. Growth cycle
Aspergillus nidulans {Lat. nestling) is a member of the genus Aspergillus




belonging to the Ascomycetes, fungi which generally have both a vegetative as
well as a generative growth cycle, the latter with spores formed within an
ascus. These fungi can be grown in different ways: on a surface forming colonies
with radially expanding hyphae which form the mycelium or under certain conditions
asmulticolantal aggregates in spherical pellets in liquid culture. Hyphae are
threadlike structures consisting of multinucleate cells, subdivided at regular
intervals by septa (cross-walls) with a pore allowing exchange of nuclei and
cytoplasma. Hyphae bear conidiophores with sterigmata ending in chains of uni-~
nucleate conidiospores which are normally green. However spore colour mutants
are known,

The sequence: hyphae —~ conidiospores — hyphae is called a vegetative growth
cycle,

® Ascospore

© &\ Ascus with
D~ ] 8 binucieate
CE36

) ascospores

Fig. I.1. Life cycle of Aspergiillus nidulans.

In the generative (sexual) growth cycle (see Fig. I.1.) the mycelium differen-
tiates into ascogenous hyphae with binuclear cells which develop in an ascocarp
{cleistothecium}. In the top cells of the branched ascogenous hyphae the nuclef



fuse producing diploid zygotes (karyogamy). The zygote undergoes meictic and
mitotic divisions resulting in eight haploid cells. These are subject to another
mitesis producing an ascus with eight binucleate ascospores. In a heterokaryon
homokaryotic and heterokaryotic ascogenous hyphae are formed. When the zygotes
are heterozygous recombinant ascospores may be obtained. Upon germination asco-
spores form a mycelium leading to haploid colonies.

Pontecorvo and his coworkers {1953; 1954) discovered processes of recombination
which are different from the normal sexual cycle as "alternatives to sex"
{Haldane, 1955). The sequence: anastomosis between genetically different hyphae
resulting in heterokaryon formation, nuclear fusion leading to diploid formation,
mitotic crossing over and haploidisation as a result of non-disjunction has been
termed the parasexual cycle (Pontecorvo, 1956}.

The result of these events is the recombination of genes as in the meiotic
process, but the recombination frequencies are not comparable. Especially in
fungi Tacking a sexual cycle (e.g. A.niger) the parasexual cycle is a powerful
tool for the generation of recombinant strains which may be useful for the im-
provement of industrial strains, In A.nidulans the parasexual cycle is experi-
mentally used for the determination of Tinkage groupsand for the linear arrangement
of the genes on a chromosome. Heterozygous diploids are useful to study comple-
mentation, especially in cases where this fails in heterokaryons.

A.nidulans is preferred for the use in genetic studies because of the possibility
to obtain meiotic recombinants in contrast to A.niger.

I.8.2, Mapping

To assign a mutant gene to one of the eight 1linkage groups present in
A.nidulans (Kdfer, 1958) a master strain with a marker on each chromosome can be
used. After diploidisation with the strain carrying the mutation haploidisation
can be induced with p-fluorophenylalanine (McCully and Forbes, 1965}, benlate
(Hastie, 1970} or chloraihydrate {Singh and Sinha, 1976). During this process the
chromosomes are reassorted., The linkage group can be assigned because the mutant
gene segregates together with the wild type allele of the marker located on the
same chromosome besides the possibility of recombination as result of mitotic
crossing over which coincides at low frequency. The linear arrangement of the
markers on the chromosome with respect to the centromere is determined by mitotic
recambination in a heterozygous diploid. The exact localisation of the mutant
marker is performed by analysis of meiotic recombinants from a cross between the
mutant strain and a tester strain with a number of markers close to the mutant
gene on that particular linkage group.




These techniques used in the analysis of mutant genes have been described by
Pontecorvo et a7.(1953) and Clutterbuck (1974). An updated version of the Toci
and linkagemap of A.wnidulans has recently been published {Clutterbuck, 1981a)}.

I.3.3. Origin of Aspergillus nidulans strains

A1l A.wnidulans strains used in this study were of Glasgow origin or were
obtained from these strains by mutagenic treatment. The Glasgow strains are
genetically marked strains deposited in a collection built up in Glasgow {U.K.)
at the Department of Genetics, University of Glasgow and in the Fungal Genetics
Stock Centre, Humbold State University Foundation, Arcata California (U.S.A.).
They derive from a single wild isolate FGSC4 (Barratt et al., 1965) first
mentioned by Yuill {1939).

I.3.4. Mointenance and preservation of straine

Viable cultures of A.nidulans used in this study were maintained on complete
medium (CM) according to Pontecorvo et aZ. (1953) with acetate 0.1 M and sucrose
0.01 M instead of glucose for all strains except for pyruvate kinase mutants
which were grown on CM with 0.1 M acetate as carbon source. Conidiospores of alil
strains were stored upon silicagel at 4°C according to Perkins (1962) and are
held in stock at the Department of Genetics at the Agricultural University, Wage-
ningen, the Netherlands.

T.3.5. Culturing of A.nidulans wild type

Minimal medium (MM) was used as described by Pontecorvo et gi. (1953). It
consists of 6.0g NaN03, 0.5 g KCT, 0.6 g MgSU4.7H20, 1.5 g KH2P04, traces of
Fe504, MnC]2 and ZnSO4 per litre demineralised water. The medium is adjusted
to pH 6.0 with NaOH before autoclaving for 20' at 120%C. Filter sterilised
solutions of C-sources were added at a final concentration of 0.05 M or other-
wise as mentioned in the text and supplemented if necessary. Complete medium {CM)
had the same basal composition as MM to which was added per Titre: 2 g neopeptone
(Difco); 1 g vitamin assay casaminoacids; 1 g yeast extract; 0.3 g sodium ribo-
nucleate and 2 ml vitamin stock solution. The vitamin stock solution contained in
mg per 100 ml: thiamine, 100:; riboflavine, 100; p-aminobenzoic acid, 103 nico-
tinamid, 1003 pyridoxin.HCl, 50; panthothenic acid, 10 and bietin, 0.2.
Media were solidified with 1.5 % {w/v) agar {Difco}.

To obtain large quantities of mycelial biomass for the preparation of cell
free extracts from which enzymes were to be isolated, A.nidulans was batch
cultured in liquid medium. The following procedure was adopted: {onidiospores



suspended in saline {0.8 % NaCl w/v) containing the wetting agent Tween-80

{0.005 %v/v)} were inoculated on CM acetate 0.1 M and sucrose 0.01 M. (Sucrose

or glucose alone caused more rapidly a wrinkling of the agar surface hindering

an easy harvesting of spores,) After two days incubation at 37°% uniformly aged
spores (Smith and Anderson, 1973} could be harvested by adding saline/Tween and
spores were easily removed. The conidial suspension obtained was thoroughly shaken
to break spore chains, Spore concentrations were determined ina haemocytometer.
For the batch cultures the procedure was as follaws: A preculture was inoculated
with approx, 107 spores mT'1 in 1 litre infusion flasks with 300 m1 MM 0,06 M
sucrose and incubated horizontally in a home made incubator at 92 movements m1'n"1
for 5-6 hours at 37°C. A preculture of 600 m]l was used to inoculate 7 1 of MM
with the same composition in a 10 1 flask.

Agitation and aeration was achieved by passing cotton woel filtered air under
pressure at the bottom of the medium {approx. 71 min“l). After a growth period of
15-16 hours at 37°C mycelium was harvested by filtration over muslin, washed
extensively with cold saline, squeezed to remove excess of liquid and stored at
-20°C until use.

I.3.8. Culturing of A.nidulons mutants

The main difference between culturing A.nidulans mutants disturbed in their
carbon metabelism and culturing wild type is that conditions have to be chosen
that enable mutants to grow and that prevent catabolite repression or inhibition.
With a sound knowledge of fungal carbon metabolism it is easy to find a proper
medium composed of a digestible C-source or a mixture of C-sources. When indu-
cible enzymes are studied in mutants and in wild type the best way for a bie-
chemical analysis is first to grow these strains in a suitable medium to obtain
biomass, and then transfer the mycelium to a medium by which the particular
enzyme is induced.

Pyruvate kinase is an example of an enzyme which is only necessary for growth
on glycolytic carbon sources {(Payton and Roberts, 1976). The activity of this
enzyme in acetate grown mycelium is very low in mutants as well as in wild type.
Therefore mutants and wild type are first grown on acetate and after washing
transferred to a pyruvate kinase inducing C-source e.g. sucrose.

I.4. Carbon metabolism in Aspergilli
I.4.1. Transport

Information about uptake systems in fungi is scarce. The problem is that
their mycelial mode of growth makes it difficult to obtain uniform samples from



a suspension since within mycelium the cells tend to aggregate and they also
differ in age and vary in their physiological state (Romano, 1973).

Studies on transport of carbon sources in Asperyiiii are mainly confined to A.nidu-
lane. This fungus has separate transport systems for D-glucose, D-galactose and
D-fructese which are constitutive and carrier mediated (Mark and Romanc, 1971).
The transport system for D-fructose is highly specific since none of the sugars
tested competed with its uptake {Mark and Romano, 1971), such in contrast to

the glucose uptake system for which galactose has a low affinity (Romano, 1973).
Another specific uptake system was demonstrated for L-sorbose (Elorza and Arst,
1571) by comparing uptake of labeled L-sorbose and D-glucose by wild type and

a mutant resistant to sorbose {sord),which grows almost normally on a variety

of other carbon sources.

Lactose permease and p-galactosidase, the two proteins involved in lactose
utilization, are induced by lactose and galactose (Paszewski et al., 1970).
Phosphorylation of hexoses is not required for sugar uptake as mentioned by

Brown and Romano (1969), who demonstrated active transport of 2-deoxy-D-glucose
against a concentration gradient. They observed high concentrations of intra-
cellular sugar phosphates.

Romano and Kornberg {1968, 1969) showed that in 4.nidulans the utilization of
glucose, fructose, maltose, lactose, galactose, mannose, mannito®, sorbitol and
glycerol, but not of sucrose was inhibited by acetate. This inhibition was also
observed in a mutant lacking a component of the pyruvate dehydrogenase complex
which no Tonger showed pyruvate formation and excretion when these carbon

sources (except sucrose) were added to an acetate grown culture. This provides

an indication for the presence of a specific uptake system for sucrose. Acetate
itself is probably not the regulating metabolite because a mutant defective in
acetyl-CoA synthetase was not inhibited by adding acetate to a glucose or glycerol
grown culture. In their study on the regulation of glucese transport in A.nidulans
Desai and Modi. (1977a) showed inhibition of glucose uptake by acetate or pyruvate.
Although there were significant variations in glucose uptake rate in ncrmal and
biotin deficient cultures {resulting in approx. 20% reduction of glucose uptake}),
they found a nearly ddentical intracellular acetate concentration again indi-
cating that acetate itself was not the regulating factor in glucese uptake.

