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1 Calcium signalling in eukaryotic organisms 
 
Calcium has been selected by nature to be an essential messenger that transduces signals 

throughout the entire lifespan of a cell. The following section gives an introduction into the 

vast field of Ca2+ signalling in mammalian, plant and fungal cells. Many signal transduction 

pathways are conserved within these kingdoms. However, some regulatory circuits have 

evolved in one kingdom only. Moreover, one signalling task can be fulfilled by different 

protein families. It is beyond the scope of the next chapter to give a detailed description of all 

cellular events that are related to Ca2+ signalling. Focus will be drawn to the basics such as 

calcium homeostasis and how this is achieved, as well as calcium mediated transcriptional 

response. Furthermore, cellular events that depend on Ca2+ are exemplified by polarised 

growth, cell cycle and apoptosis. 

1.1 Ca2+ – a divalent cation with a special task 
 
Ca2+ ions exhibit unique features that are necessary for the cell to differentiate between 

another very abundant divalent cation: Mg2+ ions (Table 1). Targets of Ca2+ must respond in a 

100 – 10.000 fold excess of Mg2+. Binding flexibility, geometry as well as charge density 

different to Mg2+ make reversible Ca2+ binding to biomolecules principally easy (Malmendal 

et al., 1998). In contrast to Mg2+, Ca2+ is able to bind sites of irregular geometry (Table 1). 

Nevertheless, proteins that are specifically regulated by binding calcium ions can complex 

magnesium ions in the absence of calcium ions. Furthermore, Mg2+ has been shown to 

stabilise calcium binding proteins in their Ca2+ free state (Mukherjee et al., 2007). 

Subsequently, fine tuning between these two ions is very important for cellular signalling and 

the activity of proteins. 
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Table 1: Properties of calcium versus magnesium ions 

 Ca2+  Mg2+  

Ionic radius 1.0 Å 0.72 Å 

Coordination number 7 6 

Coordination structure Pentagonal bipyramidal* Octahedral* 

 

  

Dehydration energy - 358 kcal/mol - 436 kcal/mol 

Cytosolic concentration of 
resting cells 

nM – range mM – range 

Bond length to ligands 2.3 – 2.6 Å 2.0 – 2.1 Å 

* The red sphere depicts Ca2+ and Mg2+, respectively. 

 

A number of protein structures have evolved to complex calcium. These modules are the 

annexin fold, the C2 domain, and the most important EF-hand motif (Fig.1). The annexin fold 

is a domain of calcium regulated membrane proteins (Gerke and Moss, 2002) that contains a 

conserved structural region composed of segments of ~ 70 amino acids that form a highly α-

helical disk-like structure (Fig.1 A) (Gerke et al., 2005). The Ca2+ binding motif has been 

described as a sequence of [(Leu/Met)-Lys-Gly-X-Gly-Thr] and is followed, after a gap of ~ 

40 residues, by an acidic residue (Seaton and Dedman, 1998). C2 domains having functions 

ranging from signal transduction to vesicular trafficking have been identified in over 100 

different proteins (Fig.1 B) (Nalefski and Falke, 1996; Nalefski et al., 2001). The C2 domain 

is composed of two four-stranded β-sheets forming loops at the top and the bottom of the 

domain. Five conserved aspartate residues and one serine are involved in binding three 

calcium ions (Jimenez et al., 2003; Rescher and Gerke, 2004). It has been demonstrated that 

the binding of calcium ions induces a change in the electrostatic potential of the domain 

enhancing phospholipid binding (Murray and Honig, 2002). Furthermore, C2 domains bind a 

variety of different ligands and substrates such as inositol phosphates and cellular proteins 

(Nalefski and Falke, 1996). EF-hand proteins are the best understood Ca2+ binding proteins. 

Examples of these are calmodulin and paralbumin where crystal structure elucidated binding 

geometry of Ca2+ (Kretsinger and Nockolds, 1973; Taylor et al., 1991). The EF-hand motif 

consists of two perpendicular alpha helices with a loop region in between them forming a 

calcium binding helix-loop-helix structure (Fig.1 C). The loop exhibits a highly conserved 

single stretch of 12 amino acids. Six of the 12 amino acids are involved in binding. Position 
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12 seems to play a vital role in Ca2+ / Mg2+ selectivity. Glutamate is the most conserved 

amino acid at position 12 and it contributes two carboxy oxygens for the coordination of Ca2+ 

(Fig. 1D) 

 
Figure 1: Ribbon drawing of Ca2+ binding protein motifs and EF-hand coordination 
of Ca2+  
A: Crystal structure of human annexin A5 (Gerke and Moss, 2002). The ribbon drawing 
illustrates the highly α-helical folding of the protein core that forms a slightly curved disk. 
Different colours were chosen to highlight the four annexin repeats. Bound Ca2+ ions are 
depicted as yellow spheres.  
B: The C2 domain is composed of two four stranded β-sheets forming loops at the top and 
the bottom of the domain. Five conserved aspartate residues and one serine are involved in 
binding of three calcium ions (Jimenez et al., 2003; Rescher and Gerke, 2004). 
C: Calmodulin is a small dumbbell-shaped protein composed of two globular domains 
connected together by a flexible linker. Each end binds to two calcium ions via an EF-hand 
motif.  When calmodulin has bound to calcium, its globular domains are perpendicular to 
one another giving the "open conformation". 
D: The 7-fold coordination of the calcium ion by oxygen atoms (red) of asparagines or 
aspartic acids, a peptide carbonyl oxygen, a water molecule and a bidentate glutamic acid.  

