
STUDIES ON CARBON METABOLISM IN WILD TYPE 

AND MUTANTS OF ASPERGILLUS NIDULANS 



Printed by MODERN, Bennekom 



Aan mijn ouders 



Promotor : p r o f . d r . i r . J.H. van der Veen, 

hoogleraar in de e r fe l i j khe ids leer 

Co-referent: d r . i r . J . Visser, 

wetenschappelijk hoofdmedewerker 



JOZEPH H.A.A. UITZETTER 

Studies on carbon metabolism in wild type 
and mutants of Aspergillus nidulans 

Proefschrift 

ter verkrijging van de graad van 

doctor in de landbouwwetenschappen, 

op gezag van de rector magnificus, 

dr. C.C. Oosterlee, 

hoogleraar in de veeteeltwetenschap, 

in het openbaar te verdedigen 

op woensdag 3 november 1982 

des namiddags te vier uur in de aula 

van de Landbouwhogeschool te Wageningen. 

BIBIJOTSü! , , , 
DEK 

LANDBOUWHOGESCHOOL 
WAGENINGEN 

\S\/, \^hac _oJ 



/vJMO^ZO', ? / 3 
Bi .-'hl o '!':• , ;.:,/, 

LANDBOUWHOGKSCHOOJL 
WAGENINGEN 

STELLINGEN 

I 

De bewering dat Aspergillus nidulans D-galacturonaat als koolstofbron n iet 

kan gebruiken is on ju is t . 

Hankinson, 0. (1974). J .Bacter io l . 117, 1121-1130. 
McCullough, W., Payton, M.A. and Roberts, C.F. (1977) i n : Smith, J.E. and 
Pateman, J.A. (eds.) Genetics and Physiology of Aspergillus. Academie Press, 
London pp. 97-129. 
Di t p roe fschr i f t . 

I I 

De veronderstel l ing van Payton dat glycerol door A.nidulans op dezelfde wi jze 

wordt afgebroken als i n Escherichia aoli wordt n ie t bevestigd door z i j n enzym-

assays en werkt remnend op de analyse van mogelijke a l ternat ieven. 

Payton, M.A. (1978). Ph.D. Thesis. Univ. Leicester. 

I l l 

Het gebruik van de massa als grootheid om een hoeveelheid schimmelsporen aan 

te geven is onpraktisch, 

van Et ten, J .L. and Freer, S.N. (1978). Appl .Environ.Microbiol . 35, 622-623. 

IV 

Om te voorkomen dat mutanten t i jdens een verri jkingsprocedure ontsnappen, 

d ient voor a l les de chemische zuiverheid van het gebruikte substraat in ogen

schouw te worden genomen. 

V 

De t o t nu toe gebruikte procedures z i j n n ie t geschikt om mutanten te i so leren, 

betrekking hebbend op de overige genen coderend voor enzymen van het pyruvaat-

dehydrogenase-complex i n A.nidulans. 

Payton, M.A., McCullough, W., Roberts, C.F. and Guest, J.R. (1977).J.Bacter io l . 
129, 1222-1226. 
Bos, C .J . , Slakhorst, S.M., Visser, J . and Roberts, C.F. (1981).J.Bacter io l . 
148, 594-599. 
Dit proefschrift. 



VI 

Het belang van de ligandconcentratie, gebruikt in affiniteitschromatografische 

procedures,wordt onderschat indien deze concentratie niet wordt vermeld. 

VII 

De vervanging van Latijnse benamingen op verpakkingen van chemicaliën door een 

veelvoud van vertalingen in moderne talen, draagt niet bij tot een beter in

zicht in de inhoud ervan. 

VIII 

Bij de toenemende bezuinigingen op het wetenschappelijk onderzoek dreigen 

labmiddelen vervangen te worden door lapmiddelen. 

Proefschrift van J.H.A.A. Uitzetter 

Studies on carbon metabolism in wild type and mutants of Aspergillus nidulans 

Wageningen,3 november 1982 



Voorwoord 

Terugblikkend op de afgelopen jaren die ik op de afdeling Erfelijkheidsleer 

heb doorgebracht wil ik op deze plaats graag iedereen bedanken, die op welke 

wijze dan ook, heeft bijgedragen aan de tot standkoming van dit proefschrift. 

Allereerst wil ik mijn promotor, prof. van der Veen, dankzeggen voor de 

tijdens mijn onderzoek getoonde belangstelling. Vooral in de laatste fase daar

van, tijdens de correctie van het manuscript, heb ik een nuttig gebruik kunnen 

maken van de waardevolle suggesties die U heeft gegeven. 

Mijn bijzondere dank gaat voorts uit naar Jaap Visser. Je hebt gedurende de 

afgelopen periode meestal met besuisde raadgevingen op enthousiasmerende wijze 

het onderzoek begeleid, ook buiten de diensturen, en niet alleen op het lab. Ik 

zal daar met genoegen aan terug denken. 

Kees Bos en Marijke Slakhorst, jullie wil ik graag bedanken voor de vooral in 

de beginfase getrooste inspanningen om mij de nodige kennis bij te brengen over 

de schimmel die ik als onderzoeksobject heb gebruikt. 

Alle studenten en stagiair(e)s die hebben deelgenomen aan het onderzoek ben 

ik zeer erkentelijk voor hun bijdragen. 

Harry Kester, jou ben ik dank verschuldigd voor je kameraadschap, de aan de 

dag gelegde vindingrijkheid en ten aanzien van dit werk ook voor de omzetting 

van de summiere schetsjes in een grafisch verantwoorde vormgeving. 

Sjaak van Heusden en Jaap Pels wil ik bedanken, niet alleen voor hun organi

satorische aktiviteiten, maar ook voor de gastronomische begeleiding die mij 

regelmatig in staat stelde op efficiente wijze door te werken. 

Gerda Coops ben ik zeer erkentelijk voor de assistentie bij het controleren 

van het typoscript en Hans de Vries voor zijn fotografische bijdragen. 

Jan Maassen wil ik bedanken voor zijn technische hulp (in nood) en Mevrouw 

Selbach zonder wier inspanningen mijn praktische aktiviteiten aanzienlijk minder 

gemakkelijk zouden zijn verlopen. 

Een speciaal woord van dank verdient Mevrouw Schedler-van Mierlo, die op zeer 

accurate wijze de tot stand koming van het typoscript heeft verzorgd. 

Alle medewerkers van de vakgroep Erfelijkheidsleer wik ik bedanken voor het 

prettig verblijf. 

VII 



Contents 

Abbreviations XI 

General introduction 1 

I. General information 3 

1.1. Introduction 3 

1.2. Aspergillus 4 

1.3. Aspergillus nidulans 4 

1.3.1. Growth cycle 4 

1.3.2. Mapping 6 

1.3.3. Origin of Aspergillus nidulans strains 7 

1.3.4. Maintenance and preservation of strains 7 

1.3.5. Culturing of A.nidulans wild type 7 

1.3.6. Culturing of A.nidulans mutants 8 

1.4. Carbon metabolism in Aspergilli 8 

1.4.1. Transport 8 

1.4.2. Main metabolic pathways in Aspergilli 10 

1.4.3. Gluconic acid production 10 

1.4.4. Citric acid production 10 

1.4.5. Reserve carbohydrates 14 

1.4.6. Effects of substrates 15 

1.5. Isolation of mutants 16 

1.5.1. Induction 16 

1.5.2. Selection 16 

1.5.3. Aspergillus nidulans mutants in carbon metabolism 17 

II. Growth characteristics of Aspergillus nidulans mutants defective 

in carbohydrate metabolism 33 

J.H.A.A. Uitzetter, C.J. Bos and J. Visser (1982) 

Antonie van Leeuwenhoek 48, 219-227 

VIII 



I I I . Isolation and characterization of Aspergillus nidulans mutants 

in carbon metabolism after D-galacturonate enrichment 45 

IV. The pyruvate dehydrogenase complex of Aspergillus nidulans: 

purification and characterization 63 

V. Purification of pyruvate kinase of Aspergillus nidulans 91 

VI. Pyruvate kinase in wild type and pyruvate kinase mutants of 

Aspergillus nidulans 109 

Summary 133 

Samenvatting 137 

Curriculum vitae 142 

IX 



ABBREVIATIONS 

Gene symbols in carbon metabolism are listed on pp. 20-22. 

Other gene symbols have their usual meaning (see Clutterbuck, A.J. (1981). 

Loci and linkage map of Aspergillus nidulans. Asp.News Lett. 15, 58-74). 

A 2 O Q absorbance at 280 nm 

ADP adenosine-5'-diphosphate 

APNAD acetyl pyridine nicotinamide adenine dinucleotide 

ATP adenosine-5'-tri phosphate 

cAMP cyclic adenosine 3':5'-monophosphate 

CM complete medium 

CoA coenzyme A 

EDTA ethylenediaminetetraacetate 

FAD flavine adenine dinucleotide 

FDP fructose 1,6-diphosphate 

FGSC Fungal Genetics Stock Centre 

HPLC High pressure liquid chromatography 

K. inhibition constant 

K Michaelis constant m 
L length 

LDH lactate dehydrogenase 

M molar 

min minute 

MM minimal medium 

M relative molecular weight 

NAD(P) nicotinamide adenine dinucleotide (phosphate) 

NAD(P)H reduced nicotinamide adenine dinucleotide (phosphate) 

NTG N-methyl-N'-nitro-N-nitroso guanidine 

PC Phabagen Collection 

PEG polyethylene glycol 

PEP phosphoenolpyruvate 

SDS sodium dodecylsulphate 

TPP thiamine pyrophosphate 

UDP uridine diphosphate 

UV ultra violet (light) 

v volume 

w weight 

WG Wageningen Genetica 

XI 



GENERAL INTRODUCTION 

In this thesis several aspects of carbon metabolism in Aspergillus nidulans 
are studied. 

Aspergillus nidulans 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. Aspergillus 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 sources provide detection criteria 

preceding genotypic characterization. Moreover suggestions can be given about 

the possible 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 is 

described in chapter III. 

When isolating glycolytic mutants the majority concerns enzymes catalyzing the 

synthesis and conversion of pyruvate. 

I focussed my attention on two 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 role 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 immunological methods are used to charac

terize pyruvate kinase mutants and wild type under different nutritional 

conditions. 



I General information 

I.1. Introduction 

Detailed knowledge about 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 be 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 another 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 effects of the genetic background on fungal physiology. 

In bacterial genomes genes functional in metabolic route are often clustered. 

These opérons 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 to 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 

occurring with respect to their metabolic regulation. Moreover the knowledge of 

recombination mechanisms of these micro-organisms is generally limited and 

examples of improvement of the productive capacities otherwise than by mutation 

are still scarce. 

Although Aspergillus nidulans itself is not used at this time in biotechno

logical applications, related Aspergilli have been used for a long time especial

ly in food industry. Improvement of citric acid production by mutation in 

Aspergillus niger strains is a well known example. 

Due to the detailed knowledge of its genetics, Aspergillus 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 phosphoenolpyru

vate and pyruvate in the metabolism of various carbon sources were the main 

reason to focus attention on the identification and characterisation of these 

genes and their corresponding enzymes involved in converting these metabolites 

in A.nidulans, 

1.2. Aspergillus 

The name Aspergillus was used for the first time by Micheli, a priest, who 

in 1729 defined the genus Aspergillus because of the resemblance of the spore 

forming structures of these fungi to a holy-water sprinkler (Lat. aspergilliwn). 

Aspergilli 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.fumigatus) and as mycotoxin producers 

in food {A.flavus). Aspergilli are also important 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 al., 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). 

J. 3. Aspergillus nidulans 

1.3.1. Growth oyele 

Aspergillus nidulans (Lat. nestling) is a member of the genus Aspergillus 



belonging to the Asoomyaetes, 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 

as multicolonial 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. 

Branched multinucleate 
mycelium 

Ascospore 

Ascus with 
8 binucleate 
ascospores 

Fig. 1.1. Life cycle of Aspergillus nidulans. 

In the generative (sexual) growth cycle (see Fig. 1.1.) 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 nuclei 



fuse producing diploid zygotes (karyogamy). The zygote undergoes meiotic and 

mitotic divisions resulting in eight haploid cells. These are subject to another 

mitosis 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 lacking a sexual cycle [e.g. A.rtiger) 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 linkage 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.nigev. 

1.3.2. Mapping 

To assign a mutant gene to one of the eight linkage groups present in 

A.nidulans (Käfer, 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 chloral hydrate (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 

recombination 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 aZ.(1953) and Clutterbuck (1974). An updated version of the loci 

and linkagemap of A.nidulans has recently been published (Clutterbuck, 1981a). 

J. 3.3. Origin of Aspergillus nidulans strains 

All A.nidulans 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, Areata California (U.S.A.). 

They derive from a single wild isolate FGSC4 (Barratt et al., 1965) first 

mentioned by Yuill (1939). 

1.3.4. Maintenance and preservation of strains 

Viable cultures of A.nidulans used in this study were maintained on complete 

medium (CM) according to Pontecorvo et al. (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 all 

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. 

1.3.5. Culturing of A.nidulans wild type 

Minimal medium (MM) was used as described by Pontecorvo et al. (1953). It 

consists of 6.0gNaN03, 0.5 g KCl, 0.5 g MgS04.7H20, 1.5 g KH2P04, traces of 

FeSO,, MnClp and ZnSO. 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 litre: 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, 10; nico-

tinamid, 100; pyridoxin.HCl, 50; panthothenic acid, 10 and biotin, 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: Conidiospores 



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 C 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 in a haemocytometer. 

For the batch cultures the procedure was as follows: A preculture was inoculated 

1 
with approx. 10 spores ml" in 1 litre infusion flasks with 300 ml MM 0.06 M 

sucrose and incubated horizontally in a home made incubator at 92 movements min 

for 5-6 hours at 37°C. A preculture of 600 ml 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 wool filtered air under 

pressure at the bottom of the medium (approx. 7 1 min" ). 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. 

1.3.6. Culturing of A.nidulans mutants 

The main difference between culturing A.nidulans mutants disturbed in their 

carbon metabolism and culturing wild type is that conditions have to be chosen 

that enable mutants to grow and that prevent ca^abolite 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 bio

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. 

1.4. Carbon metabolism in Aspergilli 

1.4.1. 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 Aspergilli are mainly confined to A.nidu-
lans. This fungus has separate transport systems for D-glucose, D-galactose and 

D-fructose which are constitutive and carrier mediated (Mark and Romano, 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, 

1971) by comparing uptake of labeled L-sorbose and D-glucose by wild type and 

a mutant resistant to sorbose (sorA)^which grows almost normally on a variety 

of other carbon sources. 

Lactose permease and ß-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 A.nidulans the utilization of 

glucose, fructose, maltose, lactose, galactose, mannose, mannitol, 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 longer 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 glucose 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 normal and 

biotin deficient cultures (resulting in approx. 20% reduction of glucose uptake), 

they found a nearly identical intracellular acetate concentration again indi

cating that acetate itself was not the regulating factor in glucose uptake. 

The rate of glucose 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. 



1.4.2. Main metabolic •pathways 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. 1.2. 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. 

1.4.3. Gluconic acid 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 food. 

Gluconate can be metabolised further in Aspergilli. Some investigators pro

posed a phosphorylative degradation through the pentose phosphate pathway 

(Lakshminarayana et al., 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, b; 1975, 1978). 

1.4.4. Citric acid production 

Aspergillus niger is 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 aî.,,1956; Das and Nandi, 1969; Das, 

1972). Thoma (1971) presented a strain improvement scheme with succesive use 

of different mutagens. Hannan et al. (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 is cultured 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 

A.nigev. 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 
2+ 

Zn deficiency causes this transition and that cAMP is 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 
2+ 

citric acid production. Kubicek and Röhr (1977) found Mn 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 later study the 

same authors (Kubicek and Röhr, 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 
2+ 

was operating partly in both directions. Mn deficiency also leads to elevated 

intra and extracellular amino acid pools in citric acid accumulating A.niger 
strains suggesting that protein synthesis is impaired and membrane permeability 

is changed (Kubicek et al., 1979). The latter could be due to lower lipid levels 

affecting membrane structure (Orthofer et 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 elevated levels of NH»+ (Habison et al., 1979) 

emerging from intensified proteolysis or impaired protein synthesis due to 
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The following enzymes are indicated in Fig. 1.2. 

1. hexokinase 

2. phosphoglucose isomerase 

3. phosphofructokinase 

4. fructose-l,6-diphosphate aldolase 

5. triose phosphate isomerase 

6. glyceraldehyde-3-phosphate dehy
drogenase 

7. phosphoglycerate kinase 

8. phosphoglyceromutase 

9. enolase 

10. pyruvate kinase 

11. pyruvate dehydrogenase complex 

12. pyruvate carboxylase 

13. citrate synthase 

14. aconitase 

15. isocitrate dehydrogenase 

16. oxoglutarate dehydrogenase complex 

17. succinate dehydrogenase 

18. fumarate dehydratase 

19. mal ate dehydrogenase 

20. fructose-l,6-diphosphatase 

21. glucose-6-phosphatase 

22. glucose-6-phosphate dehydrogenase 

23. 6-phosphogluconate dehydrogenase 

24. phosphoketopentoepimerase 

25. phosphoriboisomerase 

26. transketolase 

27. transaldolase 

28. alcohol dehydrogenase 

29. aldehyde dehydrogenase 

30. acetamidase 

31. acetyl-CoA synthase 

32. malate synthase 

33. isocitrate lyase 

34. NADP-glutamate dehydrogenase 

35. NAD-glutamate dehydrogenase 

36. malic enzyme 

37. phosphoenolpyruvate carboxykinase 

38. galactokinase 

39. UDP-galactose pyrophosphorylase 

40. UDP-glucose epimerase 

41. UDP-glucose pyrophosphorylase 

42. phosphoglucomutase 

43. mannokinase 

44. phosphomannose mutase 

45. phosphomannose isomerase 

46. mannose dehydrogenase 

47. mannitol dehydrogenase 

48. sorbitol dehydrogenase 

49. mannitol kinase 

50. mannitol-1-phosphate phosphatase 

51. mannitol-1-phosphate dehydrogenase 

52. fructokinase 

53. invertase ~ 

54. glucose oxidase 

55. glycerol kinase 

56. glycerol-3-phosphate dehydrogenase 

12 
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Fig. 1.2. Pathways in carbon metabolism of Aspergilli. 
(par t ly a f te r McCullough et dl., 1977) 
Only main metabolites are shown. 
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inorganic nutrient limitation (Orthofer et al., 1979). Mattey (1977) mentioned 

three processes influencing citrate accumulation: 1) the regulation of phosphu-

fructokinase by citrate concentration controlling citrate formation from glyco

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

3) the degree of isocitrate dehydrogenase inhibition dependent on the intracellu-
2+ 

lar citrate concentration counteracted by the appearance of Mn (Bowes and Mattey, 

1979). These investigators found a good correlation between the amount of citric 

acid produced and the NADP+-isociträte dehydrogenase i nh ib i t i on by c i t r a te 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.nig er. 

1.4.5. Reserve carbohydrates 

Among storage compounds in fungi,trehalose ( a (1—»3)D-glucosyl-D-glucose) 

and mannitol are the most abundant. Glycogen as insoluble reserve carbohydrate 

polymer seems to play a minor role (Cochrane, 1958). Mannitol and trehalose are 

quickly formed by Aspergilli during early growth on glycolytic carbon sources 

such as glucose (Foster, 1949; Lee, 1967) as well as on gluconeogenic acetate 

(Barker et al., 1958). Because mannitol is extremely soluble there is a maximum 

to the intracellular concentration above which this compound is excreted into 

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 ofA.oryzae where fructose is formed by NAD or 

NADP -linked mannitol dehydrogenase (Horikoshi et al., 1965). They suggested 

mannitol to be the more important reserve carbohydrate because it competitively 

inhibited trehalase activity. Two mannitol dehydrogenases were also found in 

A.aandidus 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 mannitol. 

Hankinson and Cove (1975) found in A.nidulans a reduced activity of mannitol-

1-phosphate dehydrogenase under conditions which stimulated the pentose phosphate 

pathway enzymes. Because NAD -dependent mannitol-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 glycolysis and 

pentose phosphate pathway and thus mannitol formation. 

Finally Zonneveld (1977) has presented evidence for 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 carbohydrate in hyphal cell walls. This 

compound is essential for the formation of cleistothecia for he could demonstrate 

a correlation between the absence of a(l — ^ 3 ) glucan and the absence of cleisto

thecia. The mutants used were isolated before (Clutterbuck, 1969; Zonneveld, 1974). 

1.4.6. Effects 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 (Romano and 

Kornberg, 1968, 1969; Desai and Modi, 1977b) but also intracellular^ on 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 ethanol consumption by pdhA strains, 

which are deficient in pyruvate dehydrogenase complex activity and therefore 

unable to use glycolytic substrates as sole carbon sources. Sucrose, D-glucose 

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 metabolism 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

l-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 C~ meta

bolism (Payton et al., 1976; Armitt et al., 1976). Most mutants deficient in 

acetate metabolism cannot grow on agar as sole carbon source in contrast to 

wild type A.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; Bailey 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.nidulans (Cove, 1979). 
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1.5. Isolation of mutants 

1.5.1. Induction 

Although in A.nidulans spontaneous mutations occur at a frequency of 10" -

10 , both chemical and physical means have been used to enhance the mutation 

frequency. Especially nitrogen mustards, diethylsulphate, nitrous acid, diepoxy-

butane and N-methyl-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 lamps as a source of UV light with 95% 

of their output confined to the resonance line at 254 nm) (Pontecorvo et al., 
1953; Alderson and Hartley, 1969) and X-ray treatment are used (Burnett, 1975; 

this study). In nearly all cases suspensions of conidiospores are object of 

mutagenic treatment. It is not preferable to use conditions causing low survival 

levels 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. 

