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1.1. The extracellular proteases of Aspergillus nidulans.

A. nidulans is amenable to study, from a biochemical, genetic, and molecular

perspective. Therefore, the extracellular proteases of Aspergillus nidulans comprise an

ideal system to study gene regulation and secretion. Proteolytic enzymes are of

interest to industry and it has been suggested that they may play a role in the virulence

of fungal pathogens. A greater understanding of this system is not only of pure

scientific interest, but also relevant to medical and industrial applications (see below

for discussion).

1.1.1. Proteases as pathogenicity factors.

The filamentous fungus Aspergillus is commonly found growing in decaying organic

matter. Some Aspergillus species, including A. fumigatus, A. flavus, A. terreus and A.

nidulans, can be found as an opportunistic pathogen of birds, such as ostriches, and

immunosuppressed humans (Holden et al. 1994, Mellon and Cotty 1995). With

advances in transplant surgery there have been increased numbers of

immunosuppressed humans, consequentially the incidence of invasive pulmonary

aspergillosis (of which A. fumigatus is the major cause) has also increased (Holden et

al. 1994, Hensel et al. 1995). As its lifestyle is primarily saprophytic, it seems unlikely

that A. fumigatus has evolved specific virulence factors in response to selective

pressures imposed by its hosts (Hensel et al. 1995). Recent research in the study of

invasive pulmonary aspergillosis has concentrated on factors such as proteases and

toxins, which it has been suggested act as virulence determinants (Holden et al. 1994).

Of particular relevance to this project are the role of proteases, which is discussed

below.

Early work in this field correlated proteolytic activity with pathogenicity (Kothary et

al. 1984, Rhodes et al. 1988). Hanzi et al. (1993) found that strains of Aspergillus



species known to be pathogenic to man, including A. fumigatus and A. nidulans,

secrete an alkaline protease with collagen degrading activity. Non-pathogenic species

of Aspergillus, such as A. versicolour and A. glaucus, grown under identical

conditions were unable to degrade collagen. Three genes encoding proteases with

elastase activity have been cloned from A. fumigatus. The alp gene, encoding a serine

protease, was disrupted and the resulting strains were shown to have reduced levels of

elastase activity (Tang et al. 1992, Jaton-Ogay et al. 1992). A metalloprotease (Mep)

was found to be responsible for the residual elastase activity, and immunological

studies have shown that it is secreted by the fungus as it invades immunocompromised

mice (Monod et al. 1993, Markaryan et al. 1994). An aspartic protease has also been

shown to possess elastinolytic activity. Antibodies raised against the aspartic protease

have been used to show that the aspartic protease is secreted by A. fumigatus invading

the lungs of neutropenic mice (Reichard et al. 1995, Lee and Kolattukudy 1995).

Though both alp-, and alp-, mep- strains of A. fumigatus have been created, no

significant decrease in the pathogenicity of these strains has been detected using murine

models (Tang et al. 1993, Smith et al. 1994, Jaton-Ogay et al. 1994). Disruption of

the A. flavu,s' serine protease gene has been shown to cause a compensatory increase in

the expression of a metalloprotease gene (Ramesh and Kolattukudy 1996). It is

possible that in strains in which one or two genes encoding proteases have been

disrupted there are other proteases which can compensate for the loss of activity.

Therefore it has been difficult to show a conclusive role for any one proteolytic

enzyme in pathogenesis.
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1.1.2. Extracellular proteases and their effect on the use of filamentous fungi in

industry.

For centuries the high levels of proteases secreted by A. oryzae have been exploited in

the production of both saki and soy sauce. A long history in food production has

resulted in some species of filamentous fungi, such as A. niger, having GRAS

(Generally Regarded As Safe) status in the USA and therefore are considered safe for

use in foods and food processing (Archer et al. 1994, Hemming 1995). Many

hydrolases which are used in industry are produced from fungi. Aspergillus species are

used in the commercial production of enzymes including amyloglucosidase for use in

glucose syrup production, and polygalacturonase for sake production (Hemming

1995).

Many aspects of filamentous fungi indicate that these organisms show great promise as

hosts for the synthesis of heterologous protein products. Positive attributes include

industrial experience in fermentation technology and the capacity to secrete high yields

of homologous fungal enzymes (in the range of grams per litre), (MacKenzie et al.

1993, Archer et al. 1994). The industrial species, A. niger, has been used to study the

production of a variety of heterologous proteins (for examples see Dunn-Coleman et

al. 1991, Roberts et al. 1992, Broekhuijsen et al. 1993, Brandhorst et al. 1995, Gouka

et al. 1996). High endogenous protease levels are one of the factors which have been

found to be detrimental in the use of filamentous fungi as hosts for heterologous

protein production, resulting in poor yields (Archer et al. 1994, Yadwad et al. 1996).

Broekhuijsen et al. (1993) increased the yield of human interleukin-6 by using a strain

of A. niger deficient for the aspergillopepsin pepA gene (Mattern et al. 1992). A. niger

strains in which the extracellular proteases pepA, or pepB, or the intracellular protease

pepE, were disrupted showed reduced levels of degradation of the proteolytically

susceptible PeIB protein (van den Homberg et al. 1997). A greater understanding of

the environmental triggers which result in the production of extracellular proteases
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would be beneficial in the quest for greater yields of heterologous protein from

filamentous fungi host expression systems.

1.1.3. A model system for the study of secretion in eukaryotes.

Inefficient secretion is another process believed to have a limiting effect on the yields

of heterologous proteins obtained from filamentous fungi (MacKenzie et al., 1993).

The secretory pathway of an organism ensures that proteins are folded correctly, any

post-translational modifications (such as glycosylation) are carried out, and that

proteins are sorted, processed and targeted to their correct cellular locations. Studies

have shown that the process of secretion in higher eukaryotes has many similarities to

the analogous process in the yeast Saccharomyces cerevisiae (Rothman 1994).

Secreted proteins in yeast, mammalian, and plant cells are translated on ribosomes

associated with the rough endoplasmic reticulum (Peberdy, 1994). From the

endoplasmic reticulum (ER), proteins pass through the Golgi apparatus, where signal

and pro-peptide sequences may be cleaved, disulphide bonds may form. and

glycosylation may occur (Peberdy, 1994). Sorting of proteins to different post-ER

compartments is believed to occur through selective retention, a process by which

proteins follow the default transport pathway of "bulk flow" unless the protein

possesses a signal for retention to a specific compartment (MacKenzie et al. 1993).

Secretory vesicles transport the proteins between cellular compartments, and from the

Golgi apparatus to the plasma membrane. Studies on cell-wall mutants and protoplasts

have shown that the fungal cell wall plays a role in the secretion process (Jochova et

al. 1993, Peberdy 1994). Wessels (1989) proposed the "bulk-flow" hypothesis which

in simple terms states that vesicles containing protein which fuse to the plasma

membrane at an apical position, are ultimately carried to the outer region of the cell

wall, allowing the proteins to diffuse into the surrounding medium. Supporting this

theory are the immunocytochemical findings that in the filamentous fungi A. niger,
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secretion of glucoamylase occurs primarily at the growing hyphal tips (Wosten et al.

1991). The myoA gene, encodes myosin I which is a member of a class of enzymes

which bind to and move along actin filaments. The myoA gene has been cloned from

A. nidulans and conditionally null mutants have been shown to result in a significant

reduction (to approximately 1/3 of wildtype levels) in the levels of secreted acid

phosphatase (McGoldrick et al. 1995). Though both a constitutive and regulated

secretory system are known in some mammalian cell types, no regulated secretory

system is known in fungi (Peberdy 1994). A hypothetical fungal secretory pathway is

shown in figure 1.1.

Although the polypeptide chain contains all the information required to determine the

native protein conformation, enzymes which catalyse specific isomerisation steps, and

chaperones which stabilise unfolded or partially folded proteins result in most newly

synthesised polypeptides attaining their native conformation in vivo (Gething and

Sambrook 1992). The individual domains of a nascent polypeptide may fold rapidly,

but it may take minutes, or even hours, before the final native structure of a protein is

attained. The major problems encountered when polypeptides fold in vitro are

misfolding and aggregation (Gething and Sambrook 1992). Experimental evidence

suggests that such problems are avoided in vivo by 1) enzymes which catalyse specific

isomerisation steps which limit the rate of protein folding, and 2) chaperones which

stabilise unfolded or partially folded polypeptides and prevent inappropriate

interactions (Gething and Sambrook 1992). Therefore in vivo greater than 95% of

polypeptides eventually attain their native protein structure (Gething and Sambrook

1992). Many proteins, including proteases, are synthesised as precursors or pre-pro-

proteins, which contain a pre-sequence involved in transport and a pro-sequence which

may facilitate protein folding (Eder and Fersht 1995). A typical pre-sequence (or

signal peptide) has a positively charged amino terminus, an uncharged hydrophobic

core, and a neutral C-terminus (Izard and Kendall 1994). In the case of enzymes such

as proteases, the pro-sequences may also maintain these enzymes in an
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Figure 1.1. A hypothetical secretory pathway for filamentous fungi. Proteins

which are to traverse the secretory pathway pass into the lumen of the endoplasmic

reticulum (ER). Proteins are transported to the golgi apparatus, or its equivalent, by

vesicles. Vesicles, carrying proteins, fuse to the growing hyphal tip, releasing their

contents into the periplasmic space. A role for vaculoes in the secretory pathway has

been proposed. (Based on the hypothetical secretory pathway of Peberdy 1994).
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inactive state until they have been transported to an appropriate location (Neurath

1984), and seem to play an important role in intracellular transport and secretion (Eder

and Fersht 1995). The N-terminal 121 amino acids of the A. fumigatus extracellular

serine protease has been shown to be necessary for the folding of this protein in vitro

(Moser et al. 1994). Brandhorst and Kenealy (1995) found that the complete leader

sequence of the A. restrictus restrictocin (res) gene was required for the localisation of

restrictocin to conidiophores in A. nidulans, indicating that both the pre- and pro-

sequences were involved in protein targeting.

Most of our knowledge of the process of secretion is based on information obtained

from studying the process in yeast. The validity of extrapolating this knowledge to

other systems can only be determined as knowledge of other systems comes to light.

Obvious differences between S. cerevisiae and filamentous fungi, such as unicellular

versus multicellular structure, have been shown to effect the secretory process.