 

Ca2+ is special in comparison to other non protein messengers such as nitric oxide (NO) or 

inositol 1, 4, 5 - trisphosphate (IP3) as it can function as a first and a second messenger and it 

is frequently autoregulated (Carafoli, 2005). This means that Ca2+ can either induce 

intracellular signalling cascades by binding to receptors at the outside without entering the 

cell (first messenger) or calcium ions can be released from internal stores by extracellular 

signals (second messenger). In some cases influx and efflux of Ca2+ is regulated by Ca2+ itself 

(autoregulation). Another very interesting consideration is the fact that in order to function as 

an intracellular messenger, resting levels of Ca2+ concentration must be very low. From the 

evolutionary point of view, only this low concentration of intracellular Ca2+ made it possible 

A B

C D
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for the metabolism to use phosphate (Carafoli, 2005). Phosphate is an essential nutrient 

required for biosynthesis of biomolecules such as adenosine-triphosphate, the universal 

currency of energy in the cell. Cells utilise orthophosphate for biochemical reactions. If Ca2+ 

were present at high concentrations (mM), it would react with orthophosphate (Pi; cytosolic 

concentration of up to 20 mM; Pinson et al., 2004) to form Ca-Pi complexes, which have a 

very low solubility (Carafoli, 2005). Formation of these complexes would both reduce the 

orthophosphate pool and harm cellular integrity by forming crystals. 

Calcium homeostasis is critical, not only within the cytoplasm, but also in cellular 

compartments such as mitochondria, tonoplasts, Golgi, and endoplasmatic reticulum (ER), 

even within the nucleus (Rizzuto and Pozzan, 2006; Table 2). Levels within the cytoplasm are 

lower when compared to cellular compartments and most environments. This balance 

between extracellular calcium concentration [Ca2+]ex, cytosolic calcium concentrations 

[Ca2+]cyt and concentration within cellular compartments is established by an enormous 

number of calcium binding proteins, channels, and energy dependent exchangers and pumps 

(Nagata et al., 2004; White, 2000; White and Broadley, 2003; Zelter et al., 2004). 

 
Table 2: Ca2+ concentration in cellular compartments  

Cellular compartment Ca2+ concentration Reference 

Cytosol / 

Subplasmalemma 

0.1 - 2 µM (resting) 

1 -300 µM (stimulated) 

(Rizzuto and 

Pozzan, 2006) 

ER 0.3 – 1 µM (COS7) 

1 – 2 (HEK) 

(Greene et al., 

2002; Rizzuto and 

Pozzan, 2006) 

Mitochondria ~ 2 µM (resting) 

1 -500 µM (stimulated) 

0.2 µM (BEC; resting) 

0.42 µM (A. nidulans; resting) 

(Greene et al., 

2002) 

Golgi ~300 µM (resting) 

~200 µM (stimulated) 

(Rizzuto and 

Pozzan, 2006) 

Nucleoplasm ~ 0.1 µM (resting) 

~ 2 µM (stimulated) 

(Rizzuto and 

Pozzan, 2006) 

    COS: cell line originating from kidney cells of an adult male African green monkey) 
    HEK: embryonic human kidney BEC: bronchial epithelial cells 
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1.2 Calcium homeostasis and signalling 
 
Calcium signalling and homeostasis is achieved and maintained by a variety of calcium 

binding and transport proteins. Calcium binding proteins are subdivided into sensor relay 

proteins, responder and buffer. A sensor relay transports the calcium information to a second 

protein. Calcium binding proteins, such as calmodulin, change their conformation and thereby 

interact with target proteins (e.g. kinases), changing their structure or activity. Responder 

proteins such as calcium dependent protein kinases (CDPK) in plants are directly activated 

upon binding of calcium. Buffer proteins have a high capacity to bind calcium and reduce free 

calcium ion concentration of the cytoplasm or in cellular compartments. Calcium ions are 

sequestered and stored in compartments such as the endoplasmic reticulum so that they are 

available to raise cytosolic Ca2+ concentrations when required for signalling (Beard et al., 

2004). The major calcium storage protein in the sarcoplasmic reticulum of skeletal and 

cardiac muscle is calsequestrin that contains up to 50 Ca2+ binding sites (Beard et al., 2004). 

There are three major classes of membrane associated proteins that directly transport calcium: 

Ca2+- channels, Ca2+ - ATPases (pumps), and exchangers. Individual isoforms are distributed 

within membranes of cellular compartments and the plasma membrane. Calcium channels 

facilitate Ca2+ flow down the concentration gradient across cell membranes. They are grouped 

according to their mode of activation in voltage-gated, stretch-activated and voltage-

dependent Ca2+ activated or receptor opened channels. Energy dependent transport is carried 

out by Ca2+- ATPases. They transport calcium against the concentration gradient into cellular 

compartments or to the extracellular space (Carafoli, 2005). Exchangers make use of an 

existing concentration gradient of ions like H+ or Na+ to transport calcium. A vacuolar 

exchanger (e.g. VCX1 in Saccharomyces cerevisiae) is using the proton gradient to take up 

calcium into the vacuole (Cunningham and Fink, 1996). Thereby, protons flow down their 

concentration gradient into the cytoplasm and calcium ions are taken up against the 

concentration gradient into the vacuole.  

Many cellular events are regulated by calcium signalling. This signalling comprises of 

different spatial and temporal calcium concentrations within the cell, mainly referred to as 

calcium signature. A transient increase can be accomplished by the release of calcium ions 

from internal stores or / and influx from the external medium. The increased cytosolic Ca2+ 

binds and activates different proteins, after which calcium transporters and buffers rapidly 

reduce cytosolic calcium concentration again to physiological levels (Niki et al., 1996). 
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Figure 2: Schematic illustration of Ca2+ transport and binding proteins (Niki et al., 
1996) 
Calcium homeostasis and signalling are dependent on numerous proteins with different 
function such as storing and transporting calcium ions. In comparison to extracellular and 
intracellular compartments, cytosolic levels of Ca2+ are maintained at a low level of 
approximately 100 nM in all cell types, a prerequisite for Ca2+ to function as a signalling 
ion. 
 

1.3 Ca2+ - signalling related proteins in fungi, plants, and animals  

Calcium transport 
Calcium pumps and exchangers are relatively conserved between animals, plants and fungi. 

