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Abstract 

The ability of many filamentous fungi, such as Aspergillus niger, to secrete 
a high level of homologous proteins has led to their consideration as hosts for the 
production of heterologous proteins. However, the levels of some secreted 
heterologous proteins have often been low. Although many strategies have been 
developed to improve the level of secreted heterologous proteins, further studies 
into the remaining bottlenecks are required. One common strategy used to 
improve secreted protein production from filamentous fungi is to express the 
target protein under the control of a highly-induced native promoter. One major 
bottleneck in the secretion of heterologous proteins is caused by the folding of 
proteins within the lumen of the endoplasmic reticulum (ER). Recent studies 
have shown that expressing some heterologous proteins could subject A. niger to 
ER-stress. In this study, A. niger was subjected to different environmental 
conditions and ER stress responses were examined under each of these 
environmental conditions to further investigate the regulation of the gene 
encoding glucoamylase (gJaA). Treating A. niger with dithiothreitol (OTT), a 
reducing agent that causes the formation of unfolded proteins, caused the down
regulation of transcription of the gJaA but not the gene encoding the non-secreted 
protein y-actin. The OTT-treated fungal cells also showed evidence of induction 
of the UPR because expression of bipA was up-regulated and splicing of hacA, 
the gene encoding the transcription factor responsible for induction of the 
Unfolded Protein Response (UPR), occurs allowing the production of an active 
HacA protein. This is the first study to show clearly by nuclear run-on studies 
that the transcriptional down-regulation effect occurs at the level of transcription, 
rather than mRNA stability, and is found to be mediated through the promoter of 
the gJaA gene (Pg1aA) in a region more than 1.192 kb upstream of the translational 
start. 

As a preliminary attempt to investigate if the transcriptional down
regulation effect was mediated through HacA (i.e. part of the UPR), the ER stress 
was induced through antisense technology to lower the level of POI in the ER of 
A. niger. Although the transcription of g/aA was attenuated in that strain of A. 
niger, UPR was not evident, suggesting that the transcriptional down-regulation 
mechanism is controlled differently from the UPR. 

Furthermore, activation of the ER-Associated Degradation (ERAO) 
mechanism in OTT-treated A. niger cultures was demonstrated by detecting 
transcriptional up-regulation of the putative gene encoding the RpnG, a 
homologue of the yeast Rpn7p subunit of the 268 proteasome. 
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1 General Introduction 

1.1 Filamentous fungi as hosts for the production of heterologous proteins 

Filamentous fungi are widespread in nature and include many species that 

are saprophytic. Many of these filamentous fungal species secrete a wide variety 

of enzymes capable of degrading a large diversity of biopolymers (Oxenboll, 

1994). One example of an extensively-used filamentous fungus for the production 

of fungal enzymes is Aspergillus niger (MacKenzie et al., 2004). A. niger has been 

classified as a member of the deuteromycetes (Fungi Imperfecti), as no sexual 

stage has been identified in the life cycle of this fungus. A. niger and its close 

relatives form black conidial heads and because of this morphological property, 

they are sometimes referred to as the black Aspergilli (Kusters-van someren et al., 

1990). Furthermore, classification studies of Aspergillus using molecular biological 

techniques including G + C molar percentage, DNA: DNA complementarity, 

ribosomal RNA sequence comparison, and restriction fragment length 

polymorphism (AFLP), have shown that all black Aspergillus isolates examined 

are related (Klich et aI., 1993; Kumeda and Asao, 2001). For example, black 

Aspergillus isolates were examined by restriction fragment length polymorph isms 

(RFLPs) using their mitochondrial DNAs (mtDNAs) and ribosomal DNA (rONA). 

Most isolates were classifiable as A. niger or Aspergillus tubingensis according to 

their rONA and mtDNA patterns (Varga et al., 1994). 

The ability to genetically modify filamentous fungi and the ability of fungi 

such as A. niger, Aspergillus oryzae and Trichoderma reesei to secrete a high 

level of different enzymes has stimulated the industrial application of these species 

(van Gorcom et al., 1994). In fact there are several reasons for using filamentous 

fungi as hosts for the production of recombinant proteins. Table 1.1 summarizes 

some of the reasons for using filamentous fungi as hosts for the production of 

recombinant proteins. Although many of the food safety studies used as sources 

for the information in Table 1.1 were performed specifically on A. niger (Schuster 
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et al., 2002), other Aspergillus species, such as A. oryzae, have been used for a 

long time and a number of their products have been generally recognized as safe 

(GRAS) by the US Food and Drug Administration (FDA) (Oxenboll, 1994). 

Table 1.1 Reasons for using A. niger as a host for the production of 
recombinant proteins 

Reason Reference 
The ability to secrete high amounts of a 

(Jeenes et al., 1991) wide range of different enzymes 
The ease of both handling the cultures and 
recovering the products, and the ability to (Oxenboll,1994) 

grow raQidly on cheap substrates 
Long experience of industrial use which 

results in a good knowledge of the 
(Anke, 1997) 

characteristics of the microorganism and 
understanding of the metabolic reactions 

Information about Aspergillus genome 
(Groot et al., 2002) (Archer and 

sequences and methods for exploiting that 
Dyer, 2004) 

information are becoming available 
Many enzymes produced from A. niger 

have been in the market for a long time and (Schuster et al., 2002) 
many have GRAS status from the US Food (Oxenboll,1994) 

and Drug Administration (FDA) 
Many genetically-modified host 

strains of A. nigerwhich can overexpress 
various recombinant proteins are available (van Dijck et al., 2003) 

and have been approved as GMO self-
clonesa 

No harmful components could be detected 
from recombinant proteins produced by 

tested A. niger strains where target genes (van Dijck et al., 2003) 
were integrated either randomly or at 

specific loci in the genome 

a Self-cloning as defined in the European Directive on the Contained Use of 

Genetically Modified Micro-organisms 98/81/EC (revision of 90/219/EC). 

There is a wide range of applications where filamentous fungi are used. 

For instance, filamentous fungi have been used in the production of antibiotics, 

organic acids, vitamins, polysaccharides, extracellular enzymes and food (Anke, 

1997; Archer, 2000). Some of the recent examples for heterologous proteins, 
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either of fungal or non-fungal origin, are shown in Table 1.2. However, in most 

cases the secreted yields of heterologous proteins are disappointingly low 

compared to the yields of many homologous proteins. 

Production of high quantities of heterologous proteins generates the need 

to genetically improve the fungal host strain under protein secretion stress 

conditions where the secretion capacity of the host is limited or the secretion route 

overloaded. The filamentous fungus T. reesei strain, producing the heterologous 

protein human tissue plasminogen activator (t-PA), a serine protease, secreted 

much less total protein and cellulase activity into the culture medium compared to 

its parental strain (Pakula et al., 2001). Furthermore, expression of t-PA in A. 

niger was shown to activate a feedback mechanism known as the Unfolded 

Protein Response (see below), indicating that the A. niger strain was subjected to 

ER-stress (Mulder et al., 2004; Wiebe et al., 2001). ER-stress can also result from 

treating the cell with a chemical agent that can hinder the synthesis, folding or 

transport of the protein (e.g. dithiothreitol (OTT), a reducing agent (Alberini et al., 

1990; Braakman et al., 1992)), tunicamycin, an inhibitor of N-glycosylation, or a 

chemical that perturbs the calcium balance in the endoplasmic reticulum (ER) 

such as the ionophore A23187 (Lodish and Kong, 1990; Wileman et al., 1991) 

and which leads to the accumulation of unfolded proteins in the ER. This 

accumulation of unfolded proteins in the ER activates the UPR (described in 

section 1.3.2), which leads to the induction of a number of genes that encode 

proteins involved in protein folding, glycosylation, transport, and degradation of 

misfolded proteins (Mori, 2000a; Travers et al., 2000). 
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Table 1.2 Recent examples of heterologous (fungal and non-fungal origins) 
proteins from filamentous fungi. The Table was adapted from MacKenzie et 
al. (2004) 

a. Fungal proteins 

Expression Source 
host 

~---------. 

A. niger 
Ca/dariomyces 

fumago 

A. niger 
Phanaerochaete 
chrysosporium 

A. niger Williopsis markii 

A. niger Pleurotus eryngii 

A.oryzae 
Aspergillus 
aculeatus 

A.oryzae Aspergillus 
fumigatus 

T. reesei Bacteria 

b. Non-fungal proteins 

Expression host Source 

A. niger Human 

A. niger Human 

A. niger Human 

A. niger Human 

Enzyme 

Peroxidase 

Peroxidase 

Mycocin 

Peroxidase 

Arabinase 

Naphthopyrone 
synyhase 

Xylanase 

Protein 

Tissue 
Plasminogen 

activator 

Tumour necrosis 
factor 

Lymphotoxin 

Lysozyme 

4 

_--_-."O.---:;-..,---_=~"'-'='~~~ __ ~_:-~ 

Reference 

(Conesa et al., 
2001 b) 

(Conesa et al., 
2000) 

(Lowes et al., 2000) 

(Ruiz-Duenas et al., 
2001) 

(Skjot et al., 2001) 

(Watanabe et al., 
2000) 

(Paloheimo et al., 
2003) 

Reference 

(Wiebe et a/. , 
2001) 

(Krasevec et al., 
2000a) 

(Krasevec et al., 
2000b) 

(Canet et al., 
2002) 



The UPR mechanism is activated in the cell, most likely as a defence 

mechanism, to alleviate the harmful effects of the limited capacity of the secretory 

pathway. Several strategies based on gene manipulation, reported to improve 

secreted protein production from filamentous fungi have recently been reviewed 

(MacKenzie et aI., 2004) (Table 1.3). In this section, approaches to overcome 

limitations in using filamentous fungi as hosts for the production of recombinant 

proteins, both homologous and heterologous, will be discussed. 
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Table 1.3 Gene manipulation strategies to overcome limitations in using 

filamentous fungi as hosts for heterologous protein production. The Table 

was adapted from MacKenzie et al. (2004) 

Strategy 

Gene dosage 

Gene fusion 

Protease
deficient strain 

Strong native 
promoter 

Expected benefits 

Maximise 
transcription 

Encourage secretion 
and, possibly, 

improve mRNA 
stability 

Reduce proteolytic 
degradation of target 

protein 

Maximise 
transcription 

Possible limitations 

Titration of transcription factor. 
Concomitant enhancement of 

transcription factors has not been 
tried in filamentous fungi. Gene 

integration is potentially 
mutagenic. 

Requires cleavage (might be 
achieved by introducing a 

proteolytic cleavage site) to 
separate target protein from carrier 

protein. This may not be wholly 
accurate, depending on the fusion. 

Other proteases may be present 

Promoter may not be as effective 
with non-native gene 
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1.1.1· Improvement strategies to overcome limitations in using filamentous fungi 

as hosts for heterologous protein production 

One important characteristic of filamentous fungi is their ability to secrete 

high levels of homologous proteins. For example, A. niger and T. reesei have 

been reported to secrete 20g glucoamylase/litre and 40g cellulase/litre 

respectively, under optimal growth conditions (Durand et al., 1988; Finkelstein et 

al., 1989). However, in most cases the secreted yields of heterologous proteins 

are below gram/litre (Davies, 1994; Gouka et al., 1996a; van Gorcom et aI., 1994). 

Several strategies have been developed to improve the secreted yields of 

heterologous proteins from fungi (Archer et al., 1994a; Archer and Peberdy, 1997; 

MacKenzie et al., 2004). These strategies mainly include increasing gene dosage 

(Verdoes et al., 1994), gene fusion (Nyyssonen and Keranen, 1995; Tsuchiya et 

al., 1994; Ward et al., 1990), and the use of protease-deficient strains (Archer et 

al., 1994a; van den Hombergh et aI., 1997). In these strategies the target gene is 

commonly expressed under the control of a strong native promoter. 

A. Gene dosage 

One of the strategies to improve the production of recombinant proteins is 

to increase the transcript levels of the target gene by increasing the copy number 

of that target gene. It has been shown that integration of multiple copies of the 

target gene can increase the protein level (Verdoes et al., 1993). Using a reporter 

strain containing a fusion of the glucoamylase promoter (Pg1aA) of A. niger to the f3-

glucuronidase-encoding gene (uidA) of Escherichia coli, it was shown that 

increasing the number of expression cassettes up to about 20 copies results in an 

increase of the uidA expression (Verdoes et al., 1994). A similar increase was 

seen for glucoamylase expression levels in the A. niger strain containing multiple 

copies of the glaA gene (Verdoes et al., 1993). However, in both studies 

introduction of higher copy numbers of the target gene resulted in a decrease of 

the expression of the target genes under the control of Pg1aA . It was concluded that 
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introduction of multiple copies of Pg1aA (more than 20 copies) causes titration of 

trans-acting regulatory protein(s) (Verdoes et a/., 1994). Furthermore, a limitation 

of transcriptional regulatory factors were observed in another filamentous fungus, 

A. nidu/ans, when overexpressing some genes such as qutE, a gene encoding 

catabolic 3- dehydroquinase (Seri et a/., 1990), and amdS, a gene encoding 

acetamidase (which hydrolyses acetamide to acetate and ammonium permitting 

utilisation of acetamide as a sole carbon and/or nitrogen source, (Andrianopoulos 

and Hynes, 1988)). Thus, it may sound logical to overcome the limitation in the 

transcriptional regulatory factors by overexpressing genes encoding these 

transcriptional factors by increasing their gene copy number (Seri et a/., 1990). 

Furthermore, a transcriptional activator gene, amyR, involved in the amylolytic 

gene expression in A. oryzae, was cloned by anti-titration of the limiting 

transcription factor (Gomi et a/., 2000). This was facilitated by preparing a 

genomic library by shot-gun cloning of the activator gene and screening for a clone 

that enabled a reversing of the titration effects. So this observation may suggest 

the possibility of overexpression of the transcription factors as a strategy to 

overcome the titration effect. 

S. Gene fusion 

One of the strategies that improves the yields of heterologous proteins is 

the fusion of a well-secreted carrier protein to the N-terminal end of a heterologous 

protein. The common carrier proteins used in filamentous fungi are A. niger 

glucoamylase (Sroekhuijsen et a/., 1993; Contreras et a/., 1991; Ward et a/., 1990; 

Ward et a/., 1995) or T. reesei cellobiohydrolase I (Nyyssonen and Keranen, 

1995). The N-terminus of the carrier protein is believed to improve the secretion 

efficiency of the heterologous protein by facilitating translocation and processing in 

the ER. Furthermore, the N-terminal fusion not only aids secretion, but also may 

increase the level of the heterologous mRNA either by stabilising it or by 

enhancing transcription (Nyyssonen and Keranen, 1995). The fusion protein, in 

most cases, is cleaved, resulting in secretion of the separate proteins. The fusion 

is engineered with a kexin endoproteolytic cleavage site (Lys-Arg preferred) at the 
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junction of the carrier and target proteins. The carrier protein is one which is 

naturally well-secreted by the fungus, such as glucoamylase or cellobiohydrolase. 

The cleavage occurs within the late secretory pathway and is rarely aberrant 

(Archer, 2000). Recently, a kexin-encoding gene kexB has been cloned from A. 

niger, and it was shown that KexB is an endoproteolytic proprotein processing 

enzyme responsible for the processing of dibasic cleavage sites in target proteins 

that are transported through the secretion pathway (Jalving et a/., 2000; Punt et 

a/., 2003). Overexpression of kexB only results in a small increase in the activity 

of KexB, suggesting a regulatory mechanism operative at the post-transcriptional 

level. This suggestion is supported by the observation that, when the Kex2 

protease was overexpressed in S. cerevisiae, it was transported to the vacuole at 

an increased rate and degraded (Wilcox et a/., 1992). In A. niger a kexB 

disruptant could not process the fusion protein, and grew very poorly and had an 

unusual morphology on agar plates. In shake flasks cultures, the kexB disruptant 

had less severe morphology changes and no reduction in the biomass could be 

detected (Jalving et a/., 2000). On the other hand, no unusual phenotype change 

was detected with strains overexpressing kexB. Some examples in filamentous 

fungi where the gene fusion strategy results in higher secreted levels of target 

heterologous protein include bovine prochymosin (Ward et a/., 1990), porcine 

pancreatic phospholipase A2 (Roberts et a/., 1992), human interlukin-6 (Contreras 

et a/., 1991), hen egg-white lysozyme (Archer et a/. , 1990a), and human lactoferrin 

(Ward et a/., 1995). 

C. Protease-deficient strains 

One of the well-recognised problems that limits efficient production of 

heterologous proteins is the action of proteases. The yields of two heterologous 

proteins, hen egg-white lysozyme (HEWL) and porcine pancreatiC phospholipase 

A2 (PLA2) were found to be limited by protease when expressed in A. niger (Archer 

et a/., 1992). HEWL protein was found to be readily degraded by mycelium; 

however, it was stable in the culture filtrates. On the other hand, PLA2 was 

degraded both in the culture filtrate and mycelia. When an A. niger mutant strain 
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deficient in the extracellular protease aspergillopepsin A (PepA) was used, PLA2 

was still degraded, albeit more slowly, but PLA2 was much more stable in culture 

filtrates of an A. niger mutant strain lacking both aspergillopepsin A and B (Mattern 

et al., 1992). The use of the protease-deficient strains has been shown to be an 

effective strategy for improving the yield of heterologous proteins. Berka et al. 

(1990) demonstrated that disruption of the major extracellular acid protease gene 

pepA in A. niger reduced extracellular proteolytic activity to approximately 200/0 

compared to the wild-type strain (Berka et al., 1990). Disruption of the pepA gene 

in another strain of A. niger results in similar observations (Mattern et al., 1992). 

Analysis of the spectrum of proteases in A. niger revealed that acid proteases 

predominate. 

( extracellular 

The proteases identified in A. niger so far include PepA 

endoprotease), PepE (intracellular endoprotease), PepB 

(extracellular endoprotease), PepC (intracellular endoprotease), PepC 

(extracellular endoprotease), PepF (extracellular endoprotease), PepG 

(extracellular endoprotease), CpY (intracellular endoprotease), and Pepl

(extracellular endoprotease) (van den Hombergh et al., 1997). Four of thOSE 

proteases, PepA, PepB, PepF, and PepG, have acid pH optima for activity. Thi~ 

may explain why in A. niger, which is known for its strong acidification of culturE 

media, acidic protease activities cause the major problem during heterologow 

protein expression. In addition to the protease-deficient strains strategy, anothe 

strategy is to down-regulate the expression of protease-encoding genes b~ 

altering the growth medium composition. It was found that depletion of the 10'.1 

molecular weight sources of nitrogen, carbon, phosphorus and sulphur resulted il 

elevated protease activities in A. oryzae and A. nidulans (van den Hombergh et 

al., 1997). Furthermore, northern expression studies in A. niger showed that 

extracellular proteases-encoding genes (pepA, pepS, pepD, and pepF) are only 

expressed when the preferred carbon and nitrogen sources are not available to 

the cell (van den Hombergh et a/. , 1997). Also, the pepF gene is repressed by 

glucose, ammonia, and alkaline pH (van den Hombergh et al., 1994). These 

observations have led to the analysis of the effect of disrupting genes encoding 

wide-domain regulatory proteins. In A. niger, disruption of three regulatory genes, 
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creA (encoding a negative regulatory protein CreA that mediates the carbon 

catabolite repression (Drysdale et al., 1993)), areA (encoding a regulatory protein 

involved in nitrogen metabolite repression) and pacC (encoding a protein 

mediating pH-regulation of transcription (MacCabe et al., 1996) have been 

studied. Mutant strains containing disruptions of these genes showed strongly 

reduced transcription levels of all extracellular proteases and a reduction in their 

activity (van den Hombergh et aI., 1997). Moreover, consensus recognition motifs 

for CreA and AreA were found in the promoter regions of pepA, pepS and pepF 

genes in A. niger but they were not functionally assessed (Archer and Peberdy, 

1997). The use of protease-deficient strains is likely to be an effective strategy for 

improving heterologous yields. However, yield reduction of target heterologous 

proteins can occur in vivo by intracellular degradation (Archer et al., 1992; Gouka 

et al., 1997a), which would limit the use of protease inhibitors to eliminate the 

proteolysis problem. Furthermore, the addition of protease inhibitors to the growt~ 

media is unlikely to be a cost-effective measure commercially (Archer anc 

Peberdy, 1997), thus emphasizing the need for strain modification to improve the 

production of heterologous proteins. 

D. The use of strong native promoters 

Efficient syntheSis of recombinant proteins in filamentous fungi is achievec 

by placing the target gene under the control of a promoter mediating stron~ 

transcription. The term promoter used here refers to the sequences upstream 0 

the translation start codon and may include sequences to which regulator 

proteins bind. Fungal promoters which have been used for the expression of 

homologous or heterologous genes can be divided into two groups: promoters 

from constitutive or inducible, highly expressed genes. The most frequently used 

constitutive promoter is from gene encoding glyceraldehyde-3-phosphate 

dehydrogenase (gpdA) in A. nidulans, which was successfully used for the 

production of human interleukin-6 (Sroekhuijsen et al., 1993), and hen egg-white 

lysozyme (HEWL) (Archer et aI., 1990a) by A. niger and also shown to be 

functional in another species, Penicilluim chrysogenum (Kolar et aI., 1988). On 
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the other hand, the most frequently used inducible promoter in A. niger is the 

glucoamylase (Pg1aA) promoter, which is starch-inducible (Archer and Peberdy, 

1997). Another common fungal promoter is the cellulose-inducible promoter of the 

cellobiohydrolase (cbh1) gene from T. reesei. Table 1.4 lists some examples 

where PglaA and P cbh1 promoters have been successfully used for secreted protein 

production, although many other fungal promoters have been successfully used 

for secreted protein production, but not listed in Table 1.4 because they are not 

directly related to this study. 
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Table 1.4 Examples of using Pg1aA and Pcbh1 for secreted protein production 

~,=.~.~~=-'J"""""~"",,,,"~. _~"'·",7_. ~ =-= .-<" •• -."""-~ .... =-----"-----~="",",,",,,;:~"';=-,~ .... ~,,,,--= 

Promoter 

Host strain (origin of Heterologous 
Reference secretion signal protein 

_.~ ___________ ~equence) 

A. niger G/aA (A. niger) Hen egg white (Archer et al., 
lysozyme 1990a) 

A. niger G/aA (A. niger) Bovine (Svetina et al., 
enterokinase 2000) 

A. niger G/aA (A. niger) Fragments scFv (Hessing et al., 
antibody 1996) 

A. niger G/aA (A. niger) Bovine (Ward et al., 
prochymosin 1990) 

A. niger G/aA (A. niger) Aspartic (Ward et al., 
proteinase 1993) 

A.oryzae G/aA (A. oryzae) Chymosin (Tsuchiya et a/., 
1993) 

A.oryzae G/aA (A. niger) Lactoferrin (Ward et a/., 
1995) 

A. nidulans G/aA (A. niger) Interleukin-6 (Contreras et al., 
1991) 

T. reese; Cbh 1 (T. reesei) Xylanase 
(Paloheimo et al., 

2003) 

T. reese; Cbh 1 (T. reesei) 
Fab antibody (Nyyssonen and 
fragments Keranen, 1995) 

T. reesei Cbh 1 (T. reesei) Xylanase 
(de Faria et al., 

2002) 
"'~''''''''-"''''~--'''-''''''''''''''''''"' 

A study with A. niger has shown that the expression of a heterologous 

gene, encoding the bacterial Vitreoscilla haemoglobin (VHb) (Oikshit and Webster, 

1988), was improved by introducing multiple copies of a protein-binding sequence 

containing CCAA T (a 38 nt region designated as region-I) to the Pg1aA (Liu et a/., 
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2003). DNAase I footprinting studies have shown a protected region in the Pg1aA 

that contains a CCAAT sequence (Qiu et a/., 2002). It has been reported for many 

genes in higher eukaryotes as well as some genes in filamentous fungi that the 

CCAA T motif is essential for high level expression (Brakhage et a/., 1999; Kato et 

a/., 1997; Tani eta/., 2001b; Tani eta/., 2001a). Minetoki eta/. (1998) reported 

that the introduction of multiple copies of a conserved region designated region-III 

into the agdA (encoding a-glucosidase of A. oryzae) promoter results in 

overexpression of a-glucosidase (Minetoki et a/., 1998). Comparison of region-I of 

Pg1aA and region-III of agdA showed no significant homology except for the CCAAT 

motif, suggesting a critical role for the CCAA T motif in the transcription of the 

starch hydrolysis genes in Aspergillus (Liu et a/., 2003). However, whether the 

flanking sequences of these regions have a role in the expression of their 

downstream gene is not known. 

A better understanding of fungal promoters as well as the transcription 

factor(s) that mediates the regulation of the promoter should provide useful 

information to improve the process of protein secretion in filamentous fungi. 

1.2 Secretion pathway 

The molecular mechanisms of the process of protein secretion have been 

studied more extensively in yeast and mammalian systems than in filamentous 

fungi. For this reason in this Chapter, the secretory pathways as known in yeast 

will be described in more detail than in filamentous fungi; furthermore, comparison 

with mammalian systems will only be used when useful. Although there are 

significant morphological and physiological differences between filamentous fungi 

and yeast or higher eukaryotes, several components of the secretion machinery 

are conserved in eukaryotes (van Gorcom et a/., 1994). Furthermore, a number of 

filamentous fungal homologues of yeast and higher eukaryotes genes involved in 

the process of protein secretion have been identified (Sakaguchi, 1997; van 

Gorcom et a/., 1994). 
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1.2.1 Endoplasmic reticulum (ER) targeting 

Targeting of secretory proteins to the ER is the first committed step in the 

secretory pathway. Generally, all eukaryotic proteins destined for secretion 

contain an ER targeting signal known as the signal sequence, signal peptide, or 

leader sequence as an amino-terminal extension of the secreted protein. Signal 

peptides consist of three regions: an amino-terminal region (N-region) with the 

most positively charged amino acid residues, a central hydrophobic region (H

region) consisting of hydrophobic amino acid residues, and a polar carboxyl

terminal region (C-region) that includes the signal sequence cleavage site (von 

Heijne, 1990). The signal sequence is recognized by a cytosolic ribonucleoprotein 

complex termed signal recognition particle (SRP). The function of the SRP is to 

mediate the translocation of the nascent polypeptide-ribosome complex to the ER 

membrane and this process will be discussed later in this section. It has been 

suggested, using in vitro translation-translocation, that not only do the properties of 

each region of the signal sequence individually determine its topogenic function, 

but the properties of one region can affect the topogenic function of another 

region. For instance, varying the length of the hydrophobic segments showed 

different topogenic functions for that region: for example, longer hydrophobic 

region are often associated Signal anchor sequences. Thus it was proposed that 

the function of N-terminal topogenic sequences depends on a balance between 

the N-terminal charge and the length of the following hydrophobic segment 

(Sakaguchi et a/., 1992). Also the hydrophobicity of the H-region determines the 

efficiency of the signal peptide function and thus the hydrophobicity of this region 

is related to the efficiency of directing the protein translocation (Bird et a/., 1990). 

The last region (C-region) contains the sequence that is recognised by the signal 

peptidase complex (SPC). In yeast the SPC consists of four different 

polypeptides, namely Spc1 p, Spc2p, Spc3p and Sec11 p. The SPC complex 

cleaves the signal sequence from the pre-protein (Meyer and Hartmann, 1997; 

YaDeau et a/., 1991). Some secretory proteins contain, in addition to the pre

sequence, a pro-sequence. However, the pro-sequence is removed in the late 
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Golgi by the endoprotease Kex2p, which cleaves the pro-sequence at the dibasic 

sequence (Mizuno et al., 1989). 

In eukaryotes there are two pathways by which proteins are targeted and 

transported across the ER-membrane or integrated into it. These pathways 

include the SRP-dependent pathway in which proteins are targeted to the ER co

translationally and the SRP-independent pathway in which proteins are targeted to 

the ER post-translationally (Figure 1.1) (Rapoport et al., 1996; Sakaguchi, 1997; 

Stirling, 1999; Walter and Johnson, 1994). 

In the co-translational pathway, the signal sequence of the growing peptide 

is recognised by the SRP and elongation is either arrested or slowed down by the 

SRP. The next step in the SRP-dependent targeting route to the ER is that the 

whole complex consisting of the ribosome, the nascent chain, and the SRP binds 

to the ER membrane. The binding of this complex to the ER membrane involves 

two different interactions. One occurs between the SRP and its ER membrane 

receptor and the other occurs between the ribosome and the ER membrane 

proteins. Once these interactions have taken place, the SRP is released by GTP

hydrolysis on the SRP54 subunit (Rapoport et al., 1996). The release of SRP 

allows the interaction between the ribosome/nascent chain with Sec61 protein 

complex which mediates the translocation process (Stirling, 1999). 

After targeting, polypeptides are translocated through the ER membrane at 

specific translocation sites called translocons. Translocons are heterotrimers of 

the membrane proteins comprising the Sec61 complex. The mammalian 

homologue of the Sec61 of S. cerevisiae is Sec61a which shows amino acid 

identity of 56% to that of the yeast protein (Gorlich et al., 1992a). In yeast, the 

Sec61 complex is a trimeric complex consisting of Sec61p, Sss1p, and Sbh1p. 

Interestingly, some corresponding components of the mammalian translocon show 

high sequence similarity to those of yeast. For instance, the smallest-sized 

subunit in yeast and mammalian translocon, Sss1 p and Sec61y, respectively, are 

highly related and Sec61 y can replace Sss 1 p in yeast cells (Hartmann et al., 

1994). 

16 



Co-translational targeting and 
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Post-translational targeting and 
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Figure 1.1 Protein translocation across the ER membrane in yeast. (Figure was 
adapted from Stirling, 1999). 
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The intermediate-sized subunits of the trimeric complex in yeast and mammalian 

Sbh 1 P and secS1 J3, respectively, are clearly related (Panzner et al., 1995). 

However, in mammalian systems an additional component may be involved in the 

translocation process. This component is an integral membrane protein known as 

translocating protein associating membrane (TRAM) (Gorlich and Rapoport, 

1993). TRAM, a glycoprotein that has S or 8 predicted membrane-spanning 

segments and a cytoplasmic C-terminal tail of about SO residues, has been shown 

to be involved in in vitro translocation of several proteins (Gorlich et a/. , 1992a; 

Voigt et al., 1995). No homologue of TRAM is found in yeast (Stirling, 1999). 

The other pathway of protein targeting and translocation is the SRP

independent pathway. One suggested factor by which the translocation pathway 

is chosen is the hydrophobicity of the H-region of the signal sequence. If the 

binding between the signal sequence and the SRP occurs with high affinity, 

proteins with a less hydrophobic signal sequences are targeted via the post

translation pathway, whereas both routes can be followed when a more 

hydrophobic signals are present (Ng et al., 1995). 

In the post-translational pathway (Figure 1.1), which occurs independently 

of the SRP-receptor interaction, the cytosolic heat shock protein 70 (Hsp70) and 

Ydj1, a DnaJ homologue (Cyr et al., 1992), maintain the precursors in a 

translocation-competent conformation (Deshaies et al., 1988). Precursors in 

association with a membrane protein complex comprising SecS2p, SecS3p, 

Sec71 p and Sec72p are first targeted to the SecS3 complex. Next, the whole 

complex is targeted to the SecS1 complex which facilitates translocation. The 

SecS3 complex in this post-translational pathway is likely to be involved in two 

processes. Firstly it targets the precursor in a similar way to the SPR receptor 

and, secondly, it recruits a lumenal Kar2p and Lhs1 p to the inner surface of the 

translocation site. The Kar2p is thought to drive the translocation of the pre-protein 

by sequential rounds of binding and release that 'pull' the pre-protein to the ER 

lumen (Stirling, 1999). 

The possibility that in filamentous fungi similar translocation pathways to 

those in yeast are found is supported by the findings of a homologue of the SRP 
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protein SRP54 and Kar2p (SipA in A. niger) to those of S. cerev;s;ae (Thompson 

et al., 1995; van Gemeren et al., 1997). 

1.2.2 Protein modifications in the ER 

I. ER lumen 

The ER lumen provides a suitable environment where newly translocated 

polypeptides can be folded, modified, and glycosylated before they exit to the 

Golgi. Some of these modification processes in the ER are assisted in vivo by 

proteins known as molecular chaperones and foldases. It is not only the presence 

of these ER-resident proteins that makes the environment of the ER lumen 

suitable for protein maturation, but also the presence of other components is 

required for the function of the ER. For instance, the high lumenal concentration 

of Ca2
+ is required for the maturation of many proteins, such as antichymotrypsin 

(Lodish and Kong, 1990) and, in higher eukaryotes, Ca2
+ is a key component of 

the calreticulin/calnexin cycle which is responsible for the folding of newly 

synthesized glycoproteins and plays a role in the ER quality control (Michalak et 

al., 2002). Furthermore, the highly oxidising environment promotes the formation 

of disulphide bonds (Woycechowsky and Raines, 2000) which are common in 

many secreted proteins. Finally, the presence of other components in the lumen, 

such as ATP (adenosine 5'-triphosphate), is required for the function of the 

lumenal proteins that assist in protein folding, like the molecular chaperone Sip 

which depends on ATP for its function (Helenius et al., 1992). In this section 

various components of the ER will be described including foldases, chaperones, 

and the interaction between these components. 

A. Foldases 

Genes encoding PdiAlPdi1 (protein disulphide isomerase) have been 

isolated and characterised from A. niger and T. reesei respectively (Ngiam, 1998; 

Ngiam et al., 1997; Saloheimo et aI., 1999). Pdi is a protein thiol-oxidoreductase 

that catalyses the formation, and isomerisation of protein disulphide bonds (Noiva, 
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1999). In filamentous fungi, some pdi-related genes have been identified. These 

genes that have been isolated include tigA, erp38 , and prpA in A. niger, 

Neurospora crassa and A. niger var. awamori respectively (Jeenes et al., 1997; 

Wang and Ward, 2000). TigA and Erp38 show 66% identity at the amino acid 

level, and both show a similarity of 58% and 61 %, respectively, to the product of a 

stress-inducible gene, G1, from the alfalfa plant (Medicago sativa L) (Shorrosh and 

Dixon, 1992). Similarity is defined using a reference matrix file compiled from 

multiple sequence alignments which considers both physicochemical similarity and 

the frequency of mutation between one amino acid and another (Jeenes et aI., 

1997). Like many ER-resident proteins, TigA is up-regulated (2-3 fold) as a result 

of tunicamycin treatment (Ngiam et al., 2000) which disrupts ER function by 

inhibiting N-linked glycosylation (Dorner et al., 1990; Shorrosh and Dixon, 1992). 

The other pdiA related gene isolated from A. niger var. awamori, prpA (Wang and 

Ward, 2000), contains only a single conserved thioredoxin domain near to the N

terminus of the protein. Northern hybridization showed that the transcript level of 

the prpA gene was increased in transformants secreting a heterologous protein, 

bovine prochymosin. However, over-expression of the prpA gene was not enough 

to improve the yields of chymosin, whereas its deletion reduced the yield of bovine 

chymosin by up to 800/0. Furthermore, prpA or tigA are not essential for viability 

(Wang and Ward, 2000), suggesting some degree of functional overlap between 

PdiA family proteins (TigA, PrpA and PdiA). Reduction of PdiA levels by antisense 

RNA in A. niger reduced glucoamylase (GlaA) secretion by 70% (Ngiam et al., 

2000). However, the impact of varying the level of PdiA in A. niger transformants 

expressing a heterologous protein, thaumatin, was examined (Moralejo et al., 

2001). This was done by introducing additional copies of the pdiA gene, and 

transformants with different levels of pdiA mRNA and measured PdiA levels were 

examined. In addition, the secretion of two native proteins, a-amylase and acid 

phosphatase, were also examined in these transformants. It was found that over a 

range of PdiA levels of 1-8, relative to native levels in the parent strain with only 

one copy of the pdiA gene, the level of the native proteins, a-amylase and acid 

phosphatase, in the total secreted protein was unaffected. In contrast, the level of 
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thaumatin was increased about 5-fold in the transformants with PdiA levels of 3-4 

fold of that of the parental strain with only a single copy of pdiA. The observation 

that changing PdiA levels affected the level of the heterologous protein, thaumatin, 

but not the level of the examined endogenous extracellular enzymes might be 

explained by the different numbers of disulphide bonds in each of the proteins. 