Systems for commercial production of heterologous proteins have favoured the use of

filamentous fungi over yeast (MacKenzie et al. 1993). Optimisation of filamentous

fungi as heterologous protein expression systems necessitates a greater understanding

of the events which take place in the secretory pathway, and how these events are

controlled. With its close kinship to industrial Aspergilli and greater suitability to

study from a genetic and molecular perspective, A. nidulans is well positioned for the

study of secretion. As the extracellular proteases of A. nidulans are secreted in

relatively high levels, and undergo postranslational modifications, such as

glycosylation, they present an ideal model system in which to study aspects of protein

secretion in an eukaryotic organism.

1.1.4. A model system for the study of multifactorial gene regulation.

Intuitively, the idea that organisms only produce enzymes and other gene products

when they are required, makes sense. For such a process to occur, organisms require a
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means of preventing the transcription of genes and translation of their mRNA when

their products are not required. A means of responding to the environment in the most

appropriate manner, by rapidly producing enzymes and other gene products, is also

necessary. Regulation of the expression of most filamentous fungal genes which have

been studied occurs at the level of controlling transcription initiation (Gurr et al. 1987,

Davis and Hynes 1991). This regulation of transcription involves the binding of

regulatory proteins to the regulatory regions of the gene. In filamentous fungi, the

trans-acting regulatory elements which have been studied, are located upstream of the

coding region of the gene.

In most filamentous fungal systems studied, transcriptional regulation occurs on at

least two different levels; global and pathway-specific. Global or wide-domain

controls, mediated by a small number of regulatory proteins, regulate the expression of

many genes (MacKenzie 1993). For example, the levels of readily useable carbon,

nitrogen, and sulphur sources control the expression of genes required for the

metabolism of less favoured nutrient sources. Such genes are only expressed once the

favoured nutrient source becomes depleted. Wide domain regulatory proteins involved

in carbon catabolite repression (CreA), nitrogen metabolite repression (AreA), and

response to environmental pH (PacC), have been identified in A. nidulans (see 1.2. for

further discussion). Pathway-specific regulators affect only the genes required for a

particular metabolic pathway and often involve induction by substrates or products

from the early steps in the pathway, e.g. Br1A is a positive regulator of genes required

for conidiation (MacKenzie 1993). It has been suggested that metabolic pathways

which respond solely to wide-domain controls may be an organisms final effort to

obtain nutrients from whatever substrates are available in its environment (Davis and

Hynes 1991).

A. nidulans is highly characterised at both the genetic and biochemical levels. Many

factors including carbon-, nitrogen-, and sulphur-nutrient limitation, and environmental
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pH effect the expression of the protease structural genes, making the extracellular

proteases of A. nidulans an ideal model system for the study of the mechanisms

involved in multifactorial gene regulation.

1.2. Regulation of the extracellular proteases of Aspergillus nidulans.

As proteins can provide organisms such as filamentous fungi with a nutrient source for

carbon, nitrogen, and sulphur, it is not surprising that the expression of genes involved

in the utilisation of exogenous protein are under the control of carbon-, nitrogen-, and

sulphur-metabolite repression systems (see below for discussion). This has been

shown by the observation that the A. nidulans extracellular proteases are produced in

response to growth conditions limiting for carbon, nitrogen, or sulphur (Cohen 1973b).

The filamentous fungus A. nidulans is able to grow under conditions ranging from pH

2.5 to pH 10.5 (Rossi and Arst 1990), demonstrating that this organism has an efficient

pH homeostatic mechanism (Caddick et al. 1986a). Consequentially, extracellular

enzymes may be exposed to a wide range of pH values. It is easy to see the need for a

regulatory system which ensures that extracellular enzymes, such as proteases, are

produced only under conditions in which they can function effectively (Caddick et al.

1986a). In A. nidulans, the penicillium production pathway, the acid and alkaline

phosphatases, and the extracellular proteases, have been shown to be regulated in

response to environmental pH (see section 1.2.4).

1.2.1. Carbon catabolite repression.

A. nidulans is able to utilise a diverse range , of carbon sources. The mechanism by

which the presence of preferred carbon sources, such as glucose, prevents the synthesis

of enzymes and permeases involved in the utilisation of less preferred carbon sources,

such as proline, is known as carbon catabolite repression (Arst and Bailey 1977).
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Mutations, designated creAd, usually result in the derepression of enzymes and

permeases which are under the control of carbon catabolite repression. These

mutations were first isolated as supressor mutations of areA loss-of-function mutations

(the global nitrogen regulator) allowing these strains to utilise, as a nitrogen source,

acetamide and proline, which can serve as a carbon and/or nitrogen source (Arst and

Cove 1973, Arst and Bailey 1977). Carbon catabolite repression affects enzymes

involved in carbon metabolism, including those involved in both proline (e.g. prnA-D)

and ethanol (e.g. alcA, aldA, alcR ) utilisation (Felenbok et al. 1989). It has been

proposed by Felenbok et al. (1989) that regulation by the negatively acting CreA

could work in three ways: by CreA directly repressing the structural genes, a cascade

mechanism by which CreA represses the transcription of a pathway-specific regulatory

gene, or a "double-lock" mechanism by which both mechanisms operate. It has been

shown that CreA operates through a "double lock" mechanism with regards to the

carbon catabolite repression of genes involved in ethanol and proline utilisation

(Felenbok et al. 1989).

The wildtype allele of creA was cloned by complementation of the creA204 mutation

(Dowzer and Kelly 1989). The creA gene encodes a 415 amino acid polypeptide

which has two C2H2 zinc fingers, S(T)PXX motifs, and an alanine-rich region

common to DNA-binding repressor proteins (Dowzer and Kelly 1991). The zinc

finger region shows high (84%) similarity to MIG-1 protein of Saccharomyces

cerevisiae, which is also involved in carbon catabolite repression (Nehlin and Ronne

1990, Dowser and Kelly 1991). DNase I protection footprinting experiments

examining the promoter regions of the alcR and alcA genes have shown that a

GST:CreA fusion protein binds to the consensus sequence 5'-G/CPyGGGG-3'

(Kulmburg et al. 1993). It was also noted that some of the CreA-binding sites

detected in both the alcR and alcA promoters overlap previously identified AlcR

binding sites. This indicates that competition may occur between these regulatory



proteins which have opposing functions, and that this competition may play an

important role in gene regulation. It has since been demonstrated in vitro that the

positive regulator A1cR and the negatively acting regulatory protein CreA do compete

for binding of the same region of the alcR promoter (Mathieu and Felenbok 1994).

Examination of the CreA binding sites found in the promoter region of prnB and prnD

(two divergently transcribed genes in the proline gene cluster) has shown that the

sequence 5'-SYGGRG-3' is a more representative consensus of DNA sequences to

which CreA is able to bind, though CreA is not able to bind all 5'-SYGGRG-3' sites

(Cubero and Scazzocchio 1994). Cubero and Scazzocchio (1994) found that for CreA

to bind the 5'-SYGGRG-3' consensus sequence, two such consensus sequences must

be found in close proximity to each other and divergently orientated. It was also found

that the GST:CreA fusion protein is also able to bind in vitro to non-consensus 6-bp

sites in the ipnA promoter, when the non-consensus sites are closely linked to other

CreA binding sites, suggesting CreA binding may be stabilized by binding at adjacent

sites (Espeso and Penalva 1994). Homologues of creA have been cloned from A.

niger and Trichoderma reesei, which suggests that CreA mediated carbon catabolite

repression is common to filamentous fungi (Drysdale et al. 1993, Strauss et al. 1995, ).

The T. reesei homologue, Crel, has been shown to bind DNA fragments containing

the CreA consensus sequence (Takashima et al. 1996)

Espeso and Penalva (1992) have found that carbon catabolite repression of the

isopenicillin N synthase gene, ipnA, a gene involved in penicillin biosynthesis, is at least

partially mediated by creA. This is evident as the severity of the creA alleles tested

corresponds with the ability to derepress the transcription of ipnA. A moderate allele,

creA204, has been shown to have no affect on the production of extracellular protease,

as determined by examining milk clearing ability (Hynes and Kelly 1977). It is possible

that more severe alleles of creA, and the use of more sensitive techniques, such as

examination of prtA transcript levels, may show that mutations in creA do affect

protease production. Although the serine protease of A. nidulans has six 5'-
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SYGGRG-3' sites upstream of the coding region, with the exception of the two at nt

727-713, most of these sites are not closely spaced, which would suggest that they are

unlikely to function as CreA binding sites (Katz et al. 1994, Sarkar et al. 1996).

Mutations in two other genes, creB and creC, which are believed to be involved in

carbon catabolite repression, result in increased levels of extracellular protease (Hynes

and Kelly 1977). Espeso et al. (1995) found that creB and creC strains show a

reduction in acidification of external pH, accelerated degradation of sucrose, and

extracellular accumulation of D-glucose and D-fructose which they believe caused the

partial derepression of ipnA, the gene encoding isopenicillin N synthase. Cloning of

the creB and creC genes will show whether their effect on genes under the regulatory

control of carbon metabolite repression are pleiotrophic effects caused by general

metabolic or cellular defects, or are due to a direct role in gene regulation.

Current data is inconclusive with regards to the role (if any) played by creA in the

regulation of the extracellular protease structural genes. Though mutations in creB

and creC effect protease production (Hynes and Kelly 1977), the mechanism by which

this phenomenon occurs is unknown. Consequentially, the mechanism by which the

structural extracellular protease genes are regulated in response to carbon catabolite

repression is yet to be determined.

1.2.2. Nitrogen metabolite repression.

A. nidulans is able to utilise a wide range of nitrogen sources. Nitrogen metabolite

repression (also known as ammonium repression) is the phenomenon by which the

presence of preferred nitrogen sources, such as ammonium, prevents the production of

enzymes and permeases required for the utilisation of less favourable nitrogen sources,

such as proline (Pateman and Kinghorn 1977).
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In 1973 Arst and Cove reported the isolation of mutations in a gene designated areA.

A mutation affecting the nitrogen repression of the A. nidulans extracellular proteases,

xprD I, was reported in 1972, and was later found to be allelic to areA mutations

(Cohen 1972, Arst and Cove 1973). The areA mutations affected the synthesis of

enzymes involved in the utilisation of a variety of nitrogen sources. areAr mutants are

unable to utilise nitrogen sources other than ammonium, whereas rare areAd mutants

showed derepression of enzymes which are normally controlled by nitrogen metabolite

repression, although these enzymes still respond to induction (Arst and Cove 1973).

