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Chapter 1 7

CHAPTER 1

I. INTRODUCTION

Filamentous fungi are able to occupy many different environments like soil, organic waste

or plant cell material. The fact that filamentous fungi can secrete a broad range of hydrolysing

and oxidizing enzymes, enables them to use a wide variety of organic compounds as source

for their nutrients. This characteristic probably underlies their successful life style. The

enzymes they secrete can degrade large complex biopolymers such as celluloses,

hemicelluloses and starch.

Already more than a century ago, it became evident that fungi did not only secrete a wide

variety of enzymes, but also were able to produce them in large quantities. ln addition, fungi

are able to secrete a great diversity of primary (e.9. organic acids) and secondary metabolites

(e.9. antibiotics). These features have resulted in an increasing interest in studying

filamentous fungi in the laboratory and using them in industrial processes. As a consequence,

over the years, classical genetic studies have resulted in a lot of knowledge about their

genetics and their biochemical pathways, To date, a number of filamentous fungal strains and

their products have been used in food and food processing industry and have resulted in a

so called GRAS status (Generally Regarded As Sa{e) of some of their products.

The development of molecular biological techniques has opened new ways to use

filamentous Jungifor the production of homologous and heterologous (especially mammalian)

proteins. ln particular species of the genera Aspergillus and Trichoderma ate being used

extensively for large scale production of proteins. lnitially, work on heterologous protein

production in Aspergilli was started wilh A. nidulans, the species in which (molecular-)genetics

and biochemical pathways have been studied since the early 1940's (see Pontecorvo et al.

1953). During the last decade, other species, mainly A. niger, A. awamori and A. oryzae, have

been used more frequently since with these strains higher levels of recombinant proteins can

be obtained.

This chapter will be focused on the use of filamentous fungi for the production of

heterologous, especially non{ungal, proteins and will deal with the tools, the prospects, and

improvement strategies for overproduction of these proteins.
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11. EXPRESSION SYSTEMS FOR HETEROLOGOUS GENE EXPRESSION

The development of fungal recombinant DNA techniques (in particular that of DNA-

mediated transformation) has greatly stimulated the use of lungi for the production of

proteins. ln fact, molecular-genetic techniques have become an important tool to construct

protein overproducing strains and have partly replaced classical strain improvement strategies

(mutagenesis). Unlike traditional strain improvement techniques, molecular-genetics uses

techniques that highly increase specificity in generating protein overproducing strains, so

reducing the time necessary for screening o{ putative overproducing strains. The most

commonly used strategy to generate overproducing strains is to isolate the gene encoding

the protein of interest, clone it in a suitable vector and introduce the resulting expression

vector via a gene-transfer (transformation) procedure in multiple copies into the genome of

the fungus. Expression vectors comprise an expression cassette, containing the gene

encoding the protein of interest provided with appropriate transcription/translation(/secretion)

control sequences. Using this strategy a large number of homologous and heterologous

proteins have already been successfully producedinAspergillus (reviewed by a.o. Van den

Hondel et al. 1991; Gwynne and Devchand 1992; Verdoes et al. 1995) and Trichoderma

species (KerAnen et al. 1995).

A. Gene-transfer systems

Since the first successful transformation procedures for Aspergll/us species have been

published in the early 1980's (Ballance et al. 1983, Tilburn et al. 1983), an increasing number

of gene-transfer (transformation) systems for a variety of fungi have been developed (reviewed

by Ballance 1991 ). The majority of the transformation systems are based on either

complementation of auxotrophic mutant strains with the corresponding wildtype gene or

dominant selection marker genes (often bacterial), which confer resistance to a lungicide

(reviewed by Van den Hondel and Punt 1991; Turner 1994). ln contrast to yeasts and

prokaryotes, where vectors can be maintained autonomously, the introduction of a vector in

a lungus generally results in the integration into the host genome (Turnerl 994). As a

consequence of genomic integration, the vector is usually present in a low copy number. ln

a low percentage also strains containing multiple copies of the vector can be obtained, and

especially the use of specialized cosmid-based vectors can result in strains containing up to

200 copies of a vector (Verdoes et al. 1995). A few years ago, also an autonomously

replicating vector lor filamentous fungi has been described (Gems et al. 1991 ). However, due
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to gross instability, transformants obtained with this vector cannot be used for the

overproduction of proteins.

The advantage oJ dominant selection markers is that they are applicable to wild-type

strains, if sensitive to the compound (e.9. hygromycin resistance, Punt and van den Hondel

1993). However, in general, the lack of homology between the marker gene and the genome

of the fungus results in random integration.

ln case of auxotrophic selection markers, isolation ol mutant strains is required. Mostly,

mutations are introduced randomly by UV mutagenesis, followed by screening for the correct

mutants. For some mutants, however, specific selection systems are available which lacilitate

the isolation of specific mutants. Examples are the selection of nitrate reductase (nt,aD)

mutants on chlorate (Gouka et al. 1991 ), acetyl-CoA synthetase (facA) mutants on fluoro-

acetate (Gouka et al. 1 993) and orotidine-5'-monophosphate-decarboxylase (designated pyrA,

pyrG, pyr4 or ura3) mutants on S-fluoro-orotic acid (S-FOA). ln particular the use of 5-FOA for

selection of mutants is convenient since only one additional type of mutants (orotate

pyrophosphoribosyl transferase, designated pyrF or urai) is obtained, whereas with the other

selection systems multiple mutations can lead to resistance. A second advantage of the

usage of pyrG and pyrF mutants is that both genes have been isolated and transformation

systems based on both genes have been developed. The relative ease of selection and

isolation oI pyrG mutant strains has resulted in the development of transformation systems

based on lhe pyrG gene for many fungi (Table l). For a large number of these mutant Iungi,

it was shown that a heterologous selection marker gene can also be used to obtain

transformants. However, the integration ol these non-homologous vectors is, by nature,

ectopic. lf site-specific integration is required, e.g. for comparison of expression levels or

requirement of delined strains, only a homologous gene can be used. Nevertheless, also with

a homologous gene the integration type depends on the fungal species used (Table l). The

frequency of homologous integration could drastically be increased by the usage of a vector

containing a mutated A. niger pyrG gene as selection marker. However, the transformation

frequencies obtained with a mutated pyrG gene are considerably lower (Van Gorcom et al.

19SB). This was probably the reason that a similar system for site-specific integration was not

successlul in a different strain of A. niger (Fowler et al. I990).

I
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Table l. Homologous transformation systems based on the gene encoding orotidine-5'-
monophosphate decarborylase (pyrG, pyt4, ura3l

Organism Transf.freq.

per4g DNA

n 1) lntegration event2)

tililt
Reference

A. nidulans 2000 10 60 30 10 oakley et al. 1987

A. niger 50

40

>100

104)

< <s)

5

16

48

32

12

10

15

80

40

0

45

65

20

200
50 10

1 003)

553)

Goossen et al. 1987

Van Hartingsveldt'l 987

Van Gorcom et al. 1988

Van Gorcom et al. 19BB

Fowler et al. 1990

A. oryzae 20 10 25 De Ruiter-Jacobs '1989

A. parasiticus 30-50 20 60 Skory et al. 1990

M. circinnelloides 600-8006) Benito et al. 1992

N. crassa 1 -57) Buxton and Radford 1983

P. chrysosporium 2OO I

7

I

0 0 100 Akileswaran et al. 1993

T. reesei 't2,000

>'t0,000
15

20

0 g58)

708j

Gruber et al. 1990

Bergds et al. 199110

1) Number of transformants tested by Southern blot analysis
2) Percentage of: l, homologous integration of one or more copies; ll, gene-replacemenl/conversion; lll, ectopic

integration
t) No data available about distribution oi percentage of type ll and lll integrations
a) Vector contains a pyrG gene with a mutation
5) Vectorwith a promoterlesspyrc gene (frorn a differenlA. nigerstrain) to promote homologous integration. The

transformation frequencies were too low to obtain the desired transformants
6) Vector is based on an autonomously replicating plasmid, no integration occurs
7) Direct selection of transformants could not be carried out because lhe pyr4 allele was too leaky to permit

selection. Transformants were obtained by double selection with the qa-2+ gene
8) Also autonomously replicating vector DNA observed
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B. Expression vectors

The vectors used for transformation are usually plasmids originally isolated from bacteria,

containing a bacterial origin of replication and a bacterial marker. ln these vectors a marker

tor selection of fungal transformants has been introduced. Furthermore, the vector contains

an expression cassette comprising the gene of interest provided with efficient fungal

expression signals, i.e. a transcription control region and a transcription termination

sequence. The transcription control region (further referred to as tcr) is defined as the DNA

sequences required to initiate gene transcription plus those required to regulate the rate at

which initiation occurs. These include the promoter, where the general transcription factors

and the polymerase assemble plus all of the regulatory sequences to which gene regulatory

proteins bind to control the rate o{ these assembly processes at the promoter. For secretion

of the gene product a signal sequence is included, usually that of a well-secreted protein

although secretion signals of the heterologous gene have also been used successfully. The

selection marker and expression cassette might also be present on separate vectors and

introduced in the fungus by cotransformation.

81 . Transcription control regions

ln general, the Aspergillus tcrs used for the expression of heterologous genes are derived

from Aspergillus genes that are highly expressed (reviewed by Davies 1994). These tcrs

originale from inducible or constitutively expressed genes involved in carbon-source utilization

pathways, as in particular several ol these genes are highly expressed.

ln the late 1980's most of the work on heterologous gene expression in filamentous fungi

was started by three companies, who developed each their own fungal expression system.

Genencor started with the A. niger g/aA expression system to produce bovine chymosin.

Although initial production levels of chymosin did not exceed 3 mg l'1 (Cullen et al. 1987), the

system was optimized by a series of different approaches (Ward et al. 1990; Dunn-Coleman

et al. I991 )to yield more than 1 g l1 of chymosin. Both the A. niger and the A. awamori glaA

tcr has since then been utilized to produce a great variety of other heterologous proteins like

human interferon a2 and Cellulomonas fiml endoglucanase (Gwynne et al. 1987), hen egg

white lysozyme (Archer et al. 1990b), porcine pancreatic phospholipase A2 (Roberts et al.

1992), human interleukin-6 (Carrez et al. 1990, Contreras et al. 1991) and human lactoferrin

(Ward et al. 1995).

The Allelix group started with the A. nidulans ethanol-inducible alcohol dehydrogenase

(a/cA) expression system (Gwynne et al. 1987, Devchand and Gwynne 1991). ln strains
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comprising multiple copies of the a/cA tcr it was found that titration of a regulatory gene (a/cF)

occurred. The alcR gene was cloned and reintroduced in multiple copies into the genome and

this multiple copy strain is now used as a host for expression of genes controlled by lhe alcA

tcr (Gwynne et al. 1989). The a/cA expression system was also used to produce human

lactoferrin in A. nidulans (Ward et al. 1992a).

The group at Zymogenetics started with the constitutive A. nidulans triosephosphate

isomerase (fplA) tcr (Upshall et al. 1987) to produce human tissue plasminogen activator. After

a comparative study of three different fungal tcrs, that of the aldehyde dehydrogen ase (adhA)

ot A. niger gave the highest production levels (1 3-3007rg l'1) and was later used to produce

human granulocyte-macrophage colony-stimulating factor (hGMCSF) in A. nidulans in levels

of I mg l-1 (Upshall et al. 1991).

Other strong Iungal tcrs that have been used by other research groups are derived from

the A. oryzae a-amylase (amy) or TAKA-amylase gene (Boel et al. 1987; Christensen et al.

19BB; Boel et al. 1989; Ward et al. 1992b), mainly used by Novo Nordisk, and the constitutive

A. nidulans glyceraldehyde-3-phosphate dehydrogenase (gpdA) gene (Archer et al. 1990b;

contreras et al. 1991 ; Punt et al. 1991 ) developed in the TNo laboratory at Rijswijk.

From an industrial point of view, favourable transcription control regions are those that can

be efficiently induced (i) to high levels of expression and (ii) with a cheap substrate. Several

of the transcription control regions listed above, and also that of the frequently used

cellobiohydrolase (cbhl) gene of Trichoderma reesel (a.o. Harkki et al. 1989), fulfil these

requirements. The substrates are usually high molecular carbohydrates (biopolymers) that are

abundantly present in nature e.g. starch and cellulose. ln the natural environment in which

filamentous fungi live, these (complex) substrates are readily available. To live, filamentous

fungi produce and secrete the necessary polymer degrading enzymes after the induction of

expression of the corresponding genes. Plant cell walls contain three major polymers:

cellulose, hemicellulose and lignin. After cellulose, hemicelluloses (including glucans,

mannans, arabinans, galactans and xylans) are the most abundant biopolymers synthesized.

They can make up as much as 35% of the dry weight oI plants (Joseleau et al. 1992).

Therefore, transcription control regions of enzymes involved in the degradation of

hemicelluloses might be good candidates for the development of efficient expression systems.

Recently, in the laboratory of rNo, lhe A. awamori exlA gene, encoding 1 ,4-B-endoxylanase

A (EXL) was isolated. Endoxylanases cleave internal B-1 ,4-glycosidic bonds within the

backbone of xylan, a hemicellulose (recently reviewed by Thomson 1993). The majority of
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xylans, like most hemicelluloses, are branched polymers, usually carrying a variable number

of substituents (Biely 1985). The nature of the various substituents present in the branched

polymers depend on the plants cell Jrom which the xylan originates. Typical residues are

1,3-linked a-L-arabinose and a-1,2-linked 4-O-methyl glucuronic acid residues, other

substituents are acetic acids and phenolic residues such as coumaric and ferulic acid

(Joseleau 1992). Cleavage of xylan by 1,4-B-endoxylanases results in a release of xylo-

oligosaccharides, the end products depend on the type oJ 1,4-B-endoxylanase. Kormelink et

al. (1 993) isolated three different 1,4-B-endoxylanases (1, ll and lll) from A. awamori. Only one

type (l) released xylose, xylobiose and xylotriose, whereas the other two types (ll and lll)

mainly released xylobiose and xylotriose. Complete hydrolysis of oligosaccharides to xylose

is achieved by a series of additional enzymes, including an exo-acting enzyme, B-xylosidase

and a series of accessory debranching enzymes including a-L-arabinofuranosidase, a-D-

glucuronidase, acetyl esterase and ferulic and coumaric esterase (Biely 1985; Coughlan and

Hazlewood 1993).

Regulation of induction of xylanases is still poorly understood. Xylan itself is too large to

be transported into the cells and is therefore not considered to be the physiological inducer.

Evidence for constitutive expression of certain xylanases has been obtained in Trichoderma

reesel (Herzog et al, 1992) and Streptamyces cyaneus (Wang et al. 1992), suggesting that a

constitutive level is required to generate low-molecular mass inducers from xylan. Besides

xylan, xylobiose and xylose have been shown to induce the synthesis of xylanases in a range

of microorganisms like A. terreus (Hrmova et al. 199'l ), A. sydowii (Ghosh and Nanda 1994)

and A. tubigensls (De Graaff et al. 1994). lnterestingly, xylose is not an inducer of 1,4-B-

endoxylanases in L reesel (Hrmova et al. 1986) andA. nidulans (Fernandez-Espinar et al,

1992; Pinaga et a|.1994).

ln some studies xylo-oligosaccharides, non-metabolized analogues of xylobiose (such as

B-methyl-xyloside), and/or positional isomers of xylobiose have been shown to induce 1,4-B-

endoxylanases (Bailey and Poutanen 1 989; Hrmova et al. 1 991 ; Ghosh and Nanda 1 994; De

Graaff et al. 1994). Studies carried out in the TNO laboratory in Rijswijk have indicated that

the transcription control region of the A. awamorl 1,4-B-endoxylanase A gene (exlA) can be

used efficiently for the overexpression of its gene product 1,4-B-endoxylanase A (Hessing et

al. 1994) after induction with xylan. The usefulness of this transcription control region for the

production of heterologous proteins was studied both in shake flask cultivations and in

continuous culture {ermentations (Chapter 3, 6)
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B.2. Transcriptionterminators

Gene expression is usually regulated at the level of transcription. Besides initiation and

elongation of mRNA transcription, also termination of mRNA transcription and processing of

the 3' end of the transcripts may be crucial steps in gene regulation. Termination of

transcription involves processing of the 3' end and addltion of a poly(A) tail, which is found

in almost all eukaryotic messenger RNAs, ln the nuclei of mammalian and yeast cells, which

have been studied with respect to transcription termination most in detail, poly(A) tails are

added post-transcriptionally in a two-step reaction: endonucleolytic cleavage of the primary

transcript is rapidly followed by polyadenylation of the cleavage product (Christofori and Keller

19BB; Sheets and Wickens I989; Wickens 1990, Proudfoot 1991 ; Wahle 1991 ; Bienroth et al.

1993). ln mammalian cells, cleavage as well as polyadenylation depends on two sequence

elements (Wahle and Keller 1992): a hexanucleotide sequence (AAUnn4;, present tO-30

nucleotides upstream of the cleavage site (Proudfoot 1991 ), and a less conserved GU-rich

sequence downstream of the cleavage site. Thls GU-rich sequence has been proposed to

determine the efficiency of polyadenylation (reviewed by a.o. Wickens 1990; Proudfoot 1991 ).

ln contrast to the highly conserved mammalian AAUAAA sequence, the polyadenylation signal

in yeasts does not seem to be very conserved. ln fact, most genes of S. cerevisiae lack the

AAUAAA processing signal. ln yeast three elements, of which two are diffuse AU-rich

sequences, have been distinguished (lrniger et al. 1991 ; Russo et al. 1991 ; Russo et al. 1993;

Guo and Sherman 1995): (i) an upstream elemenl (such as TATATA, TAG...TATGTA and

TTTTTATA) that enhances the efficiency of utilization of the downstream element, (ii) a

downstream element (such as TTAAGAAC, AAGAA and AATAAA) which defines the position

of the polyadenylation site and (ili) the actual site of polyadenylation, which is located 3' of

the downstream element, often directly after a cytidine.

ln filamentous fungi, the mechanisms and requirements of transcription termination, 3' end

processing and polyadenylation have not been investigated experimentally. ln some genes

a hexanucleotide AAUAAA sequence has been found in the 3' DNA sequence, although in

many others it is absent (Gurr et al. 19BB; Bruchez et al. 1993), indicating that also in

filamentous fungi other motifs or combinations of motifs might be necessary to act as

polyadenylation signal. When a hexanucleotide AAUAAA is present, the functionality of it has

never been proven experimentally. Nevertheless, in general, filamentous iungal

polyadenylation signals are probably more yeast-like, i.e. diffuse AU-rich sequence(s).

The transcription termination sequences that are used in fungal expression cassettes may

correspond to the origin of the transcription control region such as lhe A. niger glaA
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transcription termination region (a.o, Cullen et al. 1987; Archer et al. 1990b; Van Hartingsveldt

et al. 1990; Ward et al. 'l 990; Ward et al. 1995). ln addition, some other fungal transcription

termination regions are used which do not correspond to the origin of the transcription control

region e.g. lhe A. nidulans trpC transcription termination region (Van den Hondel et al. 1991 ).

83. Signal sequences

Secretion of proteins into the medium is initiated by the presence of a short hydrophobic

signal peptide at the amino{erminal end of the protein (Kikuchi and lkehara 1991 ; Dalbey and

Von Heijne 1992). This signal peptide targets the nascent polypeptide chain to the

endoplasmic reticulum (ER). Although little is known about the secretory pathway in

filamentous fungi, a lot of data are available from yeast and mammalian systems (reviewed

by a.o. Rapoport 1990; Rapoport 1992; Larriba 1993; Gilmore 1993). ln general, it is believed

that secretion ol filamentous fungal proteins does not differ to a large extend from these

systems.

As signal peptides are the signal for translocation into the ER, they are not only found in

secreted proteins but also in proteins that have cellular compartments or the plasma

membrane as their destination (Gilmore 1993). Signal peptides are cotranslationally

recognized and bound by a signal recognition particle (SRP), which transports the

ribosome/mRNA/peptide complex to the endoplasmic reticulum. The complex is targeted to

the ER-membrane by an interaction with a membrane-bound receptor, the SRP receptor or

docking protein. ln the ER, the signal peptide is removed cotranslationally by the signal

peptidase complex, an integral component of the ER membrane. The process of translocation

is still unclear, One oI the currenl models suggests that proteins are transported through a

hydrophillic tunnel that is assembled from transmembrane proteins (Gilmore et al. 1993).

Evidence has been obtained that an integral ER-membrane protein complex consisting ol

several membrane proteins (including sec61 p, sec62p and sec63p) is indeed involved in

translocation (Rapoport 1 992).

Although signal peptides show a great diversity in both primary sequence and amino acid

composition, a general design appears to be common from bacteria to mammals. Signal

peptides are usually short (1 4-22 amino acids) and have a conserved primary three-domain

structure (Von Heilne, 1986), consisting of an amino-terminal positively charged region,

followed by a central hydrophobic part and a more polar carboxy-terminal part. This common

design probably underlies the effective use of signal sequences oI heterologous proteins for

their production and secretion in filamentous fungi and yeast (e.9. bovine chymosin (Cullen
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et al. 1987), human tPA (Upshall et al. 1991 ), hen egg white lysozyme (Archer et al. 1990b),

plant thaumatin (Hahm and Batt 1990). However, most fungal expression cassettes contain

a fungal signal sequence that corresponds to the transcription control region sequence (e.g.

glaA; Ward et al. 1990; Carrez el al. 1990; Van Hartingsveldt et al. 1990).

84. Prosequences

A large number of mature proteins are initially synthesized with a N{erminal extension, the

propeptide. ln most cases, the exact amino acid sequence of propeptides has not been

determined experimentally, since these non-processed proproteins are ditficult to obtain

unless a processing mutant strain is available. Nevertheless, the cleavage site between a

signal peptide and a propeptide can be determined theoretically with reasonable fidelity. From

these data, it can be deduced that propeptides are highly heterogeneous, varying from very

small peptides e.g. GLA (6 AA; Nunberg et al. 1984) and EXL (1 1 AA; Hessing et al. 1994),

up to relatively long peptides e.g. PEPA (49 AA, Berka et al, 1990) and pEpD (101 AA, Jarai

et al. 1994a).

Since a considerable amount of proteins destined for the secretion pathway from

mammalian cells and some yeast proteins contain a propeptide, most experimental studies

on the function of propeptides have been carried out in these organisms. From these data

it is clear that propeptides can perform a number of different functions. Firstly, propeptides

might contribute to the efficiency of cotranslational translocation of the protein across the ER-

membrane. Secondly, propeptides might contribute to cotranslational proteolytic processing

of the polypeptide. For example, deletion of the propeptide (Ala-Leu-Val-Arg-Arg) from human

preproapolipoprotein A-l redirected cotranslational processing by the signal peptidase to a
site located between the 2nd and the 3rd residue ol the mature protein, whereas it did not

affect translocation (Folz and Gordon 1986). Thirdly, they might act as intracellular targeting

signal for routing to a specific cellular compartment. ln some yeast proteins, e.g.

carboxypeptidase Y, amino acid residues in the propeptide have been determined that

participate in vacuolar targeting (a.o. Rothman et al. 1989). Fourthly, in some proproteins like

proproteases, the propeptide keeps the protein inactive until it reaches its site of action (e.g.

prochymosin).

Removal of the propeptide from the mature protein, in mammalian, yeast as well as in
fungal cells, occurs in general by processing by a specific endopeptidase, usually after the

two positively charged amino acid residues Arg-Arg or Lys-Arg (reviewed by Steiner et al.

1992). However, also other amino acid combinations, containing at least one basic amino
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acid, have been found to be processed (e.9. EXL; ser-Arg, Hessing et al. 1994). comparison

of all possible dipeptide distributions along a large number of fungal cytoplasmic and

secreted proteins revealed that the secreted fungal proteins are biased against certain

combinations, including Lys-Arg, Arg-Arg and Arg-Lys (Calmels et al. 1991). These results

suggest that the absence of these doublets in mature, endogenous secreted proteins is to

protect them from proteolytic cleavage. As dibasic cleavage is thought to occur in the Golgi,

the internal dibasic peptide sequence in cytoplasmic proteins will not be attacked by this

processing. ln this respect it might be worthwhile to investlgate whether the presence of

dibasic doublets in foreign proteins accounts for the low efficiency of their secretion by

filamentous fungl. For example, in yeast, Elliot et al. (1 989) showed that cleavage at dibasic

sites was responsible for the release of truncated human erythropoietin.

Little experimental data are available on the function of lungal propeptides. Deletion of the

propeptide from Fusarium solani pisicutinase resulted in increased levels of secreted cutinase

by A. awamori, compared to a strain containing cutinase with its propeptide (Van Gemeren

et al, in press). Van Hartingsveldt et al (1 990) found intracellular accumulation of prochymosin

in strains containing a fusion of prochymosin with the preprosequence in A. nlger. When the

g/aA prosequence was deleted intracellular accumulation was not observed. The mRNA levels

were identical, indicating that in this case the etfect was exclusively at the secretion level.

For the production of foreign proteins in filamentous fungi, in general, the authentic

heterologous propeptide is included in the fungal expression cassette when the heterologous

protein contains one (e.9. prochymosin, ward et al. 'l 990; prophospholipase A, Roberts et al,

1 ee2).

85. Ready to use expression vectors

To date, several groups have constructed expression vectors which contain useful

restriction sites at positions to clone a heterologous gene and to produce the gene product,

either intra- or extracellularly. ln the TNO laboratory in Rijswijk, the pANs2-vector series have

been developed, based on the A. nidulans gpdA or A. niger gtaA transcription control region

and the A. nidulans trpC transcription termination region (Van den Hondel. 1991). These

vectors have either a unique cloning site at the translation initiation codon to connect the

gene with the transcription control region for intracellular production of the protein, or a
cloning site downstream of the glaA pre(pro)sequence for extracellular protein production.

Similarly, the pAN56-vector series was developed for construction of glucoamylase gene-

fusions (Fig. 1 ; see also section lv). These vectors are based on the A. niger gtaA or gpdA
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glaA (G2)

Pgooo

ttrpc

ApR

pAN 56-1
7,5kb

Bs

BN Bg

Figure 1 Example of a ready to use expression vector for the production of heterologous

proteins. The vector is explained in the text.

transcription control region, followed by the giaA gene, and the A. nidulans trpC transcription

termination region (Punt et al. unpublished data) with the latter two separated by unique

cloning sites.