More specifically, thaumatin has eight disulfide bonds, whereas none or a small 

number of disulphide bonds are present in the endogenous a-amylase or acid 

phosphatase (Moralejo et al., 2001). In S. cere visiae , enhanced levels of Pdi1 p 

have improved the secretion of disulphide bond-rich proteins such as antistasine 

(Schultz et al., 1994) or the platelet-derived human growth factor (Robinson et al., 

1994). Furthermore, in yeast transformants with higher levels of PdiA, 5.4-7.9 fold 

of that of the parental strain, lower levels of thaumatin were secreted. It is not 

known precisely why lower levels of thaumatin were secreted - it was suggested 

that high levels of PdiA modified the folding equilibrium and led to the synthesis of 

non-secretable forms of thaumatin; also, the PdiA has a chaperone activity which 

at high levels could promote the aggregation of immature proteins (Moralejo et aI., 

2001). However, these observations indicate that the structure of the 

heterologous protein plays a critical role in determining the efficiency of its 

secretion from the fungus strain. 

In both mammalian and yeast systems POI-like proteins exist (Chaudhuri et 

al., 1992; Frand and Kaiser, 1998; Pollard et al., 1998; Srivastava et al., 1991). 

Generally, these proteins resemble POI in size and modular organization. In S. 

cerevisiae Eug 1 p is another protein disulphide isomerase of the endoplasmic 

reticulum lumen that functionally overlaps with Pdi 1 p. Only the double mutant 

~pdi1 ~eug1 is not viable (Tachibana and Stevens, 1992). The promoter regions 

of both genes encoding Pdi 1 P and Eug 1 p contain an unfolded protein response 

element (UPRE), suggesting the possibility that EUG1, like PDI1 (Shamu et aI., 

1994), is also up-regulated in the presence of unfolded proteins in the ER. 

Furthermore, ER01 is another gene in S. cerevisiae that is required for disulphide

bond formation. Interestingly, overexpression of ER01 confers resistance to 

dithiothreitol (OTT) whereas mutation of ER01 results in more hypersensitivity to 
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OTT (Frand and Kaiser, 1998; Pollard et a/. , 1998). It was proposed that 

glutathione, which is known to function as a redox buffer to maintain oxidising 

conditions in the ER, is not required for folding and it was also concluded that 

Er01 p sustains the ER oxidizing potential by either oxidizing the secreted proteins 

or members of the POI family, which may then act as oxidants (Frand and Kaiser, 

1998; Zapun et al., 1999). 

On the other hand, in mammalian systems, ERp57, similar to POI, 

catalyses disulphide-bond rearrangements during the refolding of ribonuclease B. 

However, ERp57 catalyses the disulphide-bond rearrangement of its substrate 

efficiently only in the presence of calnexin or calreticulin (Zapun et al., 1998). 

Thus, ERp57 is specifically involved in the folding of glycoproteins which are 

bound to calnexin or calreticulin. 

S. Binding Protein (Bip) 

Sip is a molecular chaperone that belongs to the Hsp70 family. Molecular 

chaperones are defined as a functional class of families of protein that assists the 

correct non-covalent assembly of other polypeptide-containing structures in vivo, 

but are not components of the final assembled structures (Ellis, 1993). Bip was 

originally identified in mammalian cells as immunoglobulin heavy chain binding 

protein (Rose et al., 1989) and the glucose regulated protein, GRP78 (Lee 1992). 

Protein chaperones such as Sip do not actively catalyze protein folding, but rather 

maintain proteins in a folding-competent state and prevent protein aggregation 

(Shen et al., 2004). Sip is involved in a number of processes related to protein 

biogenesis (Mayer and Sukau, 1998), including the translocation of nascent 

polypeptides into the ER, protein folding and assembly in the ER, and degradation 

of proteins that could not reach their proper conformation. Some of these 

functions may require the involvement of co-chaperones, as in the case of 

maintaining the polypeptide in a retro-translocation-competent state for 

degradation (Kabani et a/. , 2003). Bip hydrolyses ATP concomitant with the 

binding of peptides with overall hydrophobic character (Flynn et al., 1991). In 

yeast, it has been previously proposed that Kar2p associates with Ire1 p to repress 
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the activation of Ire1 p in non-stressed cells, and in response to accumulation of 

unfolded proteins in the ER, Kar2p dissociates from Ire1 p, resulting in dimerization 

and activation of Ire1 p (Kimata et al., 2003). Recently an in vivo mutation study of 

the yeast S. cerevisiae IRE1 gene suggested that Sip (Kar2p) dissociation from 

Ire1 p seemed to require the function of Ire1 p sUb-domains that are structurally 

independent of the Sip-binding site (Kimata et al., 2004). In that study two sub

regions in the Ire1 were proposed to constitute the core stress-sensing machinery, 

which, in response to ER stress, become activated to dimerise, and release Sip 

from Ire1. Unexpectedly, mutations that abolished binding of Sip did not affect 

Ire1 activity under ER-stress triggered by tunicamycin or OTT treatment. 

However, it was proposed that the stress sensing machinery by Ire1 p sub-domains 

was insufficient, and Sip functions as an adjustor to limit Ire1 activation to respond 

to ER stress (Kimata et al., 2004). More studies are needed to elucidate the role 

of Sip under ER stress. 

The gene encoding BipA has been cloned from A. niger based on the high 

sequence similarity with the S. cerevisiae KAR2 gene (van Gemeren et aI., 1997). 

Furthermore, both bipA and KAR2 are essential for viability. However, a 

correlation between bipA induction and secretion is unclear. For instance, up

regulation of bipA has been observed from A. niger overproducing several 

homologous or heterologous proteins (Ngiam et al., 2000; Punt et al., 1998), 

whereas bipA remained unchanged when the heterologous gene encoding 

interleukin-6 was expressed (Punt et al., 1998). These data may suggest that 

overexpression of some proteins may lead to increased levels of unfolded proteins 

which then caused bipA overexpression, since bipA in A. niger, as in other 

organisms, is overexpressed in situations of cellular stress such as glucose 

starvation, heat shock, and growth conditions that lead to UPR activation (i. e. OTT 

treatment) (Mori et al., 2000b; Ngiam et al., 2000; van Gemeren et al., 1997). 

Finally, studies on the folding of glycoproteins have emphasised that there 

IS a sequential recruitment of chaperones by the nascent polypeptide chain 

(Molinari and Helenius, 2000). 
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C. Calnexin and Calreticulin 

Calnexin (membrane-bound) and calreticulin (the soluble homologue of 

calnexin, which appears to be restricted to higher eukaryotes) are calcium-binding 

lectin-like chaperones. They specifically interact with partially-trimmed 

monoglucosylated N-linked oligosaccharides and are an important part of the ER 

quality control. Recently, the calnexin gene has been cloned from A. niger (Wang 

et al., 2003), and they showed that the steady-state levels of clxA mRNA were 

elevated in a strain overproducing a secreted heterologous protein (bovine 

prochymosin). Overexpression of clxA resulted in a four- to five-fold increase in 

the extracellular manganese peroxidase (MnP) levels (Conesa et al., 2002). 

However, a comparison of glucoamylase and a-amylase levels between a calnexin 

disruptant and the wild-type parent by SDS-PAGE showed no detectable 

differences, suggesting that levels of secreted proteins remain unaffected in the 

clxA deletion strain (Wang et al., 2003). Furthermore, clxA is not an essential 

gene in A. niger and mammalian cells whereas in Schizosaccharomyces pombe 

the gene is essential for viability (Jannatipour and Rokeach, 1995). In contrast, 

co-overexpression of calnexin (together with calreticulin and Sip) did not increase 

the formation of hepatitis C virus envelope protein complexes in mammalian cells 

(Choukhi et al., 1998). On the other hand, calnexin disruption in S. cerevisiae 

resulted in a 2.5-fold increase in the secretion of unstable lysozyme mutants 

(Arima et al., 1998). So this variation in calnexin's role in the improvement of 

heterologous protein production suggests that different heterologous proteins 

require different chaperones for their improved secretion. 

II. ER quality control (ER-QC) 

Information about the ER-QC that is discussed in this section was 

generated from studies carried out mainly on mammalian and yeast systems. The 

ER quality control in the cell allows only correctly folded proteins to proceed to 

their final destination. In general, the main ER-QC strategies include retention in 

the ER, ER-associated degradation (ERAD), retrieval to the ER from downstream 
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erganelles, and re-reuting frem the Gelgi cemplex to. Iysesemes er vacueles 

(Ellgaard et a/., 1999). Altheugh seme cempenents ef the ER discussed in this 

sectien are discussed elsewhere in this Chapter, they will be discussed belew frem 

the perspective ef their rele in the ER-QC. The rele ef the ER-QC is essential fer 

several reasens, ene ef which is that, by preventing the exit ef premature er 

misfelded pretein frem the ER, mere expesure time is allewed to. the felding 

machinery in the ER lumen, thus effering a better chance fer cerrect felding. This 

is a crucial checkpeint because the dewnstream erganelles in the secretery 

pathway de net generally suppert pretein felding (Mezzacasa and Helenius, 2002). 

Also., the delivery ef incempletely felded preteins to. their final destinatien ceuld be 

texic fer the cell. Fer example, it is essential that nen-functienal er partially 

functienal ien channels, transperters, and recepters de net reach the plasma 

membrane, where their presence ceuld be texic (Bichet et a/., 2000; Zerangue et 

a/., 1999). 

Generally, two. levels ef quality contro.l in the ER can be seen, 'primary 

quality centrol' that is applied to. all preteins and 'secendary quality centrel' that 

eperates at a specific level and is applied to. selected categeries ef preteins 

(Ellgaard and Helenius, 2003; Ellgaard et a/., 1999). In mammalian cells, 

melecular chaperenes and feldases invelved in the primary quality centrel include 

Blp, calnexin, calreticulin, glucese-regulated pretein (GRP) 94, POI and ERp57. 

The recegnitien ef incempletely felded preteins by these primary centrel facters is 

based en general biephysical preperties shared by these incempletely felded 

preteins; these include the presence ef hydrephebic surface patches, mebile 

leeps, and a lack ef cempactness (Ellgaard et a/., 1999). Incompletely felded 

preteins are beund to. ene er mere ef these facters and this interactien weuld, in 

additien to. assisting in the felding and assembly precess, result in the retentien ef 

these incempletely felded preteins in the ER (Helenius et a/., 1997; Hellman et a/., 

1999). Mutatiens in seme endegeneus preteins that prevent their preper felding 

and result in their accumulatien in the ER ceuld result in serieus diseases (Arider 

and Balch, 1999; Rutishauser and Spiess, 2002). Since no. specific metif is 

needed fer primary quality centrel, this sheuld apply to. heterelegeus preteins as 
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well. A well-characterised part of the primary quality control system is the 

calnexin/calreticulin cycle. The calnexin/calreticulin cycle ensures the correct 

folding of glycoproteins, and retains incorrectly folded proteins in the ER until they 

are correctly folded or targeted for degradation (Ou et al., 1993; Ware et al., 1995). 

The secondary quality control involves selective mechanisms that regulate 

the export of specific individual proteins or protein families. For example, in yeast 

Shr3p is a non-essential ER-resident membrane protein that is specifically 

required for delivery of amino acid permeases to the plasma membrane 

(Herrmann et al., 1999). In wild-type cells newly synthesized cargo proteins, 

including the general amino acid permease (Gap1 p), are associated with the coat 

proteins (COPII) that form the transport vesicles from the ER to the Golgi 

compartment. However, in shr3 null mutants, Gap1 p fails to be packed into the 

COPII transport vesicles and accumulates in the ER, but other cargo proteins are 

unaffected (Herrmann et al., 1999). 

Another important strategy in the ER-QC is the ER-retention and -retrieval 

signal. These signals are important for the localization of some ER resident 

proteins, since continued importing and exporting processes in and out of the ER 

are active (Harter and Wieland, 1996; Teasdale and Jackson, 1996). For 

example, a well characterised retrieval sequence present at the carboxyl terminus 

of many soluble ER proteins is Lys-Asp-Glu-Leu (KDEL) in animal cells (Munro 

and Pelham, 1987) or His-Asp-Glu-Leu (HDEL) in S. cerevisiae (Pelham, 2000) 

that interacts with its receptor, a 26 kD integral membrane protein encoded by the 

ERD2 gene in S. cerevisiae (Semenza et al., 1990), and ensures that the protein 

is retrieved from the Golgi complex by coatamer protein (COPI) -coated vesicles 

(Munro and Pelham, 1987; Pelham, 2000). More examples of protein-specific QC 

factors are listed in Table 1.5, but will not be discussed in detail, since their 

discussion is not directly related to the aims of this study. 

The ER-Associated Degradation (ERAD) mechanism plays an important 

role in the ER-QC. ERAD is carried out by the 26S proteasome located in the 

cytosol. Inhibition of proteasome activity in mammalian cells results in retention of 

a misfolded u1-antitrypsin, a monomeric glycoprotein member of the serine 
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proteinase inhibitor superfamily, and leads to a stable association with calnexin 

(Liu et al., 1999). This suggests that calnexin is an active participant in the 

proteasomal degradation of misfolded u1-antitrypsin. It was suggested that this 

also implies that the central role of the enzyme uridine 5'-diphosphate (UDP) -

glucose:glycoprotein glucosyltransferase (GT), which catalyses the first step in 

the synthesis of lipid-linked oligosaccharides, as a folding sensor is important not 

only in the calnexin/calreticulin cycle, but also for targeting of misfolded protein for 

proteasomal degradation (Ellgaard et al., 1999). 
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Table 1.5 Examples of protein-specific QC factors and their target substrates 

and functions 

a Abbreviations: 

Chs chitin synthesis 

Ogt delayed GPI-anchored protein transport 

GPI glycosyl phosphatidylinositol-linked protein 

HSP heat shock protein 

LST lethal with sec-thirteen 

Lag longevity-assurance gene 

MHC major histocompatibility complex 

RAP receptor-associated protein 

RIC resistant to inhibitions of cholinesterase 

28 



,~~ _~-",-___ ~_~_,, __ c_~~ • ___ ._~_-- - -""'-=-.'-<--",,~_-;.-~""---- ___ "--.,..,.".,.~.....,....-.....r~=>L-~---"'~"--' 

Factor Organism of 
Substrate Function Reference cell type 

--------~~--.--~--------~-.-- . ------.---~------

LST1 a S. cerevisiae Plasma membrane Potential (Roberg et 
H+-ATPase Pma1p cargo receptor al., 1999) 

Erv14p (ER- (Powers 
vesicle S. cerevisiae 

Plasma membrane Potential and 
protein of 14 protein Axl2p cargo receptor Barlowe, 

kD) 1998) 

Chs7p a 
Chs3p catalytic Ensures ER 

(involved in (Trilla et 
S. cerevisiae subunit of chitin secretion 

chitin synthetase III competence 
al., 1999) 

synthesis) 

Lag1 p a and 
GPI-anchored 

Facilitates ER (Barz and 
Dgtp1 a (ER secretion of 

S. cerevisiae proteins Gasl and Walter, 
transmembra GPI-anchored 
ne proteins) 

Yap3p proteins 
1999) 

P24 family Potential 
(23-t027 -kD cargo receptor (Marzioch 

type I S. cerevisiae Various secreted for a subset of et a/., 
transmembra Mammalian cells proteins secretory and 1999) 
ne proteins) membrane 

proteins 

Mammalian Specialised (Nagata, 
HSP47 collagen- Procollagen collagen 1998) 

producing cells chaperone 

LDL receptor family Prevents 

RAp a Mammalian cells 
and other aggregation (Bu et al., 

transmembrane and premature 1995) 
receptor ligand binding 

Prevents ER 
exit to MHC (Ortmann 

Tapasin Mammalian cells MHC class I class I without et al., 
bound 1997) 

antigenic 
peptide 

, _____ ~'_',,_~. "_.<'''~-''_~H_--''~'''-.oo-.",,-,,,-",,~'''-=~='''''''''''·~-''-·· _. _ .. ,y_""""",,-,,,,-~s-__ ~,-,,.-,.=---.~>-,",-
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1.3 The Unfolded Protein Response (UPR) 

Perturbation of the protein folding in the ER can be triggered by several 

conditions. These conditions include: the use of chemical agents such as OTT, 

tunicamycin, the brefeldin A (BFA), the ionophore A23187 and expressing mutant 

secretory proteins that do not fold properly. These ER perturbation conditions 

result in accumulation of unfolded or misfolded proteins in the ER. The cell can 

sense the presence of the unfolded proteins in the ER and respond to changes in 

the normal functioning of this specialised compartment for protein folding and 

processing. A sensing mechanism that enables the cell to determine the time a 

protein has spent attempting to fold and thus allowing the cell to initiate the stress 

response which may redirect the problem protein for degradation should be 

present (MacKenzie et a/., 2004). In mammalian cells, several studies have 

suggested that the demannosylation of the core glycan from a Man9 to Man8 

structure by ER mannosidase I is part of this timing mechanism (Fagioli and Sitia, 

2001; Liu et a/., 1999). The inhibition of protein folding within the ER leads to 

cellular responses, collectively called ER stress, and the UPR is the most common 

cellular response that has been studied extensively in different eukaryotes, such 

as in mammalian cells S. cere visiae , Arabidopsis thaliana, and filamentous fungi 

(Cox and Walter, 1996; Dorner et a/., 1990; Lee, 1992; Martinez and Chrispeels, 

2003; Mori, 2000a; Mulder et a/., 2004; Saloheimo et a/., 2003). Genomic analysis 

studies under active UPR showed that, rather than regulating the level of only ER

resident chaperones and foldases, as previously thought, the UPR affects the 

regulation of genes involved in nearly all stages of the secretory pathway 

(Benedetti et al., 2000; Martinez and Chrispeels, 2003; Travers et a/., 2000). UPR 

is also essential for ERAD, and although the sensor involved in ERAD is not 

known, research suggests that the UPR and ERAD are very closely integrated. 

Gene expression analysis studies reveal an intimate coordination between these 

responses: efficient ERAD requires an intact UPR, and UPR induction increases 

ERAD capacity. On the other hand, loss of ERAD leads to constitutive UPR 

induction (Travers et a/., 2000). ER stress in mammalian cells leads to 
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phosphorylation of the eukaryotic translation initiation factor 20 which down

regulates translation of secretory proteins but this effect has not been reported in 

yeasts or filamentous fungi. All these diverse feedback mechanisms are believed 

to provide adaptive responses for survival, since failing to correct protein-folding 

defects leads to cell apoptosis (Travers et a/., 2000). In the following sections the 

feedback mechanisms activated in response to ER stress known collectively as 

UPR will be discussed mainly in S. cerevisiae and filamentous fungi systems. 

However, a comparison with mammalian systems will be used when believed to 

be useful. 

1.3.1 Activation of the UPR mechanism in S. cerevisiae 

The UPR mechanism has been studied in S. cerevisiae more extensively 

than in other microorganisms (Figure 1.2). The main components of the UPR 

identified to date that mediate this mechanism include the following proteins: Ire1 p, 

Rlg1 p, Hac1 p, and Ptc2p. The Ire1 p is a transmembrane kinase that transmits the 

signal across the ER or inner nuclear membrane. The transmembrane Ire1 p has 

both kinase and endoribonuclease activities (Sidrauski and Walter, 1997). The N

terminal half of the protein is in the lumen of the ER, whereas the C-terminal is in 

the cytoplasm (Mori et a/., 1993). Under normal, unstressed conditions, Kar2p 

associates with the lumenal domain of Ire1 p and keeps it in an inactive monomeric 

state. 
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Nucl~s 

Cytosol 
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Figure 1.2 The unfolded protein response pathway in S. cerevisiae . UP: unfolded 
protein K: Kar2p, Rlg1 p (tRNA ligase) , Gcn5p (histone acetyltransferase) , Ada2 
(refers to Ada2p) , Ada3 (refers to Ada3p) and spt are subunits of the SAGA 
transcriptional regulatory complex (adapted from Welihinda et al. , 2000) . 
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Under ER stress conditions Kar2p dissociates from Ire1 p, allowing it to activate by 

dimerisation (Shamu and Walter, 1996). The activated Ire1 p trans

autophosphorylates through its cytosolic kinase domain (Bertolotti et al., 2000), 

and this, along with the recruitment of a tRNA ligase (Sidrauski and Walter, 1997), 

allows the splicing of an unconventional intron from the HAC1 precursor mRNA 

(Mori et a/., 2000b). IRE1 is not essential under normal growth conditions, but is 

essential under conditions that trigger the UPR (Cox et al., 1993). Ire1 mutants 

are also inositol auxotrophs (Nikawa and Yamashita, 1992). 

The only known substrate of the Ire1 p endonuclease is the HAC1 mRNA, 

which encodes the basic leucine zipper (bliP) transcription factor. HAC1 u (U for 

uninduced) mRNA is constitutively transcribed, but due to the presence of a non

spliceosomal intron of 252 nucleotides at the 3' end of the open reading frame 

(ORF), translation is blocked (Cox and Walter, 1996). The HAC1 mRNA intron 

represses translation of HAC1 u mRNA by base pairing with the HAC1 5'UTR 

(untranslated region), which creates a stem loop structure that attenuates the 

translation process by ribosomes (Ruegsegger et al., 2001). The removal of the 

252 bp replaces a tail of 10 amino acids encoded in the intron of HAC1 u mRNA 

(encoding 230 amino acids in total) with a tail of 18 amino acids encoded in the 

second exon of HAC1 i e for induced) mRNA (238 amino acid in total). The two 

exons are subsequently joined by tRNA ligase to produce HAC1 i mRNA. 

Kawahara et a/. (1998) have carried out mutational analysis of HAC1 mRNA and 

showed that the 5' and 3' splice sites of the nonconventional intron consist of 

seven nucleotides but only four of these nucleotides are specifically (even in a 

random order) required for the cleavage. Furthermore, swapping the nucleotide 

sequences of the 5' and 3' splice sites inhibited the ligation but not the cleavage 

step (Kawahara et a/., 1998). These results showed that the cleavage is 

sequence-specific and not sequential. 

Mammalian UPR seems to be more complex compared to the yeast UPR. 

In yeast, as stated previously, the only known ER-to-nucleus signal transduction 

pathway so far is the one which is mediated by Ire1 p/Hac1 p, whereas in 

mammalian UPR at least three different ER-to-nucleus signalling pathways related 
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to the UPR have been reported. These pathways include IRElIXBP1 (Wang et 

al., 1998), ATF6 (Activating Transcription Factor) (Yoshida et al., 1998), and 

PERK pathways (Harding et al., 1999) (Figure 1.3). The mammalian genome 

contains two homologues of yeast Ire1 p: IREa, expressed in most cells with high 

levels of expression and IREf), expressed primarily in epithelial cells of the 

gastrointestinal tract. Overexpression of either protein is sufficient to up-regulate 

ER chaperones such as Sip (Wang et al., 1998). Deletion of either or both IREa 

and IREf) in the mouse genome did not interfere with transcriptional activation of 

the endogenous BiP gene in cultured cells (Lee et al., 2002b). However, deletion 

of IREa causes early embryonic lethality, whereas no similar observation was 

shown when IREf) was deleted, but the mice did show increased susceptibility to 

experimentally induced colitis, an inflammation of the colon (Bertolotti et al., 2001). 

One substrate of the mammalian IRE1 is XBP1, (X-box binding Qrotein) a gene 

that encodes a transcription factor, mRNA. IRE1 removes an unconventional 26-

nucleotide intron from the mRNA of mouse XBP1 (Calfon et al., 2002). The 

mouse XBP1 26-nucleotide intron forms a structure with two hairpin loops of seven 

residues held in place by short stems. The cleavage sites within these hairpins 

have some conservation with the corresponding S. cerevisiae HAC1 mRNA 

structure (Calfon et al., 2002). XBPI protein binds to a cis-acting ERSE 

(Endoplasmic Reticulum Stress Response Element), consisting of a tripartite 

structure CCAAT-Ng-CCACG, (Yoshida et aI., 1998). The ERSE sequence is also 

present in the XBP1 promoter, suggesting that XBPI up-regUlates itself (Lee et al., 

2003). Furthermore, another cis-acting element ERSEII (ATTGG-N-CCACG) has 

been identified from the promoter of a human ER membrane protein (HERP), 

which is induced by the UPR (Kokame et al., 2001). The role of HERP in ER 

stress response was investigated by a recent study which showed that HERP is a 

short-lived ubiquitin-like protein that improves the balance of folding capacity and 

protein loads in the ER and plays a crucial role for ER stress resistance in F9 

embryonic carcinoma cells (Hori et al., 2004). 
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ER stress 

~ ...... . 

Xbp-1 mRNA 
splicing 

+ 

Up-regulation of 
XBP1 mRNA.·········· 

CHOP 
induction 

Transcriptional up-regulation of UPR targets 

elF2a phosphorylation 

Attenuation of protein 
synthesis 

t 
... Translational 

induction of ATF4 

Figure 1.3 The unfolded protein response pathways in mammalian cells. 
Transduction of ER stress signals can be mediated via three transmembrane 
proteins, PERK, ATF6, and IRE1 a or (3. Prolonged activation of the UPR can lead 
to activation of apoptosis via CHOP (Ma and Hendershot, 2001). 
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A TF6, a 670 amino acid ER transmembrane-activating factor, can also bind 

to the ERSE motif. There are two forms of ATF6: ATF6a (90 KDa) and ATF6~ 

(110 KDa). Upon ER stress ATF6a and ATF6~ transit to the Golgi compartment 

where they are cleaved in a two-step process by S 1 P and S2P (site-1 and site-2 

proteases) to generate free 50-60 kDa cytosolic bZIP-containing fragments (Ye et 

al., 2000). The free ATF6 fragments migrate to the nucleus to activate 

transcription of their target genes. Both forms, in the presence of the CCAA T

binding factor (NF-Y, also called CBF) bind to the 3' half-site (CCACG) of the 

ERSE in the promoter region of UPR-responsive genes in order to activate 

transcription (Haze et al., 1999; Li et al., 2000; Yoshida et al., 2001b). More 

specifically, NF-Y, a trimer complex composed of three subunits, NF-YA, NF-YB, 

and NF-YC, binds to the CCAAT part of ERSE while ATF6 binds to the CCACG 

part. The separation of NF-Y and ATF6 binding sites by a spacer of 9 bp is 

essential for functional binding since insertion or deletion of 1 bp is sufficient to 

inactivate transcriptional activity of ERSE by abolishing binding of A TF6a or 

ATF6~ to ERSE (Yoshida et a/., 2001a). Overexpression of ATF6 induces gene

encoding XBP1, thus ATF6 with IRE1 regulates the quantity and quality, 

respectively, of XBP1 protein. Moreover, ATF6 can recognise and bind to both the 

ERSE and ERSEII of the target genes. 

In mammalian systems the UPR can be controlled at the translational level 

as well, a feedback response mediated mainly by the protein PERK (Harding et 

al., 1999). PERK is an ER transmembrane protein kinase that phosphorylates the 

a subunit of translation initiation factor 2 (elF2a) in response to ER stress. 

Phosphorylation of elF2a results in down-regulation of overall protein synthesis. 

Neither the existence of a functional PERK homologue nor attenuation of 

translation in response to ER stress has been demonstrated in filamentous fungi 

or yeast. In S. cerevisiae the Hac1 i up-regulates transcription of its target genes 

by binding to cis-acting elements in their promoters, the UPR element (UPRE) 

which corresponds to CAGCGTG (Mori et al., 1996). Mori et al. (1992) defined a 

22 bp cis-acting element in the promoter of the UPR up-regulated gene encoding 

Kar2p. Later on, Mori et al. (1998) showed that the UPRE of Kar2 and four other 
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UPR up-regulated genes (PO/1, EUG1, FKB2, and LHS1) contain an E box-like 

palindrome separated by one nucleotide (CAGCGTG) and that it was specifically 

recognised by Hac1 p both in vivo and in vitro (Mori et aI., 1998). In A. niger it has 

been shown that HacA up-regulates its own transcription by binding to the 

promoter of the hacA gene itself (Mulder et al., 2004). Furthermore, in S. 

cerevisiae, overexpression of the PTC2 gene, which encodes a serine/threonine 

phosphatase, reduces levels of spliced HAC1 mRNA and attenuates the UPR. 

Ptc2p down-regulates the UPR by dephosphorylating Ire 1 p, thus showing a 

mechanism of regulation in the UPR pathway upstream of the HAC1 mRNA 

splicing event. Deletion of the PTC2 gene results in increased activity of the UPR. 

Therefore, Ptc2p is a negative regulator of UPR signalling (Welihinda et aI., 1998). 

Generally, in eukaryotes, transcriptional activation requires functional 

interaction between the co-activators that bind upstream activating sequences and 

the basal factors that occupy the TAT A box. In yeast, it has been demonstrated 

that a 1.8 MDa co-activator complex named SAGA (Spt-Ada-Gcn5-

Acetyltransferase) is involved in the UPR but not in the heat shock response, a 

stress response that up-regulates protein chaperone genes (Morano et al., 1998). 

The Spt proteins known to be present in the SAGA complex include Spt3p, Spt7p, 

Spt8p, and Spt20p (Gansheroff et al., 1995), and are apparently vital to the 

structure of SAGA, since null mutations in any of the encoding genes cause 

complete disruption of the SAGA complex and severe growth defects (Grant et al., 

1997). The importance of the SAGA complex subunits in the UPR was shown by 

mutation studies. Deletion of GCN5, AOA2, or AOA3 reduces, and deletion of 

AOA5 completely abolishes, the UPR (Welihinda et al., 2000). Furthermore, the 

phenotypes that the S. cerevisiae t1ada5 strain showed, the UPR defect and the 

inositol requirement, are identical to those observed in the t1ire1 and t1hac1 strains 

(Cox et aI., 1997). Although HAC1 mRNA requires only Ire1 p and Rig 1 P for 

activation in vitro, these results and the observation that ADA5 is required for the 

IRE 1 /RLG 1-dependent splicing reaction in vivo suggest that Ada5p may be 

involved in HAC1 mRNA processing events (Welihinda et al., 2000). 
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The UPR affects numerous genes in the secretory pathway and of the 

ERAO system. The UPR up-regulated gene set accounts for approximately 6% of 

the yeast genome (Travers et aI., 2000), although this does not imply a direct 

Hac1 p-mediated activation of all such genes. Genome-wide expression analysis 

in conjunction with specific mutations in S. cerevisiae has revealed that the UPR 

has broader affects than previously anticipated. Travers et al. (2000) have 

combined results generated from different experiments using different stress 

agents to identify the set of genes involved specifically in the UPR. This was done 

by comparing the expression profiles under tunicamycin and OTT treatment and 

by using strains bearing either a deletion of IRE1 or HAC1. The number of total 

ORFs that was induced by both OTT and tunicamycin was 381. This number may 

be underestimated due to the high stringency of the criteria employed for 

identifying these targets. Out of the 381 ORFs 208 genes have some functional 

information available (named genes or their homologues) and 173 genes have no 

information presently available. Of the functionally characterized genes, 103 are 

known or predicted by sequence homology to play roles in secretion or the 

biogenesis of secretory organelles (Travers et al., 2000). 

The genome-wide analysis discussed above identified 87 ORFs that are 

induced in response to ER stress in the strains bearing the deletion of IRE1 and 

HAC1 (Travers et al., 2000). Also, it has been found that the induction of one-third 

of reporter constructs having UPRE- lacZ by ER stress is independent of IRE1 and 

HAC1 (Schroder et aI., 2003; Shamu and Walter, 1996). Schroder at al. (2003) 

have suggested the existence of an IRE1- and HAC1-independent pathway for 

transcriptional activation in yeast under ER stress, and proposed that this pathway 

culminates in stimulation of the activity of a core promoter, a process termed Core 

Promoter Activation (CPA) (Schroder et al., 2003). In their study Schroder at al. 

(2003) isolated several mutants that allow efficient ER-to-nucleus signalling in the 

absence of functional IRE1. This was done by randomly mutating S. cerevisiae 

strains that bear deletion of IRE1 (~ire1) and isolated mutant strains that showed 

increased resistance to both tunicamycin and 2-deoxy-0-glucose (Hubbard and 

Ivatt, 1981), which induce accumulation of unfolded proteins in the ER lumen by 
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different mechanisms. All these mutant strains, which showed increased 

resistance to ER stress, carried a mutation in the SIN4-encoding gene. Sin4p is 

part of a mediator complex that includes Gal11 p and Rgr1 p, that regulates activity 

of the RNA polymerase II holoenzyme and is believed to be involved in positive 

and negative regulation of the transcription of target promoters, possibly via 

changes in chromatin structure (Flaus et aI., 2004; Li et aI., 1995). Mutation in 

SIN4 was found to activate transcription in response to ER stress in L1ire1 strains. 

Two main scenarios were suggested to explain how SIN4 mutations affect basal 

transcription. First, mutations in SIN4 result in a change in the chromatin structure 

which increases the accessibility of the promoter for the RNA polymerase II 

holoenzyme (Jiang and Stillman, 1992). The change in chromatin structure could 

occur possibly as a result of less dense packaging of nucleosomes, increased 

histone acetylation, or binding of another (as yet unknown) transcriptional activator li 

to the promoter and subsequent recruitment of the holoenzyme to the promoter. 

Second, mutations in SIN4 may result in an increase in the specific activity of the 

holoenzyme. Examples of the second scenario could be changing the intrinsic 

structure of the holoenzyme such as a post-translational modification (e.g. 

phosphorylation or the addition or elimination of regulatory factors), which results 

in increased specific activity of the holoenzyme (Schroder et al., 2003). 

Furthermore, CPA seems to selectively target specific promoters, since not all 

examined ER chaperones showed up-regulation. Northern analysis using the 

11 Ire 1 or I11re1 I1Sin41 mutant strains showed moderate activation of some ER 

chaperone genes, including KAR2, PO/1, and LHS1 (assists in protein folding and 

required for efficient translocation of protein precursors across the ER membrane 

(Hamilton and Flynn, 1996)), whereas the activation of EUG1, a gene-encoding a 

protein disulphide isomerase of the endoplasmic reticulum lumen that overlaps (in 

function) with Pdi1 p (Norgaard et al., 2001) and SCJ1, encoding a DNAJ homolog 

(Silberstein et aI., 1998), was completely abolished. Furthermore, those ER 

chaperone genes, which showed moderate activation under ER stress in the _\lre1 

or I11re1 I1Sin41 mutant strains showed a similar up-regulation pattern under other 

cellular stress responses such as heat shock or osmotic stress. 
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In mammalian systems it has been shown that prolonged UPR activation 

leads to apoptotic cell death, possibly by activating CHOP, a transcription factor 

also known as growth §.rrest and DNA Qamage gene-153 (GADD 153) that 

mediates the apoptosis process (Brewer and Diehl, 2000; Wang et aI., 1998). 

Another independent apoptosis pathway that has been shown to be activated 

under ER stress conditions is Caspase pathway. Caspases belong to a class of 

cysteine proteases that includes several representatives involved in apoptosis. In 

brief, the caspases convey the apoptotic signal in a proteolytic cascade, with 

caspases cleaving and activating other caspases that then degrade other cellular 

targets which lead to cell death (Rao et al., 2001). 