The composition of calcium channels is markedly different. Voltage dependent calcium 

channels (VDCCs) in animals comprise a central structure, the so called α-1 subunit protein, 

and consist of 24 transmembrane (TM) domains which are grouped into four repeated units. 

Fungal calcium channels are sorted into three groups. Group I: Yeast Cch1p-like channels 

display similarities to the α-1 subunit and also comprise 24 TM domains in four repeated 

units. Group II comprise stretch activated calcium channels (yeast Mid1p-like) that are neither 

found in animals nor in plants. Group III includes the Yvc1p that has significant homology to 

the transient receptor potential (TRP) family and contains six to eight TM domains. 

Electrophysiological analyses have revealed the existence of channels in plants which are 

voltage-dependent, Ca2+ - activated (VDCC) and receptor opened (Sanders 2002, White 

2000). Plant VDCCs are partly homologous to L-type calcium channels. TPC1 is an example 

for a plant VDCC, which is half the size of animal and fungal VDCCs and has 12 TM 

domains (six groups of two units).  

Second messengers such as IP3, cADP ribose, sphingolipids, cyclic nucleotides, glutamate, 

and nicotinic acid adenine dinucleotide phosphate (NAADP) are involved in calcium release 

through channels from internal stores. Ionotrophic glutamate receptors (iGlu) and cyclic 

nucleotide-gated channels (CNGCs) are conserved in animals and plants (Nagata et al., 2004). 
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Furthermore, it has been shown that plant calcium channels are activated by cADPR, NAADP 

and IP3, but only a few genes encoding homologues to receptor opened calcium channels in 

animals have been found to date in plants (Nagata et al., 2004). Genes encoding for IP3 and 

ryanodine receptors have also not yet been identified in fungi (Zelter et al., 2004), although in 

Neurospora crassa 2-aminoethoxydiphenyl borate an inhibitor of IP3 -induced Ca2+ release 

has an influence on tip-calcium gradient and inhibits hyphal elongation (Silverman-Gavrila 

and Lew, 2001). Silverman et al. (2001) proposed that Ca2+ release takes place via an IP3 

receptor from tip-localised vesicles. Moreover, dantrolene - a drug which inhibits ryanodine 

receptor-Ca2+ release channels of the ER, within the vacuolar membrane, and mitochondria - 

also has an influence on calcium transport via the fungal mitochondrial membrane (Greene et 

al., 2002). Taking all this evidence, one could infer that both IP3 and ryanodine receptor-like 

channels are present in filamentous fungi, but a sequence-based comparative genome analysis 

revealed no homologous proteins in filamentous fungi to animal IP3 and ryanodine sensitive 

calcium channels. The genomic screen of Zelter et al. (2004) also showed that enzymes in 

filamentous fungi are missing that synthesise cADP ribose, NAADP (cADP ribosyl cyclase) 

and sphingosine 1-phosphate. Detailed reviews summarise Ca2+ transport proteins in fungi, 

plant and animals (Martinoia et al., 2007; Nagata et al., 2004; White, 2000; White and 

Broadley, 2003; Zelter et al., 2004). 

Calcium regulated kinases 
Calcium-dependent protein kinases are unique to plants (CDPKs) (Sanders et al., 2002). 

Structural analogous kinases have only been detected in protists, but not in fungi, insects or 

animals (Zhang and Choi, 2001). CDPKs bind calcium directly through their carboxy terminal 

calmodulin-like (CaM-like) regulatory domain. Binding of Ca2+ induces a conformational 

change which releases an autoinhibitory domain and activates the kinase. Therefore, CDPK 

can be considered to be a combination of a calcium sensor and a responder protein. CDPKs 

activity depends on multiple factors such as phosphorylation, stimulation by binding of a 

putative lipid messenger and interaction with 14-3-3 proteins (family of conserved regulatory 

molecules, name refers to a characteristic pattern in gel electrophoresis, Szczegielniak et al., 

2000). Diverse CDPKs have been shown to have different calcium activation thresholds and 

they differ in their location within the cell, e.g. they can be membrane bound if myristoylated 

or palmitoylated at the N-terminus or cytosolically located.  

Proteinkinase C (PKC), present in animals and fungi, is a functional analogue to CDPKs in 

plants. Mammalian PKCs are activated by phosphatidylserine (PS) and diacylglycerol (DAG) 

in a calcium-dependent manner (Fig. 3). In contrast to mammalian PKCs, calcium does not 
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directly activate PKCs in any fungus tested so far (Herrmann et al., 2006; Lendenfeld and 

Kubicek, 1998). In addition, fungi comprise of an extended regulatory amino terminal domain 

(CN1, CN2, CN3) and a characteristic Q/A/P region (Herrmann et al., 2006; Fig. 3).  

 

regulatory domain kinase domain

regulatory domainkinase domain

pseudosubstrate site Q/A/P rich region

CN1 CN2 CN3

C1 C2 (Ca2+ binding)

CaM-like domain

EF-hand motifs

Cys1  Cys2

PKC

fungi

mammals

CDPK

plants

autohibitory domain

 
Figure 3: Calcium dependent protein kinases in mammals and plants and the 
structural analogue in fungi 
Structural homologues to mammalian PKCs can be detected in fungi, however fungal PKCs 
in contrast to mammalian PKC seem to be Ca2+ independent. Plants have been shown to 
comprise Ca2+ dependent protein kinases that are different in structure. Therefore, CDPKs 
are regarded as functional homologues to mammalian PKCs. They are different because 
they contain a calmodulin-like (CaM-like) domain combined with a kinase domain.  