III. PRODUCTION OF EXTBACELLULAR PROTEINS

As already detailed above, especially Aspergillus and Trichoderma species have a number

of favourable characteristics which makes them attractive hosts for large scale production of

proteins. Besides their capacity to secrete substantial amounts oI protein into the medium

(reviewed by a.o. Fowler and Berka l991 ;Van den Hondel et al. 1991 , Verdoes et al. 1995),

also the well-established and safe use of the enzymes they produce in food and lood

processing industry and their long history in large scale fermentation processes has

contributed to the use of these species in tood and food processing industry and has resulted

in a GRAS status lor some of the products derived from species like A. niger and A. oryzae.

At present, a number of enzymes. mainly native secreted Aspergillus enzymes, are

produced commercially in large scale industrial fermentation processes (Table ll: Berka et al.

1992; Bodie et al, 1 994). Major applications are the manuiacture ol {oods and beverages. The

increasing amount of data on heterologous protein production in papers and patents

emphasizes the effort that is being put into the use of filamentous fungi for the commercial

x
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production of heterologous proteins. However, from Table ll it is clear that the commercial

production of heterologous proteins is still in its infancy and more basic knowledge is needed

to improve production levels for many proteins now under investigation.

A. Production of fungal Proteins

Production of fungal proteins, either of homologous or heterologous origin, by filamentous

fungi is usually very efficient and production levels of grams per litre are within reach. To date,

Aspergillus and Trichoderma strains have been reported which are able to secrete more than

30 grams per litre of homologous proteins in fermentation processes (e.9. cellulases, Durand

et al, I9BB or glucoamylases, Finkelstein et al, 1989). As an example of a heterologous fungal

protein, Rhizomucor miehei aspartic proteinase was secreted at levels up to 3 grams per litre

by an A. oryzae transtormant in controlled fermentations (Christensen et al. 1988). Production

of fungal proteins has been reviewed extensively by many authors and is not discussed here

further in detail (Van den Hondel et al. 1991 ; Gwynne and Devchand 1992; Verdoes et al.

1 ees)

B. Production of non-fungal proteins

Production levels of most non{ungal proteins, either of mammalian, bacterial, avian or plant

origin, are low as compared to homologous proteins and reach levels that, with some

exceptions, do not exceed a few tens of milligrams per litre of culture medium (for reviews see

a.o. Jeenes et al. 1 991 , Van den Hondel et al. 1 991 ; Gwynne and Devchand 1 992).

ln literature (see reviews above), a large number of factors that might influence the

production levels of non-fungal proteins have been described. These data indicate that

production can be limited at any level, beit transcription, translation, secretion and/or

extracellular degradation. Limitations at the transcriptional level can be caused by low stability

of the mRNA. Since usually highly inducible fungal transcription control regions are used, in

general the mRNA levels of heterologous genes, especially in multi copy strains, are not

considered to be limiting. Therefore, in a large number of studies mRNA levels are not

reported or have not been determined and experimental data concerning the influence ot

mRNA stability on the levels of secreted protein remain sparse.

Limitations at the (post-)translational level can be inefficient translation initiation and

elongation, translocation, folding, transport, processing or secretion of the protein (Ward et

al. 1990; Turnbull et al. 1989; Tsuchiya et al. 1992; Broekhuijsen et al. 1993). Additionally,

even when proteins are finally secreted efficiently, a major problem for heterologous proteins
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is their degradation by extracellular proteases.Aspergilli can secrete a diversity of extracellular

proteases (Mattern et al. 1992; Van den Hombergh et al. 1995) and proteases have been

shown to be responsible for the degradation oI a large number of heterologous proteins like

human interleukin-6 (Broekhuijsen et al. 1993), bovine chymosin (Van Hartingsveldt et al.

1990) or porcine pancreatic phospholipase A (Roberts et al. 'l 992).

From the data available it is clear that the limiting factor(s) often depends on the protein

to be expressed and/or the fungal host strain. Unfortunately, thus far systematic studies have

not been carried out to investigate this in detail.

IV APPROACHES FOR TMPROVEMENT OF HETEROLOGOUS (NON-FUNGAL)

PROTEIN PRODUCTION

Based on the limitations observed lor the production of non-fungal proteins (see section

lll B), several strategies have been developed to improve protein yields (reviewed by Archer

et al. 1994). Most of these strategies are similar as for fungal proteins (Verdoes et al. 1995)

and include (i) the introduction ol a large number of gene copies, (ii) the use of strong fungal

transcription control regions and etficient secretion signals, (iii) the construction and use of

protease deficient host strains, (iv) development of an optimal medium and (v) gene fusions

with a gene encoding part or whole of a well-secreted protein (see IVA).

A. Gene fusion strategies

Especially the application of a gene fusion strategy has been successful for the production

of non-fungal proteins and has resulted in a change in type of expression cassettes in the last

few years. Where originally the coding region of a non-fungal gene was fused to efficient

fungal expression signals, now the heterologous gene is fused to the 3' end of a highly

expressed gene, of which the gene product is efficiently secreted. For this gene fusion

strategy mainly the A. niger or A. awamori glucoamylase gene was used. Fusion has resulted

in higher levels of secreted bovine prochymosin (Ward et al. 1990), porcine pancreatic

phospholipase A2 (Roberts et al. 1992), human interleukin-6 (Contreras et al, 1991 ;

Broekhuijsen et al, 1993), hen egg white lysozyme (Jeenes et al. 1993), and human lactoferrin

(Ward et al. 1995). The increase varies per protein from 5- to lOOO-fold, resulting in protein

levels varying from 5 to 250 mg l-1 (Table lll). Even higher levels, up to 1 - 2 g l'1, were

obtained for chymosin (Dunn-Coleman et al. 1991 )and lactoferrin (Ward et al. 1995) when

high level production strains were subjected to several rounds of mutagenesis.
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Besides the glaA gene-fusions, fusions with the Trichoderma reesel cellobiohydrolase I

gene (Nyyssonen et al. 1995) improved the production levels of antibody fragments with more

than 150jold. Also a fusion of A. awamori a-amylase (bolh amyA and amyB) with

prochymosin was reported to be successful (Korman et al. 1990). Shibuya et al. (1 992)

constructed an homologous A. oryzae TAKA-amylase/glucoamylase gene fusion to produce

alusion protein, up to levels of 0.5 g l'1, with both a-amylase and glucoamylase activities.

lnterestingly, the domain structure of both glucoamylase and cellobiohydrolase can be

divided in three parts: a N{erminal catalytic domain, a Cterminal starch or cellulose binding

domain, and a llexible O-glycosylated linker region which separates both N- and C-terminal

domains. The C-terminal starch binding domain can be efficiently replaced by the

heterologous protein (Broekhuijsen et al. 1993; Jeenes et al. 1993; Ward et al. 1995;

Nyyss6nen et al. 1995), although also fusions to full length GLA have been successful (Ward

et al. I990; Contreras et al. 1991 ; Roberts et al. 1992). lt has been suggested that the positive

effect of the fusion is probably because the linker region permits independent folding oI the

catalytic and substrate binding domains. Although glucoamylase from A. oryzae lacks the O-

glycosylated linker region, Tsuchiya et al. (1 994) showed that fusions with bovine

prochymosin could also be used to produce chymosin (Table lll). However, the chymosin

levels obtained with strains containing a fusion with the lolal glaA gene did not exceed the

levels of a strain in which prochymosin was tused to the g/aA transcription control region.

When a truncated glaA gene was used, lacking the starch binding domain, chymosin levels

improved S{old in shake flask cultures, and 500{old in a solid-state fermentation. ln all cases

described above the heterologous genes were fused to highly expressed fungal genes. Baron

et al. (1992) showed that the use ol fungal genes is not necessarily required. Fusion of

human lysozyme to the 3' end of the bacterial Streptoalloteichus hindustanus phleomycin

resistance gene, provided with a synthetic secretion signal, resulted in a 10 - 150 fold

increase in lysozyme protein levels in Tolypocladium geodes, as compared to non{used

lysozyme (Table lll).

ln general, the N-terminal fungal protein is believed to serve as a carrier, improving the

translocation of the protein into the ER, to aid folding and to protect the heterologous protein

from degradation. Further along the secretory pathway, in most cases the fusion protein is

cleaved, resulting in the secretion of the separate proteins. Cleavage have been shown to

occur either by autocatalytic processing of the heterologous protein (Ward et al, 1990), an

unknown fungal protease (Roberts et al. 1992, Baron et al. 1992, Nyyssonen et al. 1993,

Nyyssonen et al. 1995) or by a KEX2-like protease, for which a recognition site had been
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introduced specifically in the fusion protein (Contreras et al, 1991 ; Broekhuijsen et al, 1993,

Ward et al. 1995).

Although the strategies described here have been successful in increasing the protein

levels of heterologous proteins, in a lot of cases the protein levels are still lower than those

obtained with homologous proteins and classical strain improvement programs (random

mutagenesis and selection) had to be used to Jurther improve the yields (Dunn-Coleman et

al. 199.1 ; Ward et al. 1995). This demonstrates the need to gain more knowledge concerning

the parameters that influence heterologous protein production.

V. OUTLINE OF THIS THESIS

As described in this chapter, production levels of heterologous proteins are usually two to

three orders of magnitude lower than the levels of homologous proteins. Unfortunately, most

data available in the literature are obtained from undefined multi copy strains. The use of

different expression cassettes, dif{erent strains and the lack of data like mRNA levels makes

it difficult to compare the results and draw conclusions with respect to the Jactors that are

responsible for the lower production levels of heterologous proteins. To obtain more insight

in these factors a study has been started in which the production levels of a number of

different proteins were systematically analyzed in defined isogenic single copy strains oJ A.

awamori.

To facilitate efficient selection of transformants containing a single copy of a vector

integrated at a specific locus, a transformation system was developed, similar as previously

was describedlor Aspergillus species like A. niger and A. nidulans (Hamer and Timberlake,

1987; Van Gorcom and van den Hondel, 19BB). This system (Chapter 2) is based on the

transformation ol a pyrG mutant strain with a vector containing a pyrG gene with a mutation

that is localized opposite to the one present in the genome. A new method has been

developed for the construction oI pyrG mutants which allows the introduction of specific

mutations in the target locus, resulting in defined mutant strains.

For the production of proteins in large quantities efficient gene expression systems are also

required. During the years a number of such expression systems has been developed for

Aspergillus species, mainly based on the A. niger or A. awamori glucoamylase (g/aA) tcr.

Although the existing tcrs are useful for high level expression of genes, there still is a need

for new, efficiently inducible tcrs, especially when they can be induced under conditions

different from the expression conditions lor already available tcrs. Studies, carried out at the
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TNO laboratory in Riyswijk, indicated that the tcr of the 'l ,4-B-endoxylanase A gene (exlA)

could be used for overexpression of its own gene product 1,4-B-endoxylanase A (Hessing et

al. 1994). To further investigate the usefulness of this tcr for the expression of other genes,

research was started to study induction of the exlA tcr in shake-flask cultures (Chapter 3). To

investigate the kinetics of synthesis of mRNAs and proteins driven by lhe A. awamori exlAlcr

in more detail, continuous culture fermentations were performed (Chapter 6).

To obtain more insight in the parameters determining the production efficiency oI secreted

heterologous proteins by filamentous fungi, in Chapter 4 a systematic analysis is described

which was carried out to compare the production levels of a homologous protein with those

of different heterologous - fungal and non-fungal - proteins. All expression cassettes were

integrated in a single copy at the pyrG locus (see Chapter 2) and transcription of the genes

was controlled by the expression signals of the A. awamori 1 ,4-B-endoxylanase A (exlA) gene

(see Chapter 3). Analysis showed that large differences occurred in the steady-state mRNA

levels transcribed from the various genes, varying from high levels for genes of fungal origin

(A. awamori 1,4-B-endoxylanase A, A. niger glucoamylase and Thermomyces /anuginosus

lipase) to low or undetectable levels for genes of non-fungal origin (human interleukin-6 and

Cyamopsis tetragonoloba (guar) a-galactosidase). ln all cases except for hll6, the protein

levels corresponded to the amount expected on basis of the mRNA levels. For hlL6, very low

protein levels were observed whereas relatively high steady-state mRNA levels were obtained.

ln Chapter 5 the experiments are described that were carried out to further investigate the

problems observed with hlL6 and a-galactosidase production by making g/aA gene-fusions.

The effect of a gene-fusion was investigated at the mRNA and at the protein level, by

comparison with the corresponding non-fused genes, both in defined single copy strains,

With one gene, guar a-galactosidase, full length mRNA was only detected when a synthetic

a-galactosidase gene was used with a ditferent codon usage than the wild-type gene

(Chapter 4). Fusions with the wild{ype aglA gene resulted in truncated mRNA lacking most

of lhe aglA sequences. Experiments were carried out to identify the reason for this truncation

(Chapter s).
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CHAPTER 2

A novel strategy for the isolation of defined pyrc mutants and the

development of a site-specific integration system for Aspergfllus

awamori

Robin J. Gouka, Johanna G.M. Hessing, Hein Stam', Wouter Musters- and Cees

A.tM.J.J. van den Hondel

Department of Molecular Genetics and Gene Technology, TNO Nutrition and Food Research lnstitute,

PO Box 5815, NL-2280 HV Rijswijk, the Netherlands and *Department of Gene Technology and

Fermentation, Unilever Research Laboratorium, Olivier van Noortlaan 120, NL-3133 AT Vlaardingen,

the Netherlands

SUMMARY

A homologous gene transfer system lor Aspergillus awamori lor site-specific integration is

described, based on two components. First, a defined A. awamori pyrG mutant strain

constructed by a selection strategy for gene-replacement in fungi. Second, a vector with a

homologous pyrG selection marker containing a defined mutation at a site different from that

of the mutation in the pyrG gene of the defined mutant strain. Defined mutations in the A.

awamori pyrG gene, isolated from a genomic library by heterologous hybridisation with the

A. niger pyrG gene as a probe, were introduced by specifically altering sequences at

restriction sites in the coding region oI the gene. After transformation of lhe A. awamori wild-

type strain with vectors containing these mutated pyrG genes, and selection for S-fluoro-orotic

acid resistance (S-FOAR), on the average 60 percent of the S-FOAR colonies originated from

replacement of the wild-type pyrG gene by the mutated pyrG allele. After transformation of a

mutant strain, carrying a mutation near the 5' end of the pyrG gene with vectors containing

a mutation near the 3' end of the pyrG gene, 35% of the resulting transformants contained

one copy of the vector at the pyrG locus.
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INTRODUCTION

Filamentous fungi of the genus Aspergillus are widely used for the commercial production

of extracellular proteins due to their ability to secrete these in large amounts. For homologous

proteins production levels of grams per litre have been reported, e.g. for Aspergillus niger

glucoamylase and Aspergillus oryzae a-amylase (Verdoes et al. 1 995). ln contrast, production

levels of heterologous proteins are usually orders of magnitude lower. At best, the

extracellular yields of loreign gene products reach 50 mg I 
1, even in optimized situations (Van

den Hondel et al. 1991). ln our laboratory a study has been initiated to identify factors that

cause these ditferences in homologous and heterologous protein production levels in

filamentous fungi. ln this study the expression of genes of different origin - fungal and non-

fungal - will be compared. The results might lead to the identification oI factors that cause

these ditferences.

As in our laboratory good experience was obtained wilh Aspergillus awamori for the

overproduction of a 1,4-B-endoxylanase (Hessing et al. 1994) and also in other laboratories

A. awamori has been used for (over)production of proteins like bovine chymosin and A. niger

glucoamylase (reviewed by Verdoes et al. 1995), we decided to useA. awamori as a host

organism for our study.

For a reliable comparison of production levels of different proteins it is a prerequisite that

the strains to be analyzed carry the different expression(-analysis) vectors in a single copy

situation and in an identical chromosomal environment, as both copy number and

chromosomal environment were shown to influence gene expression (Van Gorcom et al.

1985, Miller et al. 1987). Expression(-analysis) systems have been developed lor Aspergillus

species like A. niger and A. nidulans which facilitate efficient selection o{ transformants

containing a single copy of an expression(-analysis) vector integrated at a specific locus.

These systems are based on an A. n/,ger mutant pyrG gene (Van Gorcom and Van den

Hondel, 19BB) or A. nidulans mutant argB genes (Hamer and Timberlake, 1987, Punt et al.

1 990) as selection marker and the correspondin g pyrc or argB mutant strains as recipients.

ln this paper the development of a similar system lor A. awamorl is described. The system is

based on the transformation-mediated isolation oI defined A. awamori pyrG recipient strains

and the efficient selectron oI A. awamori transformants with one or more copies of an

expression vector integrated at the pyrG locus.
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MATERIALS AND METHODS

Strains, media and plasmids. fhe A. awamori strain ATCC 11358 (CBS 1lS.S2) has been

used as a recipient strain for transformation. Escherichia coli strain JM109 (Sambrook et al.

1989) was used for propagation of plasmids. A. awamoriwas cultivated in Aspergillus minimal

medium (MM; Bennett and Lasure 1991) or enriched MM (MM supplemented with 5 g l-1 yeast

extract (Difco) and 0.1% vitamin-free casamino acids (Difco)). Plasmid pUC19 (New England

Biolabs) was used for subcloning of genomic fragments. Plasmid pAB4-1 comprises the A.

niger pyrG gene (Van Hartingsveldt et al. 1987).

Transformation and selection ol A. awamori strains. Protoplasting and translormation of

A. awamori was performed as described by Punt and Van den Hondel (1993). A. awamori Pyf
transformants were selected on osmotically stabilized (1 .2 M sorbitol) MM with 10 mM proline

as N-source and supplemented with 0.1% casamino acids, 10 mM uridine, 0.75 g I 
1 s-fluoro-

orotic acid (Sigma), and 1.5% bacteriological agar (Oxoid). A. awamori Pyr+ transformants

were selected on osmotically stabilized (1 .2 M sorbitol) agar plates containing MM.

DNA manipulations. Standard recombinant DNA techniques were used for cloning and

analysis of the A. awamori pyrG gene (Sambrook et al. 1989). Aspergll/us chromosomal DNA

was isolated as described by Kolar et al. (1 988). Colony blot hybridization experiments forA.

awamori were carried out according to Kinsey (1 989).

RESULTS AND DISCUSSION

lsolation and characterization of the A. awamori pyrG gene

For the development of a site-specific integration system lor A. awamorl we chose to use

the homologous pyrG gene as selection marker. Therefore an A. awamori genomic library in

,1EMBL3 (Hessing et al. 1994) was screened with the 3.8 kb Xbal fragment from pAB4-1 ,

containing lhe A. niger pyrG gene (Van Hartingsveldt et al. 1987), as a probe. This screening

resulted in the isolation of ten hybridizing phage clones that contained the putative pyrG

gene. southern blot analysis of DNA of five ,1 phages, using the A. niger pyrG fragment as a

probe, revealed that all o1 them contained DNA fragments that were also present in

corresponding digests of A. awamori chromosomal DNA. A restriction map of the genomic
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region is shown in Fig.1A. A2.4kb Bam{llHindlll fragment, a 3.0 kb Bam1l fragment and two

Sa/l fragments of 3.3 and 3.8 kb respectively, all hybridizing with the 3.8 kb A. niger pyrG

fragment, were isolated and subcloned in pUCl 9, resulting in the vectors pAW4-1 to pAW4-4

(Fig.1A). After transformation of the A. niger pyrG mutant strain A84.1 (Van Hartingsveldt et

al. 1987) with the vectors pAW4-1 and pAW4-2 Pyr+ colonies were obtained with a frequency

of 2-4 colonies perlg DNA, whereas with vectors pAW4-3 and pAW4-4 no Pyr* colonies were

observed.

A large part of the DNA sequence of the putative pyrG gene was determined. Comparison

of the A. awamori nucleotide sequence with the A. niger pyrG nucleotide sequence showed

a similarity ol 97%. The deduced aminoacid sequence showed a similarity of 99%. From this

comparison the position of the gene and the direction of transcription could be deduced

(Fis.1A).

Construction of defined A. awamori pyrG mutant strains

Construction of defined A. awamoripyrG mutant strains was performed in two steps. First,

defined mutations in the cloned A. awamori pyrG gene were introducedinvitro. To obtain a

vector with a defined mutated A. awamori pyrG gene, pAW4-1 , was digested with Sa/l that

cuts near the 3' end in the coding region approximately 0.6 kb downstream of the ATG

codon. Treatment of the Sa/l digest with T4 DNA polymerase to fill in the sticky ends and

subsequent ligation resulted in the isolation of plasmid pAW4-1 0. ln this plasmid the Sa/l site

(gtcgac) was converted to the sequence gtcgatcgac, introducing a Pvul site, resulting in a

frame-shift mutation in the coding sequence. With the same method, another mutation was

introduced near the 5' end of the pyrG gene. For this purpose pAW4-2 was digested with 8glll

that cuts in the coding region at 144 nucleotides downstream of the ATG codon as was

shown by sequence analysis. One of the clones obtained atter transformation ol E. coli,

named pAW4-20, appeared to contain a deletion of 49 nucleotides (from nucleolide 109 up

to 157 downstream of the ATG codon; Fig. 1B). As was shown by nucleotide sequence

analysis, this deletion resulted in a frame-shitt mutation in the coding sequence. Since the

mutation caused by the deletion was likely to be more stable than the one due to the filled-in

Bglll site, it was decided to use the vector with the deletion. ln lhe next step of the

construction ol a pyrG mutant strain, the mutated pyrG genes were used to replace the

chromosomal wildtype pyrG gene by transformation and subsequent selection of S-FOAR

transformants. Since PyrG-strains are resistant to 5-FOA (Boeke et al. 1984) pyrc

transformants might be selected directly from wildtype strains. Transformation of the wild-type
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A. awamori strain was performed with BamHllHindlll digested pAW4-1 0 or BamHl digested

pAW4-20. Per transformation 2.1 06 protoplasts were transformed with 1O pg ol DNA. With both

vectors a number of S-FOAR colonies were obtained on plates supplemented with 5 mM

uridine and 0.75 g 11 S-FOA. ln three transformations in total eleven S-FOAB colonies were

obtained with 30pg of pAW4-10 DNA and 16 with 30ptg of pAW4-20 DNA. Atthough the

number of S-FOAR colonies obtained was not significantly higher than that obtained on the

control plates without DNA, all ol lhe 27 S-FOAR colonies were analyzed further. Of the total

number of 27 S-FOAR colonies twenty were not able to grow on MM plates without uridine,

corresponding with a pyr phenotype. Southernblot analysis was carried out with genomic

DNA of all 20 S-FOAR, uridine requiring colonies (elght obtained with pAW4-1 0 and twelve with

pAW4-20). DNA was digested with Sa/l or Bglll and probed with a 3.0 kb BamHl fragment from

pAW4-1 containing lhe A. awamori pyrG gene (Fig.1c). ln the DNA of three (#2,3, and 8) of

the eight colonies obtained with pAW4-1 0, both Sa/l fragments of 3.3 and 3.8 kb, present in

the wildtype strain, were replaced by one hybridizing lragment of approximately 7 kb. This

result indicates that these mutants originate from a replacement of the wildtype pyrG gene

by the mutated pyrG gene from pAW4-1 0. One of these pyrG mutant strains was designated

AW4.10. Four transformants had a similar hybridization pattern as observed for the wild-type

strain and thus are likely to be the result of a spontaneous mutation. ln the remaining

transformant (#6) both Sa/l fragments were replaced by a fragment of 4.5 kb which might be

a deletlon. ln DNA of nine of the twelve colonies obtained with pAW4-20 both 8glll fragments

of approximately g and 2.7 kb, present in wild-type DNA, were replaced by a single

hybridlzing fragment of approximately 12 kb, confirming that in those colonies the wildtype
pyrG gene was replaced by the mutated pyrG gene present on pAW4-20. One of those strains

was designated AW4.20. ln one mutanl (#17) a slightly smaller Bglll fragment was visible

indicating a deletion. The remaining two mutants (#25 and 27) arc likely to be the result from

spontaneous mutations as they have a hybridization pattern similar to the wild-type.

Taken together, these results indicate that defined pyrG mutant strains can be obtained

very efficiently by replacing the wild{ype gene for a mulated gene using transformation and

subsequent selection on medium containing S-FOA. Although the number of colonies

obtained on transformation plates was not significantly elevated compared to the number of

colonies obtained on control plates, on the average 60 percent of the transformants resulted

from gene-replacement.

These results are similar to those obtained by Alic et al (1 993), however, in our approach

no second selection marker is needed, which allows us to use the approach in wild-type
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Fig.lA. Restriction map of the A. awamori wild-type genomic region containing the pyrc gene
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dashed box. The direction of transcription is indicated by an arrow. The length of the most 5' located
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strains.

The selection strategy to obtain defined mutants is not restricted lo pyrG mutants, but can

also be extended to other genes of which a selection method for mutants is available. For

example selection on chlorate for nitrate reductase (niaD) mutants (Gouka et al. 1991) and

selection on fluoro-acetate for acetyl-coenzyme A synthetase (facA) mutants (Gouka et al.

1 eeS).

Site-specific integration of vectors at theA. awamori pyrG locus

Site-specific integration oJ vectors at the pyrG locus was analyzed by transformation of

A. awamori strain AW4.20 (containing a defined mutation at the 8glll site) with vectors

containing the mutated pyrG gene from pAW4-1 0 (with a defined mutation at the Sa/l site) as

selection marker. This mutated pyrG gene was preferred as selection marker over a wild-type

pyrG gene since in related species it has been demonstrated that integration of one copy of

a vector at a specific locus is enhanced when using a mutant selection marker (Van Gorcom

and Van den Hondel 19BB; Van den Hondel and Punt 1991).

ln total 151 Pyr+ transformants of A. awamori AW4.2O were obtained, at a frequency of 0.1-

0.2 transformants per pg. This number was 10 times less compared to the number of

transformants obtained with vectors containing the wildtype pyrG gene. A similar difference

in transformation frequency between a vector with a mutated or a wild{ype gene as selection

marker is also observed in other systems (Van Gorcom and Van den Hondel 19BB; Punt et

al. 1990).

Fig.1 B. Part of the nucleotide and deduced amino acid sequence ot the pyrG gene of the A. awamori

wildtype strain and mutant strains AW4. 1 0 (upper part) and AW4.20 (lower pan). ln AW4.1 0 the Sa/t

site (gtcgac, underlined) in the wild-type strain, present approximately 0.65 kb downstream of the ATG

codon, is converted into the sequence s'-gtcgatcgac resulting in a frame shift. The sequence around

the Bgill site (underlined), corresponding to the nucleotides 1 03 to 160 of the coding region of the A.

awamori pyrG gene is given in the lower part- The 49 basepairs deletion of AW4.20 is shown below.