The rate of glucase transport in liquid culture declines with culture age

(Kurtz and Champe, 1979). The rate of decline is the same in cultures containing
carboxypolymethylene (carbopol}, an additive which prevents pellet formation
(Elmayergi et al. , 1973) although in the latter case the uptake rate is somewhat
higher than in the control.



I.4,2. Main metabolic pathuways in Aspergilli

The main metabolic pathways such as glycolysis, pentose phosphate pathway
{Blumenthal, 1965), tricarboxylic acid cycle (Niederpruem, 1965) and glyoxylate
cycle (McCullough and Roberts, 1974) have been reported for fungi. Most of the
enzymes present in these metabolic pathways have been reported for Aspergilli
{McCullough et al., 1977). In Fig. I.2. these pathways are depicted including
the names of the corresponding enzymes (ppl2,13).
In view of the commercial importance of Aspergilli in acid production some as-
pects of the processes involved in the production of gluconic and citric acid
are briefly reported in the following sections.

I.4.3. Gluconic aeid production

Gluconic acid is an important product of direct monosaccharide oxidation by
glucose oxidase from A,niger {Ward, 1967). After harvesting, the mycelium it-
self can be used as a source of glucose oxidase which is added as colour and
flavour stabilizer in drinks and used for medical analysis {Lockwood, 1974).
Gluconate is obtained from the culture filtrate as its sodium or calcium salt.
Gluconates are used for medical purposes, as mild acidulants in industrial pro-
cesses and as additives in foed.

Gluconate can be metabolised further in Aspergilii. Some investigators pro-
posed a phosphorylative degradation through the pentose phosphate pathway
(Lakshminarayana et aZf., 1969) whereas others gave some evidence for a non-
phosphorylative pathway by the consecutive action of gluconate dehydrase and
2-keto-3-deoxygluconate aldolase .These reactions are supposed to lead to pyru-
vate and glyceraldehyde {Elzainy et al., 1973a, by 1975, 1978).

I.4.4. CCitrie acid production

Aspergillius niger 1s the organism most commonly employed in the large scale
production of citric acid for use as acidulating agent in food and beverage
industries. In spite of the various methods used, detailed public knowledge
about the processes involved is scarce. This is not surprising considering the
great commercial interests (Lockwood, 1974).
Strains with improved citric acid production can be found after elaboration of
mutation-selection programmes (Gardner et aZ.,1956; Das and Nandi, 1969; Das,
1972). Thoma (1971) presented a strain improvement scheme with succesive use
of different mutagens. Hannan ot aZ. (1976) confirmed their results of stepwise
improvement of production although they only used gamma rays. Attempts have been
made to improve citric acid production by heterokaryosis and diploidy {Ilczuk,

10



1971; Das and Roy, 1978).

Some information is available on the analysis of factors important in the pro-
duction of citric acid. It remains difficult however to come to general conclu-
sions because different citric acid producing strains were object of the many
studies.

To obtain a large citric acid production, usually a high yielding strain of
A.niger s cuTtured at low pH on a minimal medium containing molasses as carbo-
hydrate source, Two stages can be distinguished according to the physiological
state of the mycelium: a phase of growth in which cells proliferate followed by
a stationary acidogenic phase when citric acid is accumulating due to exhaustion
of the medium (Wold and Suzuki, 1976a). Citric acid accumulation seems to be the
result of a disruption of the citric acid cycle, so it is not surprising that
several investigators focussed their attention on citric acid cycle enzymes in
4A.niger. Ramakrishnan {1955) found a loss of aconitase and isocitrate dehydro-
genase activity, but the presence of these enzymes was clearly demonstrated by
La Nauze (1966). Many investigators looked into the effects of trace elements
and cofactors on citric acid production. In their studies on the transition of
the growth to the acidogenic phase, Wold and Suzuki (1973; 1976a;b) found that
Zn2+ deficiency causes this transition and that cAMP 1is a factor regulating
physiological activity: stimulating during growth but inhibitory during citric
acid accumulation. This is in agreement with the results of Al Obaidy and Berry
(1980) who found high cAMP levels during the optimal physiological state for
citric acid production. Kubicek and RShr (1977) found Mn2+ deficiency to result
in repression of enzymes of the pentose phosphate pathway and of the tricarboxylic
acid cycle {except citrate synthase) during acidogenesis. In a Tater study the
same authors (Kubicek and Réhr, 1978} noticed the absence of 2-ketoglutarate
dehydrogenase activity and found high levels of oxaloacetate (inhibiting succinate
dehydrogenase), fumarate and pyruvate, which suggests that the citric acid cycle
was operating partly in both directions. Mn2+ deficiency also leads to elevated
intra and extracellular amino acid pools in citric acid accumulating 4, niger
strains suggesting that protein synthesis is impaired and membrane permeability
is changed (Kubicek ez al., 1979). The latter could be due to Tower lipid levels
affecting membrane structure  (Orthofer ez al., 1979).

Phosphofructokinase has been mentioned as a key point in regulatory control of
citric acid accumulation since this enzyme is inhibited by citrate. This inhi-
bition can be antagonized by eTevated levels of NH4+ (Habison et aZ., 1979)
emerging from intensified proteolysis or impaired protein synthesis due to
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The

19.

21,
22.
23.
24.
25.
26.
27.
28.
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following enzymes are indicated in Fig.

hexokinase 29.
phosphoglucose isomerase 30.
phosphofructokinase 31.
fructose-1,6-diphosphate aldolase 32,
triose phosphate isomerase 33.
glyceraldehyde-3-phosphate dehy- 34,
drogenase 35.
phosphoglycerate kinase 36,
phosphoglyceromutase 37.
enolase 38.
pyruvate kinase 39,
pyruvate dehydrogenase complex 40,
pyruvate carboxylase 41,
citrate synthase 42,
aconitase a3,
isocitrate dehydrogenase a4.
oxoglutarate dehydrogenase complex 45,
succinate dehydrogenase 4.
fumarate dehydratase 47.
malate dehydrogenase a8,
fructose-1,6-diphosphatase a9,
glucose-6-phosphatase 50,
glucose-6-phosphate dehydrogenase 51.
6-phosphogluconate dehydrogenase 52.
phosphoketopentoepimerase 53,
phosphoriboisomerase 54.
transketolase 55,
transaldolase 56,

alcohol dehydrogenase

1.2.

aldehyde dehydrogenase
acetamidase

acety1-CoA synthase

maTate synthase

isocitrate lyase

NADP-qlutamate dehydrogenase
NAD-glutamate dehydrogenase

malic enzyme

phosphoenolpyruvate carboxykinase
galactokinase

UDP-galactose pyrophosphorylase
UDP-glucose epimerase

UDP-glucose pyrophesphorylase
phosphoglucomutase

mannokinase

phosphomannose mutase
phosphomannose isomerase

mannose dehydrogenase

mannitol dehydrogenase

sorbitol dehydrogenase

mannitol kinase
mannitol-1-phosphate phosphatase
mannitol-1-phosphate dehydrogenase
fructokinase

invertase ~

glucose oxidase

glycerol kinase
glycerol-3-phosphate dehydrogenase
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inorganic nutrient limitation {Orthofer et al., 1979). Mattey (1977) mentiongd
three processes influencing citrate accumulation: 1) the regulation of phosphp-
fructokinase by citrate concentration controlling citrate formation from glycp-

1ytic precursors; 2) external pH affecting the reentry of citrate into the cell;

3) the degree of isocitrate dehydrogenase inhibition dependent on the intracellu-
lar citrate concentration counteracted by the appearance of Mn2+ {Bowes and Mattey,
1979). These investigators found a good correlation between the amount of citric
acid produced and the NADPT-isocitrate dehydrogenase inhibition by citrate in
different citrate accumulating A.niger strains (Bowes and Mattey, 1980).

Although the picture of processes involved is still far from complete the
important factors mentioned in the preceding section serve as a good example of
the complexity of biochemical processes involved in citric acid accumulation in
A.niger.

I.4.5. Reserve carbohydrates

Among storage compounds in fungi,trehalose { o (I —=3)D-glucosyl-D-glucose)
and mannitol are the most abundant. Glycogen as insoluble reserve carbahydrate
polymer seems to play a minor role (Cochrane, 1958). Mannitol and trehalose are
quickly formed by dspergilli during early growth on glycolytic carbon sources
such as glucose (Foster, 1949; Lee, 1967) as well as on gluconeogenic acetate
(Barker et gi., 1958). Because mannitol is extremely soluble there is a maximum
to the intracellular concentration above which this compound is excreted irito
the culture medium. Once the culture is devoid of sugar the intracellular manni-
tol level drops quickly. Evidence was given for mannitol as main endogenous
carbon source during germination of4.oryzae where fructose is formed by NAD' or
NADPY-1inked mannitol dehydrogenase (Horikoshi et al., 1965). They suggested
mannitoil to be the more important reserve carbchydrate because it competitively
inhibited trehalase activity. Two mannitol dehydrogenases were also found in
A.candidus and even a higher activity was found in extracts of glucose grown
mycelium than in the mycelium of a mannitol grown culture (Strandberg, 1969).
The pentose phosphate pathway seems to oppose the metabolism of mannitel.
Hankinson and Cove (1975) found in Z.»nidulans a reduced activity of mannitol-
1-phosphate dehydrogenase under conditions which stimulated the pentose phosphate
pathway enzymes. Because NAD+-dependent mannitoi-1-phosphate dehydrogenase is
competing with glucose-6-phosphate isomerase for fructose-6-phosphate, the levels
of these enzymes influence the distribution of this compound over glycelysis and
pentose phosphate pathway and thus mannitol formation.
Finally Zonneveld (1977) has presented evidence fotr the involvement of reserve
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carbohydrates in fungal differentiation. Only if enough energy is deposited as
‘reserve material differentiation after growth is possible. Zonneveld mentioned

a(l —-3) glucan as an important reserve carbchydrate in hyphal cell walls. This
compound is essential for the formation of cleistothecia for he could demonstrate

a correlation between the absence of (1l —-3} glucan and the absence of cleisto-
thecja. The mutants used were isolated before (Clutterbuck, 1969; Zonneveld, 1974).