Dominance of the areAd alleles over the wildtype allele, suggested a positive mode of

action for the areA gene product (Arst and Cove 1973). Analysis of mutations which

result in C-terminal truncation of AreA, have shown that the C-terminal region is

involved in the modulation of AreA activity, with respect to the nitrogen status of the

cell (Platt et al. 1996). It is likely that at least one other region of the AreA protein is

also involved in modulating its activity (Platt et al. 1996). It is the ability to modulate

AreA function, in response to nitrogen status, which is absent in alleles with a

derepressed phenotype (Caddick et al. 1994). Neither pathway-specific regulators, nor

AreA alone, are sufficient to activate transcription independently (Caddick et al.

1994). Only very rare mutations in nirA, a gene which mediates the expression of

nitrate reductase and nitrate permease, can overcome the requirement for AreA. No

areA mutants which overcome the requirement for the pathway--specific regulatory

gene, nirA, have been reported. These data are consistent with the hypothesis that the

nirA product, and other pathway-specific regulatory proteins, are activated by, or their

DNA binding ability is assisted by, AreA (Caddick et al. 1994). AreA appears, to a

large extent, to act independently of other wide-domain regulatory proteins, such as

CreA or PacC (Caddick et al. 1994).

The areA gene encodes a protein of 876 amino acids. Its derived protein sequence

contains a single CX2CX1 7_18CX2C zinc finger, an acidic region thought to be

involved in gene activation, and twenty-two copies of the S(T)PX X motif which has
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been found in a number of DNA-binding proteins (Kudla et al. 1990, Crawford and

Arst 1993). Analysis of the wealth of areA mutants has allowed the localisation of a

C-terminal region required for nitrogen metabolite repression, and identified amino

acids within the zinc finger loop structure which are important for the specificity of

AreA (Kudla et al. 1990). The zinc finger of the putative areA protein shows

similarity to the two zinc fingers of GATA-1, the major regulatory protein of

vertebrate erythroid cells (Kudla et al. 1990). It also has similarity to genes involved in

regulating nitrogen metabolism in Neurospora crassa and yeast (Caddick et al. 1994).

The nit-2 gene of N. crassa is able to complement areA r mutations, indicating that

both the structure and function of these two proteins is conserved (Davis and Hynes

1987).

Caddick and Arst (1990) reported that the areA300 mutation was an 'in frame'

duplication of the areA DNA binding region. They have proposed that the separation

on the N-terminal DNA-binding domain from C-terminal sequences may result in the

nitrogen derepression phenotype of areA300 which affects the metabolism of some

nitrogen sources. It has been shown that C-terminal truncations of AreA result in

derepression of some genes and reduced expression of other genes, which indicates

that AreA plays different roles in the regulation of different genes, and that specific

amino acid residues that are dispensable for the expression of one structural gene may

be essential for the expression of other structural genes (Stankovich et al. 1993). The

observation that C-terminal truncations of AreA can result in loss-of-function

phenotypes or gain-of-function phenotypes for different structural genes, suggests that

the C-terminal region of AreA may interact with other proteins which are involved in

transcription and modulate AreA function (Stankovich et al. 1993, Platt et al. 1996).

Mutations in a second N. crassa gene, designated nmr, result in the constitutive

derepression of genes normally under the control of nitrogen metabolite repression

(Xiao et al. 1995). It has been shown that NMR binds NIT-2, inhibiting the ability of

NIT-2 to bind DNA in vitro. This observation has lead to the suggestion that the role
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of NMR is to bind to NIT-2 under nitrogen repressing conditions, thereby preventing

NIT-2 from activating the expression of genes controlled by nitrogen metabolite

repression (Xiao et al. 1995).

A number of members of the multigene family of Cys2/Cys2 zinc finger transcription

factors have high affinity for the 5'-GATA-3' core sequence (Cadclick et al. 1994). 5'-

GATA-3' sequences are present in the promoter regions of all A. nidulans genes

subject to nitrogen metabolite repression (Peters and Caddick 1994). A fusion protein,

which included the zinc-finger region of the positively acting nitrogen regulatory

protein NIT-2 from N. crassa, has been shown to bind DNA with the consensus

sequence 5'-GATA-3' (Fu and Marzluf 1990b). A similar binding specificity has been

observed with AreA fusion proteins (Crawford and Arst 1993). It has been found that

strong binding of NIT-2 requires at least two 5'-GATA--3' elements within

approximately 30 bp, but the orientation of the 5'-GATA-3' elements and their flanking

regions has only a small effect on the binding of NIT-2 (Chiang and Marzluf 1994).

Polyclonal antibodies specific to the zinc-finger region of NIT-2 have been used to

show that NIT-2 protein is present in nuclear protein extracts of N. crassa and could

not be detected in the cytoplasmic fraction, indicating that the native NIT-2 protein is

located in the nuclei of the cell (Xiao and Marzluf 1996). Gel mobility shift assays

have been used to identify GATA binding activity in A. nidulans nuclear protein

extract. When the effect of wildtype extracts was compared to extracts from mutants

carrying the xprD1 allele, which results in a truncated AreA protein, altered mobility of

some retarded fragments was observed, and these DNA-protein complexes were

deemed to be AreA-specific (Peters and Caddick 1994).

xprDj was the first areA mutation isolated upon the basis of its effect on protease

production. The xprDj mutation results in constitutive expression of the extracellular

protease genes (Cohen 1972). Both reduced and elevated levels of protease activity

have been observed in strains carrying areA mutations (Cohen 1972, Arst and Cove
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1973). Although the serine protease gene, which has been cloned from A. nidulans,

has putative areA binding sites upstream of the coding region (Katz et al. 1994), direct

control of the expression of the protease genes by areA is yet to be demonstrated.

Though areA mutations affect extracellular protease production, it is not known if

AreA itself binds to the promoter region of extracellular protease structural genes,

whether AreA controls the expression of a pathway-specific regulatory gene which

binds to the promoters of the extracellular protease structural genes to control their

expression, or AreA may be directly involved in the regulation of both pathway-

specific and structural genes. Determining whether the putative binding sites upstream

of the prtA gene interact with AreA in vitro and in vivo will shed light on this issue.

1.2.3. Sulphur metabolite repression.

In fungi sulphur is required in the form of cysteine and methionine for protein

synthesis. Cysteine is also incorporated into P-lactam antibiotics by species including

A. nidulans and Penicillium chrysogenum (Borges-Walmsley et al. 1995). The

sulphur metabolite repression systems of the filamentous fungi N. crassa and A.

nidulans repress enzymes required for the utilisation of less favoured sulphur sources,

such as sulphate, when favoured sulphur sources, such as methionine, are present in

the growth medium (Nartorff et al. 1993, Marzluf 1993). Of the filamentous fungi,

most is known about the sulphur metabolite repression system of N. crassa. Reviewed

below is the current knowledge regarding the N. crassa sulphur metabolite repression

system, and what is known of sulphur metabolite repression in A. nidulans.

1.2.3.1. Neurospora crassa: a model for the study of sulphur metabolite

repression.

Sulphur sources such as methionine and inorganic sulphate are used preferentially by

N. crassa, although less favourable sources, such as such as protein or aromatic
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sulphates, can be utilised (Burton and Metzenberg 1972, Marzluf 1993). Sulphur

metabolite repression does not appear to exert much influence over the entire

assimilatory pathway. Instead, its effects are at the level of entry of potential sulphur

sources to the assimilatory pathway and the early steps of sulphur assimilation (fig.

1.2.). Synthesis of the sulphur catabolic enzymes, which include a number of

permeases specific to different sulphur sources, aryl sulphatase, choline sulphatase, and

an extracellular alkaline protease, occurs only under sulphur-limiting conditions

(Marzluf and Metzenberg 1968, Burton and Metzenberg 1972, Fu et al. 1989,

Paietta 1991, Marzluf 1993). Expression of these enzymes is under the control of the

negatively acting regulatory genes scon-1 and scon-2, and the positive regulator cys-3

(Marzluf and Metzenberg 1968, Burton and Metzenberg 1972, Marzluf 1993).

Of the genes controlled by sulphur metabolite repression, the sulphate permease gene,

cys-14, and an arylsulphatase gene, ars, are the most highly characterised. Genetic

evidence has shown that N. crassa has two distinct sulphate permeases, a

predominantly conidial permease encoded by cys-13 and a predominantly mycelia'

permease cys-14 (Marzluf 1993). Mutants lacking either a functional cys-13 or cys-14

gene maintain the ability to utilise inorganic sulphate. However, cys-13 cys-14 double

mutants no longer possess sulphate transport activity and are unable to utilise inorganic

sulphate (Marzluf 1993). The sequence of the cys-14 gene has been determined, and

the putative protein has twelve highly hydrophobic helical regions which are though to

be membrane-spanning domains (Ketter et al. 1991). Antibody studies have localised

the CYS-14 protein to the plasma membrane fraction, and the kinetics of appearance

and disappearance of this protein correlate well with sulphate permease activity,

suggesting that CYS-14 is a membrane bound sulphate permease (Jarai and Marzluf

1991).
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Figure 1.2. A molecular model of the regulatory circuit involved in sulphur

metabolite repression in Neurospora crassa. (Marzluf 1993). CYS-3 binding sites

in the promoter of scon-2 indicate that CYS-3 is involved in the regulation of SCON-

2. This results in a feedback inhibition control loop, in which CYS-3 has a positive

effect on the transcription of SCON-2 which has a negative effect on the transcription

of CYS-3. In addition to being regulated by SCON-1 and SCON-2, cys-3 is also

under autogenous control. Genes known to be under the positive control of CYS-3

are involed in sulphur uptake or the early steps of sulphur assimilation. The

mechanism by which preferred sulphur sources exert a negative effect on the

expression of scon-1 and scon-2 is unknown. Symbols: + = positive effect, - =

negative effect.