The position of the intron is indicated between arrows.

Fig.lC. Southernblot analysis oI A. awamori wild{ype and twenty A. awamori PyrG'transformants

obtained with pAW4-10 or pAW4-20. The numbers in the lanes correspond with transformant numbers

in the text. DNA was digested with sa/l (wt and no. 1-8) or 8glll (wt and no. 1o-27), separated on an

0.7% agarose gel, transferred to nitrocellulose and probed with 32P-labelled pAW4-i DNA. Markers for

molecular slze in kb are indicated on the right.
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Table l. Results of Colony blot and Southern analysis of A. awamori transformants obtained

with vectors containing a mutated pyrG gene as selection marker

txp No. of transformants

analyzed

Type of integration2)

AB D

I
6

2

3

4

6

d

1

2

5

6

7

I

17

ZJ

8

13

16

10

32

32

6

12

4

I
8

4

21

13 15

0

1

0

0

2

0

1

o

2

4

2

1

2

0

2

4

151Total 77 (517") 53 (35%) 17 (11%") 4 (3v")

') ln all experiments the mutant pyrG gene containing the filled in Sa/l site was present as selection

marker on the vector.

') Transformants were classified into four categories; A, gene-replacement or gene-conversion; B,

single copy integration of the vector at the pyrc locus; C, multicopy integration of the vector at the

pyrG locus; D, transformants with a hybridization pattern that could not be explained, although

integration at the pyrc locus had occurred as was shown by the disappearance of the hybridizing

band in the host strain.

Between ( ) the percentage of transformants is given for accumulated data.

To have a first discrimination between transformants obtained by gene-conversion/gene-

replacement and transformants obtained by integration of the vector al lhe pyrG locus, a

colony blot hybridization was carried out using pUC19 DNA, present in all vectors, as a probe.

As shown in Table I 77 transformants, being 51 %, contained no vector DNA indicating a gene-

replacement/gene-conversion. Genomic DNA of the remaining 74 transformants was isolated

to analyze the integration pattern. Hybridization was carried out using vector pAW4-1 as a

probe. From Table l, which shows the data obtained {rom this experiment, it can be

concluded thatTOyo of the integration{ype lransformants contained one copy oJ the vector

atlhe pyrG locus, whereas 23% contained more than one copy, The remaining 7% displayed
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a hybridization pattern that was not easily explained, although it was clear that integration had

occurred at the pyrG locus.

From these data it is clear that with the use of a defined pyrc mutant strain and a mutant

selection marker with a relatively high frequency site specific single copy transformants can

be isolated.

Currently we are using the pyrG based integration strategy to study heterologous gene

expression of strains containing one copy of ditferent expressioncassettes at the pyrG locus.
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SUMMARY

A new, highly inducible fungal promoter derived from the Aspergillus awamori 1,4-B-

endoxylanase A (exlA) gene is described. lnduction analysis, carried out with the wild type

strain in shake flasks showed that exlA expression is regulated at the transcription level. Using

a B-glucuronidase (uldA) reporter strategy, D-xylose was shown to be an efficient inducer of

lhe exlA promoter, whereas sucrose or maltodextrin were not. Upon D-xylose induction the

exlA promoter was threefold more efficient than the frequently used Aspergl//us niger

glucoamylase (g/aA) promoter under maltodextrin induction. Detailed induction analyses

demonstrated that induction was dependent on the presence oI D-xylose in the medium. C-

limited chemostat cultures with the uidA reporlerstrain showed that D-xylose was also a very

good inducer in a fermenter, even in the presence of sucrose.
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Filamentous tungi, such as Aspergillus and Trichoderma species, have a number of

favourable characteristics which makes them attractive hosts for the large scale production

of proteins. These characteristics include (a) their capacity to secrete substantial amounts of

proteins into the medium (reviewed by a.o. Fowler and Berka 1991 ; Van den Hondel et al.

1991 ; Verdoes et al. 1995), (b) well-established and safe use of the enzymes they produce

in lood and food processing industry and (c) their long history in large scale fermentation

processes which resulted in a considerable knowledge in this field.

For the production of proteins in large quantities efficient gene expression systems are

required. During the years a number of such expression systems has been developed for

Aspergillus and Trichoderma species. One of the most frequently used expression systems

in the black Aspergilli is based on the A. niger or A. awamori glucoamylase (g/aA) promoter.

This promoter was successfully utilized to produce heterologous proteins like bovine

prochymosin (Cullen et al. 1987) and human a-interferon (Gwynne et al. 1987) in A. nidulans

and A. niger. Besides lhe glaA promoter a number of other inducible promoters have been

used successfully for production of homologous and heterologous proteins in Aspergilli.

These promoters are a.o. derived from the alcohol dehydrogenase (a/cA) gene olA. nidulans

(Gwynne et al. 1987), lhe A. oryzae a-amylase (amy) gene (Christensen et al. 1988), the A.

nidulans aldehyde dehydrogenase (adhA) gene (Upshall et al. 1987) and the constitutively

expressed A. nidulans glyceraldehyde-3-phosphate dehydrogenase (gpdA) gene (Punt et al.

1991 ), Although the expression systems described have been used successfully to produce

both homologous and heterologous proteins, the secreted yields of most heterologous

proteins are very low as compared to homologous proteins and reach levels that initially do

often not exceed a few milligrams per litre. Therefore, in our laboratory, a comparative study

was started to identify factors that hamper efficient expression of heterologous genes. For this

study, the filamentous fungus A. awamori, of which has been shown that it can produce

homologous proteins very etficiently (Finkelstein et al. 1989; Berka et al. 1991), was chosen

as host strain. For efficient expression of the heterologous genes it was decided to develop

an expression system lor A. awamorl. Although several of the promoters indicated have

shown to be useful for high level expression of genes, there still is a need for new, strongly

inducible promoters, especially when they can be induced under conditions different from

expression conditions for already available promoters. Recent studies, carried out in our

laboratory, indicated that the promoter of the 1,4-B-endoxylanase A gene (exlA) can be used
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efficiently for the overexpression of its gene product 1,4-B-endoxylanase A (Hessing et al.

1994). To turther investigate the usefulness of this promoter in an alternative expression

system, we started research to study induction of the exlA promoter in detail.

MATERIALS AND METHODS

Strains and media. The A. awamori pyrG mutant strain AW4.20 (Gouka et al. 1995), used as

a recipient strain for transformation, is a derivative of A. awamori ATCC 1 1 35S (CBS 1 15.52).

Escherichia coli strain JMI Og (Sambrook et al. 1989) was used for propagation of plasmids.

For shake flask cultivations preculture medium consisted of Aspergillus minimal medium (MM;

Bennett and Lasure 1991 ) with 1% sucrose as carbon source and 0.1 % yeast eldract (Difco).

For induction medium Aspergillus MM with 5% D-xylose as carbon source and 0.1 % yeast

extract was used. Medium for the batch phase of the fermentation consisted of (g l1): sucrose

5.0, NH4CI 9.0, KH2PO4 1.0, MgSOr.THrO 1.0, CaClr.2HrO 0.3, yeast extract 1.0. For induction

5 g l-1 of D-xylose was added.

lnduction of the exIA promoter in shake flask cultures. 1 .5 x 106 spores/ml were inoculated

in a 0,5 I shake flask with 200 ml Aspergillus preculture medium. Atlet 24 hours of cultivation

in a rotary shaker (300 rpm, 30'C) the mycelium was harvested by filtration using a Miracloth

(Calbiochem) filter, washed with MM without carbon source and transferred to a O.S I shake

flask containing 100 ml Aspergillus induction medium.

ln the experiments carried out to compare lhe exlA and the g/aA promoter, precultivation was

omitted to avoid that the g/aA promoter would be active in preculture medium (see Table l).

Bioreactor cultivations. Fermentation experiments were carried out in a 3 litre Chemoferm

glass fermenter with baffles, provided with a magnetically driven stirrer (8 blades Rushton

impeller) on the bottom plate. The dissolved oxygen was measured by an lngold o. probe,

pH by an lngold pH probe and temperature with an PT 100 sensor. Gelman bacterial filters

were used to filter incoming air and outlet gasses before analysis. pH was regulated by 12.5%

NH4OH and 3M H.Po, using a watson Marlow peristaltic pump. Polypropylene glycol 2000

was used as antifoam. Working volume was maintained by using a teflon overflow tube. The

outlet gasses were cooled by a condensor and led to the mass-spectrometer (MM8-80, VG)

for measurements and calculations. The feed rate was checked with a burette during addition

by a Meredos SPGL7O pump.
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The set points for fermentation were: pH 4.5, stirrer speed 225 rpm, 25'C, airflow in 1.5

l.min'l. After inoculation regulation of the pH was started at the moment it reached pH 4.5.

The fermentation was switched from batch to continuous (D:0.1 hl) when the culture

reached the end of the exponential phase. Simultaneously, the stirrer speed was increased

to 3OO rpm to maintain the DO, above 35%.

lnduction with D-xylose was started when a steady-state phase was achieved (defined as

constant outlet gasses during at least 20 hours). D-xylose was added to the lermenter and

to the feed vessel at the same time.

Proteolytic activity. Proteolytic activity in the induction medium was tested by incubation of

low molecular weight marker proteins (LMW; Pharmacia) in medium samples taken 22,37 and

48 hours after transfer to induction medium. Analysis of these samples after 24 hours of

incubation at 37'C using SDS-PAGE and subsequent Coomassie Brilliant Blue staining

showed that none of the LMW marker proteins was degraded. Acidification ol the medium to

pH 3 with acetic acid resulted in degradation ol almost all of the LMW marker proteins within

2 hours of incubation, whereas no spontaneous degradation of the marker proteins occurred

at this pH.

Transformation of A. awamori. For transformation of A. awamoriAW4.2O 2x1 06 spores were

inoculated in Aspergillus MM with 10 mM uridine. After overnight growth, the mycelium was

diluted 1 to 5 and cultivated for another 16-1 I hours. Transformation olA. awamori was

carried out as described by Punt and Van den Hondel (1993). Selection ot A. awamori Pyr*

transformants was performed on Aspergillus MM with 1.2 M sorbitol. For hygromycin B

selection 10 mM uridine and 150 mg ll hygromycin B were added.

Construction of GUS repofter strains. Two reporter strains (AWl 6 and AWGUS64-2A) were

constructed which contained the following constructs. A vector containing a PexlA-uidA

reporter construct was obtained as follows: the uidA gene was isolated as 1 .9 kb Ncol - Aflll

lragment from a derivative of pNOMl02 (Roberts et al. 1989) in which the Ncol site present

downstream ol lhe uidA stopcodon was converted to an Aflll site with a synthetic

oligonucleotide (MBL BBB: 5' catgccttaagg 3'). This fragment was ligated to a partial 7.2 kb

BspHl - Aflll {ragment from plasmid pAWl 48 (Hessing et al. 1994). The EspHl site which was

used (8spHl has five sites in the vector) was the one that comprised the translation initiation

codon (TCATGA) and the Aflll site (Aflll has two sites in the vector) the one comprising the
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stopcodon (CTTAAG). The resulting vector was called pAWl 5-1 . The lusions were verified by

sequence analysis (data not shown). For insertion of a selection marker, in pAWl 5-1 a Notl

site was created by converting the EcoRl site present 1.2 kb upstream of the ATG codon into

a Nofl site with a synthetic oligonucleotide (MBL 52-7A: 5' aattgcggccgc 3'), resulting in

pAWl 5-1 Not. ln pAWl 5-1 Not the A. awamori pyrG gene with a frame-shift mutation in the

coding region at the Sa/l site (pyrG-; Gouka et al. 1995) was cloned. This pyrG. gene was

isolated as a2.4 kb Notl fragment from a derivative of pAW4-1 0 (Gouka et al. 1995) in which

respectively an upstream Xbal and a downstream Hlndlll site were converted into a Notl site

using synthetic adaptors. The resulting vector was called pAWl 6 (Fig.lA). The PglaA-uidA

reportervector was derived from pGUS64 (Verdoes et al. 1994a). ln this vector, designated

pAWGUS6a-2A, the A. niger pyrG gene was replaced by the 2.4 kb Notl fragment containing

the A. awamori pyrG- gene as in pAWl 6. Both vectors were used to transform A. awamori

AW4.2O. To allow comparison, transformants containing a single copy of the vector at the A.

awamori pyrG locus were first identified by colony blot hybridization and further by Southern

blot analysis, Two single copy transformants, AW1 6 and AWGUS64-2A respectively, were

used jor further research.

Construction ot exlA-::uidA+ strain AW15.7. To obtain a strain in which lhe exlA coding

region was replaced by the uidA coding region replacement vector pAWl 5-7 (Fig.1B) was
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constructed as follows: in the Nofl site of pAWl 5-1 Not a fragment containing the hygromycin

B resistance cassette from pANT-1 (Punt and van den Hondel 1993) was cloned. This

cassette, which was originally present on a 2.6 kb Sacl-Hrndlll fragment, was provided with

Notl sites using synthetic oligonucleotides.

An A. awamori exlA'.'.uidA+, pyrG strain was obtained by transformin g A. awamoriAW4.2O

with replacement vector pAWl 5-7, which was linearized with Srnal. A frequency of 5

hygromycin resistant colonies pet pg ol DNA was obtained. Two transformants with a proper

replacement, as identified by colony blot hybridization, GUS plate tests using X-gluc (S-brom-

4-chlor-3-indolyl-B-D-glucuronide) and Soulhern blot analysis (data not shown), were obtained

out of 50 tested. One of these strains, designated AW1 5.7, was used for further research.

lnitial analysis of AWl 5.7 revealed that this strain grew much poorer in the presence of

uridine than pyrG* strains. This is in contrast lo pyrG mutants of other Aspergiltus species.

Therefore, to acquire a replacement strain with identical growth characteristics as the wild-

typestrain, apyrG* transformantfromAWl 5.Twasobtainedbytransformationof AW1 5.7with

vector pAW4-1 0. Trans{ormants carrying one copy of pAW4-1 0 at the pyrc locus were

identified by Southern blot analysis and one of them was designated AW15.7-1 .

Recombinant DNA techniques. Standard recombinant DNA techniques were used for cloning

procedures (Sambrook et al. 1 989). Aspergillus chromosomal DNA and RNA was isolated as

described by Kolar et al. (1 9BB). Colony blot hybridization of A. awamori was carried out

according to Kinsey (1989).

B-Glucuronidase (GUS) assays. For a qualitative GUS assay, spores were inoculated on

solidified induction medium, overlaid with a Hybond filter and incubated for two days at 30"C.

Then, the filter was transferred to liquid nitrogen for 30 seconds to break open the cells and

developed in Z-buffer (60 mM NarHPOo,40 mM NaHrPOo, 10 mM KCl, 1 mM MgSO.,0.27%

(v/v) B-mercapto-ethanol) containing 0.04% X-gluc. Quantitative GUS assays were performed

according to Roberts et al. (1 989).

Xylanase activity and D-xylose concentration measurements. Total xylanase activity was

determined by measuring the production of newly liberated reducing groups using the DNS

(2-hydroxy-3,5-dinitrobenzoicacid) method as described by Hessing et al. (1994). D-xylose

concentrations in the medium were determined according to the same method with the

exception that oat-spelt xylan and the incubation step at 40"C were omitted.
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RESULTS AND DISCUSSION

lnduction analysis of the A. awamori exlA promoter

To study regulation ol exlA gene expression, induction analysis was started with the A.

awamori wild{ype strain. The promoter was induced with D-xylose, an efficient inducer for

xylanases in related species like A. terreus (Hrmova et al. 199'l), A. sydowii (Ghosh and

Nanda 1994) and A. tubigensls (De Graaff et al. 1994). ln several studies focused on induction

of xylanases, besides D-xylose and xylan, two well-known inducers of xylanases (reviewed

by a.o. Thomson 1992; Coughlan and Hazlewood l993), other inducing compounds have

been described. These compounds are usually xylo-oligosaccharides, non-metabolized

analogues of xylobiose such as B-methyl-xyloside and/or positional isomers of xylobiose

(Bailey and Poutanen 1989; Hrmova et al. 1991 ; Ghosh and Nanda 1994; De Graaff et al,

1994). However, all these compounds are too expensive to use in large scale cultivations. As

D-xylose is a more defined chemical substance than xylan, it was chosen as inducer.

Furthermore, it was observed that with xylan usually long cultivation periods are required to

obtain high levels oI protein produced (JGM Hessing, unpublished results).

The wild-type strain was grown according to the induction protocol described in M&M and

at differenttime points medium and mycelium samples weretaken. The medium samples were

analyzed for extracellular xylanase activity (Fig.2A). From these data it is clear that after

induction xylanase is secreted into the medium reaching approximately 15,OOO U mlr 48

hours after transfer of the mycelium to induction medium. From data obtained by Hessing et

al. (1 994) it is clear that A . awamori produces more than one xylanase. Therefore the xylanase

activity measurements (Fig.2A) did not rellect exlA expression alone. To determine the

contribution of 1 ,4-B-endoxylanase A activity to the total xylanase activity, strain AW1 5.7-1 was

constructed, in which lhe exlA gene was replaced by the E. coll B-glucuronidase (uidA) gene.

Xylanase inductlon of AW1 5.7-1 was performed as described lor the wild{ype strain. As the

total xylanase activity was not clearly different from lhe exlA+ strain (Fig.2A), we concluded

that the exlA gene has only a minor contribution to the total xylanase activity for the substrate

used (oat spelt xylan) in the xylanase assay. These results indicated lhalexlA expression has

to be investigated by other methods. Therefore, Northern blot analysis and GUS actlvity

assays were performed.

Northern blot analysis was carried out with RNA isolated from mycelium samples taken

before induction (t=0 hr) and 22,37 and 48 hours after induction (Fig.2B). Before induction,

no exlA mRNA could be detected. Atler 22 and 37 hours exlA mRNA was present, as was
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shown by a hybridizing band of approximately 1 kb in size. However, after 48 hours this

hybridizing band had disappeared again. Northern blot analysis of samples taken from

AW15.7-1 showed an identical pattern Ior uidA mRNA.

To investigate whether the disappearance ol exlA and uidA mRNA is related to the absence

oi inducer in the medium, the levels of D-xylose were determined. From Fig. 2,A it is clear that

within the period of 48 hours the 5% of D-xylose was almost completely consumed, leaving

less than 0.05% after 48 hours. These results suggest that as soon as the fungus is deprived

lrom D-xylose, mRNA synthesis stops and apparently the previously synthesized exlA ot uidA

mFINA is degraded.

From Fig.2A, it is clear that in AWl 5.7-.1 the GUS activity increases from hardly detectable

before induction to 1760 U/mg protein 48 hours after induction.

Altogether it can be concluded that regulation of the exlA gene is at the transcription level.

From the results on GUS activity in AW1 5.7-1 it is clear thal uidA expression is a good

alternative to study induction of the exlA promoter in a more detailed manner.
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Comparison of promoter efficiency of the A. awamori exlA gene and the A. niger glaA

gene,

To compare the efficiency of the exlA promoter with the A. niger g/aA promoter a reporter

strategy was used. For this purpose strains AW1 6 and AWGUS64-2A were constructed

containing respectively lhe exlA and the g/aA promoter fused lo lhe uidA gene (see Materials

and Methods). Both reporter strains were cultivated in shake flasks using Aspergillus MM

supplemented with 0.5% yeast extract, 0j% casaminoacids and 5% of either sucrose,

D-xylose or maltodextrin. Maltodextrin has been shown to be an efficient inducer for the g/aA

promoter (Verdoes et al. 1994a). After 48 hours mycelial extracts were prepared and GUS

specific activities were determined (Table l). With lhe exlA promoter (AW1 6) a very low GUS

activity (* 2 U/mg) was measured with 5% sucrose or 5% maltode)drin as C-source, indicating

that the exlA promoter is practically inactive in those media. AW1 6 grown in medium

containing 5% D-xylose showed a GUS activity with an average of 2559 U/mg at 48 hours.

With the g/aA promoter (AWGUS6a) a GUS activity of 800-900 U/mg was measured at 48

hours when grown in maltodextrin containing medium. ln sucrose medium an activity of 147

U/mg was observed and in D-xylose medium a very low GUS activity. The GUS activities

found for the g/aA promoter with D-xylose and maltodextrin are in agreement with those found

in A. niger (Verdoes et al. 1994a). The use of sucrose as inducer, which was not tested in that

study, results in lower GUS activities than obtained with glucose (150 vs l OOO U/mg; Verdoes

et al. 1994a).

Table I B-glucuronidase activities in AW16 and AWGUS64-2A strains grown in the presence

of different carbon sources

Carbon source Strains

AW16 (Pex/A) AWGUS64-2A (PglaA)

5% sucrose

5% D-xylose

5olo maltodextrin

2.3 + o.4

2559 + 35
.l .9 + 0.1

147 + 13

6.5 + 0.3

874 + 50

Activities (+ standard error) are given in Units per mg of total intracellular protein and are an average

of 4 independent cultures.
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These results indicate that the exlA promoter is, as the g/aA promoter, an efficient promoter.

Under inducing conditions, the exlA promoter results in threetold more GUS activity than the

g/aA promoter at its induced level. Moreover, the exlA promoter is induced in the presence

of a C-source in which the g/aA promoter in not active and vice versa.

From these data we conclude that the regulation of the exlA promoter is less complex than

that of the commonly used g/aA promoter since lhe exlA promoter is only active at

considerable levels with a very limited set of C-sources (De Graaff et al. 1994; Ghosh and

Nanda 1994), whereas lhe glaA promoter is expressed with most C-sources tested (Fowler

et al. 1990; Verdoes et al.1994a) except D-xylose.

Although a direct comparison of promoter strength is difficult, since i) both mRNAs have

different 5' and 3' untranslated regions which may result in ditferent mRNA stability and ii) the

culture conditions in different growth media may atfect overall cell physiology and protein

synthesis, we conclude that the exlA promoter is a highly inducible promoter and may be a

good alternative for the g/aA promoter for the production of proteins.

Development and analysis of an induction procedure tor PexlA driven expression

To analyze the induction of the exlA promoter in further detail, reporterstrain AW1 5.7-1 , in

which the exlA coding region is replaced for the uidA reporlergene, was cultivated under

various shake flask culture conditions. An induction method was used in which a standard

amount of mycelium was transferred to induction medium (see Materials and Methods). This

procedure avoids large differences between culture biomass and shortens the production

phase, which is particularly important when products are toxic for the fungus or susceptible

to proteolytic degradation. The experiments were carried out with 1o/o, SYo and 1O% D-xylose

as inducing C-source. lnduction of the PexlA driven expression was analyzed by measuring

GUS activity. Time-course experiments (Fig.3) showed an increase in GUS activity after

transfer to D-xylose containing medium. The period and maximal level of GUS production

depended on the concentration of D-xylose in the medium. ln 1% D-xylose the GUS activity

was maximal after 15 hours (7OO U/mg; Fig.3) and then decreased. The maximal level

observed in 5% D-xylose cultures was 1500 U/mg protein after 48 hours of induction, whereas

after 67 hours the activity had decreased to 800 U/mg and after 137 hours to 230 U/mg. ln

cultures with I0% D-xylose, the prolonged presence of D-xylose resulted in extended

induction as was shown by an increasing GUS activity up to 1700 U/mg, which did not

decrease even after 67 hours.
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Determination of D-xylose concentrations in the medium showed that in cultures containing

1% D-xylose, D-xylose was depleted after about 15 hours, and in cultures with S% D-xylose

after 48 hours. ln the cultures with 10% D-xylose, D-xylose was still present at 67 hours.
Northern analysis showed that uidA mRNA was not detectable anymore when D-xylose was

depleted from the medium (data not shown, see also Fig. 28).

Taken together, these results indicate that PexlA driven induction depends on the presence

of D-xylose in the medium. The period and maximal level of GUS production correlated with
the concentration of D-xylose in the medium. Depletion of D-xylose Irom the medium resulted
in the disappearance ot uidA mRNA and a decrease in GUS activity. Apparently, the existing
uldA mRNA is rapidly degraded and no de novo synthesis ot uidA mRNA occurs. The
decrease in GUS activity suggests that the existing GUS protein present was degraded by
intracellular proteases.

lnduction analysis of the exIA promoter in chemostat cultures
To investigate whether lhe exlA promoter could also be induced efficiently in a fermenter,

continuous culture experiments were carried out with A. awamori AW1S.7-1 . ln addition, these
fermenter experiments enabled us to investigate whether induction levels are maintained by
a successive addition of D-xylose to the culture medium, as this was suggested by the results
obtained with shake flask cultures. The experiments were performed in a 2.5 lfermenter under
carbon limited conditions using D-xylose as inducer. To realize high D-xylose concentrations
instantly, at t=0 hours 12.5 g D-xylose, dissolved in water, was added to the fermenter vessel.
To maintain a certain level of induction also 2.5 g l-1 D-xylose was added to the feed. After
induction a number of mycelium and medium samples were taken to analyze mRNA kinetics
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and GUS protein accumulation.

Northern blot analysis with total RNA (Fig.4A), extracted from mycelium taken at several

time points after induction with D-xylose, showed a quick response on uidA mRNA synthesis,

visualized by the appearance of uldA mRNA already after 10 minutes. After 45 minutes the

uidA mRNA level reached a steady-state level which was maintained during the total period

of cultivation. Between 10 and 26 hours upon induction D-xylose levels were too low to be

measurable (Fig.aB), indicating that the effect of the D-xylose shot had disappeared and that

the culture grew under carbon limited conditions again. The presence of uidA mRNA at 26

hours indicated that the amount of D-xylose present in the feed, was still capable of

maintaining induction. These experiments also showed that the concentration of sucrose in

the feed still allowed induction.

Fig. 4A. Northern blot analysis of

A. awamori AW15.7-1 grown in a

chemostat under D-xylose inducing

conditions. The blot contains equal

amounts of total RNA and was

probed with a t'P-labelled 1.9 kb

Ncol DNA fragment from pNOMI 02

contalning Ihe uidA coding region.
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To see whether steady-state levels of GUS were obtained, at all time points the activity was
determined' GUS activity (Fig.aB) became detectable t hour after induction increasing up to
a level of 5000 U/mg protein, which was present 26 hours after induction. From an eltended
continuous culture experiment (data not shown) it was demonstrated that after 26 hours the
level of specific GUS activity did not increase, suggesting that a steady-state in protein level
was reached.

