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Stellingen: 

1. De conclusie van Devchand en Kapoor dat er twee vormen van pyruvaat-
kinase mRNA in Neurospora crassa voorkomen, volgt niet uit de door hen 
gepresenteerde resultaten. 
Devchand, M.S. and Kapoor, M., Can. J. Microbiol., 33 (1987), 322-326. 

De stelling dat bij transformatie van schimmels zoals Aspergilli 
integratie van het DNA in het genoom via niet-homologe recombinatie 
veeleer regel dan uitzondering is, is onjuist. 
Wernars, K. , proefschift Landbouwuniversiteit Wageningen, 1986. 

3. De invloed die intron sequenties kunnen hebben op het transcriptieni
veau wordt vaak onderschat. 
Bornsteinetal., Proc. Natl. Acad. Sei. USA, 84 (1987), 8869-8873; 
Brinster et al., Proc. Natl. Acad. Sei. USA, 85 (1988), 836-840. 

4. De uitspraak dat in het pyruvaatkinase gen uit Saccharomyces cerevisiae 
een downstream activating sequence voorkomt, wordt onvoldoende door 
experimentele resultaten onderbouwd. 
Purvis et al., Nucl. Acids Res., 15 (1987), 7963-7974. 

5. Functionele promoter analyse via deletie studies geven slechts een 
indicatie van functionele gebieden betrokken bij de regulatie van het 
transcriptie niveau. 

Het feit dat het niet-allostere Kt type pyruvaatkinase en het allostere 
M2 type pyruvaat kinase uit rat onderling slechts verschillen in de 
contact regio's Cal en Ca2, houdt niet in dat er geen andere gebieden 
in het eiwit betrokken zijn bij de allostere activatie door fructose 
1,6-bifosfaat. 
Dit proefschrift. 

7. Het groeiend aantal artikelen op het gebied van de in vivo NMR 
spectroscopie aan mlcrobiële systemen is geen waarborg voor de 
fysiologische relevantie van deze studies. 

Stellingen behorende bij het proefschrift "Structure and expression of 
the pyruvatekinase gene of Aspergillus nidulans and Aspergillus niger." 

Vageningen, 19 april 1989 L.H. de Graaff 
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CHAPTER 1 

Scope of t h e i nves t iga t ion 



Scope of the investigation 

The physiology and genetics of carbon metabolism in Aspergillus has 

been studied intensively over the last ten years. The recent developments 

in recombinant DNA methodology for Aspergillus, combined with well known 

genetics, in particular the genetics of A.nidulans, provide powerful tools 

to study gene structure and gene expression in relation to this area of 

fungal metabolism. 

Transformation of Aspergillus only occurs by integration of the 

transforming DNA into the genome. This leads to relatively low transfor

mation frequencies, compared to yeast, where autonomously replicating 

Plasmids are found. The direct cloning of genes by complementation was 

initially hampered by the low transformation frequencies found. The first 

Aspergillus genes were cloned by complementation in E.coli or yeast. 

However, this is only possible for genes which give functional expression 

in those organisms, and several other strategies have been applied to 

clone fungal genes (see Chapter 2 for an overview and examples). 

As the result of many studies over recent years, transformation 

methods have been developed and considerably improved (reviewed by 

Rambosek and Leach, 1987), leading to much higher transformation frequen

cies, up to several thousands per microgram of transforming DNA for 

A.nidulans as well as for A.niger. Most of these transformation systems 

were primarily developed for A.nidulans (e.g. see Wernars, 1986) for 

which, due to its well known genetics, a large number of auxotrophic 

mutants is available. Some of these systems were later adapted for A.niger 

e.g. AmdS (Kelly and Hynes, 1985) and pyrk (Goosen et al., 1987; van 

Hartingsveldt et al., 1987). Studies on gene structure and expression in 

Aspergillus have been initiated only recently, since such studies depend 

on suitable transformation systems. Research in a large number of 

laboratories, has lead to a rapid development of our knowledge about the 

gene organization and regulation of expression in Aspergillus and other 



fungi. 

The aim of the investigation described in this thesis was to study 

gene structure and gene expression in A.nidulans and A.niger in relation 

to carbon metabolism. Eventually such studies may lead to a situation 

where one is able to alter carbon fluxes in primary metabolism by genetic 

manipulation. 

The utilization rate of glucose in glycolysis can be controlled; 

- by glucose uptake;. 

- by phosphorylation of glucose by hexokinase; 

- by phosphofructokinase which converts fructose 6-phosphate to 

fructose 1,6-biphosphate; 

- by pyruvate kinase, which converts phosphoenolpyruvate and ADP to 

pyruvate and ATP; this reaction plays a role in balancing glycolysis and 

gluconeogenesis, and is therefore a potential control point between 

those metabolic pathways. 

The gene encoding pyruvate kinase (pki) was chosen in this study 

because of the potential role of pyruvate kinase as a control point in 

glycolysis. The gene is highly expressed, indicating that transcription is 

under the control of a strong promoter, whereas the level of expression 

varies depending on the carbon source used for growth. This makes it 

interesting to study which sequences are involved in regulating the 

expression of this gene. Moreover, a study of this gene provides the 

opportunity to investigate whether it is regulated both by specific 

control and general control mechanisms, in response to changes in 

physiological conditions. 

There are three other advantageous factors which make this system 

attractive; 

- Glycolytic genes are quite well conserved. Therefore the yeast gene, 

which was cloned before, can be used as a probe; 



- A number of different A.nidulans pki mutants are available, one of them 

completely lacking the pyruvate kinase gene product (Uitzetter, 1982). 

This provides the possibility to study the effect of in vitro mutations 

on the regulation of the gene expression or on the catalytic activity of 

the enzyme ; 

- Although the biochemistry of the Aspergillus pyruvate kinase is known 

only to some extent, the enzyme from other sources is studied in great 

detail. 

The Aspergillus pyruvate kinase gene was cloned by heterologous 

hybridization, using the yeast pyruvate kinase gene (Burke et al., 1983) 

as a probe. In A.nidulans a transformation system, based on a pkiA5 mutant 

(WG231) lacking the pyruvate kinase gene product, was developed to study 

the identity and the expression of the cloned gene, as described in 

Chapter 2. The A.nidulans pyruvate kinase was purified from the wild type 

strain and from one of the transformants overproducing the enzyme. Using 

this purified enzyme some of its properties were determined, as described 

in Chapter 3. The gene structures of the A.nidulans (Chapter 4) and of the 

A.niger (Chapter 5) pyruvate kinase gene have been determined, and 

compared with the gene structures encoding pyruvate kinase in other 

organisms. In addition, in Chapter 5 the expression of the cloned A.niger 

pyruvate kinase gene in A.niger is described. Finally, in Chapter 6, the 

three dimensional modeling of the Aspergillus pyruvate kinase structure is 

described, based on the crystallographic data of the cat muscle pyruvate 

kinase. This provides information about the regions in the protein 

involved in the allosteric regulation by fructose 1,6-biphosphate. 
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Summary 

The Aspergillus nidulans pyruvate kinase gene was isolated by heterolo

gous hybridization using the corresponding yeast gene as a probe. A 2.9 kb 

EcoRI/BamHI fragment which exclusively hybridized to the yeast gene, was 

subcloned in pBR322. This clone was used to transform an A.nidulans pkiA 

deletion mutant to PKI+. Analysis of transformants with respect to the 

kind of integration revealed in about 80% homologous integration, 55% by a 

double cross-over event (type III integration), 25% by a single cross-over 

event (type I integration). Type II transformants (20%) which arise by 

non-homologous integration have not been further characterized with 

respect to the sites of integration. 