1.3.2 Activation of the UPR mechanism in Filamentous fungi 

The UPR signalling pathway in filamentous fungi, examined to date, 

appears to be analogous to that in S. cerevisiae (Chapman et aI., 1998) in so far 

as homologues of the membrane-bound sensor Ire1 p, and the transcription factor 

Hac1 p have been found in T. reesei, A. nidulans and A. niger (Mulder et aI., 2004; 

Saloheimo et aI., 2003). Furthermore, a homologue of Ptc2p phosphatase 

involved in regulating the activity Ire1 p has been isolated from T. reesei and A. 

nidulans (M. Valkonen, M. Saloheimo, M. Penttila, personal communication). 

However, maturation of the hac mRNA seems to be different to that reported in 

yeast (Kawahara et aI., 1997) because the filamentous fungal hac mRNA is 

truncated at the 5' -flanking region in addition to the splicing of an unconventional 

intron of 20-nt under ER-stress conditions (Mulder et aI., 2004; Saloheimo et aI., 

2003). 

Recently, the hacA gene was cloned from A. niger (Mulder et al., 2004). 

ER stress results in the splicing of an unconventional intron of 20 nt (Figure 1.4), 

and is associated with truncation of the 5'-end of hacA mRNA by 230 nt. The gene 

encoding the transcription factors HacAlHac1 have been identified in A. nidulans 

and T. reesei, respectively, and both have unconventional introns of 20 nt. similar 
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Figure 1.4 A diagram to illustrate the affect of hacA unconventional intron splicing 

on changing the ORF at the C-terminal in A. niger. Data used to generate this 

diagram were acquired from Mulder et al., (2004) . 

hacAu 
mRNA 

hacAi mRNA 

ATG214 aa 

ATG214 aa 

20 bp 
intron 

i 222 aa TAG 

The gray shaded box represents the new C-terminal of the protein following 
processing of hacA intron. 

aa: amino acid 
u: uninduced 
i: induced 

ATG: start codon 
TAG: stop codon 
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In length to that of A. niger, but the truncation of the 5' -end shows variation 

(Saloheimo et aI., 2003). As detected by northern hybridisation, the hacA mRNA 

from ER-stressed mycelia was about 150 bp shorter than the hacA mRNA from 

untreated mycelia in A. nidulans, whereas in T. reesei the difference was about 

250 bp. However, the site of truncation of the T. reesei hac1 mRNA that was 

mapped by rapid amplification of cDNA ends (RACE)-PCR showed that the seven 

RACE-PCR products studied from OTT-treated samples had their 5'-ends each at 

a different position, ranging from 254 to 336 bp from the longest cDNA clone 

isolated (from untreated sample) (Saloheimo et al., 2003). Recently, the site of 

cleavage was determined more precisely in A. niger (Mulder et aI., 2004). The 

truncated area from the 5'-f1anking untranslated region of T. reesei, A. niger, and 

A. nidulans includes potential ORFs that is translated, would be 18, 44, and 7 

amino acids, respectively (Mulder et aI., 2004; Saloheimo et al., 2003). Also, in 

the remaining 5'-flanking region of the T. reesei hac1 mRNA there is a second 

ORF possibly encoding two amino acids. Whether the sequence in the 5'-UTR 

has a translational control role is not known yet. Recently, the regulation of fungal 

gene expression via short open reading frames in the mRNA 5' untranslated 

region has been reviewed (Vilela and McCarthy, 2003). It has been shown that 

the expression of fungal mRNAs can be controlled by ribosome interactions with 

short upstream open reading frames (uORFs) within the 5' untranslated region. In 

A. niger, for example, post-transcriptional control has been proposed for the gene

encoding cytochrome P450 reductase, cprA, where different-sized transcripts were 

identified, one of which contained a short uORF (MacKenzie et al., 2004; van den 

Brink et al., 2000). In S. cere visiae , HAC1 showed elements of translational 

regulation by preferential association of polysomes during a nutritional shift from a 

fermentable to a nonfermentable carbon source (Kuhn et al., 2001). 

In A. niger, the splicing of hacA mRNA replaces a C-terminal region coding 

for 222 amino acids with a different one coding for 128 amino acids. Thus the 

hacA spliced (induced) mRNA in A. niger encodes for a 342 amino acid protein. 

Alignments of protein sequence encoded by un-spliced hacA mRNA from A. niger. 

A. nidulans, and A. fumigatus showed a high degree of identity (71 %-75%) among 
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the species even in the C-terminal part downstream of the 20 bp intron, which may 

suggest a function for which the C-terminal is critical (Mulder et a/., 2004). 

Furthermore, the predicted secondary structure of the 20 bp intron in A. niger, A. 

nidulans and T. reesei is similar. Four different forms of T. reesei hac1 cONA with 

or without the full-length 5'-flanking region and/or the 20 nt unconventional intron 

were tested to complement S. cerevisiae where IRE1 or HAC1 had been 

disrupted. Only one hac1 form that had both 5'-flanking region and the 20 nt intron 

could not complement either HAC1 or IRE1 disruptions (Saloheimo et aI., 2003). 

Moreover, the hac1 form with neither 5'-flanking region nor the 20 nt 

unconventional intron induced the KAR2 gene more strongly than the other forms. 

The intron was not removed in the IRE1 disruptant mutant after UPR induction 

suggesting that S. cerevisiae Ire1 p splices T. reesei hac1 U mRNA in response to 

UPR activation (Saloheimo et a/., 2003). On the other hand, in A. niger, 

overexpression of hacAi up-regulates, in addition to chaperones and foldases, 

such as bipA and pdiA, the hacAu (Mulder et al., 2004). A similar observation was 

reported previously in mammalian cells where XBPI up-regulates its encoding 

gene (Yoshida et a/., 2001a). 

1.4 Aim of the research and outline of the thesis 

The main aim of the research reported in this thesis was to explore the 

transcriptional down-regulation of the glaA gene that occurs during ER stress in A. 

ntger 

Specific aims of this research were as follows: 

1- To examine the steady-state level of the indigenous glucoamylase-encoding 

gene under different environmental conditions that result in activation of ER stress 

responses. These conditions include: 

a- Treating A. niger cultures with chemical agents that interfere with protein 

folding (OTT, tunicamycin). 

b- Using an A. niger strain with a functionally incomplete protein folding 

system (strain expressing antisense transcripts for the gene encoding 

PdiA). 
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c- Using an A. niger strain expressing a heterologous protein (HEWL). 

d- Varying the nitrogen concentrations in the A. niger growth medium. 

2- To detect the activation of the ERAO mechanism in OTT -treated A. niger by 

detecting the transcription levels of the putative gene (rpnG) encoding the subunit 

of the 265 proteasome. 

3- To investigate the pathway that possibly mediates the decrease in g/aA 

expression under ER stress conditions by deletion analysis of the g/aA gene 

promoter using A. niger reporter strains. 

4- To study if the transcriptional down-regulation effect is a feedback mechanism 

that functions at the transcription level by measuring the de novo mRNA levels for 

the reporter gene by nuclear run-on experiments. 
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2 General Materials and Methods 

2.1 Chemicals and reagents 

All chemicals and reagents used were sourced from Sigma (UK), unless 

otherwise stated, and were of analytical reagent grade. 

2.2 Strains 

Aspergillus niger strains used were AB4.1 (van Hartingsveldt et al., 1987), 

a pyrG- strain that is auxotrophic for uridine, AS 1.1 (Ngiam et aI., 2000), which is a 

multi-copy transformant of the AB4.1 strain containing an antisense pdiA eDNA 

under the control of the glaA promoter and the A. nidulans trpC terminator, and B 1 

which contains 10-12 copies of hen egg white lysozyme (HEWL) eDNA, encoding 

the mature protein, fused downstream of the DNA encoding the first 498 codons of 

the A. niger glucoamylase gene and including a KEX2-like endoproteolytic 

cleavage site at the fusion junction (Jeenes et aI., 1994). Escherichia coli XL 1-

Blue strain (Stratagene, UK) was used for both plasmid propagation and routine 

DNA manipulations. 

2.3 Strain maintenance, media, and growth conditions 

For short-term storage, A. niger strains were routinely maintained on potato 

dextrose agar (PDA) (Oxoid, UK) with a supplement of 10mM uridine for A. niger 

AB4.1. A. niger strains were grown at 30°C until they had sporulated (about 6-7 

days), then slopes were stored at 4°C for up to 4 weeks. Slopes were made fresh 

for each experiment. For long-term storage, A. niger strains were adsorbed to 

silica gel and stored at 4°C. This was done by adding a fresh spore suspension, 

prepared by resuspending the spores from one slope in 500-1000 III of 5% (w/v) 

sterilised Marvel milk, to sterile silica gel in a universal glass tube and allowed to 

dry for 4 days at RT. For E. coli strains, 50% (v/v) glycerol stocks were prepared 

and kept at -80°C. 
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Spores resuspended in 0.1 % (v/v) Tween-20 were used to inoculate liquid 

cultures to a final concentration of 3x105/ml, counted using hemocytometer. and 

grown in 100ml of Aspergillus complete medium (ACM/N/P) in 250ml conical 

flasks at 28°C and 150 rpm. The ACM/N/P medium contained the following: 20ml/1 

of ACM salts, 10mlll ACM vitamins, 0.2% (w/v) bactopeptone, 0.15% (w/v) Bacto 

casamino acids, 0.5% (w/v) NH4CI, 50 mM sodium phosphate buffer (pH 6.5), 1 % 

(w/v) filter-sterilised carbon source of either xylose or glucose, (but starch was 

added directly to the liquid media before autoclaving), and 1 % (w/v) uridine (if 

needed) (Archer et al., 1990a). ACM salts contained 2.6% (w/v) KCI, 2.6% (w/v) 

MgS04.7H20, 7.6% (w/v) KH2P04 and 50ml/1 trace elements solution (40mg/1 

Na2B407.10H20, 400mg/1 CuS04.5H20, 800mg/1. FeCI3.6H20, 800mg/1 

MnS04. 2H20 , 800mg/1 Na2Mo04, 8g/1 ZnS04.7H20). ACM vitamins contained 

400mg/l p-aminobenzoic acid, 1 mg/I biotin, 100mg/1 nicotinic acid, 50mg/1 thiamin, 

400mg/1 inositol, 100mg/1 riboflavin, 250mg/1 pyridoxine, and 200mg/1 calcium-d

pantothenate. 

Filter-sterilised stress agent was added 44 hours after inoculation (unless 

otherwise stated) at the final concentration of: OTT 20mM and tunicamycin 

10J.lg/ml. Control cultures had an equivalent volume of water added. 

E. coli strains were grown in LB (Luria-Bertani) medium containing 1 % (w/v) 

Bacto tryptone, 0.5% (w/v) Bacto yeast extract, 1 % (w/v) NaCI, and 100 Ilg/ml 

Filter-sterilised. For LB agar plates 1.5% (w/v) agar was added. 

2.4 Harvest of mycelia 

Mycelia were harvested from 100 ml cultures by filtering cultures through 

two layers of sterilised Mira-cloth (CaIBiochem, USA) and immediately flash frozen 

in liquid nitrogen. For dry weight determination the mycelia were freeze-dried in 

an Edwards Modulyo freeze drier for 48 hours before weighing, then mycelia were 

freeze-dried for a further 24 hours to ensure that they were completely dry. 
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2.5 Isolation and manipulation of DNA 

Genomic A. niger DNA was isolated from 100 mg freeze-dried mycelia that 

had been ground under liquid nitrogen. The ground mycelia were resuspended in 

3 ml of extraction buffer (200 mM Tri-HCI pH 8.5, 250mM mM NaCI, 25 mM 

EDT A), and 0.5% (w/v) SDS and extracted twice with phenol/chloroform after 

treatment with 5 mg/ml proteinase K at 65°C for 30 minutes. After centrifugation at 

9700g for 15 minutes at 4°C DNA was precipitated by adding 0.7 volumes of 

isopropanol, 0.1 volume 3 M sodium acetate (pH 4.8) and centrifuged at 9700g for 

30 minutes at 4°C. The pellet was washed with 70% (v/v) ethanol, air dried, and 

resuspended in 1 ml QS buffer (750 mM NaCI, 50 mM MOPS (3-(N-morpholino) 

propanesulfonic acid, pH 7.0) and the solution was purified through QIAGEN mini 

or midi columns according to the manufacturer's instructions (Qiagen UK Ltd). 

After the final centrifugation step the DNA pellet was air-dried, and then dissolved 

in 50 J..l1 TE buffer (10 mM Tris, 1 mM EDTA, pH8.0). The presence of DNA in the 

extracted sample was checked by electrophoresis through 1 % (w/v) agarose gels 

using 1X TAE (40 mM Tris, 1 mM EDTA, 2 mM sodium acetate (pH 7.5)) as 

running buffer. DNA solution were quantified spectrophotometrically from the 

absorbance at 260 nm (OD260 1 =50J..lg/ml DNA) and stored at -20°C. 

DNA manipulations using restriction and modification enzymes (Promega, 

UK), preparations of E. coli competent cells for heat shock and heat shock 

transformation were performed using standard procedures (Sambrook et al., 

1989). Purification of DNA fragments from restriction digests on agarose gels 

were carried out using a QIAquick kit (Qiagen, UK) according to the 

manufacturer's instructions. 

PCR-generated fragments were ligated into the pGEM®-T Easy cloning 

vectors (Promega, UK). Plasmid DNA from E. coli was isolated by the Qiagen 

plasmid mini kit (Qiagen, UK) according to the manufacturer's instructions for 

subsequent identification of required clones. 
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2.6 Polymerase Chain Reaction (PCR) 

50 ng of DNA was routinely used as template for PCR amplification in a SO 

III reaction volume containing 0.2 mM dNTPs (final concentration each 

(Promega)), 20 pmol each primer, 10X PCR buffer, 2SmM MgCI2, and 2.SU Red 

Hot DNA Polymerase (ABgene, UK). PCR condition routinely consisted of 30 

cycles with an initial denaturation step of S minutes at 94°C, 60 sec annealing of 

primers at a temperature usually 2°C below the Tm or as determined empirically 

using gradient PCR, and 90 sec at 70°C, followed by a final extension of 10 

minutes at 72°C. The Tm was calculated as follows: 

Tm= 2X(sum of the primer A and Tnt) + 4X(sum of the primer G and C nt) 

Routinely, PCR products were purified using the QIAGEN PCR purification 

kit (Qiagen, UK) or agarose gel-extracted using the QIAGEN gel extraction kit 

(Qiagen, UK) following the manufacturer's instructions. 

2.7 RNA extraction 

Total RNA was extracted from 100mg freeze-dried, ground mycelia using 

the RNeasy Plant Mini Kit (Qiagen, UK) according to the manufacturer's 

instructions. DNA contamination was removed by treating RNA samples with RQ 1 

RNase-free DNase (Promega) according to the manufacturer's instructions and 

cleaned using an RNeasy column. Total RNA was quantified by reading 

absorbances at 260nm and 280nm. Ratios of over 1.9 for the 260nm:280nm 

readings were considered as an indicator of good quality RNA. 

2.8 Northern blots and quantification of transcript level 

For northern blotting, S-7iJg RNA per lane was run on a 7%(w/v) 

formaldehyde gel in 1X MOPS running buffer (0.2 M MOPS. O.OS M sodium 

acetate, 0.01 M EDTA, pH 7.0). RNA samples were mixed with Sigma loading 

buffer (R4268) using a 2: 1 ratio of buffer to sample. Samples were denatured at 

6SoC for 10 min then placed on ice for S min. RNA samples were electrophoresed 

against RNA markers (Promega) for either 16 hours at 2SV or 4 hours at 6SV. 

Following electrophoresis, RNA samples in the gel were visualised under UV light. 
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the formaldehyde gel was then washed 4 times in diethylpyrocarbonate (DEPC) 

(0.1 % w/v) water for 10 minutes each. After the final wash, the gel was immersed 

in 0.05 M NaOH/1.5 M NaCI for 10 minutes then neutralised by soaking in 10X 

SSC (1.5 M NaCI, 150 mM sodium citrate) for 20 minutes. RNA samples were 

then transferred to Hybond N+ nylon membrane (Amersham Pharmacia Biotech) 

by a capillary system overnight using 10XSSC buffer. Next, the blot was washed 

once in 2XSSC for 2 minutes before UV cross-linking at 0.12 joules for 90 sec in a 

UV Stratalinker (Stratagene). The blot was left to air dry overnight, as a minimum, 

before probing. Procedures for northern blots were carried out in RNase-free 

conditions. 

Blots were visualised uSing a Fujifilm BAS2000 phosphorimaging system. 

For quantification of transcripts, the amount of transcript from the gene of interest 

was calculated by dividing the value of the radioactive band (transcript) signal of 

that gene, after subtracting the background for individual bands, by that of the y

actin probe which was used as an internal standard to normalise for loading 

variation. Change in the transcript levels of the target gene under specific 

treatment was determined by comparing the amount of transcript from the treated 

sample to untreated sample (control) for the same time point. When necessary, 

the transcript values were expressed as a percentage. 

2.9 Probing and Hybridisation of the blots 

Probes were amplified using A. niger genomic DNA and labelled using the 

Megaprime kit (Amersham, UK) and a-32P-dCTP (Amersham, UK) according to 

the manufacturer's instructions. Primer sequences for amplifying all probes used 

in this study are shown in their relevant sections. The glaA probe was a 637bp 

long fragment corresponding to coordinates +1059 to +1696 of the A. niger 

glucoamylase gene (Boel et aI., 1984a). The y-actin probe was a 765bp long 

fragment that corresponds to coordinates +889 to +1654 of the A. nidulans '(-actin 

gene (Fidel et al., 1988). The bipA probe was a 445bp fragment corresponding to 

co-ordinates +712 to + 1156 of the A. niger bipA gene (van Gemeren et aI., 1997). 

For blot hybridisation, first the blot was prehybridised in 8 ml of hybridisation 
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solution (Puregene) at 65°C for 30 min. Next, the probe mixture (probe DNA, 

random primers, reaction buffers, dNTP, and a-32P-dCTP) was added and and 

hybridisation allowed to proceed overnight at 65°C. The blot was washed twice 

with 2XSSC containing 0.1 % SDS for a total time of 20 min followed by one wash 

with 0.1 XSSC containing 0.1 % (w/v) SDS for 30 min. Both washes were carried 

out at 65°C. 

2.10 13-Glucuronidase activity assay 

Quantitative assays for 13-Glucuronidase (GUS) activity from culture 

supernatants with 4-Methylumbellifery-13-D-glucuronide (MUG) were carried out as 

follows: mycelia were harvested as described in section 2.4 and approximately 

500 mg fresh (wet) mycelia were ground under liquid nitrogen then resuspended in 

1.5 ml extraction buffer (50 mM sodium phosphate buffer (pH 7.0), 1 mM EDTA, 5 

mM 13-mercaptoethanol, and 0.005% (w/v) Triton X-100). The mixture was 

centrifuged for 20 min at 10,500g and the clear supernatant was divided into two 

aliquots. One aliquot was used for GUS activity assays and the other for 

determination of the total protein concentration, after the addition of 1 mM 

phenylmethanesuephonyl fluoride (PMSF). All the steps were carried out on ice to 

minimize any proteolysis activities. Next, 50 ~I from one aliquot of the supernatant 

was mixed with 50 ~I of the reaction buffer (2 mM MUG and 100 mM sodium 

phosphate buffer (pH7.0)) and immediately 1 0 ~I of this mixture was added to 190 

~I stop buffer (0.2 M Na2C03), at zero time point. The remainder of the mixture 

was incubated at 37°C and 1 0 ~I aliquots were taken at 5, 10, and 15 minutes in 

the same manner. 

Fluorescence was then measured with excitation at 365 nm, emission at 

455 nm (Wallac 1420 VICTOR3
TM, PerkinElmer USA), and the resulting slope of 

the 4-methylumbelliferone (MU) fluorescence versus time was determined for each 

sample to calculate the GUS fluorescence per minute. The standard for the 

calibration was freshly prepared each time with the following concentrations of 

MU; 0.05, 0.1, 0.2, 0.4, 0.8, 0.16, 3.2, 6.4, 12.8 ~lM in the same stop buffer and 
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used to calculate GUS activity in the assayed sample. The specific activity of GUS 

was expressed as GUS activity/mg protein, calculated after determining the total 

protein concentration (section 2.11). One unit of GUS activity is defined as the 

amount of the enzyme producing one ).lmol of methylumbelliferone (MU) per 

minute at 37°C. 

2.11 Assay of total protein concentration 

Total protein concentrations in fungal extracts were determined using the 

Bio-Rad Protein Assay kit, which is based on the dye-binding method of Bradford 

(Bio-Rad, USA), according to the manufacturer's instructions. Bovine serum 

albumin (BSA), diluted in the same extraction buffer used for the samples, was 

used as a protein standard for calibration. Assays were done in triplicate for each 

sample and averaged. 

2.12 Nomenclature of strains 

Genes from filamentous fungi are written in lower case italics, while the 

proteins are written in lower case, except the first letter, which is written in upper 

case and a letter or number usually follows this notation. Genes from mammals 

are written in upper case italics and proteins in upper case. For S. cerevisiae, 

genes are written in upper case italics while proteins are written in lower case 

except for the first letter, which is written in upper case and the convention 

followed by the letter p for proteins. Mutated genes in mammals and S. cerevisiae 

are written in lower case italic. 
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3 Activation of ER stress responses 

3.1 Introduction 

The highly oxidising environment of the ER promotes the formation of 

disulphide bonds, which are common in many secreted proteins. Disruption of the 

ER environment can hinder protein folding and results in accumulation of unfolded 

proteins in the ER. Accumulation of unfolded proteins is known to activate the 

UPR mechanism, which is likely to serve as a defence mechanism, to alleviate the 

harmful effects of the limitation in the capacity of the secretory pathway. Genome

wide analysis in yeast and mammalian cells using DNA micro-arrays has revealed 

that the UPR has broader effects than previously anticipated; however, this does 

not necessarily mean that all of these effects are direct. Genomic analysis studies 

under active UPR showed that, rather than regulating only ER-resident 

chaperones and foldases, as previously thought, the UPR affects the regulation of 

genes involved in nearly all stages of the secretory pathway (Benedetti et aI., 

2000; Martinez and Chrispeels, 2003; Travers et al., 2000). Furthermore, it has 

been demonstrated in yeast that UPR controls some physiological activities of the 

cell in response to nutrient availability. More specifically, in S. cerevisiae, the UPR 

is activated in the presence of high concentrations of extracellular nitrogen which 

then can repress two developmental programs of the cell, filamentous growth and 

sporulation, which are commonly activated as a response to nitrogen starvation 

(Schroder et aI., 2000). 

There is a variety of environmental stress conditions that can disrupt protein 

folding and lead to accumUlation of unfolded proteins in the ER. These conditions 

include: the use of chemical agents such as OTT, tunicamycin, or overexpressing 

of some homologous proteins or expressing heterologous proteins (Mulder et al., 

2004; Pakula et al., 2003; Saloheimo et al., 2003; Saloheimo et aI., 2004; 

Valkonen et aI., 2003a; Valkonen et al., 2003b). High extracellular nitrogen 

concentration in yeast can activate the UPR possibly as a result of rapid protein 

translation which is likely to result in overloading of the secretion pathway. 
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Activation of the UPR also results in the activation of ERAD. The ERAD 

mechanism eliminates misfolded proteins via degradation in the cytosol. as has 

been reported in both yeast and mammalian systems and which was recently 

reviewed by Bonifacino and Weissman (1998). Gene expression analysis studies 

revealed an intimate coordination between ERAD and UPR: efficient ERAD 

requires an intact UPR, and UPR induction increases ERAD capacity. On the 

other hand, loss of ERAO leads to constitutive UPR induction (Travers et al., 

2000). The ERAD mechanism is mediated by the 265 proteasome which is 

composed of a multicatalytic 20S core particle (CP) (cylinder-like shape) and the 

19S regulatory particle (RP) (cap-like shape) to the ends of the 205 core structure 

(Voges et a/. , 1999). Recognition of ERAD substrates by the proteasome is 

mediated by a polyubiquitin-binding protein present in the 195 cap (Lam et a/. , 

2002) and then degradation occurs in the 20S core. 

In this Chapter several environmental conditions that may result in 

activating ER stress responses were examined. These conditions include: treating 

A. niger cultures with chemical agents that interfere with protein folding (DTT, 

tunicamycin), using an A. niger strain with a functionally incomplete protein folding 

system (strain expressing antisense transcripts for the gene encoding PdiA), or by 

growing A. niger cultures in different nitrogen concentrations. Activation of ER 

stress was checked by means of hacA mRNA intron splicing and/or truncation, 

either by northern blotting or a more sensitive method, RT -PCR. Moreover, 

activation of the ERAD mechanism in OTT-treated A. niger AB4.1 cultures was 

demonstrated by detecting the transcription levels of the putative gene encoding 

the RpnG (MacKenzie et a/., submitted for publication, 2004), a homologue of the 

yeast Rpn7p subunit of the 26S proteasome. 
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3.2 Materials and methods 

3.2.1 Primers used for preparation of DNA probes for northern analysis of 

transcripts levels 

Table 3.1 shows the primer sequences used for amplifying all probes used 

In this Chapter. Also, the Table shows the PCR conditions used for the 

amplifications. 

3.2.2 Isolating the mRNA and Reverse Transcriptase-Polymerase Chain 

Reaction (RT -PCR) 

Total RNA was extracted as described in Chapter 2 section 2.7. 60 pg 

DNase-treated (RQ 1 RNase-Free DNase, Promega) total RNA was used to isolate 

mRNA using the Oligotex mRNA Mini Kit (Qiagen, UK) according to the 

manufacturer's instructions. First strand cDNA was synthesised using the 

Omniscript Reverse Transcriptase Kit (Qiagen, UK) with 1 ~ll (0.5 pg/~tI) and 

Oligo(dT)12-18 primers from the Universal Riboclone cDNA Synthesis Kit (Promega, 

UK) using 5~1 isolated mRNA as template. PCR was carried out using 5 pi cDNA 

(from first-strand reaction) and the hacA primers located on either side of the 20 

bp hacA intron (Table 3.1). PCR amplification was carried out in a final volume of 

50 pi using Taq Red Hot DNA Polymerase (ABgene, UK) and PCR conditions as 

shown in Table 3.1. The 20 bp hacA intron splicing was detected by 

electrophoresing 7 pi of the PCR products through 3% (w/v) agarose gels with 100 

ng mill ethidium bromide. 
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Tabl~ ~.1 .. Primers used for PCR amplification and the PCR conditions. All 
amphf~catlons were carried out for 30 cycles with an initial denaturation step 
of 5 minutes at 94°C and a final extension of 10 minutes at 72°C. 

Gene Primers PCR Experi-
conditions ment 

actin 5'TCATGATCGGTATGGGTCAG3' 94°C 130s 

5'ACGATGTTGCCGTACAGATC3' 58°C 1 60s Northern 
72°C 190s 

5'CAGAGACAGGCCACCAAGGACGC 
94°C 130s 

bipA T3' 
5'CGAACTTGGCGCGGGTGAGGGTC 

55°C 1 60s Northern 

T3' 
72°C 1 90s 

I 

glaA 5'ATCTCTGGGAAGAAGTCAA T3' 
94°C 130s 

5'CACAA TAGAGACGAAGCCAT3' 
58°C 1 60s Northern 
72°C 190s 

hacA 5'TTGCCATTGTTGACAGT3' 
94°C 130s 

5'CAT AAGGAGAGACGTCA3' 
48°C 160s Northern 
72°C 1 90s 

94°C 130s 
Northern 

rpnG 5'GATCCTTGCGGGCTCATTAT3' using 
53°C 160s 

5'CTAGCTCCGTTCGCTTCCTC3' poly+ A-
72°C 1 90s RNA 
94°C 130s 

hacA 5'CTTCTCCTACCCT AACTCCT3' 53°C 160s RT-PCR 
5'TCAAAGAGAGAGAGGGCAC3' 72°C 1 90s 

All probes were purified as described in Chapter 2 section 2.6. 

3.2.3 Medium-exchange for improving tunicamycin treatment 

A. niger cultures were grown as described in Chapter 2 section 2.1 in 

ACMS/N/P medium for 44 hours. After that, mycelia from 100 ml were filtered 

through two layers of sterilised Mira-cloth (CaIBiochem, USA) and immediately 

transferred to a similar volume of new ACMS/N/P medium (pH 6.5) stored at the 

same temperature (28°C). Tunicamycin was then added (10J.lg/ml) to each flask, 

and the control cultures had an equivalent volume of water added. The 
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tunicamycin was prepared by dissolving in 10 ml TE buffer (pH 8.0) and 50)11 of 5M 

NaOH. Cultures were harvested as described in Chapter 2 section 2.4. 

3.2.4 Isolation of poly+ A-RNA (including mRNA) for northern blots 

Total RNA was extracted as described in Chapter 2 section 2.7. 150 ~tg 

DNase-treated (RQ1 RNase-Free DNase, Promega) total RNA was first divided 

into two aliquots, then each aliquot was cleaned by filtering through an RNeasy 

column (Qiagen, UK), according to the manufacturer's instructions. Two RNeasy 

columns were used for RNA cleaning because the maximum binding capacity for 

each column is 100 )1g RNA. Next, cleaned total RNA was used to isolate poly + A

RNA using the Oligotex mRNA Mini Kit (Qiagen, UK) according to the 

manufacturer's instructions and it was eluted in 20 )11 RNase-free water. Extracted 

poly+ A-RNA samples were then used in northern blots as described in Chapter 2 

section 2.8. 

3.2.5 Media and growth conditions for studying the impact of low and high 

nitrogen concentrations in the growth media on hacA unconventional intron 

splicing 

For detecting the impact of low and high nitrogen concentration in the 

growth media on UPR activation, A. niger AB4.1 cultures were grown in AMMN 

with starch as carbon source and ammonium chloride as nitrogen source. The 

AMMN medium contained 1 % (w/v) starch, 20ml/l of ACM salts, 50 mM sodium 

phosphate buffer (pH 6.5), 0.375 % (w/v) NH4CI and 1 % (w/v) uridine (after 

autoclaving). Cultures were grown for 38 hours, as described in Chapter 2 section 

2.3. Next, cultures were filtered through Mira cloth (CaIBiochem, USA) and 

washed in the same volume of AMM medium with no nitrogen source and 

transferred to AMM medium with either high (2.4 % (w/v)) or low (0.057 % (W/v)) 

NH4CI concentration. Samples were then collected at 0 (immediately after 

washing the mycelia), 15, 30, 60, 120, and 240 minutes after medium exchange, 

as described in Chapter 2 section 2.4. 
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3.3 Results 

3.3.1 Oecline in the transcript levels of the indigenous glucoamylase-encoding 

gene in OTT-treated cultures of A. niger AB4.1 

Figure 3.1 (a and b) shows the effect of OTT treatment (20mM) on the 

transcript level of g/aA mRNA over a time course of five hours. As shown in 

Figure 3.1, the level of g/aA transcripts in OTT-treated cultures dropped over time. 

This result shows that, under stress conditions, caused by treating the cultures 

with OTT, the steady state level of g/aA mRNA is lowered relative to that of actin 

mRNA. It is not known at this stage if the decline in g/aA transcript levels is due to 

a transcriptional regulation or that OTT may increase the turnover rates of mRNA. 

However, the similarity between the declining rates of g/aA mRNA when exposed 

to OTT (Figure 3.1) and that calculated in the absence of de novo synthesis of 

g/aA mRNA as studied by medium exchange experiments (AI-Sheikh et a/. , 2004) 

suggests that the decline of g/aA mRNA levels is regulated at the transcriptional 

level, as the half-life of A. niger g/aA mRNA under both conditions was 

approximately 80 minutes. It is known that exposure of filamentous fungi to OTT 

inhibits the formation of disulfide bonds which results in accumulation of unfolded 

protein and prevents their transport from this compartment (Ngiam et aI., 2000; 

Pakula et aI., 2003). Thus, OTT treatment results in ER stress by accumulating 

unfolded proteins in the ER and, thereby, activates the UPR mechanism. To 

monitor the UPR activation and to confirm that the ER is indeed under stress due 

to OTT treatment, the transcript levels of the gene encoding the molecular 

chaperone bipA were detected. 
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Figure 3.1 
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The effect of OTT treatment on the transcript levels of 
g/aA. Transcript levels of g/aA mRNA were calculated 
as a ratio against the actin transcripts . The g/aA 
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3.3.2 Activation of the Unfolded Protein Response mechanism in OTT-treated A. 

niger AB4.1 cultures 

Figure 3.2 (a and b) shows the bipA transcript levels of A. niger AB4.1. In 

the A. niger OTT-treated cultures it is clear that the steady state bipA level is 

increased, indicating UPR activation. As shown in Figure 3.2 (a and b) bipA 

showed a rapid transcriptional response to the addition of OTT which induced bipA 

transcription by 6-7 fold in 30 minutes and remained high during the course of the 

OTT treatment. It is not known, however, whether the longevity of the raised level 

of bipA transcripts is due to the production of mRNA for an extended period 

caused by the persistence of the stress agent or because of a long half-life of the 

transcripts involved. In addition, the level of bipA transcripts was always checked 

in ER stress and medium-exchange experiments since the difference in the 

transcription level of bipA between stress and non-stressed samples is easily 

observed by looking at the band intensity in the gel. 

To further confirm the UPR activation, the translationally active form of 

hacA mRNA was detected by northern blotting (Figure 3.3) and RT-PCR (Figure 

3.7). Splicing of an unconventional intron and truncation of the mRNA at the 5' 

flanking region activate the synthesiS of the HacA transcription factor, which acts 

as a positive transcriptional factor for genes regulated by UPR (Cox and Walter, 

1996; Mori et a/., 1996). The latter event contributes mainly to the size difference 

seen in northern blots between the translationally active and non-active form of 

hacA mRNA in aspergilli. Figure 3.3 shows a northern blot of hacA mRNA. It can 

be seen that, in the OTT treated samples, splicing of hacA mRNA transcripts starts 

to take place in the first 30 min of OTT treatment. The same observation was not 

seen in the control samples, thus confirming the stress effect in the treated set of 

samples. 
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Figure 3.2 
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Figure 3.3 

Northern blot of total RNA from OTT-treated cultures 
of A. niger AB4.1. The blot was hybridised with the 
hacA probe. Time periods shown refer to the time 
after OTT addition at which the samples were 
collected. The difference between the two bands IS 

due to 5'-truncation of 230 bp (Mulder et aI., 2004) . 
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3.3.3 Treatment of A. niger cultures with tunicamycin results in poor activation of 

the UPR compared to OTT 

To further study the ER stress effect on the transcription of g/aA, a different 

stress agent was used. Several experiments were carried out using tunicamycin 

as stress agent. First, Figure 3.4 shows that no hacA mRNA truncation could be 

, detected by northern blot. Next, a more sensitive method for detecting hacA intron 

splicing (RT-PCR) was used as shown in Figure 3.5, but no clear difference in the 

splicing of hacA mRNA intron between the treated and the control samples could 

be detected. The observation that no hacA mRNA splicing could be detected in 

the tunicamycin treated samples using a very sensitive method for detecting the 

splicing product (RT-PCR) may suggest that the tunicamycin effect could be 

hindered by the acidity of the fungal culture at the time of adding the stress agents, 

which is 44 hours (Figure 3.6) (pH 3.7). To test whether the acidity of the fungal 

culture is affecting tunicamycin as a stress agent or not, a medium exchange 

experiment was carried out, as described in section 3.2.3 and hacA mRNA intron 

splicing was detected by RT -PCR. As can be seen in Figure 3.7, the intron of 

hacA mRNA was spliced in the tunicamycin treated sample, but it was not as 

strong as the one spliced by OTT (positive control) (i.e. the majority of hacA mRNA 

transcripts were not spliced), further confirming the poor effect of tunicamycin on 

UPR activation. Also, it can be seen that in the tunicamycin control sample 

(Figure 3.7) there was a low amount of hacA mRNA splicing, but clearly more than 

what has been seen in the control sample (negative control) with no medium 

exchange. 