1.5.2. Se lection 

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 Aspergillus 
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 al., 1970, 1976; 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 heterokaryon 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 generally 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 complementation in hetero-

karyons or diploids with similar strains obtained before. 

1.5.3. Aspergillus nidulans mutants in carbon metabolism 

A complete list including generally accepted gene symbols of Aspergillus 
nidulans mutants thus far found in carbon metabolism is given in Table 1.1. 

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. 

A. Glycolytic mutants were commonly selected after enrichment on a hexose and 

rescue on a gluconeogenic substrate. Although 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 Saacharomyces 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.g. 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.coli 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 source 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.ool-i 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 A.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 (1.4.6. ). 

B. Gluconeogenic mutants were mainly obtained by use of the inverse rationale 

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 (facA), glyoxylate cycle 

(acuD,E), anaplerotic routes (acuF,K,M) as well as in a much later step of 

gluconeogenesis (aouG).(For gene symbols and references see Table I.lpp. 20-22 ). 

C. Mutants in side pathways which are essential for the degradation or certain 

specific carbon sources. Mutants requiring galactose (pgmA) or mannose (manA, 
nrnrA) were used to show the essential role of these sugars in the biosynthesis 

of cell wall components. Mutants unable to utilise galactose [galA,D) and compa

rative studies with wild type A.nidulans 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 citric 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 areA strain, altered in ammonium repression (Hynes, 1975), for the ability 

to grow on acetamide in the presence of glucose or sucrose. The areA 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 {areA,B,c) were found to be involved in carbon catabolite 

repression. Some of these mutations have pleiotropic 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 ß-glucosidase. 

F. Mutants altered in the way they use compounds which can serve both as C 

and as N source (e.g. glutamate or acetamide) are useful to study the inter

ference of C and N metabolism. Mutants selected for their sensitivity to high 

ammonia concentrations appeared to be defective in NADP -glutamate dehydrogenase 

[gdhA) which has a biosynthetic function. Mutants defective in NAD -glutamate 

dehydrogenase [gdhB) 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 -glutamate 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 types of mutants 

are still uronic acid negative (Fradkin and Fraenkel, 1971; Pouysségur and 

Stoeber, 1971). 

In A.nidulans pycA mutants (sucrose negative) were used to select isocitrate 

lyase constitutive {iclA,B) mutants as sucrose positive strains. (McCullough 

and Roberts, 1980). Experiments in this laboratory to obtain glucose negative 

mutants in a pppA background were unsuccessful, due to extreme cold lability of the 

conidial suspension. In contrast pyruvate kinase mutants with altered sucrose 

tolerance were easily isolated 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 metabolism1) 

SUMMARY 

Several mutants of Aspergillus 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 used preferentially for a rapid phenotypical screening of unknown 

mutants. 

INTRODUCTION 

As compared with bacteria, little is known about carbohydrate metabolism 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 reserve carbohydrates in fungi have been reviewed by Smith and Berry 

(1975) and Burnett (1976). Aspergillus nidulans is an attractive organism for a 

biochemical genetic study since genetic techniques 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 carboxylase (Skinner 

and Armitt, 1972) or pyruvate dehydrogenase complex (Payton et al., 1977; Bos et 
al., 1981). Among mutants unable to use gluconeogenic 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 also 

1) Uitzetter et al., 1982. 
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been isolated, but have not been conclusively assigned (McCullough et al., 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, 1972; 

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 our attention to the isolation of new classes of mutants to study 

the implications of mutations for the metabolism in A. nidulans. We therefore 

decided to investigate the growth properties of 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. nidulans strains used in this study were derived from the original 

Glasgow strain FGSC 4 (Barratt et al., 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. All other carbon 

sources were obtained from Merck or BDH. Bacto agar was obtained from Difco. 

Media and growth tests 

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 listed in Table II.1. 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 lower 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 our attention because this is in 

contrast with a previous observation by Hankinson (1974). Aspergillus spp. are 

known to degrade polygalacturonate and pectin (Barbesgaard, 1977) to oligomers 

and also to the monomer D-galacturonate. As early as 1931 Hofmann reported growth 

of A. niger on uronic acids but he did not investigate how these compounds were 

subsequently degraded. We demonstrated growth of A.nidulans on polygalacturonate 

minimal medium. Therefore the ability to grow on the monomer is not surprising. 

Phenotype of pyruvate kinase (pki) t pyruvate dehydrogenase complex (pdh) and 

pyruvate carboxylase (pyc) mutants. 

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, sorbitol 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 et al. (1977). By using mixtures of a gluco

neogenic and a glycolytic carbon source the three defects can be discriminated, 

although some pki mutants tested are able to grow on some of these mixtures, 

erroneously suggesting a pyc 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 
type 

++ 

+++ 

+++ 

+++ 

+++ 

++ 

+++ 

+++ 

+++ 

++ 

+++ 

+++ 

++ 

pkiA 

++ 

+ 

-

-

++ 

-

-

-

+ 

-

-

-
-

pdhAj B, C 

++ 

• 

-

-/. 

-

. 

. 

-

+/++ 

+
2) 

-

-

+ 

pyeA,B 

++ 

• 

-

+
2) 

+
2) 

++ 

+
3) 

-

+++ 

+2) 

• 

-

+ 

pppA 

++ 

+ 

+++ 

+++ 

. 

. 

+ 

+++ 

+++ 

++ 

+++ 

+++ 
, 

gloA 

++ 

++ 

++ 

++ 

• 

+ 

+ 

+++ 

+ 

. 

++ 

+++ 

+ 

glcB 

++ 

++ 

++ 

+ 

-

+ 

+ 

+++ 

+ 

-

++ 

+++ 

+ 

Acetate 

L-Alanine 

D-Fructose 

D-Galactose 

D-Galacturonate 

D-Glucarate 

D-Gluconate 

D-Glucose 

L-Glutamate 

Glycerol 

D-Mannitol 

D-Mannose 

R ib i to l 

Sorbitol 

D-Xylose 

No added C-source 

++ 

+++ +++ 

Mixed carbon sources 

Acetate + sucrose 

L-Glutamate + D-fructose 

Glycerol + acetate 

Glycerol + D-fructose 

Glycerol + D-glucose 

.4) 

+/++ 

+ 
+++ 

++ 

++ 

++ 

++ 
++ 

+ 

++ 

+++ 

1) 

2) 

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

No growth in liquid culture 

3} ' Growth is observed in liquid culture but not with all pyo mutants tested 

' Growth is observed with some non leaky pH mutants 
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Payton and Roberts, 1976) and it is assumed that alanine provides pyruvate by 

transamination. Because even pdh and pyo mutants showa slight growth on a solid 

medium with alanine, this substrate is not suitable for classification (Bos et 
al., 1981). D-Galacturonate allows growth of pki mutants in contrast to pdh 
mutants (no growth) and pyo mutants (poor growth). This indicates that degradation 

of this uronic acid leads in any case to pyruvate. Ashwell et al. (1958) reported 

a pathway for the degradation of D-galacturonate in E.coli 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 one 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. Pyo mutants show growth on this hexaric acid 

indicating that the catabolic pathway may lead directly to a tricarboxylic acid 

cycle intermediate. The formation of 2-keto-glutarate from D-glucarate is well 

established in Pseudomonas spp. (Trudgill and Widdus, 1966). If this is also the 

case in A.nidulans, acetylCoA has still to be provided by glycolysis which would 

explain why pki and pdh mutants do not grow on D-glucarate. An alternative 

degradation to glycerate and pyruvate has been found in Enterobaoteriaoeae 
(Chang and Feingold, 1970). The presence of such a pathway in A.nidulans how

ever, is not consistent with the growth behaviour of pyo mutants. 

One expects that pki, pya and pdh mutants cannot grow on glycerol. Agar 

has been mentioned as a possible source of C« (Armitt et al., 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, pyo and pdh mutants were also tested on liquid 

medium where they all failed to grow on glycerol. 

The induction of the glyoxylate cycle by C~ compounds has been established in 

A.nidulans. (Armitt et al., 1976). A mixture of acetate and sucrose supports 

growth in pdh and pyo 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 avoid the interaction of ace

tate or its products 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 pyo mutants from 

pki and pdh mutants. This medium does not enable pki and pdh mutants to grow 

because acetylCoA is not generated; pyo mutants, however, grow because in this 

case glutamate is a supplementing source of oxaloacetate. 

Glycerol non-utilizing mutants (glo) 

The gloA and gloB 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 al. (1977) 

suggested that gloB mutants lack glycerol-3-phosphate dehydrogenase. In contrast 

to the glcA mutant the glcB 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.ooli 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 Neurospora (Nilheden et al., 

1973; Holm et al., 1976; Viswanath-Reddy et al., 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 al., 1976). A flavin linked glycerol-3-phos

phate dehydrogenase mutant has also been found (Denor and Courtright, 1978). 

Another mutant of the oxidative pathway lacked glyceraldehyde kinase 

(Viswanath-Reddy et al., 1977). In contrast to the results reported for N.arassa, 

the gloA and gloB mutants of A.nidulans metabolize other polyols readily. 

Another characteristic of the glc mutants in A.nidulans is the inability to 

use D-galacturonate. As the D-galacturonate pathway is likely to lead to C, 

compounds, this substrate opens new perspectives to study the complicated inter

actions between glycerol metabolism and glycolysis. 

Pentose phosphate pathway mutant (pppA) 

D-Xylose and also ribitol cannot support growth of a pppA mutant since the 

pentose phosphate pathway is the main route for degradation of these compounds. 
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The pppA 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 gluco

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.fvmigatus (Elzainy and Hassan, 1978). The behaviour of both pki and pdh 
mutants on gluconate together with the slight growth observed in tests with pyc 
mutants using this substrate is also somewhat puzzling. There is hardly any growth 

of the pppA mutant on D-galacturonate or glucarate whereas there is on gluconeo

genic substrates. 

CONCLUSIONS 

The growth characteristics of pki 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.ooU, remains to be proven. 

One can also predict that mutation followed by enrichment in D-galacturonate 

will lead among others to pdh andglamutants. The actual experiment has been 

performed in the meantime. A majority of the galacturonate non-utilizers are 

pdh mutants, whereas others are either glo or pya or disturbed in the galacturo

nate degradation itself (Chapter III). This investigation indicates that the best 

strategy to obtain pki mutants, would be an enrichment on D-glucose with subse

quent rescue on D-galacturonate instead of on acetate. 
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Ill Isolation and characterization of Aspergillus nidulans mutants 
in carbon metabolism after D-galacturonate enrichment 

SUMMARY 

A method quite selective for the isolation of mutants defective in the 

pyruvate dehydrogenase complex in Aspergillus nidulans 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-galacturonate as sole carbon source and rescue on complete 

medium 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 novel mutants only unable to use D-galacturonate as sole carbon source were 

found. At least two genes are concerned in D-galacturonate metabolism. 

INTRODUCTION 

Aspergillus 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 al., 1976) and glyco

lytic ones. For the isolation of the latter mutants a disaccharide like sucrose 

(Payton et al., 1977) or a readily digestible monosaccharide like glucose 

(Payton et al., 1977; Bos et al., 1981) was used. 

In chapter II growth of A.nidulans on D-galacturonate as sole carbon and energy 

source was reported. Tests with mutants defective in pyruvate kinase (pki) and 
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pyruvate dehydrogenase complex (pdh) showed good growth of the former but no 

growth of the latter 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 et al., 1958). 

Payton et al.(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 pdh mutants revealed them to belong to two different 

genes; pdhA and pdhB 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, pdhc, 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.nidulans followed by D-galac

turonate enrichment and the characterization of mutant classes found. 

MATERIALS AND METHODS 

Organisms 

The Aspergillus nidulans strain used for mutation was WG145 {wA3;pyroA4). 

This strain has wild-type characteristics for carbon source utilization. For 

complementation studies the following strains were used: WG097 (pabaAl,yA2,pdhAl) ; 

WG100 {pabaAl,yA2;pdhBl)\ WG107 {pabaAl,yA2;pdhCl); WG102 (pabaAl,yA2;pycA2) ; 

WG135 {pabaAl1yA2;pycB4); WG196 (pabaAl,yA2;glcAl) and WG197 [pabaAl,yA2,glcB33). 

These strains were derived from the original Glasgow strains of Aspergillus 

nidulans (Pontecorvo et al., 1953). All symbols have their usual meaning 

(Clutterbuck, 1973; Payton, 1978): glc glycerol metabolism, pdh pyruvate dehy

drogenase complex, pyc pyruvate carboxylase. For mutants concerned with D-galactu

ronate metabolism the gene symbol gaa is used. 

Media and growth tests 

A.nidulans WG145 was grown on complete medium (CM) according to Pontecorvo 

et al. (1953) modified as described in 1.3.4. to obtain conidiospores. Growth 

tests were performed on minimal medium (MM) supplemented with pyridoxine HCl 
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(1 mg 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 0.05 M ; 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 Mwith acetate 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°C. 

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 Röntgen apparatus equipped with a MCN 161 

tube (160 kV, 19 mA, 2 mm Al-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 
7 -1 

WG145 (approx. 5.10 conidia ml ). 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 infusion bottle with D-galacturonate 

0.05 M as carbon source and supplemented with pyridoxine . HCl. The flask was 

incubated in a reciprocal shaker bath (160 strokes min" ) 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 ml 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 C 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 colony. 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 III.l. Growth behaviour on the various substrates was 

already discussed in chapter II. 

Complémentation tests 

To assign mutant genes,pdhA,B,c and pycA,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 mycelium were transferred to MM with sucrose and MM acetate with sucrose 

respectively. The latter medium gives much better growth than acetate alone. 

Complementation with glc mutants was performed with diploids constructed with 

the gloAl and gloBZS strain respectively. Growth tests with diploids were 

performed on MM with glycerol and galacturonate respectively, using MM sucrose 

as a control. 

Analysis of uronic acid metabolism 

Organisms, culture conditions and cell free extracts 

Escherichia coli K12 (PC1088) was cultured on D-galacturonate. Cell free 

extracts were made according to Ashwell (1962). 

Aspergillus nidulans 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 g 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 

A.nidulans 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. 

Metabolite 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 yl samples in a Spectraphysics SP 8000 liquid Chromatograph 

equipped with a precolumn Chrompack Standard Column Vydac 201 SC L = 10 cm, 

I.D. = 2.1 mm, O.D. = J" catalogue number 27723 and a Chrompack Economy Column 

Lichrosorb 10 NhL L = 25 cm, I.D. = 4.6 mm, O.D. = J" catalogue number 27805. 

The eluent consisted of 80 mM boric acid, 80 mM primary sodiumphosphate 
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adjusted to pH 4.15 with phosphoric ac id. During the e lu t ion at 20 C a constant 

f low of 1.5 ml min was maintained. Detection of metabolites was achieved at 

216 nm with a Pye Uni cam LC-UV detector. 

Chemiaala 

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 little or no growth on this carbon source and were there

fore of the desired phenotypes 145 mutants (17%) appeared to have other defi

ciencies. These are left out of consideration. In Table III.l. the criteria are 

summarized which were used to assign different phenotypes to the D-galacturonate 

non-utilizing or badly utilizing mutants. 

The pdh} pyo and glo 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.l. Mutants in glycerol metabolism {glo) 
and D-galacturonate metabolism (gaa) showed normal sporulation like the parental 

strain, such in contrast to pdh and pyo 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 less 

metabolites were excreted. Only 9 mutants could not be assigned by a pheno-

typical characterization. 
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Table III.l. Growth criteria used to assign phenotypes to isolated A.nidulans 
mutants. ' 

Strains 

Carbon source 

D-Galacturonate 

Glycerol 

Glycerol+acetate 

D-Glucose 

D-Xylose 

D-Gluconate 

L-Gl utamate+D-f ructose 

Acetate+sucrose 

Acetate 

wild 
type 

+++ 

+++ 

gaa gla pya pdh 

-I. 
++ 

++ 

+++ +++ 

-/. 

++ 

+++ ++ 

++ ++ ++ 

++ ++ ++ 

Totals2^ 

Frequency (%) 

15 36 17 132 

7 17 8 63 

1) 

2) 

+++ good, ++ moderate, + poor, . very poor and - no growth 

9 strains could not be assigned with these criteria. 

50 



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. PdhA is the structural 

gene for lipoate acetyl transferase ( E~ ) , and pdhc and pdhB are the 

structural genes for the a- and ß-subunits respectively,of pyruvate decarboxy

lase (E.) (Visser et al., 1982). The distribution of the pdh mutants over the 

three genes was: 37% pdhA, 28% pdhB and 35% pdhC.lt is obvious that other 

selection techniques are required to find mutants with defects in structural 

genes coding for the other complex components viz. lipoamide dehydrogenase and 

the two regulating enzymes pyruvate dehydrogenase kinase and -phosphatase. 

A possible reason for missing the E, mutants of this complex is the occurrence 

of more than one gene coding for E,. For instance in mammalian tissues several 

E, isoenzymes are found which are functionally exchangeable between the keto-

acid multienzyme complexes (Kenney et al., 1972; Sakurai et al., 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 metabolism (glc) 

All 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 sorbitol (Roberts, 1964) and with mutants resistant to fluoro-acetate 

(Apirion, 1966). Glc mutants were first isolated by Payton (1978) after muta

genic treatment followed by enrichment in glycerol medium. He assigned two genes: 

glcA (linkage group V) and glcB (linkage group I). The glcA mutant showed very 
poor growth on glycerol. The glcB mutant was absolute, and its growth on other 

carbon sources in the presence of glycerol was strongly inhibited. The exact 

nature of the glcA mutant is still unresolved. The glcB 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 typhimurium (Aceves-

51 

http://pdhC.lt


Pi na et al., 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. 

Gla diploids show the same growth (if any) on glycerol or galacturonate although 

in the latter case the color of conidia is betterdeveloped. 

Pyruvate carboxylase (pya) mutants 

Skinner and Antritt (1972) were the first to describe pya 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 pya 

genotype. A large number of pya mutants have since been isolated by Payton et al. 

(1977) and Bos et al. (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 pya genotype (Table III.l.). These 

mutants isolated by the present procedure were completely unable to use D-galactu-

ronate for growth, such in contrast to the pya mutants (chapter II) isolated 

earlier. The pya genotype was confirmed by complementation with two strains which 

mutually complement. Of the new pya strains 16 failed to complement with both 

tester strains; i.e. mimicked al lei ism to both pycA and pyoBi only one strain 

showed slight growth in a heterokaryon with the pyaB strain. Obviously the 

selection method used yielded pya 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 III.l., 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. 

All compounds except the latter two were able to support growth both in wild-

type and gaa mutants. 

As already mentioned in chapter II a pathway similar to the one existing 

in Escherichia coli was considered. This pathway is shown in Fig. III.l. Such 

a pathway exists also in Aeromonas (Farmer and Eagon, 1969). 
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Fig . I I I . l . Uronic acid pathway in Escherichia coli (a f ter Ashwell,1962). 

The enzymes indicated are: 

1.Uronic acid isomerase 
2.D-mannonic acid dehydrogenase 
3.D-altronic acid dehydrogenase 
4.D-mannonic acid dehydrase 

5.D-altronie acid dehydrase 
6.Ketodeoxygluconic acid kinase 
7.Ketodeoxyphosphogluconic acid aldolase 

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

Preliminary experiments to i den t i f y the presence of a D-galacturonate meta

bol ic pathway in A.nidulans s imi lar to the one present in bacter ia, were carried 

out with ce l l f ree extracts and ce l l debris of D-galacturonate grown wi ld-type 

A.nidulans and with ce l l f ree extracts of E.coli grown under s imi lar condit ions. 

Using the enzymatic assays described in Materials and Methods, uronic acid 

isomerase and D-altronie acid dehydrogenase could be demonstrated in E.coli. In 

A.nidulans however, no detectable amount of enzymatic a c t i v i t y of any of these 

enzymes was observed. 

In E.coli the enzymes of the uronic acid pathway need d i f fe ren t assay conditions 

to show maximal a c t i v i t y (Ashwell, 1962). They also d i f f e r in a c t i v i t y with 

respect to the presence of t h i o l reagents and metal ions: 

- Uronic acid isomerase has a pH optimum range of 8.0 to 8.5 and is completely 

inh ib i ted by cysteine, 2-mercaptoethanol, EDTA (10-3M) and Zn2+ or Cu (10 -5M). 

- D-Altronic acid dehydrogenase has a maximum a c t i v i t y at pH 6.0. I t is inact ive 

with NADPH as cofactor. 

- D-Altronie acid dehydrase is only stable in the presence of cysteine or 
2+ 

2-mercaptoethanol in the pH range 7.0 to 8.0 and i t has an absolute Fe require

ment, whereas Mn 

a c t i v i t y . 

2+ Ni ,2+ Co 2+ 2+ 2+ Mg and Zn have no influence on the 
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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 Mg2 +, Mn 2 + , Fe 2 + , Cu 2 + or Co 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-galacturo-

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 on anion exchange resins 

(Zill et al., 1953; Larsson and Samuelson, 1976) and in the separation of carbo

hydrates on silica gel (Jones, 1978; Ghebregzabher et al., 1979). 

In Table III.2. the capacity factor {i.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.ooli. 

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 

Although uronic acid isomerase and D-altronic acid dehydrase could be demonstrated 

in E.ooli, again there was no evidence for the presence of these enzymes in 

A.nidulans. 

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

as present in E.ooli exists but the enzyme levels are too low to allow their 
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COOH COOH COOH ,COOH 

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 in the degradation of 

D-galacturonate. 