A direct correlation between the number of copies of the gene integra

ted into the genome and the measured pyruvate kinase activity was found 

after growth on a glycolytic carbon source. From this it was concluded 

that the 2.9 kb EcoRI/BamHI fragment contains the complete pyruvate kinase 

structural gene, including the promoter region. 

However, after growth on a gluconeogenic carbon source the regulation 

of gene expression was found to be disturbed. On acetate an increase in 

activity per gene copy (0.2 IU) was found in the transformants, as 

compared to wild type levels. It is suggested that the pyruvate kinase 

gene is regulated by negative control, and that some sequences involved in 

this regulation are missing in the cloned fragment. 
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Introduction 

The study of genes and their regulation in Aspergilli is greatly 

enhanced by the development of efficient transformation systems during the 

last few years (e.g. Tilburn et al., 1983; Yelton et al., 1984; Bailance 

and Turner, 1985; Buxton et al., 1985; Johnstone, 1985; Kelly and Hynes, 

1985; Wernars et al., 1985). 

Although there are several reports on the cloning of genes by comple

mentation in Aspergilli (Johnstone et al., 1985; Yelton et al., 1985; 

Ballance and Turner, 1986) these systems need to be elaborated more 

extensively, before they can be routinely used in the straightforward 

cloning of genes in this organism. To overcome difficulties in cloning by 

complementation several alternative strategies have been followed, viz. 

cDNA cloning after mRNA enrichment and differential hybridization e.g. in 

the case of the genes encoding A.nidulans alcohol dehydrogenase I(alcA) 

and aldehyde dehydrogenase (aldA) (Lockington et al., 1985), and by cDNA 

cloning in an E.coli expression vector followed by immunochemical 

screening (de Graaff, unpublished results). Genes have also been isolated 

by heterologous complementation or expression as in the case of the 

A.nidulans trpC gene in E.coli (Yelton et al., 1983), and the A.niger ß-

glucosidase gene in yeast (Penttilä et al., 1984) or by heterologous 

hybridization with the corresponding gene of a related organism like the 

A.nidulans 3-phosphoglyceratekinase (pgk) with the yeast gene (Clements 

and Roberts 1985), and the A.niger orotidine-5'-phosphate decarboxylase 

(pyrA) gene with the N.crassa pyrk gene (Goosen et al., 1987). 

Like other glycolytic genes such as the glyceraldehyde-3-phosphate 

dehydrogenase (Stone et al., 1985; Tso et al., 1985a>b), and the 3-

phosphoglycerate kinase gene (Hitzemann et al. , 1982; Clements and 

Roberts, 1986), the gene encoding pyruvate kinase is highly conserved in a 

broad range of organisms (Burke et al., 1983; Lonberg and Gilbert, 1983; 

1985). We have used this high degree of conservation to isolate the 
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pyruvate kinase (pki) gene of A.nidulans. The corresponding yeast gene, 

which was isolated by complementation (Kawasaki and Fraenkel, 1982), was 

used as a probe to screen the A.nidulans genomic library by heterologous 

hybridization. A similar approach was recently used by Clements and 

Roberts (1985) to isolate the A.nidulans 3-phosphoglycerate kinase gene. 

Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40) is 

one of the key regulatory enzymes in glycolysis. It catalyzes the 

conversion of phosphoenolpyruvate (PEP) to pyruvate, thereby generating 

ATP. The isolation of this enzyme has been described for several fungi 

viz. Mucor rouxii (Terenzi et al., 1971), Neurospora crassa (Kapoor and 

Tronsgaard, 1972), and A.nidulans (Uitzetter, 1982) whereas partial 

purification has been obtained for the enzyme originating from A.niger 

(Meixner-Monori et al., 1984). The A.nidulans enzyme is a homotetramer 

with a reported subunit molecular weight of 60 kDa (Uitzetter, 1982). 

The enzyme activity is usually allosterically controlled both by sub

strate (PEP) and product (ATP) and in addition by the allosteric effector 

fructose 1,6-biphosphate (see e.g. Kapoor, 1975; Meixner-Monori et al., 

1984). 

The in vivo activity of pyruvate kinase in A.nidulans is influenced 

by the carbon source used when culturing the organism (Payton and Roberts, 

1976; Uitzetter, 1982). Using a glycolytic carbon source, a 20-fold 

increase in enzyme activity is found as compared to the level found when 

grown on a gluconeogenic carbon source. This reflects a regulation of the 

pyruvate kinase activity level required in order to maintain the balance 

between gluconeogenesis and glycolysis under gluconeogenic growth conditi

ons (Uitzetter, 1982). 
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Pyruvate kinase genes of several organisms have been isolated and 

from genomic or cDNA nucleotide sequence analysis, structures are known 

for the genes originating from yeast (Burke et al., 1983) and chicken 

(Lonberg and Gilbert, 1983; 1985). These studies reveal a strong conser

vation in the predicted amino acid sequence of the enzyme structure during 

its evolution. However, thus far not much is known in the various cases 

about the regulation of the gene and about the nucleotide sequences 

involved in gene regulation. 

In this paper the isolation of the A.nidulans pki gene, the subse

quent transformation of a pyruvate kinase mutant with the cloned gene, and 

an analysis of the transformants are described. 

Materials and methods 

Strains 

The following strains were used: A.nidulans WG096 (z^2> pabaAl) A.nidulans 

WG231 (xA2! pkiA5: vabaAl). 

Chemicals and enzymes 

Restriction enzymes and DNA polymerase I were obtained from Pharmacia 

and Promega; DNA ligase from BRL and <x-^2P-dATP from New England Nuclear. 

All other chemicals used were of analytical grade. Schleicher and Schuil 

BA85 nitrocellulose was used in Southern blotting; Millipore HATF85 

nitrocellulose filters for plaque lifts. 

Media and growth conditions 

For the preparation of conidiospores A.nidulans was grown on 

complete medium (Pontecorvo et al., 1953), solidified with 1.2% agar using 

either 25 mM sucrose (strain WG096) or 100 mM acetate (strain WG231) as 

carbon source. Mycelium was grown by inoculating 10 spores ml' in 

minimal medium (Pontecorvo et, al., 1953), supplemented with 2pg ml'1 p-

aminobenzoic acid and with the appropriate carbon source. The mycelium was 

grown for 18-22 hr at 37°C in a Gallenkamp orbital shaker (200 rpm), 

using 1 1 flasks containing 300 ml minimal medium. 
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Preparation and transformation of A.nidulans protoplasts 

Mycelium of WG231 was grown on cellophane according to Ballance and 

Turner (1985). Protoplasts were prepared from the mycelium by an over

night incubation with Novozyme 234 (5 mg ml'*-) in 0.6 M KCl. After puri

fication by filtration and centrifugation the protoplasts were transformed 

essentially as described by Wernars et al. (1985). 