In addition, to cover the possibility that the tunicamycin may have a 

transitory effect (for a short time), A. niger AB4.1 strain was treated with 

tunicamycin, in a medium-exchange experiment, for a maximum of 2 hours during 

which samples were collected at 0, 10, 20, 30, 45, 60, 90, and 120 minutes. Total 

RNA was extracted from these samples and checked by northern blotting. As 

shown in Figure 3.8, no hacA mRNA splicing was detected at any time point in the 
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tunicamycin treated samples. These results, again, suggested that tunicamycin is 

a poor inducer of UPR in A. niger. 
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Figure 3.4 

Northern blot of total RNA from tunicamycin-treated 
cultures of A. niger AB4.1 strain . The blot was 
hybridised with the hacA probe, comprising the region 
from the start codon up to the non-conventional intron . 
Time periods shown refer to the time after tunicamycin 
addition at which the samples were collected. No hacA 
truncation could be detected as shown by northern. 

Control Tunicamycin 
Time: hours 0 2 3 4 5 o 2 345 

kb 
1.908 • 

hacA 

Figure 3.5 

RT-PCR for hacA mRNA A. niger treated with 
tunicamycin (Tm). Strains were grown in starch medium 
for 44 hours. No medium-exchange was carried out 
before adding the Tm for 5 hours. 
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Figure 3.6 

Dry weight and pH for A. niger AB4.1 in ACMS/N/P, 
ACMG/N/P or ACMXlN/P. Cultures were grown for 96 hours. 
Standard errors were generated from triplicates. 
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Figure 3.7 

RT -PCR analysis of the hacA transcript across the 20 bp 
intron of A. niger. For control sample, no med ium 
exchange was carried out. Samples were collected after 
6 hours treatment of OTT. For tunicamycin-treated 
samples, tunicamycin was added after medium 
exchange, and then samples were collected after 5 hours 
of tunicamycin treatment. For the pdiA antisense strain 
AS1.1 and HEWL-producing strain B1 , samples were 
collected at 48 hrs. Abbreviations: M: DNA marker, 
Cont.: control, Tm: tunicamycin . Tm cont.: control for 
medium-exchange. 
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Northern blot of total RNA from tunicamycin-treated 
cultures of A. niger AB4.1. The blot was hybridised with 
the hacA probe. Time periods shown refer to the time after 
tunicamycin addition at which the samples were collected . 
No hacA mRNA truncation could be detected as shown by 

northern. 
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3.3.4 No obvious splicing of the unconventional hacA mRNA intron in A. niger 

strains AS 1.1, ASG67 both with reduced level of PdiA, and A. niger B 1 

producing a heterologous protein 

The A. niger AS 1.1 is a multi-copy transformant containing 4 to 6 copies of 

pdiA antisense cONA under the control of the glaA promoter and the Aspergillus 

nidulans trpC terminator (Ngiam et al., 2000). The A. niger ASG67 also contains 

the pdiA antisense cONA, but under the control of the constitutive gpdA promoter 

and the Aspergillus nidulans trpC terminator (AI-Sheikh et al., 2004). It has been 

previously shown that the antisense pdiA strains exhibit lowered levels of PdiA 

foldase activity and lowered levels of secreted glucoamylase (GAM) (AI-Sheikh et 

aI., 2004; Ngiam et aI., 2000). It has been demonstrated previously that glaA 

transcript levels in the antisense pdiA strain AS 1.1 decline over a growth period of 

72 hours. To test whether this decline in glaA transcript levels is due to the 

activation of the UPR, hacA mRNA splicing was tested by RT-PCR. 

Figure 3.9 shows the RT-PCR for detecting hacA mRNA splicing in AS1.1, 

ASG67, and AB4.1. As shown in Figure 3.9, no difference could be seen between 

the control and the pdiA antisense strains AS1.1 and ASG67. The observation 

that a low level of hacA mRNA splicing is present in these strains, including the 

parent strain (control), may indicate that the UPR is constitutively active at a very 

low level, probably to maintain the normal level of chaperones and foldases in the 

ER compartment. In contrast to the AS 1.1 strain, a strong hacA mRNA spliced 

product can be seen in A. niger when exposed to OTT. This observation that the 

UPR is active only in the OTT-treated strain (Figure 3.7, and Figure 3.9), but not in 

the AS1.1 strain as judged by northern blotting and RT-PCR suggests that the 

decline in glaA transcripts is not mediated by UPR. Furthermore, the A. niger B1 

strain, which overexpresses HEWL protein in ACMS/N/P medium, was checked by 

RT -PCR for hacA mRNA splicing to determine whether heterologous protein 

expression from this strain would result in UPR activation. As shown in Figure 3.7 

hacA mRNA splicing is similar in this strain to that of its parent strain AB4.1 
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Figure 3.9 

RT -peR analysis of the hacA transcript across the 20 bp intron of A. 
niger AB4.1 (parental strain) treated with water (control) or OTT, A . niger 
AS1 .1 and ASG67 (antisense pdiA strains) . The AB4 .1 OTT samples 
were grown as above but treated with 20 mM OTT for 6 h before harvest. 
The AS1 .1 and ASG67 cultures were grown for 48 h and then harvested. 
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(control sample) and thus the UPR was not activated at least to a degree similar to 

that triggered by OTT. 

3.3.5 No obvious splicing of the unconventional hacA mRNA intron in A. ntger 

AB4.1 cultures grown in medium with low and high concentration of 

nitrogen 

It has been observed in S. cerevisiae that diploid cells exhibit two 

developmental changes in response to nitrogen starvation. First, nitrogen 

starvation in the presence of a fermentable carbon source, such as glucose, 

results in a morphological change from yeast to filamentous growth form. Second, 

nitrogen starvation in the presence of nonfermentable carbon sources, such as 

acetate or ethanol, induces sporulation. However, it has been observed that both 

responses are repressed by activation of U PR (Schroder et a/. , 2000). It was 

demonstrated in the above study that HAC1 mRNA splicing is brought about by 

extracellular nitrogen levels (1 mM ammonium sulfate), which then can activate 

the UPR. This effect ceases rapidly, as early as 5 minutes, upon nitrogen 

starvation (Schroder et al., 2000). It was proposed that in nitrogen-rich media, 

protein unfolding is a byproduct of rapid translation, resulting in low-level activation 

of the UPR and subsequent repression of filamentous growth and sporulation. 

When the nitrogen level drops, the amount of unfolded protein in the ER is no 

longer sufficient to activate the UPR and the repression of development changes 

is relieved. To test whether nitrogen concentration in the extracellular medium of 

A. niger can activate the UPR, hacA mRNA splicing was checked by RT -PCR in 

the presence of high (2.4 % (w/v)) or low (0.057 % (w/v)) NH4CI concentration as 

described in section 3.2.5. As Figure 3.10 shows, no hacA mRNA splicing could 

be detected after changing the concentration of NH4CI for either 15 or 120 

minutes. This may suggest that the secretion pathway in A. niger, which is 

believed to have higher secretion capacity compared to that of S. cerevisiae, can 

tolerate activation of UPR due to these changes in the nitrogen concentration at 

least during the time points used. 
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Figure 3.10 

RT -PCR analysis of the hacA transcript across the 20 bp intron of A. 
niger. Sample of 0 time-point was collected prior to the medium
exchange. Numbers refer to time in minutes after the medium
exchange before harvesting. Land H refer to low and high NH4CI , 
respectively. 

M o 15L 120L 15H 120H OTT 
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3.3.6 Activation of the ER-Associated Degradation (ERAO) mechanism in OTT

treated A. niger AB4.1 cultures 

A subtractive peR library was made to contain differentially transcribed 

mRNAs from A. niger challenged with OTT (Watson et al., 2000). DNA sequence 

.analysis for some of these clones showed them to have sequence similarity to 

yeast genes involving the ERAD pathway (MacKenzie, personal communication). 

BLAST DNA sequence analysis (using the NCB I web site: 

http://www.ncbi.nlm.nih.gov) of some of these clones revealed sequence similarity 

to the 26S RPN7 gene from the yeast S. cerevisiae involved in the ERAO pathway 

(MacKenzie, personal communication). A full length of the putative rpnG gene is 

shown in Figure 3.11. The nucleotide sequence data are present in the EMBL 

database under the accession number AN1575130. 

To further study the transcriptional regulation of the gene encoding the 

putative 26S proteasomal regulatory subunit rpnG under ER stress, northern blots 
'\ 

were performed. Attempts to use the total RNA for northern blotting failed to 

clearly detect the putative rpnG signals due to non-specific hybridisation with RNA 

ribosomal bands. For this reason, poly+ A-RNA (isolated as described in section 

3.2.4.) was used instead. Figure 3.12 shows that transcript levels of putative rpnG 

were induced by 3-4 fold relative to actin transcripts after exposure to 20 mM OTT. 

However, due to the fact that the ORF of the two probed genes (rpnG and actin) 

are close in size, partial overlapping of these two bands resulted (Figure 3.12b). 

This problem was solved by first probing with rpnG as shown in Figure3.13b (top 

panel). Next the blot was probed with actin (Figure 3.12b second panel). In order 

to calculate the signal intensity of the actin band, the whole large band, which 

contains actin and what had not decayed from the previously probed band of 

rpnG, was quantified. Thus, dividing the value of the rpnG band (probed first) by 

the whole band (actin + decayed rpnG band) would still keep the final calculated 

band of rpnG in ratio to actin. 
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Transcripts were calculated as a ratio: 

(rpnG absolute value) 
(actin + decayed rpnG) 

The induction of the putative rpnG transcripts under OTT treatment suggest 

that ERAO in A. niger is activated under ER stress conditions to degrade unfolded 

or misfolded proteins in a way similar to that observed in yeast (Travers et aI., 

2000). 
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Figure 3.11 Sequence of A. niger rpnG gene and flanking regions. The nucleotide 

sequence data are in EMBL database under the accession number ANI575130 

(MacKenzie et a/., submitted for publication, 2004). Introns and non-translated 

sequences are underlined; the translated sequence is given in lower case (not 

underlined); * (over) indicates the polyA signal and A (over) indicates the polyA 

site. 
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ggctttccgc cacatcttca atgatctggt ggaaactgca cccttaactg accttatatc 

gaattaatac catgcaggca ttaaagctct gattcatgcg aaactggcaa ~ccagctgga 

aggcagcagc atcaatgaaa ggggtattaa gttgcgatcc acggttttag ctgccagtga 

tccagttgcg tttggttatt agcctggccg gtgagcgcaa gttgtgggtc cttcagtcca 

acccaaaaat tagattcatt ttacttccag ttcttactaa cgggaattcc aaccaaaaca 

gtcactcccg tggatgaatc ctctggtacg tagtatacgc gcaacaccct cgcggtgaca 

ggaagattgt aaaggatcgg acattcgatg atggtttaca tccaatagaa tgcatcataa 

atacgtctac tactgtatcc tccattgctc ttccggtgtc tggccataag cacagtcatt 

aacactgccc tatacggttg cagaaataat gaaaaggacg ataacttttc ggcatcagta 

catgtaggac gttgtataat ggtgcatgtc agacgtaata attaagcggc tgagaagcgt 

tcgctggcgt tgtgttcgac ggcttgctct catgaacgat ataatacgtg tagcatccct 

agtgcccaca aacattaact aaacgttcag agagccatcg ttctctagaa atgagtcttt 

cacccagata agctcgactt tgtttacgtc tcgatggtgt tcagcctata aactgttcga 

atggctgttg aaacctggaa gcggcttcgg cagccggaac aacatttccc cagctgagct 

cgggtcagct acgttccata ggtgatgtat ctgcctcatc catcatcaac cccagaccct 

ctgctcactt gaccttcaag cttcgctcca tagcctcttc atttcaactt gcctatacgc 

atctctttca tagctcgata tctcaccccc atttgtcaac atggggtccg atccgcagta 

cataaagtac cctgatctca acctcgccca acatgtcttc aacctctcca accctgcatg 

cccgcaaaca gtgcgacaga catcattgaa gagacttcaa gatgttatct ccgagaacaa 

gatggctcca ttctaccgac acctcgctca tcccgttgaa ggcattctga accactctgg 

tgaaggtgtc gcccagcacc cgaccaagtc cctgattacg tcaaatatgc tggcttcgcg 

gaagtcgcct cagaacatag actttccctg ggatgaatcc ctgtaccagt cattggtgga 

agacaaccgg aaggagttgg aagccttcca aaaggaggag gatgaagctg aggaagccgc 

cggggaaact gaggtgctgg ccgcacgggg taagcgcgcc gagttctggg cacgtgtagg 

cgataaggta tgtcttgaga agcttcagct aggagtctat ccgagataag ctctgcatga 

tggttgattt gctaacctca gttcgtggct ggcaggacaa agctatcgaa tcccacgagg 

ccctccttga gaagacgaca ttcctcggaa ccaagatcga cctgatgctg gctataatcc 

ggattggcct tttcttcggg gatacccatt ctgtcaagaa gagcattgag cgggcaaaca 

ctctcattga aagtggagga gactgggacc ggagaaaccg cctcaaggca tacaagggcc 

tacatctact caccatccgt tcatacagtc ttgctgcccc tctgctcctg gacagtctat 

cgaccttcac cagctacgaa ctgtgcagct actcgtccct ggtcatctat tcgatccttg 

cgggctcatt atccctgaag cgagtcgact tcaaggcaaa ggttgtggat gcacccgaga 

tcaaggccat tcttggacct ggagaggacc gcctagctgc tctgaccggc gagatatcct 

ccgggccggg tgcccaggat gaggagatga aggatgctac tgtcaccaga gcggcgccga 

ccacggctac cactgtggtt aacctcacta ctctgggagc gggatctggc atccagtctg 

aagccgaagc gcccgtggac ttttcgcctc ttgcaaacct ggtagacagc ctgtacaccg 

gcaactaccg gaatttcttc gtagcgctgg cagccgtgga ggacaacttc ctgaaccagg 

accgttactt gcacgaacac cgcgcgtggt ttgtgcgcga gatgagactt cgtgcgtacc 

agcaactgct gcagagctat cgcgttgttg gcctgaacag catggccagc gactttggcg 

tcactgtaga ctacctggat cggtaagtcc gccattggac cagtatcggt tagaactgtg 

ttgactgaca gctacaggga tcttgccaaa ttcattgcca gcaaccggat tgcatgcacc 

atcgatcggg tcaatggcat catcgagacg aaccgaccag acgacaagaa caagcagtac 

gcggatgttg tgaagcacgg cgatgccctg attacgaaac tgcaaaagta cggacaagcc 

gtgcggttgc gaggaagcga acggagctag agggggttct gccagggacg gagtggtctg 
******* atcttgactc accgcacatg gtttatgact cgctagatga gagactcagt gatttataca 

tcttttgaca cc~ttgacca ttgacactgc gagcgtccag acacgtgagg ctgctgtatc 

atacatataa tgacctgaag acaacatgac 
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Figure 3.12 
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3.4 Oiscussion 

The level of glaA transcripts in OTT-treated cultures of A. niger dropped 

over the time period examined. The similarity between the declining rates of glaA 

mRNA when exposed to OTT and that calculated in the absence of de novo 

synthesis of glaA mRNA as studied by medium exchange experiments (AI-Sheikh 

et a/., 2004) suggests that the decline of glaA mRNA is regulated at the 

transcriptional level, as the half-life of A. niger glaA mRNA under both conditions 

was similar. It is not known at this stage, however, if the decline in the glaA 

transcript level is operating at the transcriptional level or that OTT may increase 

the turnover rates of glaA mRNA. This is further addressed in the following 

chapters. When studying ER stress, many studies have used more that one 

stress factor to gain information more specific to UPR. For instance, studies 

performed with yeast, Arabidopsis, and human systems (Travers et aI., 2000; 

Martinez and Chrispeels, 2003; Benedetti et aI., 2000), respectively, have used 

both OTT and tunicamycin to treat cells under study to gain information more 

specifically related to UPR, by eliminating genes that are affected by only one 

stress agent. In addition, expression of a heterologous protein is also used in 

filamentous fungi to gain information more specific to UPR (Mulder et a/., 2004; 

Pakula et aI., 2001). However, the expression of heterologous proteins does not 

induce a clear UPR stress all the time. For example, the UPR mechanism is 

activated in both A. niger and T. reesei strains producing the heterologous protein 

t-PA (Mulder et a/., 2004), (Saloheimo, personal communication). On the other 

hand, the bipA level, which is induced when UPR is activated, remained 

unchanged when the heterologous gene encoding interleukin-6 was expressed in 

A. niger (Punt et aI., 1998). 

Results generated from experiments presented in this Chapter showed that 

OTT is a strong stress agent that can activate the UPR as checked by hacA 

mRNA truncation and intron splicing and induction of bipA transcripts, whereas 

tunicamycin is a poor stress agent in A. niger. Moreover, it has been recognised 

in some recent studies that tunicamycin is a poor inducer of UPR in fungal strains 

76 



(Pakula et a/., 2003). The observation that no hacA splicing could be detected in 

the tunicamycin-treated samples using a very sensitive method for detecting hacA 

mRNA intron splicing (RT -PCR) may suggest some possibilities. Firstly, it is 

possible that no effect of tunicamycin has taken place due to unknown differences 

in carrying out the experiments in this study, and where tunicamycin is reported to 

induce UPR (Mulder et a/., 2004). Tunicamycin has been used as an ER stress 

agent in A. niger (Mulder et a/., 2004) with a medium-exchange prior to the 

addition of the tunicamycin to the samples. But tunicamycin showed variable 

results in that group's studies (Mulder, personal communication), and did not 

cause splicing of hacA mRNA each time. Although exchanging the media may 

slightly stress the fungus, as described below, it was avoided here in the first 

instance because changing the medium is likely to result in further shocking the 

cells at least for the next few hours after the medium-exchange. A second 

possibility is that the tunicamycin effect could be hindered by the acidity of the 

fungal culture at the time of adding the stress agents. Finally, the fungal cells may 

cope with the stress caused by tunicamycin without fully activating the UPR. To 

test whether the acidity of the fungal culture was affecting tunicamycin as a stress 

agent, a medium exchange was carried out as described in section 3.2.3. 

Tunicamycin treatment after exchanging to a new medium with higher pH (6.5) led 

to detection of some hacA mRNA splicing, but it was not as strong as the one 

caused by OTT, further confirming the poor effect of tunicamycin on UPR 

activation. Also, it can be seen that in the medium-exchange control sample 

(Figure 3.7), there was a low amount of hacA splicing, but clearly more than what 

has been seen in the control sample with no medium exchange. In addition, since 

the spliced and unspliced hacA mRNA are detected in the same mRNA sample, 

the amplification rate of these products will depend on their initial quantity in the 

RNA sample and if a difference could be seen in the intensity of these bands when 

checked in the agarose gel, it means that at least one of the band has not reached 

the saturation level of PCR amplification. Thus, determining the region of RT -PCR 

linearity cycles might not be critical if not comparing the RT -PCR products from 

different RNA samples. 
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The A. niger transformant strain AS 1.1, with a functionally incomplete 

protein folding system, may have ER stress as a result of the presence of 4 to 6 

copies of a pdiA antisense sequence under the control of the g/aA promoter. 

Although the kinetics of growth and final yield of biomass were not Significantly 

different in this antisense pdiA strain compared to its parental strain AB4.1 when 

grown in ACMS/N/P medium, the glaA transcript level in the antisense pdiA strain 

AS1.1 declined over a growth period of 72 hours (AI-Sheikh et a/., 2004). By using 

a sensitive transcript detection method, RT -PCR, it was clear that the UPR is not 

likely to be responsible for mediating the decline of g/aA transcript levels. This 

observation suggests the existence of a UPR-independent pathway that mediates 

the decline of glaA transcripts. Further support for this suggestion comes from a 

recent study by Pakula et a/. (2003). In this study it was found that treatment of a 

T. reesei culture with the ionophore A23187 resulted in a slight effect on UPR but 

significantly reduced the cbh1 mRNA level. Moreover, in the above study a 

protein synthesis inhibitor cycloheximide (CHX) was used to check whether a 

reduction in protein synthesis, and probably in the ER protein load, would affect 

the UPR induction and the decline of transcripts of genes encoding secreted 

proteins in T. reesei (Pakula et al., 2003). Results showed that OTT treatment in 

combination with the CHX resulted in no activation of the UPR as confirmed by the 

observation that no hac1 mRNA truncation was detected nor was there induction 

of the UPR target gene pdi1. However, the level of the cbhl declined slightly in 

both treatments (DTT in combination with CHX or in cultures treated with CHX 

solely), whereas no UPR activation took place. This observation that the cbhl 

transcript level declined in the absence of UPR may suggest that the decline in the 

cbhl transcript level was mediated by a UPR-independent pathway. 

High nitrogen concentrations in the extracellular medium have been 

observed to activate the UPR in S. cerevisiae (Schroder et a/., 2000). It was 

proposed that a high level of nitrogen in the extracellular medium results in rapid 

protein translation which then may overload the secretion pathway and activate 

the UPR. However, varying the concentration of nitrogen in the extracellular 

media of A. niger cultures did not result in UPR activation. A. niger may have a 
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higher secretion capacity compared to that of S. cerevisiae which could allow it to 

tolerate activation of UPR due to a change in the nitrogen concentration at least 

during the time course used in this study. However, it might be possible that the 

nitrogen concentration in the AMMN (0.375 % (w/v) NH4CI) which was used 

initially to grow A. niger strains is already high. Thus, it might be interesting to 

repeat this experiment by pre-growing the A. niger strains at lower nitrogen 

concentrations before transferring them to a media with low or high nitrogen 

concentrations. Also it might be important to do this experiment with different 

carbon sources. Schroder et. al. (2000) reported that in S. cerevisiae, on a 

complex carbon source, the hac1 mRNA splicing was increased and it was 

suggested that this might occur as a result of less efficient synthesis of ATP or 

related core oligosaccharide synthesis under these conditions. More specifically, 

on a glucose about 10/0-3% of hac1 mRNA was spliced whereas the amount of 

spliced hac1 mRNA was increased 5- to 10-fold during growth on ethanol or 

acetate. Moreover, growth on a glucose-repressible carbon source such as 

maltose or raffinose resulted in a twofold increase in hac1 mRNA splicing 

(Schroder et al., 2000). Thus, it might be important when carrying out this 

experiment to study the impact of nitrogen concentration on the activation of the 

UPR in A. niger to use both simple and complex carbon sources. 

In yeast, genome-wide analysis showed an intimate coordination between 

ERAD and UPR, where efficient ERAD requires an intact UPR, and UPR induction 

increases ERAD capacity. Up to the present time, the only 26S proteasomal 

subunit gene identified from A. niger has been that which encodes the homologue 

of the yeast regulatory particle Rpt3p subunit (TbpA), which is a member of the 

AAA-ATPase family (Jarai, G., unpublished data; Swiss-Prot P78578, MacKenzie, 

personal communication). A partial DNA (468 bp) sequence of a gene that was 

obtained from a subtractive PCR library challenged by OTT in A. niger (Watson et 

81., 2000) showed a high homology to the sequence of a gene encoding the 26S 

proteasomal regulatory subunit rpn 7 of S. cerevisiae. Northern blots showed that 

the transcript level of the putative gene encoding the 26S proteasomal regulatory 

subunit rpnG in A. niger increased 3-4 fold after 30 minutes of exposure to OTT, 
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which suggests that ERAD in A. niger is possibly activated under ER stress 

conditions to degrade unfolded or misfolded proteins in a way similar to that 

observed in yeast (Travers et aI., 2000). 
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4 Role of the glucoamylase promoter (Pg1aA ) under ER stress 

4.1 Introduction 

Filamentous fungi, such as A. niger, are widely used in the biotechnology 

industries to produce enzymes for a variety of uses (Archer and Peberdy, 1997). 

Expression of recombinant proteins may subject the fungus to ER stress that could 

activate the UPR and consequently limit protein secretion (Mulder et aI., 2004; 

Pakula et aI., 2003). One strategy used to improve the expression of recombinant 

proteins is to express the target gene under the control of a highly inducible 

endogenous promoter such as glucoamylase promoter (Pg1aA ). The starch

inducible Pg1aA from A. niger is commonly used for this purpose (Table 1.4). 

To facilitate the analysis of both gene expression and promoter roles under 

specific conditions reporter genes are widely used as tools for such purposes 

(Martin et aI., 1992; Santi et al., 2003). The E. coli uidA reporter gene, which 

encodes GUS, has been extensively used in plants (Martin et al., 1992) and in 

filamentous fungi (Abcede and Barraquio, 2003; Alcocer et al., 2003; Brown et a/. , 

2003; Cary et aI., 2000; Fan et al., 2001; Freeman et al., 2002; Hata and Ishida, 

2000; Ishida et al., 2000; Toda et aI., 2001). The E. coli GUS enzyme (EC 

3.2.1.31) is an acid hydrolase that catalyses the cleavage of a wide variety of ~

glucuronides to their respective alcohol and glucuronic acid. The use of the E. coli 

uidA reporter gene system might be favourable for many reasons: GUS has high 

stability, many GUS substrates are water-soluble and commercially available 

(including substrates for spectrophotometric and fluorimetric analyses), the high 

sensitivity of the enzymatic assay and the possibility of obtaining both qualitative 

(histochemical) and quantitative (fluorimetric) data (Jefferson et al., 1987), using, 

for example, the substrate 5-bromo-4-chloro-3-indolyl-~-0-glucuronide (X-gluc) 

and 4- methylumbelliferyl ~-O-glucuronide (MUG), respectively. 

The reducing agent OTT induces the UPR in fungi and, in addition, the 

transcript level from glaA was lowered whereas the transcript level from the actin

encoding gene was not. To investigate this phenomenon more closely, analysis of 
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the P g1aA was carried out, to dissect its role under ER stress conditions. In the 

literature, several studies have characterised the regulation of Pg1aA under different 

carbon sources. The molecular mechanism of Pg1aA regulation in A. niger and A. 

oryzae was generally investigated by deletion analysis of Pg1aA , often fused to a 

reporter gene or by introducing sequences believed to contain binding sites for 

positive transcriptional factors (Fowler et aI., 1990; Hata et al., 1998; Henriksen et 

aI., 1999; Liu et aI., 2003; Verdoes et aI., 1994). Deletion analysis of A. niger Pg1aA 

(815 bp) using E. coli uidA encoding-gene in reporter constructs, each introduced 

as a single copy at the same locus in the different transformants, was reported by 

Verdoes et al. (1994). In their study it was found that the largest reduction in the 

expression of the reporter gene took place when the upstream region of Pg1aA was 

reduced from 815 bp to 522 bp. Thus, it was concluded that sequences between 

815 bp and 522 bp are important for high-level expression. In contrast, Fowler et 

al. (1990) have previously reported the deletion analysis of 1966 bp of the 

sequence upstream of the translation start of a different strain of A. niger. They 

concluded that a region between 561 bp and 318 bp upstream of the glaA 

translational start is responsible for high-level expression. Their deletion study 

was complicated by the use of multicopy transformants, with their constructs 

integrated at various genomic loci. Although these studies have not been able to 

pinpoint regions of PglaA responsible for induction by starch (or other compounds) 

or repression by xylose or glucose, later studies have defined regions for binding 

AmyR, a regulator (Gomi et aI., 2000; Petersen et al., 1999). It has also been 

shown that the CCAA T sequence plays an important role in the transcriptional 

regulation of the g/aA gene (Zhu et al., 2004). Several putative binding sites for a 

protein that mediates carbon catabolite repression, CreA, (Drysdale et al., 1993; 

Kulmburg et aI., 1993), the AmyR-binding site and the CCM T sequence, are 

shown in Figure 4.1. 
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Figure 4.1 An illustrative map presents various features of A. niger Pg1aA . Putative 

regulation sites for binding CreA (Kulmburg et a/., 1993) and AmyR (Petersen et 

a/., 1999) as well as CCAA T and reverse CCAA T proofs are shown. 

Transcriptional start points (tsp) as described by Boel et a/. (1984) are also shown. 

Numbers shown are ascendant of the A nucleotide in the translation start codon 

A TG where the first nucleotide upstream of the translational start codon is + 1. The 

N letter refers to any nucleotide (A,T,G,C) and the subscript number next to it 

refers to the number of nucleotides. The R letter indicates that the sequence is 

present in the reverse orientation. 
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A gene (amyR) encoding the transcriptional activator for amylase synthesis 

has been cloned from A. oryzae (Gomi ef aI., 2000; Petersen ef al., 1999) and A. 

nidulans (Tani ef al., 2001 b). The gene amyR encodes a transcriptional activator 

of 604 and 662 amino acid residues in A. oryzae and A. nidulans, respectively. 

The AmyR proteins in both species have a 100% conserved cys-6 zinc cluster 

DNA-binding motif at the NH2-terminus, indicating that all AmyRs bind to identical 

DNA sequence motifs (Tani ef aI., 2001a). The AmyR binds to two types of 

sequence, CGGNaCGG and CGGAAA TTT AA, where N refers to any nucleotide 

(Petersen ef aI., 1999). Disruption of amyR in A. oryzae transformant strains 

resulted in significantly poor growth on a starch medium, but on a glucose medium 

the growth was indistinguishable between these transformant strains (Gomi ef a/., 

2000). These observations on the effect of disruption of the amyR gene 

demonstrate the function of AmyR as a transcription activator for the amylase 

gene. The DNA sequencing of P g1aA used in this study showed three putative sites 

for binding AmyR, two of which overlap and are located 1939-1953 bp and 1950-

1963 upstream of the translational start codon (Figure 4.1). In a previous study it 

was reported that deletion of the Pg1aA region that contains these putative AmyR 

binding-sites had only a moderate effect on the expression of the uidA reporter 

(Verdoes ef al., 1994). 

The regulation of Aspergillus genes encoding different amylases, especially 

glucoamylase, is controlled primarily at the transcriptional level. However, the 

level of gene expression can be affected by mRNA stability. The mRNA stability 

involved in the regulation of gene expression has been reported in mammalian 

cells (Guhaniyogi and Brewer, 2001), yeast (Heikkinen ef al., 2003) and 

filamentous fungi (Sachs, 1998). The mRNA stability can be affected at the 

transcriptional or at the post-transcriptional level. At the transcriptional level at 

least two factors can contribute to low levels of mRNA: 1 - a low mRNA stability 

and 2- incorrect processing of the transcripts. For example, incorrect processing 

of the pre-mRNA of a heterologous gene could take place due to the presence of 

an AU-rich sequence. That has been reported in S. cerevisiae overexpressing 

85 



Clostridium tetani tetanus toxin fragment (Romanos et a/., 1991) and HIV1-

envelope protein in Pichia pastoris (Scorer et aI., 1993). Moreover, truncation in 

ag/A, a-galactosidase-encoding gene, has been observed in A. niger and A. 

nidulans, which could possibly be due to the presence of an AU-rich sequence 

(Gouka et aI., 1996a). Recently, a specialised mRNA-decay pathway was 

discovered, termed the initiation-mediated decay pathway, that affects heat-shock 

mRNAs through decapping and 5' -to-3' hydrolysis, whereas a variety of non-heat 

shock mRNAs are not affected (Heikkinen et aI., 2003). The previously mentioned 

study has shown that five members of the yeast Hsp70 gene family Ssa1, Ssa2, 

Ssa3, Ssc1, and Kat2., and the two members of the Hsp90 gene family, Hsp82 and 

'Hsc82, were all subjected to initiation-mediated decay. These findings may 

suggest that initiation-mediated mRNA decay may play an important physiological 

role under stress conditions that require the involvement of heat shock proteins. 

However, pathways for mRNA degradation have not yet been studied extensively 

in filamentous fungi. Thus, it might be important when studying or characterising a 

feedback mechanism that is believed to operate at the transcriptional level to 

examine some mRNA feature such as size to ensure, at least initially, that 

truncation is not responsible for the decline in the transcripts level under the given 

growth conditions (i.e. exposure to OTT). This could initially be checked using 

some sensitive technique such as RT -PCR. 

The expression of some recombinant proteins may be affected by ER 

conditions. For example, the production of the heterologous protein t-PA in the 

filamentous fungi A. niger and T. reesei results in hacA mRNA splicing (Mulder et 

aI., 2004; Saloheimo, personal communication). However, the function PglaA under 

ER stress, have not been studied. 

In this Chapter the uidA expression level in A. niger reporter strains, grown 

in different carbon sources, was determined. Next, the role of P g1aA in these 

reporter strains was studied under ER stress triggered by OTT. Finally, the 

stability of uidA mRNA under OTT treatment was checked by RPA and RT -PCR, 

and the transcriptional start point of g/aA was initially confirmed by RT -PCR. 
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4.2 Materials and Methods 

4.2.1 A. niger reporter strains with different Pg1aA truncation 

A. niger reporter strains used in this study to facilitate the analysis of Pg1aA 

for the presence of sequences that are involved in mediating the decline of glaA 

transcripts under ER stress conditions were kindly provided by Dr. Punt (TNO 

Nutrition and Food Research Institute, The Netherlands.). Each of these reporter 

strains carries a reporter cassette consisting of a single copy of the uidA reporter 

gene under the control of the A. niger glucoamylase promoter, as illustrated in 

Figure 4.2. The uidA gene was placed under the control of approximately 2.032 

kb, or after digesting with Sail, BamHI, or Mlul 1.195, 0.815, 0.522 kb Pg1aA of A. 

niger, respectively. The plasmid constructs were termed pGUS64 (2.032 kb 

glucc>amylase promoter (Pg1aA) , pGUS64~S (1.195 kb Pg1aA ) , pGUS64~B (0.815 kb 

Pg1aA) , and pGUS64~M (0.522 kb Pg1aA ) and were integrated as single-copies at the 

pyrG locus of A. niger. Thus, the A. niger reporter strains are referred to in this 

study as GUS64, GUS64Sall, GUS64BamHI, and GUS64Mlul, respectively 

(Verdoes et aI., 1994). 

4.2.2 RT -PCR primers 

RT -PCR was carried out as described in Chapter 3 section 3.2.2 using the 

following primer sets: Set I primers were the forward primer uidHA01 F (CCT CTA 

GAA AGC GTA TGT TAC GTC CTG TGA AM CCC CA), and the reverse primer 

uidHA02R (CAC CAC CTG CCA GTC AAC A) and the annealing temperature was 

580C. Set" primers were the forward primer P2F (CGT GAG GGG CTG AAG 

TGC T) and the reverse primer uidHA03R (CCG T AA TGA GTG ACC GCA TCG) 

and the annealing at 58°C. 
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Figure 4.2 Plasmid vectors used for the construction of the reporter strains. Thick 

lines represent Aspergillus DNA and thin lines represent E. coli DNA. 

C,?nstruction details are described in Verdoes et al. (1994). A mutated pyrG gene 

(pyrG*) was used to facilitate the selection of the reporter construct integration at 

the pyrG locus as a single copy. The terminator used was the trpC (ttrpc) of A. 

nidulans. Restriction enzymes used for the deletion analysis of Pg1aA are shown. 
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4.2.3 Preparation of DNA probes for Ribonuclease Protection Assay (RPA) 

RPA probes for actin and bipA were prepared by first cloning the PCR

amplified probes, using primers described in Table 3.1, into the pGEM-T Easy 

vector (Promega, USA), except for the uidA probe. The uidA probe was a 552bp 

fragment corresponding to co-ordinates +1261 to +1812 in the sequence of uidA 

and it was amplified by PCR with the primers uidA#aFW 

(5'AA TATTTCGCGCCCACTGG3
\ uidA#aREV (TCT AGATCA TTGTTTGCCTC3'). 