From these results it can be concluded that induction with D-xylose is also useful in a
fermenter, in particular since relatively low levels of D-xylose can even induce in the presence
of a cheap C-source like sucrose, which makes exlA induction cost effective and attractive
for large scale fermentations.

Currently, we are using the exlA expression signals in combination with the induction
protocol to study heterologous gene expression, both in shake flasks and in continuous
fermenter cultures.
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CHAPTER 4

Analysis of heterologous protein production in defined recombinant
Aspe rg il lu s awamori strains:

comparison of expression levels of genes from fungal and non-fungal
origin

Robin J. Gouka, Peter J. Punt, Johanna (H.) G.M. Hessing and cees A.M.J.J. van den
Hondel

TNo Nutrition and Food Research lnstitute, Department of Molecular Genetics and Gene Technology,
P.O. Box 5815, NL-2280 HV Rijswijk, the Nethertands

SUMMARY

A study was carried out to obtain more insight in the parameters determining the secretion
of heterologous proteins from filamentous fungi. A strategy was chosen in which mRNA and
protein levels of a number of heterologous genes from different origin were compared. All
genes were under control of lhe Aspergillus awamori 1 ,4-B-endoxylanase A (exlA) expression
signals and were integrated in a single copy at lhe A. awamori pyrG locus. Northern analysis
showed that large differences occurred in the steady-state mRNA levels obtained from the
various genes, varying from high levels for genes of fungal origin (A. awamori 1,4-B-
endoxylanase A, A. niger glucoamylase andThermomyces lanuginosus lipase) to low levels
for genes of non-fungal origin (human interleukin-6 and Cyamopsis tetragonoloba (guar) a-
galactosidase). with the c. tetragonoloba a-galactosidase wild{ype gene full length mRNA
was even undetectable. Surprisingly, small amounts of full length mRNA could be detected
when a C. tetragonoloba a-galactosidase gene with an optimized S. cereylsrae codon
preference was expressed. ln all cases except for hlL6, the protein levels corresponded to the
amount expected on basis of the mRNA levels. For hlL6, very low protein levels were
observed whereas relatively high steady-state mRNA levels were obtained. Our data suggest
that intracellular protein degradation is the most likely explanaton for the low levels of
secreted human interleukin-6.
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INTRODUCTION

ln nature, filamentous fungi, including members of the genus Aspergillus, are able to use

a great variety of carbon and nitrogen sources by secreting a wide range of different enzymes

into their environment. This aspect, together with their capacity to secrete these enzymes in

large amounts, has made filamentous lungi attractive hosts for the large scale production of

proteins (reviewed by a.o. Fowler and Berka 1991 ;Van den Hondel et al. 1991 , Verdoes et

al. 1995).

ln literature a large number of data concerning production of heterologous proteins in

filamentous fungi has been reported (reviewed by Fowler and Berka 'l 991 ; Van den Hondel

et al. 1991 ). From these data it is clear that, in general, the secreted yields of most

heterologous proteins are low as compared to homologous proteins and reach levels that in

most cases do not exceed a few milligrams per litre of culture medium. Several strategies

have been developed to improve these yields, including (i) the introduction of a large number

of gene copies (Verdoes et al. 1995), (ii) the use of strong fungal promoters and efficient

secretion signals (Verdoes et al. 1995), (iii) gene fusions with a gene encoding a well-secreted

protein (Ward et al. 1990; Contreras et al. 1991 ; Roberts et al. 1992; Broekhuijsen et al. 1993;

Ward et al. 1995), (iv) the use of protease deficient host strains (Roberts et al. 1992;

Broekhuijsen et al. 1993), (v) medium development (Archer et al. 1990a), and (vi) modification

of the protein and random mutagenesis and subsequent screening for higher production

levels (Dunn-Coleman et al. 1991 ). However, a more systematic study is necessary to identify

and eliminate the Iactors that cause the low expression levels of heterologous proteins.

The aim of this study is to obtain more insight in the parameters that determine the

production and secretion of heterologous proteins. For this study, the filamentous fungus

Aspergiltus awamori, which has been shown to be an efficient producer of proteins

(Finkelstein et al. 1989; Berka et al. 1991 ; Hessing et al. 1994), was chosen as host strain.

A strategy was developed to compare the production levels of a homologous protein with

different heterologous - fungal and non-fungal - proteins. To exclude that differences in

production levels are caused by differences in gene copy number or integration site, all

expression cassettes were integrated in a single copy at a defined locus (Gouka et al. 1995).

To avoid differences in transcriptional regulation, all genes were controlled by the expression

signals of the A. awamori 1,4-B-endoxylanase A (exlA) gene (Hessing et al. 1994).
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MATERIALS AND METHODS

strains,mediaandtransformation.TheA. awamoristrainAWls.7 (exlA-::uidA+,pyrG-,HmR;

Gouka et al. 1996a), used as a recipient strain for transformation, is a derivative of A. awamori

ATCC 11358 (CBS 1 15.52). Escherichia coli strain JM109 (Sambrook et al. 1989) was used

for propagation of plasmids. lnduction of the A. awamori exlA promoter was carried out as

described by Gouka et al. (1996a), using a preculture medium containing 1% sucrose as C-

source and an induction medium with 5% D-xylose as C-source. For transformation of A.

awamoriAWl 5.7 2x1 06 spores were inoculated in Aspergillus MM (Bennett and Lasure 1991)

with 10 mM uridine. After 20 - 24 h ol agitated growth at 30'C the mycelium was diluted 1 to

5 and cultivated for 16 - 20 h. Transformation ol A. awamoriwas carried out as described by

Punt and Van den Hondel (1 993). Selection ol A. awamori Pyr+ transformants was performed

on Aspergillus MM which was osmotically stabilized with 1.2 M sorbitol.

Construction of Aspergillus expression vectors. Expression vectors (Table l) were

constructed carrying the genes coding lor A. awamori 1,4-B-endoxylanase A (Hessing et al.

1994), truncated A. niger glucoamylase G-2 form lacking the starch-binding domain (GLAG2;

Broekhuiisen et al. 1993), Thermomyces lanuginosus lipase (Boel and Huge-Jensen 19g9),

human interleukin-6 (Broekhui,isen et al. 1993) and Cyamopsis tetragonoloba a-galactosidase.

For the latter enzyme two gene versions were used: the wild-type gene (Overbeeke et al.

1989) and a synthetic gene with an optimized yeast codon bias (aglA"r"; Verbakel 1991)

differing 22% in nucleotide sequence from the oDNA clone. All genes were preceded by the
exlA promoter and followed by the exlA transcription terminator. Furthermore, the genes were
either expressed with the exlA preprosequence and/or their own preprosequence (Table l).

All vectors were based on plasmid pAWl 4ANot, a vector derived from pAWl 48 (Hessing

et al. 1994). ln pAWl 48, the EcoRl site, present in the polylinker, was changed into a Notl site

using a synthetic oligonucleotide. Two types of fusions were made for which the following

restriction sites were used: (a) Ior translation start fusions, the BspHl site (TCATGA),

comprising the translation start codon ATG in pAWl 4ANot, was used (Hessing et al. 1994),

(b) for fusions of the exlA preprosequence with the part of a heterologous gene encoding the
mature protein, the Nrul site (TCGCGA), present 3 nucleotides upstream of the cleavage site

of the prosequence with the mature sequence (Hessing et al. 1994), was used. ln all cases

fusion with the exlA transcription terminator was accomplished at an Afill site (CTTAAG) that
comprised the stopcodon TAA. To create correct fusions either a BspHl - Afill or a Nrul - Aflll
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fragment was isolated from pAWl 4ANot, containing the 5' and 3' exlA regulatory sequences

together with pUC19. The 5' and 3' end sequences of the heterologous genes were

subsequently adapted to these sites to regenerate a correct fusion using an appropriate

restriction site in the coding sequence together with annealed synthetic oligonucleotides or

fragments generated by PCR. The correct DNA sequence of all fusions was verified by

sequence analysis. As selection marker, a mutantA. awamori pyrG gene (Gouka et al. 1995),

present on a 2.4 kb Notl fragment, was inserted in all expression vectors. All vectors were

integrated at lhe pyrG locus in A. awamori AW1 5.7 (extA::uidA*, pyrG, HmR) using the

recently developed integration system by Gouka et al. (1 995).

Recombinant DNAtechniques. Standard recombinant DNAtechniqueswere used for cloning

procedures (Sambrook et al. 1989). Aspergillus chromosomal DNA and RNA was isolated as

described by Kolar et al. (1 988). For Northern blot analysis, as a probe a 400 bp DNA

fragment was used which allowed a direct comparison of the amount of specific mRNA in the

different expression strains. This 400 bp DNA fragment was isolated by PCR from a vector

derived from pAWl 4ANot, in which lhe exlA coding region was deleted and which only

contained the 5' and 3' exlA non-coding sequences. With this probe in each transformant the

uldA mRNA provided with exlA expression signals could also be detected and used as a

reference for the induction level.

Quantification of protein production levels. B-glucuronidase assays were performed

according to Roberts et al. (1 989). For quantification of lipase activity the formation of free

fatty acids was measured (Frenken et al. 1992). Determination of glucoamylase activity was

as performed by Metwally et al (1 991 ), a-Galactosidase activity assays were carried out

essentially according to Overbeeke et al. (1 989). Human interleukin-6 activity was measured

with a biological assay using hlL6-dependent mouse-hybridoma cells as described by Van

Snick et al. (1986).

Quantification by Western blotting was carried out according to Sambrook et al. (1 989). For

determination of protein concentrations purified protein was used as a standard. Purified 1,4-

B-endoxylanase A, lipase and a-galactosidase protein and the respective polyclonal

antibodies were obtained from Unilever Research Laboratorium. Purified glucoamylase was

obtained from Boehringer-Mannheim (lot 12005320-30). Monoclonal antibodies raised against

glucoamylase were produced in our laboratory. Purified human interleukin 6, produced by

Peprotech (lot nr 4602), was supplied by Sanvertech, Polyclonal antibodies against hll6,
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produced by Endogen (lot nr 40301 5), were obtained from Sanvertech. For detection either

phosphatase labelled antibodies (Promega) or the ECL Western blot detection kit (Amersham)

based on peroxidase labelled antibodies were used. Total protein amounts were determined

using the BioRad protein assay kit.

Dry weight measurements. Dry weight was measured by filtration of 25 ml of homogenous

culture samples over a Miracloth filter. The mycelium was squeezed and dried overnight in

a vacuum oven at 80'C.

Determination of D-xylose concentrations. D-xylose concentrations were determined by

measuring the reducing sugar content with the DNS (2-hydroxy-3,5-dinitrobenzoicacid)

method as also used for xylanase activity assays as described by Hessing et al. (1 99a).

Appropriate amounts of medium sample were supplemented with AD to a total volume of O.s

ml. To this solution 0.5 ml DNS was added, mixed and incubated for 10 minutes at 100.C. The

reducing sugar content was determined at oD 549 nm, using a D-xylose standard as a

reference.

RESULTS

Construction of recombinant fungal strains and analysis of their growth and induction
characteristics

strain A. awamori AW1 s.7 (exlA-::uidA+ , pyrG', HmB) was transformed with the expression

vectors described in M&M using the recently developed integration system by Gouka et al.

(1 995). Transformants with a single copy of the vector altne pyrc locus were identified by

Southern blot analysis and for each of the expression vectors two independent single copy

transformants were used for further analysis (see Table l). ln some cases also multi copy

transformants were analyzed. As a control AW1 5.7-1 , a pyrG* derivative ol AW1 5.7, was used

(Gouka et al. 1996a). For analysis of mRNA and protein levels, each transformant was

cultivated in duplicate according to the induction procedure described in M&M. Since mRNA

and protein levels can only accurately be compared if no ditferences occur in growth and

induction, a number of control parameters were analyzed for each strain.

GroMh of the cultures was checked by analysis of three parameters, namely culture

morphology, dry weight and D-xylose consumption. All cultures showed a slmilar morphology

of small pellets. Dry weight measurements were carried out 38 hours after induction.
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An average value of 1 .3 g (SE 0.1) mycelium per 100 ml medium was obtained. As a measure

for growth rate also D-xylose consumption in the culture medium was determined for all single

copy transformants. This analysis showed that after 22 hours the D-xylose concentration

decreased from 5% to 3%, whereas after 38 hours it decreased further to about 1%. These

results are in agreement with the D-xylose consumption of a wild-type strain (Gouka et al.

1 996a),

For efficient production of heterologous proteins also the pH of the medium is an important

parameter, since an acidic pH might either irreversibly inactivate heterologous proteins and/or

activate acidic proteases which have been shown to degrade heterologous proteins such as

hll6 (Broekhuijsen et al. 1993). Measurements of the pH, showed that the pH remained

almost neutral (6.4 - 6.7) for all strains.

To analyze induction levels, in host strain AWl 5.7 used for translormation, the endogenous

exlA encoding sequence had been replaced by a DNA fragment containing an expression

cassette with the gene encoding mature E. coli B-glucuronidase under control of the exlA

expression signals (Gouka et al. 1 996a). The presence of this reporter construct in all different

recombinant strains enabled the use of GUS activity as a control for the induction of the exlA

promoter. Both after 22 hours (average GUS activity 660 u/mg, sE 88) and after 38 hours

(average GUS activity 884 U/mg, SE 107) of induction no significant differences in GUS

activity were observed between the various single copy strains, indicating that the induction

level was similar in all strains.

From the results of the growth and induction analysis it can be concluded that growth and

induction of all single copy strains was similar, precluding any effects of them on the specific

mRNA and protein levels of the cultures.

Analysis of protein production

For the ditferent expression strains the extracellular and intracellular protein levels were

quantified by Western blot analysis and enzyme activity assays.

Using western blot analysis, EXL, GLAG2, LPL (2x) and AGL"rn could be detected in medium

samples laken 22 and 38 hours after induction. Samples of these strains are shown in Figure

1. Human lL6 could only be detected in very low amounts after 20 times concentration of the

medium samples. ln medium samples of the strains containing the wild-type guar aglA gene

(AWAGLl or AWAGL2; data not shown), no AGL could be detected. ln Figure 1 it can be seen

that the amount of protein present al 22 hour was always about hal{ the amount present at

38 hours. To determine whether the proteins determined with Western blot analysis were also
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Fig.1 Western blot of medium samples taken after induction with D-xylose. Blots were incubated

with antisera against 1,4-B-endoxylanase (A), glucoamylase (B), lipase (C), human interleukin-6

(D), and a-galactosidase (E). Each panel contains a concentration range of purified protein,

followed by a l541 medium sample ot22and 38 hours cultures exceptthe lanes in panel B

which contain a 1 pl medium sample. The purified GLA protein is a deglycosylated sample.

Panel E also contains 10 pl of a 20 times concentrated sample of 38 hours medium. The

position of the specific proteins is indicated by a closed triangle ('). Specific degradation

products are indicated by a >, background signals as identified with control strain AW'l5.7-1

by a *. A marker for molecular weight (kD) is indicated on the right.

enzymatically active, enzyme activity tests were performed. Assuming that the specific activity

of the proteins was similar to that in the original organism, it can be concluded that the

amounts were indeed comparable with the amounts determined on the basis of Western blot

analysis (Table ll), indicating that the proteins were also enzymatically active. Specific EXL

activity assays could not be carried out since EXL has only a minor contribution to the total

xylanase activity (Gouka et al. 1996a).

ln order to compare the production levels of the different proteins, all protein levels were

calculated on molar basis and expressed relatively to the EXL protein level at 38 hours. As
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shown in Table ll production of heterologous fungal proteins is very etficient. The amount of

GLA produced was even higher than the amount of EXL, whereas the levels observed for the

LPL producing strains were comparable with the EXL protein level. Expression of the /p/A

gene with either the /p/A preprosequence or with the exlA preprosequence resulted in similar

amounts of lipase, suggesting that the different preprosequences did not influence protein

secretion.

Table ll Relative mRNA and extracellular protein levels at 38 hours

Strain Gene Prepro

seq

RNA

levelsl)

Protein

levels')

Protein

levels3)

B

MW

protein in

KD

Relative

protein

amount

AW14A

AWGLA

AWLPLl

AWLPL2

AWHIL6

AWAGLl

AWAGL2

AWAGLS

exlA

glaA

lplA

tplA

htL6

aglA

aglA

aglA.rn

exlA

glaA

lplA

exlA

exlA

aglA

exlA

exlA

++++

+++

+++

+++

+

20-26

> 100

26-35

26-35

< 0.1

ND

ND

o.2 - o.4

100-150

30

30

< 0.1

ND

ND

o.4+l-

23

80

oo

38

ZO

46

46

46

100

200

90

90

<,1

ND

ND

1

ND Not Detectable.

') mRNA levels are relative to exlA mRNA level: - = no mRNA detectable, +l- = 1-s o/o, f = 6-2s o/o,

++ = 26-50 o/o, * ll = 51-75 o/o, t*-tt- = 7O-1OO %

') Protein levels (mg l1) as determined by Western blot analysis
t) Protein levels (mg l'r) as determined by enzyme activity assays assuming an identical specific

activity as the protein in the original organism. GLAG, levels have been determined using pure GLA

(GlJorm) as standard.

When necessary, the protein amolnts have been corrected for background values using strain

AW1 5.7-1
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For all cases tested, the protein levels obtained with the non-Iungal genes were always

clearly lower. For human interleukin 6 protein amounts of a few tens of prg ll could be

detected in a biological activity assay and on a Western blot after 20 times concentration of

the medium samples (data not shown). Guar a-galactosidase could not be detected in the

culture medium, even after concentration of medium samples. The same was the case when

the medium of a multi copy strain was analyzed. Surprisingly, a-galactosidase, encoded by

a synthetic gene differing only in codon usage from the wildtype clone, was produced at

levels of O.2-O.4 mg l-1, being approximately 1% of the EXL protein level.For all strains also the

intracellular protein levels were determined. The proteins EXL and LPL could be detected in

the soluble fraction of the extracts at a level ol about 5% of the extracellular level and at a

lower level in the insoluble {raction. lntracellular GLAn, levels were higher than found for EXL

and LPL but still markedly less than the GLAn, levels observed in the medium, suggesting that

the high production level ol GLAu, also results in higher intracellular GLAn, levels. AGL"rn, AGL

and hlL6, which could not or hardly be detected in the culture fluid, could also not be

detected in the mycelial extracts, neither in the soluble nor in the insoluble traction.

One of the possible explanations for the undetectable levels of AGL and the low levels of

hlL6 in the medium could be proteolytic degradation. Although no proteolytic activity towards

a mixture o1 marker proteins could be detected in the culture medium of our A. awamori slrain

(Gouka et al. 1996a), it could be possible that both AGL and hlL6 were degraded specifically.

To check this, purified AGL (1 0 pg) and hlL6 (50 ng) were added lo 22 and 38 hour medium

of AW1 5.7-1 and incubated at 30"C. At time points up to 24 hours of incubation samples were

taken, which were analyzed by activity assays (AGL) or Western blot analysis (hll6). Both

proteins appeared to be stable for at least 24 hours, indicating that degradation by

extracellular proteases was not the reason Jor the undetectable respectively low protein levels.

Analysis of mRNA synthesis

To investigate whether the results obtained from the protein analysis could be explained

by differences at the transcriptional level, the specific mRNA levels al 22 and 38 hours after

induction were determined by Northern blot analysis. A DNA {ragment comprising the 5' and

3' untranslated exlA sequences (see M&M) was used as a probe. As a control Jor the amount

of RNA on the blot, hybridization was carried out with lhe A. niger gpdA gene (Verdoes et al.

1994) as a probe. Figure 2 shows the results of the 38 hours samples. Similar results were

obtained with the 22 hours samples (results not shown). lt is clear from this Figure that

considerable ditferences occur at the steady-state mRNA level for the different genes,
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Fig.2 Northern blot analysis of total RNA isolated from all expression strains after 38 hours of

induction. As probes a DNA fragment was used that contained both the 5' and S' exlA non-coding

regions (Panel A) and a mixture of a 1 .4 kb Hlndlll DNA fragment from pAN5-2, containing the A. niger
gpdA gene and a 1.9 kb Ncol fragment from pNoM102, containing the uidA gene (panel B). The

numbers above the lanes correspond to the transformant numbers as shown in Table l. ldentical

numbers indicate RNA from duplicate cultures. A marker for molecular size is indicated on the left.

Fig.3 Northern blot analysis of total RNA

isolated from AWAGL2 #69 aftet O (lane

1), 4 (ane 2) and 6 (ane 3) hours and

AW14A alter 4 (lane 4) and 6 (lane 5)

hours of induction. As probe a DNA

fragment was used containing the 0.7 kb

exlA coding region (forAW144) orthe t.2

kb aglA coding region (for AWAGL2).
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The highest mRNA levels were obtained with the fungal genes encoding exlA, glaA and lplA.

No differences in mRNA levels were observed with the tplA gene expressed with either the

/p/A preprosequence (AWLPLl) or the exlA preprosequence (AWLPL2), indicating that the

difference in preprosequence does not influence transcription efficiency and/or mRNA stability'

The steady-state mBNA levels observed for the non-fungal genes were remarkably lower.

The hlL6 steady-state mRNA levels were approximately 4-B fold lower than those of the fungal

genes, No full length guar aglA mRNA was detected, neilher when the aglA nor lhe exlA

preprosequence was used (data not shown). When the total aglA coding region was used as

a probe a faint hybridization signal was visible which might represent a truncated mRNA (Fig.

3). This truncated mRNA could probably not hybridize etficiently with the 5' and 3' exlA probe'

ln a multi copy strain this signal was stronger. lnterestingly, low but significant levels of full

length mRNA were detected when the aglA.rngene was expressed. As expected, in the hlL6

and aglA"rn multi copy strains the mRNA levels were higher than those in a single copy strain.

Considering the results obtained with the guar aglA expression vectors, it was important

to exclude that unwanted sequence alterations in the aglA coding sequence were introduced

during the construction of the vectors. Therefore, lhe aglA coding region from both aglA

containing vectors (pAWAGLI and pAWAGL2, corresponding to strains AWAGLl and

AWAGL2, Table l) was placed in a yeast expression vector and expressed in Saccharomyces

cerevisiae. With both vectors transformants were obtained which produced high levels of a-

galactosidase mRNA (iull length) and enzymatically active a-galactosidase, indicating that no

mutations had occurred in the sequence.

DISCUSSION

Heterologous protein production

The objective of lhis research was to obtain more insight in the parameters determining the

differences in heterologous and homologous protein production in filamentous fungi. Since

it is clear from literature that, in general, protein production levels can be roughly divided in

two groups, high levels for fungal and low levels for non-fungal proteins (Van den Hondel et

al. 1 991; Verdoes et al. 1 995), we chose to express three fungal genes, 1 ,4-B-endoxylanase

(exlA), glucoamylase (gtaA) and lipase (/p/A) and two non{ungal genes, human interleukin-6

(hit6) and guar a-galactosidase (agiA). The latter gene was available in two versions, a plant

cDNA clone and a synthetic gene with optimized yeast codon bias. With the fungal genes
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high extracellular protein levels were obtained, which showed that the fungal genes were
expressed and their protein products secreted almost equally efficient. These results are in

agreement with the results obtained with other homologous and heterologous fungal proteins

showing that production of fungal proteins is usually efficient (verdoes et al. 199s).

High production levels of non-fungal proteins are generally very difficult to obtain without
optimization procedures (e.9. gene-fusions or random mutagenesis and selection of higher
producing strains) and the initial levels that are produced do often not exceed a few
milligrams per litre (reviewed by a.o. Van den Hondel et al. 1991). The results which were
obtained in this study with human interleukin-6 and plant a-galactosidase are in agreement
with these observations. Production of human interleukin-G in other Aspergiltus species was
also very inefficient. ln A. nidulans initial levels of a few tens of pg l-1 were found (Carrez et
al. 1990), whereas in A. niger hll6 could not even be detected (Broekhuijsen et al. 1993). As
possible explanations for the initlal low hll6 levels transport efficiency or extracellular
proteolytic degradation has been suggested. Our results show that in our strain other factors
are involved (see below).

The total absence of guar a-galactosidase production was even more remarkable since
production of the protein, although with variable efficiencies, was possible in a range of
organisms as Bacillus subtilis (Overbeeke et al. 1990), Hansenula potymorpha (Fellinger et
al. 1991 ), S. cerevisiae (Verbakel 1991 ) and Kluyveromyces /actis (Bergkamp et al. 1992). Data
obtained from Northern analysis showed that the absence of AGL protein was due to the
absence of full length aglA mRNA (see below).

Heterologous steady-state mRNA levels

The results of the mRNA analyses showed that mRNA stability is an important reason for
the low or undetectable protein levels (especially AGL) ol heterologous genes, since
considerable differences in the steady-state mRNA levels were observed. The mRNA levels
in the strains expressing the three fungal genes were clearly higher than those obtained with
the strains expressing the non-Iungal genes. ln particular in transformants containing the plant
a-galactosidase expression cassette no detectable levels of full length a-galactosidase mRNA
could be found. A similar result had also been observed previously when the gene was
expressed in A- nidulans and A. niger under control of the A. nidulans gpdA promoter (pJ
Punt, unpublished results). Surprisingly, changing the codon usage of the gene resulted in
low, but detectable levels of full length aglA mRNA.

ln the synthetic aglA gene 173 minor codons out of 364 codons, according to the yeast
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codon bias, had been modified in major codons in such a way that the occurrence of strong

secondary structure was avoided (in total .l92 codons have been changed). These

modifications resulted in an overall change ot22% in nucleotide sequence without affecting

the amino acid sequence (Verbakel 1991 ).

Preliminary results obtained with nuclear run-on transcription assays performed with the

strain AWAGL2 indicated that transcription initiation is occurring. These results support our

data that the mRNA that was observed by Northern blot analysis might indeed be a truncated

version of the aglA mRNA. Experiments are now in progress to determine why no detectable

levels of lull length mRNA were obtained.

Since transcription initiation of the guar aglA gene occurs, the absence of {ull length mRNA

must have been caused by other factors than transcription initiation per se. These include

problems in transcription elongation, post transcriptional maturation events like the addition

of a 3' poly(A) tail or a 5' cap, transport to the cytoplasm and/or cytoplasmic degradation.