Isolation of nucleic acids 

Plasmid DNA was propagated and purified by standard methods 

(Maniâtis et al., 1982). 

Extraction of nucleic acids from A.nidulans 

Fungal DNA was isolated by a slightly modified procedure used to 

isolate plant RNA (Slater, 1985). Mycelium, which was grown overnight in 

liquid minimal medium, was harvested, washed with cold saline, frozen in 

liquid nitrogen and stored at -80 °C. Nucleic acids were isolated by dis

rupting 0.5 g frozen mycelium using an microdismembrator (Braun). The 

mycelial powder obtained was extracted with freshly prepared extraction 

buffer. 

The extraction buffer was prepared as follows: 1 ml tri-isopropyl-

naphtalene sulfonic acid (TNS) (20 mg/ml) was thoroughly mixed with 1 ml 

p-aminosalicylic acid (PAS) (120 mg/ml) and 0.5 ml 5 x RNB buffer was 

added (5 x RNB contains 121.10 g Tris, 73.04 g NaCl and 95.10 g EGTA in 

1 1, pH 8.5). After the addition of 1.5 ml phenol, the extraction buffer 

was equilibrated for 10 min. at 55 °C. The warm buffer was then added to 

the mycelial powder, and the suspension was thoroughly mixed for 1 min. 

using a vortex mixer. After addition of 1 ml chloroform the suspension was 

remixed for 1 min. After centrifugation at 10* x g for 10 min. using a 

Sorvall high speed centrifuge, the aqueous phase was extracted once more 

with an equal volume of phenol/chloroform (1:1) and then twice with 

chloroform. DNA or RNA was isolated from the aqueous phase using the 

following procedures. 

Isolation of DNA 

After extraction with chloroform the DNA was immediately precipitated 

from the aqueous phase with 2 vol. ethanol at room temperature. It was 

subsequently collected by centrifugation using a Sorvall high speed cen

trifuge at 10* x g for 10 min. and washed twice by redissolving the DNA in 

distilled, sterile water and precipitating it again with ethanol. RNA was 

removed by adding RNase A (20 pg ml'-'-) to the final solution. 
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In our hands, this procedure results in the isolation of high 

molecular weight DNA (100-200 kb) with a yield of about 300 pg DNA per g 

mycelium. 

Isolation of RNA 

The RNA was precipitated from the aqueous phase after chloroform 

extraction by adding 1/3 vol. 8 M LiCl. The solution was thoroughly mixed, 

and incubated overnight at 0 °C. The precipitated RNA was collected by 

centrifugation using a MSE Super-Minor centrifuge, at 3000 rpm for 30 min. 

Then the precipitated RNA was washed once with cold (-20 °C) 2 H LiCl and 

once with cold (-20 °C) 96% ethanol. 

Finally, the RNA was dissolved in distilled water at a concentration 

of about 1 mg/ml. This results in RNA preparations which are essentially 

free of DNA with a yield of 1-2 mg RNA per g of mycelium. 

Heterologous hybridization and plaque hybridization 

Heterologous hybridization conditions were determined by hybridizing 

chromosomal DNA digests of A.nidulans at different temperatures and under 

different washing conditions. The final conditions chosen to screen the 

genomic library were; hybridization at 56 °C and washing at 56 °C with 5x 

SSC, 0.5% SDS followed by a final washing step using 2 x SSC at 56 °C. 

Plaque hybridization of the genomic library in bacteriophage lambda 

charon 4A was performed as described by Benton and Davis (1977) under the 

experimental conditions just mentioned. 

Results 

Isolation and physical map of the gene 

The A.nidulans pki gene was isolated by heterologous hybridization 

with a 1.8 kb EcoRI fragment of the corresponding yeast gene (Burke et 

al., 1983). This 1.8 kb EcoRI fragment contains the 5 coding region and 

comprises about 90% of the gene. Digestion of A.nidulans genomic DNA with 

£coRI and subsequent Southern blotting and hybridization with the 1.8 kb 

EcoRI fragment of the yeast gene revealed a single hybridizing band, 9.5 

kb in length. 
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Screening of about 5.10 recombinant plaques of the lambda charon 4A 

genomic library of A.nidulans with this probe, resulted in the isolation 

of 24 positive clones. Four clones with the strongest hybridization signal 

were selected for further restriction and hybridization analysis. All four 

contained the 9.5 kb EcoRI hybridizing fragment. The resulting restriction 

map is shown in Fig. 1. The smallest single hybridizing fragment, a 2.9 kb 

EcoKI/BanMI fragment as well as a 5.0 kb BamHI fragment were subcloned in 

pBR322 giving pGW402 and pGW403, respectively. The 2.9 kb £coRI/BamHI 

fragment was also subcloned in M13 mp 18/19 for sequence analysis of the 

gene. 

The polarity of the gene on the cloned fragment was determined by 

digestion with the appropriate enzymes, followed by Southern analysis. 

Fragments containing the 5' and 3' end of the yeast gene, a 1.0 kb 

£coRI/Bg2II and a 0.88 kb EcoRI/Bglll fragment respectively, were used as 

probes. The orientation of the gene is indicated in Fig. 1. 

EcoRI BamHI EcoRI EcoRI 
* ^ 2 . 9 k b ^ * 

-J I É É É É É É L... 

BamHI BgNI Sail BglllSall EcoRI 
I I I I I I 
• 1.2 kb f .48 kb, .88 kb , ,.45 kb i 

Fig. 1 Restriction map of the pyruvate kinase gene of A.nidulans and its 

flanking regions on the chromosome. The hatched box represents the 

subcloned 2.9 kb EcoRI/BamHI fragment. The lower bar represents a 

more detailed restriction map of the cloned fragment. 
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Transformation of A.nidulans 

In order to prove that the cloned fragment contains the complete 

gene, Including its regulatory sequences, A.nidulans was transformed from 

PKI" to PKI+. The recipient strain in these experiments, WG231, is a pki 

mutant which was originally selected as glucose-negative. This particular 

mutant was shown to lack the pyruvate kinase protein (Uitzetter, 1982). 

Southern analysis of EcoRl/BanMX digested DNA originating from WG231 

revealed that the pkik gene in this mutant contains a deletion of about 

150 bp (results not shown). The presence of a deletion in WG231 makes this 

mutant very suitable as a recipient in transformation experiments, since 

no spontaneous reversion events can occur. 

Since pyruvate kinase mutants do not grow on glycolytic carbon 

sources as e.g. sucrose, we used a glycolytic carbon source to select 

directly for PKI+ in our transformation experiments. Following this 

strategy WG231 was transformed with the plasmids pGW402 and pGW403 to 

PKI+, with a frequency of 10-20 transformants per ftg of plasmid DNA. 