In Pseudomonas syringae (Kilgore and Starr, 1959) and Agrobaoterium tume-

faoiens (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 

(4-deoxy-5-keto-uronic acid) and D-galacturonic acid as the monosaccharide 

endproducts of polygalacturonate degradation (see Fig. III.2.). Evidence was 

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

3-deoxy-D-glycero-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.aoli is operating in 

A.nidulans then it is un

likely to find mutants in 

the first step since E.aoli 
has an uronate isomerase 

attacking both D-glucuro-

nate and D-galacturonate; 

Fig. III.2. Enzymatic degradation of poly- this is inconsistent with 

galacturonate after Preiss and Ashwell (1963a). 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 transport system for this compound. Preliminary experiments 

indicated that in cell free extracts of A.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 possibility of the 

direct formation of an unsaturated compound similar to the one found in 

Pseudomonas. 

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

In order to allocate gaaA 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 111.3. it can be concluded that the gaaA 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;pyroA4 

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 gaaAl 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 gaaB was impossible.a second heterozygous diploid was 

constructed with WG001 in order to examine the segregation of markers on chromo

some I, III and V (see Table III.4.). 

56 



Table I I I . 3 . Allocation of gaaA and gaaB by mitotic haploidization of diploids 

gaaA//)/lG,203 and gaaB//WG203 

Linkage group 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

Markers in: 

Mutant strain 

yA+ 

wA3 

meaA 

pyroA4 

PA+ 

Bd+ 

nioB 

viboB 

Tester strain 

yA2 

wA 

meaA 3 

pyroA 

pAl 

sB3 

nicB8 

riboB2 

gaaAl 

0 
20 

12 

20 

0 
32 

15 
17 

a) 
a) 

32 
0 

17 
15 

20 
12 

No. of 

gaaA 

0 

20 

29 

20 

3 
46 

14 
35 

a) 
a) 

1 
48 

25 
24 

20 
29 

haploids 

gaaB 2 

4 

0 

25 
4 

a) 
a) 

13 
16 

13 
16 

16 
13 

9 
20 

13 
16 

gaaB 

1 

39 

90 
39 

a) 
a) 

57 
72 

58 
71 

53 
76 

77 
52 

56 
73 

a) meaAZ and pAl were difficult to classify 
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Table III.4. Allocation of gaxxB by mitotic haploidization of diploid 

gaaB//UG00l 

Linkage group 
Markers in: No. of haploids 

Mutant strain Tester strain gaaB gaaB 

II 

III 

yA 

wA3 

phenA 

ZysB 

yA2 

WA 

phenA2 

lysB5 

8 
0 

42 
8 

50 
0 

40 
10 

0 
42 

63 
42 

105 
0 

78 

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 metabolism. Because no pyruvate kinase mutants were found (in fact 

these do grow on galacturonate) 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 identical to the one 

existing in E.aoli. 
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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 ethanol-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 upon SDS Polyacrylamide gel electrophoresis of the complex 

and the molecular weights were found to correspond to the a and ß subunits of the 

pyruvate decarboxylase, the lipoate acetyl transferase and the lipoamide dehydroge

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 aerobic 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+ + C02 

The complex is composed of three different enzymatic activities: 

pyruvate decarboxylase (E,: EC 1.2.4.1) 

lipoate acetyl transferase (E2: EC 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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CH3COCOOH+TPP7i'-E1 

hydroxyethyl -TPP-E-,+1 ipoyl -E~ 

S-acetyldi hydro1i poyl-E2+CoA 

di hydro!i poyl-E2+FAD-E3 

reduced FAD-E3+NAD+ 

COp+hydroxyethyl-TPP-Ej (1) 

S-acetyl di hydro! ipoyl -E^TPP-Ej (2) 

acetyl-CoA+dihydro!ipoyl-E2 (3) 

1ipoyl-E2+reduced FAD-E3 (4) 

(5) NADH+H +FAD-E 3 

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), Pseudomonas aeruginosa (Jeyaseelan et dl., 

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 complex consists of a core formed 

by the E2 component, composed of 24 identical subunits arranged with octahedral 

symmetry as found by electron microscopy (Reed, 1974; De Rosier et al., 1971). 

To this core multiple copies of E, and E, are bound independently (Reed and 

Oliver, 1968; Reed, 1974). There is a disagreement about the polypeptide chain 

stoichiometry of the complex as mentioned by various authors. A chain ratio 

(E1:E2:E3) of 2:2:1 has been reported 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 radioamidination experiments has been 

reported by Danson et al. (1979). The molecular weights of the components are: 

Ej: 96,000-100,000; E2: 65,000-89,000 and E3= 54,000-56,000 (Reed, 1974; Vogel, 

1977; Gebhardt et al., 1978). A recent estimation of the total complex molecular 

weight is 6.1 x 106 (Danson et al., 1979). 

In Azotobacter vinelandii (Bresters et al., 1975) a much smaller pyruvate de

hydrogenase complex has been found with a molecular weight of M 0.8-1.2 x 10 

containing four polypeptide chains: E, (M 89,000), two different E^-chains 

(M 82,000 and 59,000) one of which can be removed selectively by Blue Dextran 

Sepharose chromatography (de Abreu et al., 1977) and E 3 (M 56,000). Although 

the sedimentation coefficient of the A.vinelandii complex is 17-20 S and that of 

the E.coli complex 53-63 S there must be a resemblance of these complexes because 

low concentrations of polyethylene glycol 6000 stimulate the association of the 

A.vinelandii complex and then a sedimentation coefficient is observed similar to 

the E.coli complex (Bosma et al., 1980). 

' TPP = Thiamine pyrophosphate. 
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In Pseudomonas aeruginosa (Jeyaseelan et al., 1980) a pyruvate dehydrogenase 

complex has been found containing three major components and one minor polypep

tide: E, (M 92,500), two Ep (major component M 76,000; minor component 

Mr 77,800) and E, (M 58,000). It is unknown thus far whether the transacetylase 

is particularly susceptible to proteolysis like in E.ooli or whether these 

different molecular weights reflect a functional, posttranslational event. 

In Bacillus stearothermophilus (Henderson et al., 1979; Henderson and Perham, 

1980), Bacillus subtilis (Visser et al., 1980) and other Bacillus species 

(Visser et al., 1982b),all gram-positive bacteria, there are substantial diffe

rences in the structure of the pyruvate dehydrogenase complex as compared to the 

complex of the prokaryotes mentioned before which are all gram-negative. The 

bacillar complex resembles the eukaryote counterpart with respect to its high 

molecular weight (9.6 x 10 ) and the size of the individual components including 

two non identical E1 subum'ts: E1 (Mp 42,000) , E1 (Mr 36,000), E 2 (Mr 57,000) 

and E 3 (Mr 54,000). 

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

drogenase complexes (Barrera et al., 1972). The two different E, polypeptide 

chains appear as dimers (a^ßo) in the native form. Furthermore the Ep component 

of the Bacillus pyruvate dehydrogenase complex and of mammalian sources show a 

different symmetry as compared to the E.coli complex. In the case of Bacillus 
the E2 core appears as a regular pentagonal dodecahedron like the mammalian com

plex (Reed, 1974; Koike and Koike, 1976) whereas the Ep component of E.coli has 

octahedral symmetry (Danson et al., 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 from a gram-

positive ancestor (Henderson et al., 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 Rändle (1978): 

The amount of enzyme is regulated by induction and repression of enzyme synthesis. 

Regulation 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 Ep component), 

inactivating the complex by phosphorylating aE, subunits.and pyruvate dehydro

genase phosphatase (loosely associated) activating by dephosphorylation (Linn 

et al., 1969; Wieland and Siess, 1970; Hucho et al., 1972; Denton et al., 1975). 

The activity of the regulating 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 ratio's of ATP:ADP, acetyl-CoA:CoA, 
2+ 2+ 

NADH:NAD and inhibited by pyruvate, Mg , Ca , and TPP whereas the phosphatase is 

activated by Ca2 + and MgZ + (Denton et al., 1975; Rändle, 1978). 

Similar control mechanisms have been reported to occur in lower eukaryotes such 

as Neurospora orassa (Wieland et al., 1972), although in Saooharomyoes oerevisiae 

(Kresze and Ronft, 1981a) and S.oarlsbergensis (Wais et al., 1973) regulation by 

interconversion (phosphorylation-dephosphorylation) is lacking. 

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.ooli (Henning et al., 1966; Guest and Creaghan, 1973, 1974). 

The aaeE (E^) and aaeF' (E~) mutant required acetate for aerobic growth on 

glucose or succinate but were unimpaired in their growth on unsupplemented acetate 

medium, whereas 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-ketogl utarate dehydrogenase complexes (Guest, 1978). A gene-protein 

relationship for the pyruvate dehydrogenase complex similar to that of E.ooli has 

been reported for Salmonella typhimurium (Langley and Guest, 1974). 

In Pseudomonas aeruginosa 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.typhimurium in requiring acetate as an essential 

supplement for growth on glucose. Three strains (aoeA) lacked activity of the 

E, component whereas one strain (aoeB) 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.ooli. 
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 Neurospora orassa (Okumura and 

Kuwana, 1979; Kuwana and Okumura, 1979) and in Aspergillus nidulans (Payton et al., 
1977; Bos et al., 1981; this thesis chapter III) pyruvate dehydrogenase complex 

mutants were obtained. In both fungi the genes found thus far which code for 

components of the pyruvate dehydrogenase complex are located 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 several ways: by direct enzyme assay methods, comple

mentation in vivo with known mutant strains, reconstitution of enzyme activity 

in vitro with extracts of mutants strains, or by immunological methods. Such 
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studies were undertaken with pyruvate dehydrogenase complex mutants of E.aoli 
(Alwine et al., 1973; Guest and Creaghan, 1974; Jeyaseelan, 1980) and p.aeru
ginosa (Jeyaseelan etal., 1980). 

The advantage in using of immunological methods lies in the large number of 

mutants which can be screened simultaneously,the minute amounts of cell free 

extract needed and in the information about immunological relationships which 

can be observed between mutants and wild type. The first step in the use of 

immunological methods is the purification of the protein of interest for the 

preparation of antibodies. 

The pyruvate dehydrogenase complex has been purified from a number of organisms 

including bacteria such as E.aoli (Koike et al., 1960), A.vinelandii (Bresters 

et al., 1975), B.stearothermophilus (Henderson and Perham, 1980), B.subtilis 

(Visser et al., 1980) and P.aeruginosa (Jeyaseelan et al., 1980). Among the 

pyruvate dehydrogenase complexes purified from eukaryotic sources are those from 

plants (Reid et al., 1977; Randall et al., 1977), birds (Jagannathan and Schweet, 

1952; Furuta et al., 1977), and mammals (Hayakawa et al., 1966; Ishikawa et al., 
1966; Linn et al., 1972; Roche and Cate, 1977). 

Among the lower eukaryotes the yeasts Hansenula miso (Hirabayashi, and Harada, 

1972), Saooharomyaes aarlshergensis (Wais et al., 1973) and Saccharomyaes 

oerevisiae (Kresze and Ronft, 1981a, b) have to be mentioned. 

A very general method for the purification of the pyruvate dehydrogenase complex 

of E.aoli was described by Reed and Willms (1965) including a protamine sulphate 

treatment, ultracentrifugation and isoelectric precipitation. This method was 

further improved by introducing several precipitation steps between pH 5.7 and 

pH 4.9 and by applying calcium phosphate gel-cellulose chromatography (Speckhard 

and Frey, 1975). A more rapid method based on a constitutively producing mutant 

strain used Bio Gel A-50 and calcium phosphate gel-cellulose chromatography 

successively (Vogel etal., 1972). 

In eukaryotes the purification of the pyruvate dehydrogenase complex includes 

generally the isolation of mitochondria and preparation of a mitochondrial extract, 

successive fractionations with polyethylene glycol to separate the pyruvate 

dehydrogenase complex and the a-ketoglutarate dehydrogenase complex,and ultra

centrifugation to remove low molecular weight contaminants and to concentrate the 

complex (Randall et al., 1977; Roche and Cate, 1977). 

A different approach to the purification of the pyruvate dehydrogenase complex 

from prokaryotes was used by the introduction of affinity chromatography. Ethanol-

Sepharose 2B was used as an affinity matrix for the purification of the pyruvate 

dehydrogenase complex of E.aoli (Visser et al. ,1978; Visser and Strating, 1982). 
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This method was also useful in the purification of the complex from other pro-

karyotes such as B.subtilis (Visser et al., 1980) and P.aeruginosa (Jeyaseelan 

et al., 1980). 

For the purification of the pyruvate dehydrogenase complex of lower eukaryotes 

the procedures described for the yeasts Hansenula miso (Hirabayashi and Harada, 

1972), Neurospora arassa (Harding et al., 1970; Wieland et al., 1972), Saccharo-

myoes carlsbergensis (Wais, et al., 1973) and S.cerevisiae (Kresze and Ronft, 

1981a, b) may serve as examples to come to a general approach. 

The principles used in these purifications are based mainly on the ease to 

precipitate the complex with various reagents such as polyethylene glycol, ammo

nium sulphate or protamine sulphate combined with the property of this complex to 

have a high molecular weight that allows concentration by high speed centrifu-

gation. In this chapter a combination of some of these steps (polyethylene glycol 

precipitation and high speed centrifugation) together with affinity chromatography 

on ethanolamine-Sepharose 2B is used to purify the pyruvate dehydrogenase complex 

of Aspergillus nidulans. 

MATERIALS AND METHODS 

Chemicals 

Sepharose 2B was obtained from Pharmacia Fine Chemicals (Uppsala, Sweden), 

andethanolamine from Fluka (Buchs, Switzerland). Coenzyme A, nicotinamide adenine 

dinucleotide (NAD ) and acetyl pyridine adenine dinucleotide (free acid) (APNAD ) 

were supplied by Boehringer (Mannheim F.R.G.).D,L dithiothreitol (DTT) and 

thiamine pyrophosphate chloride (TPP) were purchased from Sigma (St. Louis MO, 

USA). Polyethylene glycol 6000 was obtained from BDH (Poole, U.K.). All other 

chemicals were from Merck (Darmstadt, F.R.G.). 

Strains 

Aspergillus nidulans WG096 (yA2,pabaAl), WG145 (wA3;pyroA4) and a green 

diploid strain WG096//WG145 were used to determine the levels of pyruvate dehydro

genase complex activity. The diploid strain was used to obtain fungal biomass 

for enzyme purification purposes. 

Culture conditions 

Aspergillus nidulans was maintained on CM 0.1 M acetate with 0.01 M sucrose 

for the preparation of mycelium with a high density of conidiospores. A.nidulans 



was cultured in 7 1 batches of minimal liquid medium with sucrose as a C-source 

as described in chapter I section 3.5, or for small scale experiments in 300 ml 

batches in a Gallenkamp orbital shaker with 200 rev. min" at 37°C. 

Preparation of cell free extract 

For small scale experiments up to 20 g frozen mycelium was ground manually 

in a mortar with liquid nitrogen and for large scale preparations up to 250 g 

mycelium was homogenized in a stainless steel Waring Blendor with liquid nitrogen 

for 10-15 minutes at 90-100 Volt. After evaporation of the nitrogen>buffer was 

added (approx. 2 ml g~ of mycelium) consisting of potassium phosphate 50 mM 

pH 7.0, magnesium chloride 1 mM, EDTA 1 mM, 2-mercaptoethanol 5 mM, TPP 0.2 mM 

and glycerol 5% (v/v) (buffer A ) . After thawing the mixture was allowed to stand 

for 1 hour at 4°C and was occasionally stirred. The solution obtained after 

filtration through muslin was centrifuged for 15 minutes at 40,000 x g and the 

supernatant was used as a crude extract for further experiments. In later steps 

of the purification buffer B was used. This buffer had the same composition as 

buffer A except that TPP was omitted. 

Protein determination 

Protein was measured according to Lowry et al. (1951) using bovine serum 

albumin as standard. 

Sucrose density gradients 

Samples were layered on linear sucrose density gradients of 10-30% (w/v) 

sucrose in buffer A prepared with a gradient mixer. Centrifugation was performed 

during 3.5 hours in a 6 x 14 MSE swing-out titanium rotor at 150,000 x g. 
Fractions of approx. 1 ml were collected by elution of the gradient from bottom 

to top. 

Sodium dodeayZ sulphate (SDS) Polyacrylamide gel electrophoresis 

Samples were dialyzed against 0.05 M sodium phosphate buffer pH 7.5 and if 

necessary concentrated by freeze drying. 

SDS Polyacrylamide gel electrophoresis was performed according to Laemmli (1970) 

in 10% (w/v) acrylamide slab gels pH 8.8 (length 6 cm, width 7.4 cm, thickness 

0.3 cm) with 3% (w/v) acrylamide spacer gels pH 6.8. Samples in 10% (v/v) glycerol 

were applied on top of the gels and electrophoresis was carried out in 0.025 M 

Tris. - 0.19 M glycine buffer pH 8.8. A constant current of 15 mA/gel was 

applied during 15 minutes to allow the samples to migrate into the gel. Then 
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the electrophoresis buffer was circulated continuously and the current was 

raised to 25 mA/gel. As internal marker Bromophenol Blue was used. 

After the run proteins in the gel were fixed with a mixture of methanol, water 

and acetic acid (454:454:92 by volume) and stained with 0.1% (w/v) Coomassie 

Brilliant Blue R-250 in the same solution. Destaining was achieved in a mixture 

of methanol, water and acetic acid (100:75:825 by volume). 

Enzyme assays 

Pyruvate dehydrogenase complex activity was measured spectrophotometrically 

by a modified assay according to Schwartz and Reed (1970), following continuously 

the keto-acid dependent reduction at 25 C of either 3-acetylpyridine NAD 

(APNAD+) or NAD+ at 366 nm (APNADH, E 3 6 6 _ 4 8 0 = 9.1 x 106 cm2 mole"1) or 340 nm 

(NADH, E34o_38o= 5-33 x 10 cm mole" ) with an Aminco change DW2 spectrophotometer 

in the dual wavelength mode with reference at 480 nm (APNAD assay) or 380 nm 

(NAD+assay). 

In crude extracts APNAD is preferred in view of the interference of NADH oxidase 

in the NAD assay. In all other steps of the purification the NAD assay was used to 

measure enzyme activity. One unit (U) is defined as the amount of enzyme required 

to produce 1 ymoleof NADH per minute under the conditions specified. 

For the NAD+assay the reaction conditions were: DTT 2.5 mM, CoA 0.13 mM,NAD 

0.75 mM, TPP 0.4 mM, MgCl« 2mM, sodium pyruvate 5 mM in potassium phosphate 

buffer 120 mM pH 7.0. 

For the APNAD+assay the reaction conditions were: DTT 2.5 mM, CoA0.07 mM,APNAD+ 

0.36 mM, TPP 0.24 mM, MgCl2 1.2 mM, sodium pyruvate 6 mM in Tris.HCl buffer 

61 mM pH 8.0. 

a-Ketoglutarate dehydrogenase complex activity was assayed under identical 

conditions as the pyruvate dehydrogenase complex activity except that sodium 

ketoglutarate was used instead of sodium pyruvate. 

Pyruvate kinase activity was measured as will be described in chapter V. 

Preparation of ethanol-Sepharose 2B 

The procedure for the preparation of the affinity adsorbent is based on the 

method described by Sundberg and Porath (1974). Suction-dried Sepharose 2B (50 g) 

was washed with water on a Büchner funnel and then mixed with 50 ml of 1.4-

butanediol-diglycidyl ether and 50 ml of 0.6 M NaOH containing 2 mg of NaBH^ 

per millilitre. The reaction mixture is gently rotated overnight (a Büchi 

Rotavapor is used) at 25°C. The activated Sepharose is carefully washed on a 

Büchner funnel with water (25-50 1). The activated matrix is then suspended in 
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200 ml of 0.01 M NAOH containing 0.2 M ethanol ami ne and allowed to react at 40°C 

for 2 hours. This modified coupling resulted in a constant degree of substitution 

(Visser et al., unpublished results). The matrix finally obtained was washed 

extensively with deionized water, 2 M NaCl, again water and then stored at 4°C 

in potassium phosphate buffer pH 7.0. It contained 0.65 mmoles of ligand g" 

dry Sepharose 2B. 

RESULTS 

Enzyme levels in amide extracts of Aspergillus nidulans strains 

In Table IV.1. the activities are shown of the pyruvate dehydrogenase complex 

and of pyruvate kinase as measured in freshly prepared crude extracts. 

Table IV.1. Enzyme levels in crude extracts of Aspergillus nidulans ' 

Specific Activity (U mg~ ) 

Strain pyruvate dehydrogenase complex pyruvate kinase 
(APNAD assay) 

WG096 0.009 0.37 

WG145 0.007 0.38 

Diploid 0.012 0.52 

'Based on at least two cultures. 

The levels of enzyme activities were measured immediately after culturing 300 ml 

batches minimal medium with 0.06 M sucrose for 20 hours at 37 C in a Gallenkamp 

orbital shaker at 200 rpm. Although the pyruvate dehydrogenase complex activity 

was somewhat higher in the diploid strain under these conditions, there is no 

difference in enzyme activities of these strains in more vigorously aerated 

cultures. For the purification of the pyruvate dehydrogenase complex the diploid 

strain was used. There was another important reason to use this strain to obtain 

fungal biomass: The yellow conidiated WG096 strain used as a wild type strain 

with respect to carbon metabolism initially gave rise to several inconveniences. 

To obtain conidiospores this strain was cultured first on CM with sucrose 0.02 M. 

As mentioned in chapter I section 3.5 this medium caused wrinkling of the agar 

surface hindering the harvesting of spores. Moreover often bad conidiation was 

observed with concomittant growth of non sporulating mycelium, maybe due to the 
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spontaneous generation of undifferentiated variants as was observed earlier by 

Dorn (1970). This problem was not encountered with the diploid strain. In later 

experiments a mixture of sucrose and acetate was used to obtain conidiopores and 

sporulation of the WG096 and WG145 strain was as good as with the diploid strain. 