Considering the results obtained it is still unknown at which of these levels the problems

occur. The Iact that changing of the codon sequence of the gene results in full length mRNA

might suggest that the coding region contains sequences atfecting mRNA synthesis and/or

mRNA instability. ln higher eukaryotes several factors have been described whicir determine

the stability of an mRNA molecule (reviewed by a.o. Atwater et al. 1990; Hentze 1991 ).

Experiments are currently in progress lo determine which of these factors are the case for

aglA.

Proteolytic degradation

A low level of protein in the medium could also be due to extracellular proteolytic

degradation as was suggested in some studies (Archer et al. 1992; Broekhuijsen et al. 1993).

Also in our study no hlL6 protein was observed whereas relatively high levels of hlL6 mRNA

were found. Since extracellular proteolytic degradation of hll6 did not occur, it is very likely

that hlL6 was degraded before entering the culture medium. One reason for this degradation

could be that the protein is improperly folded. A protein which is shown to be involved in

folding is the immunoglobulin heavy chain binding protein BiP (Haas and Wabl 1983). BiP has

been demonstrated also to interact with misfolded proteins and it is believed that it plays a

role in degradation of these misfolded proteins (Knittler et al. I995 and references therein).

Recently, in our laboratory the A. niger BiP-encoding gene (bpA) was isolated (Van Gemeren

and Punt, in preparation). Analysis ot A. niger strains which overproduce certain proteins

showed that BiP mRNA is induced (Punt et al, in preparation). This induction is probably
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triggered by a so-called unfolded protein response (Shamu et al. 1994), as was also observed
by protein overproduction in other systems. To investigate whether in our case the expression
of heterologous genes also resulted in increased blpA mRNA levels, Northern blot analysis
of all expression strains was carried out using lhe A. niger bipA gene as a probe. This
analysis showed that in all strains BiP mRNA levels were similar to the level observed in the
control strain AW1 5.7-1 which contained no expression cassette (data not shown). These
observations indicated that expresslon of the homologous and heterologous genes did not
lead to btpA induction. Also hlL6 and aglA multi copy strains did not show increas ed bipA
mRNA levels. From these data we conclude that protein degradation through an unfolded
protein response is not occurring in our expression strains.
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CHAPTER 5

Glucoamylase gene fusions alleviate limitations for protein production

in Aspergillus awamori at the transcriptional and (post-) translational
level

Robin J. Gouka, Peter J. Punt, and Cees A.M.J.J. van den Hondel

TNO Nutrition and Food Research lnstitute, Department of Molecular Genetics and Gene Technology,

P.O. Box 5815, NL-2280 HV Rijswijk, the Nethertands

SUMMARY

ln this study the effects of a glucoamylase gene fusion on the mRNA levels and protein

levels of human interleukin-6 (hlL6) and guar a-galactosidase (aglA) were analyzed.

Expression cassettes, containing either hlL6 or aglA fused to lhe Aspergiltus niger
glucoamylase (g/aA) gene were integrated in a single copy allhe pyrG locus of A. awamori.

A g/aA fusion to the 5' end of hlL6 resulted in a large increase in hlL6 yield, whereas w1h a

g/aA fusion to the 3' end of hlLo almost no protein was produced, although both fusion mRNA

levels were very similar. Fusions ol glaA to the 5' end ol aglA resulted in truncated mRNAs

lacking more than 80% of the aglA sequence. With a synthetic aglA gene with yeast-optimized

codon usage, low levels of full length mRNA were obtained. A g/aA fusion with this synthetic

aglA gene resulted in a 2S-fold increase in mRNA level and an almost similar increase in AGL

protein level. Analysis of the truncated wild type aglA transcripts by nuclear run-on

transcription assays and reverse-transcriptase PCR indicated that truncation most likely

occurs by incorrect processing ollhe aglA pre-mRNA in the nucleus.



INTRODUCTION

Filamentous fungi, especially members of the genus Aspergillus, have the ability to secrete

large amounts of a wide range of ditferent enzymes into their environment. This characteristic

has favoured the use of these organisms for large scale production of commercially important

enzymes (reviewed by a.o. Fowler and Berka, 1991 ; Van den Hondel et al. 1991 ; Verdoes et

al. 1995). Although production of fungal proteins is usually quite efficient, non-fungal proteins

are poorly produced and reach levels that do often not exceed a few milligrams per litre

(Fowler and Berka, 1991 ; Van den Hondel et al, 1991 ; Van Gorcom et al. 1994, Gouka et al.

1996b). Therefore, several strategies have been developed to improve these yields. A

successful strategy is based on the use of a well-secreted "carrief' protein, usually A. niger

glucoamylase (Ward et al. 1990; Contreras et al, 1991 ; Roberts et al. 1992; Broekhuijsen et

al, 1993; Ward et al. 1 995) or Trichoderma reesei cellobiohydrolase I (Nyyssonen et al. 1995),

which is fused to the N{erminal end of a heterologous protein. With this strategy a fusion

protein is produced of which the N-terminal GLA is believed to improve the secretion

efficiency of the heterologous protein by facilitating translocation and subsequent folding in

the endoplasmic reticulum. Further along the pathway, in most cases the fusion protein is

cleaved, resulting in the secretion of the separate proteins. Cleavage has been shown to

occur either by autocatalytic processing of the heterologous protein (Ward et al. 1990), an

unknown fungal protease (Roberts et al. 1 992; Nyyss6nen et al. 1 993; Nyyssonen et al. 1 995)

or by a KEX2-like protease, for which a recognition site had been introduced in the fusion

protein (Contreras et al. 1991 ; Broekhuijsen et al. 1993; Ward et al. 1995).

The aim of our study is to obtain more insight in the parameters determining the efficiency

of the production and secretion of heterologous proteins in filamentous fungi. Recently, we

showed that production of two different heterologous proteins, guar a-galactosidase (aglA)

and human interleukin-6 (hll6), was limited at the transcriptional and post-translational level,

respectively (Gouka et al, 1996b). ln this study the etfect of a glucoamylase gene lusion with

hll6 and aglA on mRNA level and protein level was investigated. For our study, the

filamentous fungus Aspergillus awamori was used, which has been shown to be an efficient

producer of proteins (Finkelstein et al. 1989; Berka et al. 1991 , Ward et al. 1995). Recently,

a similar study was carried out in Trichoderma reesel for another fusion protein,

cellobiohydrolase I (Nyyssonen et al. 1995). ln contrast to these authors we have chosen to

analyze defined single-copy strains similar as described previously (Gouka et al. 1996b),

which would allow us lo compare the effecl of the gene fusions on the production levels oI

70 Gl ucoamylase gene-fuslons



the ditferent target proteins more precisely

MATERIALS AND METHODS

Strains, media and growth conditions. A. awamori AW15.7 (exlA'::uidA+ , pyrG-, HmR; Gouka

et al. 1996a), used as a recipient strain for transformation, is a derivative of A. awamori Nf CQ

1 1358 (CBS 1 15.52). ln AW1 5.7 the genomic 1,4-B-endoxylanase (exlA) encoding sequence

had been replaced by a DNA fragment containing an expression cassette with the gene

encoding mature E. coli B-glucuronidase under control of the exlA expression signals (Gouka

et al. 1 996a). Escherichia coll strain JM109 (Sambrook et al. I989) was used for propagation

of plasmids. lnduction of the A. awamori exlA promoter was carried out as described by

Gouka et al (1996a), using a transfer of mycelium lrom non-inducing medium containing 1%

sucrose as C-source to induction medium with 5% D-xylose as inducer. D-xylose

concentrations were determined as described before (Gouka et al. 1996a).

Aspergillus expression strains. For construction of the five ditferent expression strains five

expression vectors were made (Table l) consisting of (i) an expression cassette, which include

transcriptional regulatory sequences and DNA sequences encoding the truncated A. niger

GLA G2 form (514 AA), thus lacking the starch-binding domain (Broekhuijsen et al. 1993)

fused to the coding sequence of hlL6 or aglA, (ii) a selection marker for transformation and

(iii) pUC19 sequences for cloning and amplification in E. col1.

ln four of the five expression cassettes, the sequences encoding GLAn, and hlL6, AGL or

AGLS were separated by a sequence encoding the amino acids NVISKR (identical to the A.

niger glaA prosequence; further referred to as KEX2 site). The C-terminal dibasic proteolytic

cleavage site KR results in cleavage of the lusion protein into both separate proteins by a

KEX2-like protease (Broekhuijsen et al. 1993). All expression cassettes contained lhe exlA

promoter and transcription terminator region. The DNA sequences of hlL6 or a-galactosidase

encoded the mature proteins, thus without the original pre- and prosequence.

Construction of the vectors was carried out as follows (Figure 1): vectors pAWGLAI or

pAWGLA2 were used as basis for all five vector constructions. These vectors contain

respectively the A. awamori exlA (Hessing et al. 1994) promoter fused to the truncated A.

niger glaA gene (encoding GLAur), followed by the A. awamori exlA transcription terminator

in pUC'l 9. The only difference between both vectors is located between the Narl and the Aflll

site at the 3' end of lhe glaA gene (see Fig.1).
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Fig.1 Maps of plasmids pAWGI-C1 and 2 (Panel A) and pAWHlLo (Panel B) that were used as

starting vectors for the construction of the genejusions. Thin lines represenl E. coli

sequences, closed boxes representA. awamori exlA 5'and 3' regulatory sequences and open

boxes either A. niger g/aA (panel A) or human lL6 (panel B) sequences. Only relevant

restriction sites are shown. The Afill site which is between brackets (panel A) indicates that

it has been removed in pAWGLAI and -2. Below the plasmid maps, the introduced linker

sequences and the corresponding amino acid sequence are shown. The amino acid

sequence of the fusion region of the constructed fusion-plasmids is indicated in the lower part.

All fusions were obtained with the restriction sites shown in the figure (see M&M).

For glaA fusions with the human interleukin-6 gene, first in pAN56-4 (Broekhuijsen et al.

1993), an Aflll site was introduced downstream of the stopcodon of hil6 by PCR, resulting in

pAN56-4AIlll. Simultaneously, the last two codons belore the stopcodon of hil6 (caa atg) were

78tb

Y
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changed into the sequence cat atg to introduce a Ndel site.

For construction of vector pAWGLA*urHlL6, in which glaAis fused to the 5'end of hll6, the

hil6 gene was isolated from vector pAN56-4Aflll as 0.6 kb EcoRYlAflllfragment and introduced

into pAWGLA2 which was also cut with EcoRYlAflll, resulting in a correct in-frame fusion of

g/aA with hlL6, separated by the KEX2-site. For construction of vector pAWHIL6**GLA, in

which g/aA is fused to the 3' end of hlL6, a partial 1.8 kb EcoRl/Ndel fragment was isolated

from pAWHlL6 (Gouka et al. 1996b). This fragment contains part of the extA promoter and

preprosequence, followed by the h,76 gene up to the Ndel site. From pAWGLAI a partial 7.9

kb BssHll/EcoRl fragment was isolated containing lhe glaA gene followed by the exlA

transcription terminator, pUC19 and the remaining part of lhe exlA promoter. To obtain a

correct fusion between the Ndel site at the 3' end of hil6 and the EssHll site at the 5' end of

g/aA, oligonucleotides were used (5'tatgaatgtgatttccaag 3' and S'cgcgcttggaaatcacattca 3').

For the construction ol lhe Cyamopsis tetragonoloba a-galaclosidase fusion cassettes two

versions olthe aglA gene were used. The wildtype gene (overbeeke et al. 1999) and a
synthetic gene with an optimized yeast codon bias (aglA"rn; Verbakel 1991 ) differing 22%in

nucleotide sequence from the CDNA clone. For construction of vector pAWGI-A*aAGLS, in

which g/aA is fused to the 5' end of the aglA.rn gene, first, the 5, end of the aglA"yn gene was

adapted in vector pAWAGLS (Gouka et al. 1996b). ln this vector the aglA"rn gene is under

control of the exlA promoter and is preceded by the exlA preprosequence. At the s' end of

aglA"rn an EcoRV site was introduced using an oligonucleotide linker (5' gatccgatatccaag 3'

and 5' cttggatatcg 3'), which encodes part of the KD€-site (the amino acids lsK). The

missing arginine (R) is obtained from lhe exlA prosequence. The aglA.rn gene was

subsequently isolated from pAWAGLS as a partial 1 .1 kb EcoRV/Aflllfragment and ligated with

the 9.1 kb EcoRYlAflll fragment from pAWGLA2.

The construction of pAWGLAKE*AGL and pAWGLAAGL, in which the glaA gene is fused to

the wildtype aglA gene was identical for both vectors except for the linkers used to obtain

the glaA-aglA fusion. These linkers were inserted in vector pUR23O3Aflll, a derivative of
pUR2303 (Verbakel 1991 ) in which an Aflll site was introduced almost immediately

downstream of the stopcodon of the aglA gene. pUR23o3Aflll was digested completely with

Narl that cuts in the pBR322 sequence (four times) and Ncol that cuts after nucleotide 29 from

the start of the mature encoding sequence. For a GLA*ryAGL fusion the following

oligonucleotide linker was inserted: s' cg cca aat gtg att tcc aag cgc gct gaa aat gga cta ggc

cag aca cct cc 3' and 5' cat ggg agg tgt ctg gcc tag tcc att ttc agc gcg ctt gga aat cac att

tgg 3', encoding the sequence P$eenGLGQTPP). For a GLAAGL fusion the following
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oligonucleotide linker was used: 5' cg cca gct gaa aat gga cta ggc cag aca cct cc 3' and 5'

cat ggg agg tgt ctg gcc tag tcc att ttc agc tgg 3" encoding the sequence PAENGLGQTPP).

From both vectors the aglA gene was isolated as 1.1 kb NaAlAflll fragment and ligated with

a 9.1 kb NanlAftll fragment from pAWGLAI , resulting in both cases in a correct in-frame fusion

between glaA and aglA.

All relevant DNA sequences were verified by sequence analysis. As selection marker, a

mutant A. awamori pyrG gene (Gouka et al. 1995) present on a 2.4 kb Notl fragment, was

inserted in all the expression vectors. Transformants containing vectors integrated in a single-

copy at the pyrG locus in A. awamori AWl 5.7 (extA-::uidA+, pyrG, HmR) were identified by

colony blot hybridization and subsequent Southern blot analysis.

To compare the effect of a glucoamylase gene fusion of the heterologous genes with the

corresponding non{used genes a number of control strains were included in the analysis

(Table l). Construction of these strains, AW1 5.7-1 (Gouka et al. 1996a) and AWGLA, AWH|L6,

AWAGL2, and AWAGLS (Gouka et al. 1996b), has been reported previously.

Recombinant DNA techniques. Standard recombinant DNA techniques were used for cloning

procedures (Sambrook et al. 1989). Aspergillus chromosomal DNA and RNA was isolated as

described by Kolar et al. (1988). Colony blot hybridization of A. awamori was carried out

according to Kinsey (1 989). Transformation ol Aspergillus and selection of transformants was

carried out as described by before (Gouka et al. 1995). For Northern blot analysis, as a probe

a 400 bp DNA fragment was used that contained the 5' and 3' exlA untranslated sequences

(Gouka et al, 1996b), which allowed a direct comparison of the amount of specific mRNA in

the different expression strains. With this probe in each transformant the uidA mRNA provided

with exlA expression signals could also be detected and used as a reference for the induction

level.

For purilication of polyadenylated mRNA Dynabeads Oligo (dT)r. (Dynal) were used.

Quantification of protein production levels. Quantilication was carried out by Western

blotting (Sambrook et al. 19Bg). For determination of protein concentrations purified protein

was used as a standard. Purified a-galactosidase and corresponding polyclonal antibodies

were obtained from Unilever Research Laboratorium. Purified glucoamylase was obtained

from Boehringer-Mannheim (lot 12005320-30). Monoclonal antibodies raised in mice against

glucoamylase were produced in our laboratory (A. Mateo-Rosell, unpublished). Purified human

interleukin-6 (200-06) and polyclonal antibodies were supplied by Sanvertech. For detection,
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the ECL Western blot detection kit (Amersham) was used, based on peroxidase labelled

antibodies. Concentration of proteins was carried out as described by Broekhuijsen et al

(1 993). B-Glucuronidase assays were performed according to Roberts et al. (1 989). a-

Galactosidase activity assays were carried out essentially as described by Overbeeke et al,

(1 eeo).

For mycelial dry weight measurements 25 ml of homogenous culture samples was filtered

through Miracloth. The mycelium was squeezed and dried overnight in a vacuum oven at

BO'C,

lsolation of nuclei and nuclear run-on transcription assays. lsolation of nuclei and nuclear

run-on transcription assays were carrled out essentially as described by Schuren et al. (1993).

Reverse transcriptase PCR and cloning of a PCR fragment. For synthesis of cDNA from

a mRNA template M-MLV reverse transcriptase (Gibco BRL) was used. cDNA synthesis, using

poly(A)+ RNA from the strains AWGLAKE,AGL and AWAGL2, was carried out according to the

protocol of the supplier (Gibco BRL; 60 minutes, 37"C), using an oligo dT primer (5,

ggaattcgcggccgc(t)ro(g/a/c) 3'). Prior to PCR the samples were extracted once with

phenol/chloroform to remove the M-MLV and the oDNA was ethanol precipitated. PCR on the

cDNA was performed with, as an upstream primer, an oligonucleotide specific lor aglA

comprising the first 18 nucleotides of the coding sequence ol the mature protein and the

oligo dT primers mentioned above. A specific DNA fragment of approximately 250-260 bp was

obtained which contained the aglA gene as was shown by Southern blot analysis (data not

shown). The fragment was isolated using two successive PCR reactions, since the first RT-

PCR reaction resulted in the amplification of a mixture of DNA products. The conditions of the

first reaction were 1 min.94'c, 1 min.37'c, 1min.72"c,40 cycles. ln the second reaction,

which was performed with a fraction of the first PCR milture, the conditions were changed

to 30 cycles and an anneal temperature of 40'C. The 250-260 bp fragment obtained with

AWGLAKEAGL cDNA was digested with Ncol and EcoRl and the resulting fragment was

subcloned in pUC19 which was digested with Afllll and EcoRl.
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RESULTS

Construction of recombinant fungal strains and analysis of their growth and induction

characteristics

Recently, we showed that production of guar aglA and human interleukin-6 was limited at

the transcriptional and post{ranslational level, respectively (Gouka et al, 1996b), ln this study

glaA gene fusions with hlL6 and agtA were constructed to obtain more insight in which factors

influence the expression of these genes and the production and secretion of the gene-

products. Five vectors, containing expression cassettes in which g/aA was fused to either

aglA, aglA,unor hll6 were constructed (M&M; Table l). Strain A. awamori AW15.7 (exlA'::uidA+ ,

pyrG , HmR) was transformed with the five vectors and transformants with a single copy of the

vector at the pyrG locus were identilied by colony blot hybridization and subsequent Southern

blot analysis. For each of the vectors two single copy transformants were used for further

analysis. To compare the mBNA levels and the protein levels with those of strains containing

the corresponding non{used genes, also these single copy strains (Gouka et al. 1996b) were

included in the analysis (Table l). As a control AW'l 5.7-1 , a pyrGn derivative of AW1 5.7, was

used (Gouka et al. 1 996a).

For analysis of mRNA levels and protein levels, each transformant was cultivated in

duplicate according to the induction procedure described in M&M. Since mBNA and protein

levels can only accurately be compared if no ditferences occur in groMh and the level of

induction, a number of control parameters were analyzed for each strain as described

previously (Gouka et al. 1996b).

Gro6h of the cultures was checked by the parameters culture morphology, dry weight, D-

xylose consumption and pH. With none of the parameters significant differences were

observed, precluding any etfects of them on the specific mRNA and protein level.

Measurements of the pH showed that the pH remained almost neutral (6.4 - 6.7) for all strains.

ln previous experiments (Gouka et al. 1996b) it was shown that hlL6 and a-galactosidase

were stable in this culture medium, excluding the effect oI extracellular proteolytic

degradation, a phenomenon that otten influences the production of heterologous proteins in

filamentous fungi (Roberts et al. 1992; Broekhuijsen et al. 1993).

lnduction levels were verified by analysis of the expression of the B-glucuronidase gene,

present on a P"*rA-uldA-T",lA reporter construct in all different recombinant strains. Also in this

case no significant differences were observed.
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Table I Strains and vectors used in this study

Strain/Vector") prepro-

sequence

gene(-fusion) KEX2-site reference

AWGLAKEXHIL6

AWHIL6KEXGLA

AWGLA

AWHIL6

glaA

exlA

glaA

exlA

SlaA

glaA

glaA

exlA

exlA

glaAc2-hil6

hil6-glaA",

91ilo,
hit6

glaAo"-aglA.r^

glaA"r-aglA

glaAn -aglA

aglA"rn

aglA

+

+

+

+

this paper

this paper

Gouka et al. 1996b

Gouka et al. 1996b

this paper

this paper

this paper

Gouka et al. 1996b

Gouka et al. 1996b

4W15.7-1 Gouka et al. 1996a

') The vectors correspond with the names of the strains preceded with the letter p. For example, strain

AWGLAKEXAGL corresponds with vector pAWGLA*.XAGL.

Previously it was shown that expression of genes driven by the exlA promoter is dependent

on the presence of D-xylose in the medium. After approximately 48 hours of cultivation D-

xylose was depleted in the medium resulting in the degradation of mRNA and cessation of

protein synthesis (Gouka et al. 1996a). Therefore, medium and mycelium samples were taken

22 and 38 hours after induction. Since at 38 hours the highest protein levels were obtained,

about twice the amount at 22 hours, only the results of the S8-hour samples are reported.

Analysis of protein production in hlL6 strains

The amounts of extracellular and intracellular hlL6 ol the relevant recombinant strains were

quantified by Western blot analysis using purified hlL6 as a standard. Only in medium

samples of AWGLA*.,HlL6 transformants, containing an expression cassette encoding GLAn,

fused to the N-terminal end of hll6, hlL6 could be detected, at levels of approximately 5-1 O

mg t1 (Figure 2B). ln medium samples of AWHIL6*.rGLA transformants, containing an

AWGLAKEXAGLS

AWGLAKEXAGL

AWGLAAGL

AWAGLS

AWAGL2
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expression cassette encoding GLA., fused to the C-terminal end of hlL6, and AWHIL6

transformants, no hlL6 could be detected by Western analysis of non-concentrated medium

samples. After concentration of the medium approximately 0.05 mg l'1 of hlL6 could be

determined for both strains. As expected, in medium of the control strains AWGLA and

AW1 5.7-1 , hlL6 could not be detected.

The GLA., levels in these strains were also determined by Western blot analysis (Fig 2A).

All strains produced approximately 10 mg l'1 (after 38 hours) of endogenous GLA. Since

endogenous GLA is slightly larger in size than GLAc2, it could clearly be distinguished from

GLAn, on a prolein gel. The amount of GLA., produced by AWGLA*.rHlL6 translormants was

slightly lower than the amount produced by AWGLA transformants, being 125 - 175 mg l'1

versus I50 - 2OO mg l'1. ln medium of AWHIL6*.*GLA strains only 5-1 0 mg l1 of GLA., was

present, which could only be detecled when medium samples ol 1O pl instead of 1 pl were

applied to the gel (not visible in Fig 2A). All protein levels are summarized in Table ll.

To compare the amounts of protein independent from the molecular weight of the various

proteins, the levels were calculated on molar basis and given relatively to the amount of

Fig.2 Western blot analysis of medium

samples taken after induction with D-

xylose. Blots were incubated with antisera

against glucoamylase (Panel A) and

human interleukin-6 (Panel B). Each

panel contains resp. a concentration

range of purified protein, followed by a 1

pl medium sample (Panel A) or a 15 7il

medium sample (Panel B) of 38-hours

cultures. The purified GLA protein is a

deglycosylated GLAu, sample. GHo,

levels were quantified more accurately

using serial dilutions (not shown). The

letters A and B above the lanes indicate

samples of duplicate cultures. A marker

for molecular weight (kD) is indicated on

the left.
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GLA., produced by the AWGLA strain (Table ll). From this Table it is clear that the GLA.,

production by AWGLA^.rHlL6 is nearly as efficient (60-90%) as by AWGLA. However, on molar

basis the secreted level of hlL6 by AWGLAKE*HIL6 was only 1O-20% oI the GLA., level. Since

both GLAu, and hlL6 were initially produced as a fusion-protein, this result would indicate that

60-90% of the hll6 is lost.

The hlL6 level of AWHIL6KEXGLA was comparable with the hlL6 level observed for AWH|L6,

being only 0.1%, thus a 100 to 200{old lower as compared to the hlL6 yields observed for

AWGLAKEXHIL6. AWHIL6KEXGLA also produced less GLAn, (3-6%), which was also in this case

still higher than the hlL6 level, indicating that more than 95% of hlL6 is lost.

For all strains also the presence of intracellular GLAn, and hlL6 was analyzed, mainly to see

whether accumulation of hlL6 (and/or GGor) had occurred, which could explain the low levels

of hlL6 in the medium. However, no significant accumulation of hlL6 or GLAn, was observed

(data not shown).

Comparison of steady-state mRNA levels in hlL6 strains

To investigate whether the differences in protein levels could be explained by variations in

steady-state mRNA levels, Northern blot analysis was carried out (Figure 3). As a probe a

DNA fragment was used containing the 5' and 3' exlA untranslated region (see M&M). ln

general, the mRNA level of a GLA^*H|L6 fusion was slightly higher than that of a HIL6KEXGLA

fusion and non{used hlL6, but lower than non-fused GLA., mRNA (see Table ll).

Analysis of protein production in a-galactosidase strains

Previous experiments had shown that expression of the wild{ype guar aglA gene resulted

in undetectable mRNA levels, possibly due to truncation of the transcripts (Gouka et al.

1996b). Full length mRNA, although at a low level, could only be observed when the wildtype

guar aglA gene was replaced by a synthetic aglA gene with optimized yeast codon usage

(Gouka et al. 1996b). As a result, AGL protein was only detected with strains containing the

aglA"rn gene. To Iurther investigate these results and to see whether the limitations could be

resolved, strains were constructed containing an expression cassette in which lhe A. niger

glaA gene was fused to aglA or aglA,un.