Analysis of transformants 

The resulting transformants were analyzed with respect to the type of 

integration into the genome and with respect to the expression of the 

cloned gene. 

a. Genomic analysis 

Thirteen transformants were randomly selected for analysis by 

Southern blotting after digestion of the chromosomal DNA with the appro

priate restriction enzymes. Digestion with EcoRl, which cuts only once in 

pGW402 and pGW403 and Southern analysis with the 2.9 kb EcoRl/BamHl 

fragment as a probe, showed in five transformants the presence of an 

additionally hybridizing fragment (Fig. 2A) . The size of this fragment, 

6.9 kb (indicated by an arrow), corresponds with the length of the 
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transforming plasmid, suggesting a tandem integration at the homologous 

locus (Fig. 3A and B) or a multicopy tandem integration at another site in 

the genome. In principle the two possibilities can be discriminated by 

appropriate digestions of the flanking sequences. Differences in intensity 

of the signal of this 6.9 kb fragment reflect differences in the number of 

copies integrated within the genome. 

In three other transformants (4/402/1; 8/402; 9/402) no such 

straightforward hybridization patterns were found. In the case of 4/402/1 

(lane 5) and of 8/402 (lane 9) a complex pattern of hybridizing fragments 

resulted after digesting the chromosomal DNA with EcoRI, suggesting 

integration at other sites than the homologous locus. Moreover, it is also 

possible that this event is still followed by internal rearrangements. 

Surprisingly the patterns are identical, an observation for which we do 

not have an appropriate explanation. In the case of 9/402 (lane 10) the 

pattern in Fig. 2A seems in accordance with a type I integration event. 

However, Figs. 2B (lane 10) and C (lane 1) provide the evidence that this 

is a type II integration. In the case of transformant 2/403 (Fig. 2C, 

lane 6) the hybridization pattern is more complex due to the fact that in 

pGW403, in contrast to pGW402, the ffindlll restriction site of pBR322 is 

still present. The size of the fragments obtained corresponds well with a 

type I integration. 

In six transformants no other hybridizing fragments were found 

besides the 9.5 kb EcoRI fragment. Hybridization of £coRI digests using 

pBR322 as a probe, confirmed that no vector sequences were integrated into 

the genome in these cases (Fig. 2B). As the recipient strain WG231 carries 

a deletion, these transformants are most likely the result of a type III 

integration, and they are certainly not the result of reversion of the 

mutation in the recipient strain. 
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23.6 kb 

9.6 kb 

6.6 kb 

"Br 
f' %• 

••i*-

1 2 3 4 5 6 7 8 

! 

4.3 kb 

Fig. 2 Analysis of genomic DNA from PKI+ transformants. 

DWA (1-2 fig) was digested with either EcoRI (panel A and B) or 

Hindlll (panel C). After fractionation on an agarose gel and 

transfer to nitrocellulose the blots were probed with J^P-labelled 

2.9 kb EcoRI/BamHI fragment (panel A and C) or with 32P-labelled 

pBR322 (panel B) . 

2A, B: lane 1: 1/A02 

6: 5/402 

11: 1/403 

2: 2/402 

7: 6/402 

12: 2/403 

3: 3/402 

8: 7/402 

13: WG096 

4: 4/402; 5: 4/402/1; 

9: 8/402; 10: 9/402; 

14: pGW402 

2C: lane 1: 9/402; 2: 5/402; 3: 6/402; 4: 1/402; 5: 1/403; 

6: 2/403; 7: WG096; 8: WG231 
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The number of copies integrated at the homologous locus can be deter

mined after digestion with Hindlll. This enzyme does not cut within the 

gene, as shown in Fig. 1, whereas in the plasmid pGW402 itself there is 

also no restriction site available. For every copy of pGW402 integrated 

into the genome the 4.7 kb Hindlll fragment is therefore enlarged with 6.9 

kb (Fig. 3C and D ) . The values predicted this way are 11.6, 18.5 and 24.4 

kb respectively for 1, 2 and 3 copies integrated. 

B: 
EcoR! 
1 

EcoRI 
I 

BamHI EcoRI EcoR! 
I I 1 

! _ _ _ _ 9.2 kb > 3.2 kb 

BamH: EcoRI BamH! EcoRI EcoRI 

I I 111 
— W///////M ! 

C : Hindlll BamHI EcoRI Hindlll 

I I I I 

D : •*— 4 .7 kb » 

Hindlll BamHI EcoRI BamHI EcoRI Hindlll 

I I I I I I 

Fig. 3 Integration of pGW402 DNA by homologous recombination. 

The structure of the pki region after a single homologous recombi

nation event with pGW402 DNA is shown. The hybridizing fragments 

after digestion with EcoRI or Hindlll in the wild type (A, C) and 

a single copy transformation (B, D) are shown. 

In two transformants (1/402 (Fig. 2C, lane 4) and 7/402) a fragment 

of 12kb corresponding to the predicted length upon integration of a single 

copy is found. In another transformant 5/402 (Fig. 2C, lane 2) a fragment 

of 19 kb is found, corresponding with two copies integrated into the 

genome. Non-homologous integration tends to lead to multiple copy 

transformants as shown in Table I. However, the exact copy number has not 

been determined at the DNA level. 
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b. Analysis of pyruvate kinase activity 

The expression of the pfciA gene in the transformants was studied by 

growing these transformants on MM containing 25 mM sucrose as the sole 

carbon source. The pyruvate kinase activity measured in mycelial extracts 

was compared with the activity found in the wild type strain (Table I). 

The activities found in these transformants ranged from 60% of the wild 

type activity to 450%. On the basis of these results the transformants can 

be classified into two classes: one group of transformants with a pyruvate 

kinase activity level lower than or comparable to that found in the wild 

type, and another group with an increased level of activity suggesting 

single and multicopy integration respectively. 

Table I Pyruvate kinase activities in wild type A.nidulans and PKI+ 

transformants after growth on minimal medium with 25 Mm sucrose 
as a carbon source. 

Strain Activity Relative Type of Copy 
(IU/mg protein) activity (%) integration* number 

100 1 
75 I I 
50 III 1 
63 III 1 
63 III 1 

190 II ? 
225 I 2 
110 III 1 
75 I I 

350 II ? 
440 II ? 
110 III 1 

75 I I 
100 III 1 

*According to the classification by Hinnen et al. (1978) 
type I: single cross over at the homologous locus; II: integration into 
nonhomologous locus; III: integration by a double cross over at the 
homologous locus 

WG096 
1/402 
2/402 
3/402 
4/402 
4/402/1 
5/402 
6/402 
7/402 
8/402 
9/402 
1/403 
2/403 
3/403 

0.8 
0.6 
0.4 
0.5 
0.5 
1.5 
1.8 
0.9 
0.6 
2.8 
3.5 
0.9 
0.6 
0.8 
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In addition we have studied the regulation of the pyruvate kinase 

activity in some transformants after growth on acetate which was given as 

gluconeogenic carbon source (Table II). 

The level of activities found in the transformants after growth on 

acetate were significantly higher compared to those found in the wild type 

strain. Transformant 5/402 (type I integration) is useful in this respect 

since integration pattern and copy number are exactly known in this case. 