Calmodulin 
Calmodulin is a highly conserved protein comprising of four calcium binding EF-hand motifs 

present in all eukaryotes (Fig.1C). It is a sensor relay protein activated after small changes in 

[Ca2+]cyt due to highly cooperative binding of calcium with a Kd of 10-7 to 10-6 M (White and 

Broadley, 2003). Calcium binding induces a conformational change making a hydrophobic 

region of the protein available for protein-protein interaction. A striking characteristic of 

calmodulin in plants is that numerous isoforms exist and may occur within a single plant 

species. Six calmodulin genes, encoding three isoforms and 50 calmodulin-like proteins are 

found in Arabidopsis thaliana and each calmodulin gene may have a distinct and significant 

function (McCormack and Braam, 2003). In contrast, fungi and mammals exhibit only one 

single calmodulin gene, respectively.  

Calmodulin regulated kinases 
Calmodulin dependent kinases (CaMK) and Ca2+/calmodulin dependent kinases (CCaMK) are 

present in all the kingdoms, namely in animal, plant and fungal cells. In addition, calmodulin 
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dependent related kinases (CRK) are found in plants; CCaMK have not been identified in 

Arabidopsis but in tobacco and lily (Liu and Zhu, 1998).  

Calcineurin 
A major target of calmodulin is calcineurin which is a serine / threonine phosphatase in 

mammals and fungi composed of a catalytic subunit A and a regulatory subunit B. The 

catalytic subunit A comprises of a regulatory subunit B binding domain. The regulatory 

subunit B functions as a calcium sensor by binding calcium. Upon a small increase in 

cytosolic calcium concentration, calmodulin and regulatory subunit B bind calcium and both 

interact with the catalytic subunit A whereupon calcineurin is activated. This phosphatase 

plays a major role in regulating the activity and localisation of proteins. Exemplarily, 

phosphorylation can influence the activity of a protein by changing the three dimensional 

structure allowing substrates to bind to the active centre. Furthermore, phosphorylation or 

dephosphorylation of amino acids within a protein domain can be the prerequisite for 

interaction with karyopherins, thereby defining nuclear or cytoplasmic localisation. 

Regulators of calcineurin (RCNs) such as Rcn1p in S. cerevisiae have been shown to be a 

natural inhibitor of calcineurin. Its phosphorylated form activates calcineurin, whereas the 

dephosphorylated form inhibits calcineurin function in S. cerevisiae (Hilioti et al., 2004; 

Kishi et al., 2007). Furthermore, calcineurin function can be inhibited by the 

immunosuppressant drugs FK506 and cyclosporine A. FK506 and cyclosporine A bind to 

immunophilins and the complexes formed are able to inhibit both Ca2+ and Ca2+ / calmodulin-

stimulated activity of calcineurin (Liu et al., 1991). Numerous studies revealed that 

calcineurin is involved in various signalling pathways in fungi and animals, including T-cell 

activation (Weischer et al., 2007) and neuronal function in human cells (Hara and Snyder, 

2007), as well as pheromone arrest and adaptation to salt-stress in yeast (Frohlich et al., 

2007). It has been shown that calcineurin in an essential gene in the filamentous fungus 

Aspergillus  nidulans (Rasmussen et al., 1994), whereas deletion in A. fumigatus (Steinbach et 

al., 2006) leads to impaired filamentous growth with a lack of lateral filamentation and 

limited aerial growth.  

Till date, only calcineurin B-like proteins have been identified in plants. Calcineurin B-like 

proteins show similarities to both the regulatory B-subunit of calcineurin and the neuronal 

calcium sensor (NCS) protein in mammals. In contrast to calmodulin, calcineurin B-like 

proteins only have three EF-hand motifs. Different members of calcineurin B-like proteins 

show a specific expression pattern and exhibit domains that restrict their localisation 

(membrane bound or cytosolically free) (Kudla et al., 1999). Although no calcineurin is 
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present in plants, calcineurin-like functions have been demonstrated. In guard cells 

(specialised plant cells to facilitate gas exchange), the modulation of ion channels within the 

plasma membrane has been demonstrated to be dependent on calcineurin-like function (Luan 

et al., 1993). Moreover, in yeast, a plant calcineurin B-like protein was able to compensate a 

regulatory subunit B null mutant (Kudla et al., 1999) and in vivo interaction with a rat 

catalytic subunit A has also been demonstrated (Kudla et al., 1999). All these studies indicate 

that the family of calcineurin B-like proteins are important calcium sensor proteins that relay 

the calcium signal to calcineurin-like phosphatases and regulate Ca2+ transduction pathways 

in plants.  

Calcium-dependent proteinases 
Calpains are classified as cysteine-proteinases because they contain a cysteine residue in their 

active sites and are present in eukaryotic cells and in bacteria. The calpain proteolytic system 

consists of the large subunit and regulators of activity; the calpain-small-subunit and the 

inhibitor calpastatin in vertebrates. The best characterised calpains are the mammalian 

calpains I and II (Sorimachi et al., 1997). Calpains have a highly conserved molecular 

structure in the proteinase domain (domain II) that is combined in so-called conventional 

calpains with EF-motifs containing Ca2+ binding domains (Sorimachi et al., 1997). The 

activity of calpains is regulated by calcium, but this regulation does not seem to be solely 

dependent on the presence of the EF-hand containing domain. Calcium has been shown to be 

necessary to form the ‘closed’ active site conformation that is formed by a cysteine residue in 

domain IIa and the histidine and asparagine residues in domain IIb (Margis and Margis-

Pinheiro, 2003). Atypical homologues have been identified in plants, insects, nematodes, 

filamentous fungi and yeast. They are atypical in that they contain other domains that do not 

resemble those of the conventional calpain large subunits (Wu et al., 2007). One domain of 

atypical calpains is conserved in yeast, filamentous fungi and nematodes, but also in human 

Calp7. This domain was called the PalB homologous domain (PBH) that may have a 

conserved role among these evolutionary distinct organisms (Sorimachi et al., 1997).  
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Figure 4: Schematic presentation of classical calpain domain structure in animals, 
plant and fungi 
The conventional catalytic subunit contains domains I – IV. Domain I interacts with the 
regulatory small subunit.  Domain two is subdivided into IIa and IIb. IIa carries the Cys 
residue and IIb the His and Asn residue which together form the triad for catalytic activity. 
Domain III resembled the C2 that is known to bind phospholipids. The C-terminal end 
contains five consecutive EF-hand motifs. Phytocalpains exhibit an extensive N-terminus 
with new domains. (A) has been predicted to be an endoplasmic reticulum and membrane 
targeting domain. B1 and B2 have eight and 13 predicted transmembrane domains, 
respectively, that are interrupted by a loop region (C). Domain D is a hydrophilic, charged 
region (Margis and Margis-Pinheiro, 2003; Sorimachi et al., 1997; Wu et al., 2007). 