19



Of the three known sulphur regulatory genes, cys-3 appears to control the synthesis of

the sulphur assimilatory genes directly. The cys-3 gene produces two mRNA

transcripts which contain no introns, and produce a protein product of 236 amino acids

(Fu et al. 1989). The putative protein product of the cys-3 gene is a member of the

bzip class of DNA binding proteins, which includes the GCN-4 protein of S.

cerevisiae, and the mammalian FOS and JUN proteins (Fu et al., 1989). The leucine

zipper region is responsible for the dimerisation of the CYS-3 protein. Adjacent to the

leucine zipper is an upstream basic region which appears to be involved in DNA-

binding (Fu et al. 1989, Kanaan and Marzluf 1991, Paietta 1992, Kanaan et al. 1992,

Marzluf 1993). Although the leucine zipper and basic region are sufficient for DNA-

binding, the N-terminal proline-rich domain of CYS-3 appears to be required for gene

activation (Kanaan and Marzluf 1991, Kanaan and Marzluf 1993). Gel mobility shift

assays and DNA-footprint analysis have been used to show that CYS-3 binds upstream

of cys-14 and the cys-3 genes itself, supporting the theory that cys-3 is subject to

autogenous regulation (Fu and Marzluf 1990a, Ketter et al. 1991, Paietta 1992,

Kanaan and Marzluf 1993). The binding sites of CYS-3 show limited sequence

homology, though all possess 5'-CAT-3' (or 5'-CAAT-3') repeats. It has been

suggested that these repeats represent the central core of the CYS-3 binding site (Fu

and Marzluf 1990a). The 5'-CAT-3' (5'-CAAT-3') repeats are inverted, though not

directly adjacent, and it has been suggested that they provide limited dyad symmetry

(Fu and Marzluf 1990a). Western blots have shown that a protein of the expected size

and recognised by antibodies specific to CYS-3 is present in wild-type nuclear extracts,

but not in the cytoplasmic fraction, providing further evidence that CYS-3 is a nuclear

protein (Kanaan and Marzluf 1993).

Mutations in scon-1 or scon-2 render the fungus insensitive to sulphur metabolite

repression, resulting in constitutive expression of the sulphur metabolic enzymes

(Burton and Metzenberg 1972). scon-1 and scon-2 are believed to be involved in the

signal transduction pathway which enables detection of repressing cellular levels of
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intracellular sulphur and mediates repression of the cys-3 gene (Fu et al. 1989, Paietta

1992). It appears that the scon-1 and scon-2 gene products prevent the expression of

cys-3 under conditions when sulphur supplies are adequate (Marzluf 1993, Kanaan and

Marzluf 1993). It is unknown whether SCON-1 and SCON-2 effect cys-3 expression

directly, or indirectly. The scon-2 gene has been cloned, and found to encode a 650

amino acid product with homology to the 13-transducin, or WD40, family of

eukaryotic regulatory proteins which mediate a variety of cellular functions (Paietta

1990, Kumar and Paietta 1995). The scon-2 gene is expressed under sulphur-limiting

conditions (Paietta 1990). Gel mobility shift assays have shown CYS-3 binding sites in

the promoter region of scon-2, supporting the in vivo evidence that cys-3 may be

involved in the regulation of the expression of scon-2, resulting in a feedback inhibition

control loop (Kumar and Paietta 1995). CYS-3 has been expressed under the control

of the promoter from the constitutively expressed f3-tubulin gene. In cells grown

under sulphur-repressing conditions, constitutive expression of CYS-3 results in

production of aryl sulphatase, suggesting that cys-3 is controlled at the level of

transcription (Paietta 1992). Nuclear run-on experiments have shown that the

regulation of the aryl sulfatase gene, ars, also occurs at the level of transcription

(Paietta 1989).

1.2.3.2. Sulphur metabolite repression in A. nidulans.

In A. nidulans many genes involved in sulphur metabolism have been identified (fig.

1.3.). Two genes from the sulphate reduction pathway, sA which encodes

phosphoadenosyl phosphosulphate (PAPS) reductase, and sC which encodes ATP

sulphurylase, have been cloned (Borges-Walmsley et al. 1995). It has been suggested

by Borges-Walmsley et al. (1995), that allosteric control of sulphate reduction by

PAPS may play a role in the regulation of this sulphate reduction pathway in A.

nidulans. It is yet to be determined whether control of the enzymes involved in
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Figure 1.3. Sulphur metabolite repression in Aspergillus nidulans. Diagram

showing the pathway for sulphate uptake and sulphur assimilation. Genes which have

been identified are boxed and arrows indicate their site of action. 	 * indicates the

mutations supressed by the scon mutants. Abbreviations: Ado-Met = S-

adenosylmethionine, Ado-Hcy = S-adenosylhomocysteine, AdoPS = adenosine 5-

phosphosulphate, PAdoPS = adenosine 3-phosphate 5-phosphosulphate, H2PteGlu

dihydrofolate,	 H4PteGlu tetrahydrofolate, CH2H4PteGlu

methylenetetrahydrofolate, CH 3H4PteGlun = 5-methyltetrahydrofolyl-polyglutamate.

This figure is a composite of figures by Nartorff et al. 1993 and Borges-Walmsley et

al. 1995.
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sulphur metabolism in A. nidulans occurs at the level of transcription as it does in N.

crassa.

The current data available from mutational analysis of the sulphur metabolite

repression system of A. nidulans shows some similarities to the sulphur metabolite

repression system of N. crassa. Mutations in the A. nidulans genes sconA, sconB,

sconC and sconD, are able to suppress mutations in metA, metB., and metG, and are

therefore suppressors of the pathway in which o-acetylhomoserine is converted to

homocysteine, via cysteine and cystathionine (see fig. 1.3.) (Nartorff et al. 1993). The

scon mutations achieve this by enabling homocysteine to be synthesised directly from

o-acetylhomoserine. The presence of exogenous methionine does not repress sulphate

uptake and assimilation in the scon mutants. It has been shown that [35S]-methionine

uptake and utilization is not effected by the scon mutations, indicating that the effect of

the scon mutations on the conversion of 0-acetylhomoserine to homocysteine is not

due to impaired methionine uptake or utilisation (Nartorff et al. 1993). This suggests

that the scon genes are also involved in the regulation of the sulphate uptake pathway

(Nartorff et al. 1993). Evidence suggests that sulphur-metabolising enzymes and

folate enzymes are not regulated by the same system. Thought the scon mutants result

in an increase in both groups of enzymes, the folate enzymes can be repressed by

exogenous methionine (Nartorff et al. 1993). It is thought that the effect of the scon

mutations on the folate enzymes is a secondary effect which results from the increased

size of the homocysteine pool (Nartorff et al. 1993). It has been suggested that the

scon genes encode negatively acting regulatory factors which mediate sulphur

metabolite repression (Nartorff et al. 1993). Recently both the sconB and sconC genes

of A. nidulans were cloned (Nartorff et al. 1997, Piotrowska et al. 1997). The SconB

protein is a member of the WD40 family of regulatory proteins, and shows similarity to

the N. crassa SCON2 protein. The SconC protein shows 51% identity to the yeast

SKP1 protein which plays an important role in cellular processes such as the cell cycle.

The SconB protein possesses a recently discovered structural motif known as an F-
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box. The F-box of the CDC-4 protein of yeast has been shown to interact with the

SKP1, indicating that a similar interaction may occur between SconB and SconC (Bai

et al. 1996, Nartorff et al. 1997, Piotrowska et al. 1997). Like the scon mutations of

N. crassa, the scon mutations of A. nidulans relieve the sulphate uptake pathway from

repression by exogenous methionine. As yet, no positive acting factor, involved in

sulphur metabolite repression in A. nidulans, has been identified.

Although mutations in the scon genes result in derepression of enzymes in the sulphur

assimilation pathway, they do not result in derepression of the extracellular proteases

(Katz et al. 1996). The response of the extracellular proteases to sulphur limitation is

not mediated by any known gene.

1.2.4. The affect of environmental pH on extracellular protease expression.

Repressing carbon sources result in the acidification of the external medium (Espeso et

al. 1995). To date, mutational analysis has identified mutations in six genes which

mimic growth at acidic pH. These genes have been designated palA, B, C, F, H, I,

(Arst et al. 1994). Mutations in four genes which mimic growth at alkaline pH were

designated pacB, pacC, pacJ, pacM (Dorn 1965, Caddick et al. 1986b, Sarkar et al.

1996). The best studied of these genes is pacC, which is believed to mediate the

response to environmental pH (Caddick et al. 1986a, Tilburn et al. 1995). There are

two classes of mutations in the pacC gene, those which mimic growth at alkaline pH

(designated pacCc), and those which mimic growth under acidic pH conditions

(designated pacC+1-.), suggesting that the pacC gene product regulates gene

expression in response to environmental pH (Tilburn et al. 1995).

Sequence analysis of the pacC coding region indicates that the putative protein

product contains three regions of similarity to known Cys2His2 zinc fingers (Tilburn et

al. 1995). Sequence analysis and gel mobility shift assays of the mutants suggests that
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the carboxy-terminal acidic region is necessary for modulation of pacC activity, and

that limited proteolysis is required to obtain an "active" pacC protein (Tilburn et al.

1995, Orejas et al. 1995). The PacC consensus binding site, 5'-GCCARG-3', has been

found upstream of genes which are activated under alkaline pH conditions, such as the

isopenicillin N synthetase gene (ipnA), and the serine protease gene (prtA) (Tilburn et

al. 1995, Sarkar et al. 1996). The five putative PacC binding sites upstream of prtA

coding region are located at -1305, -1231, -1215, -825, and -611, relative to the

putative start of transcription (Sarkar et al. 1996). This is further 5' than the putative

PacC binding sites in the promoter region of ipnA, which are located at -618, -593, -

502, and -258, relative to the start of transcription (Tilburn et al. 1995). Under

derepressing growth conditions (1% w/v D-fructose, 100µg/m1 uric acid, for 20 hrs at

27°C) it has been found that prtA is regulated in response to environmental pH

(Tilburn et al. 1995), though starvation appears to override the repression of prtA by

environmental pH (Katz et al. 1996).

In addition to the activation of genes expressed under alkaline environmental pH

conditions, a model proposed by Tilburn et al. (1995), proposes that pacC also

represses the transcription of genes expressed under acidic environmental pH (fig

1.4.). A homologue of the pacC gene has been cloned in A. niger (MacCabe et al.

1996), and the extracellular acid proteases, pepA and pepB, have been shown to be

regulated in response to environmental pH (Jarai and Buxton 1994). The mechanism

by which pacC mediates ambient pH regulation of genes expressed under acidic pH is

yet to be elucidated.
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Figure 1.4. A model for gene regulation in response to environmental pH

(Tilburn et al., 1995). When the environmental pH is alkaline, the regulatory protein

PacC is found in its active form. The active form of PacC is capable of binding to the

upstream regions of alkaline-expressed genes activating their transcription. The active

form of PacC is also believed to repress transcription of acid-expressed genes. The

genes palA, B, C, F, H, and I appear to be involved further upstream of the pathway

which regulates gene expression with response to environmental pH. Symbols: n =

repression by PacC, v = activation by PacC.
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1.2.5. Induction of extracellular proteases by exogenous protein.

It has been observed in a number of fungi, that in addition to nutrient limitation, the

presence of exogenous protein is required for extracellular protease production.