Purification of the pyruvate dehydrogenase complex 

The whole procedure was performed within four days. This was necessary because 

considerable loss of the enzymatic activity occurred especially if a prolonged 

time was used to carry out the first steps. Ultimately a scheme was developed with 

exclusion of a dialysis step in the early stage of the purification. 

A five-step purification scheme was necessary which included: 1) the preparation 

of a crude extract and ultracentrifugation to concentrate the complex, 2) poly

ethylene glycol (PEG) precipitation, 3) affinity chromatography on ethanol-Sepha-

rose 2B, 4) concentration by ultracentrifugation and 5) sucrose density gradient 

centrifugation. It was important to avoid dialysis in the early stage of the 

purification because even a very short dialysis time resulted in considerable loss 

of enzyme activity. Therefore protamine sulphate or ammonium sulphate precipita

tion was avoided. Unless stated otherwise all steps of the purification scheme 

(see Table IV.2) were carried out at 4°C. 

Table IV.2. Purification of the A.nidulans pyruvate dehydrogenase complex 

Step Volume Protein Specific activity ' Overall yield 

(ml) (mg.ml"1) (U.mg-1) (%) 

Crude extract 425 

Dissolved pellet after 
ultracentrifugation 

Dissolved PEG precipitate 

Pool ethanol-Sepharose 2B 

Pellet after ultracentrifugation 

Pool sucrose density gradient 

1) NAD+assay 

50 

17 

64 

1.5 

3.9 

21 

31 

0.54 

7.0 

0.94 

0.170 

0.188 

2.1 

6.4 

7.8 

100 

56 

41 

38 

16 
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Step 1. Extraction and ultracentrifugation 

A crude extract of 425 ml was obtained after homogenization of 238 g frozen 

Aspergillus nidulans diploid mycelium as described in Materials and Methods. 

This was centrifuged during 4.5 hours at 150,000 x g. The supernatant was de

canted and to the yellow pellets 2 ml of buffer B was added. The rotor tubes 

were placed in such a way that the pellets were submerged. The pellets were left 

overnight to allow the pyruvate dehydrogenase complex to dissolve. 

Step 2. Polyethylene glycol precipitation 

The dissolved pellets were pooled and the light yellow solution obtained was 

further diluted with buffer B to give an absorbance at 280 nm of •= 40 correspon

ding with approx. 10 mg.ml" protein. Then MgCl« and NaCl were added up to 10 

and 50 mM respectively. Precipitation with polyethylene glycol 6000 was carried 

out. at room temperature by dropwise addition from a stock solution of poly

ethylene glycol 6000 (50% w/v) to a final concentration of 2.5% (v/v) and 5% 

(v/v). Fifteen minutes after the successive concentrations were reached, the 

precipitates formed were removed by centrifugation for 15 minutes at 40,000 x g. 

The pyruvate dehydrogenase complex activity remained in the supernatant. Then 

the polyethylene glycol concentration was raised to 8% (v/v) and the precipitate 

obtained,containing the pyruvate dehydrogenase complex activity was also collected 

by centrifugation during 15 minutes at 40,000 x g. The pellets obtained were 

dissolved in 17 ml of buffer B. This low ionic strength buffer is necessary to 

achieve binding of the complex to the affinity matrix in the next step. A dialysis 

step to remove traces of polyethylene glycol was omitted because this caused 

partial inactivitation (up to 20% within 2 hours) of the complex. 

Step 3. Ethanol-Sepharose 2B affinity chromatrography 

The clear solution containing the pyruvate dehydrogenase complex activity 

was loaded on a preequilibrated ethanol-Sepharose 2B column (0 2.5 cm; height 

12 cm). This column was eluted overnight with the same buffer to remove non 

binding proteins. When the A 2 o 0 was low a linear gradient (340 ml) was applied by 

mixing equal volumes (170 ml) of buffer B and 125 mM potassium phosphate buffer 

which otherwise had the same composition. Fractions of 3 ml were collected. The 

pyruvate dehydrogenase complex activity was recovered between 70-90 mM potassium 

phosphate (see Fig. IV.l.). 

Step 4. Concentration by ultracentrifugation 

The active fractions obtained after ethanol-Sepharose 2B elution were pooled 

73 



Uh 

05 

Fig. IV.1. Pyruvate dehydrogenase complex elution profile on ethanol-Sepharose 
2B column. 17 ml of the dissolved 8% (v/v) polyethylene glycol precipitate were 
loaded on an ethanol-Sepharose 2B column (0 2.5 cm; height 12 cm) and washed 
with 300 ml buffer B. A linear gradient (340 ml) of 10-125 mM potassium.phosphate 
was applied. Otherwise the buffer composition remained as in buffer B. Fractions 
of 3 ml were collected. The pyruvate dehydrogenase complex was recovered between 
70-90 mM potassium phosphate. 

A280 potassium phosphate gradient --•—•— pyruvate dehydroge
nase complex activity 

2 3 4 

Fig. IV.2. SDS Polyacrylamide gel electrophoresis of the pyruvate dehydrogenase 
complex at different stages of the purification. From the left to the right: 
1. crude extract; 2. preparation after first ultracentrifugation; 3. after PEG 
precipitation; 4. pool ethanol-Sepharose 2B column; 5. after 2nd ultracentrifu
gation. 
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Fig. IV.3a. Sucrose density gradient centrifugation of the pyruvate dehydrogenase 
complex of A.nidulans. The dissolved pyruvate dehydrogenase complex (1.5 ml) was 
applied on a linear sucrose (10-30% w/v) density gradient and centrifuged for 3.5 
hours at 150,000 x g in a 6 x 14 MSE Titanium Swing-out rotor. The gradient was 
eluted from bottom to top and fractions of 1.3 ml were collected and screened for 
activity. 

Fig. IV.3b. SDS-polyacrylamide gel electrophoresis of fractions obtained after 
sucrose density gradient centrifugation. From the left to the right: Fractions 
2, 3, 4, 5, 6 and the purified pyruvate dehydrogenase complex of Bacillus 
stearothermophilus. (cf. Table IV.3.) 
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and concentrated by ultracentri f ligation during 4.5 hours at 150,000 x g. After 

décantation of the supernatant, which was devoid of enzyme activity the pellets 

were dissolved overnight in a small volume of buffer A. In Fig. IV.2. samples 

are shown of the pyruvate dehydrogenase complex at different stages of the puri

fication after SDS-polyacrylamide gel electrophoresis. 

Step 5. Sucrose density gradient centrifugation 

The solution obtained in the previous step was clarified if necessary by 

centrifugation, then loaded on a linear sucrose (10-30% w/v) density gradient 

and centrifuged during 3.5 hours at 150,000 x g. 

The gradient was eluted and fractions of 1.3 ml were collected, (see Fig. IV.3a.) 

These were screened for pyruvate dehydrogenase complex activity. The active frac

tions appearing at 17-26 % (w/v) sucrose were analyzed further by SDS-polyacryl

amide gel electrophoresis (see Fig. IV.3b.). The final preparation contained no 

a-ketoglutarate dehydrogenase complex activity. 

Characterization of the pyruvate dehydrogenase complex 

Sodium dodecyl sulphate Polyacrylamide gel electrophoresis showed that the 

purified pyruvate dehydrogenase complex of A.nidulans contained several components. 

The molecular weights (M ) of these components were estimated from the migration 

rate relative to reference proteins. The identification of the subunits was made 

by analogy to other pyruvate dehydrogenase complexes and by comparing SDS-poly

acrylamide gel electrophoresis patterns obtained with partially purified pyruvate 

dehydrogenase complexes of A.nidulans mutants lacking E, or E~ component enzyme 

activity respectively (Visser et al., unpublished results). 

In Fig.IV.4. the components of the purified pyruvate dehydrogenase complex to

gether with their molecular weights are indicated. 

In Table IV.3. the molecular weights of the components of the pyruvate dehydro

genase complex of several organisms are compared. From these data it can be con

cluded that the A.nidulans complex resembles well the complexes of eukaryotes and 

Bacilli as for subunit composition and their respective molecular weights. As 

is also observed in the purification of the pyruvate dehydrogenase complex of 

several other eukaryotes, e.g. Neurospora crassa (Wieland et al., 1972) and 

bovine kidney and heart (Linn et al., 1969, 1972), the pyruvate dehydrogenase 

kinase of A.nidulans is copurified during the procedure described. After the 

sucrose density gradient step the complex is still easily inactivated in the 

presence of ATP. Therefore the kinase must be tightly bound to the complex. 

In Fig. IV.5 the time dependent inactivation of the complex is shown. The inacti-
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62 000 
55000 

46 000 
34500 

Fig. IV.4. SDS-polyacrylamide gel electrophoresis pattern of the purified 
pyruvate dehydrogenase complex of A.nidulans. The subunits and their respective 
molecular weights are indicated. 

Fig. IV.5. Time dependent inactiva-
tion of the purified dehydrogenase 
complex of A.nidulans. 0.9 U of puri
fied pyruvate dehydrogenase complex 
was dialyzed against 30 mM imidazol 
buffer pH 7.0. The conditions used 
for inactivation were: 30 mM imidazol 
pH 7.0, 1.5 mM MgCl?, 1 mM ATP at 
30 C. The residual activity (A) of 
the+complex was measured with the 
NAD assay and compared to a control 
sample incubated under the same con
ditions without ATP. 

Insert: Pseudo first order inactiva
tion of the pyruvate dehydrogenase 
complex. Data obtained above were used 
to plot In (A) against time. 

100 

time(min.) 
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Ĉ 

ö 
CO 
O 
K 

•t-i 
tn 

g 
TO e 
CO 
M 

^ o 
S 

•8 
s 
TO CO 

CL, 

V 
r « 
R, 
S 

^ TO Ä 
+i 
O 
!s 
<3 
TO +i 
CO 

CO 
S 

TO 
TO 
V 

TO Ö 
CQ 

CO 

•̂  T O 

V 
4J 
rQ 
S 
CO 

CO 
S 

TO 
T<1 
' * i 
0 
G 
tt) 

TO Ö 
• f i 
CO 

• o 

» TO ^ TO TO 
CO 

TO TO J3̂  
g 
O 
fc Ö 

Ä 

TO TO Ö 
CJ3 

CO 
S 
« TO 

S 
'S 
• s i 
K 
CO 
3 

T O 
TO 

•̂  
S5 

TO ft. CO 

^ 

+-> 
s. 
IC3 
CU 

- C 

« >> cu 
c 

"O 
• 1 — 

-̂  
cu 
c 

• 1 — 

> o 
CO 

78 



o 
s-

oo 
en 

• o 
ai 
s-
10 

o 

s 

X 
Ol 

o 

c 
O) 

o 
s-

• o >> 
x: 
01 

• o 

o> 
• p 

Ol 
s-
Ol 

a> 
OL 

i~ 

o 
x : 
4-> 
3 
i n 

- p 

E 
O l 

oo 
< i ) 

s-
o . 

. v-s 
ä 

- L i 

CS> 

a> 
c 

• r— 

T3 
S_ 
IO 

3 : 

E 
o 

a : 

x> 
E 

re 
O l 

I M 

oo 
O l 

S-

^ 

_ i 

IO 

E 
o 
- p 

p-
o 
S-

o 

r-~ 
cn 
i—t 

«* o 
x : 
u 
3 

ZU 

a i 

Cl ) 

00 

- p 

c 
(O 

- p 

00 
c 
o 

00 
a i 

• p 

o 
>-, s-
IO 

O -SC 

o 
• p 

(IJ 
c 

• 1 — 

^ 

3 
a> 

s-
C1J 

x : 
• p 

o 

• r - O ^ < 
Z. 

A 
z. 

< 

co 

o 

X 

a i 

CM 

o 

X 

co 

o 

X 

f—1 

r - H 

CO 

o 

X 

co 

CM 

o 

X 

LO 
t -H 

CM 

o 

X 

r - H 

! - H 

CO 

o 

X 

CVJ 

CM 

o 

X 

CM 

CM 

O 

X 

"* 
t—1 

co 

o 

X 

LO 

CM 

O 

X 

LO 

co 

o 

X 

». 
o 

co 

o 

X 

CM 

CM 

O 

X 

LT) 

CM 

CO 

O 

X 

CO 

^ 

ai 
E -P 
3 m 

• r - > 
"O 3 
O S-

</> >-. a . 

10 
vo 
l - H 

O 

LO 
CM 

O 

LT) 
LO 

O 

00 
1-H 

o 

«3-
O 

O 

ai o 
s-

co 
s 
•S 
S 

TS 
•̂  S 
03 
S 

t-*i 
r~-i 
• t ^ 

Ö > 

S H 

CB 
Cu 
ra ^c 

ä 
co 
co 
ö 
Sn 
o 

ö 
S H 

o 
Û I 
co 
o 
JL 
r S 

I » 

Eï 

CD 
ö 

• t i 

ra •̂  » <5) 

CB 
o 
CO 
CS) 
O 
j ? } 
K 
O 
! s 

ö 
r « 

« O 
ö 

03 

s-
0) 

X I 
3 

• P 

O 

• p 

re • p 

o 
CL. 

0 0 
i — 

re 
E E 
<0 
E 

>> ai 
c 

X I 
• i— 

-̂  ^̂  - P 
S_ 

re ai 
zn 

E 
i— 

ai 
s-
10 

00 
ai 
3 

re > 

re 
> 

o 
5 s 
E -P E 

LO s. ai 
01 +-> 

x : oo 
« • p > , 

r— O 00 
O 
+-> ai a> 
• i - J = c 
0 1 - P T -
s- -P 

x : » <o 
-p E s-
o O Ol 

• 1 - • ! - E 
x : +-> a> 
• p re e n 
• i - i - a i 
x> - P s-

c 
s ai cc 
E u o 

E o 
LO o 

• u ai 
CM x : 

ai -p 
• p 

« re c 
L O S - l -H 

• - p 
1— 00 

X I • 
HZ 3 + 
a u i Q 

< s- ai z. 
ai E 

M- o s 
4- E 3 O l 
X > C L O 

• i - r -
00 > > « 

• r - S - O 
S - IO 
i— > -o 

c 
S c re • 
E ai -o 

x : < ai 
o 'S. o x> 
LO O TJ 

o re 
E O S 

• i - L O E a i 
CM s -

X I CO 0 ) 
H + > H J 
C 10 • _ 

• i - o 0 1 

E 0 ) oo 
t . + j « re 

ai re ai - c 
• p x : - p - P 

ai o . re Ç 
"O 00 > > 1 

O 3 oo 

ai x : i -
s. a . > i ai 
Ol O Q . - P 
3 s- re 

> > E i -
00 O - 3 - P 
O l • • - - r -

• • - O l " O U 
• P C O 
• i - •!— 00 OO 

> E -P 
• r - re E : T -

• P - I - E c 
o x : 3 
re - P L O 

LO 
- S >> • 

co E >— CM 
S ai 
ö LO E x> 

K S • re c 
S o e re 

'W 
• c i « . * a j 
S a i - p - p 
. x i c re 

•su T - re + J 
s - - P O l 

"+- O 00 u 
O r - C « 

x : o o 
ai u o i— 
oo re 
re E x> x 
U 3 i — o 

• i - a i 

ai oo x : 2 : 
x : ai E 
• P C U 

D l S- CM 

E re ai • 
•-H E 3 o 

79 



vation of the pyruvate dehydrogenase complex of A.nidulans obeys pseudo f i r s t 

order k inet ics with k = 0.058 min" . (see insert Fig. IV.5.) 

From Lineweaver-Burk plots k inet ic constants of the pyruvate dehydrogenase com

plex of A.nidulans were obtained. Their values are shown in Table IV.4. together 

with data obtained from other eukaryotes. NADH is a competitive i nh ib i to r wi th 

respect to NAD as is usually observed. 

DISCUSSION 

The following comments can be given on the subsequent steps in the isolation 

and purification of the pyruvate dehydrogenase complex of A.nidulans. The initial 

step in the purification of the pyruvate dehydrogenase complex from higher 

eukaryotes involves generally the isolation of intact mitochondria. The mitochon

dria of A.nidulans are fragile however and are easily disrupted. (Turner and 

Rowlands, 1977). Therefore a procedure of total extraction of the mycelium was 

developed using liquid nitrogen to open the cells. Earlier attempts to use buffer 

A directly as homogenisation medium led to lower recoveries as compared to dis

ruption in liquid nitrogen. The high molecular weight of the complex is advan

tageous in the ultracentrifugation step both to purify and to concentrate the 

enzyme. The limitation of this step is the amount of crude extract that can be 

handled. Thus far ethanol-Sepharose 2B has been used exclusively as an initial 

step in the purification of the pyruvate dehydrogenase complex from prokaryotes 

(Visser et al., 1978; 1980; Visser and Strating, 1982). This study demonstrates 

that a multienzyme complex of eukaryotic origin is also bound. Earlier investi

gations of Visser et al. (1978, 1982a) showed the marked affinity of the pyruvate 

dehydrogenase complex of prokaryotes such as E.aoli , P.aeruginosa and several 

Bacillus speeies to hydrophobic matrices with small alkyl (C, - Cg) and w-amino 

alkyl residues as ligands. Problems however were encountered to achieve a reco

very of the overall complex activity from these matrices. Accidently the strong 

reversible interaction of the pyruvate dehydrogenase complex with ethanol ami ne 

coupled to Sepharose was discovered. Similar results were obtained with C.,-Cg 

analogues of ethanolamine coupled to Sepharose. When however glycerol or 2-mercap-

toethanol were coupled no affinity was observed. The combination of an alkanolic 

residu with a nitrogen bond seemed therefore essential to achieve a reversible 

interaction of the complex. The observed affinity opens possibilities to investi

gate the interaction of mutant complexes with ethanol-Sepharose. From studies 

with E.aoli mutants defective in one of the components of the pyruvate dehydro-
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genäse complex it became clear that the core of the complex, the E~ component, 

was responsible for binding since mutants defective in this enzyme showed frontal 

elution of the other complex components (Visser et al., 1982a). In the case of 

A.nidulans a similar behaviour of mutants defective in the pyruvate dehydrogenase 

complex was observed. As a result a pdhC and a pdhB mutant, deficient in the 

E,a and E,ß component respectively, showed an elution pattern similar to the wild 

type complex eluted under the same conditions. The pyruvate dehydrogenase complex 

of the pdhA mutant with a defective E~ component hardly showed any affinity to 

the ethanol-Sepharose matrix. From these results it was concluded that the E~ 

component was involved in the binding to the affinity matrix. Because the ethanol-

Sepharose 2B matrix is rather aspecific in its binding behaviour of proteins, and 

the elution conditions used are aspecific too, 'it was of considerable interest to 

diminish the amount of contaminating proteins in the preparation of the pyruvate 

dehydrogenase complex prior to the use of this column. If a crude extract was 

directly applied to this column only a 2.5 fold purification could be achieved 

whereas a 12 fold purification was possible when ultracentrifugation and PEG -

6000 precipitation prior to the use of this column were introduced. Above 5% (v/v) 

polyethylene glycol the complex is precipitated completely. For an optimal reco

very of enzyme activity it was essential to dissolve the complex under mild con

ditions. Dialysis to remove ethylene glycol prior to ethanol-Sepharose 2B affinity 

chromatography resulted in a partial loss (up to 20% within 2 hours) of enzyme 

activity and turned out not to be necessary for binding the complex to the matrix. 

Because the complex still showed some minor high molecular weight contaminations 

as was observed after SDS-polyacrylamide gel electrophoresis, a sucrose density 

gradient was used to obtain final purification. The choice of a 10-30% (w/v) 

sucrose density gradient is essential under the centrifugation conditions used. 

In the preparation finally obtained there are two minor bands visible in the gels 

obtained after electrophoresis,with molecular weights of M = 43,000 and 36,000 

respectively. One of these or both could be due to the pyruvate dehydrogenase 

kinase. The molecular weight of the bovine heart pyruvate dehydrogenase kinase 

subunits are 48,000 and 45,000 respectively (Reed and Petitt, 1981) and one of 

the copurified proteins in this case has a similar molecular weight. 

The activity of the A.nidulans pyruvate dehydrogenase complex is regulated 

by interconversion (phosphorylation-dephosphorylation) as are all eukaryotic 

pyruvate dehydrogenase complexes studied (see Hucho, 1975) except the complex 

isolated from S.eerevisiae (Kresze and Ronft, 1981a). In that particular case 

it has not been investigated whether inactivation of the pyruvate dehydrogenase 

kinase could have been the result of the addition of several protease inhibitors 
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to the buffers used. In the presence of phenylmethanesulfonylfluoride (PMSF) the 

A.nidulans complex is inactivated. Phosphorylation sites in bovine kidney are 

serine residues as shown by sequence analysis of the fully phosphorylated complex 

(Davis et al., 1977). 

In view of the apparent insensitivity of the s.oerevisiae complex towards PMSF 

the existence of an interconversion mechanism is not likely in this yeast, al

though in the final preparation obtained by Kresze and Ronft (1981a) still a minor 

impurity is found (M ~ 53,000) which is not discussed however. The inactivation 

by ATP seems rather slow, possibly caused by partial loss of the pyruvate dehydro

genase kinase during the purification. Reactivation of the inactivated complex was 

only observed in crude extracts indicating that the phosphatase is loosely bound 

(in agreement with observations made with other eukaryotic sources (Linn et al., 
1969; 1972). In N.orassa reactivation of the complex was also found with mammalian 

pyruvate dehydrogenase phosphatase (Wieland et al., 1972). 