 

Most calpains show constitutive and ubiquitous expression and only a few are predominantly 

expressed in specific tissues. The proteinase activity of calpains has a processing and 

modulating function rather than a digesting function in the cytoplasm. Expression patterns 

suggest that they play a role in basic and essential function. Several cellular processes such as 

cell cycle, apoptosis, and memory are calpain-dependent; transcription factors, calmodulin-

binding proteins, components of receptor-mediated signal transduction and cytoskeletal 

proteins have been identified as calpain targets (Demarchi and Schneider, 2007; Mammoto et 

al., 2007; Paquet-Durand et al., 2007; Wu et al., 2007). 

Surprisingly, first the atypical homologue PalB of filamentous fungi has been characterised, 

which is involved in the ambient pH signalling pathway (Denison et al., 1995). PalB activity 

in filamentous fungi leads to proteolytic activation of the transcription factor PacC. Recently, 

it has been shown that PalB is essential for signalling proteolysis but is not the processing 

protease of PacC (Penas et al., 2007).  

Further indications have been found in mammalian systems that calpains play a major role in 

calcium signal transduction. Calpain has been shown to activate calcineurin in at least two 

ways; first it cleaves the calcineurin-binding domain of cain/cabin1, an endogenous inhibitor 

of calcineurin (Kim et al., 2002); and second, calpain removes the regulatory domain of 

calcineurin A and renders the phosphatase constitutively active (Wu et al., 2007). The 
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functional significance of phytocalpains was not identified until 2001. DEK1 of Z. mays and 

the homologue in A. thaliana have been shown to be essential in embryo development 

(Johnson et al., 2005; Wang et al., 2003). 

Phospholipase C and D 
Phospholipase C (PLC) isoenzymes hydrolyse the phosphodiester bond of phospholipids, e.g. 

phosphatidylinositol-4,5-biphosphate (PIP2), to yield diacylglycerol which is an activator of 

PKC and IP3, a calcium mobilising second messenger (Berg et al., 2002; Nagata et al., 2004). 

PLC of fungi and plants closely resemble mammalian isoform PLCδ. Mammalian PLCδ 

domain structure includes a PH-domain followed by four EF-hand motifs, a catalytic and a C2 

domain (Berg et al., 2002). Domain structure of plant PLC, however, suggests that in contrast 

to mammalian and fungal PLC’s, regulation in plants does not dependent on calcium, IP3 and 

PIP2, because both PH and EF domains are missing (Nagata et al., 2004). 

Phospholipase D (PLD) isoenzymes hydrolyse the second phosphodiester bond of 

phospholipids and generate phosphatidic acid and a free head group which can be either 

choline or ethanolamine. PLD function and phosphatidic acid downstream targets have been 

identified in fungi (Hong et al., 2003), plants (Wang, 2005), and animals (Morris, 2007). 

They are important for cellular signalling pathways that regulate organisation of the actin 

cytoskeleton, vesicular transport, exocytosis and stimulation of cell growth and survival. 

Similar to calmodulin, the plant PLD family is more complex when compared to yeast or 

mammals. Twelve PLD in Arabidopsis are opposed by two in mammals, and one in the yeast 

S. cerevisiae (Wang, 2005). A PLD domain based genomic search revealed six putative PLDs 

in A. nidulans and in other filamentous fungi species. The majority of Arabidopsis PLDs and 

one A. nidulans PLD characterised so far (Hong et al., 2003) display calcium dependent 

activation, whereas mammalian PLD do not (Morris, 2007). The domain structure of yeast 

PLD resembles mammalian PLD and its activation does not seem to be dependent on calcium. 

Calcium binding in Arabidopsis has been shown to the C2 domain and to the catalytic region, 

both activating PLD activity (Pappan et al., 2004). Little is known about the function of PLD 

in fungi. The non-essential PLD encoding gene SPO14 of S. cerevisiae is functionally related 

to secretion and meiosis (Rudge et al., 2002). Deletion in A. nidulans pldA had neither an 

effect on growth nor on conidia formation (Hong et al., 2003). In contrast, plant PLD function 

is related to several cellular events such as reactive oxygen species production, freeze 

tolerance, osmotic regulation (Wang and Heitman, 2005), and polar growth (Zonia and 

Munnik, 2004). 
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Figure 5: Calcium and calcium binding proteins in signal transduction 

1.4 Calcium mediated control of transcription 
 
Calcium signals do not only change the activity and localisation of proteins such as 

calmodulin, CaMKs, calcineurin and PKC, but can also have an indirect or direct influence on 

transcriptional regulators. A transient increase in cytosolic calcium can induce the 

translocation of transcriptional activators or repressors into the nucleus. Additionally, calcium 
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signal transduction can increase the nuclear free calcium concentration (Malviya and Klein, 

2006). Thus, nuclear and cytoplasmic calcium can control transcription by distinct 

mechanisms (Bouche et al., 2002).  