From this data it can be calculated that the pyruvate kinase activity on 

acetate in this transformant is 0.25 IU per mg per copy. It can also be 

calculated that the pyruvate kinase activity in the transformants is 

increased by about 0.2 IU per mg protein per copy integrated in crude 

extracts compared to the wild type strain. Correcting for wild type 

activity in transformant 9/402, which is a type II transformant, the 

activities correspond, both in the case of sucrose and acetate grown 

mycelium, with five additional active copies. In type III transformants 

(see 6/402 e.g.) the activity level, both on sucrose and on acetate is in 

the same order as in the wild type. 

Table II Pyruvate kinase activities (IU/mg protein) in the wild 
type (WG096) and some of the transformants after growth 
on different carbon sources. 

Strain: WG096 6/402 5/402 9/402 

Carbon source: 

sucrose 
sucrose/acetate 
acetate 

0.4 
0.2 
0.06 

0.5 
0.2 
0.06 

0.9 
0.7 
0.5 

2.6 
2.0 
1.4 

Sucrose (50 mM), sucrose/acetate (5 mM/100 mM) and acetate (100 mM) were 
used as a carbon source. 
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Discussion 

The A.nidulans pyruvate kinase gene was cloned from a genomic 

library by heterologous hybridization with the homologous yeast gene. 

Hybridization conditions were established on the basis of a restriction 

enzyme analysis of chromosomal DNA using the yeast gene as a probe and 

they were found to be quite stringent. Subsequently the genomic library 

was screened under identical conditions. After Southern analysis of the 

positive clones, a 2.9 kb EcoRI/BanMI fragment and a 5.0 kb SamHI fragment 

were subcloned. Both fragments were shown to contain the pyruvate kinase 

gene of A.nidulans. The identity of the gene was confirmed by transfor

mation. Both subcloned fragments were able to complement the pki mutation 

in a piciA deletion mutant. 

The pyruvate kinase gene itself is potentially a selection marker, 

which can be used in transformation and cotransformation experiments. 

Direct selection for this marker is possible by using a glycolytic carbon 

source, like glucose or sucrose. However, the transformation frequencies 

obtained are still low, 10-20 transformants per fig DNA, compared to 500 

per /ig DNA in the case of argB (Johnstone, 1985) and 3-5.103 per /ig DNA in 

the case of pyrh (Ballance and Turner, 1985). However, since no attempts 

were made to optimize this transformation system, it may well be possible 

to increase the transformation frequency by improving the formation and 

stabilization of protoplasts from mycelium grown on acetate as a carbon 

source. 

Genomic analysis of the transformants reveals a strong preference for 

integration at the homologous locus. About 60% (7/13) of the transformants 

analyzed were the result of a double cross-over event at the homologous 

locus (type III integration according to the classification of Hinnen et 

al., 1978), while about 25% (3/13) were the result of a single cross-over 

event at the homologous locus (type I integration). In the latter case, 

multicopy integration was found with up to three copies. Only in three of 
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the transformants tested had integration occurred at a locus unlinked to 

the pki locus (type II integration), resulting in multicopy integration in 

all cases. 

These results are in strong contrast to those found after transforma

tion with the amdS marker in A.nidulans (Kelly and Hynes, 1985; Wernars 

et al., 1985), but correspond with the results found for the trpC (Yelton 

et al., 1983) and the arg& marker (John and Peberdy, 1984). The high ratio 

of non-homologous integration found in the amdS transformation system 

(Wernars et al., 1985) is possibly the result of additional selective 

pressure due to the addition of CsCl to the medium although effects of the 

genetic background cannot be excluded. 

Since transformation, as phenomenon, was not primarily the objective 

of this study no further attempts were made to investigate the mitotic and 

meiotic stability of the transformants. However, mitotic instability was 

observed in the case of one of the type II multicopy transformants, which 

was estimated originally to contain 5 copies of the gene. The intensity of 

the plasmid band decreased during a period of extensive subculturing, and 

in parallel a decrease in pyruvate kinase activity was found. 

This instability was also reflected by morphological differences in 

progeny colonies. The instability may be due to the fact that tandem 

multicopy integration has occurred at a non-homologous locus, which is 

followed by a process of recombination in which the number of integrated 

copies is reduced. A reflection of this recombination process is found in 

Southern blots. In addition to the hybridizing 9.5 kb £coRI fragment, the 

6.9 kb plasmid band is found in this transformant, and its intensity 

decreases during subculturing. Besides these discrete hybridizing bands, 

non-discrete hybridization is found in the high molecular weight area of 

the blot. This non-discrete hybridization pattern must thus be the result 

of different stages of the recombination process. 

Both the 2.9 kb EcoRl/BanMl fragment and the 5.0 kb BamHI fragment 
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contain the whole structural pyruvate kinase gene including the regulatory 

sequences, as can be concluded from the results presented in Table I. 

Integration of a single copy of the cloned fragment leads to a pyruvate 

kinase activity in the recipient strain, which varies but can reach 

approximately the same level as in the wild type. Since these transfor

mants represented also type III integrations restoring the wild type 

genome, we have no appropriate explanation for the variation in activity 

observed (50-110%). In those transformants, in which more than one copy of 

the fragment is integrated into the genome, a good correlation is found 

between the number of copies integrated and the pyruvate kinase activity 

measured under glycolytic growth conditions. 

However, the regulation of the pyruvate kinase activity in the trans

formants thus obtained is disturbed which becomes obvious upon growth on a 

gluconeogenic carbon source. The pyruvate kinase activity which is 

measured, has a proportional increase in activity compared to the wild 

type activity (Table II). The extent to which this occurs turns out to be 

about 0.2 IU per mg of protein per copy integrated. As mentioned before, 

the regulation of the pyruvate kinase activity is rather complex. The 

activity is regulated by gene expression, by allosteric effectors and by 

the turnover of the protein. In the case of the wild type strain, a 7-fold 

decrease in activity is found under gluconeogenic growth conditions 

compared to glycolytic growth conditions. 

One can speculate that the differences in the pyruvate kinase acti

vity level in these transformants grown on acetate, might be due to 

titration of regulating factors (see Kelly and Hynes, 1985), lack of 

regulatory sequences in the transforming DNA, or an increased stability of 

the enzyme due to a higher enzyme concentration, thus leading to a higher 

proportion of the functional tetramer. 

If titration of regulatory factors or a higher stability of the 

enzyme is involved, one does not expect the degree to which the activity 
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per gene copy integrated increases, to be constant. However, this is 

actually observed. Besides, in these cases one would not expect such 

drastic effects by just raising the gene copy number from one to two. It 

is more likely that the changes in regulation occur due to the lack of 

regulating sequences in the 2.9 kb EcoRI/SamHI fragment. Since the 

pyruvate kinase gene is fully expressed in transformants under glycolytic 

conditions, this would imply that regulation of the pyruvate kinase gene 

expression under gluconeogenic conditions is under control of a negative 

regulatory element. 