The kinetic parameters of the A.nidulans pyruvate dehydrogenase complex show 

similarity with other eukaryotic complexes. The value of IC pyruvate is much 

higher than reported for the mammalian heart and kidney complexes but similar to 

the value reported for potato tuber and N.orassa. The K CoA value resembles the 

mammalian complex being lower than those reported for N.orassa and S.oerevisiae. 
The value of K NAD was determined in a CoA regenerating system and is similar 

to those of the S.oerevisiae and the N.orassa complex. Inhibition by NADH was 

competitive with respect to NAD as is generally observed. The major difference 

between the kinetic properties of the complex of A.nidulans and of other micro

organisms at one hand and those of the mammalian complexes at the other lies in the 

rather high affinity of the latter complexes for pyruvate. 

A difficulty that remains in making such comparisons between kinetic data is 

the non identity of the reaction conditions used in the various studies. 
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V Purification of pyruvate kinase of Aspergillus nidulans^ 

SUMMARY 

Reactive triazine dyes coupled to a solid support have been used in the 

screening of a suitable affinity ligand for pyruvate kinase of Aspergillus 
nidulans. Mikacion Brilliant Yellow 6GS and Blue Dextran 2000 were used in the 

purification of pyruvate kinase. The addition of ethylene glycol was necessary 

to warrant optimal enzyme recovery. A homogeneous enzyme preparation with a 

specific activity of 67 U/mg could be obtained by a final gel filtration on 

Sephacryl S-300 to remove minor contaminations. Due to instability of the enzyme 

the overall yield is low (approx. 4%). 

INTRODUCTION 

Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40), one of the 

key regulatory enzymes of glycolysis, catalyzes the conversion of phosphoenol-

pyruvate (PEP) generating adenosine-5'-triphosphate (ATP): 

ADP + PEP K /Mg . ATP + pyruvate 

Fungal pyruvate kinases have been studied in Saaaharomyoes spec, and Neurospora 
orassa. In A.nidulans a number of pyruvate kinase mutants were isolated 

(Payton and Roberts, 1976; Payton, 1978; Bos et al., 1981) and therefore interest 

had arisen in the development of a mild purification method which might also be 

useful for isolating mutant proteins. 

Pyruvate kinase of Neurospora orassa was purified by Kapoor and Tronsgaard 

(1972), using a heat treatment, ammonium sulphate precipitation, elution from 

DEAE-Sephadex, ammonium sulphate fractionation and finally gel filtration on 

Sephadex G-200. The results of various investigations indicate that this enzyme 

' Parts of this chapter were published elsewhere (Visser et al., 1982). 
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normally exists as a tetramer (molecular weight - 240.000 D ) composed of similar 

subunits (Kapoor, 1975; 1976). 

Pyruvate kinase of Saecharomyces spec, has been studied by several investi

gators (Hunsley and Suelter, 1969; Fell et al., 1974). The various steps normally 

applied in the purification scheme of this enzyme include cytolysis by toluene, 

ammonium sulphate precipitation,chromatography on DEAE-cellulose and on cellulose 

phosphate to yield a more or less homogeneous preparation. Haeckel et al. (1968) 

reported the purification of yeast pyruvate kinase using cytolysis by toluene, 

alkaline extraction, ammonium sulphate fractionation and gel filtration on 

Sephadex G-200 at a low ionic strength in the presence of Blue Dextran and a 

second gel filtration step at high ionic strength to separate pyruvate kinase 

from Blue Dextran. All investigators experienced the instability of pyruvate kinase 

at various steps during the purification. Fell et al. (1974) described various 

precautions to be taken in order to prevent degradation of the enzyme including 

a pH > 6 to keep some yeast proteases inactive and the addition of a-toluene-

sulphonylfluoride as protease inhibitor. Especially in dilute solutions the 

activity of pyruvate kinase is lost quickly. Hunsley and Suelter (1969) reported 

the stabilization of pyruvate kinase by the addition of glycerol (50% v/v). 

In the purification of pyruvate kinase from human erythrocytes Staal et aZ.(1971) 

applied DEAE-Sephadex chromatography, ammonium sulphate precipitation, heat 

treatment, ultrafiltration and two Sephadex G-200 gelfiltration steps with 

Blue Dextran similar as described for the yeast pyruvate kinase purification. 

Staal et al. mentioned the addition of glycerol and e-aminocaproic acid to 

stabilize the enzyme. 

In various other purification procedures for pyruvate kinase using sources such 

as human erythrocytes (Marie et al., 1977).human kidney (Harkins et al., 1977), 

rabbit muscle (Easterday and Easterday, 1974) and Streptococcus mutans (Abbe and 

Yamada, 1982) Reactive Blue 2 (the chromophore of Cibacron Blue 3G-A) has been 

used as an affinity ligand. This dye can be bound to the matrix by direct 

coupling or by coupling a dextran conjugate of this dye (Haff and Easterday, 

1978; Dean and Watson, 1979). 

Blue dextran Sepharose was used by Stellwagen et al., (1975) as an affinity ad

sorbent specific for proteins whose nucleoside phosphate binding sites are com

posed of the dinucleotide fold (Schultz and Schirmer, 1974), a supersecondary 

structure found by X-ray crystallography in a number of enzymes. The chromophore 

can be oriented to mimic the aromatic rings and anionic groups characteristic of 

NAD in binding to the dinucleotide fold of dehydrogenases, for instance 

(Thompson et al., 1975). Also from binding studies,the relation between the 
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presence of an intact dinucleotide fold in enzymes and the binding to Cibacron 

Blue was clearly demonstrated (Thompson and Stellwagen, 1976). However, in other 

experiments unexpectedly proteins were found which showed binding to Blue 

Dextran Sepharose but which contained no dinucleotide fold. Such proteins, 

for instance Staphylococcus ribonuclease and ferrocytochrome c, can still bind 

nucleotides (Thompson et al., 1975). In these cases elution by salt (so called 

"aspecific elution") required approximately the same ionic strength as necessary 

for "biospecific elution" using nucleotides. However for the elution of proteins 

containing the dinucleotide fold usually salt concentrations are required of at 

least an order of magnitude larger than free ligand concentrations required for 

biospecific elution. 

Wilson (1976) demonstrated that enzymes possessing the dinucleotide fold strongly 

interacted with Cibacron Blue and its conjugate Blue Dextran, whereas yeast 

hexokinase, an enzyme without the dinucleotide fold, (Anderson et al., 1974) 

was relatively weakly adsorbed to Cibacron Blue Sepharose and hardly at all to 

Blue Dextran Sepharose. The author did not mention the concentration of the 

chromophore in both cases, but assuming these were in the same order of magnitude, 

the binding to Blue Dextran Sepharose was more selective. In fact there must be 

other factors involved in protein binding to Cibacron Blue than a specific inter

action of the dinucleotide fold because human serum albumin a protein which 

neither possesses a dinucleotide fold nor has a dinucleotide cofactor requirement 

also binds to Cibacron Blue (Leatherbarrow and Dean, 1980). 

Since the discovery that a number of proteins interact with triazine dyes such as 

Cibacron Blue 3G-A and Procion Red HE-3B also other reactive dyes, which are 

produced in bulk quantities by various manufacturers as textile dyes, received 

attention. The application of reactive dyes in affinity chromatography for the 

purification of various enzymes has been reviewed on several occasions (Dean and 

Watson, 1979; Lowe et al., 1981). It is often a very selective and rapid method 

as compared to other methods applied. A procedure for the purification of pyruvate 

kinase from Aspergillus n-idulxins based on affinity chromatography with reactive 

dyes as affinity ligands will be described in this chapter. The advantage in the 

use of substituted triazine dyes lies in their availability, the broad variation 

in chromophore structures and simple coupling procedure as compared to nucleotide 

affinity adsorbents. Moreover and of crucial importance the bond formed is quite 

stable. In this study mainly Procion MX-dyes were used in the first screening 

for affinity to pyruvate kinase. These dyes share a common dihalogenated triazine 

moiety, a reactive aromatic nucleus, which allows a direct coupling to a poly

saccharide support under mild conditions. 
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A purification scheme for pyruvate kinase was developed mainly based on affinity 

chromatography leading to a homogeneous preparation to be used for the preparation 

of rabbit antibodies. 

MATERIALS AND METHODS 

Chemicals 

Adenosine-5'-diphosphate monopotassium salt (ADP), adenosine-5'-triphosphate 

disodium salt (ATP), lactate dehydrogenase (LDH), fructose-l,6-diphosphate tri-

sodium salt (FDP) and phosphoenolpyruvate tricyclohexylammonium salt (PEP) were 

obtained from Boehringer (Mannheim, F.R.G.). 

Sepharose 4B, Sepharose C1-4B, Blue Dextran 2000 and Sephacryl S-300 

were purchased from Pharmacia Fine Chemicals (Uppsala, Sweden). 

Procion dyes were produced by Imperial Chemical Industries Ltd Organics Division, 

Blackley (Manchester, U.K.). 

Mikacion Brilliant Yellow 6 GS was supplied by Nippon Kayaku Co Ltd (Tokyo, Japan). 

Cibacron Blue 3G-A was obtained from Ciba Geigy (Arnhem, The Netherlands). 

All other chemicals were supplied by Merck (Darmstadt, F.R.G.). 

Organism and cultvœe conditions 

The A.nidulans strain and culture conditions used to obtain fungal biomass 

were as described in chapter IV. 

Preparation of cell free extract 

Frozen mycelium was first ground in a mortar and then homogenized in a Warring 

Blendor with liquid nitrogen during 10 minutes at 90-lOOVolt.After evaporation of 

the nitrogen, buffer H or buffer A was added to the powder obtained. 

Buffer H consisted of potassium phosphate 50 mM pH 7.5; EDTA 0,5 mM; magnesium 

chloride 5 mM; 2-mercaptoethanol 5 mM. Buffer A had the same composition as 

buffer H except that ethylene glycol up to 5% (v/v) was added. After thawing 

the cell debris was removed by filtration through muslin. The filtrate was 

centrifuged for 10 minutes at 40.000 x g and the supernatant was used as a crude 

extract for further purification. 

Preparation of affinity matrices 

Coupling of reactive dyes to Sepharose CI-4B 

The method used was a modification of a procedure described earlier by Dean 
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and Watson (1979). For small scale dye screening the following procedure was 

adopted. Sepharose C1-4B was washed extensively with deionized water to remove 

antimicrobial agents and filtrated with suction to remove excess of water. 

The packed beads (3 g suction dry weight) were resuspended in water (10 ml) 

and the reactive dye (15-60 mg) was added. The suspension was gently shaken 

until the dye was completely dissolved. Then 3 M NaCl (2 ml) was added. The 

mixture was allowed to stand at room temperature for 15 minutes. The coupling 

was initiated by elevating the pH to 10-11 by adding 1 M Na2C03. The reaction 

mixture was incubated for 1 hour at 55°C. The suspension was then filtrated, 

washed extensively with water, 2 M NaCl, water, 4 M urea and water successively 

The matrix thus obtained was stored at 4°C in potassium phosphate buffer 50 mM 

pH 7.5, with 0.02% (w/v) sodium azide. The buffer was changed once or twice to 

remove traces of unreacted dye. 

Coupling of Blue Dextvan 2000 to Sepharose 4B 

Cyanogen bromide activation of agarose was performed according to March et al. 
(1974a, b). Sepharose 4B beads (80 g suction dry weight) were washed with water 

and then suspended in 160 ml IM Na?C0_. To this suspension a solution of 16 g 

CNBr in 16 ml acetonitrile (precooled at 4°C) was added within 2 minutes and 

precautions were taken to prevent a rise of temperature above 15 C. After stirring 

for 8 minutes the activation was stopped by washing the gel with approximately 4 1 

0.2 M NaHC0,-Na2C03 buffer pH 9.8. The activated Sepharose 4B was then added to a 

solution of 4 g Blue Dextran 2000 conjugate in 160 ml of the same NaHC03-Na2C03 

buffer. The reaction was continued for 10 minutes at 4 C followed by 2 hours at 

room temperature. Subsequently the reaction was stopped by washing the matrix 

extensively with water, 2M NaCl and again water. The freshly prepared matrix was 

stored at 4°C in 50 mM phosphate buffer pH 7.5 with 0.02% (w/v) sodium azide. 

The buffer was changed one or twice to remove traces of unreacted dye. 

Détermination of ligand concentrations 

The amount of Cibacron Blue 3G-A bound was determined by liberation of the 

bound ligand from the matrix by acid hydrolysis followed by spectrophotometric 

determination according to Chambers (1977) using a molar extinction coefficient 

of 5.61 mM cm at 515 nm. The concentration of Mikacion Brilliant Yellow 6GS 

was determined by elemental analysis of the lyophilized matrix with Sepharose 

C1-4B as a control. Elemental analyses were carried out by the Element Analytical 

Section of the Institute for Organic Chemistry TN0, Utrecht, the Netherlands 

under supervision of W.J. Buis. 
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Enzyme assay 

Pyruvate kinase activity was determined by measuring the disappearance of 

NADH at 340 nm in a Shimadzu UV-210A Double Beam Spectrophotometer using a 

lactate dehydrogenase coupled assay according to Bergmeyer (1974). 

The reaction conditions were: triethanolamine HCl buffer pH 7.6 87.3 mM; PEP 

0.53 mM; MgS04 2.5mM; KCl 10 mM; ADP 4.7 mM; NADH 0.2 mM; LDH approx. 7 U/ml. 

All assays were performed at 25°C. 1 Unit of pyruvate kinase activity is defined 

as the amount of protein which catalyzed the formation of 1 pmoleof pyruvate 

per minute. 

Determination of protein 

Protein was measured according to Lowry et al. (1951) using bovine serum albumin 

as standard. 

Sodium dodeayl sulphate Polyacrylamide gel electrophoresis 

SDS Polyacrylamide gel electrophoresis according to Laemmli (1970) was per

formed in 10% acrylamide gels as described in chapter IV. 

RESULTS 

Isolation of pyruvate kinase 

Unless otherwise stated all steps were carried out at 4 C. The first step 

in the isolation of pyruvate kinase was the preparation of a cell free extract 

by homogenization of the fungal cells. A cell free extract of sucrose grown 

A.nidulans prepared as described in Materials and Methods has a specific activity 

of approximately 0.3-0.5 U/mg pyruvate kinase activity. 

In order to obtain a maximum of pyruvate kinase activity in a small volume, the 

amount of buffer to be used has to be limited. The low specific activity of a 

crude extract from A.nidulans as compared to extracts obtained from other sources 

urges the use of at least 100 g of mycelium to perform several purification steps 

and hence the initial volume of an extract is relatively large. As mentioned in 

the Introduction a heat treatment or an ammonium sulphate precipitation are often 

used as a first step in the purification of pyruvate kinase of fungal origin. The 

large initial volume makes the use of a heat treatment rather teadious because of 

the difficulty to attain quickly the temperature required in the extract in a 

reproducible way. Moreover, the application of a heat treatment in the purifi

cation of mutant proteins is not recommended because these are often more suscep-
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tible to various denaturing conditions. An ammonium sulphate precipitation as 

first step resulted in a loss of 50% of the initial activity and therefore this 

method was also rejected. Since it was necessary to use a first purification step 

which would result in purification and also concentration of the enzyme with 

a good recovery, the present investigation was undertaken in which reactive 

dyes were used to fulfil these requirements. 

Screening of dyes for pyruvate kinase affinity 

Samples of cell free extract (0.5-1.0 U) obtained in buffer H as described in 

Materials and Methods were applied to Pasteur pipettes (0.5 x 5 cm) filled 

with several dye-Sepharose conjugates and eluted with the same buffer. The 

following dyes were tested: Procion Red P 3BN, Procion Yellow M-4G, Procion 

Yellow MX-6G, Procion Yellow H-5G, Procion Turquoise MX-G, Cibacron Blue 3G-A, 

Blue Dextran 2000, Procion Navy MX-RB, Procion Brown MX-GRN, Procion Orange MX-G 

and Procion Yellow MX-4G. Only the last two affinity matrices and Sepharose C1-4B 

itself showed no binding of pyruvate kinase under these conditions. Surprisingly 

the addition of 0.5 M NaCl in the eluent resulted in only very low (< 10%) 

recovery of pyruvate kinase activity indicating inactivation during interaction 

with the dye or a very strong binding. Better results with the recovery of pyru

vate kinase were achieved by the addition of ethylene glycol (10% v/v) to the 

crude extract and the eluents used. In most cases however the activity of pyruvate 

kinase appeared in the void volume of the various columns except for Procion Red 

P3BN, Blue Dextran Sepharose 4B, Procion Yellow MX-6G and Procion Yellow H-5G. 

These affinity matrices were also tested for their aptness to allow biospecific 

elution with 10 mM PEP. This was not achieved with Procion Red P3BN whereas in the 

case of the other three dyes it was partly possible. 

To obtain an impression of scaling-up effects, the two yellow matrices were used 

in a chromatographic experiment in which larger columns ( 0 = 1 cm, h = 10 cm) 

were used, and biospecific elution of pyruvate kinase was achieved with 10 mM 

PEP (10 ml). The recovery of enzyme activity was 62% in the case of Procion Yellow 

H-5G and 80% in the case of Procion Yellow MX-6G. During the course of this 

experiment the high viscosity of the solutions was recognized as a serious dis

advantage. Therefore the optimum ligand concentration of the latter chromophore 

(Procion Yellow MX-6G, Colour Index No. 18971, Reactive Yellow 1) was finally 

determined in buffers containing 5% (v/v) ethylene glycol (Buffer A ) . 
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Availability of Reactive Yellow 1 

At the time of these experiments Procion Yellow MX-6G was no longer available 

from the manufacturer (ICI, Manchester, U.K.)- This dye is also produced as 

Ostazin Brilliant Yellow S-6G (Chemapol, Prague, Czechoslovakia); Xirion Brilliant 

Yellow 3G-HD (Chemiekombinat Bitterfeld, D.D.R.) and Mikacion Brilliant Yellow 6GS 

(Nippon, Kayaku Co Ltd, Tokyo, Japan). The purity of the latter dye served my 

purposes best and therefore this compound was used for further experiments. 

Effect of the ligand concentration of Reactive Yellow 1 on the binding of pyruvate 

kinase in crude extracts 

Various dye concentrations of Mikacion Yellow 6GS were coupled to Sepharose 

C1-4B to look into the effect of dye concentration on elution behaviour of pyru

vate kinase from a crude extract. Amounts of 5, 10, 15 and 20 mg of dye were 

used per g of moist Sepharose C1-4B to prepare affinity columns A, B, C and D 

respectively. 

The reaction conditions are described in Materials and Methods. 

Columns A and B showed leakage of pyruvate kinase activity upon loading and 

also upon elution of the column with buffer A. Columns C and D however showed 

no leakage. The recovery of enzyme activity by aspecific elution with 0,2 M 

NaCl was 74% with column C and 57% with column D. Therefore column C was chosen 

for further experiments. 

Fig.V.l. shows the relation between the 

amount of crude Mikacion Brilliant Yellow 

6GS used during coupling to Sepharose Cl-

4B and the amount of dye actually bound. 

Calculations were based on N content deter

mined by elemental analysis. Even when 

using 80 mg of dye per g of Sepharose 

C1-4B,still a linear relationship is 

observed between the amount of dye bound 

and the amount of dye added in the coupling 

reaction. This makes it easy to prepare a 

dye added (mg.g"1) d e f i n e d m a t r i x . 

Fig. V.l. Relationship between the 
amount of crude Mikacion Yellow 6GS 
(mg/g suction dried Sepharose C1-4B) 
used during coupling and actual 
amount of^ye bound to the matrix 
(ymoles g dry Sepharose C1-4B based on 
N content). 
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Biospeoifie elution of pyruvate kinase from dye-Sepharose matrices 

Mikacion Brilliant Yellow 6GS and Cibacron Blue are structurally quite 

different compounds as is seen in Fig. V.2. 

Mikacion Brilliant Yellow 6GS 

/T^ysOjNa 

OI XOj r < g 

SOjNa CI 

Cibacron Blue 3G-A 

Fig. V.2. Structures of dyes used as ligand in affinity chromatography of 
pyruvate kinase. 

For optimalization of the elution step it is relevant to know whether these two 

dyes bind to the same or to different binding sites of the enzyme. Therefore 

the effect of substrate and possible effectors on the elution behaviour of 

pyruvate kinase was studied in both cases. Crude extract (5U pyruvate kinase) 

was loaded on 1 ml columns. Elution occurred with buffer A which contained 

already 0,1 M and 0.15 M NaCl respectively to weaken the existing interactions. 

The results are shown in Table V.l. 

Table V.l. Biospecific elution of pyruvate kinase from affinity matrices. 

% Recovery of enzyme activity 

Compound added 

None 

ATP 

FDP 

PEP 

Mikacion Brilliant Yellow 6GS Blue Dextran 
Sepharose C1-4B Sepharose 4B 
(30 pmoles/g dry weight) (14 ymoles/g dry weight) 

0 

50 

15 

41 

0 

10 

53 

108 
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With Blue Dextran both PEP and FDP interfere with the binding whereas ATP is not 

effective. With the Mikacion Brilliant Yellow matrix however, ATP and PEP are 

effective and now FDP hardly has any influence. Increasing the salt concentrations 

leads to higher recoveries. 

Because in the majority of these tests no quantitative elution was observed 

aspecific elution was used in the procedure finally developed for the purification 

of pyruvate kinase. 

Purification of pyruvate kinase 

Because both Mikacion Brilliant Yellow 6GS and Blue Dextran emerged from the 

first dye screening experiments as suitable affinants, these were used in the 

development of the purification scheme shown in Table V.2. 

116 g mycelium of A.nidulans was used to prepare a cell free extract of 192 ml 

in buffer A as described in Materials and Methods. This extract was loaded on a 

column (0 3 cm, height 15 cm) with Mikacion Yellow 6GS Sepharose C1-4B (30umoles 

of dye /g of dry Sepharose) and fractions of 10 ml were collected. 