Calcium regulated transcription 
Only a few transcription factors which are directly regulated by binding calcium have been 

identified. Examples are the plant salt stress related calcium binding transcription factor 

AtNIG1 (Kim and Kim, 2006), and the downstream regulatory element antagonist modulator 

(DREAM) (Carrion et al., 1999; Gomez-Villafuertes et al., 2005). DREAM is also referred to 

calsenilin (Buxbaum et al., 1998) or KChIP3 (K+ channel interacting protein) (An et al., 

2000). It contains four EF-hand motifs, where the first EF-hand (EF-1) does not bind Ca2+ and 

EF-2 is suggested to coordinate Mg2+ under physiological conditions due to an aspartate at 

position 12 within the EF-hand motif. This magnesium ion is thought to mediate DNA 

binding (Osawa et al., 2005). These EF-hand features are characteristic for other members of 

the recoverin family such as the neuronal calcium sensor (NCS), recoverin, and frequenin 

(Osawa et al., 2005). DREAM specifically binds to a downstream regulatory element (DRE) 

and represses transcription of the respective gene. Binding is regulated by the level of nuclear 

calcium (Carrion et al., 1999) and by α-CREM (cAMP-response element modulator) 

(Costigan and Woolf, 2002), both leading to dissociation of DREAM from its DRE site and, 

therefore, to de-repression of the DREAM target gene. Frequenin has been described in yeast 

(Huttner et al., 2003), in the fungus Magnaporthe grisea (Saitoh et al., 2003), might be 

present in A. nidulans (AN5341), and plant calcineurin B-like proteins have been related to 

frequenin (Nagae et al., 2003), but to date none of the frequenin homologues have been linked 

to transcription. Frequenin in M. grisea Mg-NCS-1 has been correlated to calcium, as the 

deletion of this gene suppressed growth in high concentrations of calcium ions (Saitoh et al., 

2003). 

Calmodulin regulated transcription 
Calmodulin and calmodulin-like protein have also been identified in animals and plants to be 

located in the nucleus (Bouche et al., 2002; Larsson et al., 2001). Calmodulin binds to certain 

transcription factors of the basic helix-loop-helix family (bHLH), thereby preventing their 

DNA binding by masking the DNA binding domain of these transcription factors (Bouche et 

al., 2002). Another group of transcription factors are calmodulin-binding transcriptional 

activators (CAMTA) of which homologues have been identified in plants (Mitsuda et al., 

2003), flies (Han et al., 2006), Caenorhabditis elegans and humans (Huentelman et al., 2007), 
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but not in unicellular organisms, such as yeast and prokaryotes (Bouche et al., 2002). 

Additionally, no homologues can be identified for filamentous fungi based on in silico 

analysis of publicly available databases (http://www.broad.mit.edu/). 

Calmodulin-dependent MYB (myeloblastosis protein-like binding domain) proteins are an in 

particular important class in plant transcriptional gene regulation. These proteins contain a 

MYB-like DNA binding domain, and comprise of 125 members in Arabidopsis. There are 

known to be involved in the regulation of secondary metabolism, morphogenesis and cell 

cycle (Kranz et al., 1998). It has been suggested that a calmodulin isoform interacts and 

activates the Arabidopsis AtMYB2, thereby regulating salt- and dehydration- responsive gene 

expression (Yoo et al., 2005). 

Calmodulin-dependent kinase regulated transcription 
CaMKs are involved in the regulation of the cyclic AMP response element binding protein 

(CREB), activator protein one (AP-1), serum response factor, myocyte enhancer factor 2 

(MEF-2) and activating transcription factor 1 (TF-1) (Corcoran and Means, 2001). Recently, a 

CaMK cascade has been proposed, similar to the mitogen-activated protein kinase cascade. 

Specific kinases (CaMKK) have been identified which phosphorylate CaMKs and thereby 

enhance their activity (Means, 2000). These novel studies were conducted with mammalian 

cell lines and C. elegans. At present there are no reports of CaMKK in fungi and, to my 

knowledge, only one report about related CaMKK in plants; GRIK1, GRIK2 in Arabidopsis 

(Shen and Hanley-Bowdoin, 2006). Phylogenetic comparisons indicated related kinases in 

lucerne and rice that are similar to the yeast kinases PAK1, TOS3, and ELM1 and the 

mammalian kinase CaMKK (Shen and Hanley-Bowdoin, 2006). 

Calcineurin mediated transcription 
Calcineurin has been demonstrated to regulate the localisation of the human transcription 

factor NF-AT (nuclear factor of activated T-cells) and related transcription factors of S. 

cerevisiae (Crz1p), Candida albicans (CaCrz1), and S. pombe (Prz1). Upon 

dephosphorylation, these transcription factors are translocated into the nucleus and bind to 

their cognate DNA binding domain termed CDRE (calcineurin dependent responsive 

element). NF-AT and its yeast functional homologues can both act as a transcriptional 

activator and repressor (Munro et al., 2007; Savignac et al., 2007). So far unpublished data 

revealed the presence of a homologous transcription factor in the filamentous fungus 

Aspergillus nidulans (CrzA) and A. giganteus, suggesting that Crz1p orthologues are present 

in all filamentous fungi. Comparative sequence analyses in plants have not revealed any 

homologous proteins or homologous DNA binding domains of Crz1p and CrzA. 
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Calcium channel regulated transcription 
Very recently, calcium channels have also been shown to regulate transcription. Calcium 

influx into neuronal cells through L-type channels has been demonstrated to effectively 

activate CREB, MEF and NF-AT by having calmodulin as a calcium sensor at the mouth of 

the channel. The activity of the neuronal L-type channel CaV1.2 is even more impressive. 