Carbon-, nitrogen-, or sulphur-nutrient-limiting conditions alone result in little or no

protease production by N. crassa (Cohen et al. 1975). Substantial protease production

by N. crassa only occurs under conditions where derepression (carbon-, nitrogen-, or

sulphur-nutrient-limiting conditions) and induction (presence of high molecular weight

polypeptides) occur (Cohen et al. 1975, Hanson and Marzluf 1975). Both soluble and

insoluble proteins were able to induce protease production in nitrogen-starved N.

crassa mycelia (Cohen and Drucker 1977). Not all species of fungi require the

presence of exogenous protein to induce the production of substantial levels of

extracellular protease. Candida albicans, C. tropicalis, and C. parapsilosis have been

shown to secrete acid proteases when protein is the sole nitrogen source, whereas

nutrient-limiting conditions were found to be sufficient for the secretion of proteases

by C. lipolytica (de Viragh et al. 1993, Ogrydiziak et al. 1977). Ogrydiziak et al.

(1977) also found that while exogenous protein was not required for the production of

extracellular protease, the presence of exogenous protein did stimulate protease

production in C. lipolytica. It has been found that though proteases were produced

under conditions of partial nitrogen repression by the ectomycorrhizal fungus

Hebeloma crustuliniforme, the presence of exogenous protein resulted in increased

protease production (Zhu et al. 1994).

For A. nidulans carbon-, nitrogen-, or sulphur-nutrient limiting conditions are

sufficient for the production of extracellular protease (Cohen 1972). Induction alone

did not result in protease production by Aspergillus species, including A. nidulans, A.

.fumigatus, and A. oryzae (Cohen 1977). It has been shown that under conditions

where a less favoured nitrogen source, such as urea, is present the addition of

exogenous protein results in an increase in the transcript levels of the A. niger protease
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genes pepA and pepB (Jarai and Buxton 1994). Though it has been shown that

exogenous protein is not necessary for protease production by A. nidulans, it has not

been determined whether the presence of exogenous protein increases protease

production under conditions of partial derepression.

1.2.6. Mutations in A. nidulans which affect the expression of the extracellular

proteases.

Initial work on the isolation of mutants which specifically affected the extracellular

proteases of A. nidulans resulted in the isolation of mutations which were designated

xprA-D. Strains carrying the xprA 1 , xprB I and xprCj mutations were deficient in

protease production (Cohen 1972). The phenotype of the xprCj strain was later found

to be due to multiple mutations (Cohen, pers. comm.). No further characterisation of

the xprAj and xprEl mutations has been reported. The xprDj mutation, which causes

constitutive expression of the extracellular proteases, is an allele of areA (Arst and

Cove 1973).

In addition to the mutations in areA, creB and creC, mutations in genes designated

xprE, xprF and xprG also effect the expression of the extracellular protease structural

genes. The xprEj mutation resulted in reduced levels of extracellular protease,

predominantly under carbon- or nitrogen-limiting conditions, but the levels produced

under sulphur-limiting conditions were also affected (Katz et al. 1996). The xprEl

mutation has been shown to effect the transcript levels of the extracellular serine

protease gene, prtA, and current data does not exclude the possibility that the xprE

gene product is a transcriptional activator (Katz et al. 1996).

Mutations in the xprF and xprG supress the xprE I mutation, increasing extracellular

protease produced under derepressing conditions to wildtype levels or higher (Katz et

al. 1996). In addition to their effects on protease expression, mutations in xprF and
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xprG also result in a decreased ability to utilise some nitrogen sources, especially

hypoxanthine and uric acid (Katz et al. 1996).

1.3. Structural protease genes.

Structural protease genes are the genes encoding the proteolytic enzymes themselves.

The protein products of these genes have been studied biochemically for many years

and systems have been devised to classify these enzymes (see section 1.3.1.). With the

advent of molecular techniques, the genes encoding enzymes with proteolytic activity

have been cloned and analysed. The protease structural genes of Aspergillus sp. are

discussed below (section 1.3.2.).

1.3.1. Proteolytic enzyme classification.

In 1972 the Commission on Enzyme Nomenclature recognised three broad groups of

proteolytic enzymes. These groups were exo-peptidases (EC.3.4.11-15), which

remove carboxy- or amino-terminal amino acids (and are subdivided into

carboxypeptidases and aminopeptidases, respectively), dipeptide hydrolases

(EC.3.4.13-14), which cleave dipeptides, and endo-peptidases (EC.3.4.21-24), which

cleave peptide bonds distant from the polypeptide chain termini (Cohen 1977, Cohen

1980). Most studied of these groups are the endo-peptidases, which are commonly

known as proteases (Cohen 1980) Initially the classification of proteases was based

upon the pH at which the enzyme was most active, and the effect of inhibitors which

react with residues in the active site region. Under this system enzymes were

designated as acid proteases, neutral proteases (active metal ion), alkaline proteases

(active serine residue), or proteases with an active thiol residue (Matsubara and Feder

1971). Classification systems have also been derived which are based upon the ability

of an enzyme to hydrolyse a specific substrate, resulting in classes of proteases such as

elastase or keratinase (North 1982).
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With the advent of x-ray crystallography, and protein and DNA sequencing, the basic

mechanism by which proteolytic enzymes function has been determined.

Consequently, there has been a shift towards classification of enzymes based upon the

types of active site residues. The four main groupings of endo-peptidases are: serine

proteases, aspartic proteases, thiol proteases (also called cysteine or sulfhydryl

proteases), and metallo-proteases (North 1982). There are two families within the

serine proteases which are believed to have evolved independently, the chymotrypsin-

like and subtilisin-like serine proteases (Neurath 1984). Other protease families, such

the calcium-activated proteases, which require calcium, are known to exist (Neurath

1984).

1.3.2. Proteases known in the Aspergilli.

In the Aspergilli there is evidence that all four main groups of endo-peptidases (serine,

aspartic, thiol, and metallo) are produced (Cohen 1977). Due to its industrial

significance, the most extensive study of Aspergillus proteases has occurred in A.

niger, where six protease genes have been identified. Two of these genes, pepC and

pepE, code for the intracellular proteases, a subtilisin-like serine protease and an

aspartic protease, respectively (Frederick et al. 1993, Jarai et al. 1994b). The acid

protease gene pepA, is a member of the aspergillopepsin family, members of which

have been cloned from A. oryzae, A. satoi, and A. fumigatus (Berka et al. 1990a and

1990b, Shintani and Ichishima 1994, Reichard et al. 1995, Lee and Kolattukudy 1995).

Another acid protease gene, pepB, is a unique two-chain endo-peptidase (Inoue et al.

1991). Homologues of pepD, which encodes the extracellular subtilisin-like serine

protease of A. niger, have been cloned from A. oryzae, A. fumigatus, A. nidulans, and

A. flavus (Jarai et al. 1994a, Tatsumi et al. 1989, Jaton-Ogay et al. 1992, Katz et al.

1994, Ramesh et al. 1994). The pepF gene encodes an extracellular serine

carboxypeptidase (van den Homberg et al. 1994). It is likely that homologues of all
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the A. niger protease structural genes exist in at least some of the other Aspergillus

species. In A. fumigatus two types of metalloproteases, which are not

immunologically cross-reactive, have been cloned (Sirakova et al., 1994, Ramesh et

al., 1994). Homologues of the A. fumigatus metalloprotease gene designated mep20

have been identified in A. oryzae and A. flavus (Tatsumi et al., 1991 Ramesh et al.,

1994). A list of protease genes isolated from Aspergillus species is shown in Table

1.1.

It has been shown that A. nidulans produces at least three neutral or alkaline

extracellular proteases and at least one intracellular protease (Cohen 1973b). Recently

palB, a gene implicated in the signalling of environmental pH, was isolated from A.

nidulans and its predicted amino acid sequence was shown to have similarities to the

catalytic domain of the calpain family of calcium-activated cysteine proteases (Denison

et al. 1995). Proteolytic activity corresponding to a cysteine protease is yet to be

reported in A. nidulans. To our knowledge, no extracellular acid protease produced

by A. nidulans has been reported, though the Aspergillus niger group, which includes

A. niger and A. satoi, produce predominantly acid proteases (Cohen 1977).

1.4. Prelude to this study.

The extracellular proteases of A. nidulans present a amenable system for the study of

secretion and gene regulation. Though work on this system in A. nidulans was first

published in the early 1970's, it is only recently, with the advent of molecular biology

techniques, that there has been renewed interest in this previously intractable, and as

yet poorly understood system. This thesis describes five different approaches used to

increasing our understanding of the extracellular protease system in A. nidulans. A

rationale for each of the five approaches and the relevant background is presented at

the beginning of each chapter presenting results (chapters 3-6).
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Table 1.1. Protease genes which have been isolated from Aspergilli.

Protease type Species
isolated in

Gene
name

Size of
mature
protein
(kDa)

Copy
Number

References

extracellular
acid

A. niger pepB n/p n/p Inoue et al. 1991

extracellular
aspartic

A. fumigatus aspF 39 1 Lee and Kolattukudy 1995,
Reichard et al. 1995

A. niger pepA n/p 1 Berka et al. 1990a and b,
Lu et al. 1995

A. oryzae pepA n/p 1 Gomi et al 1993
A. satoi aspl 34 1 Shintani and Ichishima 1994

intracellular
aspartic

A. niger pepE 43# 1 Jarai et al. 1994b

cysteine* A. nidulans palB n/p n/p Denison et al. 1995
metalloprotease A. fumigatus mep 42 1 Sirokova et al. 1994

metalloprotease A. oryzae nplI n/p n/p Tatsumi et al. 1991
A. flavus mep20 23 1 (?) Ramesh et al., 1995

A. fumigatus mep20 n/p 1 (?) Rarnesh et al., 1995
extracellular

serine
A. flavus sep 36 >1 (?) Ramesh et al. 1994

A. fumigatus alp 33 >1 (?) Jaton-Ogay et al. 1992
TaL.1 . 	 et al. 1992 

Katz et al. 1994A. nidulans prtA n/p 1
A. niger pepD 30 1 Jarai et al. 1994a

A. oryzae alp 34 1 (?) Tatsumi et al. 1988
Cheevadhanarak et al. 1991

Murakami et al. 1991
intracellular

serine
A. niger pepC n/p n/p Frederick et al. 1993

extracellular
serine carboxy-

peptidase

A. niger pepF 59# 1 van den Hombergh et al. 1994

The proteolytic enzymes listed are endoproteases, unless it is otherwise stated. *based

on homology to calpain catalytic domains, see reference for details. # = estimated

protein size deduced from nucleotide sequence. n/p = not available in the published

literature. (?) = result indicated by experiment, but result not conclusive.
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Materials and Methods
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2.1. Strains.