I.4,6. Effecls of substrates

Substrates are known to interact not only on the level of their uptake systems
as proven in A.nidulans for e.g. glucose in combination wich acetate (Romanc and
Kornberg, 1968, 1969; Desai and Modi, 1977b) but also intracellularlyon the level
of catabolite repression and enzyme inactivation {Bailey and Arst, 1975; Hynes
and Kelly, 1977). Arst and Bailey (1977) classified several carbon sources on the
basis of their relative ability to prevent ethancl consumption by pdhd strains,
which are deficient in pyruvate dehydrogenase complex activity and therefore
unable to use glycolytic substrates as sole carbon sources. Sucrose, D-glucese
and D-xylose were strongly carbon catabolite repressing; D-mannose, D-galactose,
sorbitol, D-fructose and mannitol were intermediate, whilst glycerol, m-inositol,
lactose and L-arabinose were strongly derepressing.

Carbon metabolism in A.nidulans interacts with other metabolic processes. The
relation with nitrogen metabelism is most obvious. It is known that ammonium or
nitrate as a source of nitrogen have a different effect on the ratio of glucose
used through glycolysis and the pentose phosphate pathway. A higher activity of
several enzymes of the pentose phosphate pathway and a lower activity of mannitol-
1-phosphate dehydrogenase was observed when nitrate was added to a glucose grown
culture with urea as nitrogen source compared to urea alone {Hankinson, 1974;
Hankinson and Cove, 1974; 1975).

Evidence was presented that agar can provide a carbon source through 02 meta-
bolism {Payton et af., 1976; Armitt et al., 1976). Most mutants deficient in
acetate metabolism cannot grow on agar as sole carbon source in contrast to

wild type 4.nidulans and glycolytic mutants which grow very slightly.

Isolation and subsequent analysis of mutants altered in carbon catabolite
regulation provide a tool to study regulatory processes within carbon metabolism
(Arst and Cove, 1973; Baijley and Arst, 1975: Hynes and Kelly, 1977). Because it
is beyond the scope of this study to treat nitrogen metabolism in detail the
reader is referred to a recent review of nitrate assimilation and its effects
on carbon metabolism in A.niduians (Cove, 1979).

15



I.5. Isolation of mutants
I.5.1. Induction

Although in A.nidulans spontaneous mutations occur at a frequency of 10'6 -
10'7, both chemical and physical means have been used to enhance the mutation
frequency. Especially nitrogen mustards, diethylsulphate, nitrousacid, diepoxy-
butane and N-methy]—N'—nitro-N-nitrosoguanidine {NTG) have been used as
chemicals to induce mutations {Burnett, 1975; Payton, 1978)., Among the physical
methods UV radiation {mercury-resonance Tamps as a source of UV Tight with 95%
of their output confined to the resonance 1ine at 254 nm) {Pontecorve et al.,
1653; Alderson and Hartley, 1969) and X-ray treatment are used (Burnett, 19753
this study). In nearly all cases suspensions of conidiospores are object of
mutagenic treatment. It is not preferable to use conditions causing low survival
Tevels because damage in the genetic background can cause considerable difficul-
ties in the genetic analysis of the desired mutants. In this study only X-rays
were used to induce mutations.

I.5.2. Selection

Various selection methods can be applied which depend on the particular
nature of mutants desired,
Selection techniques often used in the isolation of mutants in Asperg?iius
carbon metabolism are:
1. Resistance of mutants to substrate analogues toxic for non-mutants e.g.
fluoroacetate resistant mutants unable to utilize acetate as sole carbon source
(Apirion, 1965; Armitt et «f., 1970, 19763 McCullough and Roberts, 1974},
2. Filtration enrichment. In this technique a suspension of conidiospores is
incubated in an “enrichment medium" after a mutagenic treatment. It is essential
to use a shake culture for aeration and to stimulate quick germination and
growth of non-mutants but also to prevent heterckaryon formation. After 8-12
hours incubation at 37°C when some growth has become visible, mycelium is
filtrated over cotton-wool and a filtrate containing non-germinated spores is
obtained. Refreshing the medium in this stage is useful to prevent growth of
mutants on metabolites excreted in the medium by growing non-mutants. The spores
are concentrated on a membrane filter, resuspended in one tenth of the volume
of the medium and incubated generalily for another 12-16 hours. When no further
growth is observed the culture is again subjected to the filtration procedure.
A spore suspension finally obtained this way is plated on CM with a suitable
carbon source and replicated upon MM supplemented with carbon sources to
discriminate mutants,
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The disadvantages of this method are:

- Loss of "leaky" mutants which grow but with lower effectiveness.

- Death of proper mutants due to prolongued starvation conditions. Once a
strong indication for a certain mutation has been found in grow tests, the
analysis can be taken further by enzymatic assays and compiementation in hetero-
karyons or diploids with similar strains obtained before.

I.5.3. Aspergillus nidulans mutants in carbon metabolism

A complete Tist including generally accepted gene symbols of Aspergillus
nidulane mutants thus far found in carbon metabolism is given in Table I.1.
Although it is not my intention to discuss these mutants individually it is
useful to comment on some general aspects regarding the isolation of such mutants.
It is obvious that the mutant types are merely determined by the way they are-
selected. It is possible to classify these mutants according to some general
characteristics they fulfil.
4. Glyeolytic mutants were commonly selected after enrichment on a hexose and
rescue on a gluconeogenic substrate. ATthough at first sight the expectation
would be a variety of mutants in different steps of glycolysis, the majority
however has a deficiency in pyruvate kinase, pyruvate carboxylase or in the
pyruvate dehydrogenase complex, enzymes catalyzing nearly irreversible reactions.
Why these mutants are found in abundancy, whereas others such as hexokinase and
phosphofructokinase mutants are not found is not quite clear.
There are several possible explanations for this:
- Escape of mutants by use of substrate for enrichment contaminated with
readily digestible carbon sources.
- The presence of sugar phosphorylating systems of different specificity
allowing growth of mutants., Gancedo et al. (1977) for instance, showed ability
of hexokinase mutants of Saccharomyces cerevisiae to grow on glucose due to the
presence of different hexokinases.
- The generation of toxic metabolite levels preventing growth of mutants (as
explained later in this paragraph}.
- Pathways operating at the same time (e.4. the pentose phosphate pathway
during growth on glucose together with the glycolytic pathway.
- Phosphofructokinase, as a key regulatory enzyme in eukaryotic systems, acting
on glycolysis as well as the citric acid cycle. In E.colf only phosphofructo-
kinase mutants have been isolated with a residual low activity of this enzyme
{Fraenkel and Vinopal, 1973}. Maybe futile cycling of fructose-6-phosphate
plays a role in carbon metabolism (Katz and Rognstad, 1976).
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In contrast to the principle generally used in the isolation of glycolytic
mutants in A.nidulans, there are two alternatives applied especially for
prokaryotic mutants.

a. To use a carbon scurce for rescue which enters not far behind the metabolic
step of interest. If glucose is used for enrichment, mannitol could serve as a
permissive carbon source for phosphoglucoisomerase mutants and fructose for phos-
phofructokinase mutants etc. (Fraenkel and Vinopal, 1973; Bachmann et al., 1976).
b. To use a substrate mixture in the rescue medium containing two carbon sources
each one supplying metabolites at a different side of the metabolic block. Such
an approach was successful for the isolation of E,coii mutants defective in
glyceraldehyde=3-phosphate dehydrogenase, glycerate-3-phosphate kinase and
enolase. They were maintained on a mixture of glycerol and succinate (Irani and
Maitra, 1974).

In the case of 4.nidulans the latter approach gives rise to problems:

1. Tricarboxylic acid cycle intermediates are bad substrates to allow growth;

2. Substrate mixtures may cause inhibition of uptake of one component or may

lead to catabolite repression or inhibition (I.4.6.).

B, Gluconeogenic mutants were mainly obtained by use of the inverse raticnale
applied to glycolytic mutant isolations or by screening for resistance to a

toxic substrate (fluoroacetate). As a result several classes of mutants were
discovered in the early steps of acetate assimilation {fac4), glyoxylate cycle
{acuD,E), anaplerotic routes (zewr,k,M) as well as in a much later step of
gluconeogenesis (acuG).(For gene symbols and references see Table I.lpp. 20-22 ).
O, Mutants in side pathways which are essential for the degradation or certain
specific carbon sources, Mutants requiring galactose (pgmd) or mannose (mand,
mnrd} were used to show the essential role of these sugars in the biosynthesis

of cell wall components. Mutants unable to utilise galactose {gaZd,D) and compa-
rative studies with wild type 4.nidufans not only proved the existence of the
Leloir pathway for galactose metabolism but also gave evidence for the existence
of a second pathway (still not elucidated) operating at alkaline pH.

D, Mutants defective in the ciiric acid cycle are unknown for A,nidulans.

Such mutants could be very useful for the elucidation of mechanisms involved

in metabolite accumulation.

Only mutants with a reduced inhibition of succinate dehydrogenase activity were
found by selecting for carboxin resistance (cbx).

E. Mutants with altered regulation of carbon metabolism were isolated by selecting
in an ared strain, altered in ammonium repression (Hynes, 1975), for the ability
to grow on acetamide in the presence of glucose or sucrose. The ared mutation
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itself caused an inability to grow on a range of compounds as sole nitrogen
sources, or to grow on those serving both as C as well as N source in the pre-
sence of compounds such as glucose or sucrose causing catabolite repression.
Three regulatory genes (cred,B,¢) were found to be involved in carbon catabolite
repression. Some of these mutations have pleicotropic effects such as a hyper-
sensitivity to fluoroacetate, a diminished catabolite repression of acetamidase
and alcohol dehydrogenase and elevated activities of extracellular protease and
of g-glucosidase.
F. Mutants altered in the way they use compounds which can serve both as

and as N source (e.g. glutamate or acetamide) are useful to study the inter-
ference of C and N metabalism. Mutants selected for their sensitivity to high
ammonia concentrations appeared to be defective in NADP+-g1utamate dehydrogenase
{gdhd) which has a biosynthetic function, Mutants defective in NAD+—g1utamate
dehydrogenase (gdhR) are unable to use L-glutamate as sole carbon source. The
isolation of a third type of mutant {gdhC), which grew better on glutamate than
wild type did, made it plausible that NAD+-g1utamate dehydrogenase activity was
at least partly regulated by glucose repression because wild type A.nidulans
has an undetectable level of NAD+-glutamate dehydrogenase activity when utilising
glucose, this in contrast to the gdhC mutant.
G. Mutants obtained with the aid of a mutant background.
In bacteria mutants blocked at certain steps in carbon metabolism have been used
to isolate mutants with other metabolic lesions especially in such cases where an
easy escape could be the cause of unsuccessful experiments. Examples are glucose-
6-phosphate dehydrogenase mutants of E.coli selected as phosphoglucose isomerase
mutants unable to grow on glucose and gluconate-6-phosphate dehydrase mutants
(which are gluconate positive} in a 2-keto-3-deoxy-6-phosphogluconate aldolase
mutant { a strain which is, in spite of an operative pentose phosphate pathway,
gluconate negative, probably due to a toxic KDPG level). Both typesof mutants
are still uronic acid negative (Fradkin and Fraenkel, 1971; Pouysségur and
Stoeber, 1571).
In A.nidulans pycd mutants (sucrose negative) were used to select isocitrate
lyase constitutive (Zel4,B) mutants as sucrose positive strains. {McCullough
and Roberts, 1980). Experiments in this laboratory to obtain glucose negative
mutants in a pppd background were unsuccessful, due to extreme cold lability of the
conidial suspension. In contrast pyruvate kinase mutants with altered sucrose
tolerance were easily isclated as colonies with wild type morphology (conidial
color and density} on a mixture of sucrose and acetate (unpublished results).
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II Growth characteristics of Aspergillus nidulans mutants
defective in carbohydrate metabolism

SUMMARY

Several mutants of Aspergiiius nidulans defective in carbohydrate metabolism
were tested for growth on different carbon sources. D-Galacturonate was found
to be a substrate, useful to discriminate between mutants in pyruvate kinase,
pyruvate dehydrogenase complex or pyruvate carboxylase. The results of these
tests indicate how particular classes of mutants can be obtained and which sub-
strates can be ysed preferentially for a rapid phenotypical screening of unknown
mutants.