The validity of this conclusion is subject of a further study on the 

pyruvate kinase gene expression, in which the effects of sequences located 

further upstream of the 2.9 kb EcoRl/BanMI cloned fragment will be inves

tigated. 
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CHAPTER 3 

A rapid purification procedure 

for pyruvate k inase from 

the hyphal fungus Aspergillus nidulans 

Par t of t h i s Chapter h a s been published; 

Harry Kester, Jos Uitzetter, Leo de Graaff and Jaap Visser 

Can. J. Microbiol. 134, 1154-1158, 1988 
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Summary 

Pyruvate kinase was purified from the filamentous fungus Aspergillus 

nidulans with a 45-55% yield. The procedure involves dye-affinity 

chromatography and Fast Protein Liquid Chromatography (FPLC), which 

results in a highly active and pure enzyme in mg quantities within two 

days time. The purified enzyme, a tetramer with a subunit molecular weight 

of 65 kDa and an isoelectric point of 4.7, was used to determine the amino 

acid composition. 
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Introduction 

Pyruvate kinase (ATP: pyruvate phosphotransferase, EC 2.7.1.40) 

catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate, thereby 

generating adenosine-5'-tri-phosphate (ATP). Fungal pyruvate kinases have 

been isolated from Mucor rouxii (Terenzi et al., 1971) and Neurospora 

crassa (Kapoor, 1975). Partial purification has been obtained for pyruvate 

kinase originating from Aspergillus niger (Meixner-Monori et al., 1984). 

Investigators attempting to use low-pressure chromatographic 

techniques experienced the instability of pyruvate kinase at various 

stages of purification, especially in dilute solutions the enzyme activity 

was rapidly lost. For the enzyme isolated from A.niger, Meixner-Monori et 

al. (1977) demonstrated that addition of glycerol and fructose 1,6-

biphosphate (FBP) was essential to stabilize the enzyme. Even then the 

enzyme was purified with a very low recovery. 

Heat treatment and ammonium sulphate precipitation have been used in 

other protocols as initial steps to purify pyruvate kinase from fungal 

origin (Kapoor and Tronsgaard, 1972). In the case of Aspergillus nidulans 

salt precipitation resulted in a considerable loss (50%) of the initial 

activity. Heat treatment was determined to be not appropriate as a 

purification step, because the procedure should also be sufficiently mild 

to allow the isolation of pyruvate kinase from Aspergillus pyruvate kinase 

mutant (pkiA) strains (Payton and Roberts, 1976; Bos et al., 1981). 

Therefore, we developed a method using an affinity chromatographic step. 

Studies with Blue Dextran and its chromophore, Cibacron Blue 3G-A, 

have shown that these ligands can be used to prepare affinity adsorbants 

specific for enzymes whose nucleoside phosphate binding sites are composed 

with an dinucleotide fold (Stellwagen et al., 1975; Thompson et al., 

1975) . This supersecondary structure is found to be present in a number of 

kinases and dehydrogenases. Pyruvate kinase of N.crassa (Kapoor and 

O'Brien, 1980) also was found to interact with this triazine dye. 
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The application of Cibacron Blue and other reactive dyes in affinity 

chromatography is well documented (Dean and Watson, 1979; Lowe et al., 

1981). The rapid purification method to be presented here for the pyruvate 

kinase of A.nldulans, is also based on the application of a dye affinity 

column as an initial purification step. Final purification was achieved 

by using pre-packed small particle columns at high flow rates. The 

molecular cloning of the pyruvate kinase gene of A.nidulans and subsequent 

transformation of this fungus with the homologous gene resulted in strains 

with increased enzyme levels as described in Chapter 2 (de Graaff et al., 

1988. Such strains further improve the enzyme yield obtained per gram of 

fungal biomass. 

Materials and methods 

Chemicals 

All chemicals used were standard analytical grade and provided by 

Merck, Darmstadt, Germany, except PEP (monocyclohexylammonium salt), ADP 

(monopotassium salt), NADH (disodium salt), FBP (trisodium salt), ATP 

(free acid) and pig heart lactate dehydrogenase (EC 1.1.1.27) which were 

purchased from Boehringer, Mannheim, Germany. Sepharose C1-4B, Sepharose 

4B and the MONO Q column were obtained from Pharmacia Fine Chemicals, 

Uppsala, Sweden. Mikacion Brilliant Yellow 6GS was supplied by Nippon 

Kayaku Co Ltd., Tokyo, Japan. Procion dyes were obtained from ICI Ltd., 

Manchester, England and Cibacron Blue 3G-A from Ciba Geigy AG, Basel, 

Switzerland. The gel permeation chromatography column G 3000 SW (7.5 x 300 

mm) was purchased from LKB, Bromma, Sweden. 

Strains and growth conditions 

A.nidulans wild type strain WG 096 (vA2. paba AD and the A.nidulans 

transformant 9/402, a multi copy transformant produced as described in 

Chapter 2, were used to isolate the pyruvate kinase enzyme. For preparati

on of conidiospores, A.nidulans was grown on complete medium according to 

Pontecorvo et, al. (1953) solidified with 1.2% agar and supplemented with 

25 mM sucrose as carbon source. To obtain large quantities of mycelial 

biomass for the preparation of cell free extracts, A.nidulans was cultured 

in a 7 litre batch of minimal medium supplemented with 2 fig/1 p-aminoben-

zoic acid and 90 mM sucrose as described previously (Dijkema et al. . 
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1986). After a growth period of 16-18 h at 37 °C the mycelium was 

harvested by filtration, washed with cold saline and squeezed to remove 

excess of liquid. 

Preparation of cell free extract 

Freshly harvested mycelium was frozen with liquid nitrogen and 

homogenized in a Waring Blender with liquid nitrogen for 8 min. at 100 

Volt. After evaporation of the liquid nitrogen, extraction buffer was 

added to the powder (3 ml per gram initial mycelium). The extraction 

buffer consisted of 0.05 H sodium phosphate buffer, pH 7.0, 0.5 mH EDTA, 5 

mH HgCl2, 5 mH 2-mercaptoethanol, and in the case of an optimized 

purification also 5% (v/v) ethylene glycol. Extraction was performed for 1 

h at 4 °C, with gentle stirring of the suspension. The cell debris was 

removed by centrifugation for 20 min at 40,000 x g and the supernatant was 

used as the crude extract in further purification. 

Enzyme assay and protein determination 

Pyruvate kinase activity was determined by measuring the decrease in 

absorption of NADH at 340 nm using a continuous lactate dehydrogenase 

coupled assay as described by Bergmeyer (1974). 

Protein was determined by the micro-Biuret method (Itzhaki and Gill, 

1964) with bovine serum albumin as standard. Although this method is not 

extremely sensitive, it is simple and has high reproducibility and 

therefore has been recommended for protein determinations in mycelial 

extracts (Jernejc et al., 1986). 

Electrophoresis and isoelectric focussing 

Electrophoresis in 10% Polyacrylamide gels containing 0.1% SDS was 

performed according to Laemmli (1970). The pyruvate kinase subunit mole

cular weight was determined after electrophoresis in a 10% SDS-containing 

gel calibrated with the following protein standards: Carbonic anhydrase 

(29 kDa), ovalbumin (45 kDa), bovine serum albumin (68 kDa) and Phosphory

lase B (92.5 kDa). 