The amounts of extracellular and intracellular a-galactosidase of the relevant strains (Table

l) were quantified by Western blot analysis using purified AGL protein as a standard. ln

medium samples ol AWGLA^.TAGLS approximately 10-1 2 mg l1 of AGL protein could be

detected (Figure 48), which was 25{old more than the amount of AGL produced by the
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Table ll mRNA levels and protein levels

ND Not detectable, * No relative levels known, since protein was not detected, - Not applicable
4 mRNA levels relative to the steady-state mRNA level of Gl-An,
b) GLAoz levels have been determined using pure, deglycosylated GLA (GlJorm) as standard

") The protein amounts of AGL have been corrected for background values using strain AW15.7-1 as

a control
o) Protein levels (GLAG., HlL6 and AGL) relative to GLAG, level of AWGLA strain (based on MW GLAG,

80 kD, MW AGL 45 kD, MW HlL6 20 kD). The GLAG, level of 200 mg l'' was taken as looo/o.

u) No full length mRNA detected (data based on comparison with aglA"y" mRNA using an aglA probe)

Strains Relative

mRNA

levels 4 (%)

Protein

levels

(mg I'') Relative

protein levels

(v")

quoz HIL6 GLA*., Heterologous

protein rl

AWGTA 100 150 - 200 (75 -) 100

AWHIL6 25-s0 0.05 0.1

AWGLAKqHIL6 50-75 125 - 175 5 - 10 60-90 10 - 20

AWHtL6KSGLA 25-50 5 - 10 0.05 3-6 0.1

AWAGL2 < 1u) ND

AWAGLS 1 0.4 0.4

AWGljKAAGLS 20-25 30-40 10-12 15 - 20 10-12

AWGLAKqAGL < 1') ND ND

AWGLAAGL < 1ul ND ND
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Fig.3 Northern blot analysis of total RNA isolated from all expression strains after 38 hours of

induction. As probes DNA fragments were used that contained both the 5' and 3' exlA non-

coding regions (Panel A), a 1.4 kb DNA fragment from pAN5-2, containing the A. niger gpdA

gene (panel B) or a 1.1 kb DNA fragment from pAWAGL2 containing the aglA gene (panel C).

The letters A and B above the lanes indicate samples of duplicate cultures. A marker for

molecular size is indicated on the left.
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corresponding non-fused strain AWAGLS (0.4 mg l'1). ln medium of this latter strain AGL was

only visible after concentration of the sample (not shown in Fig 4B). AGL activity assays

showed that all AGL, produced by AWGLA*.*AGLS or AWAGLS, was present as active protein

(data not shown). ln medium samples of transformants containing expression cassettes with

g/aA fused to the wildtype aglA gene no AGL could be detected at all.

Also the GLA., levels in these strains were determined by Western blot analysis (Fig aA).

All strains produced a small amount of the endogenous GLA in D-xylose medium (see

previous $). ln medium of AWGLA*.,AGLS transformants about 30 - 40 mg l'1 of GLAn, could

be detected. ln medium of AWGLA^.*AGL or AWGLAAGL, both containing the wild{ype aglA

gene, no GLA., could be detected. The protein levels are summarized in Table ll.

Also in this case, the protein levels were calculated on molar basis and given relatively to

the amount of GLA., to compare GLAn, levels with AGL levels (Table ll). The amount of GLAn,

in medium of AWGLA*.,AGLS was about 15-20% of the GLA., level of AWGLA. The level of

AGL in medium of AWGLA*.*AGLS was more or less comparable (1 0-1 2%), suggesting that

almost no intracellular degradation of AGL had occurred.

Analysis of intracellular protein levels only showed very low AGL levels indicating that no

accumulation had occurred (data not shown).
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Fig.4 Western blot analysis of medium

samples taken after induction with D-

xylose. Blots were incubated with antisera

against glucoamylase (Panel A) and a-

galactosidase (Panel B). Each panel

contains resp. a concentration range of

purified protein, followed by a 1 4l
medium sample (Panel A) or a 15 pl

medium sample (Panel B) of 38-hours

cultures. The purified GLA protein is a

deglycosylated GLAo, sample. The letters

A and B above the lanes indicate

samples of duplicate cultures. A marker

for molecular weight (kD) is indicated on

the left.

},-
AA-

1S*

97-
66-

A

B

*;t)
*

{'
\0

x* x

t6- x*I 33



Chapter 5 B3

Analysis of steady-state mRNA levels in a-galactosidase strains

To investigate whether fusion of g/aA with aglA or aglA.rn resulted in increased mRNA

levels, Northern blot analysis was performed. The mRNA levels at both 22 and 38 hours after

induction were determined using the same DNA fragment as probe as described before

(M&M, Gouka et al. I996b). From Figure 3 it is clear that a fusion ot glaA with the aglA,yn

gene resulted in a large increase in steady-state mRNA. The level was approximately 25{old

higherthan the mRNA level observed for the non-fused aglA"un mRNA (not clearly visible in

Fig. 3). However, this mRNA level was still about 4-fold lower than that observed for non-fused

g/aA mRNA (AWGLA).

Fusions ol glaA with the aglA wild-type gene, either in AWGLA**AGL or in AWGI-AAGL,

resulted in a smaller mRNA molecule than the expected size of 3.2 kb. lnstead, a 2.2 - 2.3 kb

mRNA was observed which was at the same position on a Northern blot as the urdA mRNA

as could be shown by hybridization with an aglA or glaA specific probe (Fig. 3C). These

experiments showed that the fusion mRNA was lust a fraction larger than the g/aA mRNA,

indicating that a large part of the aglA gene was probably missing. Similar results (truncated

aglA mRNA) had been observed for the non-fused aglA gene (Gouka et al. 1996b).

Analysis of truncated (glaA-)aglA mRNA

To determine which part(s) in lhe glaA-aglA mRNA was missing, Northern blot analysis was

performed with probes derived from different parts of the aglA gene (Figure 5).

Strong hybridization was only observed when DNA fragment l, comprising the first 200 bp

of the sequence encoding the mature AGL, was used as a probe. A much weaker

hybridization signal was observed when fragment ll (nucleotides 180-377) was used. With

fragments lll, lV and V, comprising sequences downstream of nucleotide 378, no hybridization

with the major truncated transcript was observed. However, with fragment lll a faint

hybridization signal was observed with a slightly larger mRNA. This hybridizing mRNA was

also visible when lragments I and ll were used, although the intensity of the signal was

approximately 20 - 50 fold less than the major hybridization signal. Together, these results

indicate that the majority of the truncated mRNAs lacks at least more than 700 nucleotides

of the 3' part of the aglA coding sequence.

ln order to investigate whether a poly(A) tail was present inthe glaA-aglA truncated mRNA

molecule, poly(A) mRNA was isolated from strains containing g/aA fusions with either the wild-

type or the synthetic aglA gene and analyzed by Northern blot using a DNA fragment

comprising the aglA gene as a probe. With both strains more than 90% of the hybridizing RNA
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Fig.5 Schematic representation of the DNA sequence encoding mature guar a-galactosidase.

Roman numbers correspond to the DNA fragment used for hybridisation on a Northern blot. ++
strong hybridisation, + weak hybridisation, +/- weak hybridization with a larger mFINA transcript, but

not with the major truncated transcript, - no hybridisation

was present in the poly(A)* fraction which clearly indicated that also the truncated mRNA was

polyadenylated (data not shown).

To further identify the 3' end of the truncated mRNA, RT-PCR was carried out using poly(A)

mFINA isolated from multi copy strains of AWGISAGL and AWAGL2 (see M&M). A 220 bp

fragment was obtained and cloned in pUC19. Restriction enzyme analysis of the vectors

showed that a small percentage (< 5%) of the inserts was slightly larger then 220 bp. Based

on this restriction enzyme analysis four plasmids containing lhe 220 bp fragment were

analyzed by DNA sequence analysis. This analysis showed that the four cDNAs contained the

first 196-200 bases oJ the AGL encoding sequence, followed by a poly(A) tract (Figure 6).

Nucleotide sequence analysis of some plasmids containing a larger oDNA insert showed that

these fragments indeed corresponded with a slighfly larger agtA mRNA.

To determine whether the truncation of the glaA-aglA mRNA was due to premature

termination nuclear run-on transcription assays were carried out. Since the specific mRNA

levels of the single copy strains were too low to carry out reliable run-on assays (data not

shown), multi copy strains were used which had a higher aglA specific mRNA level. Different

fragments ot the aglA gene, generated by PCR, were slot blotted and hybridized with

radioactively synthesized RNA. Figure 7 shows the results of run-on transcription assays of

multi copy strains of AWGLAAGL, AWAGL2, AWAGLS and, as a control, AWGLA which

contained a single copy of the glaA gene at the pyrG locus. Radioactive mRNA isolated from

AWGI-AAGL, AWAGL2 and AWAGLS hybridized with allag/A DNAfragments tested, indicating

that in all three strains transcription proceeds at least 400 bases from the start of the mature
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Fig'6 Part of the DNA sequence encoding mature guar a-galactosidase (start = 1). The upper row

shows the wildtype aglA gene, the middle row the synthetic (aglA"r") gene. Only differences

are indicated. The lower row shows the amino acid sequence. Bold arrows indicate the last

nucleotide prior to the polyadenylation signal of the maior transcripts (> 9s%). An asterisk

marks the last nucleotide prior to the polyadenylation signal of some of the minor transcripts

(< 5%). The 16-bp inverted repeat is double underlined.

AGL encoding sequence. Comparison of the signal intensities observed for the ditferent

hybridizing DNA fragments with those in a similar blot hybridized with a t2P-labelled aglA DNA

fragment showed an identical pattern, indicating that the differences observed were due to
the decreasing length of the DNA fragments used on the blot. No aglA specific slgnal was

observed when RNA from AWGLA, which did not contain lhe aglA gene, was used as a
probe. From the results shown in Figure 7 it can also be seen that in AWGLAAGL a high level

ot glaA mRNA, most likely as part from the glaA-agtA fusion, is present, whereas this level is

much lower in the strains that do not contain the glaA fusion. Also in AWGLA the g/aA level

was low, probably due to the presence of a single copy of lhe glaA gene only. ln all strains
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Fig.7 Run-on transcription assay with nuclei from induced cultures of the multi copy strains

AWGLAAGL, AWAGL2, AWAGLS, and a single copy strain of AWGLA. 1 pg ot several PCR-derived

DNA fragments was slot-blotted on membranes and hybridized with labeled RNA isolated from the

nuclei after run-on transcription in the presence of [3'?P]-UTP. Numbers below aglA refer to the

conesponding nucleotide sequence in the aglA DNA sequence counted from the start of the mature

protein (start : '1, stop = 1087). The DNA fragments used for the genes in the upper row comprised

the total coding region. Panel E shows a filter that was hybridized with a [3'?P]-labelled DNA fragment

containrng the aglA gene.

there is a low level ol uidA and a higher level of gpdA transcription. Since all strains lack the

exlA gene, this gene was used as a negative control. ln most of the strains a signal is absent,

however, some faint background signal is sometimes visible.

The results of these experiments indicate that transcription elongation had occurred at least

400 bases downstream of the aglA mRNA truncation as was previously determined by

Northern blot analysis (Fig. 5) and RT-PCR (Fig. 6). Whether transcription termination was

correct could not really be observed in this way, but the similar results obtained with both

aglA and aglAsyn in a run-on transcription assay suggests that termination is correct.

ln conclusion, the results with the nuclear run-on transcription assays, showing identical

results for both wild-type and synthetic aglA, indicate that truncation ot aglA mRNA is a result

of incorrect processing.
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DISCUSSION

The use of a gene-fusion strategy for the production of heterologous proteins has been

sublect of several studies. Although precise data are sparse, it is generally believed that a

gene-fusion has its beneficial etfect mainly on (post-)translational level, e.g. by enhanced

stabilization, increased efficiency of secretion or prevention from proteolytic degradation.

The effect of gene fusion on hlL6 production

ln a previous study we showed that although relatively high hlL6 mRNA levels were

obtained, very low amounts of hll6 protein were produced (Gouka et al. 1996b). Also in other

members of the genus AspergrTlus production of hll6 was low (Carrez et al. 1990,

Broekhuijsen et al. 1993). lnefficient intracellular transport and/or extracellular proteolytic

degradation have been proposed as explanations for this phenomenon. As has been shown

in previous experiments (Gouka et al. 1996b) hll6 is stable in our culture medium, excluding

extracellular proteolytic degradation as the reason for the absence of hll6 in the growth

medium. By fusing GLA., to the N-terminal end of hll6 we showed that, as in A. niger

(Broekhuijsen et al. 1993) andA. nidulans (Contreras et al. 1991 ), also in A. awamori hlL6

production could be highly improved. lnterestingly, in our case levels of 5-1 O mg l-1 of

secreted hll6 were obtained with a single copy strain whereas in A. niger and A. nidulans

these amounts were obtained with strains containing multiple copies of the fusion construct,

which illustrates that A. awamori can be used efficiently for the production of heterologous

proteins.

The steady-slale glaA-hili fusion mRNA level was still lower than that of non{used g/aA

mRNA suggesting that hlL6 contains motifs which influence the stability oI the mRNA.

To investigate whether inefficient protein synthesis or secretion could be an explanation

for the initial low hlL6 levels in non-fused hlLO strains, a GLA., fusion to the C{erminus of

hll6 was constructed. With this strain not only very low levels of hlL6 but also of GLAn, were

obtained. Northern blot analysis showed that the hlL6-GLA steady-state mRNA levels were

almost similar to the levels of GLA-hlL6 mRNA excluding that ditferences were located at the

transcriptional level. These results indicate that the main bottle neck in hlL6 production

probably occurs at the (post-)lranslational level, either by inefficient translation, inefficient

translocation or rapid degradation which could be due to improper folding.

Although the GLA., amounts, produced by AWGLA*.*H|L6, were almost as high as with

a strain containing non-fused GLA., much less hll6 was produced (see Table ll). Since
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separation of both proteins by cleavage of the KEX2 site is thought to occur in the late Golgi,

part of the hll6 protein - 60-90% - must have been degraded (either intracellular or by

mycelium associated proteases).

The effect of gene fusion on AGL production

The few data reported in literature concerning mRNA levels of fused and non{used genes

indicate that the etfect of a gene-fusion on steady-state mRNA levels can either be

advantageous or disadvantageous. Van Hartingsveldt et al. (1 990) showed that when

chymosin was fused to the first 7'l AA ol GLA as compared with fusions to the first 18 or 24

AA, the mRNA level dropped with a factor 2.5, suggesting a disadvantageous effect.

lnterestingly, the mRNA levels of non{used chymosin were already high. A decrease was also

suggested when the total coding region of GLA was fused to prochymosin (Ward et al. 1990).

ln contrast, slight improvements of mRNA levels were reported for a fusion of GLA to HEWL

(Jeenes et al. 1994) and fusion of CBH|to Fab (Nyyssonen et al. 1995).

Our study showed that fusion of glucoamylase to the N-terminal end of guar a-

galactosidase (encoded by aglA"r") resulted in a 2S-fold increase in AGL protein levels as

compared to a non{used AGL"yn strain. Northern blot analysis showed that, in contrast to the

results obtained with hlL6, this increase was mostly due to higher steady-state mRNA levels.

These results clearly show that a GLA fusion does not only have influence at (post-)

translational level, but also can have a drastic effect at the transcriptional level. Since the

mRNA level observed for the lusion mRNA was still about 4-Iold lower than the level of non-

fused GLA., mRNA, it is clear that, similar as found for lusions of hll6 with g/aA, the chimeric

mRNA is less stable.

Strains containing expression cassettes with the wildtype aglA gene revealed truncated

aglA mRNA molecules which only contained the first 200 bases otlhe aglAtranscript. Nuclear

run-on transcription assays showed that transcription elongation had proceeded at least 400

bases downstream of the truncation, indicating that premature termination was not the reason

for the truncation.

The presence of a defined although truncated, specific mRNA signal and the presence oI

a poly(A) tail implies that the truncation occurs post{ranscriptional, probably due to incorrect

processing by the polyadenylation complex. This processing involves recognition of a specific

DNA sequence. ln higher eukaryotes this signal is a highly conserved hexanucleotide

sequence (AAUAAA), which is present approximately I5-25 nucleotides upstream of the

poly(A) addition site (Humphrey and Proudfoot 1988, Manley 1988, Wickens 1990). ln
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addition, a less conserved U- or GU-rich sequence is usually present downstream of the

polyadenylation site (Humphrey and Proudfoot 1988, Manley 1988, Wickens 1990). ln

contrast, in the yeast Saccharomyces cerevisiae a diffuse AU+ich element is usually Iound

instead of the mammalian consensus poly(A) signal (Proudfoot 1991 ). None of these motifs

is sufficient to direct 3' end processing, and therefore, several structural motifs have to act

in concert for etficient 3' end lormation (lrniger et al. 1991 ; Guo and Sherman 1995).

For filamentous fungi no experimental data are available about 3' end formation of mRNAs.

ln some genes an AAUAAA sequence has been found, whereas in others it is absent (Gurr

et al. 19BB; Bruchez et al. 1993), indicating that also in fungi other motifs or combinations of

motifs might be necessary to act as polyadenylation signal. When a consensus

polyadenylation signal has been identified, the functionality of it has never been proven

experimentally.

ln the case of the truncat ed agtA gene, an AAUAAA sequence upstream of the poly(A) tract

is absent. Analysis of the aglA sequence and subsequent comparison with the aglA"yn gene,

which does produce full length aglA mRNA, reveals some putative AT-rich regions upstream

of the poly(A) tail which might be involved in incorrect processing. This signal is not present

in the aglA"rn gene.

Similar results have been reported for a number of heterologous genes which were

expressed in yeasts. Also in that case the corresponding proteins were not detectable, which

was due to the presence of putative internal yeast transcriptional terminator sequences

resulting in truncated mRNA, The problem was first described with the highly AT-rich

Clostridium tetani tetanus toxin fragment C gene in S. cerevlsrae and was solved by synthesis

of a gene with increased GC-content, from 29V"1o 47"/" (Romanos et al. 199l ). ldentical

problems have been observed for at least four other genes (reviewed by Romanos et al.

1992). With one of these genes, encoding HIV-1 envelope protein (Scorer et al. 1993),

truncated mRNA was produced in Pichia pastorls, whereas in S. cerevislae full length mRNA

was found. Although, in contrast to tetanus toxin fragment C, HIV Env is only slightly AT-rich,

but contains AT-rich runs which might have caused the problem in this case. Full length

mRNA could be obtained by construction of a synthetic HIV Env gene with increased

GC-content, especially eliminating AT-rich runs. However, in these studies the authors

performed no experiments to discriminate between premature termination of the RNA

polymerase ll and incorrect processing as the reason for the truncation.

Also remarkable in C. tetragonoloba aglAis the presence of a perfect inverted repeat of 16

bases (4A4IGCTGCAGCATTT) immediately downstream of the polyadenylation site of the
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aglA gene which might be involved in incorrect processing. ln the aglA"rn gene this repeat is

reduced to only 8 bases.

Finally, it is interesting to note lhat truncation of aglA mRNA has also been observed when

the wild-type aglA gene was expressed in A. niger and A. nidulans (PJ Punt, unpublished

results). This would suggest that the problems observed with expression of the guar aglA
gene are specific lor Aspergillus species (if not for more fungal species), since in all other

species reported, Bacillus subtilis (Overbeeke et al. 1990), Hansenula polymorpha (Fellinger

et al. 1991), S. cerevrslae (Verbakel 1991 ) and Kluyveromyces /actis (Bergkamp et al. 1992),

this was not the case. This might indicate that transcription termination and/or correct 3' end
formation of fungal mRNAs might be different from other organisms, as was also suggested
for the yeasts S. cerevisiae and p. pastors (Scorer et al. 1993).

ln conclusion, our results have clearly shown that production of heterologous proteins is
limited both at the transcriptional and at the (post-)translational level. Limitations at the mRNA

level are determined by the coding region of the heterologous gene, resulting in either low
mRNA stability or in truncated mRNA, possibly due to AT-rich regions. At the (post-)

transcriptional level, intracellular degradation is the major factor. Degradation can occur at
least at two locations. First, during or immediately upon translation, as was observed for hlL6
and a hlL6-GLA Jusion, preventing the synthesis of the fusion protein, and second, after
cleavage of hlL6 from GLA in a GLAHIL6 fusion protein. As this cleavage is thought to occur
in the Golgi, degradation occurs afterwards.

Finally, we showed that glucoamylase gene fusions can largely alleviate limitations at the
transcriptional level and at the (post-)translational level.
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CHAPTER 6

Kinetics of mRNA and protein synthesis of genes controlled by the

1,4-B-endoxylanase A promoter in controlled fermentations of

Aspergillus awamori

Robin J. Gouka'), Hein Stam2), Arthur J. Fellingera, Rob Muijsenberga, Arjan van den

Wijngaard'z), Peter J. Puntl), Wouter Musters2), and Cees A.M.J.J. van den Hondel')
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P.O. Box 5815, NL-2280 HV Rijswijk, the Netherlands, and 2 Department of Gene Technology and

Fermentation, Unilever Research Laboratorium, Olivier van Noortlaan 120, NL-3133 AT Vlaardingen,

the Netherlands

SUMMARY

lnduction and repression kinetics of the expression of lhe Aspergillus awamori 1,4-B'

endoxylanase A (exlA) gene was analyzed at mRNA and al protein level under defined

physiological conditions. lnduction was analyzed by pulsing D-xylose to a sucrose-limited

continuous culture of an A. awamori EXL overproducing strain. Directly after the D-xylose

pulse exlA mRNA was synthesized, and reached a constant maximal level after 45-60 minutes.

This level was maintained as long as a D-xylose/sucrose feed was used. When a D-xylose

pulse was followed by a sucrose leed,exlA mRNA could no longer be detected as soon as

D-xylose was depleted from the medium. Repression ol exlA expression was analyzed by

pulsing D-glucose in a D-xylose-limited continuous culture. lmmediately after the glucose

pulse the exlA mRNA level declined rapidly and reached a minimal level after 60-90 minutes.

The half-life oJ the exiA mRNA was determined to be approximately 20-30 minutes. Kinetics

o{ mRNA synthesis of the heterologous genes encoding Thermomyces lanuginosus lipase

(lplA) and E. coll B-glucuronidase (uldA), which were under control of the exlA promoter, was

similar as observed lor exlA mRNA. The time span between mRNA synthesis and secretion

of the proteins was determined for EXL and LPL. ln both cases mRNA became visible after

approximately 7.5 minutes, whereas after t hour protein became detectable in the medium.
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INTRODUCTION

Filamentousfungi, especially members of the genusAspergillus, havethe abilityto secrete

Iarge amounts of a wide range of different enzymes into their environment. This characteristic

has favoured lhe use of these organisms for the large scale production of commercially

important enzymes (reviewed by a.o. Van den Hondel et al. 1991 ; Fowler and Berka, 1991 ;

Verdoes et al. 1 995).

However, unlike homologous proteins the secreted yields of most heterologous non-fungal

proteins are very low and reach levels that are often 2-3 orders of magnitude lower. Therefore,

in our laboratory a study was started to obtain more insight in the parameters that influence

the production and secretion of heterologous proteins.

For the production and secretion of proteins in large quantities etficient gene expression

systems are required (Van den Hondel et al. 1991 ; Fowler and Berka 1991 ). During the years

a number of such expression systems has been developed lor Aspergilli , most of them based

on the A. niger or A. awamorl glucoamylase (g/aA) promoter (reviewed by Davies 1994).

Recently, in our laboratory, an alternative expression system was developed for A. awamori

based on the expression signals of the A. awamori exlA gene encoding 1,4-B-endoxylanase

A (Hessing et al. 1994; Gouka et al. 1996a).

Studies in shake flask cultures indicated that the expression of the A. awamori exlA gene

is highly inducible with D-xylose (Gouka et al. I996a) and that its expression control region

can be used efficiently for the production of homologous (1 ,4-B-endoxylanase A, Hessing et

al. 1994) and heterologous (Gouka et al. 1996b) proteins in A. awamorl. lnitial analysis of

shake flask cultures indicated that induction of PexlA driven expression was regulated at the

transcriptional level by the presence of D-xylose in the culture medium (Gouka et al. 1996a).

Although studies on the induction of 1,4-B-endoxylanases have been described in a number

of reports for other species, as yet nothing is known about the kinetics of PexlA driven

expression. ln fact, studies on the kinetics of mRNA and protein synthesis in fungi are sparse.

To obtain more knowledge about the kinetics of mRNA and protein synthesis in fungi and in

particular of PexlA driven expression in A. awamori, continuous culture lermentations were

carried out with some of our recombinant strains.

Fermentation of filamentous fungi, especially in continuous culture fermentations, has

shown to be very difficult due to (i) problems to acquire a constant, stable culture morphology

and effluent control and (ii) accumulation of mycelium on the wall, pipes and valves of the

vessel, especially in long term continuous cultures (our unpublished data). For studies on the
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kinetics of mRNA synthesis or degradation, which can usually be performed in a relatively

short term fermentation, the use of continuous cultures is necessary, since a large number

of samples can be taken in a relatively short period without disturbing the culture. ln this

study we have used continuous cultures of the filamentous fungus A. awamori to investigate

the kinetics of induction and repression of the Pex/A driven expression on mRNA and protein

level, both for homologous and heterologous genes.

MATERIALS AND METHODS

Strains and media. All A. awamori strains used are derived from A. awamori ATCC 1 1358

(CBS115.52).A.awamori 1A(Hessingetal. 1994) isastraincontaining 10-l5copiesof the

A. awamori exlA gene integrated at the exlA locus (unpublished data). A. awamori AW1 5.7-1 ,

AW1 4A, AWLPL1 and AWLPL2 are pyrG* transformants ol A. awamori AW1 5.7 (exlA'::uidA+ ,

HmR, pyrG'), containing respectively, no additional exlA based expression cassette (Aw1 5.7-1)

or a single copy of lhe A. awamori exlA gene (AW1 4A) or the Thermomyces lanuginosus

lipase gene (AWLPLI , lplA preceded by the /p/A preprosequence; AWLPL2, /p/A preceded by

the exlA preprosequence) at the pyrG locus (Gouka et al. 1 996a; Gouka et al. 1 996b)

Medium for the batch phase of the fermentation consisted of 15 mM sucrose, 170 mM

NH4Cl,7 mM KHrPOo, 4 mM MgSOo.7H2O,2 mM CaClr.2HrO and 0.1% yeast extract. For

induction D-xylose (final concentration 33 mM l'1) and for repression D-glucose (final

concentration 40 mM I 
1) was added to the vessel. Medium for the feed during continuous

cultivation was similar to the batch-phase medium except that the C-source was either 15 mM

sucrose, or a combination of 15 mM D-xylose/l5 mM sucrose, depending on the type of

fermentation.