INTRODUCTION

As compared with bacteria, little is known about carbohydrate metabelism and
its regulation in fungi and only a few genetic lesions concerning this metabolism
are known. Various aspects of sugar transport, the main metabolic pathways, as
well as the resgrve carbohydrates in fungi have been reviewed by Smith and Berry
{1975} and Burnett (1976). Aspergilius nidulans 1s an attractive organism for a
biochemical genetic study since genetic technigques are well developed for this
fungus. The first "sugar mutants" in A.nidulans were described by Roberts (1959).
The same author later used galactose non-utilizing mutants to analyse galactose
metabolism and confirmed the presence of the Leloir pathway (Roberts, 1970).
Mutants unable to use carbohydrates by glycolysis can be rescued on gluconeogenic
substrates. The majority of such mutants lack enzyme activity either of pyruvate
kinase (Payton and Roberts, 1976; Payton, 1978}, pyruvate carhoxylase (Skinner
and Armitt, 1972) or pyruvate dehydrogenase complex (Payton et al., 18773 Bos et
al., 1981}. Among mutants unable to use gluconecgenic substrates such as ethanol
or acetate are those defective in glyoxylate cycle enzymes (Armitt et al., 1976).
In the pentose phosphate pathway only one defined lesion in transaldolase activity
has been described (Hankinson, 1974). Glycerol non-utilizing mutants have alse

1) Uitzetter et al., 1982.
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been isolated, but have not been conclusively assigned (McCullough ez ai., 1977;
Payton, 1978).

Aspergilli are able to use a diversity of organic compounds as carbon sources
{Cochrane, 1958; McCullough et al., 1977); even agar can provide a compound which
is likely metabolized through C2 metabolism (Payton et al., 1976). Some investi-
gators studied the effects of carbon sources or mixtures of them on growth of
mutants blocked at different steps (Roberts, 1963; Skinner and Armitt, 19723
Hankinson, 1974; Payton and Roberts, 1976}, The results of such growth tests can
be used in different ways:

(i) to elucidate unknown metabolic pathways; (ii) to predict classes of mutants
found after mutation and enrichment and {iii) to obtain a specific class of mu-
tants by choice of an appropriate rescue medium.

We directed cur attention to the isolation of new classes of mutants to study
the implications of mutations for the metabolism in 4. nidulans. We therefore
decided to investigate the growth propertiesof known mutants on a variety of
carbon sources. Relevant categories of easily available carbon compounds were
tested separately or in combination e.g. hexoses, pentoses, polyols, amino acids
and a few sugar acids,

MATERIALS AND METHODS

Strains

The A, nidulane strains used in this study were derived from the original
Glasgow strain FGSC 4 {Barratt et a?., 1965). They are listed in Table II.1 with
their genotypes main metabolic lesion and references.

Chemicals
D-Galacturonic acid was obtained from Fluka or Aldrich. A1l other carbon
sources were ohtained from Merck or BDH., Bacto agar was obtained from Difco.

Media and growth tsste

A.nidulans was grown on complete medium (CM)} or supplemented minimal medium
{MM) according to Pontecorvo et al. (1953), solidified with 1.5% (w/v) agar
and autoclaved. Instead of glucose 0.1 M sodium acetate was used for CM. A
master plate containing the wild type and the mutants was obtained by inoculat-
ing spores from the different strains on CM. Growth tests were performed by
replica plating on MM containing the appropriate supplements and instead of
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glucose other carbon sources were separately added as filter sterilized solutions.
Carbon sources were used at a final concentration of 0.05 M pH 6.0 except for

0.1 M acetate; 0.1 M acetate + 0.01 M sucrose; 0.02 M sucrose; 0.05 M fructose
+ 0.01 M glutamate; 0.01 M glycerol + 0.05 M glucose or 0.05 M fructose,

The amount of growth attained by the wild type and mutant strains was scored
after two days incubation at 37°c.

RESULTS AND DISCUSSION

Over fourty different carbon sources were used to test the growth behaviour
of the various mutants Tisted in Table I1.l. Except for the two glycerol non-
utilizing strains the enzymatic defects of the mutants have been established.

The observations with some of these substrates are summarized in Table II.2.

The wild type A nidulans used in these tests is able to assimilate all substrates
listed as sole carbon and energy source. This makes this organism very suitable
for studying carbon metabolism in a Tower eukaryote.

A. nidulans cannot grow on L-sorbose {not shown), because this compound is
only phosphorylated and not metabolized further (Elorza and Arst, 1971). The
growth of this fungus on D-galacturonate drew oyr attention because this is in
contrast with a previous observation by Hankinson (1974}, Aspergilius spp. are
known to degrade polygalacturonate and pectin {Barbesgaard, 1977} to oligomers
and also to the monomer D-galacturcnate. As early as 1931 Hofmann reported growth
of 4. niger on uronic acids but he did not investigate how these compounds were
subsequently degraded. We demonstrated growth of A.nédulans on polygalacturonate
minimal medium. Therefore the ability to grow on the monomer is not surprising.

Phenotype of pyrmwate kinase (pki), pyruvate dehydrogenase complex (pdh) and
pyruvate carborylase (pye) muitante.

Mutants with a defect in one of these structural genes share common features
on many carbon sources, because they are unable to use compounds which are
metabolized through the glycolytic pathway e.g. sucrose, glucose, fructose,
mannose, sorbitel or through the pentose phosphate pathway e.g. xylose, ribitol.
They all are able to use acetate or glutamate since gluconeogenesis is not
blocked as pointed out by Payton e¢ . {1977). By using mixtures of a gluco-
neogenic and a glycolytic carbon source the three defects can be discriminated,
although some pks mutants tested are able to grow on some of these mixtures,
erronecusly suggesting a pye or pdh genotype. Pki mutants grow on L-alanine
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Table II.2. Growth of A.nidulans mutants on various carbon sources 1)

mutant

Carbon sources wild pkid  pdhA,B,C pycd,B pppd  gleA gicB

o . type . . o .
Acetate ++ ++ ++ ++ ++ + +
L-Alanine +++ + . . + ++ —+
D-Fructose +++ - - - 4 +E ++
D-Galactose + - -/. +2) PR +
D-GaTacturonate +++ ++ - +2) . . -
D-Glucarate ++ - . ++ .
D-Gluconate . - . +3) .
D-Glucose +++ - - - +++ +++ +++
L-Glutamate +++ + +/++ +H +H + +
Glycerol ++ - +2) +2) ++ . -
D-Mannitol bt - - . 4+ b+ ++
D-Mannose 4 - - - +++ 4+ it
Ribitol + - + + . + ¥
Sorbitol ++ - -/. . ++ ++ ++
D-Xylose +H+ - - - - 4+ 4
No added C-source . . . . . . .
Mixed carbon sources
Acetate + sucrose ++ 4 + ++ + + +
L-Glutamate + D-fructose 4 - - ++ +++ 4 -+
Glycerol + acetate ot + 4+ ++ ++ + -
Glycerol + D-fructose 4+ - - - ++ ++ -
Glycerol + D-glucoase ++ - - - ++ 4 .

1)+++ Good, ++ moderate, + poor, . very poor, and - no growth

2) Ne growth in liquid culture
3) Growth is observed in 1liquid culture but not with all pyc mutants tested

4) Growth is observed with some non Teaky pki mutants

37



Payton and Roberts, 1976) and it is assumed that alanine provides pyruvate by
transamination. Because even pdh and pye mutants showa slight growth on a solid
medium with alanine, this substrate is not suitable for classification (Bos et
at., 1981). D-Galacturonate allows growth of pks wmutants in contrast to pdh
mutants (no growth) and pyc mutants {poor growth). This indicates that degradation
of this uronic acid leads in any case to pyruvate. Ashwell et aZ.(1958) reported
a pathway for the degradation of D-galacturonate in E.eoli resulting in pyruvate
as well as glyceraldehyde~3 phosphate.

Roberts {1970} suggested two pathways for galactose breakdown in A.nidulans,
the Leloir pathway being the major ane whereas direct oxidation to galacturonate
was suggested for the minor pathway. The latter possibility seems unlikely be-
cause pki mutants are unable to grow on galactose. Observations of growth on
D-glucarate are instructive too. Pye mutants show growth on this hexaric acid
indicating that the catabolic pathway may lead directly to a tricarboxylic acid
cycle intermediate. The formation of Z-keto-glutarate from D-glucarate is well
established in Pseudomonas epp. (Trudgill and Widdus, 1966). If this is also the
case in A.nidulans, acetylCoA has still to be provided by ¢lycolysis which would
explain why pki and pds mutants do not grow on D-glucarate. An alternative
degradation to glycerate and pyruvate has been found in Enterobacteriacege
{Chang and Feingold, 1970). The presence of such a pathway in A.nidulans how-
ever, is not consistent with the growth behaviour of pye mutants.

One expects that pki, pye and pdh mutants cannot grow on glycerol. Agar
has been mentioned as a possible source of Cy (Armitt et atf., 1976; Payton et al.,
1976) permitting glycolytic mutants to grow on agar plates with the assumption
that glycerol itself is strongly derepressing {Arst and Cove, 1973; Bailey and
Arst, 1975). For this reason pki, pye and pdh mutants were alse tested on liquid
medium where they all failed to grow on glycerol.