2.1.1. Bacterial strains.

Genotypes of the Escherichia coli strains used in this study are shown in Table 2.1.

Table 2.1. Bacterial strains used in this study.

Strain Genetypea

D1-15a O80d/acZAM15, recAl , endAl , gyrA96, thi-1, hsdR17 (r	 ,	 ),

supE44, relAl, deoR, A(lacZYA-argF)U169

LE392 hsdR574, (rK- , mic+), supE44, supF58, lacY1 or A(lacIZY)6, galK2,
galT22, metB1, trpR55

a Sambrook et al (1989)

2.1.2 Aspergillus strains.

The genotypes of the A. nidulans strains used in this study are listed in Table 2.2.

The gene symbols used have been described by Clutterbuck (1974, 1984. 1993).

2.2. Chemical Reagents.

All chemical reagents were of analytical grade and were purchased from commercial

sources.

2.3. Bacterial media.

The standard bacterial media (LB, 2xYT) were prepared according to Sambrook et al.

(1989). Ampicillin was added to a final concentration of 100 )..tg/ml, when required.

X. was grown on L+G media { 1 % (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5%

(w/v) NaC1, 0.01 M Tris-HC1 (pH 7.5), 0.2% (w/v) glucose, 0.01 M MgSO4}.

NZCYM (Sigma) was prepared according to the manufacturers instructions.
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Table 2.2. Aspergillus strains used in this study.

Strain Genotypeb Source

A296 biA1; lysE1 ; sB3 FGSCc

A613 AcrA1; nicA 2, pA 2, facA 303, hxA 1 , riboD5 FGSCc

C26-1-1-10 yA1, pabaA 1 ; argB2 M.J. Hynes

J3 AcrA1; galA 1 ; pyroA4; hxA l ; sB 1 ; nicB8; riboB2 , M.J. Hynes

MH2 biA1, niiA4 M.J. Hynes

MH97 yAi; pabaA 1 ; acuE215 M.J. Hynes

MH205 biAi; areA 19; niiA4 M.J. Hynes

MH764 wA1; facB101 riboB2 M.J. Hynes

MSF yAl, suA-adE20, adE20; AcrA 1 ; galA 1 , pyroA i ; facA 303 ;
sB 1 ; nicB8; riboB2

M.J. Hynes

MK18 A. niger M.J. Hynes

MK20 A. oryzae M.J. Hynes
MK43 biAl; niiA4; xprE1 M.E. Katz

MK86 yAi, suA-adE20, adE20; xprG 1 ; niiA4; riboB2 M.E. Katz

MK117 yAi, pabaA 1, acuE215; xprF1 M.E. Katz

MK130 yA1 suA-adE20 adE20; areA 19; pyroA4; sB 1 ; nicB8; niiA4 this study

MK131 bioA1; AcrA 1 ; galA 1 ; sB 1 ; niiA4 this study

MK169 nicB8, xprl1 T2 (II:VII) this study

MK170 yA1, suA-adE20, adE20; pyroA4; nicB8, xprl1 T2 (II:VII) this study

MK181 wildtype A. nidulans isolated from emu chick M.E. Katz

MK189 C26-1-1-10 transformed with pAlk/Arg2 this study

MK190 C26-1-1-10 transformed with pAlk/Arg2 this study

MK191 C26-I-1-10 transformed with pMOO6 this study

MK199 pabA1; xprG2 M.E. Katz

MK200 pabA1; xprG3 M.E. Katz

MK241 yAI/+ suA-adE204 adE20/4 - bioA 1/1-; AcrA/-1-; areA19/+;
galA1/+ pyroA4/+; sB i/s11 1 ;nicB8/+; niiA4/niiA4

this study

MK242 yAi+ suA-adE204 adE20/-4- bioA 1/+; ArcA 114-; areA i g/+;
galAik pyroA4/+; sBi/s131; nicBp/+ xprl1/+; niiA4/+

this study

PVK1 yA1 suA-adE20 adE20; areA 19; pyroA 4; sB 1 ; nicB8; xprl1 ;
niiA4 T2 (II:VII)

this study

PVK2 yA1 suA-adE20 adE20; areA 19; pyroA4; sB 1 ; nicB8, xpri i ;
niiA4

this study

PVK10 pabA1; AcrA 1 ; nicA2, pA 2, facA 303, hxA 1, prtA/, riboD5 this study

PVK1 1 wA1; areA 19; pyroA4; sB 1 ; xpri1 this study

PVK12 yAl suA-adE20 adE20 ; sB 1 ; nicB8, xprl1 T2 (II: VII) this study

PVK13 sB1; nicB8, xprl1 T2 (II:VII) this study

PVK14 yA j/+ s4-adE204 adE20/+; wA 1/+; areA I V+ ; pyroA j/-F;
sB i/+; xprli/+ nicB8/+; riboB2/+ niiA4/+

this study

b Gene symbols are as described in Clutterbuck (1993)
Fungal Genetic Stock Centre, Department of Microbiology, The University of Kansas Medical

Centre
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2.4. Aspergillus media and genetic techniques.

The standard A. nidulans minimal medium of Cove (1966) was used for fungal

culture. Nitrogen sources were added to a final concentration of 10 mM, sulphur

sources at a final concentration of 3 mM, and carbon sources were used at 50 mM (or

1% (w/v) for sugars). MgSO4 was replaced by MgC1 2 in the standard minimal media

to make low-sulphur media. Where 1% skim milk was included as a carbon,

nitrogen, or sulphur source, 0.08% sodium deoxycholate was added to induce

compact colony morphology and increase the visibility of the clear halos which

surround colonies as a result of proteolytic activity. Media containing 1% dialysed

milk as a carbon, nitrogen, or sulphur source was prepared as described previously

(Katz et al. 1996). For solid media buffered to pH 4.5, orthophosphate buffer (pH

4.5) was added to the standard minimal media (50 mM final concentration) prior to

autoclaving. Phosphate derepressing media, as used in the phosphatase assays, was

similar to the minimal media of Cove (1966) except the chloride salts replaced

phosphate salts at equimolar cation concentrations in the salt solution used (Caddick

et al. 1986b). A. nidulans techniques for genetic manipulation were as described by

Cutterbuck (1974).

Mutants were generated as described by Katz et al. (1996). Exposure to UV was for

20-40min. Irradiated conidia were plated directly onto the selective media (standard

minimal, containing 1% skim milk as a nitrogen and sulphur source). The survival

rate was between 2 and 10%.

2.5. Oligonucleotides.

The standard commercially available primers, pUC/M13 forward and reverse primers

(Promega), and custom oligonucleotides designated prtB3', prtBCS, and prtBNCS

were used to sequence the aspartic protease gene (see table 2.3. for details on custom
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Table 2.3. Details of all custom oligonucleotides used.

name sequence (5' -3' ) position gene reference

A5 CGCTCTGTTCATCATCTCTC 166-185 A. nidulans Fidel et al.

2-actin 1988

A3 AGGCATTCTTCCTCCTAGTG complementary A. nidulans Fidel et al.

to 2201-2220 2-actin 1988

B5 AGTCGCTGTTGGTGGCACAA 1293-1312 A. nidulans this study

_prtB

B3 TCGCCAAGAATTGAGAACGG complementary

to 2356-2375

A. nidulans

_prtB

this study

MK1 1 CGAAAGGTATAAGAGTGGGG 422-441 A. nidulans Katz et al.

_prtA 1994

MK12 GCCAAAGACTGCAAGGTACT complementary A. nidulans Katz et al.

to 877-896 _prtA 1994

MK21 CCCTCCATCTGGACTTTGAC 460-479 A. niger

pepA

Berka et al.

1990a, 190b.

MK22 CTGGGATTCGCCGCTCAGGC complementary

to 1500-1519

A. niger

pepA

Berka et al.,

1990a, 190b

MK7 GGACGCTGGCCCTGTCAAGA 221-240 A. oryzae

npII

Tatsumi et

al.	 1991

M K8 CCTCATATTCTCTGTTCCGC complementary A. oryzae Tatsumi et

to 1104-1123 npII al.	 1991

BCS ATAAAGCAGCCTCCATCCTC 860-879 A. nidulans

prtB

this study

BNS AGCCTCTCCACTCAGGAGGG complementary

to 881-900

A. nidulans

prtB

this study

HCR1 C'TTTGCATCGGCACTCACCA 258-277 A. nidulans

prtA

Katz et al.

1994

HCR2 CCAGGGTCGACTCGTGAAAA complementary A. nidulans Katz et al.

to 348-367 prtA 1994
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oligonucleotides). The computer program JROLIGOS (Julio Rozas, Department of

Genetics, University of Barcelona) was used to check for complementarity, enthalphy

and free energy values of the designer oligonucleotides. Custom oligonucleotides

used in PCR and sequencing were purchased from Bresatec, or synthesised on a

Pharmacia LKB Gene-Assembler Plus in the Institute of Biotechnology, UNE.

2.6. Preparation of Aspergillus genomic DNA.

A. niger and A. nidulans genomic DNA was isolated from lyophilised mycelia using

the proceedure of Yelton et al. (1984) as modified by Adrianopolous and Hynes

(1988). A. oryzae and A. nidulans genomic DNA was isolated from wet mycelia

using a scaled-up version of the method of Lee and Taylor (1990).

2.7. Preparation of Aspergillus RNA.

RNA was isolated using the proceedure that Reinhert et al. (1981) developed for

Neurospora crassa.

2.8. X library screens.

A kGEM-11 A. nidulans genomic DNA library was screened with a 1060 bp PCR-

generated fragment encoding the A. niger aspartic protease. Primers MK22 and

MK23 were used to amplify part of pepA from A. niger genomic DNA (Berka et al.

1990a & b). This library was also screened using a PCR-generated fragment of

approximately 900 bp corresponding to the coding region of the A.oryzae

metalloprotease. The expected size of the fragment was based on the published

cDNA sequence (Tatsumi et al. 1991), the precise size of the fragment was unknown

as the genomic DNA sequence of the A.oryzae metalloprotease is not published.