Bioreactor cultivations. Fermentation experiments were carried out in a 3 litre Chemoferm

glass fermenter with baffles, provided with a magnetically driven stirrer (B blades Rushton

impeller) on the bottom plate. The dissolved oxygen was measured by an lngold O, probe,

pH by an lngold pH probe and temperature with an PT 100 sensor. Gelman bacterial filters

were used to filter incoming air and outlet gasses before analysis. The outlet gasses were

cooled by a condenser and led to the mass-spectrometer (MMB-80, VG) for measurements

and calculations, pH was regulated by 12.5% NH4OH and 3M H.PO, using a Watson Marlow

peristaltic pump.
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Two types of continuous cultures were carried out:

(l) ln continuous cultures oI A. awamori lAthe working volume of 2.5 litres was maintained

by using a teflon overflow tube. The feed rate was checked with a burette during addition with

a Meredos SPGL70 pump. The set poinls ior fermentation were: pH 3.0, stirrer speed 225

rpm, 25"C, airflow 1.5 l.min 1.

(ll) ln all other continuous cultures the working volume (2.5 l) and feed rate was checked by

pump control via a fermentation control system with the package CDAS running on a4VAX.

The set points for these fermentations were: pH 4.5, stirrer speed 225 rpm, 25'C, airflow 1.5

l.min-1.

After inoculation, the pH was regulated at the moment it reached the desired value. The

fermentation was switched from batch to continuous (D=0.1 h1) when the culture reached

the end of the exponential phase. Simultaneously, the stirrer speed was increased to maintain

the DO, above 357o.

lnduction or represslon was started when a steady-state phase was achieved which was

defined as constant outlet gasses and constant biomass during at least 20 hours (type I

fermentations) or 50 hours (type ll fermentations).

Recombinant DNA techniques. Standard recombinant DNA techniques were used for cloning

procedures (Sambrook et al. 1989). Aspergillus chromosomal DNA and RNA was isolated as

described by Kolar et al. (1988).

Analysis of samples. After pulsing, medium and mycelium samples were taken at intervals

of a few minutes in the first hour and of several hours at the later stages of the fermentation.

Analysis of mRNA was carried out by Northern blotting. mRNA levels were quantified by

scanning the developed films with a densitometer (Ultroscan XL, Pharmacia LKB, Uppsala,

Sweden),

Quantification of protein levels was carried out by enzyme activity assays or Western blot

analysis (Sambrook et al. 1989). Total xylanase activity assays were carried out using the

DNS method as described by Hessing et al. (1 994). B-Glucuronidase assays were performed

according to Roberts et al, (1989). For determination of protein concentrations by Western

blot analysis purified protein was used as a standard. Purified 1,4-B-endoxylanase A and

lipase protein and the respective polyclonal antibodies were obtained from Unilever Research

Laboratorium. For detection the ECL Western blot detection kit (Amersham) based on

peroxidase labelled antibodies were used. The protein amounts on a Western blot were also
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quantified densitometrically. Total protein amounts were determined using the BioRad protein

assay kit. Concentration of proteins was carried out as described by Broekhuijsen et al

(1 ee3).

The extracellular metabolites D-xylose, glucose and sucrose were measured by means of

high-pressure liquid chromatography analysis and/or enzymatically on the Cobas Mira aulo-

analyzer (Hoffmann LaRoche).

For mycelial dry weight measurements 25 ml of homogenous culture sample was filtrated

through Miracloth (Calbiochem). The mycelium was squeezed and dried overnight in a

vacuum oven at BO'C. This method resulted in a variation which was less than 10%.

RESULTS

Kinetics ol exlA mRNA and protein synthesis upon induction with D-xylose

To study induction, continuous culture fermentations were carried out with the EXL

overproducing strain A. awamori 1A (Hessing et al. 1 994) under carbon-limited conditions in

medium with sucrose as non-inducing C-source (Gouka et al. 1996a). To achieve a high

concentration of D-xylose in the fermenter vessel at once, which would allow immediate

induction ot the exlA promoter, at t=0 hours a pulse of D-xylose was added to the medium

to obtain a final concentration of 33 mM l-1. ln the feed 15 mM sucrose was maintained as C-

source. The kinetics ol exlA mRNA synthesis was studied by Northern blot analysis of total

RNA isolated from mycelium sampled at several time points after induction. As shown in

Fig.1A, a very quick response in exlA mRNA synthesis occurred, visible by the appearance

ot exlA mRNA already after 6 minutes. After approximately 45-60 minutes the exlA mRNA

reached a constant maximum level. This maximum mRNA level was maintained until D-xylose

was no longer detectable which resulted in a rapid decline in mRNA level (data not shown).

The mRNA levels at the different time points during induction were quantified and relatively

expressed to the mRNA level at t=14 hours (Fig. 1B).

To analyze the kinetics of EXL protein synthesis the total xylanase activity was determined.

Although A. awamori contains more than one endoxylanase of which EXL has only a minor

contribution to the total xylanase activity (Hessing et al. 1994, Gouka et al. 1996a), in mul1

copy strain 1A EXL is responsible for almost all xylanase activity (Hessing et al. 1994). EXL

activity accumulated rapidly in the medium upon induction, up to approximately t=14 hours

(Fig. 1B), followed by a decrease to very low levels at later time points (data not shown).
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Fig. 1A Northern blot of A. awamori .1A containing equal amounts of total RNA isolated from

mycelium samples obtained resp. 0,3, 6, 10, 15, 20, 30,45 minutes and'1, 1.S, 2, 4,

6, 8, 10, 12, and 14 hours after addition of D-xylose to a continuous culture grown in

medium with sucrose as C-source. The blot was probed with a 32p-labelled 0.7 kb

BspHllAtlll DNA fragment containing the exlA gene.
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Together, these results show that induction with D-xylose results in a very quick response

at the mRNA level lollowed by a much slower response at the protein level. EXL mRNA and

protein levels declined rapidly as soon as D-xylose was depleted from the medium (data not

shown).

Kinetics ol exlA mRNA and protein degradation upon repression with D-glucose

To investigate the kinetics of glucose repression on exlA mRNA and protein levels,

continuous cultures ol A. awamori 1A were carried out, As a leed a combination of 15 mM

D-xylose and 15 mM sucrose was used as C-source, which had previously been shown to

be sufficientfor induction olPextA driven expression (Gouka et al. 1996a). Att=0 hours a

pulse of 40 mM l-1 D-glucose was added, whereas the feed with D-xylose and sucrose was

maintained.

At t=0 hours a high level ol exlA mRNA was present (Fig. 2A), due to the presence of D-

xylose in the feed. Very quickly atter addition of glucose the amount ol exlA mRNA decreased

and reached a minimal level 60 - 90 minutes after glucose addition. After this time induction

again occurred as shown by an increase of the exlA mRNA level at later time points, although

not all glucose was consumed.

Northern blot of A. awamori 14 containing equal amounts of total RNA isolated from

mycelium samples obtained resp. 0, 2, 4, 6, 8, 10, 15, 20, 30, 45 minutes and 1, 1.5,

2, 4, 6, and 10 hours after addition of glucose to a continuous culture grown in

medium with a combination of D-xylose/sucrose.as C-sources. The blot was probed

with a 32P-labelled 0.7 kb EspHl/Aflll DNA fragment containing the exlA gene.

Fig. 2A
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The total xylanase activity (Fig. 28) responded to the glucose pulse again with a lag,

resulting in a drop of about 30-40% in EXL activity at t=4 hours. This relatively slight decrease
is most likely caused by the short period of repression as was seen on mRNA level.

The glucose concentration (Fig. 28) decreased from 40 mM directly after pulsing (t=0
hours), to undetectable levels, 10 hours later, indicating that glucose was consumed rapidly.

Shortly after glucose addition to the fermenter, D-xylose started to accumulate, possibly due

to a preferential uptake ol glucose. The presence of both glucose and D-xylose in the medium
might explain the increase in exlA mRNA level after t=2 hours. The induction rate was lower

o

o

A
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as compared to the presence of D-xylose alone (Fig. 1A). Full induction was achieved when

glucose levels became undetectable (t=10 hours).

Since repression at the mRNA level occurred almost immediately after addition of glucose

to the vessel, the mRNA haltlife could be determined. Based on Fig. 28, the halllife of the

exlA mRNA is approximately 20-30 minutes, assuming no de novo synthesis. ln Fig. 2C also

the induction rate at the mRNA level is shown during the first 2 hours. These results indicate

that transcriptional regulation of the exlA promoter, either by induction or repression, is fast,

allowing the fungus to respond very rapidly to environmental changes.

Comparison of kinetics of mRNA synthesis of exlA, lplA and uidA upon induction with D-

xylose

To determine whether the use of the exlA expression signals for the expression of

heterologous genes results in ditferences of mRNA kinetics as compared lo exlA, continuous

culture fermentations were carried out with A. awamori strains AW1 5.7-1 , AWl 4A and,

AWLPLl . These strains contain respectively a single copy of the E. coli B-glucuronidase gene,

lhe A. awamori 1,4-B-endoxylanase A gene and lhe T. lanuginosus lipase gene under control

of the exlA expression signals. At t=0, a pulse of D-xylose was given to sucrose-limited

continuous cultures, resulting in a D-xylose concentration of 33 mM f1. The feed was changed

from medium with 15 mM sucrose as single C-source to medium with both 15 mM D-xylose

and 15 mM sucrose as C-sources, allowing efficient induction and maintenance of the

induction levels.

Total RNA was isolated from mycelium samples taken at several intervals and analyzed by

Northern blot analysis using DNA fragments containing the coding regions of the

corresponding genes as probes.

To compare the induction rates, for each strain the mRNA levels were quantified

densitometrically. For each strain the mRNA level at t=6 hours was defined as 100% and the

other mRNA samples were given relatively to this level (Fig.3). For all strains (including multi

copy strain A. awamori 1A), the kinetics of specific mRNA induction (exlA, lplA and uidA) was

similar. Specific mRNA was visible 7.5 minutes after induction and reached a maximum level

after approximately 60 minutes. This maximum level was maintained during cultivation by the

presence of D-xylose in the feed. These results indicate that the kinetics of mRNA synthesis

was not influenced by the presence of other coding sequences as lplA and uidA.
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awamori 1A (-tr-), AW144 (-O-), AWLPL1
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Fig. 4A Levels of exiA mRNA (-C-) and

intra- (-A-) and extracellular (-f-) EXL

protein after induction of a continuous
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xylose. The levels are given relatively to
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protein after induction of a continuous

culture of A. awamori AWLPL1 with D-
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Kinetics of protein synthesis of intra- and extracellular EXL and LPL and intracellular

GUS upon induction with D-xylose

To compare the kinetics of intracellular synthesis and secretion of a homologous (EXL) and

a heterologous (LPL) protein, Western blot analysis was carried out with cellular extracts and

medium samples oI AW1 44 and AWLPL1 taken at ditferent time points. The protein amounts

were quantified using a densitometer and given relatively to the level at t=6 hours, since at

this time point both intra- and extracellular protein levels had more or less reached a

maximum.

lntracellular EXL (Fig. A) accumulated rapidly and a maximum was already reached

between t=2 and t=4 hours. Extracellular EXL (Fig, A) became detectable approximately 60

minutes after induction. The protein levels reached a maximum level at approximately t=6

hours.

lntracellular LPL could be observed in the cell extract at t=1 hour, and the amounts

increased until a maximum was reached between t=4 and t=6 hours (Fig. 48). Secretion of

LPL also started at t=1 hour (Fig. aB), but a constant level was obtained between 6 and B

hours (data not shown).

The single copy strains AW1 44, AWLPLI , AWLPL2 and the control strain AW1 5.7-1 all

contain the uidA gene under control of the exlA expression signals (M&M). To determine the

kinetics of synthesis of GUS, a cytoplasmic protein, in all these strains the GUS activity was

determined. GUS protein became clearly detectable after t hour and slowly accumulated

intracellularly. At t=6 hours the GUS levels were only 30-40% of the constant level which was

reached at approximalely l=24 hours (Fig. 48).

DISCUSSION

lnduction of the expression of lhe exlA gene in an A. awamorl multi copy strain with D-

xylose resulted in a very quick response at the mRNA level. exlA mRNA became visible

already 6 minutes after induction and within t hour a maximum level was obtained. EXL

protein still accumulated during the first 14 hours, indicating that a maximum protein level was

not reached. At 14 hours, when D-xylose was no longer detectable, de novo mRNA synthesis

stopped and exlA mRNA was degraded rapidly. As a result also de novo synthesis of EXL

protein stopped and EXL levels declined due to wash out of the culture medium.

Addition of glucose to a D-xylose induced culture oI A. awamorl'lA resulted in rapid

repression of the Pex/A driven expression as shown by a fast decrease in exlA mRNA levels
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from 100 to about 10% in 2 hours. Although at t=2 hours glucose was still present in the

medium, induction started again as shown by an increase in mRNA, probably due to
induction by D-xylose which was present in the feed and accumulated after glucose addition.

The increase in exlA mRNA level was much slower as observed in the induction experiment

(Fig. 1B) and is likely the result of the combination of D-xylose and glucose which are

simultaneously present in the medium. Only when very low glucose levels were reached (t= 1 0

hrs), full induction was achieved again.

As expected, the growth rate [z) of the fungus will increase after pulsing D-xylose or

glucose to the culture vessel. This could indeed be observed by an increase in biomass (data

not shown), which results in a disturbance of the existing steady-state and the installation oJ

a new steady-state after a certain period. The newly added C-source will therefore not only

be used for induction or repression but also for growth, which might inlluence induction

kinetics at the mRNA and protein level. A second factor that could influence the induction

kinetics is the fact that induction will not be synchronous in all cells.

The induction kinetics ol exlA mRNA synthesis and of exlA mRNA degradation is fast.

lnduction results in detectable mRNA levels after 6 minutes and repression in a mRNA half-life

of approximately 20 minutes. However, the half-life might be an underestimation since in our

cultivation D-xylose was still present in the feed and might have influenced the half-life by de

novo synthesis of mRNA. Nevertheless, these results indicate that transcriptional regulation

of PexlA driven expression is last, enabling the fungus to respond rapidly to environmental

changes. Data on half-lives of fungal mRNAs have not been described in detail, however, data

from S. cerevisiae are available. Sierkstra et al (1 992) showed that the half-lives of glucose

repressible genes were very low. The lowest half-live, about 30-45 s, was observed for HXK1

and GAL2. GAL1 0 and SUC2 mRNA had a half-lije of 1 minute and GALT and GAL1 of about

2 minutes. Others (Brown 19BB) demonstrated that the half-lives of yeast mRNAs vary

between 1 and 100 minutes.

Analysis of kinetics of mRNA synthesis of a homologous (exlA) and two heterologous

genes (/p/A and uidA) revealed that the rate of synthesis was identical in all cases. Shake-

flask experiments, previously carried out, showed that the mRNA levels of these genes were

different (Gouka et al. 1996b). Together, these results indicate that not the transcription rate

is important for the ditferences observed between expression levels of homologous and

heterologous genes. Apparently, other factors like variations in the mRNA stability, determined

by the coding sequence, since all other flanking sequences are identical, are more important.

ln our fermentation experiments the kinetics of production and secretion of EXL was slighily
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faster than that of LPL. An explanation for this might be that translation and/or translocation

of LPL is not as fast as EXL, possibly due to differences in codon usage or that LPL, which

is known to stick to surfaces, is temporarily retained to or in the cell wall or cell organelles.

ln conclusion, we have shown that continuous cultures of lilamentous fungi, in particular

A. awamori, are very useful to study kinetics of induction and repression of gene expression

at the molecular level. Our results showed that expression of the A. awamori 1,4-B-

endoxylanase A gene can be induced rapidly with D-xylose or repressed with D-glucose.

lnduction at the transcriptional level was independent of the coding region of the gene

following the exlA transcription control region; exlA, lplA and uidA mRNA displayed a similar

induction pattern. Slight difterences occurred in kinetics of intra- and extracellular protein

accumulation, suggesting that both production and secretion of EXL was somewhat {aster

than LPL. lntracellular accumulation of GUS, a cytoplasmic protein, was slow.
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CHAPTER 7

GENERAL DISCUSSION

l.INTRODUCTION

Filamentous fungi, especially members of the genus Aspergillus, have the ability to secrete

large amounts of different enzymes into their environment, a characteristic which has favoured

their use for the large scale production of commercially important enzymes (reviewed by a.o.

Van den Hondel et al. 1991 ; Fowler and Berka, 1991 ; Verdoes et al. 1995). However, unlike

the high yields obtained for homologous proteins the secreted yields of most heterologous

proteins are 100- to 1000{old lower. The research described in this thesis is carried out to

obtain more insight in the factors that influence the production levels of heterologous proteins

in filamentous tungi. Therefore, a comparative study was started in which the production

levels of different proteins in defined single-copy A. awamori strains were analyzed. The

expression of three fungal genes was studied, namely A. awamori 1 ,4-B-endoxylanase (exlA),

A. niger glucoamylase (glaA) and Thermomyces lanuginosus lipase (/p/A) and two non-fungal

genes, human interleukin-6 (hll6) and Cyamopsis tetragonoloba a-galactosidase (Chapter 4).

The latter gene was available in two versions, a plant cDNA clone (aglA) and a synthetic gene

with yeast-optimized codon bias (aglA"r). To evaluate the etlects of a recently developed

glucoamylase gene-fusion approach, also the expression of g/aA-hlL6, hlL6-g/aA and glaA-

aglA gene-fusions was studied (Chapter 5). All expression vectors were integrated in a single

copy at lhe pyrG locus of A. awamori (Chapter 2) and all genes were placed under control

of the efficient 1,4-B-endoxylanase A promoter and transcription terminator (Chapter 3). The

use of defined strains and a defined induction system excludes a number of parameters that

might influence the production levels of proteins, such as gene copy number and genomic

integration site, and allows a quantitative comparison of the results obtained with the different

genes.

2. LIMITATIONS IN HETEROLOGOUS PROTEIN PRODUCTION BY FILAMENTOUS

FUNGI

ln agreement with the results obtained with other fungal proteins (reviewed by Van den

Hondel et al. 1991 ; Verdoes et al. 1995), high extracellular protein levels were obtained with
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the three fungal genes (exlA, glaA and lplA). Similar as generally found for non-fungal proteins

(Van den Hondel et al. 1991 ), for both non-fungal proteins hll6 and a-galactosidase, the

protein levels were 100- to 1000{old lower. Analysis of the steady-state mRNA levels showed

that for both hlL6 and a-galactosldase production low mRNA levels accounted (partly) for the

low protein levels observed. Compared to the exlA mRNA level, the level of hlL6 was 4-B fold

lower and of a-galactosidase about 1OO{old lower. Fusion ol glaA to the 5' end of either

aglA,rn ot hlL6, increased both the mRNA levels and the yields of secreted protein, compared

to the levels of the corresponding non-fused strains, whereas with a g/aA fusion to the 3' end

of hlL6 protein, levels similar as observed for a non-fused hlL6 strain were found (Chapter 5).

For both fused and non-fused wild type aglA only truncated transcripts were observed.

From these data it is clear that at the transcriptional level, at least, two different factors can

influence the level ol heterologous gene expression: mRNA stability (see section 2.1.A) and

incorrect processing of pre-mRNAs (see section 2.1.B).

For both non-Jused and fused a-galactosidase encoded by the synthetic gene, the protein

levels corresponded more or less with the amount expected on basis of the mRNA levels,

indicating that for AGL no major limitations occurred at the (post-)translational level. Detailed

analysis of the hlL6 protein levels obtained with the fused and non{used genes in relation to

the corresponding mRNA levels showed a discrepancy indicating that also a limitation at the

(post-)translational level occurred (see section 2.2).

2.1 Limitations at the transcriptional level

2.1.A. mRNA stability

Low steady-state mRNA levels can result from either a low transcription (initiation) rate or

a low mRNA stability. The presence of identical 5' and 3' expression signals derived from the

exlA gene, however, makes differences in transcription initiation unlikely. Therefore, both hlL6

and aglA"rn mRNA probably have a lower stability than exlA, lptA and g/aA mRNA. From

experiments carried out in mammalian cells, yeast cells and cell{ree systems at least five

structural components of the mRNA have shown to strongly influence its stability: (1)the 5'

7-methylguanosine triphosphate cap and, (2) the B'-poty(A) tail; (3) the mRNA length; (4)

posttranscriptional base modilications such as methylation of adenine residues or the

conversion of adenines to inosines; (5) mRNA stabilizing or destabilizing sequences (see

santiagoetal. l9S6; Brown etal.19BB; Brown 1989; sachs 1998; Rau6 1994, Ross 1995).

ln particular (de)stabilizing elements have been studied and have shown to occur in each of

three distinct regions: the 5' untranslated region, the coding region and the 3' untranslated
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region (o.a. Rau6 1994). From research in S. cerevlsrae destabilizing elements have been

identified in the coding region of HlS3 (Herrick and Jacobson 1992), STE3 (Heaton et al.

''l 992) and MATaI (Parker and Jacobson 1990, Caponigro et al. 1993). Degradation of mRNAs

can be influenced by the mRNA structure (i.e. polysome structure) or a high content of rare

codons, which results in temporary translation arrest and subsequent degradation of the

transcript (Hentze 1991 ; Ross 1995; Caponigro et al. 1993).

ln filamentous fungi, mRNA stability has not been studied yet. Therefore, for hlL6 and a'

galactosidase it is not known whether mRNA structure or codon usage is responsible tor the

low mRNA levels. ln S. cereylslae and A. nidulans codon usage was shown to be related to

expression: highly expressed genes often have a high percentage of C's as the last base of

a triplet (De Boer and Kastelein, 1986; Lloyd and Sharp, 1991 ). ln contrast, a-galactosidase

contains a relatively high amount of codons rarely used in Aspergilli, ending at an A, which

might be responsible lor the low levels of mRNA observed.

From the increased mRNA levels obtained with g/aA fusions, we can conclude that g/aA

stabilizes the hlL6 or aglA"rntranscripts, although the levels were lower than non-fused g/aA

mRNA. Apparently, g/aA contains stabilizing sequences which partly overcome the

destabilizing elements in hlL6 and aglA"rn. Similar results in filamentous fungi have been

observed with GLA-hen egg white lysozyme fusions in A. nlger (Jeenes et al. 1994) and CBHI-

antibody fragment fusions in T. reesei (Nyyssonen et al. 1995), although the 25-fold increase

of a glaA-aglAsyn compared to nonJused aglA"rn is clearly higher than observed in these other

examples.

2.7.8. lncorrect processlng ol pre-mRNAs

The results obtained with wild type a-galactosidase showed that not only the mRNA level

of the heterologous gene was lower, but that also incorrect processing of mRNA influences

the levels of heterologous protein. For wild lype aglA, a truncated transcript was observed

which only contains 200 bases of the aglA gene. Nuclear run-on transcription assays showed

that improper transcription elongation or premature termination were not the reason for the

generation of truncated mRNAs. The fact that the truncated aglA mRNA was polyadenylated

indicates that truncation has occurred by incorrect processing of the aglA pre-mRNA in the

nucleus. Truncation ol aglA mRNA had also been observed when the wild type aglA gene was

expressed in A. niger and A. nidulans (PJ Punt, unpublished results). ln all other species in

which guar a-galactosidase has been produced (Bacillus subtrTis (Overbeeke et al. 1990),

Hansenula polymorpha (Fellinger et al. 'l 99'l ), S. cerevlsiae (Verbakel et al. 1991 ) and
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Kluyveromyces /acrs (Bergkamp et al. 1992) incorrect processing was not observed,

indicating that the problems are specific lor Aspergiilus.

As described in Chapter 1, pre-mRNA processing in eukaryotes generally involves the

recognition ol an AU-rich polyadenylation signal. ln the truncated agtA mRNA a consensus

polyadenylation signal (AnUAn4; upstream of the poly(A) tract is absent, but several AU-rich

regions are present which are absent in the aglA"rn gene where incorrect processing did not

occur. ln yeast AU-rich sequences in the coding region oI a number of heterologous genes

acted as internal yeast polyadenylation sequences resulting in truncated mRNAs. When the

highly AU-rich clostridium fetani tetanus toxin fragment c gene was expressed in s.

cerevisiae, full length transcripts could only be obtained by generating a synthetic gene with

increased GC-content, 'from297,lo 47% (Romanos et al. 1991 ). Similar situations have been

observed for other genes (Romanos et al. 1992; Scorer et al. 1993). With one oI these genes,

encoding HIV-l envelope protein, a truncated mRNA was produced in Pichia pastorls,

although in S. cerevlsrae full length mRNA was found. ln contrast to tetanus toxin fragment

C, the overall sequence of HIV Env was not AU-rich, but contained AU-rich stretches. Full

length mRNA could be obtained by construction of a synthetic HIV Env gene with increased

GC-content, especially eliminating the AU-rich runs. Comparison of the planl aglA and aglA,rn

sequences indicates that also in our case less AU-rich stretches in the processing area, as

in aglA"rn, might play a role in obtaining full length mRNA.

2.2 Limitations at the (post-)translational level

From the experiments described in this thesis it can be concluded that not only low mRNA

levels accounted for the low levels of secreted heterologous proteins. The results obtained

with the non-Jused and Jused genes indicate that the efficiency of secretion of heterologous
proteins is also determined at the (post-)translational level.

Although for both non-fused and fused aglA"rn, a correlation was found between mRNA

levels and AGL protein levels, indicating that no major limitations are occurring at the
(post-)translational level. Comparison of the mRNA and protein levels obtaine d after hil6, glaA-

hi16 and hil6-glaA expression clearly revealed that the hlL6 protein levels do not correlate with

the mRNA levels, but are much lower. Since hlL6 is not degraded in the culture medium these

results indicated that the major limitation for hlL6 production must be at the (post-)

translational level. This means that this limitation probably takes place during translation of

mRNA and/or during subsequent translocation, folding, processing and transport of the

(fusion) protein through the secretory pathway.
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The secretion pathway of proteins involves a number of complex processes carried out in

several cellular compartments. The secretion pathway has been studied primarily in yeasts

and mammalian cells and from these organisms a number ol proteins and their encoding

genes involved in several steps in the secretion process have been isolated and

characterized. Secretion ol proteins involves the following processes:

Translation and translocation

Translation of mRNAs from secreted proteins starts in the cytoplasm, where ribosomes bind

to the mRNA molecule. As soon as a small part of the protein, the signal peptide, has

emerged from the ribosome, it is bound by the signal recognition particle (SRP). Next, the

complex, consisting of the mRNfu the nascent peptide chain/ ribosome and SRP is targeted

to the ER membrane by an interaction with a membrane-bound SBP receptor or docking

protein (see Chapter 1). The SRP is then released from the complex, which requires GTP

hydrolysis, and the nascent peptide chain is translerred into the membrane (Rapoport 1992).