The induction of the glyoxylate cycle by Cz compounds has been established in
A nidulans. (Armitt et qZ., 1976). A mixture of acetate and sucrose supports
growth in pdh and pye mutants by supplementing both acetylCoA and TCA-cycle
intermediates. In this case the combination of acetate and sucrose is preferred
above that of acetate with a hexose as glucose to aveid the interaction of ace-
tate or its preducts with the hexose-uptake systems. Romano and Kornberg (1969)
demonstrated this by the inhibition of pyruvate formation and excretion when
glucose (but not sucrose) was added to a culture of a pdh mutant grown on acetate.
A possible explanation for the inability of pki mutants to grow on a mixture
of acetate and sucrose is the accumulation of a phosphorylated intermediate
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{e.g. phosphoenolpyruvate} which can have an inhibitory effect on the enzymes
of the glyoxylate cycle (Kornberg, 1966; Fraenkel and Vinopal, 1973; Payton and
Roberts, 1976}. The basis for an enlarged sucrose tolerance which we found to
occur in some pki mutants is unknown yet.

The combination of L-glutamate and D-fructose discriminates pye mutants from
pki and pdh mutants. This medium does not enable pki and pdh mutants to grow
because acetylCoA is not generated; pyc mutants, however, grow because in this
case glutamate is a supplementing source of oxaloacetate.

Glycerol non-utilizing mutants (glc)

The gleA and glcB mutants were isolated by Payton (1978} after mutation and
enrichment in glycerol. The two genes are unlinked. The exact nature of the
enzymatic defects have not yet been elucidated, although McCullough et af. (1977)
suggested that gies mutants lack glycerol-3-phosphate dehydrogenase. In contrast
to the gile4 mutant the gZeB mutant is strongly inhibited by glycerol in combi-
nation with glucose or fructose (Payton, 1978} presumably due to the accumulation
of glycerol-3-phosphate and subsequent inhibition of glycolysis. A similar inhi-
bition has been demonstrated in mutants of E.eoli defective in glycerol-3-phos-
phate dehydrogenase but not in mutants lacking glycerol kinase (Cozzarelli et al.,
1965).

Glycerol non-utilizing mutants are also known in Feurcspora (Nilheden et al.,
1973; Holm et ai., 1976; Viswanath-Reddy et «Z., 1977). In this organism dissi-
milation of glycerol has been reported to occur by a phosphorylative and an oxi-
dative pathway. One of these mutants was found to lack an inducible glycerol
kinase activity but still possessed a normal residual activity of a basal non-
inducible glycerol kinase {Holm et 2Z., 1976). A flavin linked glycerol-3-phos-
phate dehydrogenase mutant has alse been found (Denor and Courtright, 1978).

Another mutant of the oxidative pathway lacked glyceraldehyde kinase
(Viswanath-Reddy et 2%., 1977). In contrast to the results reported for N.erassa,
the gled and gicB mutants of A.nidulans metabolize other polyols readily.

Another characteristic of the glc mutants in A.nidulane is the inability to
use D-galacturonate. As the D-galacturonate pathway is 1ikely to lead to C3
compounds, this substrate opens new perspectives to study the complicated inter-
actions between glycero]l metabolism and glycolysis,

Pentose phosphate pathuway mutant (pppA)
D-Xylose and also ribital cannot support growth of a pppd mutant since the

pentese phosphate pathway is the main route for degradation of these compounds.
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The ppp4 mutant lacking transaldolase activity (Hankinson, 1974) can grow how-
ever, on glucose because this is metabolized to a large extent through glycolysis.
Other hexoses and polyols can be metabolized for the same reason. Some growth is
observed with D-gluconate which is not expected if this compound would only be-
come phosphorylated and metabolized through the pentose phosphate pathway.

In A.niger strains Allam et al. (1975) claimed a second pathway in which qluco-
nate is directly oxidized to 2-keto-3-deoxygluconate and subsequently split into
pyruvate and glyceraldehyde by an aldolase reaction. The same pathway is reported
for A.fumigatus (Elzainy and Hassan, 1978}, The hehaviour of both pki and pdh
mutants on gluconate together with the slight growth aobserved in tests with pye
mutants using this substrate is also somewhat puzzling. There is hardly any growth
of the pppd mutant on D-galacturonate or glucarate whereas there is on gluconeo-
genic substrates.

CONCLUSIONS

The growth characteristics of pk< mutants and pdh mutants from A.nidulans with
D-galacturonate as carbon source predict that pyruvate is a metabolite formed
during degradation. Whether a pathway exists analoguous to the one present in
E.coli, remains to be proven.

One can also predict that mutation followed by enrichment in D-galacturonate
will lead among others to pdh andgle mutants. The actual experiment has been
performed in the meantime. A majority of the galacturcnate non-utilizers are
pdh mutants, whereas others are either gie or pye or disturbed in the galacturo-
nate degradation itself (Chapter I1I). This investigation indicates that the best
strategy to obtain pk< mutants, would be an enrichment on D-glucose with subse-
quent rescue on D-galacturonate instead of on acetate.
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III Isolation and characterization of Aspergillus nidulans mutants
in carbon metabolism after D-galacturonate enrichment

SUMMARY

A method quite selective for the isoTation of mutants defective in the
pyruvate dehydrogenase complex in Aspergiliue nidulane was found.
The essential steps in the procedure were a mutagenic treatment of conidiospores
with X-rays yielding about 50% survival, followed by filtration enrichment in
minimal medium with D-galacturcnate as sole carbon source and rescue on complete
madium with acetate. The mutants thus isolated were phenotypically characterized
on the basis of growth tests and different genotypes were assigned on the basis
of complementation tests. The majority of the galacturonate non-utilizing mutants
was defective in one of the components of the pyruvate dehydrogenase complex. In
addition mutants defective in pyruvate carboxylase, in glycerol catabolism and
some nevel mutants only unable to use D-galacturonate as sole carbon source were
found. At Teast twoc genes are concerned in D-galacturonate metabolism.

INTRODUCTION

Aspergilius nidulans mutants defective in carbon metabolism have been found
after mutagenic treatment with a low percentage of survival without further en-
richment procedures (Skinner and Armitt, 1972), Carbon metabolism mutants are
commonly selected by a filtration enrichment technique which causes selective
elimination of prototrophic mycelium grown in a well defined medium. This method
was used to isolate both gluconeogenic mutants (Armitt et «l., 1976) and glyco-
lytic ones. For the isolation of the latter mutants a disaccharide 1ike sucrose
{Payten et al., 1977) or a readily digestihle monosaccharide 1ike glucose
{Payton et al., 1977; Bos 2i ai., 1981) was used.

In chapter II growth of 4.nidulans on D-galacturonate as sole carbon and energy
source was reported. Tests with mutants defective in pyruvate kinase (pk<) and
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pyruvate dehydrogenase complex (pdh) showed good growth of the former but no
growth of the Tatter genotype on this substrate. This indicates a metabolic
pathway for D-galacturonate leading to pyruvate as one of the degradation
products. Such a pathway exists in Escherichia coli (Ashwell ¢ al., 1958).
Payton et a1.(1977) isolated 8 pdh mutants among some 200 mutants selected

for their inability to grow on sucrose. They used N-methyl-N'-nitro-N-nitroso
guanidine as a mutagen at a 0.5% survival level.

Genetic analysis of these pds mutants revealed them to belong to two different
genes; pdhA and pdkB belonging to linkage group I and V respectively. Bos et al.
{1981) reported the isolation of a number of other pyruvate dehydrogenase com-
plex mutants which were obtained by UV-treatment at a 75-80% survival level
followed by enrichment in glucose minimal medium. Of the 160 strains isolated,
54% were disturbed in their pyruvate dehydrogenase complex activity. Among

these mutants a third distinct gene, pdhcC, was found and assigned to linkage
group VIII. In order to obtain other mutants defective in pyruvate metabolism,
D-galacturonate was chosen as medium for enrichment. This chapter describes

the results of an X-ray mutation experiment with A.niduilans followed by D-galac-
turonate enrichment and the characterization of mutant classes found.

MATERIALS AND METHODS

Organtems

The dspergillus nidulans strain used for mutation was WG145 (wd3;pyrodd}.
This strain has wild-type characteristics for carbon source utilization. For
complementation studies the following strains were used: WG097 (pakadl,yAs,pdhAl);
WGl00 ({pabadl,yA2;pdhbl); WGL07 (pabadl,ydf;pdhCl); WG102  (paball,yd2;pycd?)s
WG135 (pabadl,yA2;pycB4); WG196 (paball,yd2;gledl) and WG197 (pabadl,yA2,gleB33).
These strains were derived from the original Glasgow strains of Adspergiilue
nidulans (Pontecorvo et al., 1953). A1l symbols have their usual meaning
(Clutterbuck, 1973; Payton, 1978): gle glycerol metabolism, pdh pyruvate dehy-
drogenase complex, pyc pyruvate carboxylase. For mutants concerned with D-galactu-
ronate metabolism the gene symbol gag 1is used.

Media and growth tests

A nidulans WG145 was grown on complete medium (CM) according to Pontecorvo
et al. {1953) modified as described in I1.3.4, to obtain conidiospores. Growth
tests were performed on minimal medium (MM) supplemented with pyridoxine HCI
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(1 mg 1'1). The medium was solidified with 1.5% (w/v) agar. Unless stated
otherwise glucose was omitted and other carbon sources were added instead,
Carbon sources {pH6) were added separately as membrane filter sterilized solu-
tions.

The final concentrations of the carbon sources were: D-galacturonate 0.05 M;
D-gluconate 0.05 M; D-glucose 0.05 M; glycerol 0.05 M; D-xylose 0.05M; acetate
0.1 M; acetate 0.1 M with sucrose 0.01 M; L~-glutamate 0.05 M with D-fructose
0.01 M; glycerol 0,05 Mwithacetate 0.1 M. All acids were used as their sodium
salt, The amount of growth attained by the wild-type and mutant strains was
scored after two days incubation at 37%.