The cloned probe was checked by endonuclease restriction digests. After 

confirming the cloning of the target gene, the plasmid DNA (pGEM-T Easy vector) 

(12/J.g) was linearised with a restriction enzyme that cuts in a site that allows the 

complementary mRNA (antisense) transcripts to be synthesized for the desired 

length of RNA transcripts from the T7 or SP6 RNA polymerase promoter present 

in the pGEM-T Easy vector, as illustrated in Figure 4.3. RNA transcripts which 

were used as RPA probes were prepared using the MAXlscript® SP6/T7 Kit 

(Ambion, USA) following the manufacturer's instructions. After linearisation, the 

DNA template was cleaned by treating with 30/J.1 Proteinase K (200 /J.g/ml) and 5/-11 

SDS (10% ) for 30 minutes in 50°C, followed by phenol/chloroform extraction and 

ethanol precipitation. The cleaned DNA template was dissolved in 30/-11 RNase

free water and the concentration was determined spectrophotometrically as 

described in Chapter 2. The in vitro transcription reaction was then carried out 

using T7 or SP6 enzyme, following the manufacturer's instructions (Ambion, USA). 

After the transcription reaction, each probe was diluted ten fold in RNase-free 

water before performing the Radiolabel Incorporation test for synthesized RNA 

probes (below). 

4.2.4 Radiolabel Incorporation test for synthesized RNA probes 

The amount of radiolabel (a_32p UTP) incorporated into the transcript 

product was determined as follows: 1/J.1 of the diluted probe was spotted into the 

middle of DE81 paper and left to dry for a few minutes. 
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Figure 4.3 Schematic diagram of the pGEM-T Easy plasmid vector used to clone 

the RPA probes. The size of each cloned probe and the size of the protected 

fragment are shown. The restriction enzymes used to linearise the plasmid vector 

and facilitate transcription from the desired T7 or SP6 promoters are shown. 

a. Schematic diagram of pGEM-T Easy plasmid vector (template) 

b. Schematic diagram of pGEM-T Easy plasmid vector after cloning the actin 

probe 

c. Schematic diagram of pGEM-T Easy plasmid vector after cloning the bipA probe 

d. Schematic diagram of pGEM-T Easy plasmid vector after cloning the uidA 

probe 
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The radioactivity in the OE81 paper was estimated using a Geiger counter, and the 

OE81 paper was washed four times (5 minutes each) in 0.5M Na2HP04 followed 

by one wash for 2 minutes in H20 to remove the salt. The OE81 paper was then 

soaked for 2 minutes in ethanol to remove the water and then left to dry for 10-15 

minutes, after which the radioactivity was re-measured to find out the level 

(percent) of Q-32p UTP incorporation. After the incorporation test, each probe was 

diluted 1/10, 1/100, or 1/1000 as required (Figure 4.6). The incorporation test 

allows a constant addition of the probe each time the RPA assay is carried out, as 

the incorporation level may vary. 

4.2.5 Ribonuclease Protection Assay (RPA) 

The RPA was carried out using the RPAIII kit (Ambion, USA) following the 

manufacturer's instructions and using 10/-1g of total RNA per reaction. The total 

RNA concentration per reaction was determined empirically to be enough to detect 

the target mRNA while the labeled probe was present in at least 10 fold excess 

over the target mRNA (Figure 4.6). 

4.2.6 Preparation of and running the denaturing polyacrylamide gels 

Final RPA samples were run on 5% (w/v) acrylamide TBE gels prepared as 

follows. 28.8 g of high quality urea was dissolved in 6 ml of 10X Tris borate EOTA 

(TBE) (109 g/l Tris base, 55 gIl boric acid, and 40 ml of 0.5 M EOTA solution), 7.6 

ml of 40% acrylamide/bis-acrylamide, and 60 ml distilled H20. The mixture was 

stirred at room temperature until the urea had dissolved, and then de-gassed for 5 

minutes. Next, 500 /-11 of 10% (w/v) ammonium persulfate and 65 III TEMEO were 

added, which catalyses the polymerization, and the mixture was immediately 

poured. Prior to loading the sample, the urea was rinsed out of the wells, and 

samples were electrophoresed against RNA Century markers (Ambion) at 200V 

for 2 hours. 

4.2.7 Testing for OTT interference with the fluorimetric GUS assay 

Mycelial extracts were prepared as outlined in Chapter 2 section 2.10, from 

GUS64 strain grown in ACMS/N/P for 48 hours with no addition of OTT. The 
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mycelial extracts were then divided into aliquots. Next, OTT was added and the 

GUS assay was carried out immediately, and at 3, and 6 hours after OTT addition 

to the supernatant at 20 mM final concentration. To test the OTT effects on the 

activity of GUS (Sigma) and on the fluorescence activity of the calibration 

standard, OTT was added to the reaction mix prepared as described in Chapter 2 

and to a series of diluted 4-methylumbelliferone (Sigma; free acid) solutions, 

standard for calibration, respectively. The fluorescence activities from these 

samples were then detected fluorimetrically as described in Chapter 2. 
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4.3 Results 

4.3.1 DNA sequence of the truncated glucoamylase promoter (Pg1aA ) used in the 

A. niger reporter strains 

Truncated Pg1aA regions used in the construction of the reporter cassettes 

shown in Figure 4.2 were further sequenced at the University of Nottingham. 

These sequences were kindly provided by Dr. Alcocer and are shown in Figure 

4.4. Vector NTI computer software (InforMax, Inc., UK) was used to analyse these 

sequences. Several putative sites that were reported previously (CreA-binding 

and CCAA T) or those pointed out in this study (CCAA T (upstream 1 kb) and 

AmyR-binding) are shown in Figure 4.1. 

4.3.2 The uidA expression level in A. niger reporter strains GUS64, GUS64Sa/l, 

GUS64BamHI, and GUS64Mlui grown in different carbon sources 

Figure 4.5 shows the uidA expression levels in A. niger reporter strains 

GUS64, GUS64Sa/l, GUS64BamHI, and GUS64Mlui grown in ACM/N/P medium 

containing starch, glucose or xylose as the carbon source. Previously, Verdoes et 

al. (1994) used the same reporter strains to perform a deletion analysis of Pg1aA . 

However, in their study maltose was used instead of starch as the carbon source 

to induce Pg1aA. The advantage of having these reporter constructs integrated at 

the same locus (Figure 4.2) as a single copy is that any variation in the 

transcriptional level of the reporter gene between these transformants, due to the 

locus of integration in the genome, is avoided. 
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Figure 4.4 The full length (2032 bp) of the P g1aA is shown. The top diagram shows 

the size of each P g1aA truncated fragment and the restriction enzymes used for the 

construction of these truncated fragments. The restriction sites (nt sequences) for 

these enzymes are indicated in bold in the nt sequence of Pg1aA- Size shown for 

each truncated fragment refers to the size from the first nucleotide in the fragment 

up to the translation start codon (ATG) of the reporter gene, which is shown in 

capital letters. For example, the pGUS64 uses the 2032 bp promoter that begins 

with tcct and continues up to the translation start codon (ATG) of the reporter 

gene. 
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Ncol Sail BamHI Mlul ATG 

2.032 kb------~~~-...::========== 1.195 ko---------
0.815 kh--------

0.522 kb----

1 tcctcgctga tc t c c c tttg gtac agtcgg cta ccaatgc tctcgaggat tgcctgaaca 

61 ttgacattc g g c gtccggcc gggac caccg cggactcgaa gctgcctgtg ctggtctgga 

121 tctttggcgg agg c tttgaa c ttggtt c aa a ggcgatgta tgatggtaca gcgatggtat 

181 catcgtcgat agacaagaac atgc ctatcg tgt ttgtagc aatgaattat cgcgtgggag 

241 gtttcgggtt cttgc c c gga aaggagatcc t ggaggacgg gtccgcgaac ctagggctcc 

301 tggaccaacg ccttgccctg cagtgggttg ccg aca acat cgaggccttt ggtggagacc 

361 cggacaaggt gac gatttgg ggagaatc aa gc a gg a gcca tttccgtttt tgatcagatg 

421 atcttgtacg acggaaaca t cact t acaag g a taagccct tgttccgggg ggccatcatg 

481 gactccggta gtgttgaacc c g cagacccc g t cga t gggg tcaagggaca gcaagtatat 

541 gatgcggtag tggaatc tgc agg c tgntcc tcttc t aacg acaccctagc ttgtctgcgt 

601 gaactagac t a c a c cgactt cc t c aatgcg gcaaactccg tgccaggcat t caagctacc 

661 attctgtggc cgttatc ata t g tgcc t c g a ccggacggga cggcgttgtc ggcatcaccg 

721 gacgttttgg gcaaag c agg gaaata t gct c gggtcccgt tcatcgtggg cgaccaagag 
sail 

781 gatgagggga c cttattc gc c tt gtttc a g tccaacatta cgacgatcga cgaggtgg tc 

841 gactacctgg cctcatac tt c ttc tatgac gctagccgag agcagcttga agaactagtg 

901 gccctgtacc cagacac cac cac gtacgg g tctccgttca ggacaggcgc ggccaacaac 

9 61 tggtatccgc aatttaagc g attggccgcc attctcggcg acttggtctt caccattacc 

10 21 cggcgggcat t cc t c t c gta tgc agagg aa a tctcccctg atcttccgaa ctggtcgtac 

1081 ctggcgacc t atgactatgg c a ccccagtt c t ggggacct tccacggaag tgacctgctg 

1141 c aggtgttc t atgggatc aa gccaaact a t gcagctagtt ctagccacac gtactatctg 

BamHI agtacattga gtggccgcag 
1201 agctttgtgt atacg c t gga tccgaactcc aaccgggggg 

1261 tggaaggaat cg c ggcagtt gatgaa t ttc ggagcgaacg acgccagtct ccttacggat 

13 21 gatttc cgc a a c ggga c ata tgagttca t c ctgcagaata ccgcggcgtt ccacatctga 

1 3 81 tgccattggc ggaggggtcc gga c ggtc a g gaacttagcc ttatgagatg aatgatgga c 

1441 gtgtctggcc t c ggaaaagg atatatgggg atca t aatag tactagccat attaatgaag 

Mlul cc t gcg t tat agcttcccgt tagttatagt accatcgtta 
1501 ggcatatacc aC2c2ttgg a 

1561 taccagccaa t caagtc a cc a cgca cgacc ggggacggcg aatccccggg aattgaaag a 

16 21 aattgc atc c taggccagtg ag gcca gcg a ttggccacct ctccaagcac acagggccat 

1 68 1 t c tg c agc g c tg g tggatt c a tcgcaatt t cccccggccc ggcccgacac cgctataggc 

1741 tggtt c t ccc a caccat cgg a gattcgtcg cctaatgtct cgtccgttca caagctgaag 

1 80 1 agc ttgaagt ggc gaga t g t c t c t gcagga attcaagcta gatgctaagc gatatt.gcat 

1 86 1 g g c aatatg t g ttga t gcat gtgcttcttc cttcagcttc ccctcgtgca gatgagg tt 

1 92 1 ggctataa a t t gaagtgg t t ggtcggggtt ccgtgagggg ctgaagtgct tcctcccttt 

1 981 t a g a cgcaac t gagagcctg agcttcatcc ccagcatcat tacacctcag ccATG 
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The DNA sequence of the truncated P g1aA in each of the reporter strains is shown 

in Figure 4.4. The highest level of GUS specific activity was produced by A. niger 

reporter strain GUS64 with the biggest P g1aA fragment of 2032 bp, as shown in 

Figure 4.5 (a). By comparing the uidA mRNA levels to the quantity of GUS activity 

detected in each reporter strain (Table 4.1), two main observations could be made. 

First, the promoter region between 1.195 and 2.032 kb upstream of the translation 

start contains some promoter element(s) important for transcription. Second, the 

minimum size of P g1aA required for lOW-level expression appears to lie within the 

first 522 bp upstream of the translation initiation site. This is supported by the 

observation that shortening the promoter further results in a complete loss of 

expression (Verdoes et al., 1994). Interestingly, when these reporter strains were 

grown in ACM/N/P medium containing glucose as the sole carbon source, only the 

GUS64 strain, which has the biggest P g1aA fragment (2032 bp), produced a 

detectable level of GUS (Figure 4.5b). A simple explanation for this observation is 

that a promoter site(s) required for high-level expression in a glucose-containing 

medium is located within the 2000nt-1000nt Pg1aA. No further investigation of this 

observation was carried out. 
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Figure 4.5 GUS activity in A. niger reporter strains grown in different carbon 

sources (final concentration of 1 % w/v) for 48 hours. Experiments were carried 

out in 250 ml flasks each with 100 ml of medium. The GUS activity calculated 

represents the average ± SEM of three replicates. 

a. GUS activity in A. niger reporter strains grown in different carbon sources (final 

concentration of 1 % w/v) 

b. GUS activity in A. niger GUS64 strain grown in different carbon sources (final 

concentration of 1 0/0) 

In the Figure symbol legend, starch, glucose and xylose indicate the growth 

medium used, ACMS/N/P, ACMG/N/P and ACMXlN/P, respectively. 
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Table 4.1 Analy~is ~f GUS activity in A. niger reporter strains: a sum f 
data presented In Figure 4.5 mary 0 

Strain Carbon GUS activity 
source (Gus U/mg protein) . 

GUS64 S 1215.7 (± 214.3) 
! 

GUS64Sa/i S 421.3 (± 103.4) 
, 

GUS64BamHI S 303.9 (±53.8) I 
GUS64Miul S 288.6 (±16.5) 

GUS64 G 498.7 (±147.5) I 

I 

GUS64Sall G <1 

GUS64BamHI G <1 

GUS64Miul G <1 i 
I 

GUS64 X 12.7 (±3.8) 

GUS64Sall X 26.9 (±2.3) 

GUS64BamHI X 23.4 (±6.8) 

GUS64Miul X 17.8 (±2.2) 

S, G, X, represent: starch, glucose, and xylose respectively, U: unit of 
GUS activity 
Numbers in parentheses are an average ± SEM of three replicates 

4.3.3 Positive and negative controls used in RPA showed the expected patterns 

Two control probes were run in the RPA experiments. One control sample had no

RNase added - this control should show the fu"-Iength probe (positive control) -

while the other control had no-RNA targeU+RNase (negative control). In this 

negative control, mouse liver RNA (Ambion) was used instead of A. niger RNA. 

The no-RNA targeU+RNase sample lane in the gel should show no signal. Figure 
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4.6 shows that the positive and negative controls gave the expected results. 

Figure 4.6 also confirms the optimal concentration (dilution) (1: 1 00) of the RNase 

T1 (Ambion), which should not result in over- or under-digestion of the band. Also, 

Figure 4.6 shows different dilutions of the probe that were prepared prior to the 

hybridisation step. Detecting the optimal dilution of the probe is very important in 

the RPA, since a very concentrated probe could mask the protected band. Also, a 

low concentration of the probe could result in under-estimation of the target. The 

probe concentration was kept consistent in all RPA by carrying out the 

incorporation test as described in the Materials and Methods section 4.2.3. 
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Figure 4.6 RPA probes for actin , bipA, and uidA. First lane of each 
probe shows the full length of the probe (no RNase added) . Probes 
were diluted as indicated (by 1/10, 1/100, 1/1000) and hybridized to 
their targets. For the negative control (N/C) , mouse liver RNA was used 
(10 ,ug) . The last lane shows all full length probes, but loaded at lower 
concentrations. 
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4.3.4 Effects of OTT treatments on the transcript levels of the uidA reporter gene 

and the gene-encoding the molecular chaperone bipA in A. niger reporter 

strains GUS64, GUS64Sall, GUS64BamHI, and GUS64Mlui 

To study whether the decline of the steady state mRNA levels of the 

glucoamylase-encoding gene under ER stress (previous Chapter) is mediated by 

promoter elements present in Pg1aA , A. niger reporter strains (Figure 4.2) were 

used. The ER stress was applied by treating these reporter strains with 20mM 

OTT (final concentration) and the steady state mRNA levels of the reporter strain 

were detected by RPA (data represented in Figure 4.7). Table 4.2 compares the 

uidA transcript level of the control samples as detected by RPA (Figure 4.7), with 

the corresponding level of GUS detected by GUS assay (Figure 4.5), where the 

relative uidA expression refers to that of pGUS64 as 100%. Although the 

accuracy of the correlation between the levels of uidA mRNA and ~-glucuronidase 

(GUS) may depend on the sensitivity of the assays used to detect them, Table 4.2 

generally illustrates the correlation of the mRNA and protein expression levels. 

Another observation that can be made from Figure 4.7a is that, under ER 

stress triggered by OTT treatment, the decline of uidA mRNA only occurred when 

the uidA gene was expressed under the control of 2032 bp of Pg1aA (strain GUS64). 

This is further illustrated by the number shown above the OTT treated sample bars 

which refer to the uidA mRNA level relative to tOh (100%) of each sample. These 

numbers should show whether the uidA level is declining or not over the OTT six 

hours time-course used. It can be clearly seen that a decline in uidA mRNA level 

took place only when the uidA reporter gene was expressed under the control of 

2032 bp Pg1aA . This suggests that the decline resulted from transcriptional down

regulation by promoter elements present within a region of Pg1aA located 1195-

2032 bp upstream of the translational start. 

To confirm that reporter strains were indeed under ER stress as a result of 

OTT treatment, the level of bipA transcripts was checked in the same mRNA 
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samples used from these reporter strains to check the uidA transcript level Figure 

4.7 (a). As shown in Figure 4.7b, bipA was clearly induced in the OTT treated 

samples in all the reporter strains. The obvious bipA up-regulation should indicate 

UPR activation in these reporter strains. The average induction level of bipA was 

about five fold after 60 minutes of OTT treatment and about seven fold after 360 

minutes of DTT treatment. 

Interpreting the data In Figure 4.7 is complicated because steady-state 

levels of mRNA are measured. The relative effects of mRNA stability and new 

mRNA synthesis cannot be distinguished. Therefore, this analysis was taken 

further using medium-exchange studies coupled to RPA and nuclear run-on 

analysis (see Chapter 5). 

Also checking the mRNA size at this stage might be interesting, especially 

in A. niger pGUS64 and pGUS64Sall reporter strains under OTT treatment, since 

the stability of the mRNA could be affected by the mRNA truncation (Gouka et a/., 

1997a). RT -PCR analysis was carried out later on in this Chapter to initially check 

this possibility of mRNA truncation under DTT treatment. 
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Table 4.2 The uidA expression levels in A. niger reporter strains grown in 
ACMS/N/P medium. The relative uidA expression refers to the activity of GUS64 
(100%) measured in the same experiment. The uidA mRNA levels correspond to 
the GUS activities presented in Figure 4.5 and Table 4.1. 

A. niger reporter strain Relative uidA mRNA level Relative GUS level at 48 
at 48 hours of growth 1%1 hours of growth (%) 

GUS64 100 100 

GUS64Sa/i 57.8 34.7 

GUS64BamHI 52.9 25 

GUS64Mlui 40.6 23.7 

For the average uidA expression in GUS64 see Figures 4.5 and 4.7 
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Figure 4.7 

a. 

Effect of OTT stress on transcription of the uidA gene compared with water-treated 

control cultures of A. niger reporter strains. The graph shows the RPA of the uidA 

transcripts from A. niger reporter strains GUS64, GUS64Sall, GUS64BamHI, and 

GUS64Mlui. The size of Pg1aA in each reporter strain is shown. The levels of uidA 

transcripts were normalised against the corresponding y-actin control and the 

values for each time-point calculated relative to the tOh value (taken as 100%). The 

numbers shown above the OTT-treated sample bars (white) refer to the uidA 

mRNA level of tOh (100%) of each sample. The water-treated samples (referred to 

as control in the graph) are represented by black columns. The tOh points, which 

have a value of 1, are not shown in the graph. The uidA expression levels are an 

average ± SEM of three replicates. 

108 



a. 

1/1 I- 1 hour Control 01 hour OTT 06 hours Control 06 hours OTT +" 
c: 
'0 2.5 
Q. 

------_._--- ---- -
Qj 

. E 
~ ~ c: .-

.- +" 
C ~ 00 CO 

(11 0 2 ....... c ~ . o +" . 
W CO 0') +" Qj ~ 
~ CD ~ 

Qj > 
~ >:;; 0 

0') CO 0 :;;: (U 0 ....... (11-

W ~ C - (\) 
(\) ... 0 ... c: 1.5 CO w - ~ 

~ '#. ~ 0 
0 Qj,C 

- 1/1 
Q.(\) .- ... 
... III 

1 ~!! 
c: (\) 
III > 
~.! 
<t<t 

~~ 0.5 
(\) Qj 
,C+" 
I- III 

+" 
1/1 

>-

" 0 III 
(\) 

1

815 522 +" 
2032 1190 1 

en 

Pg1aA. (bp) 

I ::J ::::::: --..::t CO E ~ <D C/) CO -.::t C/) -..::t en <D ::::> <D -.::t (/) 
C) (/) <D :::> ::::> (/) (9 

(9 :::> 
(9 

109 



Figure 4.7 

b. 

Effect of OTT stress on transcription of the bipA gene compared with water-treated 

control cultures of A. niger reporter strains. The graph shows the RPA the of bipA 

transcripts from A. niger reporter strains GUS64, GUS64Sall, GUS64BamHI, and 

GUS64Mlui. The levels of bipA transcripts were normalised against their 

corresponding y-actin control and the values for each time-point calculated relative 

to the tOh value (taken as 100%
). The tOh points, which have a value of 1, are not 

shown in the graph. The bipA expression levels are an average ± SEM of three 

replicates. 
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The bipA transcript level relative to actin. 
Steady state bipA levels shown are relative to 0 time points 
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Figure 4.7 

c. 

pGUS64 
Pg1aA length (2032 bp) 

Control OTT 

o 1 6 o 1 

bipA 

uidA 

actin ./1; 

6 

pGUS64Mlui 
Pg1aA length (522 bp) 

Control OTT 

o 1 6 o 1 6 
bp 

300 

200 

Ribonuclease Protection Assay (RPA) showing the effect of OTT treatment on 
the transcription of bipA, uidA in A niger GUS64 and GUS64Mlui strains. Actin 
was used to normalise loading of each RNA sample. 
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Figure 4.7 

d. 

o 

bipA 

uidA 

actin 

pGUS64Sa/i 
Pg1aA length (1195 bp) 

Control OTT 

1 6 o 1 6 

pGUS64BamHI 
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, +200 

Ribonuclease Protection Assay (RPA) showing the effect of OTT treatment on the 
transcription of bipA, uidA in A. niger pGUS64Sall and GUS64BamHI strains. Actin 
was used to normalise loading of each RNA sample. 
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4.3.5 OTT interferes with the fluorometric GUS assay 

GUS activity from OTT treated cultures is significantly reduced compared to 

untreated controls. To test whether the residual OTT, that possibly remained after 

harvesting the mycelia, interferes with the GUS assay, OTT was directly added to 

the samples at a final concentration of 20 mM OTT. It was found that. after 

immediate addition of OTT to the supernatant, the GUS fluorescence activity was 

reduced about 60% compared to the control (Figure 4.8 a). Furthermore, 

incubation of the supernatant with the OTT at room temperature for 3 hours 

. (Figure 4.8 b) or 6 hours (Figure 4.8 c) resulted in further lowering of the GUS 

activity by 800/0 and 850/0, respectively, compared to the control. To further confirm 

and validate these findings, OTT at a final concentration of 20 mM was added to 

GUS and to a series of diluted 4-methylumbelliferone solutions (calibration 

standard). In both cases, a reduced level of the 4-methylumbelliferone 

fluorescence was detected. As Figure 4.8 (d and e) show, the level of GUS 

activity produced by the commercially-acquired GUS was reduced after OTT was 

added. To test whether the presence of OTT at a final concentration of 20 mM 

interferes with the fluorescent activity of the 4-methylumbelliferone the standard 

was prepared with and without OTT and a flourimetric reading was taken 

immediately after OTT addition. As Figure 4.8 (f) shows, there was a reduction of 

the 4-methylumbelliferone fluorescence of about 26%. 

The conclusion from these studies is that OTT adversely affects the GUS 

assay but the required level of OTT in the GUS assay performed with extraction of 

A. niger is not known. 
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Figure 4.8 The effects of adding OTT (20 mM final concentration) to the 

supernatant of A. niger GUS64 reporter strain on the fluorescence activity of the 

product 4-methylumbelliferone. As a positive control, the GUS assay was 

performed using commercial GUS. To serve as a positive control for the 

fluorescence a solution of 4-methylumbelliferone was used. Fluorescence 

(arbitrary units) shown in these plots (a-f) represent the average ± SEM of three 

triplicates. 

R2 : for the trendline, a best fit line, is an indicator that ranges in value from 0 to 1 

and reveals the linearity of the data set. A trendline is most reliable when its R2 is 

at or near 1 (Zar, 1996). 

a. Gus activity in extract of A. niger GUS64. Assay carried out immediately after 

OTT addition at 20mM final concentration. 

b. Gus activity in extract of A. niger GUS64. Assay carried out 3hrs after OTT 

addition. 

c. Gus activity in extract of A. niger GUS64. Assay carried out 6hrs after OTT 

addition. 

d. Gus activity of GUS. Assay carried out immediately after OTT addition. 

e. Gus activity of GUS. Assay carried out 3hrs after OTT addition. 

f. Effect of adding OTT (20mM) on the fluorescence of the 4-methylumbelliferone 

usually used to prepare the standard curve. 
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4.3.6 Stability of the uidA transcripts in A. niger GUS64 and GUS64San strains is 

similar under different growth conditions 

The stability of uidA mRNA was checked by RPA and RT-PCR, and at the 

protein level the GUS stability was checked by GUS assay. First, the stability of 

uidA transcripts was checked by RPA after switching from a medium with a P -glaA 

inducing carbon source (starch) to a medium containing a non-Pg1aA-inducing 

carbon source (xylose). Next, the size of uidA mRNA was checked partially by 

amplifying a fragment that was likely to contain the transcriptional start point(s) 

(Boel et al., 1984a) (Figure 4.1) from A. niger reporter strains GUS64 and 

GUS64Sa/i that were treated with OTT. This was achieved by using a primer set 

in the RT -PCR experiments that amplify a DNA fragment from the putative 

transcriptional start site. Thus, these primers could amplify the target fragment if 

they could bind to their target site in the RT -PCR experiment, but if the 

transcriptional start site is in a different region or the mRNA was truncated, no 

fragment will be amplified with the expected size. However, the GUS level was 

not checked in mycelia that had been treated with OTT due to the observation that 

OTT may interfere with GUS assay (see section 4.3.5 in this Chapter). 

4.3.6.1 Stability of uidA mRNA transcripts and GUS after switching to a non

inducing carbon source of Pg1aA 

The stability of uidA mRNA in A. niger strain GUS64 after switching the 

mycelia from ACMS/N/P to ACMXlN/P medium was checked by RPA (Figures 4.9 

a, b and c). The half-life of the uidA mRNA is likely to be 20 minutes or less. 

However, it should be mentioned that, due to the significant drop in the uidA 

transcripts from the first time point (20 minutes), more time points between 0 and 

20 minutes are needed for more accurate calculation of the declining rate of the 

transcripts. 

The decreasing rate in the level of uidA transcripts calculated under non-

inducing conditions (about 76% decrease after 360 minutes of medium-exchange) 

is comparable to the decreasing rate of the uidA transcript level seen under OTT 

treatment in the pGUS64 strain (72% decrease after 360 minutes of OTT 
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treatment (Figure 4.10)). These results suggest that, under OTT treatment, the 

induction of uidA expressed under the control of Pg1aA is significantly reduced, 

resulting in net degradation of uidA transcripts somewhat similar to the 

degradation rate of uidA mRNA after changing to a medium with a reppresser of 

Pg1aA (xylose) (Figure 4.10). 

To further check the uidA reporter gene product at the protein level, GUS 

assays were carried out using the same samples used for carrying out the RPA in 

Figure 4.9a. The GUS enzyme levels were similar throughout the time course 

(Figure 4.9b). This indicates that there was no obvious degradation of the protein 

taking place during the time course, indicating a long half-life of the GUS protein. 

Also, by examining the control samples, where there is no medium-exchange, it 

can be seen that the protein level continued to increase. Correlating with this, the 

mRNA level for the same control samples continued to increase as can be seen in 

Figure 4.9(a). 
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Figure 4.9 

a. The effect of exchanging the medium from starch to xylose as a carbon 

source on the transcript level of uidA in A. niger GUS64 reporter strain. 

b. GUS-specific activity from A. niger GUS64 strain carrying the full length 

Pg1aA- Sample from starch-xylose medium exchange. 

c. RPA for starch-xylose medium exchange experiment detecting the mRNA 

level of bipA, uidA, and actin in A. niger pGUS64 strain. 

Exchanging the medium was carried out after 44 hours of growth in ACMS/N/P 

medium. The time point refers to the time of medium exchange. The S samples 

serve as a positive control (no medium exchange was done in those samples). 

The time points shown represent the time in minutes after the medium-exchange. 

Error bars are an average ± SEM of three replicates. 
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Figure 4.9 
c. 
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Figure 4.10 The expression levels of uidA mRNA under OTT treatment or 
after exchanging the medium to ACMXlN/P medium in A. niger GUS64 
strain. The relative uidA expression is shown as the percentage of the uidA 
expression compared to that of 0 time point in the same experiment 
(1000/0). 
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4.3.6.2 Size of uidA cONA under OTT treatment and medium exchange is similar 

in A. niger GUS64 and GUS64Sall strains 

The approximate size of partially amplified uidA cONA fragments from A. 

niger GUS64 and GUS64Sa/i reporter strains, under both OTT treatment and 

medium exchange, was determined by RT-PCR - as described in section 3.2.2 -

and compared after electrophoresis through 2% agarose gels. The aim of these 

experiments was to determine whether OTT treatment in A. niger GUS64 and 

GUS64Sa/i reporter strains, that show different uidA mRNA declining patterns, 

under OTT treatment would change the stability of uidA mRNA by either changing 

the transcriptional start point or by truncating the uidA mRNA. In addition, if OTT 

treatment results in changing the transcriptional start point or shortening the 

translated uidA mRNA are these changes similar in both reporter strains, GUS64 

and GUS64Sa/l? Two different combinations of primer sets and total RNA were 

used to determine the approximate size of two different uidA cONA fragments. 

The reason for amplifying two different fragments separately instead of amplifying 

them as one fragment is that the transcriptional start point is not definite. More 

specifically, Boel et a/. (1984) reported, based on the cONA synthesized, that 70% 

of the glucoamylase mRNA species have a 5'-untranslated region upstream of the 

translational start codon of 44 nt, while 30% of the transcripts would have a 5' end 

of 69 nt. The putative transcriptional start point (69 nt) was checked using primer 

set II which contains P2F primer that covers it. Thus, if these primers could 

amplify the target fragments this would mean that no truncation has taken a place 

at least in the site for these primers, but if the transcriptional start site is in a 

different region or the mRNA was truncated, no fragment will be amplified with the 

expected size. 

The first fragment (fragment I) that was ampified using set I primers (as 

described in section 4.2.2), should result in the amplification of a 621 bp fragment 

corresponding to coordinates +1, first nucleotide in the translation start codon 

ATG, to +621 in the E. coli uidA reporter gene if the uidA transcripts have not been 
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shortened due to the OTT treatment or medium-exchange. RT -PCR for fragment 

I under medium-exchange (from ACMS/N/P to ACMXlN/P) or OTT treatment 

showed similar band sizes compared to their control bands (Figures 4.11 and 

4.12) in both A. niger reporter strains GUS64 and GUS64Sall reporter strains. 

These results suggest that there is no truncation in the first 621 bp of the uidA 

gene. Amplifying fragment I from medium-exchange samples would serve as a 

positive control for the effect of OTT on the stability of the uidA mRNA. More 

specifically, if truncation occurs only in the cONA of fragment I prepared using the 

RNA samples from OTT treated cultures, but not in the one obtained from 

medium-exchange samples, that might suggest that any mRNA truncation is due 

to the presence of OTT itself. Also, due to the high sensitivity of the RT -PCR 

system, the number of PCR cycles for these experiments was reduced to 25 

cycles to avoid amplifying a very low target to the saturation level. Further 

analysis was conducted using nuclear run-on as described in the next Chapter. 

The other fragment (fragment II) prepared using set II primers (as described 

in section 4.2.2). was a 365 bp fragment corresponding to coordinates -81 to +284 

in the A. niger Pg1aA and the E. coli uidA reporter gene, respectively. Successful 

amplification of fragment II using the P2F primer which covers the possible 

transcriptional start point might confirm not only the previously reported 

transcriptional start point (Boel et al., 1984a), but also that no changing of the 

transcriptional start point had taken place after 1 hour of OTT treatment of GUS64 

and GUS64Sall reporter strains (Figure 4.13). All the above results suggest that 

the decline in uidA mRNA under OTT treatment is not likely to be due to mRNA 

stability. Rather, it probably takes place at the transcriptional level in both A. niger 

reporter strains GUS64 and GUS64Sa/i. To confirm whether the decline in uidA 

mRNA under OTT treatment is occurring at the transcriptional level, nuclear run-on 

studies were carried out (Chapter 5). 
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M 1 2X 3 4X 

Figure 4.11 RT-PCR fragment I corresponds to coordinates +1 to +621 in the 
uidA reporter gene. Total RNA was used as a template for the RT-PCR from 
A. niger cultures grown in ACMS/N/P or after 6 hours of switching to 
ACMXlN/P medium (X). 
Lanes: 
M: 100 bp DNA ladder (Invitrogen , UK) 
1 A. niger GUS64 strain grown in ACMS/N/P (no medium-exchange) 

2X A. niger GUS64 strain after 6 hours of exchanging the medium to 
ACMXlN/P 

3 A. niger GUS 64sa/l strain grown in ACMS/N/P (no medium-exchange) 

4X A. niger GUS 64sa/l strain after 6 hours of exchanging the medium to 
ACMXlN/P 
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Figure 4.12 RT-PCR of fragment I corresponds to coordinates +1 to +621 in 
the uidA reporter gene. Total RNA was used as a template for the RT-PCR 
from A. niger cultures grown in ACMS/N/P and treated with equal volumes of 
either water or 20 mM OTT for 6 hours. 

Lanes: 
M: 100 bp DNA ladder (New England BioLabs, UK) 

1 A. niger GUS64 strain control (water treated) 

2 A. niger GUS64 strain after 6 hours of OTT addition 

3 A. niger GUS 64sall strain control (water treated) 

4 A. niger GUS 64sall strain after after 6 hours of OTT addition 
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Figure 4.13 RT -PCR of fragment II, a 365 bp fragment, 
corresponds to coordinates -81 to +284 in the A. niger P ~/a--I and the 
E. coli uidA reporter gene, respectively. Total RNA was used as a 
template for the RT -PCR from A. niger cultures grown in ACMS/N/P 
and treated with equal volumes of either water or 20 mM OTT for 1 
hour. 