Based on research in yeast and mammals translocation across the ER-membrane occurs

via a pore consisting of several protein components (Simon and Blobel, 1991 ). As soon as

the translocated protein enters the ER lumen, processing of the N-terminal signal peptide

occurs by the ER-membrane bound signal peptidase (YaDeau et al. 1991 ; Larriba, 1993) and

maturation starts. Upon entry of newly synthesized proteins in the ER-lumen, the chaperone

protein BiP (in yeast called KAR2, Normington et al. 1989; Rose et al. 1989) becomes

associated, keeps them in an unfolded state and prevents them trom aggregation before

proper folding or subunit assembly has occurred (Kim et al. 1992). BiP has also been shown

to associate with aberrantly folded proteins, so preventing them to leave the ER (Ng et al

1 ee2).

Quality control in the ER

Maturation of newly synthesized proteins involves folding, glycosylation, subunit assembly

and other protein modifications like phosphorylation. Folding of the nascent protein is

catalyzed by two enzyme families (Gething and Sambrook, 1992), protein disulphide

isomerases (PDl and other thioredoxin like proteins; reviewed by Freedman et al. 1 994), which

catalyzes disulphide bond formation, and peptidyl prolyl cis-trans isomerases (PPlases;

reviewed by Schmid et al. 1993), catalyzing the isomerization of X-proline peptide bonds,

where X can be any amino acid. Quality control of protein structure again involves

chaperones (Kelley and Georgopoulos, 1992). Recently, Hammond and Helenius (1995)
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proposed a model for an ER-network in which chaperones together with specific ER-located

enzymes act as a quality control system for newly synthesized proteins. The key enzymes of

the system are the ER-luminal chaperones calreticulin (recently cloned from S. cerevisiae by

Parlati et al. 1995), its membrane bound counterpart calnexin, and UDP-glucose:glycoprotein

glucosyltransferase (UDP-Glc transferase). Upon entry in the ER, newly synthesized proteins

undergo cycles of glycosylation, deglycosylation and reglycosylation. UDP-Glc transferase

distinguishes between correctly and incorrectly folded glycoproteins by only recognizing the

latter. Correctly folded glycoproteins are recognized specifically by calnexin/calreticulin via

which they leave the ER-compartment. As this only accounts for glycosylated proteins, also

other types of interactions are possible as was shown for BiP which was shown to specifically

bind hydrophobic regions (Georgopoulos and Welch .l993).

Modificationslprocessing in the Golgi compartment and secretion

After leaving the ER, the proteins are transported in vesicles to the Golgi compartment. ln

the Golgi compartment processes such as glycosylation and processing (e.g. of propeptides

from the mature protein) occurs. Finally, the protein is transported to the cell wall, again in

vesicles, and is secreted into the extracellular medium.

Although analysis of the secretion pathway in lilamentous fungi has, thusfar, not been

studied in detail, ultrastructural electromicroscopic studies suggest that in filamentous fungi

these processes do not really differ from yeast and mammalian cells (Punt et al. 1994; Keijzer

et al. in prep). A hypothetical representation of the secretion pathway in filamentous fungi is
given in Figure 1 (p. 116).

With non-fused hlL6 and with a g/aA lusion to the 3' end of hll6, the secreted yields were

more than 1OO{old less as expected on basis of mRNA levels. Also with a hll6-glaA fusion,

very low levels of both GLA., and hlL6 were obtained, which may suggest that a limitation has

occurred during the translation/translocation across the ER membrane and/or quality control

in the ER compartment. A limitation in translation/translocation can be caused by the

presence of codons which are inefficiently used in Aspergillus, which can lead to a low

translation rate, errors, frame-shifts and degradation of the protein, as has been observed

when proteins containing rare codons were produce d in E. coti (reviewed by Kane 1 995). Due

to a low translation rate, translocation of the nascent protein into the ER might be impaired,

which can result in the release of the protein in the cytoplasm where it is degraded. A

limitation by quality control can be triggered by incorrect folding and/or incorrect
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glycosylation, after which the quality control system initially will prevent hlL6 to leave the ER,

resulting in hll6 degradation. For bovine chymosin it was shown that the introduction of a N-

glycosylation site into the protein resulted in a 1O-fold increase in chymosin levels, suggesting

that glycosylation is indeed an important parameter (Berka, 1991 ). Although hlL6 contains two

N-glycosylation sites, secreted hll6 is not glycosylated in Aspergl//us and S. cerevlsrae

(Carrez et al. 1990). One might hypothesize that N-glycosylation of hlL6 may result in incorrect

folding and subsequent degradation of hlL6, whereas only the lraction of non-glycosylated

hlL6 is normally secreted.

With a GLAnr-hlL6 fusion higher yields of hlL6 were obtained. However, the yield was only

1O-2Oa/" of the yields of GLA., originating from the same fusion protein, indicating that after

proteolytic processing of the fusion protein, probably occurring in the Golgi compartment, the

hlL6 part of the fusion protein will be degraded intracellularly. Degradation of hll6 and AGLA

by extracellular proteases was not observed, however, degradation by mycelium-bound

proteases cannot be excluded.

At this moment, more experiments, e.g. a combination of pulse-chase labeling and cell

fractionation studies, have to be carried out to precisely define where the limitations in hlL6

are located.

3. IMPROVEMENT STRATEGIES AND PERSPECTIVE

3.1 lmprovements at the (post-)transcriptional level

The results presented in this thesis indlcate that at the transcriptional level at least two

factors can determine the level of mRNA: (1) a low mRNA stability and (2) incorrect

processing oI the transcripts. Both factors are determined by the coding region of the

heterologous gene and result in either low mRNA levels and/or truncated mRNAs. Several

strategies could lead to improvement of mRNA level and correct processing:

(1) Changing the coding sequence of a gene to optimize nRNA stability and processing.

lmprovement of mRNA stability by the removal of destabilizing sequences or the

introduction of stabilizing sequences is difficult unless it is known which sequences in the

coding region are influencing mRNA stability. Nevertheless, in case a synthetic gene is

constructed, it is advisable to adapt the codon usage to the one as used in highly expressed

genes in the host organism (De Boer and Kastelein, 1986; Lloyd and Sharp, 1991 ). lncorrect

processing can be prevented by elimination oI AT-rich regions in the transcript of a

heterologous gene by construction of synthetic genes as has been shown in Saccharomyces
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(Bomanos 1992 and references therein). Similarly, the data in this thesis indicate that also in

Aspergillus expression of a synthetic gene with less AU-rich regions results in full length

mRNA (Chapter +15).

(2) lmprovement of the nRNA stability by fusion with highly expressed genes.

Gene-fusion strategies have been developed for filamentous fungi especially to increase

the amount of secreted protein (Chapter 1). Fusion ol glaA to aglA"rn or hlL6 increased the

mRNA levels up to 2S-fold (Chapter 5). lmprovements of mRNA levels have also been

observed with a GLA-hen egg white lysozyme fusion in A. niger (Jeenes et al. 1994) and a

CBH|-antibody fragment fusion in T. reesei (Nyyssonen et al. 199S).

(3) lntroduction of an intron sequence into the cDNA sequence of the heterologous gene

Such a strategy was shown to stabilize heterologous mRNA in plants. For example, the

introduction of a castor bean catalase intron in the 5' end of the coding sequence ol lhe uidA

gene resulted in a t0 to 90-fold increase in GUS activity in transgenic rice, caused by an

elevated uldA mRNA level (Tanaka et al. 1991 ). An identical strategy, however, did not work

in tobacco (Tanaka et al. 1991). To date, such a strategy has never been reported lor

filamentous fungi.

3.2 lmprovements at the (post-)translational level

As described in section 2.2, low levels of secreted protein may also be caused by

limitations at the (post-)translational level, either initiated by inefficienttranslation/translocation,

incorrect glycosylation/folding, and/or after processing in the late Golgi compartment. Several

strategies could result in improved levels of secreted protein:

(1) Construction of a synthetic gene with a codon usage optimized for the host organism

As described tor E. coli (Kane l995), the presence of rare codons might negatively

influence the produclion levels of heterologous proteins e.g. by the occurrence oI translational

errors. The construction of a synthetic gene with a codon usage optimized lor Aspergillus

species (Lloyd and Sharp, 1991 ) might improve the translation efficiency, resulting in

increased protein levels.

(2) Fusion of a highly expressed gene to the S' end of a heterologous gene

A limitation at the early stage of the secretion pathway (ER) can be solved by fusion of a
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highly expressed gene to the 5' end of the heterologous gene (Chapter 1 and 5). This N-

terminal protein (usually GLA or CBHI) possibly improves translocation and folding, thereby

protecting the heterologous protein trom recognition and degradation by the ER quality

control system.

(3) Overproduction of foldases andlor chaperones

A different strategy to improve production of proteins is the overproduction of foldases

and/or chaperones. Such a strategy will be useful if proteins are improperly folded. ln S.

cerevisiae secretion of intracellularly accumulated inactive heterologous proteins can be

increased using strains that overproduce a foldase (PDl) or a chaperone (BiP).

Overproduction of the KAR2 (BiP) protein by 4- to S-fold resulted in a S-fold overproduction

of erythropoietin in S. cerevisiae (Wittrup and Robinson, 1994). Also, tenfold overproduction

of BiP gave a 26{old increase in secreted bovine prochymosin, but a similar approach did

not result in elevated levels of secreted thaumatin (Harmsen 1995). Sixteen{old

overproduction ol PDI increased the secretion of human platelet derived growth factor B

homodimer with a factor 10, whereas S. pombe acid phosphatase secretion was increased

fourfold (Robinson et al. 1994). Secretion of human granulocyte colony stimulating factor,

however, was unaffected by PDI overexpression (Robinson et al. 1 994). Overproduction of A.

niger BiP did not result in increased secreted levels of hlL6 in an A. niger protease deficient

strain (Punt et al. in prep). lt is now interesting to also investigate whether PDI overexpression

increases hlL6 secretion.

(4) lsolation and use of protease-deficient stralns

The actual degradation of heterologous proteins occurs by proteases. These proteases

may either be secreted and act in the extracellular medium or intracellularly, usually in the

vacuole, or may be localized in the cell wall. Extracellular proteases, such as PEPA (Berka et

al. 1990), are responsible for the degradation of a large number of heterologous proteins

(Archer et al. 1992; Broekhuijsen et al. 1993). Fungal strains delicient for extracellular

proteases have been isolated by random mutagenesis (Mattern et al. 1992; Van den

Hombergh et al. 1995) or molecular genetic approaches (Berka et al. 1990) and the use oI

such strains has resulted in a marked improvement in the production of heterologous proteins

(Berka, 1991 ; Roberts et al. 1992; Broekhuijsen et al. 1993). ln this study it was shown that

in our case the yield of secreted hll6 was probably atfected by intracellular degradation.

Therefore, strains devoid of (certain) intracellular proteases may result in improved hlL6 yields.
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Figure 1. Generalized overview of the fungal secretion pathway and the putative limiting steps in

heterologous protein production. C, cytoplasmic vesicles; ER, endoplasmic reticulum, G, Golgi(-like)

compartment; N, nucleus; V, vacuole; w, cell wall.

The lower part shows the key processes, the putative bottlenecks and solutions in heterologous
protein production and the genes for which such a bottleneck was observed (Figure adapted from

Punt et al. 1994).
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A strategy, similar as described for extracellular proteases, may be employed for the isolation

of such intracellular protease mutant strains. For S. cerevlslae, strains are already available

which are deficient in vacuolar proteases, and the use of these strains has resulted in

increased levels of heterologous proteins (Suzuki et al. 1989; Wingfield and Dickinson 1993).

Recently, genes encoding vacuolar proteases in filamentous fungi have been cloned (Jarai

et al. l994) and defined mutants can now be generated which will possibly improve

heterologous protein levels.

It is clear that all the processes involved in protein synthesis and secretion are highly

complicated and that each step in the secretion route can seriously influence the production

of heterologous proteins. Figure 1 shows a simplified scheme of the fungal secretion pathway.

This scheme summarizes the processes involved in the production and secretion ol

heterologous proteins together with the putative bottlenecks and solutions described for the

proteins studied in this thesis. The initiation of more fundamental research towards the

understanding of the processes of protein secretion will be required to eventually eliminate

the limitations in secretion.
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SUMMARY

Filamentous fungi are able to occupy many ditferent environments like soil, organic waste

or plant cell material. The fact that filamentous fungi can secrete a broad range of different

enzymes, which enables them to use a wide variety of organic compounds as source lor their

nutrients, underlies this successful life style. Already more than a century ago, it became

evident that fungi were able to produce and secrete these enzymes in large quantities, which

has resulted in an increasing interest in studying and using filamentous lungi in industrial

processes as well as in the laboratory.

The development of fungal recombinant DNA techniques (in particular that of DNA-

mediated transformation) has greatly stimulated the use of fungi for the production of

homologous and heterologous (especially mammalian) proteins and these techniques have

partly replaced classical strain improvement strategies (such as mutagenesis). ln particular

species of the genera Aspergillus and Trichoderma arc being used extensively for large scale

production of proteins.

Production of fungal proteins by filamentous fungi is usually very efficient and production

levels of grams per litre are within reach. Production levels of most non-fungal proteins, either

of bacterial, avian, mammalian or plant origin, are usually two to three orders of magnitude

lower than the levels of fungal proteins and do not exceed a few tens of milligrams per litre

of culture medium. Unfortunately, most data reported in the literature are obtained from

undefined, multi copy strains. To obtain more insight in the lactors that are responsible for

the low levels of heterologous protein, a study was started in which the production levels of

a number of different proteins were systematically analyzed, using defined single copy strains

oI A. awamori.

To facilitate efficient selection of transformants containing a single copy of an expression

vector integrated at a specific locus, a system was developed to increase the rrequency of

site-specilic integration. This system is based on the transformation of a defined pyrG mutant

strain, in which a specific mutation was introduced by transtormation, with a vector containing

a pyrG gene with a mutation different from the one in the genome (Chapter 2). Using this

system, in 50% of the transformants the vector was integrated at the pyrG locus.

For the production of proteins in large quantities a new, efficient gene expression system,

based on the expression signals of the 1 ,4-B-endoxylanase A gene (exlA) was used. lnduction
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of the exlA promoter was studied both in shake-flask cultures (Chapter 3) and in continuous

culture fermentations (Chapter 6). Regulation of exlA gene expression was shown to be at the

transcriptional level. lnduction was achieved with D-xylose, resulting in a rapid increase of

specific mRNA. fhe exlA promoter was efficiently induced with D-xylose up to levels that were

three-fold higher than the frequently used g/aA promoter.

ln Chapter 4 a systematic analysis is described to compare the production levels of a

homologous protein with different heterologous - fungal and non{ungal - proteins using the

transformation and expression systems described in Chapter 2 and 3. Analysis showed that

large differences occurred at the steady-state mRNA levels obtained from the various genes,

varying from high levels for genes of fungal origin (A. awamori 1,4-B-endoxylanase A, A. niger

glucoamylase and Thermomyces lanuginosus lipase) to low levels for genes of non-fungal

origin (human interleukin-6 and Cyamopsis tetragonoloba (guar) a-galactosidase). Full length

a-Galactosidase mRNA could only be obtained when a synthetic gene copy was used with

an optimized yeast codon bias, but not with the wild type a-galactosidase gene. ln all cases

except for hll6, the protein levels corresponded to the amount expected on basis of the

mRNA levels. For hlL6, very low protein levels were observed whereas on basis of the steady-

state mRNA levels higher protein amounts were expected.

ln Chapter 5 experiments are described that were carried out to further investigate the

problems observed with hlL6 and a-galactosidase production using a gene{usion approach.

The analyses were again carried out with defined single copy strains. This strategy enabled

the comparison of the effect of a gene-fusion with the corresponding non-fused genes, both

at the mRNA and at the protein level. For human lL-6, a glaA fusion to the 5' end of hll6
resulted in I00 to 200{old higher levels of secreted hll6, whereas hlL6 production of strains

with a g/aA fusion to the 3' end remained very low. The mRNA levels of both lusions was

nearly similar, indicating that ditferences occurred at (post-)translational level. Most likely hlL6

is incorrectly folded in the ER and subsequently degraded. After processing of the GLA-hlL6

fusion protein in the two separate proteins, less hlL6 was observed than GLAnr, indicating that

also after processing in the Golgi compartment a considerable fraction of hlL6 was degraded.

For guar a-galactosidase, glaA fusions with the wild type aglA gene still resulted in

truncated mRNA lacking more than 8Oa/o of the aglA sequences. Nuclear run-on experiments

indicated that transcription elongation was correct. The fact that the truncated aglA mRNA

was polyadenylated indicated that incorrect processing ol the pre-mRNA had occurred.

Beplacement of the wild type a-galactosidase gene for the synthetic one resulted in full length

mRNA. Compared to nonJused aglA"rn these mRNA levels were about 25-fold higher. As a
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consequence also the a-galactosidase protein levels were approximately 25{old higher.

ln conclusion, our results have clearly shown that production of heterologous proteins is

limited both at the transcriptional and at the (post-)translational level. lmprovements at both

the transcriptional level and at the (post-)translational level could be achieved with a g/aA

gene-fusion to the 5' end of the heterologous gene.
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SAMENVATTING

Filamenteuze schimmels komen op de meest uiteenlopende plaatsen voor, zoals in aarde,

op organisch atual of op plantecel materiaal. Deze succesvolle levenstill is mogeliik doordat

filamenteuze schimmels een diversiteit aan enzymen kunnen uitscheiden hetgeen hen in staat

stelt een grote variatie aan organische verbindingen te gebruiken als voedingsbron. Al meer

dan een eeuw geleden werd bekend dat schimmels deze enzymen in grote hoeveelheden

kunnen maken en uitscheiden. Dit heeft geresulteerd in een toenemende interesse in het

bestuderen en het gebruik van filamenteuze schimmels, zowel in industriedle processen als

in het laboratorium. De ontwikkeling van recombinant DNA technieken voor schimmels (in het

bijzonder transformatie met DNA) heeft het gebruik van schimmels voor de produktie van

homologe en heterologe eiwitten (vooral afkomstig van zoogdieren) enorm gestimuleerd en

inmiddels hebben deze technieken de klassieke stamverbeterings-strategie6n zoals

mutagenese gedeeltelijk vervangen. Met name soorten van het geslacht Aspergillus en

Trichoderma worden veelvuldig gebruikt voor de produktie van eiwitten op grote schaal.

Produktie van schimmel eiwitten door filamenteuze schimmels is in het algemeen erg

efficient en produktie niveau's van enkele grammen per liter liggen vaak binnen handbereik.

De produktie niveau's van de meeste niet-schimmel eiwitten, afkomstig van bacterie6n,

vogels, zoogdieren of planten, liggen vaak honderd tot duizend maal lager dan de produktie

niveau's van schimmel eiwitten en komen meestal niet uit boven enkele milligrammen per liter

cultuur medium. Helaas zijn de meeste gegevens die in de literatuur worden vermeld

verkregen met ongedefinieerde stammen waarin een verschillend aantal kopie6n van het gen

zijn ingebracht. Om meer inzicht te krilgen in de factoren die de produktie niveau's van

heterologe eiwitten beinvloeden, is een onderzoek gestart waarin de produktie niveau's van

een aantal verschillende eiwitten systematisch zi.in geanalyseerd. Hierbij werd gebruik

gemaakt van gedefinietirde A. awamori stammen, waarin 66n kopie van een expressie

plasmide aanwezig is op een specifieke plaats in het genoom.

Om een etficiente selectie van transformanten met 66n kopie van een expressie plasmide

op een specifieke plaats in het genoom te vergemakkelijken, is een systeem ontwikkeld

waarmee de frequentie van plaats-specifieke integratie kan worden vergroot. Dit systeem is

gebaseerd op transformatie van een gedefinieerde pyrG mutant stam, waarin een specifieke
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mutatie is geintroduceerd door middel van transformatie, met een plasmide dat een pyrG gen

bevat met een andere mutatie dan die in de acceptor-stam (Hoofdstuk 2). Met dit systeem

werd in 50% van de gevallen transformanten verkregen waarin het plasmide In 66n kopie was

gei'ntegreerd in het pyrG locus.

Voor de produktie van eiwitten in grote hoeveelheden werd een nieuw, efficient expressie

systeem gebruikt, gebaseerd op de expressie signalen van het 1,4-B-endoxylanase A gen

(exlA). lnductie van de exlA promoter werd zowel in erlenmeyers (Hoofdstuk 2) als in continu

cultures (Hoofdstuk 6) bestudeerd. De regulatie van de expressie van het exlA gen ligt op

transcriptie niveau. lnductie werd bewerkstelligd met D-xylose, hetgeen resulteerde in een

snelle toename van specifiek mRNA. lnductie van de exlA promoter met D-xylose resulteerde

in een drie maal zo hoog niveau als inductie van de lrequent gebruikte g/aA promoter met

maltodextrine.

ln Hoofdstuk 4 wordt een systematische analyse beschreven om de produktie niveau's van

een homoloog eiwit te vergelijken met die van verschillende heterologe - schimmel en niet-

schimmel -eiwitten, waarbij het transformatie systeem en de expressie signalen werden

gebruikt zoals beschreven in Hoofdstuk 2 en 3. Analyse toonde aan dat er grote verschillen

bestonden tussen de mRNA niveau's van de verschillende genen, varidrend van hoge

niveau's voor genen afkomstig van schimmels (A,. awamori 1,4-B-endoxylanase A, A. niger

glucoamylase en Thermomyces lanuginosus lipase) tot lage niveau's voor niet-schimmel

genen (humaan interleukine-6 en Cyamopsis tetragonoloba a-galaclosidase). Een volledig a-

galactosidase transcript kon alleen worden verkregen indien een synthetisch gen werd

gebruikt met een codon gebruik dat geoptimaliseerd is voor expressie in gist, maar niet met

het wild type a-galactosidase gen. ln alle gevallen behalve voor hlL6, correspondeerde de

eiwit hoeveelheden met de hoeveelheden die werden verwacht op basis van de mRNA

niveau's. Voor hlL6 werden zeer lage eiwit hoeveelheden gevonden, terwijl op basis van het

mRNA niveau verwacht werd dat deze hoger zouden zijn.

ln Hoofdstuk 5 worden experimenten beschreven die zijn uitgevoerd om de problemen die

werden gevonden bij hll6 en a-galactosidase produktie verder te onderzoeken, waarbij

gebruik werd gemaakt van een gen-fusie aanpak. De analyses werden wederom uitgevoerd

met gedefinieerde stammen waarin 66n kopie van de betreftende vector aanwezig was. Deze

strategie maakt het mogelijk de effecten van een gen-fusie te vergelijken met de

corresponderende niet-gefuseerde genen, zowel op mRNA als op eiwit niveau. Een g/aA fusie

aan de 5' kant van hll6 resulteerde in hlL6 niveau's die 1OO- tot 200-maal hoger waren dan

niet-gefuseerd hlL6, terwijl de hll6 produktie van stammen met een g/aA fusie aan de 3' kant
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van hlL6 laag bleef. Het mRNA niveau van beide fusies was vrijwel gelijk, hetgeen erop duidde

dat de verschillen op (post-)translationeel niveau moeten liggen. Waarschijnlijk wordt hlL6

verkeerd gevouwen in het ER, waarna het wordt afgebroken. Na klieving van het GLA-hlL6

fusie-eiwit in de twee alzonderlijke eiwitten werd tevens minder hlL6 teruggevonden dan

GLAnr. Ook na klieving in het Golgi compartiment verdwijnt er dus nog een redelijk grote

hoeveelheid hlL6.

Fusies van glaA mel het wild type a-galactosidase gen resulteerde in verkorte mRNAs,

waarvan meer dan 80% van de a-galactosidase sequentie ontbrak. Experimenten waarin ln

vitro, mel behulp van gezuiverde kernen, radioactiet aglA mRNA werd gemaakt ("nuclear run-

on transcription assays) toonde aan dat transcriptie elongatie in orde was. Het leit dat het

verkorte mRNA een poly(A) staart heeft suggereert dat er incorrecte processing van het pre-

mRNA is opgetreden. Vervanging van het wild type a-galactosidase gen door het synthetische

gen resulteerde in volledig mRNA. Vergeleken met een stam waarin een niet-gefuseerd aglA"rn

gen aanwezig is, zijn de mRNA niveau's van het fusie gen 25 keet hoger. Als gevolg daarvan

is ook de hoeveelheid a-galatosidase eiwit ongeveer 2s-keer hoger.

Geconcludeerd kan worden dat de resultaten duidelijk aantonen dat produktie van

heterologe eiwitten gelimiteerd kan zijn op zowel transcriptie als (post-)translatie niveau.

Verbeteringen op transcriptie en (post-)translatie niveau konden worden bewerkstelligd met

behulp van glaA gen-fusies.
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ABBREVIATIONS

Aspergillus

amino acid(s)

a-galactosidase

synthetic a-galactosidase

a-galactosidase encoding gene

synthetic a-galactosidase encoding gene

heavy chain binding protein

base pairs

Cyamopsis

cellobiohydrolase encoding gene

Escherichia

endoplasmic reticulum

1,4-B-endoxylanse A encoding gene

1 ,4-B-endoxylanase

S-fluoro-orotic acid

glucoamylase encoding gene

glucoamylase

glucoamylase G2 form (AA 1-51 4)

B-glucuronidase

human interleukin-6

gene conferring resistance to hygromycin

kilobase(s) or 1000 bp

kiloDalton

lipase

lipase encoding gene

minimal medium

molecular weight

nucleotide(s)

polymerase chain reaction

orotidine-5'-monophosphate decarboxylase encoding gene

Thermomyces (lan ugi nosus)

Trichoderma teesei)

transcription control region

B-glucuronidase encoding gene

wild type

A.

AA

AGL

AGL"yn

aglA

aglA"r,

BiP

bp

C.

cbhl

E.

ER

exlA

EXL

5-FOA

glaA

GLA

GHn,
GUS

htL6

HmB

kb

KD

LPL

lplA

MM

MW

nt

PCR

pyrG

T. (lanuginosus)

T. (eesei)

tcr

uidA

wt
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