Induction and isolation of mutants

Mutations were induced by X-ray treatment during 6.5 minutes at a dose
yielding 51% survival using a Philips R8ntgen apparatus equipped with a MCN 161
tube (160 kV, 19 mA, 2 mm A1-filter) placed at a distance of 36 cm from the
bottom of a petri dish which contained 15 ml of a conidial suspension of strain
WG145 (approx. 5.107 conidia m1'1). In this case the total dose was 2.5 krad.
The survival was determined before and after irradiation by plating a diluted
suspension of conidiospores on CM acetate. Irradiated conidia were transferred
to 300 ml minimal liquid medium in a 1 1 dinfusion bottle with D-galacturonate
0.05 M as carbon source and supplemented with pyridoxine . HC1. The flask was
incubated in a reciprocal shaker bath (160 strokes min'l) at 37°C during 12
hours., Then non-germinated conidia were separated from hyphae by filtration over
cotton wool, the spores were collected on a membrane filter and incubated again
in 100 ml fresh medium for a further 11 hours. Finally non-germinated conidia
which passed a second filtration procedure were resuspended in 0.5 ml1 0.8%
{w/v) NaCl. After appropriate dilution the suspension was plated at a density
of approx. 60 colonies per plate in CM with acetate and incubated at 37°¢ for
two days. From the colonies thus obtained masterplates were made on CM with
acetate and replicas were made on MM with D-galacturonate and acetate respecti-
vely as carbon source in order to identify mutants in carbon metabolism. Mutants
which showed leaky or no growth on D-galacturonate medium were then purified
by plating conidia from a single mutant coTony. Monospore cultures were made and
conidia were preserved on dehydrated silicagel according to Perkins (1962).

Phenotypical classification
To characterize the mutants by their phenotype, growth tests were performed

as described under Media and growth tests. Criteria to assign phenotypes are
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mentioned in Table III1.1. Growth behaviour on the various substrates was
already discussed in chapter II.

Complementation tests

To assign mutant genes,pdid,B,C and pycd,B tester strains with different
color and vitamin markers were used for complementation. Heterokaryotic mycelium
was obtained according to Pontecorvo et al. (1953). Twin pieces of hetero-
karyotic myceliumwere transferred to MM with sucrose and MM acetate with sucrose
respectively. The latter medium gives much better growth than acetate alone.
Complementation with gle mutants was performed with dipleoids constructed with
the gledA? and gleB33 strain respectively. Growth tests with diploids were
performed on MM with glycerol and galacturonate respectively, using MM sucrose
as a control.

Analysis of wronic acid metabolism
Organisms, culture conditions and cell free extracts

Egcherichia col? K12 (PC1088) was cultured on D-galacturonate. Cell free
extracts were made according to Ashwell (1962).
Aspergillus nidulane WG145 was cultured for 24 hours at 37°C in minimal medium
with D-galacturonate 0.05MpH=6 as sole carbon source. After grinding 1 ¢ of
mycelium in liquid nitrogen and evaporation,4 ml extraction buffer was added
with the same composition as used to prepare E.coli extracts. The cell free
Acnidulans extract was used after centrifuging for 10 minutes at 40.000 x g to
remove cell debris.

Enzyme assays

Uronic acid isomerase and D-altronic acid.dehydrogenase were assayed according
to Ashwell (1962). D-altronic acid dehydrase was also assayed according to
Ashwell (1962) except that 2-keto-3-deoxy-gluconic acid was detected by HPLC.

Mztabolite assays

After removal of proteins by passing the assay mixture through a nitro-
cellulose filter, analyses of metabolites of the uronic acid pathway were
carried out with 10 u1 samptes in a Spectraphysics SP 8000 Tigquid chromatograph
equipped with a precalumn Chrompack Standard Column Vydac 201 SC L = 10 cm,
I.D. = 2,1 mm, @.D. = 1" catalogue number 27723 and a Chrompack Economy Column
Lichrosorb 10 NH2 L=25c¢cm, I.D, =4.6 mn, O0.D. = " catalogue number 27805.
The eluent consisted of 80 mM baric acid, 80 mM primary sodiumphosphate
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adjusted to pH 4.15 with phosphoric acid. During the elution at 20°C a constant
flow of 1.5 ml min " was maintained. Detection of metabolites was achieved at
216 nm with a Pye Unicam LC-UY detector,

Chemicals

Tagaturonic acid was synthesized according to Ehrlich and Guttmann (1934),
altronic acid was synthesized according to Pratt and Richtmeyer (1955). These
acids were a gift of the Dept. of Organic Chemistry. 2-Keto-3-deoxy-D-gluconic
acid was a gift of Dr., W.A, Wood (Michigan State Univ. East Lansing, Michigan
U.S.A.). D-galacturonic acid was obtained from Fluka or Aldrich.

RESULTS AND DISCUSSION

The survival of the irradiated conidiospores was 51%. In order to prevent
background damage a low dose rate was used in this mutation experiment. The
mutagenesis and enrichment procedure resulted in 2232 colonies. Of these colonies
840 were tested further for their ability to grow on D-galacturonate. From
these 209 (25%) showed 1ittle or no growth on this carbon source and were there-
fore of the desired phenotype, 145 mutants (17%) appeared to have other defi-
ciencies. These are left out of consideration. In Table III.1, the criteria are
summarized which were used to assign different phenotypes to the D-galacturonate
non-utilizing or badly utilizing mutants.

The pdh, pye and gle phenotypes classified by these growth tests were then
verified by complementation to correspond with genotypes already known, Their
frequencies are also shown in Table III.1. Mutants in glycerol metabolism (gic)
and D-galacturonate metabolism {gaa) showed normal sporulation like the parental
strain, such in contrast to pdh and pye mutants.

The amount of mutants recovered is very high. This could be due to a rela-
tively quick growth of the mycelium which made the enrichment period sufficiently
short to avoid death of ungerminated conidia, Another possibility is that Jess
metabolites were excreted. Only 9 mutants could not be assigned by a pheno-
typical characterization.
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Table ITI.1. Growth criteria used to assign phenotypes to isolated A.nidulons
mutants.l)

Strains
Carbon source wild gaa gle  pye pdh
type

D-Galacturonate +++ -/ - - -
Glycero]l ++ ++ - + -/
Glycerol+acetate ++ ++ - ++ ++
b-Glucose +++ EENS b+ - -
D-Xylose 4+ ++ +++ - -
D-Gluconate +++ ++ ++ . -
L-Glutamate+D-fructose +++ +++ +++ ++ -
Acetate+sucrose ++ ++ ++ ++ ++
Acetate ++ ++ ++ + 4
TOta]SZ) 15 36 17 132
Frequency (%) 7 17 8 63
D +++ good, ++ moderate, + poor, . very poor and - no growth

2) 9 strains could not be assigned with these criteria.
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Pyruvate dehydrogenase complex (pdh) mutants

From the mutants isolated the majority (63%) turned out to have a defective
pyruvate dehydrogenase complex. Complementation of these mutants was performed
with the three marker genes known for this complex. Pdh4 is the structural
gene for lipoate acetyltransferase ( E, '} » and pdhC and pdhB are the
structural genes for the «- and g-subunits respectively,of pyruvate decarboxy-
lase (El) {Visser et al., 1982). The distribution of the pd: mutants over the
three genes was: 37% pdhd, 28% pdhB and 35% pdhc.1t is obvious that other
selection techniques are required to find mutants with defects in structural
genes coding for the other complex components viz, 1ipoamide dehydrogenase and
the two regulating enzymes pyruvate dehydrogenase kinase and -phosphatase.
A possible reason for missing the Eq mutants of this complex is the occurrence
of more than one gene coding for Eqe For instance in mammalian tissues several
E3 isoenzymes are found which are functionally exchangeable between the keto-
acid multienzyme complexes {Kenney ¢% af., 19723 Sakurai et ai., 1970).
Of course pdh kinase mutants will not be found. In the case of pdh fosfatase
mutants a partially active complex may still be present since phosphorylation
is a post-translational event. This will result in escape of such mutants in
an early stage of the enrichment, Also it is unknown whether non-specific phos-
phatase activities present act to some extent on the phosphorylated pyruvate
dehydrogenase complex.

Mutants in glycerol metaboliem (gla)

A1l glc mutants isolated belonged to one single class as shown by complemen-
tation in diploids and were identified as glcB. It was necessary to construct
diploids for complementation analysis because heterokaryons showed very poor
growth if any at all on glycerol., Such a failure to complement in heterokaryons
was observed earlier with other mutants in carbon metabolism e.g. those unable
to grow on sorbitel (Roberts, 1964) and with mutants resistant to fluoro-acetate
{Apirion, 1966). ¢lc mutants were first isolated by Payton (1978) after muta-
genic treatment followed by enrichment in glycerol medium. He assigned two genes:
gler  (linkage group V) and gleB (linkage group 1), The gled mutant showed very
poor growth on glycerol. The gZeB mutant was absolute, and its growth on other
carbon sources in the presence of glycerol was strongly inhibited. The exact
nature of the gied mutant is still unresolved. The gleB mutant was suspected to
be deficient in glycerol-3-phosphate dehydrogenase because of the interference
of glycerol with growth on other carbon sources which is also observed in
Escherichia coli (Cozzarelli et al., 1965) and Salmonella typhimuriun {Aceves-
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Pina et ai., 1974).

Since in this study only glcB mutants were found this is an indication that
only part of the pathway used for glycerol metabolism seems to coincide with
that of galacturonate catabolism,

Gile diploids show the same growth {if any) an glyceral or galacturonate although
in the Tatter case the color of conidia is better-developed.

Pyrmmwate carboxylase (pye) mitants

Skinner and Armitt (1972} were the first to describe pye mutants after
mutagenic treatment of A.nidulans conidiospores at 1% survival level. They
tested 8000 colonies of which 3 among 55 sucrose-negative survivors had pye
genotype. A large number of pye mutants have since been isolated by Payton et «al.
(1977) and Bos et af. (1981). Complementation data suggest intragenic comple-
mentation to occur although the existence of two closely linked genes is not
completely excluded (Bos, unpublished results}.
In this experiment 17 mutants showed a pye genotype {Table I1I.1.). These
mutants isolated by the present procedure were completely unable to use D-galactu-
ronate for growth, such in contrast to the pye mutants {chapter II} isolated
earlier. The pyc genotype was confirmed by complementation with two strains which
mutually complement. Of the newpycstrains 16 failed to complement with both
tester strains; 7Z.e. mimicked allelism to both pyed and pyeB; only one strain
showed slight growth in a heterokaryon with the pysB strain, Obviously the
selection method used yielded pyc mutants which were damaged in such a way that
in nearly all cases complementation with these two tester strains was impossible.

Mutants in D-galacturonate metabolism (gaa)

In the mutation experiment described 15 mutants were isolated which were
exclusively unable to use D-galacturonate as sole carbon and energy source.
These mutants showed normal growth on the other carbon sources listed in
Table IIL,1,, indicating that D-galacturonate was not catabolized through one
of the main pathways for carbohydrate degradation. Apart from the carbon sources
already mentioned the following compounds were tested for growth: D-gluconate,
D-glucarate, D-glucuronate, D-altronate, D-galactarate and D-tagaturonate.