This channel is protolytically cleaved to form a 75 kDa C-terminal fragment that translocates 

into the nucleus and serves as a transcriptional activator termed calcium channel associated 

transcriptional regulator (CCAT). Calcium influx through L-type channels and NMDA 

receptors cause the export of CCAT from the nucleus (Gomez-Ospina et al., 2006). This is the 

first report that a calcium channel has dual function acting as an ion pore and as a 

transcription factor. Similar channels with this dual function have yet not been identified in 

fungi and plants. 
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Table 3: Overview of selected calcium regulated transcription factors regulated by Ca2+ / calmodulin 

 DNA binding 
motif 

presence Process reference 

Ca2+ regulated     
DREAM  animals Ca2+ homeostasis (Costigan and Woolf, 

2002; Gomez-
Villafuertes et al., 
2005; Osawa et al., 
2005) 

AtNIG1 E-box (bHLH) plants salt stress signalling (Kim and Kim, 2006) 
Ca2+ channel     

CCAT Indirect  animals transcription neuronal 
genes and transporter 

(Gomez-Ospina et al., 
2006) 

Calmodulin     
E-proteins (E12, 
MyoD, and 
SEF2-1) 

bHLH animals neurogenesis, 
myogenesis, 
hematopoiesis, and 
pancreatic development 

(Onions et al., 1997; 
Onions et al., 2000) 

CAMTA CG1, TIG-like 
domain 

plants, 
animals 

absidic acid signalling, 
development  

(Bouche et al., 2002; 
Han et al., 2006; 
Huentelman et al., 
2007; Mitsuda et al., 
2003) 

MYB MYB domain 
R2R3 

plants secondary metabolism, 
morphogenesis, cell 
cycle, salt stress response  

(Yoo et al., 2005) 

MEF-2 MADS-box  animals muscle differentiation, 
cytokine regulation 

(Crabtree, 2001) 
(Savignac et al., 2007) 

CaMK     
CREB bZIP animals, 

fungi 
stress response, 
proliferation, 
differentiation 

(Corcoran and Means, 
2001) 

AP-1, TF-1 (Fos, 
Jun,) 

bZIP animals proliferation, 
differentiation, apoptosis 

(Corcoran and Means, 
2001; Hess et al., 
2004) 

MEF-2 MADS-box  animals muscle differentiation, 
cytokine regulation 

(Corcoran and Means, 
2001) (Savignac et al., 
2007) 

Calcineurin    
NF-AT Rel-like  animals immune response, 

memory (synaptic 
connections) 

(Crabtree, 2001; Graef 
et al., 2001; Wolfe et 
al., 1997) 

Crz1p/Prz1p Zinc-finger yeast calcium homeostasis, 
stress signalling 

(Hirayama et al., 2003; 
Stathopoulos and 
Cyert, 1997) 

1.5 Cellular events dependent on calcium signalling 
 
Cellular processes such as development, cell cycle, circadian clock regulation, apoptosis, 

abiotic stress response, and polarised growth are regulated by calcium signalling in 

eukaryotes. Therefore, calcium is an essential nutrient for fungal, plant, and animal cells.  

1.5.1 Generation of polarity is calcium-dependent 
Polarised growth is a key event in the germination of fungal spores, fertilisation by pollen 

tubes in plants, and of neuronal axon growth in animals, whereby one polarity axis is 
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established after a short period of isotropic growth. Fungal hyphae, plant rhizoids and root 

hairs have the capacity to establish and to maintain multiple polarity axes in a single tubular 

cell, a phenomenon that results in highly branched cells.  

Pollen tubes are able to grow 200 – 300 nm/sec (Cardenas et al., 2005) and filamentous fungi 

display comparable growth rates of 90 nm/sec for Aspergillus nidulans to 270 nm/sec (Lopez-

Franco et al., 1994) and even 1µm/sec (Seiler and Plamann, 2003) for Neurospora crassa. 

Extension rates of e.g. mouse cortical neurons range from 0.8 – 2.3 nm/sec (Keenan et al., 

2006), but growth velocity can vary and is dependent on the age and source of neuronal cells 

(Argiro and Johnson, 1982). It is suggested that the basic calcium-dependent mechanism for 

establishing and maintaining polarity are similar in filamentous fungi, plants and animals. 

Calcium in polarised growth of filamentous fungi 
Polarity in filamentous fungi is not just established during a short period within the life cycle 

like in yeast, but is maintained in vegetative growth, except for sexual and vegetative spore 

formation. Calcium is required for germination and hyphal growth of filamentous fungi; 

however, spores of some filamentous fungi show calcium-independent germination (Shaw 

and Hoch, 2001). A. nidulans does not grow when calcium concentration is lower than 2 nM 

and displays half maximal growth at 3-4 µM (Lu et al., 1992). Low calcium levels lead to 

irregular hyphal width and to bulbous and spherical cells (Shaw and Hoch, 2001). 

As with plant apical growth, a tip-high calcium gradient is important for polar growth of 

filamentous fungi. The gradient in N. crassa is generated and maintained internally 

(Silverman-Gavrila and Lew, 2003) and not by stretch-activated calcium influx as in pollen 

tubes (Pierson et al., 1994), root hairs (Felle and Hepler, 1997) or in the protist Saprolegnia 

ferax (Lew, 1999). It has been suggested that a stretch-activated PLC localised at the hyphal 

apex generates IP3 that in turn induces Ca2+ release from Ca2+ containing vesicles (Silverman-

Gavrila and Lew, 2001). The internal generation of a tip-high calcium gradient is thought to 

be required, in particular for aerial hyphae that do not have direct contact with the medium. 

Nevertheless, vesicular calcium storage seems to depend on external calcium concentrations 

(Silverman-Gavrila and Lew, 2003).  

Very little is known about downstream effectors of calcium at the fungal tip. It is reasonable 

to suggest that calcium has an impact on the actin cytoskeleton, vesicle transport, endo- and 

exocytosis and on calcium signalling pathways. Recently, it was shown that the A. nidulans 

calmodulin accumulates in the extreme hyphal tip and co-locates with the Spitzenkörper 

(Wang et al., 2006). This observation has also been reported for pollen tubes which also 

harbour a Spitzenkörper at their hyphal apex (Rato et al., 2004). The Ca2+- calmodulin system 
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in Aspergillus has been suggested to be involved in tip-growth and may determine growth 

orientation (Wang et al., 2006). Furthermore, calcineurin has been described to influence 

polar growth. A reduction of calcineurin displayed extensive branching, and form bulbous and 

blunted hyphal tips (Prokisch et al., 1997; Steinbach et al., 2006). Deprivation of calcineurin 

was accompanied by a loss of the apical calcium gradient (Prokisch et al., 1997). Inhibition of 

calcineurin function in Sclerotinia sclerotiorum conferred a reduction in cell wall β-1,3-

glucan content and increased sensitivity to cell wall degrading enzymes (Harel et al., 2006). 