Non binding proteins were eluted with buffer A until the absorption of the eluate 

at 280 nm was less than 0.2. The elution profile is shown in Fig. V.3. Pyruvate 

kinase was recovered by 

elution with buffer A con

taining 0.5 M NaCl. (arrow in 

Fig. V.3.). Active fractions 

were collected and dialyzed 

overnight against 2 x 2 1 

buffer A. After dialysis the 

pyruvate kinase sample was 

bound to a Blue Dextran 

Sepharose 4B column (0 2 cm, 

height 9.5 cm; 14 pmoles of 

Cibacron Blue 3G-A/g of dry 

weight Sepharose) and washed 

with buffer A containing 

0.1 M NaCl and 50 mM [.-ala

nine (arrow 1 in the elution 

profile Fig. V.4.). In 

earlier experiments L-alanine 

was tested to elute pyruvate 

kinase from Blue Dextran 

fraction number 

Fig. V.3. Elution profile of Mikacion Brilliant 
Yellow 6GS Sepharose C1-4B. 192 ml cell free 
extract were loaded on a column (0 3 cm, height 
15 cm) and fractions of 10 ml were collected. 
Elution of nonbinding proteins occurred with 
buffer A. Pyruvate kinase was eluted with buffer 
A containing 0.5 M NaCl (arrow). -»- Pyruvate 
kinase activity, — A280. 
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Table V.2. Purification of A.nidulans pyruvate kinase 

Step 

Crude extract 

Mikacion B r i l l i a n t Yellow 
Sepharose C1-4B 

Blue Dextran 
Sepharose 4B 

Sephacryl S-300 

Final preparation 
a f te r concentration 

n.d. = not determined 

Volume 
(ml) 

192 

6GS 59 

30 

27 

4.4 

Ac t i v i t y 
(U) 

484 

398 

249 

54 

17 

Protein 
(mg/ml ) 

8.75 

0.84 

0.36 

n.d. 

0.06 

Specif ic a c t i v i t y 
(U/mg) 

0.29 

8.1 

23.3 

n.d. 

67 

Yield 
(%) 

100 

82 

53 

11 

3.5 

Sepharose. Although it 

was ineffective, it could 

be used to remove con

taminating proteins which 

were also bound to this 

matrix. Pyruvate kinase 

was recovered by elution 

with buffer A containing 

0.3 M NaCl (arrow 2 in 

Fig. V.4.) and pooled 

active fractions were 

dialyzed against 2 x 1000 

ml buffer A. In order to 

concentrate the pyruvate 

kinase activity the 

dialysate was applied to 

a column filled with 

Mikacion Brilliant Yellow 

6GS Sepharose C1-4B ( 0 = 1 cm, height 2.5 cm; 112 ymoles of dye/g of dry Sepharose 

C1-4B), washed with 5 ml buffer A and eluted with the same buffer containing 

1 M NaCl. The high concentration of NaCl is used to prevent unnecessary dilution 

of the pyruvate kinase. Active fractions were pooled (8.6 ml) and after dialysis 

fraction number 

Fig. V.4. Elution profile of Blue Dextran Sepharose 
4B. Pyruvate kinase was bound to a column (0 2 cm; 
height 9.5 cm) and washed with buffer A containing 
0.1 M NaCl, 50 mM 1-Alanine (arrow 1). Pyruvate 
kinase was eluted with buffer A containing 0.3 M NaCl 
(arrow 2 ) . Fractions of 5.5 ml were collected. 
•—• A280; •—• Pyruvate kinase activity. 
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against 0.5 M NaCl applied to a column with Sephacryl S-300 (0 = 1.7, height 

86 cm). This column was eluted with buffer A and 0.5 M NaCl. Active fractions 

were pooled and after dialysis against buffer A to which 0.1 M NaCl was added, the 

enzyme was concentrated on a Mikacion Brilliant Yellow 6GS Sepharose C1-4B matrix 

(0 = 1.2 cm, height 1 cm; 66 ymoles of dye/g of dry Sepharose C1-4B). Pyruvate 

kinase was eluted with buffer Awithl M NaCl as described above. The purification 

was further analyzed by SDS Polyacrylamide gel electrophoresis. The results are 

shown in Fig. V.5. From this is was concluded that a homogeneous enzyme prepa

ration was obtained. The molecular weight of the subunit was 60,000 D as estimated 

by SDS Polyacrylamide gel electrophoresis with reference proteins. 

Fig.V.5. SDS-polyacrylamidegel electrophoresis of pyruvate kinase samples at 
different stages of the purification. 

1) Crude extract 
2) Eluate of Mikacion Brilliant Yellow 6GS Sepharose C1-4B column 
3) Pyruvate kinase after affinity chromatography on Mikacion Brilliant Yellow 

6GS Sepharose C1-4B column 
4) Pyruvate kinase after affinity chromatography on Blue Dextran Sepharose 4B 
5) Final preparation after Sephacryl S-300 and concentration on Mikacion Brilliant 

Yellow 6GS Sepharose C1-4B. 
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DISCUSSION 

Some general remarks on the use of reactive dyes for affinity chromatography 

purposes can be made. An essential step in the development of an enzyme purifi

cation method based on affinity chromatography is the search for a suitable 

ligand. Different approaches can be used to select such a ligand. The analysis 

of dye interactions with an enzyme by binding studies or by inactivation and 

competition experiments can provide information for a proper selection of the 

ligand (Lowe et al.., 1981) especially when there are large differences in the 

binding constants or when only a few proteins show an interaction with the 

ligand. The direct use of a dye immobilized on a solid support in small scale 

affinity chromatographic experiments as presented in this study, has certain 

advantages. If in such experiments a crude enzyme preparation is used information 

is obtained both about the interaction of the enzyme and of the contaminants with 

the affinity matrix and about the elution conditions which can be applied. Once 

an interaction of the enzyme is observed, its selectivity, recovery and specific 

activity can be further improved by varying the ligand concentration or altering 

the conditions for binding and/or elution (pH, ionic strength, ethylene glycol 

addition). 

From a first screening scheme of dye-Sepharose matrices it was clear that many 

dyes showed a strong, rather aselective interaction with pyruvate kinase of 

A.mdulans. The recovery of the enzyme activity however was in most cases very 

low. The addition of ethylene glycol during this screening was useful to warrant 

the recovery of enzyme activity but it also became clear at this stage that only 

a few of the ligands tested showed a relatively strong, reversible interaction 

with pyruvate kinase. Mikacion Brilliant Yellow 6GS and Blue Dextran. Although 

in early experiments the possibility of a biospecific elution with some ligands 

was studied, ultimately an aspecific elution was used by enhancing the ionic 

strength. This was done not only because recoveries were higher but also because 

it resulted in a sharper elution profile of pyruvate kinase. From the small scale 

experiments in which Cibacron Blue Dextran and Mikacion Yellow 6GS were tested 

for biospecific elution it became clear that these dyes interact in a different 

way with pyruvate kinase. In both cases however binding of pyruvate kinase is 

very strong because partial elution only occurred in the presence of salt. 

The best strategy for pyruvate kinase elution from these dye affinity columns 

therefore is to find a compromise between elution at high ionic strength (sharp 

elution profile with many contaminating proteins) and elution at the critical 

ionic strength, the aim being less overlap with contaminating protein. A dis-
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advantage is broadening of the elution profile which enhances the rate of inacti-

vation due to dilution. 

The capacity of the dye affinity matrices used for pyruvate kinase is strongly 

dependent upon the degree of purity of the enzyme applied. Hence one is forced 

to make an analysis of the column dimensions and elution conditions to be used 

for each step in the purification in which the dye is used so as to optimize 

enzyme recovery. 

Although attempts were made to use additives to improve the stability of pyru

vate kinase this could not be achieved by the addition of glycerol or e-amino-

caproic acid to the various preparations. Since the enzyme was used to prepare 

antibodies, bovine serum albumin could not be used as stabilizer. The use of 

Sephacryl S-300 was ultimately necessary to remove some minor contaminations. 

However in this step pyruvate kinase becomes considerably diluted and tends to 

loose activity. No alternatives were found for a molecular sieve step. The amount 

of protein finally obtained in this manner was sufficient for the preparation of 

antibodies. 
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VI Pyruvate kinase in wild type and pyruvate kinase mutants 
of Aspergillus nidulans 

SUMMARY 

Pyruvate kinase was measured in crude extracts of a wild type strain of A.nidu-
lans,grown under different nutritional conditions. The specific activity of pyru

vate kinase was high in mycelium grown on sucrose and low in mycelium grown on 

acetate or polygalacturonate. Antibodies raised against purified pyruvate kinase 

were used for immunological detection of pyruvate kinase. In the Ouchterlony 

double diffusion only wild type pyruvate kinase could be detected after induction 

by a suitable glycolytic substrate like sucrose. To optimize the detection of mu

tant pyruvate kinase, Western blotting was used. 

Among 5 pyruvate kinase mutants, at the pkiA locus only one was found which 

totally lacked immunological and enzymatic activity. The absence of a pyruvate 

kinase gene product is not a prerequisite for sucrose tolerance of some pyruvate 

kinase mutants. 

INTRODUCTION 

Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40) has been iso

lated from various organisms, both prokaryotes and eukaryotes. It has been recog

nized as a key regulatory enzyme in glycolysis. The balance between glycolysis 

and gluconeogenesis is controlled by allosteric regulation by substrate and pro

duct and by other allosteric effectors. 

In prokaryotes in general one molecular form of pyruvate kinase has been demon

strated except for Escherichia coli in which two different non interconvertible 

pyruvate kinases coexist under different nutritional conditions (Malcovati 

and Romberg, 1969; Kornberg and Malcovati, 1973; Kotlarz et al., 1975): a consti

tutive AMP-activated enzyme called pyruvate kinase A in the genetic nomenclature 

of Demerec et al. (1966) (in other literature pyruvate kinase II) which is impor

tant under glyconeogenic growth conditions, and an inducible fructose 1,6-diphos-

phate activated pyruvate kinase B (pyruvate kinase I),important under glycolytic 
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growth conditions. Both pyruvate kinases are under independent genetic control 

(Pertierra and Cooper, 1977) and are different proteins, each being a tetramer 

of identical subunits with a molecular weight of 56,000 D (type I) and 51,000 D 

(type II) respectively (Valentini et al., 1979). Information about pyruvate 

kinases in lower eukaryotes has been obtained mainly for Saecharomyces spec. 

(Hunsley and Suelter, 1969, a, b; Fell et al., 1974) and Neurospora arassa (Kapoor 

and Tronsgaard, 1972; Tsao and Madley, 1975; Kapoor, 1975, 1976). In these cases 

the enzyme is also supposed to be a tetramer of similar or identical subunits 

with a molecular weight of 60,000 D. In Muaor rouxii however three pyruvate 

kinase isoenzymes have been identified (Friedenthal et al., 1973): pyruvate 

kinase type I and III which are favoured under aerobic glycolytic and gluconeo

genic conditions respectively whereas pyruvate kinase II is suggested to be a 

hybrid form composed of subunits of pyruvate kinase I and III. None of the forms 

seemed to be constitutive and their relative proportions varied according to 

growth conditions and also according to the alternative yeastlike or filamentous 

morphology of this fungus. Yeastlike cells which had a fermentative mode of hexose 

utilization showed almost exclusively the presence of pyruvate kinase I. 

In agreement with the importance of pyruvate kinase in glycolysis Barwell and Hess 

(1971) demonstrated only a low specific activity of this enzyme in Saochcœomyees 

cerevisiae when grown on ethanol in contrast to cultures grown on glycolytic 

carbon sources. A similar difference in the levels of pyruvate kinase activity in 

relation to the carbon source offered has been observed in Aspergillus nidulans 

where pyruvate kinase is suggested not to play a role in gluconeogenesis since the 

activity of acetate grown cells is low compared with cells grown on a glycolytic 

source such as sucrose (McCullough and Roberts, 1974; Payton and Roberts, 1976). 

Additional insight in the role of pyruvate kinase in glycolysis and gluconeo

genesis has been obtained from mutants defective in pyruvate kinase. Among the 

prokaryotes only pyruvate kinase mutants in Escherichia coli are known. The first 

pyruvate kinase mutant was isolated accidentally by Pertierra and Cooper using a 

rationale described by Irani and Maitra (1974). The latter authors isolated 

mutants defective in enzymes catalyzing triose interconversion reactions by 

selecting for those strains which required for their growth a combination of sub

strates entering metabolism before and after the metabolic block. They used a 

combination of glycerol and succinate as rescue medium for mutants unable to 

grow on either of these compounds alone. When Pertierra and Cooper (1977) used a 

similar procedure they found a mutant unable to grow on glycerol, gluconate, 

lactate, malate or acetate, but still able to grow on succinate. This mutant was 

devoid of both pyruvate kinase A and a-ketoglutarate dehydrogenase activity. 
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Revertants of this strain were able to grow on all the carbon sources mentioned 

and were only defective in pyruvate kinase A activity and one of these revertant 

strains was used for mutation to isolate double mutants defective in both pyru

vate kinase A en B. These double mutants show the importance of the hexose phos

photransferase system which catalyzes the alternative formation of pyruvate as 

a result of monosaccharide uptake by the following reaction: glucose + PEP — » 

glucose-6-phosphate + pyruvate. In this case pyruvate kinase is not required. 

The pyruvate kinase double mutants were able to grow on glucose, sorbitol, mannose 

and fructose but grew very poorly on glycerol, galactose, glucose-6-phosphate, 

maltose and lactose which compounds are not transported by the PEP-sugar phospho

transferase system. Moreover these authors confirmed earlier observations 

(Malcovati et al., 1973; Waygood and Sanwall, 1974) of the presence of high acti

vities of pyruvate kinase B in the pyruvate kinase A mutant (thus defective in 

the pyruvate kinase form important under gluconeogenic conditions), when this 

mutant was grown on glucose or glycerol in contrast to the low activities measu

red in lactate or succinate grown cultures. 

In eukaryotes several pyruvate kinase mutants were obtained in Saccharomyces 
oerev-isiae by mutation and selection for mutants unable to use sugars such as 

glucose, or which are inhibited by the addition of glucose to an otherwise per

missive gluconeogenic carbon source. The mutants isolated were still able to 

grow on ethanol, pyruvate or lactate (Sprague jr., 1977; Maitra and Lobo, 1977; 

Lam and Marmur, 1977, Clifton et al., 1978). A considerable amount of constitutive 

pyruvate kinase activity was found in alcohol grown cultures and there is evidence 

that this constitutive activity and the hexose induced activity result from a 

single pyruvate kinase gene because both activities had the same half lives. 

Secondly loss or reappearance of pyruvate kinase activities always occurs simul

taneously in this yeast. Moreover all the mutants tested failed to complement each 

other in diploids showing that a single gene was responsible for pyruvate kinase 

(Maitra and Lobo, 1977). 

The inability of pyruvate kinase mutants to grow on a glycolytic carbon source 

stresses the importance of this enzyme in glycolysis and shows that no other 

route exists which bypasses the pyruvate kinase catalyzed reaction. This is in 

contrast to the situation found in E.ooli were different pyruvate kinases are 

present and where other pyruvate generating reactions exist. 

The growth of pyruvate kinase mutants on acetate or ethanol in lower eukaryotes 

occurs by virtue of induction of the glyoxylate cycle and PEP carboxykinase . 

The marked inhibition of growth when for instance glucose or galactose is added 

to C2 grown cultures of pyruvate kinase mutants suggests the following possibi-
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lities: 

- inhibition of uptake of these compounds; 

- catabolite repression of enzymes necessary for growth on Cp compounds (Lam 

and Marmur, 1977) ; 

- accumulation of high (toxic) concentrations of phosphoenolpyruvate, 2-phospho-

glycerate and 3-phosphoglycerate under these conditions (Maitra and Lobo, 1977). 

Pyruvate kinase mutants do not differ in the latter respect from other mutants in 

which phosphorylated metabolites that cannot be metabolized cause growth stasis 

(Cozzarelli et al., 1965; Fraenkel, 1968; Maitra, 1971). 

Gancedo and Gancedo (1979) reported the inactivation of the gluconeogenic enzymes 

fructose 1,6-diphosphatase, PEP carboxykinase and of malate dehydrogenase after 

addition of glucose to crude extracts of wild type and of pyruvate kinase and 

phosphofructokinase mutants of S. cerevisiae. In one peculiar strain, a pyruvate 

kinase mutant which was able to grow on mixtures of glucose and a gluconeogenic 

carbon source the malate dehydrogenase activity was not found to be inactivated. 

In A.nidulans pyruvate kinase mutants were isolated by Payton and Roberts (1976), 

Payton (1978) and Bos et al.{ 1981). In all cases a rationale was used similar to the one 

followed for the isolation of the S.oerevisiae pyruvate kinase mutants mentioned 

before: mutation and enrichment took place on a glycolytic carbon source (glucose 

or sucrose), and rescue took place on acetate as sole carbon source. Pyruvate or 

lactate are not used for rescue since these compounds are bad carbon sources. 

Using this strategy also mutants were isolated defective in other enzymes of the 

glycolytic sequence as discussed in chapter I. Criteria were developed to recog

nize the phenotype of pyruvate kinase mutants. Most pyruvate kinase (pki) mutants 

do not grow on acetate in combination with sucrose (Payton and Roberts, 1976) or 

in combination with glycerol (Bos et al., 1981), such in contrast to mutants 

defective in the pyruvate dehydrogenase complex or in pyruvate carboxylase. Pyru

vate kinase mutants grow well however on D-galacturonate, this in contrast to pâh 
and pya mutants (chapter II). 

Payton and Roberts (1976) observed differences in the levels of pyruvate kinase 

activity in wild type A.nidulans when the fungus was grown on different carbon 

sources. Pyruvate kinase activity was high in sucrose grown mycelium, intermediate 

in mycelium grown on a mixture of sucrose and acetate and extremely low if grown 

on acetate as sole carbon source. Transfer to sucrose following growth on acetate 

quickly raised the level of pyruvate kinase activity to 50% of the sucrose grown 

culture. The pyruvate kinase mutants isolated by Payton and Roberts (1976) were 

identified to belong to one single gene pkiA based on non complementarity of 

mutant strains in heterokaryons, and the pkiA gene was located in linkage group V. 

112 



In this chapter several pki mutants (both sucrose tolerant and sucrose sensitive 

ones) have been analyzed. These mutants were screened for the presence or absence 

of the pyruvate kinase gene product under pyruvate kinase inducing conditions to 

see whether or not a relation exists between the presence or absence of the pyru

vate kinase gene product and sucrose tolerance observed in some pyruvate kinase 

mutant strains. A regulatory function of an enzyme protein on the expression of 

genes is known for instance in Klebsiella aerogenes , where glutamine synthethase 

is able to regulate the synthesis of enzymes responsible for glutamate formation 

(Magasanik et al., 1974; Tyler, 1978). Pyruvate kinase purified as described in 

chapter V was used to prepare a rabbit antiserum. This antiserum was used for the 

detection of a pyruvate kinase gene product, by Ouchterlony double diffusion, 

tandem crossed immunoelectrophoresis and by Western blotting. 

The technique of blotting was first introduced by Southern (1975) for the transfer 

of DNA fragments from agarose gels to a sheet of nitrocellulose and was later used 

by Alwine (1979) for the transfer to diazobenzyloxymethyl (DBM) cellulose 

(Northern blot). A similar technique was used by Renart et al. (1979) to transfer 

proteins from Polyacrylamide gels to DBM cellulose. In this study proteins were 

transferred to nitrocellulose by diffusion from SDS-polyacrylamide gels. 

MATERIAL AND METHODS 

Strains, media and oultvœe conditions 

The following A.nidulans strains were used: WG096 [yA2, pabaAl) as wild type 

strain with respect to carbon metabolism, WG121 (pkiAl) and WG224 {wA3; pyroA4j 
pkiAZ, nicA2) for complementation tests with pyruvate kinase {pki) mutants. 

WG123 {yA2, pabaAl; pkiA2 (Ts)) was used as a temperature sensitive pyruvate 

kinase mutant strain. The other pki mutant strains used were: WG083 (pkiA3), 

WG230 {pkiA4), WG231 (pkiA5) and WG232 {pkiA6) isolated by Bos et al. (1981) 

in the WG096 background, all at the pkiA locus. Strains were maintained on com

plete medium (see 1.3.5.) according to Pontecorvo et al. (1953) with acetate 

0.1 M, sucrose 0.01 M as carbon source (wild type) or acetate 0.1 M (pyruvate 

kinase mutants). 

A.nidulans WG096 ( wild type ) was grown in shake culture to obtain fungal bio-

mass. Growth occurred in 1 1 infusion bottles containing 300 ml of liquid minimal 

medium and placed in horizontal position at 37 C in a home made incubator (at 
-l fi -1 

92 strokes min." ). Approx. 10 conidia ml were inoculated. Carbon sources 
used were acetate 0.1 M, sucrose 0.02 M, acetate 0.1 M with sucrose 0.01 M and 
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polygalacturonate 0.5% (w/v). 

A.nidulans pyruvate kinase mutants were grown in liquid minimal medium with 
5 -1 acetate 0.1 M. For inoculation approx. 10 conidia ml were used. If enough 

biomass was formed (usually after 40-48 hours), the mycelium was collected by 

filtration and washed with sterile saline (0.8% w/v NaCl ) to remove traces of 

the original carbon source. The mycelium was then transferred to 0.02 M sucrose 

medium for approx. 5-10 hours to induce pyruvate kinase. 

Complementation tests were performed using techniques described by Pontecorvo 

et al. (1953). Heterokaryons of WG224 or WG121 with other strains were made on 

minimal medium with polygalacturonate sodium salt 0.5% (w/v) or acetate 0.1 M 

and twin pieces were transferred to sucrose 0.02 M and to polygalacturonate or 

acetate as a control. 