Primers designated MK7 and MK8 were used in the amplification of the NpII gene of

A. oryzae (Tatsumi et al. 1991). The conditions used to screen the library were
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determined empirically by probing and washing Southern blots at a variety of levels of

stringency. A faint band was detected on nylon membrane (Hybond-N, Amersham),

using the aspartic protease probe, after fixing the DNA to the membrane by both

baking at 65°C for 4 hours and a 5 minute exposure to UV light. No hybridisation was

detected with the metalloprotease probe. Hybridisations were carried out in solutions

containing 50% formamide at 37°C. Membranes were washed at room temperature in

2x SSC, 0.1% SDS (2x 15 minutes). The Boehringer Mannheim DIG (non-

radioactive) DNA labelling and detection kit was used for probing the X library.

2.9. Preparation of protein samples.

2.9.1. Preparation of culture filtrate (extracellular protein) samples.

Culture filtrate samples were assayed (see 2.16.1.) to determine amount of filtrate

required to give an A260 value of 1.0 (designated as 1 unit protease activity). The

filtrate was then dialysed against milli-Q-H 20 for 18-48 hours at 4°C, prior to being

lyophilised in 1 ml aliquots overnight. The powdered sample was then resuspended in

milli-Q-H20 and combined to to give aliquots of 1 unit protease activity. The

lyophilisation step was repeated and the resulting solid resuspended in 20 ill milli-Q-

H20. Samples were stored at -20°C.

2.9.2. Preparation of mycelial (intracellular protein) samples.

Mycelial extracts were prepared by grinding, with a mortar and pestle, mycelia which

had been lyophilised. The powdered mycelia were then resuspended in sterile milli-Q-

H20, and an aliquot added to 1 volume loading buffer (flames 1981) and 5 i.11 of

0.01% bromophenol blue (w/v) prior to loading. As 1/10 the volume of filtrate

(usually 5 ml from a 50 ml culture) was loaded on a gel it was decided to use the same

proportion of intracellular protein per sample. Therefore the powdered mycelia was
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resuspended in 0.5 or 1 ml (depending on the amount of powdered mycelia), and 50 or

100 tl was used.

2.10. Gel electrophoreisis.

DNA molecules were usually separated on 0.8-2.0 % agarose gels in 1 x TEAC buffer

(40 mM Tris.acetate pH 7.6, 2 mM EDTA) at 90 mA. Staining with ethidium bromide

was used to visualise the DNA.

DNA sequencing products were resolved on 8% denaturing polyacrylamide gels (8%

29:1 acrylamide:bisacrylamide; 42% urea) in 1 x TBE buffer (90 mM Tris-borate, 2

mM EDTA). Gels were adhered to 3MM chromatography paper (Whatman) and dried

under vacuum prior to autoradiography.

RNA was separated on 1.2% agarose gel (5.5% formaldehyde) in lx MOPS buffer

(0.04 M 3-[N-morpholino]propane sulfonic acid, 0.01 M sodium acetate, 10 mM

EDTA, adjusted to pH 7.2 with NaOH) at 50 mA.

SDS-polyacrylamide gel electrophoresis was carried out following the method of

Laemmli (1970). Proteases separated using SDS-PAGE were renatured using the

method of Saul et al. (1990).

Native polyacrylamide gel electrophoresis was carried out using the non-dissociating,

discontinuous, alkaline buffer system of Hames (1981). 1 volume loading buffer

(Hames 1981) and 5 1.t1 of 0.01% bromophenol blue (w/v) were added to each sample

prior to loading with a Hamilton syringe. The samples were loaded onto a 12.5%

polyacrylamide gel and electrophoresis was carried out for 5 hrs in a vertical

electrophoresis apparatus (model V-16, Bethesda Research Laboratories). The initial
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voltage of 100 V was increased to 150 V after the dye band had passed through the

stacking gel.

DNA binding reactions for gel mobility shift assays were separated on 5%

nondenaturing polyacrylamide gels { 5% acrylamide (79 acrylamide:1 bis), 0.5 x TBE,

2.5% glycerol (v/v)} in 0.5x TBE at 20 mA for 2-5 hours or 3 mA 16 hours at 4°C.

Gels were transfered to 3MM chromatography paper and dried under vacuum prior to

autoradiography.

2.11. Recombinant DNA methods.

2.11.1. Restriction endonuclease digests.

Restriction endonuclease digests were performed in a manner similar to that described

by the manufacturer (Promega, New England Biolabs, Pharmacia) using the supplied

buffer, or lx TA buffer (330 mM Tris.acetate pH 7.9, 66 mM KAc, 100 mM MgAc2,

1 mg/ml gelatin, 0.76 mg/ml DTT) and an appropriate concentration of NaCl. Digests

were allowed to proceed for 2-4 hours in the case of plasmid DNA, and overnight in

the case of A. oor A. nidulans genomic DNA.

2.11.2. Subcloning.

Ligations were carried out using T4 DNA ligase according to the manufacturer's

instructions (Promega) at room temperature for 4 hours or overnight. The 3' single-

stranded overhangs were removed using T4 DNA polymerase and the Klenow

fragment of DNA polymerase I was used to end-fill 3' recessed ends, as described by

the manufacturers (Promega). Dephosphorylation of 5' DNA overhangs was carried

out using calf intestine Alkaline Phosphatase according to the manufacturer's

instructions (Boehringer Manheim).
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2.11.3. Gel Purification.

The Geneclean II (Bio101 Inc.) or Progenius bandpure DNA purification kit (Progen)

were used according to the manufacturers instructions to recover DNA fragments from

agarose gels. Electroelution, as described by Sambrook et al. (1989), was used to

recover DNA from polyacrylamide gels.

2.11.4. Plasmid DNA preparations.

2.11.4.1. Small-scale Alkaline Lysis Plasmid Preparations.

A single colony was scraped from a 2xYT + 100 µg/ml ampicillin plate and cultured

overnight in 10 ml 2x YT broth plus ampicillin (100 1.1g/m1). Plasmids were isolated

from E. coli using the alkaline lysis method as described by Birnboim and Doly (1979).

2.11.4.2. Lightning Mega-Preps.

A single colony was scraped from a 2xYT + 100 µg/ml ampicillin plate and cultured

overnight in 10 ml 2x YT broth + 100 µg/ml ampicillin. 2.5 ml of this culture was

then used to seed a 250 ml broth of 2x YT + 100 µg/ml ampicillin and the culture

allowed to grow 0/N. The plasmid DNA was isolated using a scaled up version of the

alkaline lysis method of Birnboim and Doly (1979).

2.11.4.3. Cracking Preps.

The Cracking Prep method of O'Brockta and Atkinson (pers. comm.) was used to

rapidly screen many E. coli colonies for the plasmid of interest. Colonies of interest

were patched onto 2x YT + 100 µg/ml ampicillin plates (12 per plate) and allowed to

grow overnight. The cells were scrapped off with a toothpick and resuspended in 75 p.
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1 2% triton-X 100, and an equal volume phenol/chloroform (25 pheno1:24 chloroform:1

isoamlyalcohol) was added. After centrifugation, 15 Ill of the aqueous phase was

added to 2 1.11 dye, then run on a gel to determine if it contained the desired plasmid.

2.11.4.4. Rapid-Boil Preps.

Plasmids were isolated from E. coli grown overnight in 10 ml 2x YT + 100 ,t,,g/rn1

ampicillin broths or patched (12 per plate) onto 2x YT + 100 1.1g/m1 ampicillin plates.

DNA was prepared as described in Ausbel et al. (1994).

2.11.5. X DNA preps.

k DNA was prepared from a liquid culture lysate (Promega protocols & Applications

guide, 3rd ed). The lysate was centrifuged at 1100 rpm at 4°C for 3 hours to pellet the

phage particles, the pellet was resuspended in 800 p1 X diluent (10 mM Tris-HC1 (pH

7.5), 8 mM MgSO4.7H20) or SM buffer (0.1 M NaC1, 8 mM Mg50 4, 50 mM Tris-

HC1 (pH 7.5), 0.1% gelatin), 10 RNase A (1 mg/ml), 10 ill 10% SDS, 50 2 M

Tris-HC1 200 mM EDTA pH 8.5) was added, and incubated at 65°C for 15-30 minutes

(P. Morgan, pers. comm.). Phenol/chloroform extractions were as described in the

Promega protocols & applications guide (3rd Ed). DNA was precipitated with 1/10

volume 3 M NaAc and 2x volume isopropanol. A clump of DNA was usually visible.

DNA was spooled out with a microcapillary tube and transfered to a fresh tube

containing 0.5-1 ml 70% ethanol. The preparation was then spun briefly in a

microfuge, the supernatant was removed, and the pellet dried. The pellet was then

resuspended in 50-100 p1 TE buffer (P. Morgan, pers. comm). If after precipitation

with NaAc and isopropanol the DNA was not visible, or could not be removed with a

microcapillary tube, the tube was spun for 10-20 minutes in a microfuge, and the pellet

processed as above.
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2.11.6. PCR.

2.11.6.1. PCR.

The A. niger pepA gene was amplified using the oligonucleotides MK21 and MK22

(Berka et al. 1990a and 1990b), and the A. oryzae npll gene was amplified using

oligonucleotides MK7 and MK8 (Tatsumi et al. 1991). These PCR products were

used to screen the X, library of A. nidulans genomic DNA.

The PCR screening for prtAA mutants used primers designated MK11 and MK12

which amplify part of the serine protease gene, prtA (Katz et al. 1994), and primers B5

and B3 which amplifies part of the aspartic protease structural gene, prtB (see Table

2.3. for details on oligonucleotide primers). Optimal conditions were determined for

each set of primers used.

2.11.6.2. Crude cell extracts for PCR.

A crude preparaton of genomic DNA was obtained by innoculating a sterile loop of

conidia into sterile 10 ml minimal media broths (supplemented with 10 mM ammonium

tartrate, and the appropriate vitamins) and grown at 37°C, on a rotating platform at

150 rpm, for 16 to 40 hours. The mycelia were then transferred to a sterile 1.5 ml

microfuge tube using a sterile dissecting needle. The mycelia were ground to a fine

pulp with acid washed sand and suspended in 500 III sterile milli-Q-H20. The

suspension was diluted 100-fold and 2111 used as the template in the PCR reaction.
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2.11.7. RT-PCR

RT-PCR was performed using 1 ..tg, 10 jig and 20 jig total RNA per 22.7 1.1,1 reaction

using Superscript preamplification system for first strand cDNA synthesis (Gibco BRL

Life Technlogies). 5.5 [1,1 of the first strand synthesis reaction was used in a 25111 PCR

reaction. Two PCR reactions were set up using each first strand synthesis reaction,

one to amplify prtB using the primers (B5 and B3) described in Table 2.3., the other to

amplify the control gene encoding 7-actin (Fidel et al. 1988). The primers used for the

control gene were designated A5 and A3, and are described in Table 2.3..