Lanes: 
M: 100 bp DNA ladder (Invitrogen, UK) 
1 A. niger GUS64 strain control (water treated) 

2 A. niger GUS64 strain after 1 hour of OTT addition 

3 A . niger GUS 64Sall strain control (water treated) 

4 A. niger GUS 64Sall strain after 1 hour of OTT addition 
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4.4 Discussion 

The Pg1aA of A. niger glaA is frequently used for overexpression of native 

and heterologous genes in filamentous fungi (Table 1.4). The full sequence of 

2.032 kb of Pg1aA is shown in Figure 4.4. Several putative regulation sites present 

within the Pg1aA can be seen in Figure 4.1, most of which have been reported 

previously (Verdoes et al., 1994). The reporter gene (uidA) , controlled by the 

truncated Pg1aA , was up-regulated by starch and down-regulated by glucose or 

xylose. Although regulation of A. niger Pg1aA in different carbon sources has been 

well-characterized in several studies (Fowler et aI., 1990; Verdoes et aI., 1994), 

results of these studies do not always completely correspond with each other. For 

instance, Fowler at al. (1990) reported that xylose had no effect on g/aA 

expression levels when mixed with maltose or glucose-grown cultures of A. niger, 

whereas Verdoes et al. (1994) reported that the expression level of the reporter 

gene controlled by Pg1aA when xylose was mixed with either maltose or glucose 

was intermediate to the glaA expression level when it was expressed in maltose or 

glucose only. More specifically, in the study of Fowler at aI., (1990) g/aA 

repression by xylose was overcome by the addition of maltose or glucose to the 

levels seen when maltose or glucose are used as the sole carbon source, whereas 

the study by Verdoes et al. (1994) showed that maltose or glucose cannot 

completely overcome the xylose repression. Verdoes et al. (1994) suggested that 

the reason for these different observations was the fact that strains and growth 

conditions were not completely comparable in both studies. 

Another observation on glaA regulation described by Fowler et al. (1990) is 

that, when xylose is mixed with starch, it can prevent the induction of 

glucoamylase by starch. This observation may indicate that starch itself is not the 

signal for glaA synthesis. The suggestion that starch itself is not the signal for 

initiating glaA synthesis might be supported by analogy with the observation made 

in the case of cellulose. It was shown in T. reesei that cellulose itself is not the 

inducer of cellobiohydrolase. Instead, a basal level of constitutive cellulase might 
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degrade cellulose to smaller saccharides that can be taken up by the cell and 

converted into inducers that can initiate the induction (Suto and Tomita, 2001). 

The specific activity of GUS produced by each of those strains in my study 

cannot be directly compared with those data reported by Verdoes et a/., (1994) 

since the carbon sources were not identical (i.e. in this study starch was used, 

whereas in Verdoes et al., (1994) maltose was used), as well as some other 

growth conditions (e.g. inoculum size, growth period, and carbon source 

concentration). However, the general pattern of GUS expression under the control 

of PglaA agreed with what is generally known about the regulation of glaA in 

different carbon sources. One interesting observation made in the A. niger 

reporter strains carrying the truncated glaA promoters is that hardly any GUS 

production was detected, except for the strain carrying 2032 bp of Pg1aA, when 

these strains were grown in glucose. This may suggest that a region(s) which is 

required for a high level of expression when grown in glucose is located in a region 

more than -1.195 kb upstream of the translational start, since this promoter region 

is only present in the GUS64 reporter strain. This could be supported by the 

following observations. Firstly, the CCAA T motif, which has been considered a 

functional element essential for high-level expression for many genes in 

filamentous fungi (Brakhage et aI., 1999), is present twice in the Pg1aA- One of 

these two CCAA T sequences is only present in the GUS64 reporter strain, and is 

located -1998 to -1994 bp upstream of the translational start (Figure 4.1). In a 

different A. niger strain (T21) two CCAA T sequences within P g1aA have been 

reported to act as a binding site for a positive transcriptional factor in A. niger (Qiu 

et al., 2002). More specifically, DNase I footprinting analysis showed that a 

protein, named AngCP extracted from starch-induced mycelia, binds to two 

regions containing CCAAT sequences in PglaA located -374 to -344 and -484 to -

414 bp relative to the glaA translational start codon. Moreover, it has been shown 

that the introduction of 8 copies of an 84 bp fragment containing the CCAA T motif 

into P
g1aA

, over a region extending from about 0.4 - to - 1.1 kb of Pg1aA of A. niger 

T21 strain, increaseed the expression of the target gene about 20 fold compared 

to the presence of a single copy of that fragment (Liu et al., 2003). Moreover, 
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mutational experiments have shown that a CCM T motif, present within a 36 bp 

fragment (-327 - to - 292 bp upstream of the translational codon) in the amyB 

promoter, is involved in high-level expression of the amyB gene, but not in maltose 

induction (Kato et aI., 1997). So the observation that the CCAA T motif plays an 

important role in high level expression of P g1aA , as shown by the above studies and 

others (Brakhage et a/., 1999), may suggest that deletion of one CCAA T sequence 

out of the two CCAA T sequences present in the P g1aA in A. niger reporter strains 

used in this study might result in 'weaker' promoters. When A. niger was grown in 

glucose no detection of GUS was possible in reporter strains where one CCAA T 

sequence was deleted. Furthermore, a similar observation has been reported in 

glucose-grown cultures of a different strain of A. niger, where expression of 

glucoamylase was driven by a truncated region of the P g1aA . More specifically, a 

region between -0.5 and -1.9 kb upstream of the translational start codon was 

removed (Fowler et a/., 1990). This removed region contains two putative CCAA T 

sequences out of a total of three putative CCAA T sequences present in the Pg1aA of 

the A. niger strain used in that study, which is a different A. niger strain to those 

used in this study. Although these deletion studies were complicated by the use of 

multicopy transformants with their construct integrated at various genomic loci, it 

was observed that the level of expression was significantly low only when the 

transformant strain (mentioned above) was grown in glucose. Furthermore, the 

regulation of PgJaA in different carbon sources was studied by MacKenzie et al. 

(1994). Data reported in that study agree with the observations made in this study. 

More specifically, MacKenzie et al. (1994) reported that the yields of endogenous 

glucoamylase could be ordered with respect to growth on the following carbon 

sources: soluble starch> maltose> glucose> xylose (MacKenzie et aI., 1994), 

further confirming that glucose does not completely repress Pg1aA-

Since the A. niger reporter strains used in this study carry a single copy of 

the reporter, a more sensitive technique than northern bloting was desirable for 

studying the expression of these reporter genes under ER stress. RPA has many 

advantages over northerns. RPA can detect a very low level of target RNA (i.e. 

as little as 5 femtograms), RPA is more tolerant of partially-degraded RNA than 
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northerns and, more importantly, multi-probe assays are much easier to perform 

with RPA. The positive and negative controls (Figure 4.6) confirm the validity of 

the system used to perform the study. 

RPA analysis at this stage suggested that the decline of the uidA mRNA 

under ER stress triggered by OTT treatment was mediated through a region of 

Pg1aA between 1.195 and 2.032 kb upstream of the translational start point. 

Results up to this stage suggest, indirectly, that the decline in transcript level of the 

reporter gene under the control of Pg1aA is occurring at the transcriptional level. 

These results include the similarity between the declining rates of g/aA mRNA 

when exposed to OTT and those calculated in the absence of de novo synthesis of 

glaA mRNA as studied by medium exchange experiments (AI-Sheikh et a/., 2004), 

and discussed in Chapter 3. Also, a similar scenario is seen with the uidA reporter 

gene under the control of Pg1aA (Figure 4.10). Recently, the apparent 

transcriptional down-regulation of genes encoding secreted proteins has also been 

observed in T. reesei (Pakula et aI., 2003) where it was termed RESS (Repression 

Under Secretion Stress). In their study, deletion analysis of the cbh 1 promoter 

using a reporter gene system was used. The reporter gene (IacZ gene of E. CO/I) 

was expressed in T. reesei exposed to OTT for a time-course of 6 hours under 

either a full-length 2.2 kb cbh1 promoter or a shortened promoter of 0.161 kb. The 

shortened promoter contains a putative TATA-box and the transcriptional start site 

and was shown to be functional. Northern blot analysis showed that the reporter 

gene was subjected to down-regulation only when expressed under the control of 

2.2 kb cbh1 promoter. However, the results of Pakula et a/. (2003) and the results 

from my study up to this stage do not establish beyond doubt that the down

regulation is at the transcriptional level. In order to establish the transcriptional 

down-regulation definitively, the de novo mRNA level of the gene in the study 

should be monitored (Chapter 5). 

Several lines of study were consistent with the transcriptional down-

regulation of uidA under secretion stress being transcriptional rather than a 

function of mRNA stability. Firstly, the uidA mRNA stability was studied under the 

condition of changing the carbon source in the medium from an inducing to a non-
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inducing carbon source. The stability of uidA mRNA was then studied (using RPA) 

to determine if the decline in mRNA level was similar in repressed conditions as 

well as under OTT treatment. Secondly, since the steady-state mRNA levels of 

uidA detected in the reporter strains shown in Figure 4.7 did not show an obvious 

increase during the time-course period used (6 hours), except for the GUS64 

reporter strain, the growth conditions were optimised to improve the induction of 

the uidA gene to a level where an increase in the uidA transcript level was 

observed during the OTT time-course. This was achieved by using a medium

exchange. The final step was to detect the de novo mRNA synthesis driven by the 

2.032 and 1.195 kb Pg1aA under OTT conditions. The last two steps wi" be 

discussed in Chapter 5. 

Attempts to detect the effect of transcriptional down-regulation of the uidA 

gene at the protein level were unsuccessful. The addition of OTT at a final 

concentration of 20mM in the reaction buffer of the GUS assay interferes with 

detecting GUS activity in the assay. The observation that the incubation of OTT 

with the supernatant samples for 3 or 6 hours at room temperature resulted in 

further lowering of the GUS activity by about 20% may also indirectly suggest the 

possibility of degradation of GUS protein by extrace"ular proteases. Although 

PMSF, a serine protease inhibitor, was added to the mycelial extract (Chapter 2), it 

may not completely prevent GUS degradation. It has been reported previously 

that PMSF partially restricted the degradation of a heterologous protein, porcine 

pancreatic phospholipase A2 (PLA2), in A. niger cultures (Archer et a/. , 1992), but 

different proteins are susceptible to degradation by different proteases. 

The addition of OTT to the calibration standard resulted in a reduction in the 

fluorescence activity of 4-methylumbelliferone, but not as severe as the addition of 

OTT to the reaction buffer. This may indirectly suggest that OTT interferes mainly 

with the GUS assay. 

At low concentrations, OTT stabilizes enzymes and other proteins which 

possess free sulfhydryl groups, and has been shown to restore activity lost by 

oxidation of these groups in vitro. OTT is also widely used for protein denaturation 

in SOS-PAGE electrophoresis. Although ~-mercaptoethanol, another reducing 
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agent, was a component of the extraction buffer at a final concentration of 5mM, it 

seems that the presence of 20mM OTT in the GUS assay results in a reduction of 

GUS activity. However, these data do not explain why or how OTT interferes with 

GUS assay. No further investigation of this observation was carried out since it is 

not directly related to the main objective of this study. 

The initial study of uidA mRNA stability suggested uidA transcripts in A. 

niger reporter strains, GUS64, GUS64Sa/l, GUS64BamHI and GUS64Miul, treated 

with OTT (Figure 4.7), were synthesised during the 6 hours time-course, and were 

not carried over from 0 time point. This is supported by the observation in Figure 

4.9a, which showed that the half-life of uidA mRNA is likely to be ca. 20 minutes. 

Several other conclusions can be drawn from results shown in Figure 4.9. Firstly, 

these results confirmed that the reporter gene under PgtaA is regulated at the 

transcriptional level. Secondly, the reporter protein GUS is stable after the 

medium exchange (to non inducing carbon source) and is likely to have a half-life 

longer than 6 hours (length of time-course used in this experiment). Finally, these 

results showed that, under inducing conditions, the increase in the mRNA level 

correlates roughly with the protein level, but the protein has a long half-life as it is 

not degraded under non-inducing conditions. 

The RT -peR analysis to check the approximate size of partially-amplified 

uidA cONA fragments from A. niger suggests that mRNA truncation is unlikely to 

take place under OTT treatment or medium-exchange at least within the 621 bp of 

the amplified fragment. Truncation of mRNA has previously been reported with 

expression of the heterologous gene encoding a-galactosidase in A. niger (Gouka 

et a/., 1997a; Gouka et a/., 1997b). Also, the putative transcriptional start point, 

located -69 nt upstream of the translational start point, was likely to be confirmed 

using a primer set that covers it. Furthermore, the similarity in size of the 

fragments covering the transcriptional start point, suggests that it was the same 

under OTT treatment and medium-exchange. If the transcriptional start point is 

located further upstream (i.e. upstream of the putative one), a different primer set 

could be necessary. 
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5 Transcriptional down-regulation of gJaA under secretion 

stress at the nuclear level 

5.1 Introduction 

The results presented in the previous chapters show that under the 

> conditions of ER stress there was a selective down-regulation of the gene 

encoding glucoamylase, but not the gene encoding non-secreted protein actin. 

Decreased mRNA stability is a common control mechanism of protein expression 

in various organisms (Anderson and Parker, 1998; Gouka et aI., 1997a; 

Guhaniyogi and Brewer, 2001; Vilela and McCarthy, 2003). One studied example 

of this mechanism is regulation of S. cerevisiae genes subject to glucose 

repression (Prieto et a/. , 2000). In order to eliminate the possibility of uidA mRNA 

stability being responsible for the transcription down-regulation effects and also to 

confirm that the effect is truly transcriptional, the de novo mRNA synthesis should 

be examined under ER-stress conditions triggered by OTT. This can be done 

using nuclear run-on transcription assays. Nuclear run-on assays are transcription 

assays designed to examine the genes being transcribed in a cell nucleus at a 

specific time (Farrell 1997). The principle involved is that intact nuclei are isolated 

and these contain transcription complexes stalled on the DNA template due to 

acute loss of ribonucleotide substrates. The transcription that has been halted at 

the time of isolating the nuclei can be continued again in vitro after the addition of 

new ribonucleotides. Thus, the genes being transcribed under the specific 

conditions can be studied. By comparing the amount of gene-specific 

radiolabelled mRNA synthesized in nuclei that have been isolated from samples 

subjected to two different conditions (i.e. control and treated), the transcriptional 

activities of target genes can be studied (Figure 5.1). Thus, the nuclear run-on 

assay is useful in assessing whether changes in mRNA levels are a function of 

transcription or of subsequent RNA degradation or transport. The critical step that 

should determine the assay quality is the isolation of intact nuclei. 
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Figure 5.1 Nuclear run-on transcription assay, Nuclei are first isolated from 

mycelia and incubated with 32P-labelled UTP and unlabelled NTPs to label nascent 

RNA transcripts. 32P-labelled RNA is purified and used to detect specific RNA 

transcripts by hybridisation to DNAs immobilized on a nylon membrane. The 

newly synthesised mRNA will hybridise to its target. The isolated nuclei were 

checked under the fluorescence microscope after staining with ethidium bromide 

(shown in the photo). 
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Nuclear isolation must be carried out in such a way to preserve RNA polymerase 

activity and nuclear structure (Marzluff et a/., 1973; Marzluff et al., 1974). In spite 

of this critical step, the sensitivity of the assay is high for the following reasons. 

The labelled RNA is single-stranded and the renaturation step that occurs with use 

of double-stranded probes, which may reduce the effective concentration of the 

probe in the hybridisation solution, is avoided. Also, the activity is highly specific, 

since the RNA is labelled continuously along its length compared with the use of 

end-labelled probes (Farrell 1997). In order to facilitate the detection of the 

transcripts of a gene that is present as a single copy, the nuclei should be isolated 

under optimal growth conditions for transcription induction for that gene. In this 

Chapter, the growth conditions have been improved to allow high levels of uidA 

induction from A. niger reporter strains. That was accomplished by carrying out 

medium-exchange. After improving the growth conditions for Pg1aA induction, RPA 

and nuclear run-on experiments were performed to further study the transcriptional 

down-regulation phenomenon. Also, the effect of DTT treatment on the viability of 

A. niger cultures was determined. 

5.2 Materials and Methods 

5.2.1 Media-exchange and growth conditions 

A. niger reporter strains were grown in ACMXlN/P for 44 hours, as 

described in Chapter 2 section 2.3, then mycelia were washed with ACM medium 

with no carbon source and transferred immediately to ACMS/N/P medium where 

the pH was adjusted with HCI to the pH of the medium to be exchanged 

(ACMXlN/P) (pH 3.5-4.0) (Figure 3.6) and at similar temperature, 28°C. Mycelia 

were harvested at the time mentioned in each experiment, as described in Chapter 

2 section 2.4. 
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5.2.2 Nuclear run-on Assay 

The nuclear run-on assay is composed of four main steps. These steps are 

described below, and include isolation of the nuclei, nuclear run-on transcription 

assay, hybridisation and washing of the DNA dot blot. 

5.2.2.1 Isolation of the nuclei 

Nuclei were isolated using the method described by Schuren et al. (1993), 

with minor modifications. Mycelia from control and (20mM) OTT-treated cultures 

were harvested and ground in liquid nitrogen. All further steps were performed on 

ice. The ground mycelia were resuspended (9g in 27 ml) in isolation buffer 

containing 10mM PIPES (pH 6.9), 0.5 M sucrose, SmM CaCI2 , SmM MgS04, 1 mM 

PMSF, and 0.1 % 2-mercaptoethanol. The suspension was filtered through Mira

cloth. The filtered suspension was centrifuged for 10 minutes at 110g. The 

supernatant was centrifuged again to pellet the nuclei for 20 minutes at 4,OOOg. 

The pellet was resuspended in 1.S ml isolation buffer and loaded to 6.S ml of the 

same buffer, but containing 2.1 M sucrose, and centrifuged for 60 minutes at 

161,000g. The pellet was resuspended in 0.2S ml of buffer containing SOmM Tris

HCI (pH 8.3), 40% glycerol, 5mM MgCI2 , 0.1 mM EOTA and immediately stored at 

-80°C. The isolated nuclei were checked under the fluorescence microscope after 

staining with ethidium bromide (Figure S.1). The 00 260nm:280nm ratio in nuclear 

suspensions was 1.12-1.15 and the variation in 00 260nm was less than S% in all 

nuclei suspensions. 

5.2.2.2 Nuclear run-on transcription assay 

Nuclear suspensions (1 00J..l1) were thawed on ice and mixed with 100).11 

reaction buffer containing 10mM Tris-HCI (pH 8.0), 300mM KCI, SmM MgCI2, 

5mM OTT, 1 mM each of ATP, GTP, CTP and 60).1Ci [a32P] UTP. The reactions 

were allowed to run for 30 minutes at 30°C. The nuclear DNA was degraded by 

adding SU RNase-free DNase (Ambion) for S minutes at room temperature. Next, 

SOS and NaCI were added to final concentrations of 1 % (w/v) and OAM 

respectively. The mixture was extracted once with phenol/chloroform and once 
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with chloroform. The RNA was precipitated with one volume isopropanol and 

centrifuged for 10 minutes at 10,500g. The RNA pellet was dissolved in 50~1 

RNase-free water and cleaned through Spin columns-30 (Sigma) following the 

manufacturer's instructions. Labelled RNA was denatured by boiling for 2 minutes 

and immediately used for hybridisation. 

5.2.2.3 Hybridisation of DNA dot blot 

All DNA fragments were prepared by PCR using genomic DNA of A. niger 

transformant GUS64. A PCR product of each DNA fragment was gel extracted 

using QIAquick Gel Extraction Kit (Qiagen) following the manufacturer's 

instructions. 1.5 /-1g DNA of each sample was alkali-denatured and spotted on 

Hybond N+ (Amersham). Spotted DNA samples were as follows: uidAI fragment 

corresponds to uidA open reading frame region +1 to +621 of the E. coli uidA gene 

(Schlaman et al., 1994), where +1 refers to the A nucleotide in the translation start 

codon ATG, uidAIl fragment corresponds to uidA open reading frame region +621 

to +1232 bp, bipA and actin DNA fragments were the same as described in 

Chapter 2 section 2.9. The negative control (PglaAN) used was a DNA fragment of 

609bp corresponding to -1402 to -2011 bp upstream of the uidA translation codon 

in the 2.032 kb glaA promoter fragment. Blots containing these DNA samples were 

pre-hybridised for 15 minutes at 65°C in a HYB-9 (Puregene) hybridisation 

solution. The denatured labe"ed RNA was added to the pre-hybridised blot and 

hybridisation was continued overnight. 

5.2.2.4 Washing and exposing DNA dot blot 

Fo"owing hybridisation, blots were washed twice in 2xSSC, 0.1 % (w/v) SDS 

for 10 minutes. Blots were visualised and the band intensities quantified using a 

Fujifilm BAS2000 phosphorimaging system. Faint bands were observed in the 

negative control, but the background for each band was corrected by subtracting 

the signal generated from the negative control. Similar observation of low 

background generated from negative controls when carrying out nuclear run-on 

assays has been made in other studies (Gouka et al., 1997b). 
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5.3 Results 

5.3.1 Transcription of uidA following medium-exchange 

The results obtained in the previous Chapter (Figure 4.7) showed that in A. 

niger reporter strains GUS64Sa/i GUS64BamHI, and GUS64Mlui the uidA 

transcript levels did not show an obvious increase, or decrease, during the time

course period used (6 hours) in these reporter strains. This would mean that the 

rate of uidA synthesis is similar to the rate of uidA degradation. For this reason 

the growth conditions needed to be optimised to improve the induction of the uidA 

gene to a level where an increase in the uidA transcript level is observed during 

the OTT time-course. To do so, media-exchange experiments were carried out to 

switch the 44 hours-old A. niger cultures grown in a medium with a Pg1aA 

repressing carbon source (xylose) to a medium with an inducing carbon source. 

Figure 5.2 shows that the levels of uidA in the A. niger reporter strains decreased 

after 1 hour of medium-exchange, even in the control samples. These results 

suggest that one hour after medium-exchange is not long enough to start detecting 

a clear induction of the reporter gene. Furthermore, the pH was not adjusted in 

the medium into which the cultures were switched, to match the pH of the former 

media, which may result in a longer time needed for the cultures to adapt to the 

new medium. A time-course following the medium-exchange was performed next 

(as described in the Materials and Methods 5.2.1) to determine the time needed 

for uidA to start showing a detectable level of mRNA up-regulation. Figure 5.3 

shows the uidA transcript levels over a time-course of 12 hours following the 

medium-exchange as detected by RPA. From this graph it can be seen that at 

least 6 hours following the medium-exchange is required to start detecting an 

increased level of uidA. Thus, 6 hours following the medium-exchange was 

considered as a 0 time-point before applying the target treatment (i.e. ER-stress 

triggered by OTT treatment). Furthermore, bipA transcript levels were detected 

(Figure 5.3 b) during the time-course in that experiment to monitor the ER-stress 
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after changing the medium. No considerable up-regulation of bipA mRNA could 

be seen during the time-course, further confirming that no major ER-stress was 

taking place during the time-course as a result of exchanging the medium. 
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Figure 5.2 RPA of uidA reporter strains GUS64 and GUS64San. The OTT, or 

equivalent volume of sterile water (control) were added after medium-exchange 

(ACMXlN/P to ACMS/N/P), and mycelia were harvested immediately (0 time-point) 

and after 1 hour. The data represent averages from two replicates for each time

point. RPA probed for uidA (a and d), and bipA (b and e) in the same uidA 

reporter strains, GUS64 and GUS64Sa/l, respectively. c and f shows the RPA 

images that provide the quantified data presented. 
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Figure 5.3 The relative transcript levels of uidA and bipA to actin transcript after 
medium-exchange in GUS64 strain . Panels a. and b. show the mRNA levels of 
uidA and bipA respectively. Panel c. shows the RPA image that provides the 
quantified data. 
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5.3.2 Transcriptional regulation of the uidA-encoding gene in different A. mger 

reporter strains under ER-stress conditions 

After finding the optimal time for detecting uidA induction, ER-stress 

experiments were carried out to initially check for the transcriptional down

regulation effect in the A. niger GUS64 and GUS64Sall strains. Since initial 

results (Chapter 4) showed that A. niger reporter strains GUS64Sall, 

GUS64BamHI, and GUS64Mlui had similar responses, in that none of them was 

able to mediate the down-regulation effect on uidA mRNA, the focus was limited to 

A. niger reporter strain GUS64Sall. Figure 5.4 (b) shows that the 2.032 kb Pg1aA 

still exhibits the ability to down-regulate the uidA gene when the strain is exposed 

to OTT. The truncated Pg1aA (1.195 kb) is not able to mediate the down-regulation 

effect (Figure 5.4 b), but the levels of the uidA mRNA are lower in this strain, 

showing that some promoter elements important for transcription are missing. In 

both instances, the levels of bipA mRNA were significantly increased in OTT

treated samples (Fig. 5.4 c), confirming that the UPR was active. The data 

presented in Figure 5.4 are from a single experiment, because the repeat 

experiment failed due to a degraded actin probe and time constraint meant that it 

could not be done again. However, the raw data (generated from probing with 

bipA and uidA probes only) showed the same qualitative trend (Figure 5.5) as the 

one in Figure 5.4. Results presented to this point show that the steady-state levels 

of the reporter uidA mRNAs were lowered when A. niger was stressed by OTT, 

only when the uidA reporter gene was expressed under the control of 2.032 kb 

Pg1aA. This observation strongly suggests that the effect is transcriptional. 

However to further confirm and validate this observation, the de novo mRNA of , 

uidA was checked next, to eliminate any other possibility that may be responsible 

for this phenomenon. 
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Figure 5.4 RPA of A. niger GUS64 and GUS64San strains showing uidA 

transcripts (b) and bipA transcripts (c) relative to actin . Strains were treated with 

equal volumes of either water (black bars) or 20 mM OTT (white bars). The (a) 

panel shows the RPA images that provide the quantified data presented . 

Numbers in a panel represent the time in hours after addition of the OTT or the 

equivalent volume of water (control) . 
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Figure 5.5 RPA for detecting the OTT effect on uidA in A. niger reporter GUS64 

and GUS64Sall strains. Samples were probed with bipA and uidA. Numbers in 

the top of the image represent the time in hours after addition of the OTT or the 

equivalent volume of water (control). 
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5.3.3 The mechanism of transcriptional down-regulation under secretion stress is 

a feedback mechanism that functions at the transcriptional level 

The nuclear run-on studies were applied to measure the impact of OTT 

specifically on transcription of uidA driven by Pg1aA. The data in Figure 5.6 (I and II) 

show that 20 mM OTT generally suppresses transcription but that the impact is far 

greater on the uidA mRNA than on that of actin. The nuclear run-on results clearly 

showed that the transcriptional down-regulation effect is mediated by a region of 

Pg1aA between 1.195 kb and 2.032 kb upstream of the translational start. UPR was 

confirmed in this system in response to the OTT treatment by probing for bipA. 

The observation that OTT treatment generally suppresses transcription led 

to a check of the effect of OTT treatment on the viability of the cells following OTT 

treatment. The nuclear run-on experiments, carried out initially after 6 hours of 

OTT treatment, showed that actin could still be synthesised, indicating, indirectly, 

the viability of the cells (Figures 5.9). However, 6 hours of OTT treatment was 

found to significantly reduce the de novo mRNA levels of genes in the study - as 

detected by nuclear run-on experiments, possibly as a result of affecting the 

quality of the nuclei - and thus was avoided. Shorter exposure times were then 

used. 

Repeating the nuclear run-on experiment after both 30 and 60 minutes of 

OTT treatment showed the same down-regulation effect. Furthermore, two 

different uidA fragments (uidAI and uidAII) were used in hybridisations to further 

confirm the observation and demonstrate elongation of the transcribed uidA 

mRNA. The results in Figure 5.6 (I and II) showed that the elongation of the uidA 

de novo mRNA was successful, as the uidAIl probe showed similar transcription 

activities as u idAI. 
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Figure 5.6 Nuclear run-on for uidA and bipA 30 minutes and 60 minutes after 

treatment with either water (control - black bars) or 20 mM OTT (white bars). Data 

in each of the graphs are from one experiment. However, two uidA fragments 

(uidAI and uidAII) were used and the experiment was repeated at two different 

OTT treatment periods. Images at the bottom of the pages represent the nuclear 

run-on images that provide the quantified data. 

uidAI: Corresponds to uidA ORF region from 1 bp to 621 bp, where 1 refers to the 

A nucleotide in the translation start codon A TG 

uidAII: Corresponds to uidA ORF region from 621 bp to 1232bp from the A 

nucleotide in the ATG 
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5.3.4 Effect of OTT treatment on the viability of A. niger cultures 

One general effect of OTT on the transcription of genes in the study was to 

down-regulate transcription from the actin gene suggesting an inhibition of the 

growth of the fungus. The effect of adding OTT at the final concentration of 20 mM 

and 40 mM on the growth of A. niger GUS64 strain was examined. Also, growth of 

A. niger after OTT treatment for 1 and 6 hours was examined. Figure 5.7 (a and b) 

shows that, under these conditions, 20 mM OTT was not lethal, as the cells were 

able to grow after removal of OTT. The effect of 20mM OTT treatment for 6 hours 

was more severe on the mycelial growth than 1 hour of treatment. The reduction 

on the mycelial dry weight between the control and the OTT -treated sets of 

samples after 24 hours of post-OTT treatment for 6 hours was 31 %, compared to 

20% after 1 hour of OTT treatment. After 48 hours post-OTT treatment the effects 

on the cell dry weight were less pronounced. The reduction on the mycelial dry 

weight for the 6 hours OTT treated samples was 17%, compared to 4% for the 1 

hour OTT treated samples. The important point in these observations is that 

neither the 1 nor 6 hours of 20mM treatment was lethal. However, the mycelia 

were not able to grow as long as OTT at a final concentration of either 20 mM or 

40 mM was present in the media (Figure 5.8). Furthermore, there was a mycelial 

dry weight difference after 48 hours of OTT treatment at 20 mM or 40 mM 

(Figures 5.8 a and b respectively), indicating that 40 mM OTT was more toxic than 

20 mM. 
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Figure 5.7 The effect of 20 mM post-OTT treatment on the growth of A. niger. A. 

niger GUS64 cultures were initially grown for 36 hours, before adding OTT to a 

final concentration of 20mM. After OTT treatment for 1 or 6 hours the medium was 

replaced with the same one, but without OTT. Time shown in the plot corresponds 

to the time after exchanging the medium. Standard errors generated from three 

replicates. 
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Figure 5.8 The effect of OTT on the growth of A. niger GUS64 
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5.3.5 OTT leads to general transcriptional repression 

The presence of OTT in the medium stops the growth of A. niger possibly 

as a result of arresting the cell cycle. It was interesting to compare the absolute 

de novo levels of actin mRNA, since transcription of actin is regulated by the cell 

cycle. Figure 5.9 shows that the longer the exposure time to DTT, the lower the 

de novo level of actin mRNA, as detected both in the GUS64 and GUS64San 

strains. The correlation between the reduction of de novo actin mRNA levels and 

the time of OTT treatment may suggest that no more new nuclei are being 

produced, as a result of stopping the growth (Figure 5.8), and thus lowering actin 

de novo levels. Although there is no direct evidence for cell cycle involvement, 

the given suggestion explains a possible scenario that may occur under DTT 

treatment conditions. A reduction in actin mRNA levels may not be detected by 

northern blots or RPA, which detect the total RNA, possibly due to the long half-life 

of actin mRNA as seen in mammalian cells. The ~-actin mRNA half-life in 

mammalian cells as detected by Real-time RT-PCR was found to be 6.6-13.5 

hours, depending on the cell line (Leclerc et aI., 2002). However, since actin is 

regulated as a function of the cell cycle it would still be present in proportion to the 

number of nuclei present in the sample in the study, and thus, as an internal 

standard, actin might be used for RNA loading normalization. However, the 

results generated in this study suggest that more research needs to be carried out 

to study how useful it is to use actin mRNA as an internal standard for RNA 

loading normalization in A. niger. 
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Figure 5.9 The absolute de novo level of actin mRNA detected by nuclear run-on 

experiments 

a. A. niger strain GUS64 

b. A. niger strain GUS64Sall 
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5.4 Discussion 

The transcriptional down-regulation of the reporter gene under the control of 

PglaA under ER stress has been demonstrated using both the RPA and nuclear 

run-on studies. The optimal time for detecting the up-regulation of uidA under the 

control of P g1aA following medium-exchange was determined. In Chapter 4 the 

uidA levels produced by A. niger reporter strains GUS64Sa/l, GUS64BamHI, and 

GUS64Mlui were similar throughout the time-course (Figure 4.7). However, after 

detecting the optimal time for uidA induction after medium-exchange, which was 

found to be 6 hours, an increase in the uidA mRNA during the time-course period 

could be detected (Figure 5.4). In a different study, where a gene fusion strategy 

was applied to study the P g1aA in A. niger using a reporter protein - green 

fluorescent protein (GFP) - it was found that, when shifting the samples from a 

non-inducing medium (containing xylose) to an inducing medium (containing 

maltose), the time delay between the medium shift and detection of the product 

expressed under the P g1aA was between 3 and 6 hours (Henriksen et aI., 1999). 

The time delay when carrying out a medium-exchange before detecting glaA 

induction seen in that study and the time delay found in my study confirms that 

about 6 hours is needed for the P g1aA to show strong induction when carrying out a 

medium-exchange. This might be critical when performing the nuclear run-on 

study on a reporter gene that is integrated as a single copy. In a previously

reported study carried out to examine the effects of a fusion of a truncated glaA 

gene on the mRNA levels for the gene encoding the guar a-galactosidase (agIA) in 

A. niger under the control of the 1 ,4-[3-endoxylanase A promoter, it was found that 

the mRNA levels of an ag/A single-copy strain were too low to carry out reliable 

run-on assays. Instead, a multicopy strain, which had a higher ag/A mRNA level, 

was used (Gouka et al., 1997b). Improving the A. niger growth conditions for 

detecting the transcripts of the target gene by nuclear run-on experiments may 

have helped in detection. 

As the medium-exchange experiments involve switching the cells to a new 

environment, several factors could potentially subject the cells to stress, such as 

the medium pH and temperature. In such a case, false results could be generated 
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regarding gene expression. For this reason, bipA RNA was monitored throughout 

the time-course following medium-exchange experiments. It is possible that 

changes in bipA mRNA levels may not indicate every environmental stress the cell 

may encounter during or after the medium-exchange, but at least under ER-stress 

conditions it is known that the bipA gene in A. niger is up-regulated (van Gemeren 

et al., 1997). 

In this Chapter the transcriptional down-regulation effect is shown by 

nuclear run-on studies to be at the level of transcription. Furthermore, this 

mechanism has been confirmed to be mediated through the promoter of glaA in a 

region more than 1 kb upstream of the translational start. These observations lead 

to the question, mainly: how can the transcription of the g/aA gene be controlled 

from a large distance in the Pg1aA? Also, is the transcriptional down-regulation 

mechanism likely to be mediated separately from the UPR or not? These 

questions are discussed in Chapter 6. 

The apparent transcriptional down-regulation of genes encoding secreted 

proteins has also been observed in T. reesei (Pakula et a/. , 2003), where it was 

termed RESS (repression under secretion stress), and in A. thaliana (Martinez and 

Chrispeels, 2003). Martinez and Chrispeels (2003) demonstrated in a global 

analysis of gene expression under separate DTT and tunicamycin stress that most 

of the genes that were down-regulated contained signal sequences targeting the 

proteins to the cell wall or to extracellular locations. Furthermore, Pakula et al. 

(2003) suggest that the down-regulation of cellulase (a secreted protein) 

transcripts during secretion stress seems to be distinct from the cre1-mediated 

glucose repression system (limen et aI., 1996; limen et aI., 1997). Their 

suggestion was based on the observation that T. reesei strains, either with a wild 

type or defective cre1 glucose repression system, display down-regulation of the 

cellulase transcripts in response to secretion stress to the same extent. Based on 

their results it is not known whether the RESS directly involves components of the , 

UPR regulatory pathway or not. A number of indirect observations in their study 

may suggest that RESS and UPR mechanisms may be mediated differently. 