Chemicals 

Polygalacturonic acid was obtained from U.S. Biochemical Corporation (Cleveland 

Ohio,U.S.A.), Freunds Adjuvant Complete was purchased from Difco (Detroit, U.S.A.), 

Nitrocellulose membrane filter BA85 0.45 ym was obtained from Schleicher and 

Schüll GmbH (Dassel, F.R.G.). 

Ant i rabbi t IgG (whole molecule) peroxidase conjugate and o-dianisidine HCl were 

supplied by Sigma (St.Louis, M0, U.S.A.). A l l other chemicals were obtained from 

Merck (Darmstadt, F.R.G.). 

Methods 

SDS-Polyacrylamide gel electrophoresis was performed as described in chapter 

IV. The pyruvate kinase assay was described in chapter V. 

Crude extracts of small samples of mycelium were obtained by grinding the frozen 

hyphae with liquid nitrogen in a mortar and by adding subsequently buffer A (see 

chapter V) to the powder obtained (approx. 2-3 ml g~ ). After centrifugation for 

15 minutes at 40,000 x g the clear supernatant was used for further analyses. 

Partial purification of pyruvate kinase in small samples of crude extracts was 

performed by affinity chromatography with Mikacion Brilliant Yellow 6GS Sepharose 

C1-4B (30 ymoles of dye g~ of dry Sepharose) as described in chapter V. 

Preparation of antibodies 

Purified A.nidulans pyruvate kinase (chapter V) was dialyzed against phosphate 

buffered saline (0.01 M sodium phosphate pH 7.1; 0.85% w/v sodium chloride). To 

a 1 ml solution of pyruvate kinase corresponding to 140 pg of protein, an equal 
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volume of Freund's Adjuvant Complete was added. With a Vortex mixer an emulsion 

was made which was subcutaneously distributed over several sites in a male New 

Zealand white rabbit at day 1. This treatment was repeated at day 11. At day 17 

an antigen injection was given intraveneously. Blood was obtained from a vein of 

the right ear and collected at day 23, 38 and 66. Fresh blood was incubated for 

one hour at room temperature and allowed to stand overnight at 4 C. After décan

tation of the serum this was centrifuged for 15 min. at 1000 x g. The supernatant 

was frozen at -20°C. 

Immunological detection of pyruvate kinase 

Crude extracts and partially purified pyruvate kinase obtained from wild type 

and mutants were analyzed for immunologically active material by the Ouchterlony 

double diffusion method, tandem crossed immunoelectrophoresis and by Western 

blotting. 

Ouchterlony double diffusion (Ouchterlony and Nilsson, 1978) was performed using 

0.8% (w/v) ion-agar (Difco) in phosphate buffered saline on glass plates precoated 

with agarose (1% w/v in water). The central well was filled with 15 pi antiserum 

whereas a serial dilution of antigen was applied to the peripheral wells. 

After incubating for 24 hours at room temperature the gels were washed in saline 

for another 24 hours. After drying the gels were stained for 10 min. with 0.1% 

(w/v) Coomassie Brilliant Blue R250 in ethanol/acetic acid/water = 450/100/450 

(by volume) and destained in the same solvent without this dye. 

Tandem crossed immunoelectrophoresis was carried out as described by Kr011 (1973), 

using 14 ml of 0.8% (w/v) agarose in barbital buffer (pH 8.6 I = 0.02) on over

head sheets, 5 yl samples were applied. After diffusion of the samples the appli

cation holes were filled with a drop of agarose. The run in the first dimension 

was performed at 10 V cm" at 4°C for one hour. Electrophoresis in the second 

dimension was performed at 10 V cm" at 4°C for 2.5 hours, using 0.8% (w/v) 

agarose containing 0.25% (v/v) antiserum in the same barbital buffer. 

Western blotting 

For protein transfer the method of Bowen et al. (1980) was used. SDS-poly-

acrylamide gel electrophoresis of the various protein samples was performed in 

duplicate. One gel was stained with Coomassie Brilliant Blue R250 as described 

in chapter IV. The other gel was washed for 3 hours to remove SDS in buffer 

containing NaCl 50 mM, EDTA 2 mM, urea 4 M, DTT 0.1 mM and Tris HCl 10 mM 
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pH 7.0 (buffer C). After washing, this gel was put between two sheets of nitro

cellulose and care was taken to remove air bubbles. These were then put between 

several layers of Whatmann 3 MM filter paper and at both sides covered with a 

sponge, before being mounted between alumina grids. Proteins were transferred 

from the gel to both nitrocellulose sheets by diffusion during 48 hours in buffer 

C. After 24 hours the buffer was refreshed. 

Upon transfer of the protein samples, the nitrocellulose sheets were further 

saturated with aspecific protein by incubation with \% (w/v) bovine serum albumin 

during 5 hours in Tris HCl buffer 10 mM pH 7.5 containing 350 mM NaCl. Excess 

protein was removed by washing several times in the same buffer without bovine 

serum albumin. The nitrocellulose blots were then incubated overnight in 50 ml 

phosphate buffered saline in the presence of \% (w/v) of bovine serum albumin 

and of 0.2 % (v/v) pyruvate kinase antiserum. Excess of antiserum was removed by 

washing in phosphate buffered saline. Finally the blots were incubated for 2 hours 

in a small volume of phosphate buffered saline containing 1% (w/v) bovine serum 

albumin and 0.1% (v/v) goat anti-rabbit y-globuline peroxidase conjugate. After 

washing for 2 hours in phosphate buffered saline the detection of pyruvate kinase 

was achieved by measuring peroxidase activity. 

A piece of Whatmann 3 MM filter paper impregnated with 50 mM Na-HPO., 25 mM citric 

acid containing per liter 10 mg o-dianisidine (dissolved in 2 ml of methanol) and 

0.16% (v/v) H 2 0 2 was carefully placed on the blot. When bands were visible, the 

reaction was stopped by washing the blot in a 200 ml solution of 50 mM Na^HPO» 

and 25 mM citric acid. Itwas essential to make photographs immediately. 

RESULTS AND DISCUSSION 

Pyruvate kinase activities in wild type A.nidulans 

The level of the pyruvate kinase activity present in mycelium varies with the 

carbon source offered during growth. Therefore enzyme levels were measured under 

different nutritional conditions e.g. growth on a glycolytic carbon source (su

crose), a gluconeogenic carbon source (acetate), a mixture of both and on poly-

galacturonate. 

The latter compound was found before to be a good substrate for both wild type 

and phi mutant strains. Pyruvate kinase activities were also measured after 

aseptical transfer of mycelium from a gluconeogenic to a glycolytic substrate and 

vice versa. The mycelium was first grown for 20 hours at 37 C. The transfer period 

lasted 5 hours. The results are shown in Table VI.1. It is obvious that among the 
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Transfer ' 

-

Acetate 0.1 M 

-

Sucrose 0.02 M 

Yield2) 

(g T1) 

4.3 
4.5 

0.8 

2.7 

Speci 

(U 

fie activity ' 

•ng"1) 

0.34 

0.14 

0.02 

0.10 

Table V I . 1 . Pyruvate kinase a c t i v i t y in crude extracts of w i ld type A.nidulans 

grown under d i f fe rent nu t r i t i ona l condit ions. 

C-source 

Sucrose 0.02 M 

Acetate 0.1 M 

Acetate 0.1 M + Sucrose 0.01 M - 4.3 0.12 

Polygalacturonate 0.5% (w/v) - 0.8 0 

Sucrose 0.02 M 1.7 0.18 

' There is hardly any change of activity during this period if no transfer is 
performed and the mycelium is kept on sucrose at 37°C. 

2) ' Wet weight based on at least 3 cultures. 

' Values corrected for NADH-oxidase activity. 

carbon sources sucrose and sucrose in combination with acetate lead to the highest 

amount of biomass whereas almost a threefold difference in pyruvate kinase acti

vity is found between these growth conditions. The value of the specific activity 

obtained for the sucrose grown mycelium is lower than the one mentioned by Payton 

and Roberts (1976) (1.17 U mg ) , who used other assay conditions however. 

From Table VI.1. it can also be concluded that in wild type A.nidulans pyruvate 

kinase levels respond readily to changes in the carbon source as shown by all 

transfer experiments. 

Since pyruvate kinase mutants do not grow on sucrose and the pyruvate kinase 

level in wild type is low on acetate, pyruvate kinase mutants were screened for 

the presence of the pyruvate kinase gene product by growing mycelium on acetate 

or polygalacturonate, followed by transfer to sucrose to induce pyruvate kinase 

activity. The results with pyruvate kinase mutants will be described later in 

this chapter. 
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Immunological observations with wild type A.nidulans grown under different 

nutritional conditions 

An antiserum with a high titre was prepared against native pyruvate kinase. 

Both the first and the second batch of serum had a titre of approx. 3400 yg ml 

based on single radial immunodiffusion with partially purified pyruvate kinase. 

The antibodies had an inhibitory effect on the enzymatic activity as shown in 

Fig. VI.1. In a crude extract 0.72 U of enzyme was inhibited for 75% upon incu 

bation with 20 yl antiserum at 0°C. Thus the inhibition is far from complete. 

-1 

Fig. VI.1. Effect of antibodies raised 
against A.nidulans pyruvate kinase. 
Titratipn was carried out incubating 
samples of crude extract (0.72 U) at 0 C 
with different amounts of antiserum 
(final volume 250 yl). After 5 minutes 
the pyruvate kinase activity was measured 
at 250C 

—•- residual activity in the presence 
of antiserum 

- o - residual activity in the presence 
of control serum 

0.8T 

10 30 50 

Antiserum (pi) 

The Ouchterlony double diffusion method was used to investigate the presence of 

pyruvate kinase in crude extracts obtained from mycelium after growth for 20 hrs 

at 37°C on acetate, polygalacturonate and sucrose. The same was done after trans

fer for 5 hours from either polygalacturonate or acetate medium to sucrose and 

from sucrose to acetate. The results are shown in Fig. VI.2. 

Fig. VI.2. Ouchterlony double diffusion of 15 yl 
(fourfold dilution) of anti-pyruvate kinase serum 
(central well) and 15yl samples of crude extracts 
(peripheral wells), of A.nidulans (wild type) ob
tained after growth on several carbon sources. 
1) sucrose grown; 2) acetate grown; 
3) polygalacturonate grown; 5) sucrose grown 
after transfer to acetate; 6) acetate grown 
after transfer to sucrose. , 
(Crude extracts containing approx. 5 mg protein ml" ) 
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Fig. V I .3. Ouchterlony double d i f fus ion of crude extract of WG096 (wi ld type)and 
of f ract ions obtained during par t ia l pu r i f i ca t ion of pyruvate kinase on Mikacion 
B r i l l i a n t Yellow 6GS Sepharose C1-4B. A l l wells were f i l l e d with 15 ul of sample. 

A: 1) crude ex t rac t ; 2 ) , 3 ) , .4) pyruvate kinase inact ive eluate of a f f i n i t y 
column; 5) 0.5 M NaCl puls«containing p a r t i a l l y pur i f ied pyruvate kinase, 
central we l l : pyruvate kinase antiserum (4- fo ld d i l u t i o n ) . 

B: 1 ) , 3 ) , 6) pyruvate kinase inactive eluate of affinity column; 2 ) , 5) crude 
extract; 4) partially purified pyruvate kinase, 
central well: pyruvate kinase antiserum (16-fold dilution). 

C: see B, central well: pyruvate kinase antiserum (32-fold dilution). 

Surprisingly in the case of acetate (well 2) and polygalacturonate (3) grown 

mycelium a single precipitation line was observed whereas two such lines were 

found upon transfer to sucrose (6) and in cultures grown on sucrose (1, 5 ) . 

Purified enzyme caused a precipitation line which fused with the outer precipi

tation line in the pattern of the sucrose grown cultures (1, 5, 6 ) . Therefore 

this must be the pyruvate kinase specific precipitate. The nature of the inner 

precipitate observed in all cases is not clear since there is hardly any induc

tion of pyruvate kinase activity in the acetate and polygalacturonate media. The 

origin of the inner precipitation line in the Ouchterlony double diffusion pattern 

has been investigated somewhat further. A crude extract of wild type A.nidulans 
grown on sucrose, was applied to a small size affinity column of Mikacion 

Brilliant Yellow 6GS Sepharose C1-4B and eluted as described in chapter V. Frac

tions of the eluate and fractions obtained by washing the column with buffer A 

(see chapter V) did not contain pyruvate kinase activity, whereas the pyruvate 

kinase activity was recovered as usual byelution with buffer A containing 0.5 M 

NaCl. With the fractions containing non bound proteins a single precipitation 

line was observed corresponding with the inner precipitate in the crude extracts. 

The pyruvate kinase pool caused the outer precipitation line in the Ouchterlony 

pattern (see Fig. VI.3A.). This experiment demonstrated a simple way to separate 

the two immunological activities. Various dilutions of the antiserum were made in 
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order to optimize the antigen-antibody ratio's required for precipitation. With 

crude extracts the outer precipitation line only appeared and sharpened at higher 

dilutions of the antiserum (see Fig. VI.3A, B, C). In the same figure one notices 

that the two reaction lines do not really cross. This suggests at least some 

partial identity of the antigens. Since in the purification of pyruvate kinase 

Mikacion Brilliant Yellow 6GS Sepharose C1-4B is used twice, the possibility is 

excluded that with purification of the antigen this second protein has been co-

purified. The inner precipitate in Fig. VI.2. might reflect however the reaction 

of an inactive form or of subunits of pyruvate kinase with the antibody. It might 

also correspond to proteolytic degradation products of the enzyme or to the 

reaction of a different but immunologically related protein. 

Western blotting of wild type pyruvate kinase 

The advantage of protein blotting in combination with an immunochemical 

detection method for specific proteins is the higher specificity and sensitivity 

of this method. Since the antigen is fixed on a nitrocellulose carrier it can 

in principle be detected in a 1:1 labelled antibody-antigen complex. Crude ex

tracts of mycelium (6-10 g ) , grown on sucrose 0.02 M and on acetate 0.1 M with 

sucrose 0.01 M for 20 hours at 37°C were prepared as usually. A partial purifi

cation of pyruvate kinase was achieved by applying Mikacion Brilliant Yellow 6GS 

Sepharose C1-4B as affinity adsorbent and eluting the enzyme in buffer A by adding 

0.5 M NaCl and 1 mM PEP. Both crude extracts and active fractions obtained after 

partial purification were further analyzed as described in Materials and Methods. 

The results are shown in Fig. VI.4. In the case of both sucrose and sucrose + 

acetate grown mycelium several bands appeared after staining with peroxidase-

labelled goat anti-rabbit IgG. With the partially purified pyruvate kinase 

samples a single band was observed in position with the subunit molecular weight 

of the enzyme. In the crude extracts two lower molecular weight bands were also 

present, presumably representing degradation products of the enzyme. It has to be 

mentioned that protein transfer is not quantitative, since proteins can still be 

detected on the Polyacrylamide gel by staining after transfer to the nitrocellu

lose filter (Fig. VI.5.). 

Pyruvate kinase has been found to loose easily its activity. The protein turned 

out to be susceptible to proteolysis as is shown by comparing the blots of a 

freshly prepared, partially purified enzyme and of the same preparation after 

storage at -18°C for 5 weeks (Fig. VI.6A, B ) . 

Degradation products were also observed in the case of a pure enzyme preparation 

stored at -18°C for 6 months. After further storage at 4°C for 8 days only small 
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acetate 
acetate 

24 
217 
52 

< 25 

U 

0.12 
0.27 
0.28 
0.19 
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Fig. VI.6. Western blot of partially 
purified pyruvate kinase (< 25 pg) 

A) freshly applied 
B) same preparation after storage at 

-18°C for 5 weeks. 

Fig. VI.7. Western blot of purified 
pyruvate kinase (<20 vg) after storage 
of the enzyme at -180c for 6 months (A) 
and further incubation at 4°C for 8 
days (B). 

A ,B 

fragments were left which migrate in the front upon SDS-polyacrylamide gel 

electrophoresis (Fig. VI.7A, B). 

Detection and immunological analysis of pyruvate kinase in pyruvate kinase 
mutants 

Bos et al.(1981) isolated several mutants unable to use glucose as sole carbon 

source. Among the mutants some of them were found to show a leaky growth on 

acetate 0.1 M with sucrose 0.01 M thereby mimicking the phenotype of the pyruvate 

dehydrogenase complex mutants. However they were not defective in the pyruvate 

dehydrogenase complex since they were able to complement with pdhA,B and pdhc 
tester strains in a heterokaryon grown on glucose. Further tests indicated that 
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these mutants were D-galacturonate positive and this led to the conclusion that 

they had a pyruvate kinase mutant phenotype. This was confirmed by the inabi

lity to complement with WG121 and WG224, strains bearing the mutant gene pkiA. 
Since the pki mutants available behaved phenotypically different with respect to 

their sucrose tolerance when plated on a mixed substrate of acetate and sucrose,a 

further analysis of these strains was carried out. 

For wild type mycelium it was shown that transfer from an acetate to a sucrose 

medium for 5 hours was sufficient to induce pyruvate kinase activity which resul

ted in an immunological detectable precipitation line in the Ouchterlony double 

diffusion pattern of crude extracts. Therefore, similar induction conditions were 

chosen for the mutant strains which were grown for a prolonged period (40-48 hrs) 

on acetate 0.1 M and then transferred to sucrose 0.02 M for 8-10 hrs. Crude 

extracts and partially purified fractions obtained after affinity chromatography 

on Mikacion Brilliant Yellow 6GS Sepharose C1-4B were used to analyze whether 

partially active or inactive protein was made. By the Ouchterlony double diffu

sion method no pyruvate kinase specific precipitation lines were found (see 

Fig. VI.8). 

1 

4 
Fig. VI.8. Ouchterlony double diffusion of wild type and pyruvate kinase mutants 
of A.nidulans. Central well: pyruvate kinase antiserum 4-fold dilution (15 yl). 
Peripheral wells (15 yl samples): 1) and 4) pyruvate kinase, partially purified 
fraction obtained after affinity chromatography on Mikacion Brilliant Yellow 6GS 
Sepharose C1-4B; 2) crude extract of WG096 (pUA+), sucrose grown; 3) crude 
extract of WG232 (pkiA6); 5) crude extract of WG121 [pkUl); 6) crude extract 
of WG123 (pkiA2(Ts)) grown on sucrose at 30°C. 

Strain WG123 (well 6) which is a temperature sensitive mutant (specific activity 

of pyruvate kinase 0.03 U mg ) although grown for 20 hours at 30°C also failed 

to give a precipitation line. Therefore the detection level given by the double 

diffusion method is insufficient to decide with certainty whether the protein is 

synthesized or not. 

In Fig. VI.9A and B the results are shown of a tandem crossed immunoelectro-
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B 

Fig. VI.9. Tandem crossed Immunoelectrophoresis of pyruvate kinase. 

A. From the left to the right: crude extract of WG232 (pkiA6) of WG096 (pkiA+) 
and of partially purified pyruvate kinase of the diploid strain (see chapter V), 

B. From the left to the right: crude extract of WG096 (pkiA+), WG232 (pkiAS) 
and of partially purified pyruvate kinase. 

phoresis with a crude extract of WG096 (pkiA+), WG232 {pkiA6) and of a sample of 

partially purified pyruvate kinase of the diploid strain used in chapter V. 

It is clear that the pyruvate kinase of the haploid and of the diploid strain 

are homologous since the precipitation lines fuse (Fig. VI.9A). When the central 

hole was filled with an extract of the mutant, the surrounding precipitates of 

the wild types did not return to the base line at the neighbouring edges. The 

mutant extract therefore contained antigen although its concentration was too 

low to give rise to a visible precipitate. Therefore Western blotting was finally 

resorted to in order to realize a positive identification of possible gene 

products. 

Western blotting of pyruvate kinase mutants 

In Table VI.2. the strains used for Western blotting of pyruvate kinase are 

listed, together with the density of the inoculum, and the amount of cultures 

used. The sucrose tolerance was judged by growing mutant strains on acetate 

0.1 M minimal medium with sucrose 0.01 M. 

As is obvious from Table VI.2. the mutant strains differ largely in the yield 

of mycelial biomass finally obtained and even the wild type strain has a very 

low yield. Some caution is necessary however, since the different strains, al

though cultured under similar conditions, may vary considerably in their physio

logical age. 
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Table VI.2. Strains used for analysis of pyruvate kinase gene product by 

Western blotting 

Strain 

WG096 (pkiA+) 

\iG083(pUA3)bî 

WGZ30(pkiA4) 

mZ3l(pUA5) 

mz32{pUAe) 

Sucrose 
tolerance 

+ 

+ 

-

-

+ 

Inoculation , 
(Conidia ml" ) 

1.3 x 106 

2.3 x 105 

1.3 x 105 

1.3 x 105 

1.0 x 105 

VW?> 

5 

10 

10 

10 

6 

MMSaj 

2 

1 

2 

2 

1 

Yield wet weight 
(g) 

1.2 

2.4 

8.2 

5.1 

2.0 

a) ' In the table the number of 300 ml cultures (40 hours) on acetate (MMA) are 
listed and the number of 300 ml cultures used for subsequent transfer (10 
hours) of the mycelium to sucrose (MMS). 

' To obtain sufficient conidia of the mutant strains, the yield of conidia of 
approx. 40 petri dishes (0 9 cm) was necessary. 

Table VI.3. Enzymatic activities of pyruvate kinase in various strains 

Strain 

WG096(pH4+) 

WG083(pfc£43) 

UG230(pUA4) 

WG231 (pkiAS) 

WG232 (pkiA6) 

Crude extract Pyruvate kinase 

protein(mg ml" ) Specif ic a c t i v i t y 
-1, 

4.54 

3.59 

1.97 

3.44 

1.11 

(U mg"1) 

0.07a) 

0.05 

0.05 

0 

0.05 

;b) 

Partially purified pyruvate 

kinase. Specific activity 

(U mg"1) 

38.0 

12.6 

16.3 

0 

0.33 

Specific activity of pyruvate kinase in wild type is low probably due to 
ageing of the culture. The mutant cultures were stored only for a short 
period at -20°C. 