A1l compounds except the latter two were able to support growth both in wild-
type and gaa mutants.

As already mentioned in chapter Il a pathway similar to the one existing
in Bacherichia coli was considered. This pathway is shown in Fig. III.1. Such
a pathway exists also in Aderomonas {Farmer and Eagon, 1969).

52



H CH COOH
Ta0 | 20H !
] €u0 y HogH
o . wocn NADH vecw
HogH T on HC-oH
HC-OH HoH Nap I COOH COOH COOH
HC-GH 2 H-COH I ] |
oH COOH &H,on =0 =0 ¢-0
COOH ? ot CHy ATP CHy CHy
D-GLUCURONIC 0-FRUCTURONIC D-MANNONIC HCOH 6 HCOH 7 PYRWvIC
ACID ACID ACID HEOM Lo ACID
+
CH,0H CH,0P H
5 \
H CHCH ¢OOH 2-KETO-3-DEOXY-  2-KETO-3-DEOXY. =0
C=0 ' H GLUCONIC -PHOSPHO HCOH
' ¢ HOCH o ACID GLUCONIC i
HCOH ! ' CH,0P
HO&H HO(IZH NADH H(I‘ZOH ACID F
—_ TRIOSE
HOCH 1 ST R PHOSPHATE
| H—ICOH 3 HCOH
HpoH COCH EHom
COOH
6-GALACTURONIC D-TAGATURONIC D-ALTRONIC
ACID ACID ACID

Fig. I1I1.1. Uronic acid pathway in Escherichia coii (after Ashwell,1962}.

The enzymes indicated are:

1.Uronic acid isomerase 5.D-altronic acid dehydrase
2.D-mannonic acid dehydrogenase 6 .Ketodeoxygluconic acid kinase
3.D-altronic acid dehydrogenase 7.Ketodeoxyphosphogluconic acid aldolase

4.D-mannonic acid dehydrase

Analysis of D-galacturonate metabolism in wild-type A. nidulans

Preliminary experiments to identify the presence of a D-galacturonate meta-
bolic pathway in A.nidulans similar to the one present in bacteria, were carried
out with cell free extracts and cell debris of D-galacturonate grown wild-type
A.nidulane and with cell free extracts of E.colZ grown under similar conditions.
Using the enzymatic assays described in Materials and Methods, uronic acid
isomerase and D-altronic acid dehydrogenase could be demonstrated in E.colZ, In
A.nidulans however, no detectable amount of enzymatic activity of any of these
enzymes was observed.
In E.coli the enzymes of the uronic acid pathway need different assay conditions
to show maximal activity (Ashwell, 1962). They also differ in activity with
respect to the presence of thiol reagents and metal ions:
- Uronic acid isomerase has a pH optimum range of 8.0 to 8.5 and is completely
inhibited by cysteine, 2-mercaptoethano®, EDTA (10'3M) and Zn* or Cu2+(10—5M).
- D-Altronic acid dehydrogenase has a maximum activity at pH 6.0. It is inactive
with NADPH as cofactor.
- D-Altronic acid dehydrase is only stable in the presence of cysteine or
Z2-mercaptoethanol in the pH range 7.0 to 8.0 and it has an absolute Fe?+ require-
i2+, 502+, Mgz+ and Zn2+

ment, whereas Mn2+, N have no influence on the

activity.
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Because no detectable amount of enzymatic activity of uronic acid isomerase and
D-altronic acid dehydrogenase was observed in A,nidulans extracts, the conditions
for extraction and enzyme assays were varied. The pH of the sodium phosphate
buffer {0.1 M) used for extraction was varied in the range pH 4.0 to pH 8.0
whereas sodiumphospate buffer 0.1M pH 7.0 and borate buffer 0.1 M pH 8.2

were used respectively in the uronic acid isomerase assay.

Neither in cell free extracts nor in the cell debris any activity could be
demonstrated.

The same variation in extraction conditions was used in the D-altronic acid dehy-
drogenase assay. In this case no NAD(P)H disappearance was observed even in the
presence of 0.2 mM Mgz+, Mn2+, Fe2+, Cu2+ or Coz+ in sodium phosphate assay
buffer 0.1 M with a pH varying in the range 4.0 to 8.0. The presence of uronic
acid isomerase, D-altronic acid dehydrogenase, and D-altronic acid dehydrase was
also studied by the use of HPLC. An HPLC system for the separation of D-galacturc-
nic acid, D-tagaturonic acid and D-altronic acid was developed with boric acid

as component of the eluent., Boric acid has been used as an additive to improve
the separation of polyols as their borate complexes an anion exchange resins
(Zi11 e al., 1953; Larsson and Samuelson, 1976) and in the separation of carbo-
hydrates on silica gel (Jones, 1978; Ghebregzabher et aZ., 1979),

In Table III.2, the capacity factor (Z.e. relative retention time) is given of

the various intermediates. The elution conditions were as described under
Materials and Methods.

Table III.2. Capacity factors of uronic acid pathway intermediates in E,colt.

Compound k'

D-galacturonic acid 1.35
D-tagaturonic acid 1,61
D-altronic acid 2.16
2-keto~3-deoxy-gluconic acid 1,69

Althaough uronic acid isomerase and D-altronic acid dehydrase could be demonstrated
in E.col?, again there was no evidence for the presence of these enzymes in
A.ntdulans.

There are several possibilities to account for the results obtained: A pathway

as present in E.col< exists but the enzyme levels are too Tow to allow their
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detection, or the extraction and assay conditions are not optimal. The first

possibility is unlikely since fungal growth on D-=galacturonate still results in

approx. 35% biomass as compared to growth on sucrose,

In several microorganisms other pathways are followed inthe degradation of

D-galacturaonate.

In Pseudomonas syringae (Kilgore and Starr, 195%) and Agrobacterium tume-
faciens (Chang and Feingold, 1969) D-galacturonate is oxidized to D-galactarate.
In the latter organism a hexarate dehydratase gave a mixture of 2-keto-3-deoxy-
glucaric acid and 4-dexy-5-keto-D-glucaric acid which finally lead to a-keto-

glutaric acid {Chang and Feingold, 1970).

In a polygalacturonate adapted Pseudomonas, Preiss and Ashwell (1963a)
mentioned the enzymatic formation of 4-deoxy-L-threo-5-hexoseulose uronic acid
{-deoxy-5-keto-uronic acid) and D-galacturonic acid as the monosaccharide
endproducts of polygalacturonate degradation (see Fig. II1I1.2.). Evidence was

presented that the D-galacturonic acid formed, was metabolized via the E.coili
pathway, whereas the 4-deoxy-5-keto-uronic acid yielded a new intermediate
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0-GALAGTURONATE |

t
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Fig. II1.2. Enzymatic degradation of poly-
galacturonate after Preiss and Ashwell (1963a}.

3-deoxy-D-qlycero-2,5-
hexodiulosonic acid.

This acid was first re-
duced to 2-keto-3-deoxy-
D-gluconic acid, then
phosphorylated and finally
split into pyruvate and
glyceraldehyde-3-phosphate
{Preiss and Ashwell,1963b}.
Some further remarks on the
various possibilities can
be made. If a pathway simi-
lar to the one present in
E.coli is operating in
A.nidulans then it is un-
1ikely to find mutants in
the first step since E,colt
has an uronate isomerase
attacking both D-glucuro-
nate and D-galacturonate;
this is inconsistent with
the phenotype of the
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gaa mutants found. They all grow on D-glucuronate.

A direct oxidation of D-galacturonate to D-galactarate is also unlikely since
D-galactarate supports no growth in wild type. However this might be due to

the absence of a transpert system for this compound. Preliminary experiments
indicated that in cell free extracts of 4.nidulans no oxygen consumption was
measured in the presence of D-galacturonate. Because of the limited time available
no further enzymatic analyses were made to investigate the possibitity of the
direct formation of an unsaturated compound similar te the one found in

Peeudomonas.

The extatence of different gaa genes and allocation of two of them

In order to allocate gaad a heterozygous diploid was constructed with master
strain WG203 and haploid segregants were induced with p-fluorophenylalanine
according to McCully and Forbes (1965).

From the results shown in Table III.3, it can be concluded that the gaad gene
belongs to linkage group VI since genes on this chromosome remain together during
mitotic haploidization. Because all gaa strains isolated were in the wA3;pyrodd
background one of the haploid segregants was used for complementation experiments
with the other gaa mutants isolated. Heterokaryons were tested on MM sucrose and
MM galacturonate respectively. The gaatl strain was able to complement with all
other gaa mutants, but not with the parental strain from which it was derived.
Unless intragenic complementation occurred,possibly at least two genes are in-
volved in D-galacturonate metabolism.

One of the other gaa mutants (gaaB2) was also analyzed in a heterozygous
diploid with the same master strain (Table III.3.). Because in this case a con-
clusive assignment of gaoP was impossible,a second heterozygous diploid was
constructed with WGQ01 in order to examine the segregation of markers on chromo-
some I, III and V (see Table III.4.).
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Table IIL.3. Allocation of gaad and gaeB by mitotic haploidization of diploids
gaad//WG203 and gaaB//WG203

Markers in: No. of haploids

Linkage group Mutant strain Tester strain gaad? gaaA+ gaaB2 gaaB+

+

I 44 0 0 4 1
A2 20 20 0 39
11 WAG 12 29 25 90
wi* 20 20 4 39
111 meas” 0 3 a) a)
meqd 3 32 46 a) a)
Iv pyrod4 15 14 13 57
pyroA+ 17 35 16 72
v pA* a)  a) 13 58
pA1 a) a) 16 71
Vi 58" 32 1 16 53
8B3 0 48 13 76
VII nicht 17 25 9 77
nieB8 15 24 20 52
VIII riboBT 20 20 13 56
riboB2 12 29 16 73

a) meaA3 and pA7 were difficult to classify
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Table III.4. Allocation of gazB by mitotic haploidization of diploid

geaB/ {WG001
Markers in: No. of haploids
Linkage group -
Mutant strain Tester strain gaaB gaaB
I yA+ 8 ¢
yA2 0 42
IT wA3 42 63
w* 8 42
111 phend” 50 105
phend g 0 0
v lysB 40 78
lysBs 10 27

From Table III.4., it can be concluded that gaaB is located on linkage group I
which confirms that at least two genes exist coding for enzymes in D-galacturonate
metabolism.