Analytical thin-layer gel isoelectric focussing was performed in the 

pH range 3-7 on the FBE-3000 apparatus (Pharmacia, Uppsala, Sweden) using 

the focussing and staining conditions supplied by the manufacturer. 

Preparation of affinity matrices 

The method used was a modification of that described before by Dean 

and Watson (1979). Sepharose C1-4B was washed extensively with deionized 
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water and filtrated with suction to remove excess water. The packed beads 

(3 g) were resuspended in 10 ml of water and the reactive dye (15-60 mg) 

was dissolved by gently shaking. After the addition of 2 ml 3 M NaCl the 

suspension was allowed to stand at room temperature for 15 min. The 

reaction was initiated by elevating the pH to 10-11 by adding 1 M Na2C0j. 

The reaction mixture was incubated for 1 h at 55 °C. The suspension was 

washed with water, 2 M NaCl, water, 4 ti urea and water successively. The 

matrices were stored at 4 °C in 0.05 H sodium phosphate buffer pH 7.0 

containing 0.02% sodium azide. 

Preparation of large quantities of a particular matrix (30-90 g of 

packed beads) followed the same procedure used in small coupling experi

ments, with only adjustments made to maintain the same volume and weight 

ratios. 

The Blue Dextran 2000 conjugate was prepared by cyanogen bromide 

activation of Sepharose 4B according to March et al.(1974) using 50 mg of 

dextran per gram of agarose. 

Determination of ligand concentrations 

The amount of Cibacron Blue 3G-A (14 pmoles/g dry weight) bound to 

Sepharose 4B, in the case of the Blue Dextran 2000 matrix was determined 

spectrophotometrically after its release by acid hydrolysis (Chambers, 

1977). The concentration of Mikacion Brilliant Yellow 6GS (colour index no 

18971, Reactive Yellow 1) was determined by elemental analysis of the 

lyophilized matrix using Sepharose C1-4B as a control. 

Amino acid composition determination 

Amino acid analysis was performed according to the method described 

by Bidlingmeyer et al.. (1984). The protein was reduced, S - carboxymethyla-

ted using the method of Crestfield et al. (1963). The protein was 

hydrolyzed by gas-phase hydrolysis with 6 N hydrochloric acid for 20, 24, 

48 and 72 hrs at 110 °C. Tryptophan was measured by the spectroscopic 

method of Edelhoch (1967) . 
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Results 

Screening of reactive dyes for pyruvate kinase affinity 

Samples (0.5-1.0 U of pyruvate kinase) of a mycelial extract from 

strain WG 096 were applied at 4 'C to small columns (0.5 x 5 cm) packed 

with different dye-Sepharose conjugates which were eluted with extraction 

buffer. The following dyes were tested: Procion Red P3BN, Procion Yellow 

M-4G, Mikacion Brilliant Yellow 6 GS, Procion Yellow H-5G, Procion 

Turquoise MX-G, Procion Navy MX-RB, Cibacron Blue 3G-A, Procion Brown MX-

GRN, Blue Dextran 2000, Procion Orange MX-G and Procion Yellow MX-4G. The 

last two matrices and unsubstituted Sepharose C1-4B showed no binding of 

pyruvate kinase under these conditions. 

Elution by the addition of 0.5 M NaCl to the eluent resulted in very 

low recoveries (<10 %) of pyruvate kinase activity, indicating enzyme 

inactivation during its interaction with the various dyes or very tight 

binding. Higher recoveries (35-100 %) were achieved by the addition of 

ethylene glycol (5-10 %,v/v) to the crude extract and to the eluent used. 

In most cases, however, the activity of pyruvate kinase now appeared in 

the void volume except for matrices using Procion Red P3BN, Mikacion 

Brilliant Yellow 6GS, Procion Yellow H-5G or Blue Dextran 2000 as the 

ligand. Both non specific elution by increasing salt concentration and 

biospecific elution by PEP, FBP or ATP were further analyzed. 

The biospecific interactions between pyruvate kinase and Mikacion 

Brilliant Yellow 6 GS (30 /imoles/g dry weight) and Cibacron Blue 3G-A (14 

fimoles/g dry weight) , which is the actual ligand in the case of the Blue 

Dextran matrix, were analyzed in particular and found to be different. 

With Cibacron Blue 3G-A both PEP and FDP interfered with the enzyme 

binding, whereas ATP was not effective in releasing the bound enzyme. In 

the case of Mikacion Brilliant Yellow ATP and PEP were effective to elute 

the bound enzyme, whereas FBP was not. Based on total recoveries and the 

increase in specific activity, Mikacion Brilliant Yellow 6 GS was finally 
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chosen as the appropriate ligand when used in combination with a salt 

elution. The ligand density was optimized by coupling different amounts of 

dye per gram of Sepharose C1-4B. A linear relationship was found between 

the amount of dye added during the coupling reaction (tested up to 80 mg/g 

suction dried beads) and the actual amount of dye bound determined by 

nitrogen content. A concentration of 30 /imoles/g dry weight was found to 

be optimal, providing 80-85 % recovery, using the standard loading of 3 ml 

of mycelial extract per ml bed volume. Lower ligand densities, 10-15 

/imoles/g dry weight resulted in a low binding capacity of the matrix, only 

part of a standard loading of 3 ml of crude extract per ml bedvolume was 

bound. Higher ligand densities 50-60 mole/g dry weight) however, resulted 

in a 15-20 % reduction in enzyme recovery. 

Although the differences in interaction between pyruvate kinase and the 

different dye matrices could be exploited in further purification steps, 

our final protocol involves ionic exchange and gel permeation chro

matography . 

Pyruvate kinase purification 

All steps in the purification were carried out at 4 °C except for the 

FPLC purification steps which were preformed at room temperature. Freshly 

harvested mycelium (10 g) was used to prepare a cell free extract 

containing 5% (v/v) ethylene glycol as described in earlier. The super

natant was loaded on a 15 ml (0 2.6 cm) Mikacion Brilliant Yellow 6GS 

Sepharose CL-4B column (30 /xmoles/ g of dry Sepharose). Non-binding pro

teins were eluted with extraction buffer until the absorbance at 280 nm 

of the eluent was less then 0.1. Pyruvate kinase activity was recovered by 

elution with extraction buffer containing 0.5 M NaCl (Fig. 1A) . The 

pyruvate kinase containing fractions were pooled and overnight dialyzed at 

4 °C against buffer A (identical to extraction buffer except that 20 mM 

sodium phosphate is used instead of 50 mM). 
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Elution volume (ml_) Elution volume (ml_) 

Fig. 1A Elution of pyruvate kinase from Hikacron Brilliant Yellow 6Gs 

Sepharose C1-4B Ç& 2.6 cm, 15 ml bedvolume). 

42 ml of cell-f ree extract was loaded (arrow A) and non bound 

proteins were eluted with extraction buffer (arrow B) Pyruvate 

kinase activity was eluted with extraction buffer + 0.5 H NaCl 

(arrow C). Fraction of 2 ml were collected. 

Absorbance at 280 nm. 

The hatched area represents the pyruvate kinase activity. 

Fig. IB Elution profile of pyruvate kinase on Mono Q HR 5/5 column. 