Amplification of the the A. niger pepA (Berka et al. 1990a and 1990b) cDNA used

primers MK21 and MK22 (Berka et al., 1990a and b), as described in Table 2.3..

2.11.8. Miscellaneous molecular methods.

All standard molecular techniques that aren't described elsewhere were performed

according to Sambrook et al. (1989)

2.12. Preparation of labelled DNA probes.

2.12.1. DIG-labelled DNA probes.

Random hexonucleotide primers were used to incorporate digoxigenin-labeled

deoxyuridine-triphosphate (DIG-dUTP) into DNA probes using a nonradioactive

DNA-labelling and detection kit (Boehringer Mannheim) according to the

manufacturers instructions.
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2.12.2. 32-P labelled DNA probes.

Radiolabelled DNA probes used to probe membranes were generated using the Prime-

a-Gene labelling system (Promega) and [a- 32P)-dATP (300 Cilmmol; Bresatec) in

accordance with the manufacturers instructions.

Radiolabelled DNA probes used in gel mobility shift assays were either DNA

fragments from digests, or PCR fragments. Multiple DNA restriction fragments were

labelled by endfilling 5' overhangs in reactions which contained: 1 lig digested DNA, 5

1_0 buffer (0.5 M Tris-HC1 (pH 7.5), 0.1 M MgSO 4, 10 mM DTT, 0.5 mg/ml BSA), 5

ti a-32P-dATP (300Ci/mmol; Bresatec), 2 each of 10 mM dGTP, dCTP and dTTP,

10 units Klenow polymerase (Promega) and sterile milli-Q-H 20 to make the reaction

volume up to 100 IA The reaction proceeded for 45 minutes at 37°C before 2 111 10

mM dATP was added. The reaction continued for 5 minutes, then was heat-

inactivated at 68°C for 10 minutes.

PCR primers were end-labelled in reactions containing: 25 pmol primer, 2.5 pl kinase

buffer 5 ill [y- 32P1-dATP (300 Ci/mmol; Bresatec), 20 units T4 polynucleotide kinase

(Boehringer Manheim) and made up to 25 111 with sterile milli-Q-H 20. Reactions

were allowed to proceed for 60 minutes at 37°C, before they were stopped with 100 Ill

2.5 M NH4Ac, 1 IA 5 µg/µl tRNA, and 375 1.11 95% ethanol. Tubes containing the

reactions were centrifuged in a microfuge for 15 minutes. Pellets were washed with

70% ethanol, and resuspended in 20 ill sterile milli-Q-H20. Primers were then used in

PCR.

GMSA probes were purified by running on a 10% acrylamide, 1 x TBE gel.

Autoradiography was used to localise the labelled DNA, which was then excised,

electroeluted in dialysis tubing in 0.5x TBE and precipitated using standard techniques

(Sambrook et al. 1989)
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2.13. Nucleic acid hybridization.

2.13.1. Southern Blotting.

DNA for Southern blot analysis was separated on a 0.8% gel in 1 x TEAC buffer

defined and transfered to Hybond N membrane (Amersham) overnight in 20x SSC

(Sambrook et al. 1989).

2.13.2. Northern Blotting.

After electrophoresis in a denaturing gel (section 2.11.), RNA was transfered overnight

to Hybond N+ (Amersham) using 10x SSPE (3 M NaC1, 173 mM NaH 2PO4 •H20, 25

mM EDTA, adjusted to pH 7.4 with NaOH) as the capillary fluid.

2.13.3. DIG-detection.

Membranes probed with DIG-labelled DNA probes were washed in the appropriate

stringency washes. Detection reactions, using 3-(2'-spiroAdamantane)-4-Methoxy-4-

(3'-phosphoroyloxy)-pheny1-1,2-Dioxetane (AMPPD) or disodium 3-

(methoxyspiro { 1,2-dioxetane-3,2'-(5'-chloro) trichloro [3.3.1.1] decan} -4 -y1) phenyl

phosphate (CSPD) as the substrate, were carried out according to the manufacturer's

instructions (Boehringer Mannheim).

2.13.4. Autoradiography.

Autoradiography was perforemed as described by Sambrook et al. (1989) using Fuji

medical x-ray film.
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2.14. DNA sequencing.

The DNA sequence of double-stranded DNA clones was determined by using the

dideoxynucleotide chain termination method (Sanger et al. 1977) with 35S-dATP

(10mCi/m1; Bresatec) using T7 (Promega) or Super-Base (Bresatec) sequencing

systems as described by the manufacturer. T7 DNA polymerase was purchased from

Pharmacia.

2.15. Transformation.

2.15.1. E. coli transformation.

DH5a cells were transformed as described in Ausbel et al. (1994). Aliquots of CaC1 2

-competent DH5a cells (Sambrook et al. 1989) were stored at -70°C and thawed on

ice. Usually 5 [t1 of a ligation reaction, containing approximately 50 ng vector, was

added to 100 p,1 of competent cells.

2.15.2. A. nidulans transformation.

Protoplast formation was performed according to the method of Peberdy & Isaac

(1976) as modified by Tilburn et al. (1983) with the following alterations; Novozyme

234 was used at a concentration of 5 mg/ml, helicase was omitted, the mycelium and

Novozyme 234 was incubated at 30°C for 120 minutes rather than 90 minutes,

protoplasts were separated using trapping buffer {0.6 M sorbitol, 10 mM tris-HC1 (pH

7.0)}, protoplasts were resuspended in lx STC (1.2 M sorbitol, 10 mM Tris-HC1 {pH

7.0}, 10 mM CaC12 {pH 7.5}) and centrifuged at 8 000g for 5 minutes.

Transformations were based on the modifications of Andrianopoulos and Hynes (1988)

to the methods of Tilburn et al. (1983), Beggs (1978) and Hinnen et al. (1978).

Additional modifications included the use of 50 IA freshly prepared protoplasts rather
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than 80 1.11 per tretment, and resuspension of the protoplasts in 200 IA after the

transformation. For direct selection, plasmids containing the argB gene (Upshall et al.

1986) and strain C26-1-1-10 were used. argB+ transformants were selected on

protoplast regeneration media (Andrianopoulos and Hynes 1988) lacking arginine.

Both the plasmid, pMOO6, and the PstlINrul fragment purified from pAlk/Arg2, were

prepared for transformation using the Progenius Bandpure (Progen) or Geneclean II

(Bio101 Inc.) DNA purification kits.

2.16. Enzyme assays.

2.16.1. Detection of protease activity in culture filtrate.

Protease enzyme assays, which measure coloured, trichloroacetic acid-soluble

compounds, produced by the proteolytic digestion of azocasein, were performed as

described by Hynes (1974), using the conditions as specified in Katz et al. (1996).

2.16.2. Zymograms and Protease Inhibition Study.

The detection of proteases immobilised on a solid matrix was carried out using a

detection method based upon that of Foltmann et al. (1985). Inhibitor studies were

performed by, incubating the gel in the appropriate concentration of inhibitor dissolved

in the pHing buffer (0.15 M sodium acetate pH 5.3) for 30 minutes at 37°C (see Table

2.4. for details on the inhibitors used). This step was carried out after the desired pH

(usually pH 5.3) had been obtained and directly prior to assembly of the milk

overlay/gel sandwich used for detection of protease activity. The overlay/gel sandwich

was then incubated at 37°C for 16-30 hours.
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Table 2.4. Protease inhibitors used in the inhibition study.

inhibitor stock

concentration

stock

dissolved in

concentration used in

this study
aprotinin

1 mg/ml I-170 2µg/ml
DTT

10% I-170 1% (w/v)
EDTA

1 M H70 10 mM
leupeptin

1 mg/ml FI70 81A4
PCMPS

200 mM I-170 10 mM
pepstatin A

1 mg/ml methanol 1	 .LNI
1,10-o-phenanthroline

1 M I-170 10µM
PMSF

40 mM isopropanol 2 mM
trypsin inhibitor

(egg white)
1 mg/ml H20 50 tg/ml

TLCK
11.4 mM I-170 5701.IM

2.17.3. Invertase activity.

The invertase production of A. nidulans strains was assayed using the procedure

described by Katz et al. (1996).

2.16.4. Phosphatase assays.

Phosphatase assays were based on the method of Caddick and Arst (1986b). Acid

phosphatase activity was assayed in 100 mM Tris-maleate pH 6.0, and alkaline

phosphate activity was assayed in 100 mM veronal buffer pH 10 (100 mM 5,5-diethyl

barbituric acid, adjusted with NaOH). The reaction was carried out at 30°C, and was

stopped after 20 minutes by the addition of Folin-Ciocalteu reagent. Disodium

carbonate was added to a final concentration of 5% (w/v), and the tubes were placed

at 30°C for 10 minutes to promote colour development. The concentration of

liberated phenol was estimated photometrically at 700 nm.
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2.17. Preparation of Aspergillus nuclear extract.

A. nidulans nuclear extracts were made from mycelia grown for 20 hours in low-

sulphur medium with 10 mM ammonium tartrate and 1% glucose (+/- 0.01%

thiosulphate). Nuclear extracts were prepared as described by Richardson et al.

(1992) with 2 tg/m1 of both aprotinin and leupeptin included in the protease inhibitor

mix.

2.18. Gel Mobility Shift Assays.

Binding reactions included nuclear protein extract (1.5 jig), labelled DNA probes

(2500-5000 cprn4t1), 1 jig poly dA-dT, 1 mg BSA, and 1 x binding buffer (25 mM

Hepes.KOH pH 7.5, 40 mM KC1, 1 mM EDTA, 10% glycerol) in 20-25 ill volumes.

Unlabelled DNA fragments were included in competition experiments. Binding

reactions were carried out for 30 min at room temperature. Loading dye (0.5x TBE

[see section 2.111, 10% glycerol, 0.25% Bromophenol Blue, 0.25% xylene cyanol)

was added to the binding reactions prior to electrophoresis.

2.19. Computer analysis.

DNA sequence data obtained from manual (dideoxy) sequencing reactions were

analysed using SeqAid II (tm) version 3.70 designed by Rhoads and Roufa (1990).

Sequence comparisons and data base searches were performed using programs

available through the Australian National Genomic Information Service (ANGIS). The

FASTA program (Pearson and Lipman 1988) was used to search the Genbank data

bases with DNA sequences from the prtB gene and flanking regions and the SwissProt

database was searched with the infered PrtB amino acid sequence. The Clustal W

(1.5) program (Thompson et al. 1994) was used to generate sequence alignments.
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