CONCLUSION

D-galacturonate is a very suitable substrate for enrichment of mutants
defective in galacturonate, glycerol and pyruvate metabolism. These mutants
will undoubtedly give a tool to resolve the subsequent steps within galacturonate
and glycerol metabolisi., Because no pyruvate kinase mutants were found (in fact
these do grow on galacturcnate) this proves the hypothesis that D-galacturonate
is degraded to a metabolite beyond phosphoenolpyruvate. At least two genes are
concerned in galacturonate metabolism. No evidence has been found for the
existence of a pathway for galacturonate degradation jdentical to the one
existing in Z.c0lt.
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IV The pyruvate dehydrogenase complex of Aspergillus nidulans:
purification and characterization

SUMMARY

The pyruvate dehydrogenase complex of Aspergillus nidulans was purified to
homogeneity by a multistep procedure including extraction and ultracentrifugation,
polyethylene glycol precipitation, affinity chromatography on ethancl-Sepharose 2B,
ultracentrifugation and finally sucrose density gradient centrifugation. The
overall yield was 16% with a specific activity of 7.8 U/mg. Four major protein
bands were identified upen SDS pelyacrylamide gel electrophoresis of the complex
and the molecular weights were found to carrespand to the o and g subunits of the
pyruvate decarboxylase, the lipoate acetyltransferase and the lipoamide dehydrege-
nase of other eukaryotes. In addition some evidence is presented that the complex
is regulated by phosphorylation and dephosphorylation. The kinase involved is
copurified.

INTRODUCTION

The pyruvate dehydrogenase complex is a multienzyme complex catalyzing an
essential universal step in aercbic metabolism, the oxidative decarboxylation of
pyruvate with the formation of acetyl-CoA, carbon dioxide and NADH.

The overall reaction is:

pyruvate + NAD' + CoA —~ acetyl-CoA + NADH + H' + co,

The complex is composed of three different enzymatic activities:
pyruvate decarboxylase {Elz EC 1.2.4.1)

Tipoate acetyltransferase (EZ: £C 2.3.1.12)

lipoamide dehydrogenase (E3: EC 1.6.4.3.)

These enzymes participate in the following multistep reaction
see e.g. Hucho (1975):
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CH,COC00H+TPP* ) -E — CO+hydroxyethyl-TPP-E; (1)

hydr'oxyethy'l-TPP-E1+'Iip0yT-E2 — S-acety]dihydro]ipoyl—E2+TPP-E1 (2)
S-acety]dihydrolipoy]-E2+COA — acetyl-CoA+dihydrolipoyl-E, (3)
dihydro]ipoyI-E2+FAD-E3 ~—+rlipoy1-E2+reduced FAD-E3 (4}
reduced FAD-Eq+NAD — NADHHH'+FAD-E, (5)

Much information about the pyruvate dehydrogenase complex has been obtained from
studies in prokaryotes especially Escherichia coli (Reed, 1974), Azotobacter
vinelandii (Bresters et al., 1975), Pseudomoras aerugincsa {Jeyaseelan et al.,
1980) and Bacillus spec. (Henderson and Perham, 1980, Visser et al., 1980).
Although the general reaction scheme is the same for all organisms there are
considerable differences with respect to enzyme regulation, complex composition
and structure.

In Escherichia coli the pyruvate dehydrogenase compTex consists of a core formed
by the EZ component, composed of 24 identical subunits arranged with octahedral
symmetry as found by electron microscopy (Reed, 1974; De Rosier et af., 1971).

To this core multiple copies of E1 and E3 are bound independently (Reed and
0Tiver, 1968; Reed, 1974). There is a disagreement about the polypeptide chain
stoichiometry of the complex as mentioned by various authors. A chain ratio
(El:EZ:EB) of 2:2:1 has been reparted by Eley et al.(1972), Reed (1974), Speckhard
et al. (1977), Fuller et al. (1979) and Angelides et al. (1979), whereas a chain
ratio of 1.3-1.8 : 1.0 : 0.8-1.0 based on radiocamidination experiments has been
reported by Danson et af. (1979). The molecular weights of the components are:
E,: 96,000-100,000; E,: 65,000-89,000 and Eq: 54,000-56,000 (Reed, 1974; Vogel,
19775 Gebhardt et «Z., 1978). A recent estimation of the total complex molecular
weight is 6.1 x 10° {Danson et aZ., 1979).

In Azotobacter vinelandii (Bresters et al., 1975) a much smaller pyruvate de-
hydrogenase complex has been found with a molecular weight of Mr 0.8-1.2 x 106
containing four polypeptide chains: E1 {Mr 89,000), two different E2-chains
(Mr 82,000 and 59,000) one of which can be removed selectively by Blue Dextran
Sepharose chromatography (de Abreu et al., 1977) and E, (Mr 56,000). Although
the sedimentation coefficient of the A.vinelandis complex is 17-20 S and that of
the E.co?Z complex 53-63 S there must be a resemblance of these complexes because
Tow concentrations of polyethylene glycol 6000 stimulate the association of the
Ad.vinelandii complex and then a sedimentation coefficient is observed similar to
the F.cold complex (Bosma et 2l., 1980).

*) TPP = Thiamine pyrophosphate.
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In  Pseudomonas aeruginosa  (Jeyaseelan et ai., 1980) a pyruvate dehydrogenase
complex has been found containing three major components and one minor polypep-
tide: E1 {Mr 92,500), two E, (major component Mr 76,0003 minor component

Mr 77,800) and E3 {Mr 58,000). It is unknown thus far whether the transacetylase
is particularly susceptible to proteolysis like in E.aoli or whether these
different molecular weights reflect a functional, posttranslational event.

In Baeillus eteavothermophiius (Hendersan et aZ., 1979; Henderson and Perham,
1980), Bacillus subtilis (Visser et aZ., 1980} and other Bacilius species
(Visser et al.,, 1982b},all gram-posftive bacteria, there are substantial diffe-
rences in the structure of the pyruvate dehydrogenase complex as compared to the
complex of the prekaryotes mentioned before which are all gram-negative. The
bacillar complex resembles the eukaryote counterpart with respect to its high
molecular weight (9.6 x 106) and the size of the individual components including
two non identical Ey subunits: E1 (M. 42,000} , £ (Mr 36,000), 52 (Mr 57,000)
and E3 (Mr 54,000).

Similar values have been reported for the bovine kidney and heart pyruvate dehy-

r

drogenase complexes (Barrera et qi., 1972). The two different EI polypeptide
chains appear as dimers (“252) in the native form. Furthermore the E2 component
of the Bacilius pyruvate dehydrogenase complex and of mammalian sources show a
different symmetry as compared to the F.colf{ complex. In the case of Bactilus

the Ez core appears as a regular pentagonal dodecahedron 1ike the mammalian com-
plex (Reed, 1974; Koike and Koike, 1976) whereas the E, component of E.coli has
octahedral symmetry (Danson et aZ., 1979).

The large difference between the quaternary enzyme structures obtained from gram-
negative bacteria at one hand and from gram-positive bacteria and mitochondria

of eukaryotes at the other hand, is considered by some investigators to support
the serial endosymbiosis theory for the evolution of the mitochondrion froma gram-
positive ancestor {Henderson et ql., 1979; Kresze and Ronft, 1981b}.

For the pyruvate dehydrogenase complex in eukaryotes three types of regulation
have been described as reviewed for instance by Hucho (1975) and Randle {1978):
The amount of enzyme is regulated by induction and repression of enzyme synthesis.
Reqgulation occurs by metabolite effectors noticed as end product inhibition by
acetyl-CoA and NADH for instance,and the complex is further regulated by two
specific enzymes: pyruvate dehydrogenase kinase (firmly bound to the E, component) ,
inactivating the complex by phosphorylating aEl subunits,and pyruvate dehydro-
genase phosphatase (loosely associated) activating by dephosphorylation (Linn

et al., 1969; Wieland and Siess, 1970; Hucho ez «?., 1972; Denton et af., 1975).
The activity of the regqulating enzymes is also controlled by various metabolite
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levels as reflected by different levels of complex activity. In mammalian systems
the kinase reaction is modulated by the ratic's of ATP:ADP, acetyl-CoA:CoA,
NADH:NAD and inhibited by pyruvate, Mg2+, Ca2+, and TPP whereas the phosphatase is
activated by Ca’t and MgZ* (Denton et aZ., 1975; Randle, 1978).

Similar control mechanisms have been reported te occur in Tower eukaryotes such

as Newrcspora crassa {Wieland et al., 1972), although in Saecharomyces cerevisiae
(Kresze and Ronft, 198la)} and S.carlsbergensis (Wais et «l., 1973) requlation by
interconversion {phosphorylation-dephosphorylation} is Tacking.

Investigations of the pyruvate dehydrogenase complex in relation to its genetics
have been reported for some prokaryotes. Mutants in all three components of the
complex are known in E.colZ (Henning et al., 1966; Guest and Creaghan, 1973, 1974}.
The aceE (Eq) and aceF’ (E,) mutant required acetate for aerobic growth on
glucose or succinate but were unimpaired in their growth on unsupplemented acetate
medium, wheveas the Ipd (E3) mutant required a combination of acetate and succi-
nate because the Ipd gene product provides the E3 component for both the pyruvate
and the a-ketoglutarate dehydrogenase complexes (Guest, 1978). A gene-protein
relationship for the pyruvate dehydrogenase complex similar to that of E.colf has
been reported for Sglmonella typhimwiwm (Langley and Guest, 1974).

In Pseudomonas aerugincsa four ace mutants were isolated lacking overall pyru-
vate dehydrogenase complex activity {Jeyaseelan and Guest, 1980). They resembled
the ace mutants of E.coli and S.iyphimurium in requiring acetate as an essential
supplement for growth on glucose. Three strains {ace ) lacked activity of the

E1 component whereas one strain (aces) lacked activity of the E, component.
Genetic studies (Jeyaseelan and Guest, 1980) showed a close linkage of these genes
consistent with the existence of an operon as found in E.celd.

In eukaryotes the relationships between the pyruvate dehydrogenase complex and

the genes coding for the constituent enzymes were studied especially in fungi.

By isolating acetate requiring mutants both in Fewrcgpora crassz (Okumura and
Kuwana, 1979; Kuwana and Okumura, 1979) and in Aspergillus nidulans (Payton et al.,
1977; Bos et al., 198l; this thesis chapter IIl) pyruvate dehydrogenase complex
mutants were obtained. In both fungi the genes found thus far which code for
components of the pyruvate dehydrogenase complex are Tocated on different chromo-
somes. There is no tendency to form an operon as in prokaryotes and other control
mechanisms will be necessary to balance the ratio in which the enzymes are bio-
synthesized.

Mutants can be analyzed in seve