17.5 ml enzyme solution was loaded at room temperature at a flow 

rate of 1.5 ml/min. Proteins were eluted with a stepwise linear 

sodium chloride gradient. The maximum peakfraction size was 2 ml. 

protein absorbance at 280 nm. 

NaCl gradient. 

The hatched area represents the pyruvate kinase activity. 
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The following day the enzyme was loaded on a MONO Q HR 5/5 column pre-

equilibrated with buffer A. Stepwise gradient elution with buffer A + 0.5 

M NaCl was found to separate the enzyme from the bulk of contaminating 

proteins (Fig. IB). The fractions containing the enzyme were diluted 5 

fold in buffer A. Further purification was achieved by rechromatography 

with the MONO Q HR 5/5 column. The final purification step was immediately 

done as the enzyme was eluted from the 2 n d Mono Q column. Small aliquots 

(0.5 ml) of the eluted enzyme were loaded on a TSK G 3000 SW gel permeati

on column. Using this protocol, the results are summarized for the wild 

type strain WG 096 in Table I and Fig. 2. Starting with 10-40 g of 

mycelium and following this protocol, highly active pyruvate kinase was 

obtained in only 2 days. With the multi copy pki transformant 9/402, 

containing approx. 4-fold more of the pyruvate kinase per g of mycelium, 

similar high yields were also obtained. 

Table 1 Purification of pyruvate kinase from A.nidulans 
wild type strain WG 096. 

Step volume 

(ml) 

total 
protein 

(mg) 

total 
activity 

(Units) 

specific yield 
activity 

(U/mg) (%) 

Crude extract 42.0 

Pooled and dialyzed 
MBY Sepharose fractions 17.5 

After rechromatography on 
MONO Q HR 5/5 column 2.0 

After gel permeation 
chromatography 3.5 

96.2 

10.3 

0.88 

0.44 

104.6 

123.5 

69.4 

58.6 

1.1 

12.0 

78.9 

133.2 

100 

118 

66 

56 
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Fig. 2 SDS-polyacrylamide gel electro

phoresis of pyruvate kinase from 

A.nidulans wild type strain WG 

096 at different stages of 

purification: 

lane 1: crude extract; 

lane 2: active fraction after elution of 

HBY 6GS Sepharose C1-4B column; 

lane 3: active fraction after chromato

graphy on MONO Q HR 5/5 column; 

lane 4: final preparation after TSK 3000 

SW column. 

Physiochemical properties and amino acid composition 

From the SDS-polyacrylamide gel electrophoretic pattern, a subunit 

molecular weight of 65 kDa was determined. Gel permeation chromatography 

with the native enzyme indicated a tetrameric structure which was 

expected. The isoelectric point was found to have a pi value of 4.7. The 

amino acid composition of the purified enzyme from transformant 9/402 is 

given in Table 2. 
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Table 2 Amino acid composition of pyruvate kinase from A.nidulans trans -
formant 9/402. 

Amino acid Number of residues3 per cent of total 

asxb 68 11.4 
glxb 59 9.9 
serc 36 6.1 
gly 46 7.7 
his 11 1.9 
thr 31 5.2 
ala 46 7.7 
arg 39 6.6 
pro 27 4.5 
tyr 9 1.5 
val 51 8.6 
met 16 2.7 
cysd 10 1.7 
ile 49 8.2 
leu 43 7.2 
phe 15 2.5 
trp 6 1.0 
_lys 33 5JL6 

aNumber determined based on a subunit molecular weight of 65 kDa. 
°Sum of acid and amide forms. 
cValue extrapolated to zero time hydrolysis. 
"Determined as S-carboxymethylcysteine. 

Discussion 

The instability of pyruvate kinase, especially at low concentrations 

in the various stages of purification, is a well-known problem when 

isolating this enzyme from eukaryotes like Saccharomyces cerevisiae 

(Haeckel et al., 1968) or from filamentous fungi like N.crassa (Kapoor, 

1975) and A.niger (Meixner-Monori et al., 1984). In the latter case, the 

instability persisted to such an extent as to prevent final purification. 

Except for the purification procedure of Hunsley and Suelter (1969), who 

in the case of Baker's yeast reported a 45% yield, most protocols have 

relatively low yields (5-20%) . The purification procedure for A.nidulans, 

described here, uses the immobilized dye Mikacion Brilliant Yellow 6GS as 

affinity ligand as a very efficient first purification step (see Table 

I). The yield of this first step usually varies between 80% and 120%, the 
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reason for this is not clear. 

Although further steps based on affinity chromatography with other 

dyes and gel permeation chromatography also result in a pure enzyme, the 

final recovery was always low (3-8% yield), particularly because gel 

filtration is a major bottleneck. Inactivation of the enzyme is likely to 

involve dissociation and subsequent unfolding of the tetrameric active 

form of the pyruvate kinase, as can be concluded from the extensive 

studies by Kapoor and Tronsgaard (1972) with the purified pyruvate kinase 

of N.crassa. By applying high pressure ionic exchange and gel permeation 

chromatography as described here, we demonstrate that the instability 

problem during the purification can be largely reduced and a pure enzyme 

is obtainable with much higher yields (45-55%). The mycelium used to 

isolate the enzyme is grown on sucrose since nutritional conditions known 

to stimulate glycolysis lead to a 15-20 fold increase in specific activity 

of the pyruvate kinase in fungus (Uitzetter, 1982). The level of pyruvate 

kinase expression has been further increased by 4 fold with genetic 

manipulation (Chapter 2) and correspondingly, the enzyme was also iso

lated from the transformed strain. The purified enzyme from the wild type 

strain was used to compare some physio-chemical properties with those 

obtained for other fungi and yeasts. The subunit molecular weight of 65 

kDa as determined by SDS Polyacrylamide gel electrophoresis is higher than 

those determined for the enzyme of A.niger (Meixner-Monori et al., 1984) 

and for the enzyme of Baker's yeast (Fell et al., 1974) with an approxima

te values of 55-60 kDa. The N.crassa pyruvate kinase has a slightly lower 

subunit molecular weight (62 kDa) as was reported by Kapoor (1975), In the 

case of Hucor rouxii, a dimorphic phycomycete, in which pyruvate kinase 

isoenzymes occur, a subunit molecular weight of 45.5 kDa was reported 

(Friedenthal et al., 1973). In the latter case, analogous to earlier 

observations with the Baker's yeast enzyme, this may be due to limited 

proteolysis. 
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The isoelectric point found for the A.nidulans pyruvate kinase, in 

the presence of FBP (pi - 4.7), is lower when compared to the value of 6.4 

reported for the unliganded N.crassa enzyme (Kapoor et al., 1976). The 

isoelectric point of the N.crassa enzyme is lowered to 5.5 by FBP binding. 

In A.nidulans some micro-heterogeneity of the enzyme is observed, which 

has not been further investigated but which might be related to FBP 

binding. The amino acid composition of pyruvate kinase from A.nidulans, 

calculated on a molar basis, shows similarity with that of the yeast 

enzyme (Yun et al., 1976) except for the number of tryptophan residues 

which is five times higher in the A.nidulans enzyme. 
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