These observations include the severe down-regulation of cellulase mRNA in 
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cultures treated with a calcium ionophore A23187, which affects the permeability 

of the cellular membrane to Ca2
+ ions and depletes the intracellular stores of Ca2T 

(Brostrom et a/., 1989; Wileman et a/., 1991), while this drug only had a slight 

effect on UPR. Similarly, tunicamycin treatment resulted in cellulase down

regulation "although tunicamycin is a poor inducer of UPR in the fungal strain" 

(Pakula et a/., 2003). Moreover, the cbh1 promoter does not contain consensus 

UPR elements, and thus the effect is unlikely to be mediated by HAC1 (Pakula et 

aI., 2003). In my study, the transcriptional down-regulation of the g/aA-encoding 

gene in the absence of UPR, using a strain with a functionally incomplete protein 

folding system (AS1.1) (Figure 3.9), would further support the independence in 

mediating these two mechanisms, transcriptional down-regulation and UPR. 

Generally, in yeast and mammalian cells, the promoters of the UPR

induced genes are characterised by specific response elements: yeast UPRE, 

CAGCGTG; mammalian UPRE, TGACGTGG/A; mammalian ERSE-I, CCM T -N g-

CCACG, and mammalian ERSE-II, ATTGG-N-CCACG. However, for down

regulated genes under UPR activation, no specific response elements have been 

characterised yet. In A. thaliana Martinez and Chrispeels (2003) performed 

sequence analysis on the promoters of the UPR down-regulated genes (129 

genes) identified in their study using MEME (http/'memcc,d"c Celli) or the Motif 

Sampler program (http://www.esat.kuleuven.ac.be/~dna/bio].Sull\\arc.html). In their 

analysis study, 1 kb of up-stream sequences from known or predicted translation 

start codons of these UPR down-regulated genes were searched, but no 

statistically significant motif in the promoters of these genes was found. This 

finding does not necessarily mean that there is no promoter element(s) that 

mediates the transcriptional down-regulation of these genes. One possibility could 

be that the element(s) might be located further up-stream of the 1 kb region. 

In conclusion, this study presents a new ER-associated stress response in 

the filamentous fungus A. niger that has been termed transcriptional down

regulation (AI-Sheikh et aI., 2004). This mechanism selectively down-regulates 

the gene encoding glucoamylase, but not the non-secreted protein, actin. Also, it is 

the first study to show clearly that the effect is transcriptional, rather than being 
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based on steady-state transcript levels. Finally, it has been shown in this study 

that by subjecting A. niger to ER-stress conditions triggered by OTT treatment, the 

UPR (Chapter 3), ERAD (Chapter 3), and transcriptional down-regulation (Chapter 

5) mechanisms were all activated. Thus, the UPR, ERAO and transcriptional 

down-regulation mechanisms may all work together to help the cell to cope with 

the stress, by improving protein folding and transport, degrading unwanted 

proteins, and allowing fewer secretory proteins to enter the ER, respectively. 
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6 General discussion 

Filamentous fungi are widespread in nature and include many species that 

are saprophytic. Many filamentous fungi species secrete a wide variety of 

enzymes capable of degrading a large diversity of biopolymers (Oxenboll, 1994). 

The ability of many filamentous fungi such as A. niger and T. reesei to secrete a 

high level of different enzymes has stimulated the industrial application of these 

species (Archer and Peberdy, 1997; van Gorcom et aI., 1994). However, 

inefficient transit of proteins, whether homologous or heterologous, destined for 

secretion through the ER, could be a significant bottleneck in production of 

commercially viable levels of protein (Conesa et aI., 2001a). 

The inhibition of protein folding within the ER leads to cellular responses, 

collectively called ER stress, and the UPR is the cellular response that has been 

studied most extensively so far (Mori, 2000a; Patil and Walter, 2001). Previous 

studies have shown that the UPR is active in A. niger (Ngiam et al., 1997; Ngiam 

et al., 2000; van Gemeren et aI., 1997) and is induced by OTT and by the 

secretion of heterologous proteins (t-PA) (Mulder et aI., 2004). Similar effects 

have also been shown in T. reesei, producing the heterologous protein IgG 

antibody Fab fragment (Saloheimo et aI., 1999). 

In this study several findings have been reported. The main findings 

include: 

(a) Subjecting A. niger to ER-stress conditions triggered by OTT treatment, 

the UPR (Chapter 3), ERAO (Chapter 3), and transcriptional down-regulation 

(Chapter 5) mechanisms were all activated. 

(b) The new ER-associated stress response that has been reported in this 

study in A. niger, which is termed transcriptional down-regulation, selectively 

down-regulates the gene encoding glucoamylase, but not the non-secreted 

protein, actin. 
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(c) This is the first study to show clearly, by nuclear run-on studies, that the 

effect is transcriptional, rather than being based on steady-state transcript levels. 

(d) The transcriptional down-regulation was found to be mediated through 

the promoter of glaA in a region more than 1.192 kb upstream of the translational 

start. 

(e) Preliminary studies using antisense pdiA strains of A. niger suggest that 

the transcriptional down-regulation of genes encoding secreted proteins and UPR 

are likely to be mediated by different signalling pathways. 

(f) Tunicamycin is a poor ER-stress agent compared to OTT, and other 

factors such as the pH, the age of the cultures, and the solvent agent may need to 

be considered when using tunicamycin as a stress agent to stress A. niger 

cultures. 

(g) The UPR is not obviously activated in A. niger 81 strain that 

overexpresses HEWL protein in ACMS/N/P medium. 

It has been shown that, under ER-stress conditions triggered by OTT 

treatment in A. niger, ERAO is also activated (Chapter 3). Although the sensor 

involved in ERAD is not known, research suggests that the UPR and ERAO are 

very closely integrated in yeast (Travers et al., 2000). The activation of the ERAO 

response mechanism in A. niger was demonstrated by the up-regulation of a gene 

(rpnG) encoding the 26S proteasomal regulatory subunit, which is involved in 

degrading incorrectly-folded proteins, including those from the endoplasmic 

reticulum (ER). The A. niger rpnG is a homologue of the S. cerevisiae rpn7. At 

the present time, the only 26S proteasomal subunit gene identified from A. niger is 

one which encodes a homologue of the yeast regulatory particle Rpt3p subunit 

(TbpA), which is a member of the AAA-ATPase family (Jarai, G., unpublished 

data; Swiss-Prot P78578, MacKenzie, personal communication). Recent studies 

on a yeast rpn7 mutant have suggested that the Rpn7p subunit plays a crucial role 

in forming the correct lid structure of the regulatory particle and, hence, in 

maintaining the integrity of the 26S proteasomal complex (Isono et aI., 2004). In 

Chapter 3 it was shown that treatment of A. niger with DTT stimulated transcription 

of rpnG by approximately threefold. A similar three fold level of induction was 
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observed with the T. reesei prs12 gene that encodes another 19S regulatory 

particle non-ATPase subunit, the homologue of the yeast Rpn8p, in response to 

the reducing agent, l3-mercaptoethanol (Goller et a/., 1998). However, these 

results contrast with the situation in S. cerevisiae, where at least some 19S 

proteasomal subunit genes, e.g. rpn7, rpnB and rpn9, were not classed as UPR 

target genes (Travers et a/. , 2000), although this may reflect differences in 

regulation between yeast and filamentous fungi. Furthermore, UPR is essential for 

ERAD. Gene expression analysis studies reveal an intimate coordination between 

these responses: efficient ERAD requires an intact UPR, and UPR induction 

increases ERAD capacity. On the other hand, loss of ERAD leads to constitutive 

UPR induction (Travers et al., 2000). 

The transcriptional down-regulation effect is shown by nuclear run-on 

studies to be at the level of transcription, rather than mRNA stability, and is found 

to be mediated through the Pg1aA in a region more than 1.192 kb upstream of the 

translational start up to 2.032 kb. Use of a 1.192 kb Pg1aA leads to a significant 

reduction in the level of gene expression using the uidA reporter strains compared 

to the un-truncated 2.032 Pg1aA (Table 4.2). These observations raise several 

questions. First, has it been observed before that a fungal gene is regulated by a 

promoter element(s) located over a large distance from the translation site of that 

gene? Second, physiologically what could possibly be the significance(s) of the 

transcriptional down-regulation mechanism? Last but not least, how could the 

regulatory sequence communicate with the promoter over a large distance? 

Upstream regulatory sequences (URSs) located over a large distance from the 

transcriptional start site have been reported previously in the filamentous fungus 

N. crassa. Deletion analysis of the glutamate dehydrogenase encoding-gene (am) 

promoter sequence has identified two upstream regulatory sequences that control 

the level of gene expression. The closer of these two elements (URSa) is located 

approximately 1.4 kb upstream of the transcriptional start site. The second 

element (URSI3) is located between 2.1 and 3.2 kb upstream of the translation 

start site. Deletion of either of these two elements reduces am expression to 

about 50% of the wild type level (Frederick and Kinsey, 1990). It was concluded in 
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the study that these elements behave more like weak enhancer elements (that 

enhance transcription but are not essential for it) than the upstream activation sites 

(UASs) elements of yeast (see below), since the complete removal of these two 

elements did not completely abolish the transcription of the gene. Later on, it was 

shown by a different study that a heteromeric nuclear protein, Am Alpha Binding 

protein (AAB-1), binds specifically to a CCAAT box within the URSama element , 

and that the CCAA T motif is essential for binding of AAB (Chen et al., 1998; Chen 

and Kinsey, 1995). Disruption of the gene encoding AAB-1 results in a 50% 

decrease in am expression, as well as other unrelated effects on growth and 

differentiation. Furthermore, sequence alignment showed that AAB-1 is a 

homologue of the yeast HAPS subunit of the heteromeric CCAA T binding protein 

complex (McNabb et al., 1995). In A. niger P g1aA , Electrophoretic Mobility Shift 

Assay (EMSA) and DNase I footprinting analysis revealed that two CCAA T 

elements named DC and PC could competitively bind to a protein extracted from 

starch-induced mycelia, named AngCP (Qiu et a/., 2002). In a recent study on A. 

niger it was suggested that a DNA-protein loop was formed between AngCP, DC, 

and PC so that the DNA-protein loop may contribute to the transcriptional 

regulation of A. niger P g1aA (Zhu et a/., 2004). However, whether the CCAAT has 

any effect on the regulation of Pg1aA under ER-stress conditions is not known. Nor 

is it known whether the CCAA T sequence in A. niger Pg1aA used in this study, 

present at 1998-1994 bp upstream of the translation start site (Figure 4.1), plays 

any role in enhancing the transcription of glaA, although the deletion of the 

sequence above 1 kb (which contains the CCAA T sequence) results in a ca. 42% 

decrease in glaA mRNA level (Table 4.2). 

The next question was what could be the physiological significance(s) of the 

transcriptional down-regulation mechanism in A. niger? The saprophytic 

filamentous fungi secrete enzymes to degrade organic polymers and it is possible 

that the transcriptional down-regulation mechanism has evolved in these 

organisms as a specific defence against unfolded protein stress due to the high 

flux of proteins destined for secretion through the ER. Confirmation that the 

transcriptional down-regulation mechanism is operating at the transcriptional level 
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would validate the suggestion that the transcriptional down-regulation of genes 

encoding secretory proteins results in lower protein input in the ER. 

The apparent decline in the transcripts of genes encoding secreted proteins 

has also been observed in T. reesei (Pakula et aI., 2003) and in A. thaliana 

(Martinez and Chrispeels, 2003). Pakula et al. (2003) have reported their study in 

T. reesei subjected to different ER-stress agents. In their study the effects of OTT, 

Brefeldin (BFA), which in many cell types disrupts the structure of the Golgi 

compartment (Klausner et aI., 1992) and Ca ++ -ionophore A23187 on total protein 

synthesis and secretion were reported. Also, proteomic studies using 2-

dimensional (0) gel electrophoresis and northern analysis of several genes 

encoding secreted proteins were performed. The secretion rate of total labeled 

proteins into the culture medium, measured as the increase in the amount of total 

labeled protein in the culture medium per time unit, was efficiently inhibited in the 

presence of OTT or BFA and was only 5% of that in the control cells. These 

results may suggest the global effect of down-regulation on genes encoding 

secreted proteins under ER-stress conditions. This observation was further 

confirmed by northern analysis of several mRNAs of genes encoding extra-cellular 

proteins in OTT treated cells. These genes included cbh2 (cellobiohydrolase), 

eg/2 (endoglucanase 2), xyn1 (xylanase) and hfb2 (hydrophobin). So these 

results indicate that many of the genes coding for extra-cellular proteins are 

subjected to a feedback-type control under conditions when such proteins would 

be unlikely to fold correctly. However, this was not seen in the case of genes 

coding for intra-cellular proteins, such as glyceraldehyde-3-phosphate 

dehydrogenase (gpd1) or aminobutyrate transaminase (abt1), where their mRNAs 

remained unchanged. Since this feedback-type control is selective on genes 

coding for extra-cellular proteins, it is very likely to be mediated by the 

transcriptional down-regulation mechanism characterised in this study. The 

finding reported in my study, that the transcriptional down-regulation mechanism is 

mediated by Pg1aA, would suggest the possibility of promoter element(s) in these 

genes that mediate their down-regulation. Finally, the kinetics of synthesiS and 

secretion of one secreted protein, CBHI, was investigated using 20 gels (Pakula et 
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a/. , 2003). In the OTT and BFA treated cultures, the average synthesis time of full

length CBHI was not significantly affected under each drug treatment (4.3 and 4.6 

minutes, respectively) compared to the untreated cells (5.7 minutes). However, 

the minimum secretion time of CBHI measured in the BFA treated cultures was 

significantly longer (69 mintes) compared to the untreated cultures (11 minutes). 

In the OTT treated cultures this parameter could not be determined due to 

significantly low amounts of extra-cellular protein produced in these cultures. The 

final OTT concentration used in that study was 10 mM, compared to 20 mM used 

in my study. This may suggest that the use of 10 mM final concentration of OTT is 

enough to subject the cultures of A. niger to ER-stress. In mammalian and yeast 

cells 2 mM was enough to activate the UPR (Benedetti et aI., 2000; Travers et aI., 

2000). Although the use of 20 mM OTT final concentration to treat A. niger 

cultures for 6 hours was not lethal (Chapter 5), it might be better to apply the 

minimum amount of OTT which has to be determined experimentally, to avoid the 

toxicity of OTT as much as possible. A further observation that may indicate the 

strong effect of OTT as a stress agent was that the rate of CBHI synthesis (the 

amount of radioactive labelled CBHI synthesised per time unit) as studied by 20 

gels was 14% of that measured for the untreated cultures, whereas in the BFA it 

was 520/0 of that measured for the untreated cultures (Pakula et al., 2003). The 

effects of the Ca ++ -ionophore A23187 on total protein synthesis and secretion was 

less pronounced than the other stress agents (OTT and BFA) (Pakula et al., 2003). 

The apparent decline in the transcripts of genes encoding secreted proteins 

has also been observed in A. thaliana exposed to either OTT or tunicamycin 

(Martinez and Chrispeels, 2003). Gene expression analysis with Affymetrix 

GeneChips suggests that under ER-stress conditions that activate the UPR in A. 

thaliana at least 0.7 and 1.8% of the genome is up-regulated and down-regulated, 

respectively. Most of the genes that were down-regulated contained signal 

sequences targeting the proteins to the cell wall or to extracellular locations. Thus, 

the selectivity in down-regulating these genes may suggest the presence of a 

transcriptional down-regulation mechanism in A. thaliana. However, sequence 

analysis of 1 kb promoter regions from the known or predicated translation start 
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codons of genes that were down-regulated during the UPR showed no statistically 

significant motif in these promoters. These results may not conclusively prove that 

no promoter element was involved in mediating the down-regulation of these 

genes, for several reasons. Some of these reasons may include the possibility 

that the promoter region(s) that could be involved in the transcriptional down

regulation of these genes is located further upstream of 1 kb on the target 

promoters from the translation start codons of these genes. Also, it could be that 

the computer software packages used (MEME (http://meme.sdsc.edu) and the Motif 

Sampler program (http://www.esat.kuleuven.ac.be/~dna/biol!Soft\vare.html)) are not 

precise enough to specifically detect the promoter element(s) involved in the 

down-regulation phenomenon. To carry out such analysis it might be more 

efficient to perform it in smaller DNA sequences. This would help to first narrow 

down the promoter region(s) that might be involved in this down-regulation 

phenomenon. 

The UPR has been well characterised in both yeast and mammalian 

systems. DNA microarray data of S. cerevisiae cultures treated with OTT or 

tunicamycin and strains expressing a heterologous protein (major 

histocompatibility complex class I heavy chain) showed examples of genes 

encoding secreted proteins that were down-regulated as well as those that are not 

affected under the conditions studied (Casagrande et al., 2000; Travers et al., 

2000). In S. cerevisiae strains with secretory mutations the decreased 

transcription of genes encoding ribosomal DNA, ribosomal protein (RP) and tRNAs 

has been reported (Li et a/., 2000). In mammalian systems the UPR can be 

controlled at the translational level as well, a feedback response mediated mainly 

by the protein PERK (Harding et a/., 1999). PERK pathway activation leads to 

two secondary effects. First, the transcription factor ATF4 is up-regulated and 

induces the amino acid biosynthesis as it binds to an amino acid response 

element (AARE) (Harding et a/., 2000). ATF4 is a member of the ATF/CREB 

proteins that include CREB (cAMP responsive element binding protein) that binds 

to DNA via their basic region and dimerize via their leucine zipper domain to form a 

large variety of homodimers and/or heterodimers that allow the cell to coordinate 
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signals from different pathways (Hai et aI., 1989). Second, secondary effects of 

PERK pathway activation include selective stimulation of the m(7)G-cap

independent translation mechanism of mRNAs that contain internal ribosome entry 

sites within their 5' untranslated regions, such as cationic amino acid transporter 

cat-1 (Fernandez et al., 2002). Interestingly, the amino terminus of the lumenal 

domain of PERK shows limited homology to the amino terminus of the IRE 1 

lumenal domain. The human IRE1 and PERK lumenal domains can substitute for 

the S. cerevisiae IRE1 lumenal domain to signal the UPR in S. cerevisiae (liu et 

al., 2000). This may suggest that both kinases are activated in parallel through a 

common mechanism. It has been demonstrated that PERK is sufficient to mediate 

loss of cyclin 01, a product of PRAD1 (parathyroid adenomatosis 1) also known as 

Bel1 which is believed to be required for progression into S-phase, and to 

promote cell-cycle arrest in G 1 phase (Rosenberg et aI., 1991), and prevent cells 

from progressing through the cell cycle (Brewer and Diehl, 2000). This delay may 

allow the cell to pause in the cell cycle to determine whether adaptation to 

stressful conditions is possible by UPR or to continue to apoptosis (Niwa and 

Walter, 2000). Neither the existence of a functional PERK homologue nor 

attenuation of translation in response to ER stress has been demonstrated in 

filamentous fungi. Also, the S. cerevisiae genome seems to lack a PERK

encoding gene (Ma and Hendershot, 2001). The transcriptional down-regulation 

effect found in A. niger may be a different method to solve the same problem, 

which is to limit the entry of nascent protein chains into the ER under conditions 

when such proteins would be unlikely to fold correctly. 

Gene expression can be controlled by DNA sequence elements that may 

be found at relatively large bp distances from the initiation ATG codon. Gene 

regulatory proteins can either increase (inducers) or decrease (repressors) the 

activity of RNA polymerase bound to the promoter. In eukaryotes, transcription 

enhancers are DNA sequences that, after binding of activator proteins, can 

activate transcription over distances as large as 80 kb (Jack et aI., 1991). 

Enhancer activity is typically independent of orientation and could be located either 

up-stream or down-stream of the transcriptional unit it controls (Bondarenko et aI., 
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2003). In contrast, in yeast, the upstream activation sites (UASs), enhancer-like 

elements, mainly work over a short distance (from about 0.1 to 1.4 kb) and, unlike 

enhancers, they are typically required for gene expression (Guarente, 1987; 

Struhl, 1989). 

Several models have been proposed to explain enhancer action over a 

distance. Some, but not all, of these models are illustrated in Figure 6.1 and 

include DNA looping, tracking and spreadingllooping (Bondarenko et at., 2003). 

All models assume that activators work through a protein-protein interaction with a 

component of the transcription machinery. Briefly, in the DNA looping model, 

interaction between the enhancer-bound activator with a protein at the promoter is 

facilitated by looping of the intervening DNA (Ptashne, 1986). Three ways have 

been proposed for the enhancer-bound activator to find the promoter in this model. 

First, the enhancer-bound activator can scan surrounding DNA regions using 

"hopping" or "scanning" mechanisms (Figure 6.1 A (1) and (3), respectively). 

Alternatively, the enhancer-bound activator might interact directly with the 

promoter (Figure 6.1 2). However, "hopping" or "scanning" mechanisms may 

greatly facilitate communication between the promoter and the enhancer 

(Bondarenko et al., 2003). One of the often-studied eukaryotic enhancers that 

may demonstrate the DNA looping model is the mammalian j3-globin locus control 

region (LCR) (Li et a/. , 2002). The second proposed method of enhancer-promoter 

communication is the tracking model. In this model the enhancer is said to behave 

like a loading platform for a DNA-tracking protein. At the present time, there is no 

conclusive evidence for this model in eukaryotes, but a good example of this 

model can be seen in the case of the transcriptional activation of the 

bacteriophage T 4 late genes (Kolesky et al., 2002). The third proposed model for 

enhancer-promoter communication is the spreading-looping model. This model 

suggests that binding of an activator to the enhancer induces cooperative binding

polymerization of a protein on the DNA. A series of relatively small DNA loops is 

formed during polymerization of an activator, and eventually these small loops 

bring the enhancer and the promoter into physical proximity (Figure 1 C) 

(Bondarenko et al., 2003; Dorsett, 1999). A good example is the case of 
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Drosophila CHIP protein, an enhancer-facilitator that helps form chromatin 

structures that bring the enhancer and promoter closer together (Torigoi et al., 

2000). The above proposed models demonstrate some, but not all, methods for 

enhancer-promoter communication over a large distance. A question that then 

arises is how can the enhancer be regulated? This may occur through the use of 

insulators, which are specific DNA sequences that, after binding to corresponding 

proteins, can limit enhancer action. Protein insulator complexes may have two 

primary functional activities: 1- position-dependent enhancer blocking (requires the 

presence of the insulator between the promoter and the enhancer) (Chung et aI., 

1993), 2- position-independent enhancer blocking by forming chromatin 

boundaries (Ishii et al., 2002). In these ways, the genomic region, flanked by 

insulators, behaves as a functionally-independent unit of gene regulation, isolated 

from both negative and positive effects of surrounding genome regions 

(Bondarenko et a/. , 2003). It has been shown that two insulators flanking an 

enhancer or promoter are required for full repression of stable transgenes (Farrell 

et al., 2002), and it has been suggested that insulators might functionally interact 

forming a chromatin loop (Bondarenko et al., 2003). Other experiments, in vivo, 

also suggest pairwise interaction between insulators (Cai and Sin 2001, 

Murovyova 2001). 
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Figure 6.1 Models proposed to explain enhancer-promoter communication over a 

large distance. Enhancer- and promoter-bound proteins are indicated by circles 

(white and black, respectively) and their DNA-binding sites are indicated by 

rectangles. The intermediate complexes formed during the enhancer-promoter 

communication are indicated in brackets. (A) Looping model: enhancer-bound 

proteins directly interact with a protein at the promoter (2), or search the spacer 

DNA using hopping (1) or scanning (3). (8) Tracking model and (C) Spreading

looping model. The Spreading-looping model (C) is facilitated by first binding the 

activator to the enhancer, which induces the binding of another protein (it could be 

the enhancer-binding protein or another activator) (grey circles) that could be 

stabilized by a non-DNA-binding protein (white ovals). Figure taken from 

(Bondarenko et al., 2003). 
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In my studies, the difference in the levels of uidA expression between the A. 

niger GUS64 (2.032 kb Pg1aA) and GUS64San (1.195 kb Pg1aA) or other A. niger 

reporter strains (Table 4.2) suggests the presence of a regulatory region in the 

Pg1aA lying 1.192-2.032 kb upstream of the translational start. However, more 

studies, including EMSA and ONase I footprinting, are required to further 

investigate not only the possibility of the presence of an enhancer, but to pinpoint 

the area of the promoter which is important in mediating the effect and elucidating 

the mechanism by which the Pg1aA activity is reduced under ER-stress. 

Another question raised in this study is whether or not the transcriptional 

down-regulation mechanism is mediated separately from the UPR Several 

observations suggest that the two mechanisms are controlled differently. First, the 

antisense pdiA strain of A. niger (AS 1.1) (Ngiam et a/., 2000) showed a down

regulation of glaA, but the UPR was not evident (Chapter 3). Although there was a 

difference in the timescale for detecting the decline in glaA transcripts during the 

OTT-stress experiment and in the AS1.1 strain, this difference in the timescale 

was unavoidable given the difference between a chemical stress agent and an 

induced response in a strain altered by genetic manipulation. More importantly, 

the correct controls for each set of experiments were included. Initial results 

generated from micro-array experiments performed on A. niger showed that 

tunicamycin treatment did not result in down-regulation of genes encoding 

secreted proteins, whereas OTT treatment did result in down-regulation of several 

(but not all) genes encoding secreted proteins (Guillemette, 1. University of 

Nottingham, personal communication). It has not, until very recently (H. Mulder, 

unpublished data), been possible to produce strains of A. niger which are deleted 

for hacA, to facilitate investigation of the suggestion that UPR and transcriptional 

down-regulation are controlled differently. This strain is very sick and it is not 

known how useful it will prove to be. Moreover, no A. niger strain that is deleted 

for ireA is available yet. 

In Chapter 3 it was shown that tunicamycin is a poor ER-stress agent 

compared to OTT as investigated by hacA mRNA truncation and intron splicing in 
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A. niger. Several recent studies agree with this observation. More specifically. in 

T. reesei it was noticed that tunicamycin poorly activated the UPR (Pakula et aI., 

2003). Also, in A. niger, tunicamycin was shown to be not as strong as OTT. In 

one study tunicamycin showed variable results and did not cause splicing of hacA 

mRNA each time (Mulder, personal communication). Also, using microarray 

studies, treatment of A. niger with tunicamycin did not result in down-regulation of 

genes encoding secreted proteins (Guillemette, T, University of Nottingham, 

personal communication). Although using tunicamycin as an ER-stress agent with 

a medium-exchange prior to adding it to A. niger cultures results in more hacA 

mRNA intron splicing (as detected by RT -PCR), it was obvious that tunicamycin is 

not as strong as OTT as an ER-stress agent (Chapter 3). Thus, tunicamycin was 

not favoured to be used as an ER-stress agent in this study. Finally, the age of 

the fungal cultures (44 hours) at the time of adding the tunicamycin may playa 

role in conferring resistance of the A. niger cultures to the tunicamycin, thus, it 

might be better to add the tunicamycin to younger cultures (e.g. 12 hours). 

Although expression of some heterologous proteins has been shown to 

activate the UPR in fungi (Mulder et al., 2004; Pakula et aI., 2001), the UPR was 

not activated in A. niger 81 strain overexpresses HEWL protein in ACMS/N/P 

medium. However, the expression of heterologous proteins may not induce a 

clear UPR stress all the time. For example, the bipA level, which is induced when 

UPR is activated, remained unchanged when the heterologous gene encoding 

interleukin-6 was expressed in A. niger (Punt et al., 1998). Thus, the observation 

that the expression of some heterologous protein may not activate the UPR in A. 

niger could indirectly indicate the high efficiency of A. niger as a host for the 

production of non-native proteins. 

The observation that genes encoding secreted proteins or genes encoding 

proteins targeted to the cell wall are down-regulated under OTT stress in A. niger 

(Guillemette, T, University of Nottingham, personal communication), T. reesei 

(Pakula et al., 2003) and A. thaliana (Martinez and Chrispeels, 2003), respectively, 

may suggest the possibility that at least some of these genes may be regulated by 

transcriptional down-regulation mechanism. If this is true, this may suggest a 
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presence of a conserved element(s) that may be responsible for mediating the 

transcriptional down-regulation of these genes. To investigate this observation in 

more detail, the region(s) in the Pg1aA needs to be narrowed down, possibly by 

EMSA and DNase I footprinting analysis. Once this region(s) is identified, it might 

be possible to selectively regulate the target gene expressed under the control of 

Pg1aA. This could be achieved by genetically modifying P g1aA to alter its 

responsiveness to the transcriptional down-regulation. Furthermore, identifying 

the target sequence(s) in Pg1aA may assists in identifying the transcriptional 

factor(s) that is possibly involved in mediating the transcriptional down-regulation. 

Thus, by identifying the gene(s) coding for regulatory factors mediating the 

transcriptional down-regulation it might be possible to genetically modify the fungal 

strain so that the transcriptional down-regulation effect is either abolished or 

'\ enhanced. Inactivation of the transcriptional down-regulation mechanism might be 

desired when the production of the target gene is under the control of modified 

Pg1aA that is not subjected to transcriptional down-regulation. On the other hand, 

enhancement of transcriptional down-regulation might be achived to repress the 

production of undesired proteins, expressed under the control of promoters that 

are transcriptionally down-regulated, when the expression of the protein of interest 

under a promoter is not subjected to transcriptional down-regulation. After 

identifying the target sequence(s), the Pg1aA can be modified by DNA techniques 

such as site directed mutagenesis or deletion. 

In conclusion, this study describes a new ER-associated stress response in 

the filamentous fungus A. niger, termed transcriptional down-regulation under 

secretion stress. This mechanism was activated by treating A. niger cultures with 

OTT which causes the formation of unfolded proteins. OTT down-regulated the , 

transcription of the gene encoding g/aA, a major secreted protein, but not the gene 

encoding the non-secreted protein, actin. The transcriptional down-regulation 

effect is shown by nuclear run-on studies to be at the level of transcription, rather 

than mRNA stability, and is found to be mediated through the Pg1aA in a region 

more than 1 kb upstream of the translational start. The OTT-treated fungal cells 

also showed evidence of the induction of the UPR, because expression of bipA 
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was up-regulated and splicing of hacA mRNA occurred. Furthermore, preliminary 

results using the pdiA antisense strain, where the steady-state g/aA mRNA level 

was shown previously to be lowered, suggest that the transcriptional down

regulation mechanism is controlled differently to the UPR, since there was no 

evidence of UPR activation in the pdiA antisense strain. 

Finally, the UPR, ERAD and transcriptional down-regulation mechanisms 

may help the cell to cope with ER-stress by improving protein folding and 

transport, degrading unwanted proteins, and allowing fewer secretory proteins to 

enter the ER, respectively. 
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Summary 

We describe a new endoplasmic reticulum (ER)-asso
ciated stress response In the filamentous fungus 
Aspergillus niger. The inhibition of protein folding 
within the ER leads to cellular responses known col
lectively as the unfolded protein response (UPR) and 
we show that the selective transcriptional downregu
lation of the gene encoding glucoamylase, a major 
secreted protein, but not two non-secreted proteins, 
is an additional consequence of ER stress. The tran
scriptional downregulation effect is shown by nuclear 
run-on studies to be at the level of transcription, 
rather than mRNA stability, and is found to be medi
ated through the promoter of glaA in a region more 
than 1 kb upstream of the translational start. The inhi
bition of protein folding in the ER can be induced In 
a variety of ways. We examined the effects of dithio
threitol (OTT), a reducing agent that causes the 
formation of unfolded proteins. Although a general 
downregulation of transcription was seen with OTT 
treatment, we show that selective down regulation 
was observed with the glaA gene compared with 
genes encoding the non-secreted proteins "tactin and 
glyceraldehyde 3'-phosphate dehydrogenase. The 
OTT-treated fungal cells also showed evidence for the 
induction of the UPR because expression of bipA and 
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pdiA, encoding an ER-resident chaperone and fol
dase, respectively, are upregulated and splicing of 
hacA, the gene encoding the transcription factor 
responsible for induction of the UPR, occurs allowing 
the production of an active HacA protein. As a prelim
inary attempt to investigate if the transcriptional 
downregulation effect was mediated through HacA 
(i.e. part of the UPR), we examined ER stress induced 
through antisense technology to lower the level of POI 
in the ER of A. niger. Although the transcription of 
glaA was attenuated in that strain of A. niger, UPR 
was not evident, suggesting that the transcriptional 
downregulation mechanism is controlled differently 
from the UPR. 

Introduction 

The secretion of proteins is a key facet of the lifestyles of 
microorganisms and higher eukaryotes. Saprophytic fila
mentous fungi such as Aspergillus niger and Trichoderma 

reesei depend on the efficient secretion of enzymes to 
degrade polymeric organic matter and to provide the sub
strates for energy production and cellular growth. Fila
mentous fungi are also widely used in the biotechnology 
industries to produce enzymes for a variety of uses 
(Archer and Peberdy, 1997). Inefficient transit of proteins, 
whether homologous or heterologous, destined for secre
tion through the endoplasmic reticulum (ER), could be a 
significant bottleneck in production of commercially viable 
levels of protein (Conesa et al., 2001). 

In recent years, feedback mechanisms have been 
described in eukaryotic systems that allow the cell to 
sense the state of the lumen of the ER and respond to 
changes in the normal functioning of this specialized com
partment for protein folding and processing. The first of 
these mechanisms is the unfolded protein response 
(UPR) which increases the transcriptional activity of 
genes encoding chaperones and folding catalysts in 
response to the accumUlation of unfolded proteins in the 
ER (Shamu et al., 1994). The response of yeast and mam
malian cells to increased levels of unfolded proteins in the 
ER has been reviewed by Mori (2000) and the specific 
role of the UPR by Patil and Walter (2001). ER stress in 
mammalian cells leads to phosphorylation of the eukary
otic initiation factor 2a which downregulates translation 
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(Harding et al., 1999) but this effect is not reported in 
yeasts or filamentous fungi. The sensors for both of these 
mechanisms are trans-membrane proteins that reside in 
the ER membrane and which dimerize when unfolded 
proteins are present in the ER. In addition, a third 
response emanating from the ER exists that is termed ER
associated (protein) degradation (ERAO) which has been 
reviewed by Bonifacino and Weissman (1998). This path
way targets terminally misfolded proteins for degradation 
in the proteasome by retrotranslocation from the ER to the 
cytosol and ubiquitination to target the protein to the pro
teasome. Although the sensor involved in ERAO is not 
known, research suggests that the UPR and ERAO are 
very closely integrated (Travers et al., 2000). 

In the current study we have used dithiothreitol (On), 
which is known to induce the UPR, and antisense pdiA 
to reduce the level of the foldase, protein disulphide 
isomerase (POI), to probe the effects of unfolded proteins 
on the filamentous fungus A. niger. Previous studies have 
shown that the UPR is active in A. niger (van Gemeren 
et al., 1997; Ngiam et al., 1997; 2000) and is induced by 
DTT, tunicamycin (an inhibitor of N-glycosylation of 
secreted proteins) and by the secretion of heterologous 
proteins. Similar effects have also been shown in T. reesei 
(Saloheimo et al., 1999). The UPR in these fungi is char
acterized by the transcriptional upregulation of genes 
encoding the principal chaperone BiP and foldases such 
as POI. The transcription factor that mediates the UPR, 
termed HacAlHac1, is encoded by an mRNA that is pro
cessed in an analogous but not identical manner (Salohe
imo et al., 2003) to that shown in Saccharomyces 

cerevisiae (Kawahara et al., 1998; Patil and Walter, 2001). 
In A. niger, the mRNA that is translated to the HacA 
product has a shortened 5'-untranslated region (230 bp) 
and is spliced within the open reading frame (ORF) by 
removal of a short (20 bp) sequence (Mulder et al., 2004), 
which we term below as an 'intron'.ln addition to the UPR, 
we show here a previously undescribed response to ER 
stress in A. niger that acts to specifically downregulate the 
transcription of the glucoamylase gene (glaA). The tran
scriptional down regulation of genes encoding secreted 
proteins under ER stress has previously been shown in T. 
reesei (Pakula et al., 2003) and Arabidopsis thaliana 

(Martinez and Chrispeels, 2003). We show here that the 
observed effect is because of transcription, and not mRNA 
degradation, and we define a mediating region of the gJaA 

promoter. 