' In the case of WG083 colonies were found in the inoculate able to grow on 
minimal sucrose medium, this value is therefore not only due to mutant pyru
vate kinase. 
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Crude extracts of the various strains were made and pyruvate kinase specific 
activities were determined. Also some extract was applied on small columns of 
Mikacion Brilliant Yellow 6GS Sepharose C1-4B (0 0.5 x 5 cm) both for mutant 
strains (3-5 ml) and wild type (1 ml). The columns were washed with buffer A 
(chapter V) and then the 0.5 M NaCl eluate was collected. In Table VI.3. some 
data are given about the various strains used. The values of the specific acti
vities of partially purified pyruvate kinase of the mutants differ. This could 
be due to differences in the stability of the mutant pyruvate kinases. 
In Fig. VI.10 the results are shown of SDS-polyacrylamide gel electrophoresis 
of crude extracts of several strains (A) together with the results of Western 
blotting (B). 

A 
3 4 

B 
2 3 4 

Fig. VI.10. A: SDS-polyacrylamide gels after electrophoresis and staining 
Crude extracts of the following strains were used: 
1) WG096 { p k U + ) , 170 ug; 2) WG232 {PkU6), 42 vg 
3) WG083 (pkU3), 135 ug; 4) WG231 \ p k U 5 ) , 129 Pg 
5) WG230 {pUA4), 74 yg. 
B: Western blots after staining, similarly to A. 

In Fig. VI.11. similar results are shown with the corresponding partially puri
fied extracts. From these pictures one observes that these strains except 
WG231 (pkiA5) show immunological activity both in a crude extract and in the 
partially purified state. WG231 (pkiAS) is the only strain totally devoid of 
pyruvate kinase activity (Table VI.3.) and therefore this strain could be a 
strain incapable to synthesize the pyruvate kinase gene product. 
Since WG083 {pkiAZ) and WG232 (pkU6) which have a sucrose tolerance (Table VI.2) 
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still synthesize a pyruvate kinase gene product, there is no direct relation 

between this tolerance and the absence of the pyruvate kinase protein. 

The Ouchterlony double diffusion does not allow detection of pyruvate kinase 

in acetate grown mycelium with antiserum raised against pyruvate kinase induced 

under glycolytic conditions. Therefore it will be interesting to screen immuno

logical activity of pyruvate kinase in mycelium grown on that carbon 

source, since pyruvate kinase of this origin is inhibited by the pyruvate kinase 

antiserum and does have affinity for Mikacion Brilliant Yellow 6GS Sepharose 

C1-4B. Unfortunately, the limited time available did not allow further experiments 

to optimize the detection of pyruvate kinase in acetate grown mycelium to verify 

whether or not a second pyruvate kinase gene exists in this fungus. 

A 
3 

1 2 

ggf*-* 

B 
3 4 

i 

Fig. V I .11 . A: SDS-polyacrylamide gels a f ter electrophoresis and staining 

Pa r t i a l l y pu r i f i ed samples of the fo l lowing strains were used: 
1) WG096 (pkiA+), 5 ug; 2) WG232 (pkiA6), <5 yg 
3) WG083 [pkiAZ), 5 ug; 4) WG231 (pkiAS), 11 yg 
5) WG230 (pUA4) <5 v g. 

B: Western blots a f ter s ta in ing , s im i la r l y to A. 

CONCLUSIONS 

The pyruvate kinase in wild type A.nidulans is regulated by a mechanism that 

differentially responds to the carbon source offered. The levels of pyruvate 

kinase in polygalacturonate or acetate grown cultures are low and are raised 

quickly when a glycolytic carbon source like sucrose is offered. The change in 
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carbon source is reflected by the immunological activity of pyruvate kinase. An 

acetate grown culture of wild type A.nidulans shows a single precipitation line 

in the Ouchterlony double diffusion. This precipitate involves an unidentified 

protein in the crude extract of both sucrose or acetate grown A.nidulans that 

has no affinity for the matrix used in the partial purification of pyruvate ki

nase and that has no pyruvate kinase activity. After transfer to sucrose of an 

acetate grown culture a second precipitation line is observed in the Ouchterlony 

double diffusion, which can be assigned to pyruvate kinase. Detection of pyruvate 

kinase is also possible in a Western blot. The pyruvate kinase mutants tested all 

belong to a single gene pkïA as judged from non-complementation. Only one of 

the mutants (pHA5) is totally devoid of pyruvate kinase activity and even in a 

Western blot pyruvate kinase protein is not detected. The absence of low molecu

lar weight bands in the Western blot of this mutant supports the notion that 

these bands which are present in the Western blot of pyruvate kinase in crude 

extracts of wild type are degradation products of pyruvate kinase. Since the pyru

vate kinase gene product is present in both a sucrose tolerant and a sucrose sensitive 

pyruvate kinase mutant strain there is no direct relationship between the 

absence of a pyruvate kinase gene product and sucrose tolerance. 

Further research is required to establish whether or not a second pki gene occurs 

in A.nidulans. 
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Summary 

This thesis deals with carbon metabolism in the lower eukaryote Aspergillus 
nidulans. This fungus is an attractive organism as a model to study genetics in 

relation to metabolism in lower eukaryotes. 

In chapter I the present state of affairs in this field is summarized for A. nidu
lans and some of the advantages of this fungus in particular for physiological and 

biochemical genetic studies are indicated. The picture of the metabolic abilities 

of Aspergilli is still far from complete notwithstanding the many studies in A. 
nidulans and A.niger. The latter is a related fungus used for the biosynthesis of 

industrial enzymes and for the large scale production of metabolites of commercial 

and economic interest. 

Ever since the early investigations into the physiology of A.nidulans, which star

ted some 40 years ago, the use of mutants to study the effects of mutant genes on 

metabolism has become increasingly important. Therefore a brief review is given of 

the various ways in which mutants regarding to carbon metabolism in A. nidulans 
have been selected and isolated. An up to date list is added of mutations in car

bon metabolism and, as far as these are known, of the metabolic defects involved. 

In chapter II a study was made on the metabolic features of mutants in carbon 

metabolism, since mutations may have effects on the level of a particular enzyme 

directly as well as on the regulation of other steps in metabolism [e.g. inhibi

tion, repression). The mutants used for this purpose were defective in pyruvate 

kinase, pyruvate dehydrogenase complex, pyruvate carboxylase, transaldolase and in 

two non-specified lesions in glycerol metabolism. 

Growth tests with a variety of substrates and combinations of them were performed 

with the mutants and on the basis of the results obtained criteria were developed 

to distinguish the mutant phenotypes. Such growth tests can be used as a first 

step in the elucidation of unknown metabolic pathways and also to find a strategy 

to isolate particular mutants. From the carbon sources tested for growth, D-galac-

turonate emerged as a substrate useful to discriminate pyruvate kinase mutants, 

which showed good growth on this carbon source from mutants defective in the 
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pyruvate dehydrogenase complex or pyruvate carboxylase, which grow badly or not 

at all. The differences observed between these mutants in their ability to use 

D-galacturonate as sole carbon source indicated that pyruvate is a metabolite 

formed during the degradation of D-galacturonate. Moreover, it was predicted 

that selection for a mutant phenotype unable to use this carbon source would 

lead, among others, to mutants unable to metabolize pyruvate, for instance pyru

vate dehydrogenase complex mutants. 

In chapter III the results are described of an X-ray mutation experiment followed 

by enrichment on D-galacturonate. This led to a large number of mutants unable to 

grow on this carbon source. The criteria developed in chapter II were used to 

assign phenotypes to the mutants isolated. The majority of these were found to be 

defective in the pyruvate dehydrogenase complex. In addition mutants were isolated 

defective in pyruvate carboxylase and in glycerol metabolism, whereas a novel 

class of mutants was found blocked earlier in D-galacturonate metabolism. 

The mutants isolated were further analyzed by complementation tests with defined 

tester strains. It was found that all pyruvate dehydrogenase complex mutants stu

died belonged to one of the three genes already known. The pyruvate carboxylase 

mutants were novel with respect to their inability to complement in a hetero-

karyon with two pyruvate carboxylase tester strains which mutually complement. 

All mutants found in glycerol metabolism belonged to the same gene. 

Since mutants were obtained which were only defective in D-galacturonate metabo

lism, a preliminary study was started to analyze the metabolic route which this 

compound follows in wild type A.nidulans. A pathway for the degradation of D-

galacturonate which leads to pyruvate as one of the products is known to occur in 

Escherichia coli. Although the presence of this pathway was easily demonstrated 

in the latter microorganism, no positive evidence has been found for a similar 

pathway operating: in A.nidulans. 

In chapter IV the purification and some properties of the pyruvate dehydrogenase 

complex of A.nidulans are described. A purification scheme was developed using 

ultracentrifugation of the complex in a crude extract, polyethylene glycol pre

cipitation of the concentrated enzyme complex and affinity chromatography on 

ethanol-Sepharose 2B. After a final sucrose density gradient centrifugation step, 

a pure multienzyme complex was obtained with a specific activity of 7.8 U mg 

with a recovery of 16%. The preparation finally obtained still contained pyruvate 

dehydrogenase kinase, which enzyme was copurified. SDS-polyacrylamide gel elec

trophoresis showed that the purified pyruvate dehydrogenase complex is composed of 

4 proteins which were assigned to the a and ß subunit of pyruvate decarboxylase, 
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lipoate acetyl transferase and of lipoamide dehydrogenase. The molecular weights 

of the complex enzymes resemble those of the complex of other eukaryotes and of 

Bacilli. The kinetic constants of the complex were listed and they were compared 

to those of the complexes of other sources. 

In chapter V a purification scheme for pyruvate kinase is described based mainly 

on the use of affinity chromatography with reactive dyes. Screening several of 

these dyes coupled to Sepharose resulted in two dyes which were used in 

sequence to purify pyruvate kinase: Mikacion Brilliant Yellow 6GS,and Cibacron 

Blue 3G-A as a dextran conjugate. The addition of ethylene glycol during these 

purification steps was necessary to warrant an optimal recovery of the enzyme 

activity. Although some pyruvate kinase activity could be recovered by biospecific 

elution, in the final purification scheme aspecific elution of the enzyme was 

preferred by enhancing the ionic strength of the elution buffer. A homogeneous 

enzyme preparation was obtained with specific activity of 67 U mg" after a final 

gel filtration on Sephacryl S-300. The overall yield was low due to instability of 

the enzyme. The purified pyruvate kinase was used to raise antibodies in a rabbit. 

In chapter VI the levels of pyruvate kinase specific activity were studied in 

wild type A.nidulans grown under different nutritional conditions. The specific 

activity of pyruvate kinase was high in mycelium grown on sucrose and low in 

mycelium grown on polygalacturonate or acetate. The latter two carbon sources 

allow growth of pyruvate kinase mutants. With antibodies against purified pyru

vate kinase raised in a rabbit several pyruvate kinase mutants and wild type 

grown under pyruvate kinase inducing conditions were analyzed for the presence of 

a pyruvate kinase gene product in sucrose tolerant and sucrose sensitive pyruvate 

kinase mutant strains,by the use of immunological methods. Although pyruvate 

kinase could be detected easily in crude extracts of wild type by Ouchterlony 

double diffusion and tandem crossed immunoelectrophoresis, these methods failed 

when applied to extracts of pyruvate kinase mutants. Therefore Western blotting 

was introduced to screen for a pyruvate kinase gene product. Among 5 mutants, 

all at the same locus as found by non-complementation, only one was found, 

totally lacking immunological and enzymatic activity. Since a pyruvate kinase 

gene product was present in both a sucrose tolerant and a sucrose sensitive 

strain, the absence of such a gene product is not a prerequisite for sucrose 

tolerance observed with some pyruvate kinase mutants. 
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Samenvatting 

Dit proefschrift handelt over het kool stofmetabolisme in de lagere eukaryoot 

Aspergillus nidulans. Deze schimmel is een aantrekkelijk model organisme voor de 

bestudering van de genetica met betrekking tot het metabolisme in lagere eukary-

oten. 

In hoofdstuk I is de huidige stand van zaken hierover voor A.nidulans samengevat 

en zijn enige voordelen voor het gebruik van deze schimmel in het bijzonder voor 

onderzoek van de fysiologie en de biochemische genetica aangegeven. 

Het beeld van de stofwisselingsmogelijkheden van Aspergilli is nog verre van 

compleet niettegenstaande de vele studies gewijd aan A.nidulans en A.niger. 

De laatstgenoemde is een verwante schimmel die gebruikt wordt voor de biosynthese 

van enzymen op industriële schaal, en tevens voor de productie van metabolieten 

die commercieel en economisch van belang zijn. 

Sinds het eerste onderzoek naar de fysiologie van Aspergillus nidulans dat onge

veer 40 jaar geleden een aanvang nam, is het gebruik van mutanten om de effecten 

van mutante genen op het metabolisme te bestuderen steeds belangrijker geworden. 

Daarom is er een kort overzicht gegeven van de verschillende manieren waarop 

mutanten met betrekking tot het kool stofmetabolisme in A.nidulans geselecteerd 

en geïsoleerd werden. Een bijgewerkte lijst van mutaties in het koolstofmetabolis

me met voor zover bekend de erop betrekking hebbende stofwisselingsstoornissen 

is toegevoegd. 

In hoofdstuk II is het onderzoek beschreven naar de stofwisselingskenmerken van 

mutanten in het koolstofmetabolisme, aangezien mutaties niet alleen rechtstreeks 

invloed kunnen hebben op het niveau van een bepaald enzym maar ook op de regula

tie van andere stappen in de stofwisseling (bijv. remming, repressie). De voor 

dit doel gebruikte mutanten waren gestoord in pyruvaatkinase, pyruvaatdehydroge-

nase-complex, pyruvaatcarboxylase, transaldolase en in twee niet nader bepaalde 

gebreken in de glycerol stofwisseling. 

Groeitesten met een verscheidenheid van substraten en combinaties daarvan werden 

met deze mutanten uitgevoerd en op grond van de verkregen resultaten werden er 
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criteria ontwikkeld om de mutante fenotypen van elkaar te kunnen onderscheiden. 

Zulke groeitesten kunnen gebruikt worden als een eerste stap in de opheldering 

van onbekende stofwisselingswegen en ook om een strategie te vinden voor de 

isolatie van bepaalde mutanten. 

Van de kool stofbronnen die gebruikt werden voor de groeiproeven bleek D-galactu-

ronaat een nuttig substraat om enerzijds pyruvaatkinase mutanten, die hierop 

goed groeien, te onderscheiden van mutanten gestoord in het pyruvaatdehydrogenase-

complex of pyruvaatcarboxylase, die er niet of nauwelijks op groeien. De verschil

len waargenomen tussen deze mutanten in hun vermogen om D-galacturonaat als enige 

koolstofbron te gebruiken gaven aan dat pyruvaat een metaboliet is die gevormd 

wordt tijdens de afbraak van D-galacturonaat. Bovendien werd voorspeld dat selec

tie voor een mutant fenotype, niet in staat om deze kool stofbron te gebruiken, o.a. 

zou leiden tot mutanten gestoord in de pyruvaatverwerking, bijvoorbeeld pyruvaat-

dehydrogenase-complex mutanten. 

In hoofdstuk III zijn de resultaten beschreven van een experiment waarbij 

Röntgenstraling gebruikt werd om mutaties te induceren. Aansluitend verrijking 

van mutanten in D-galacturonzuur als koolstofbron leidde tot een groot aantal mu

tanten die niet op deze verbinding kunnen groeien. De criteria die in hoofdstuk 

II werden ontwikkeld werden gebruikt om de geïsoleerde mutanten fenotypisch te 

karakteriseren. Het merendeel bleek gestoord in het pyruvaatdehydrogenase-complex. 

Daarnaast werden er mutanten geïsoleerd gestoord in pyruvaat carboxylase en ge

stoord in het glycerol metabolisme, terwijl een nieuw type mutanten werden aange

troffen op een eerder niveau geblokkeerd in het D-galacturonaat metabolisme zelf. 

De geïsoleerde mutanten werden verder geanalyseerd door middel van complementatie 

met gedefinieerde tester stammen. Alle geïsoleerde pyruvaatdehydrogenase-complex 

mutanten hadden betrekking op een van de drie reeds bekende genen. De pyruvaat

carboxylase mutanten waren nieuw wat betreft hun onvermogen in een heterokaryon 

te complementeren met pyruvaatcarboxylase mutanten die dat onderling wêl kunnen. 

Alle mutanten in het glycerolmetabolisme hadden betrekking op hetzelfde gen. 

Aangezien mutanten waren verkregen die uitsluitend gestoord waren in het D-galac

turonaat metabolisme, werd een inleidend onderzoek uitgevoerd om de stofwisse

lingsweg te analyseren die door deze verbinding wordt gevolgd in A.nidulans. 
Een afbraakweg voor D-galacturonzuur die naar pyruvaat leidt als een van de Pro

dukten is bekend voor Escherichia coli. Hoewel de aanwezigheid van deze weg in 

laatstgenoemd organisme gemakkelijk aangetoond kon worden, werd er geen positief 

bewijs gevonden voor de aanwezigheid van een soortgelijke weg in A.nidulans. 

In hoofdstuk IV worden de zuivering en enige eigenschappen van het pyruvaatdehy-
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drogenase-complex van A.nidulans beschreven. Een zuiveringsschema werd ontwik

keld, gebruik makend van ultracentrifugatie van het complex in een ruw extract, 

precipitatie van het geconcentreerde enzymcomplex met polyethyleenglycol en affi-

niteitschromatografie met behulp van ethanol-Sepharose 2B. Na ultracentrifugatie 

in een sucrose-dichtheidsgradient werd een zuiver multienzymcomplex verkregen met 

een specifieke activiteit van 7.8 U mg~ in een opbrengst van 16%. Het uiteinde

lijk verkregen preparaat bevatte nog steeds pyruvaatdehydrogenase kinase, dat 

werd meegezuiverd. SDS-polyacrylamide gel electroforese toonde aan dat het ge

zuiverde pyruvaatdehydrogenase-complex bestaat uit 4 eiwitten toegewezen aan de 

o- en ß-component van het pyruvaatdecarboxylase, lipoaat acetyl transferase en van 

het lipoamide dehydrogenase. De molecuul gewichten van de tot het enzymcomplex 

behorende enzymen lijken op die van het complex bij andere eukaryoten en Baailli. 

De kinetische constanten van het complex werden vergeleken met die van het complex 

uit andere organismen. 

In hoofdstuk V is een zuiveringsschema beschreven voor pyruvaatkinase, voorname

lijk gebaseerd op het gebruik van affiniteitschromatografie met reactieve kleur

stoffen. Een proefopzet waarin verscheidene van deze kleurstoffen gekoppeld aan 

Sepharose werden vergeleken, resulteerde in twee kleurstoffen die na elkaar 

gebruikt werden voor de zuivering van pyruvaatkinase: Mikacion Brilliant Yellow 

6GS en Cibacron Blue 3G-A als dextraanconjugaat. De toevoeging van ethyl eenglycol 

gedurende deze zuiveringsstappen was noodzakelijk voor een optimale terugwinning 

van de enzymactiviteit. Hoewel pyruvaatkinase ook met behulp van biospecifieke 

elutie teruggewonnen kon worden, werd uiteindelijk gekozen voor een aspecifieke 

elutie door verhoging van de ionsterkte van de elutiebuffer. Een homogeen enzym

preparaat met een specifieke activiteit van 67 U mg werd verkregen na een gel-

filtratie met Sephacryl S-300. De opbrengst was laag tengevolge van instabiliteit 

van het enzym. Het gezuiverde pyruvaatkinase werd gebruikt voor het opwekken van 

antilichamen in een konijn. 

In hoofdstuk VI werden de niveaus van de pyruvaatkinase specifieke activiteit 

bestudeerd in wild type A.nidulans gekweekt onder verschillende voedingsomstandig-

heden. De specifieke activiteit van het pyruvaatkinase was hoog in mycelium ver

kregen na groei op sucrose en laag in mycelium verkregen na groei op polygalactu-

ronaat of acetaat. De laatstgenoemde kool stofbronnen stellen pyruvaatkinase mu

tanten in staat om te groeien. Met antilichamen tegen het gezuiverde pyruvaat

kinase, opgewekt in een konijn, werden verscheidene pyruvaatkinase mutanten en 

het wild type na groei onder pyruvaatkinase inducerende omstandigheden, geanaly

seerd op de aanwezigheid van een pyruvaatkinase genprodukt in sucrose tolerante 
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en sucrose gevoelige pyruvaatkinase mutanten, gebruik makend van immunologische 

methoden. Pyruvaatkinase kon gemakkelijk aangetoond worden in ruwe extracten 

van het wild type met de Ouchterlony dubbel diffusie en "tandem crossed immuno-

electroforese". Deze methoden faalden echter wanneer extracten van pyruvaatkinase 

mutanten werden gebruikt. Daarom werd de "Western blotting" ingevoerd om te kijken 

naar de aanwezigheid van een pyruvaatkinase genprodukt. Onder 5 mutanten, alle op 

dezelfde locus, (zoals gevonden uit het onvermogen om te complementeren) werd 

slechts êén mutant gevonden, die zowel immunologische als enzymatische activiteit 

volledig miste. Aangezien een pyruvaatkinase genprodukt zowel aanwezig was in een 

sucrose tolerante als in een sucrose gevoelige stam, is de afwezigheid van zo'n 

genprodukt geen vereiste voor de sucrosetolerantie waargenomen bij enkele pyru

vaatkinase mutanten. 
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