Results 

ER stress induced by OTT 

The effect of on on steady-state mRNA levels was 
assessed for glucoamylase (gJaA) and the ER-resident 

chaperone BiP (bipA) (Fig. 1) as well as the gene encod
ing the secreted protease aspergiliopepsin (pepA) and the 
foldase POI (pdiA) (data not shown). Figure 1 (A) shows 
the effect on the steady state mRNA levels for the glaA 
gene over this period. Note that the steady accumulation 
of the gJaA transcript relative to actin, in the absence of 
on, probably indicates a relative stability of the glaA 
mRNA. The data show that, in the OTT-treated cultures, 
the level of gJaA mRNA declines steadily with time, with a 
half-life of approximately 80 min. This correlates well with 
other data from medium exchange experiments which 
suggest that the half-life of A. niger glaA mRNA in the 
absence of de novo synthesis of g/aA mRNA is about the 
same (data not shown). These data suggest that OTT 
treatment inhibits the transcription of glaA and a similar 
response was shown for pepA. Figure 1 (B) confirms that 
on treatment rapidly raised the steady-state level of the 
bipA mRNA (Ngiam et al., 1997; 2000) showing that OTT 
induced the UPR. The mRNA level of pdiA was induced 
in a similar manner (data not shown). Both bipA and pdiA 
showed a rapid transcriptional response to the addition of 
the stress agent. This response is not transient because 
the levels remain high during the course of the study 
period. It is not known whether this longevity is because 
of the production of mRNA for an extended period caused 
by perSistence of the stress agent or because of long half
lives of the transcripts involved. Figure 1 (C) shows dry 
weight data for the On-treated and untreated samples. 
There does not appear to be a significant difference 
between the On-treated samples and the water controls. 
Biomass declined slightly over this period and may repre
sent unavoidable effects of the experimental procedure 
such as the need to have the cultures stationary while 
adding the stress agent or water as control (the viability 
of neither culture was impaired over longer periods). 

ER stress in an antisense pdiA strain of A. niger 

Figure 2 shows data obtained from a comparison of A. 
niger AS1.1 (Ngiam et al., 2000), which contains between 
four and six copies of a pdiA antisense sequence under 
the control of the strongly inducible glucoamylase pro
moter, to the parental strain AB4.1 (van Hartingsveldt 
et al., 1987) when grown on starch as an inducing carbon 
source. We have previously demonstrated that levels of 
POI protein in microsomal preparations are significantly 
lower in the inducible antisense strain than in the parental 
strain, and that secreted glucoamylase levels are also 
considerably lower (Ngiam et al., 2000). Figure 2(A) 
shows the effect of antisense pdiA on the mRNA levels of 
the glaA gene over a period of batch growth. It can be 
seen that from the first time point at 24 h. the levels of 
glaA mRNA in the inducible antisense pdiA strain show a 
gradual decline while those for the parent Increase relative 

© 2004 Blackwell Publishing Ltd. Molecular Microbiology, 53,1731-1742 



A 
4.5 

.E 
4 

~ 3.5 

.9 3 
« -a 2.5 

.2 2 

e 1.5 

~ 
Ix: 
E 0.5 

O~--~~~--~~~-O~ __ ~ __ 
0 100 200 300 400 500 600 700 

Time (min) 

\\ ,JI, r·u,· .• ",,1 III I t r 1,.' ~ II .. ' , ~ 

Time (min) 
, . ~ i '. t- , :: :; ~ - - = - - - - -

.d :I!\ 
~t.~ •• , .. = 4 _ 

C 
7 .0 

6.0 

~ 5.0 
tn 
-;; 4 .0 
U) 
«I 
E 3.0 
~ 
o 2.0 

1.0 

0.0 

0 100 200 300 

B 

0.9 

.= 0.8 
ti 
<II 0.7 
S 
q: 0.6 
.9-
-'l 0.5 
o 
~ 0.4 

« 0.3 z 
~ 0.2 

0.1 

ER stress in Asperg ill us niger 1733 

,.I{ J_~.-,jtr--~ __ 

O~~ __ ~~~~=:~==~~ 
o 100 200 300 400 500 600 700 

Time (min) 

I) I 1·(l l'.II<,d 

Time (min ) 

<. 
.~ ~ , " ,- . 

= . - .. = L = . - - - -

1>1{' \ 

,1,'1111 

400 500 600 700 

Time (min) 

Fig. 1. The effects of on on the transcription of various genes from A. niger. Steady-state transcript levels of glaA (A) and bipA (8 ) and actin 
were measured by Northern blotting and quantified by phosphorimaging. In each of the figures th ere are two traces, the On-treated cultures (0) 
and the water-treated controls (.). Below the graphs are representative Northern blots. The time on th e lower ax is represents the time in minutes 
after addition of the stress agent. The values for the amounts of mANA are normalized values to th e levels of the y·actin transcript and are not 
directly comparable to each other. The data represent averages from three replicates from each time-point. C shows the dry weight of mycelium 
over the period of study for stress response. 

to y-actin. The levels of gJaA mRNA in the parental strain 
increase up to 60 h relative to the levels of y-actin which 
is used to normalize the loadings on the Northern blots. 
This may be due in part (as in Fig. 1 A) to the long half
life of the gJaA mRNA which would mean that the rate of 
breakdown of the mRNA is significantly slower that the 
rate of production, giving rise to an increasing population 
of this species of mRNA over time. The level of transcripts 
of the pepA gene encoding aspergillopepsin were simi
larly decreased in the inducible antisense pdiA strain 
(data not shown). The kinetics of growth and final yield of 
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biomass were not significantly different in the parental 
strain and the inducible antisense pdiA strain in this 
medium (Fig. 28) . The On-treatment was a ti me-limited 
stress experiment whereas the inducible antisense pdiA 
study was a longer growth-related study, hence the kinetic 
effects are different. 

In the initial experiments expression of both the anti
sense pdiA gene and the native glaA gene were driven by 
the glaA promoter, raising the possibility that transcrip
tional effects might arise because of competition for the 
same transcription factors. We therefore exchanged the 
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Fig. 2. The effects of antisense pdiA under the control of a strong, 
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A. Two traces are shown: the parental strain AB4.1 (A) and the 
inducible antisense pdiA strain AS1 .1 (0 ). The time given on the lower 
axis is in hours after inoculation of the cultures. 
B. The growth of AB4.1 (A) and AS1 .1 (0 ). The data represent 
averages from three replicates for each time-point. 

glaA promoter with that of the constitutive gpdA (resulting 
in A. niger strain ASG67) to drive expression of the anti
sense pdiA gene. There was a lower level of secreted 
glucoamylase and glaA mRNA in the antisense strain 
(Fig. 3A and B) but, unlike the situation with the glaA 
promoter, there was still a significant amount of glucoamy
lase present. This latter difference may reflect the relative 
strength of the gpdA promoter to the glaA promoter and 
their differing roles within the metabolism of the fungus. 
There was no significant difference in the growth of the 
parent and the constitutive antisense strain (Fig. 3C). 

Evidence for increased processing of the 20 bp 'intron' 
in the hacA mRNA after OTT treatment, relative to control 
and antisense pdiA (glaA promoter-driven) strains, is 
shown in Fig . 4. Also, a size difference between the 
unprocessed and processed mRNA was detectable, 
approximately 1 h after OTT treatment, by Northern blot
ting due to the difference in their 5'_ untranslated regions 
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A. The secreted level of glucoamylase enzyme (GAM) from the paren
tal strain AB4.1 is shown as black columns while the same from the 
constitutively expressed antisense pdiA strain, ASG67 , is shown in 

white columns. 
B. The corresponding mRNA levels of glaAactin in the parental stra in . 
AB4.1 (A ) and the constitutively expressed antisense pdlA strain 
ASG67 (0 ). The time given on the lower axis is in hours after inocu 
lation of the cultures. The data represent averages from three repli
cates from each time-poin t. 
C. Accumulation of dry mass of AB4 .1 (A ) and ASG67 (l I). 
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Fig. 4. RT-peR analysis of the hacA transcript across the 20 bp 
intron of A. niger AB4.1 (parental strain) treated with water or on, 
A. niger AS1 .1 and ASG67 (antisense pdiA strains) . The A. niger 
AB4.1 control was grown for 44 h and then treated with water and the 
mycelium harvested after an additional 6 h. The AB4.1 on samples 
were grown as above but treated with 20 mM on for 6 h before 
harvest. The AS1 .1 and ASG67 cultures were grown for 48 hand 
then harvested. 

(Mulder et al., 2004). Splicing of the 'intron' within the 
coding sequence is not detectable by Northern blotting 
because it only results in a 20 bp difference, whereas 
Northern blotting can detect the 5' -truncation of 230 bp 
(Mulder et al., 2004). Processing of the hacA mRNA in A 
niger was detectable by Northern blotting in the OTT
treated cultures but not in water-treated controls or in the 
antisense pdiA strain (data not shown). Reverse transcrip
tion polymerase chain reaction (RT-PCR) across the hacA 

mRNA intron (Fig. 4) for untreated parental strain, AB4.1 

ER stress in Aspergillus niger 1735 

and for both the constitutive and inducible antisense pdiA 

strains show a very low level of spl iced hacA mRN A (the 
faint band below the main band) which is simi lar in each 
strain and may represent a background level of hacA 

mRNA splicing . The parental strain treated with OTT 
shows a much larger component of the spliced hacA meso 
sage.ln addition , there was no evidence for transcriptional 
upregulation of bipA in the inducible antisense strain , 
judged by Northern blotting (data not shown). Together, 
these results indicate that UPR is not induced in the 
antisense pdiA strains of A niger. 

Role of the glaA promoter 

To assess whether sequences in the promoter of the glaA 
gene playa role in the transcriptional downregulation we 
analysed two strains of A niger containing the vidA 

reporter gene which encodes ~-glucuronidase using the 
ribonuclease protection assay. The vidA gene was placed 
under the control of two different lengths (1 kb and 2 kb) 
of the glaA promoter and integrated as single-copies 
at the pyrG locus of A niger (Verdoes et al., 1994) . 

Figure 5(B) shows that the 2 kb promoter still exhibits the 
ability to downregulate control of the vidA gene when the 
strain is exposed to OTT. The truncated promoter is not 
able to mediate the downregulation effect (Fig . 58), but 

A 1. kb '111#" promob!,. I kb qlilA promot..r 
Fig.5. Ribonuclease protection assay (RPA) of 
uidA reporter constructs driven by 1 kb and 

DfT (ontrol (ontrol 
OJ" o o 

J " 

DTT 

OJ" 

2 kb glaA promoters (8). and of bipA (e) in the 
same uidA strains. The A. niger strains were 
treated with equal volumes of either water 
(black bars) or 20 mM on (white bars) . The 
mycelium was harvested at O. 3 and 6 h. The 
data presented are from a single experiment 
although it was repeated several times and data 
collected at various time pOints. A shows the 
RPA images that provide the quantified data 
presented. 
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the levels of the uidA mRNA are lower in this strain , 
showing that some promoter elements important for tran
scription are missing . In both instances, the levels of bipA 

mRNA increased in treated samples (Fig . 5C) in a similar 
way to that in Fig . 1, confirming that the UPR was active. 

The data presented to this point show that the steady
state levels of either g/aA or the reporter uidA mRNAs, 
driven by the g/aA promoter, were lowered when A. niger 

was stressed by OTT. Although the UPR is induced under 
these conditions, the use of an antisense pdiA strain of A. 

niger showed that the steady-state level of g/aA mRNA 
was lowered in the absence of obvious UPR induction. 
The data point to the effect being brought about at the 
level of transcription. To eliminate the possibility of mRNA 
degradation being responsible, we used nuclear run-on to 
measure the impact of OTT specifically on transcription of 
uidA driven by the g/aA promoter. The data in Fig. 6(A) 
show that 20 mM OTT generally suppresses transcription 
but that the impact is far greater on the uidA mRNA than 
on that of actin. Also, the effect is mediated by a region 
of the g/aA promoter between 1 kb and 2 kb upstream of 
the translational start. UPR was confirmed in this system 
in response to the OTT treatment (Fig . 68) . 

Discussion 

We have shown that a mechanism exists in A. niger that 
lowers the level of g/aA transcripts under conditions of ER 
stress. The rate of lowering of the g/aA mRNA levels under 
Dn stress is close to that of the half-life of degradation, 
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suggesting that high levels of unfolded proteins in the ER 
may lead to the transcriptional downregulation of the glaA 

gene. The same was not seen with two genes encoding 
non-secreted proteins but a lowering of the transcript level 
of pepA encoding the secreted aspergil lopepsin was 
apparent. A system which aHects the transcription of 
genes encoding secreted proteins has been described in 
the bacterium Ef1Ninia carotovora (Vincent-Sealy et ai., 

1999). The mechanism by which feedback to genes 
encoding secreted proteins occurs has not been eluci
dated and, in Ef1Ninia , the eHects can vary, involving up or 
downregulation of transcription depending on the particu
lar genes involved. The saprophytic filamentous fung i 
secrete enzymes to degrade organic polymers and it is 
possible that the phenomenon has evolved in these 
organisms as a specific defence against unfolded protein 
stress because of the high flux of proteins destined for 
secretion through the ER. The apparent transcriptional 
downregulation of genes encoding secreted proteins has 
also been observed in T reesei (Pakula et al., 2003) 

where it was termed RESS (repression under secretion 
stress) and in A. thaliana (Martinez and Chrispeels, 2003). 
Martinez and Chrispeels demonstrated in a global analy
sis of gene expression under separate DTT and tunica
mycin stress that most of the genes that were 
downregulated contained signal sequences targeting the 
proteins to the cell wall or to extracellular locations. Their 
study also showed evidence for the induction of the UPR 
as several chaperones, foldases and other proteins 
involved in ER function were upregulated. However, both 

1 kb glaA 
promoter 

hipA 

---

Fig. 6. Nuclear run-on for uidA (A) and bipA (B) 
together with some supporting blot data (C) 1 h 
after treatment with either water (control - black 
bars) or 20 mM on (white bars) . 
A. Showing the eHect of water (black bars) or 
on (white bars) on transcription of uidA re la
tive to actin. 
B. Showing the same for bipA. glaA p refers to 
the glaA promoter of the defined length (1 kb or 
2 kb). Oata for the Figures are from one exper
iment although repeats showed the same 
eHects. 
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of these studies use chemical agents to induce the UPR 
and have not shown that the transcriptional downregula
tion of genes encoding extracellular proteins can occur 
separately to the UPR. Also, ours is the first study to show 
clearly that the effect is transcriptional, rather than being 
based on steady-state transcript levels. 

The use of OTT to stress the ER is widespread in 
investigations of the UPR but OTT has a variety of other 
effects on the cell. Our own research (Watson et al., 2000) 

and those of Travers et al. (2000) and Martinez and 
Chrispeels (2003) have shown that OTT can affect a wide 
range of genes, some of which may not be closely related 
to the phenomenon under study. We have previously 
shown that antisense pdiA strains exhibit lowered levels 
of foldase activity and lowered levels of secreted glu
coamylase (GAM) (Ngiam et al., 2000). We show here 
that this effect in an antisense pdiA strain of A. niger is 
probably caused by a lowering of glaA mRNA levels but 
that this is not mediated by UPR involving splicing of hacA 
message. 

The first antisense construct used was driven by the 
glaA promoter which is strongly inducible by starch. As we 
are also measuring the transcriptional response of the 
indigenous glaA gene to the presence of the antisense 
pdiA mRNA the effect may have been caused by tran
scription factor titration. However, the presence of 
between four and six extra copies of the glaA promoter 
(Ngiam et al., 2000) is not expected to affect the transcrip
tional activity of the glaA gene by the titration of essential 
transcription factors because Verdoes et al. (1994) have 
shown that up to 20 copies of the glaA promoter can be 
incorporated into the genome of A. niger before titration 
effects are manifested. We have used the antisense pdiA 
under the control of the constitutive gpdA promoter to 
ensure the validity of the data obtained with the glaA

driven pdiA antisense construct. Riboprobing detected the 
pdiA mRNA in the control strain but did not detect either 
the sense or antisense pdiA transcripts in the antisense 
pdiA strains of A. niger. Although it has not been possible 
to delete the pdiA gene in A. niger, deletion of the other 
two known pdiA-related genes, tigA and prpA, has been 
reported (Wang and Ward, 2000). It is not known if the 
three POI-family proteins have overlapping functions but 
pdiA may be essential suggesting that the antisense pdiA 
construct is likely to cause stress in A. niger that cannot 
be completely compensated by either TigA or PrpA. It is 
possible that introduction of the antisense constructs has 
caused other effects, possibly through ectopic integration 
of the construct at a locus which is important for the 
control of transcription in genes which encode secreted 
proteins. This would then be reflected in a downregulation 
of transcription from the genes examined (glaA and pepA) 

but would not be directly related to the effects of the 
antisense mRNA. The results obtained from the on 
©2Q04 Blackwell Publishing Ltd, Molecular Microbiology, 53,1731-1742 

ER stress in Aspergillus niger 1737 

experiments, and the fact that we have observed a down
regulation in two genes encoding secreted proteins, 
argues against such possibilities. 

We showed that transcriptional downregulation of the 
uidA reporter gene was mediated through a region of the 
glaA promoter between 1 and 2 kb upstream of the trans
lational start pOint. This, in itself, provides strong evidence 
that the effect is truly transcriptional rather than a function 
of mRNA stability. We confirmed this by employing nuclear 
run-on studies which demonstrated that de novo mRNA 
synthesis driven by the 2 kb glaA promoter is significantly 
reduced under on stress. Thus, it appears that on 
stress, under conditions that induce the UPR. leads to the 
transcriptional downregulation of the glaA gene and the 
effect is mediated by the glaA promoter. The steady-state 
glaA mRNA level is also lowered in a strain of A. niger 

where antisense pdiA is expressed, and where there is no 
apparent induction of the UPR. It is therefore possible that 
the transcriptional downregulation effect is mediated sep
arately from the UPR. 

The UPR has been well characterized in both yeast and 
mammalian systems and is probably the most well under
stood of all the feedback mechanisms which allow signal 
transduction from the ER when unfolded proteins are 
present. The signal transducer in this case is known as 
IRE1 and the encoding gene was first isolated in yeast 
(Cox et al., 1993) but homologues have also been isolated 
from mammalian systems (Wang et al., 1998). IRE1 
dimerizes and autophosphorylates when unfolded pro
teins are present in the ER (Shamu and Walter, 1996) and 
this, along with the recruitment of a tRNA ligase (Sidrauski 
et al., 1996) allows the splicing of hacA mRNA to occur. 
The second mechanism that is well understood is trans
lational control in mammalian cells in response to ER 
stress which involves the protein PERK (Harding et al., 
1999). This protein bears similarity to IRE1, especially in 
its ER lumenal and transmembrane domains. Neither the 
existence of a functional PERK homologue nor attenua
tion of translation in response to ER stress has been 
demonstrated in filamentous fungi. The transcriptional 
downregulation effect found in A. niger may be a different 
method to solve the same basic problem: how to prevent 
the entry of nascent protein chains into the ER under 
conditions when such proteins would be unlikely to fold 

correctly. 
The transcriptional downregulation mechanism that we 

have detailed is possibly not mediated via hacA mRNA 
processing as there is no evidence for this in the Northern 
blots for the antisense strains, whereas splicing is evident 
in cultures treated with on. It was, however, possible that 
the Northern blotting analysis was not sensitive enough 
to pick up very low levels of processed hacA mRNA. The 
RT-PCR has shown that there are very low levels of 
spliced hacA mRNA present in the wild-type strain and in 
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the inducible antisense pdiA strain of A. niger which sug

gests that the UPR could be active at a very low level in 
these strains. Because there is no obvious difference in 

the amounts of spliced hacA in the strains (accepting the 
semi-quantitative nature of the RT-peR), it may be that 

the spliced form represents a background level of pro
cessing that is always present, possibly to maintain the 
normal levels of chaperones and foldases in the ER. This 

does, however, assume that very low levels of the HacA 
protein would be )sufficient to induce transcription of fur

ther components of the pathway. It is also possible that 
there is another transcription factor which acts in a similar 

way to HacA. It has not until very recently (H. Mulder, 
unpubl.) been possible to produce strains of A. niger 

which are deleted for hacA to facilitate the exploration of 
such mechanistic possibilities despite several attempts in 
both T. reesei and A. niger. 

We have shown that a truncated (1 kb) g/aA promoter

driven construct is not subject to transcriptional down 
regulation under DTT stress. There was a significant 
difference in the levels of gene expression between the 
full-length and truncated promoters, confirming that other 

essential functions of the promoter have been compro
mised by the truncation. The requirement now is to pin
point the area of the promoter which is important in 
mediating the effect and elucidate the mechanism by 

which the promoter activity is reduced. 

Experimental procedures 

Strains and p/asmids 

The A. niger strains used were AB4.1 which is a pyre;- strain 
that is auxotrophic for uridine (van Hartingsveldt et al., 1987) 
and AS1.1 (Ngiam etal., 2000). The AS1.1 strain of A. niger 
is a multicopy transformant containing an antisense pdiA 
cDNA under the control of the glaA promoter and the 
Aspergillus nidulans trpC terminator. In addition, a new strain 
of A. niger was produced called ASG67. A. niger AB4.1 was 
cotransformed with plasmids pGPOAS and pAB4.1 (van 
Hartingsveldt et a/. , 1987) which contains a functional copy 
of the pyrG gene from A. niger, using the method of Punt and 
van den Hondel (1987). The plasmid pGPOAS was con
structed by peR amplification of a section of the pdiA gene 
(Ngiam et a/. , 1997) corresponding to coordinates +118 to 
+1797 with primers containing BspHl restriction sites. This 
fragment was digested with BspHI and then inserted into 
pAN52-1 (Punt et a/., 1987), containing the gpdA promoter 
and the A. nidulans trpC terminator, which had been digested 

Pgpd ASpdi TtJpe 

with Ncol The plasm'd' h . . . I IS S own In Fig. 7. Tt'ie transforr>1ants 
were sc~~ened by PCR for the presence 0' :'le pGPOAS and 
a~y pOSItives taken to single spore using a Singer "ilcrOr"1a
~Ipulator. Primer sequences and PCR ar""'plil cation condi
tions are shown in Table 1. The two strains containing the 
wdA gene u~der the control of either 1 or 2 kb g/aA pro mot
~rs, GUS64AS and GUS64AB were constructed as detailed 
In Verdoes et a/. (1994). 

Growth and maintenance of cultures 

The A. niger strains were maintained on potato dextrose agar 
slopes (Oxoid) with a supplement of 10 mM uridine (Sigma) 
for AB4.1. Slopes were incubated at 30°C until the cultures 
had conidiated and were made fresh for each experiment 
Spores resuspended in 0.1°" (v/v) Tween 20 (Sigma) were 
used to inoculate slopes and liquid cultures, with an inoculum 
density of 1 x 105 spores per millilitre being used for liquid 
cultures. Starch (S)-containing ACMS/N/P medium (Archer 
et al., 1990) was used for all experiments involving liquid 
culture except for medium exchange studies which are 
described below. A. niger AB4.1 cultures were supplemented 
with 10 mM uridine. Cultures were grown in 100 ml of 
medium in 250 ml conical flasks at 25°C and shaken at 
150 r.p.m. In the OTT stress experiments, AB4.1 cultures 
were grown for 44 h before addition of 1 ml of 2 M OTT 
solution to give a final concentration of 20 mM. Control cul
tures had an equivalent volume of sterile water added. 

Harvest of material 

Mycelia were harvested through two layers of Mira cloth 
(CaIBiochem) and flash frozen under liquid nitrogen. The 
mycelia were then ground under liquid nitrogen to a fi ne 
powder before being freeze-dried in an Edwards Modulyo 
freeze drier (Edwards). 

Nucleic acid manipulations 

Total RNA was extracted from 100 mg freeze-dried, ground 
mycelia using the RNEasy Plant Mini Kit (Qiagen) according 
to the manufacturer's instructions. RNA was quantified by 
reading absorbances at 230, 260 and 280 nm on a Uvikon 
850 spectrophotometer (Kontron Instruments). Ratios of over 
2.0 for the 260 nm:280 nm readings were accepted as being 
indicative of good quality RNA. Quality was also assessed by 
running samples on 7% (w/v) formaldehyde gels (Sambrook 
et al., 1989). For Northern blotting, 5 ~g RNA per lane was 
run on a 7% (w/v) formaldehyde gel in MOPS running buffer 
(Sambrook et a/. , 1989) for 16 h at 25 V. Samples were pre
pared using Sigma RNA loading dye (Cat.# R4268). After 

E "NB NB.\ P H 

Fig. 7. Layout of pGPDAS (constitutive anti
sense pdiA construct). The amplified pdiA 
eDNA was inserted into Nco! cut pAN52-1 as a 
BspHl cut fragment. E, EcoRl; N-B, Nco!· BspH I 
half sites; X, Xbal; P. Pstl: H. HindI/I, PgpdA 
gpdA promoter; TtrpC, A nidulans IrpC termi
nator; AS, Antisense. Total size of the plasmid 

is 6.7 kb. 
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Table 1. Primers used to amplify probes for peR and conditions d' th " . 

. 'ti' I d . use In e amplifications All a I'f' . 
an In! a enaturation step of 5 min at 94 D C and a final extension of 10 min at 72'C . mp I IcatlOns were carried out for 30 cycles with 

pdiN': PCR product used as a probe for blots. 
pdiAff2: PCR product used for cloning antisense pdiA into pGPDAS. 
uidNa: PCR product used as a probe for Ribonuclease Protection Assay. 
uidA#b: PCR product used in the DNA dot blot for Nuclear run-on Assay. 
pglaAN: PCR product used as a negative control in the Nuclear run-on Assay. 

electrophoresis, the gel was washed in five changes of diethyl 
pyrocarbonate (DEPC)-treated water (Sambrook et al., 1989) 
for 20 min per wash and then soaked in 50 mM NaOH for 
10 min. Transfer to Hybond XL nylon membrane (Amersham
Pharmacia Biotech) was achieved using an Appligene vac
uum blotter according to the manufacturer's instructions with 
10x SSC (Sambrook et al., 1989) as transfer buffer. After 
transfer, the blot was soaked in 50 mM NaOH for 5 min and 
then rinsed in 2x SSC before being allowed to dry in air. 

Probes for Northern blots were labelled using the 
Megaprime labelling kit (Amersham-Pharmacia Biotech) 
according to the manufacturer's instructions with [a-32PJ
dCTP (ICN Pharmaceuticals). The glaA probe was a 637 bp 
fragment corresponding to coordinates +1059 to + 1696 in the 
sequence of the A. niger glucoamylase gene (Boel et a/., 
1984). The actin probe was a 765 bp fragment corresponding 
to coordinates +889 to +1654 in the y-actin gene of A. nidu
lans (Fidel et al., 1988). The pdiA probe was a 303 bp frag
ment corresponding to coordinates +63 to +365 in the 
sequence of the A. niger pdiA gene (Ngiam et al., 1997). The 
pepA probe was a 445 bp fragment corresponding to coordi
nates +1186 to +1631 in the aspergillopepsin gene of 
Aspergillus awamori(Berka et aI., 1990). The bipA probe was 
a 445 bp fragment corresponding to coordinates +712 to 
+ 1156 of the A. niger bipA gene (van Gemeren et al., 1997). 

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 53, 1731-1742 

Primer sequences are shown in Table 1. All of the probes 
were amplified by PCR from A. niger genomic DNA and 
purified from agarose-TAE gels using the Oiaquick gel extrac
tion kit (Oiagen) according to the manufacturer's instructions. 
The initial PCR fragments were checked by sequence anal
ysis to confirm the probes were identical to the original gene 
sequence. 

Blots were prehybridized in Hyb9 hybridization solution 
(Puregene) for 30 min before the addition of the labelled 
probe. The hybridization was carried out overnight at 65°e. 
Blots were washed twice in 2x sse, 0.1 % (w/v) SOS for 
15 min at 65°e and then once in 0.1 x sse, 0.1 % (w/v) SOS 
at 65°e for 30 min Blots were visualized and the band inten
sities quantified using a Fuji film BAS2000 phosphorimaging 
system. RNA loadings were normalized using the "(-actin 
probe. 

Reporter strains and growth conditions 

Aspergillus niger reporter strains used in this study were 
transformed with a reporter construct containing the GUS
encoding gene (uidA) of Escherichia coli under the control of 
approximately 2 kb or, after digesting with San, 1 kb glaA 
promoter of A. niger. These reporter constructs, which have 
been described previously as pGUS64 and pGUS64AS 
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respectively, were integrated as single-copies at the pyrG 
locus of A. niger (Verdoes et al., 1994). For nuclear run-on 
transcription assay and ribonuclease protection assay, cul
tures were grown in 100 ml xylose (X)-based ACMXlN/P 
medium (Archer et al., 1990), which represses the glaA pro
moter in 250 ml conical flasks at 25°C and shaken at 
150 r.p.m. for 44 h. Cultures were then filtered through Mira 
cloth (CaIBiochem) and washed in the same volume of ACM 
medium with no carbon source. Mycelia were then trans
ferred to ACMS/N/P medium (where the starch induces the 
glaA promoter) that has the same pH as those cultures grown 
in ACMXlN/P. Cultures were incubated in the ACMS/N/P 
medium for 6 h before adding the stress agent (OTT) to final 
concentration of 20 mM. Mycelia were harvested as men
tioned previously. 

Isolation of nuclei 

Nuclei were isolated using the method described by Schuren 
et al. (1993) with minor modifications. Mycelia from control 
and (20 mM) OTT-treated cultures were harvested and 
ground in liquid nitrogen. All further steps were performed on 
ice. The ground mycelia were resuspended (9 g in 27 ml) in 
isolation buffer containing 10 mM PIPES (pH 6.9), 0.5 M 
sucrose, 5 mM CaCI2 , 5 mM MgS04 , 1 mM-PMSF, 0.1 % 2-
mercaptoethanol. The suspension was filtered trough Mira
cloth. The filtered suspension was centrifuged for 10 min at 
110 g. The supernatant was centrifuged again to pellet the 
nuclei for 20 min at 4000 g. The pellet was resuspended in 
1.5 ml isolation buffer and loaded to 6.5 ml of the same buffer 
but containing 2.1 M sucrose and centrifuged for 60 min at 
161 000 g. The pellet was resuspended in 0.25 ml of buffer 
containing 50 mM Tris-HCI (pH 8.3), 40% glycerol, 5 mM 
MgCI2 , 0.1 mM EDTA and immediately stored at -80a C. The 
isolated nuclei were checked under the fluorescence micro
scope after staining with ethidium bromide. 

Nuclear run-on transcription assay 

Nuclear suspensions (100 ~I) were thawed on ice and .mixed 
with 1 00 ~I reaction buffer containing 10 mM Trls-HCI 
(pH 8.0),300 mM KCI, 5 mM MgCI2, 5 mM on, 1 ~M each 
of ATP, GTP, CTP and 60 ~Ci [a-32PJ-UTP. The reactions were 
allowed to run for 30 min at 30°C. The nuclear DNA was 
degraded by adding 5 U RNase-free DNase (Ambion) for 
5 min at room temperature. SDS and NaCI were ~dded to 
final concentrations of 1 % (w/v) and 0.4 M, respectively. The 
mixture was extracted once with phenol/chloroform and once 
with chloroform. The RNA was precipitated with one volume 
isopropanol and centrifuged for 10 min at 10 500 g. The RNA 
pellet was dissolved in 50 ~I Rnase-free ",:,ater and cleaned 
through Spin columns-30 (Sigma) follOWing the manu.f~c
turer's instructions. Labelled RNA was denatured by bOiling 
for 2 min and immediately used for hybridization. . 

All DNA fragments were prepared by PCR using g~noml~ 
DNA of A. niger transformant GUS64 and we~e pur~fled a 
detailed above. 1.5 ~g of DNA fragments for btpA, wdA and 
actin were each spotted on to Hybond W (AmerSham~Phar; 
macia Biotech). The uidA fragment corresponds to wdA + 
to +621 of the E. coli uidA gene (Schlaman et aI., 1994). The 

bipA and actin gene fragments were as described above TIle 
negative control used was a DNA fragment 0' 609 bp corre
sponding to -1402 to -2011 upstream of the uidA tra'lslatlo'l 
codon in the 2 kb glaA promoter fragment. The blots were 
prehybridized for 15 min at 65-C in HYB-9 hybridization solu
tion. The denatured labelled RNA was added to the pre'ly
bridized blot and hybridization was continued overnight. Blots 
were washed twice in 2x SSC, 0.1 DiD (wlv) SDS for 10 min. 
Blots were visualized and the band intensities quantified as 
detailed above. Faint bands were observed in the negative 
control, but the background for each band was corrected by 
subtracting the signal generated from the negative control. 
Similar observation of low background generated from neg
ative controls when carrying out nuclear run-on assays has 
been observed in other studies (Gouka et aI., 1997) 

Glucoamylase assays 

The glucoamylase assays were carried out as described 
previously (MacKenzie et al., 1994) using a glucose oxidase
based assay. The assays were carried out on medium sam
ples taken immediately before harvest of the mycelium and 
subsequently stored at -20'C. The data are expressed as 
milligram of GAM present per litre of medium. 

Riboprobing 

Single stranded RNA probes were synthesized for the pdiA 
gene using the Universal Riboprobe kit (Promega) to tran
scribe the pdiA PCR product which had been cloned into the 
pGEMT-easy vector (Promega). Northern blots were pro
duced and hybridized as detailed above but the hybridization 
temperature was increased to 72"C. Washings were identical 
in composition and duration to those mentioned above but 
were also carried out at 72'C. 

Rt-PCR 

Total RNA was extracted as detailed above and mRNA was 
isolated from this using the Oligotex mRNA Mini Kit (Oiagen) 
according to the manufacturer's instructions. First strand 
cDNA was synthesized using the Omniscript Reverse Tran
scriptase Kit (Oiagen) with random primers from the Univer
sal Riboclone cDNA SynthesiS Kit (Promega) USing 1 ~g 
mRNA as template. PCR was carried out using the following 
primers for amplification of a fragment across the hacA intron: 
5'-CnCTCCTACCCTAACTCCT-3' and 5'-TCAAAGAGAG 
AGAGGGCAC-3'. The PCR conditions were as follows: an 
initial denaturation of 94°C for 5 min was followed by 30 
cycles of 94°C for 30 s, 53°C for 1 min and nec for 1 m!n 
The PCR products were visualized by running out on 3 ° 
agarose gels with 100 ng ml1 ethidium bromide 

Ribonuclease protection assay 

The RPA was carried out using the RPAIII kit (Ambion) using 
the PCR amplified probes mentioned in the nucleiC aCid 
manipulations section cloned into the pGEM-T Easy vector 
(Promega) except for the uidA probe which was a 552 bp 

© 2004 Blackwell Publishing Ltd. Molecular Microbiology. 53. 1731-1742 



fragment corresponding to coordinates +1261 to +1812 bp. 
The final samples were run out on 7% (w/v) acrylamide TBE 
gels at 200 V for 2 h. The gels were then dried and exposed 
to a phosphorimaging plate as detailed above. 
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