Thus, it is conceivable that calcineurin and its downstream targets play an essential role in 

polarised growth of filamentous fungi. 

Pulsed growth has also been described for filamentous fungi (Lopez-Franco et al., 1994). In 

contrast to apical growth in plants, the molecular mechanisms have not been identified, 

although the nature of pulses should be the same as for pollen tube (Knechtle et al., 2003).  

Calcium in polarised growth of plant pollen tubes 
A recent comprehensive review summarises all lines of evidence that calcium is crucial for 

pollen tube germination and growth (Bushart and Roux, 2007). As a brief summary, calcium 

influx at the apex of the pollen tube through channels is a key component to establish a tip-

focused calcium gradient. Manipulation of this gradient inhibits growth and calcium 

dissipates after cessation of growth. Ionophores can redirect tube growth and waves of 

calcium are correlated with oscillation of growth (Hepler et al., 2001). Ca2+ concentration at 

the tip peak up to 10 µM and fall to 5 µM, conversely in the basis within 20 µm off the tip 

Ca2+ is down to 20 – 200 nM (Calder et al., 1997). Furthermore, tip localised actin 

microfilaments (F-actin) and membrane trafficking oscillate with the same periodicity of 

growth rates (Hwang et al., 2005).  

Rho-related small GTPases (“Rho” for Ras homologue) belong to a large Ras superfamily 

(Hall, 1990). The membrane bound Rho subfamily, comprises Rho, Rac, and Cdc42, and is 

highly conserved in eukaryotes. Activity is regulated by guanine exchange factors (GEFs) and 

GTPase activating proteins, whereas localisation is controlled by guanine dissociation 

inhibitors (GDIs) (Hepler et al., 2001). Oscillatory Rho-related GTPase from plants (ROP) 

activity has been described to coordinate tip growth, both spatially and temporally (Hwang et 

al., 2005). Two ROP1 dependent regulators RIC3 and RIC4 have been described for 

Arabidopsis (Gu et al., 2005). RIC4 promotes apical F-actin assembly that e.g. inhibits Ca2+ 

permeable plasma membrane channels (Wang et al., 2004), whereas RIC3 provokes an 

increase in tip calcium concentration and disassembly of F-actin via a Ca2+ dependent process 

(Gu et al., 2005). Ca2+ dependent F-actin disassembly has been shown in poppy pollen tubes 
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(Geitmann et al., 2000) and might be further stimulated by Ca2+ dependent actin disassembly 

factors e.g. profilin and gelsolin (Kovar et al., 2000; Larson et al., 2005). F-actin disassembly 

is a prerequisite for exocytosis of secretory vesicle at the tip of the pollen tube, whereas an 

intact actin cytoskeleton is needed to counteract calcium influx to transport Golgi vesicles 

(Wang et al., 2004) and for cytoplasmic streaming (Cardenas et al., 2005). Thus, the balance 

between RIC3 and RIC4 activity is critical for efficient tip growth (Hwang et al., 2005; Fig. 

6). Little is known about other downstream effectors of calcium in polarised growth, but a 

recent publication suggests the involvement of CDPKs, which contribute to counteract 

calcium dependent actin depolymerisation in plants by deactivating via phosphorylation 

ADFs (actin-depolymerising factor) (Allwood et al., 2001) and, moreover, recruit ROP 

GTPases to the plasma membrane of the tip (Samaj et al., 2006).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Schematic representation of the 
action of RIC3 and RIC4 in plant polarised 
growth 
Please refer to the text for further details. 

Calcium and neuronal polarity 
Neurons possess two structural and functional polarised morphologies – a single long axon 

and several short dendrites. The single axon and dendrites are generated from initially 

equivalent neurites. Neurites begin to polarise so that one neurite becomes an axon while the 

remaining neurites become dendrites (Arimura and Kaibuchi, 2007). Morphological changes 

of neurites are driven by four major processes: an increase in amount of plasma membrane 

(vesicle recruitment and fusion); an increase in local concentration of signalling molecules 

and their receptors; an increase in dynamics of actin filaments; and in the enhancement of 

microtubule formation (Fig. 7). 
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Figure 7: Changes in morphology and a putative model for axon specification in 
neuronal growth (Arimura and Kaibuchi, 2007) 
A: Schematic illustration of polarisation processes in cultured neurons (seven days). 
Maturation is divided into five stages; 1: neurons form small protrusions, 2: protrusions end 
in growth cones and develop immature neurites, 3: initial morphological symmetry is 
broken and one rapidly growing neurite is established; 4: remaining neurites form dendrites 
and 5: establishment of the neuronal network 
B: At stage 2, positive and negative feedback regulation signals are balanced and 
morphological symmetry is maintained. Only when this balance is broken by positive cues 
which activate the positive feedback loop one neurite elongates rapidly and an axon is 
formed (stage 3). 
F-actin, filamentous actin; GAP, GTPase-activating protein; GEF, guanine nucleotide 
exchange factor; negative feedback signals, red arrows. 

 

Calcium is a messenger which is a key mediator for the regulation of axogenesis. It has been 

shown that calcium differentially regulates growth cone mobility and axon elongation by 

modulating the state of polymerisation of actin filaments and microtubules (Lankford and 

Letourneau, 1989; Letourneau, 1996). Calcium can either act on cytoskeletal proteins or 

activate calcium sensors which regulate e.g. kinase activities. Further examples are the 

activation of calcineurin (Ferreira et al., 1993) and gelsolin (Furukawa et al., 1997) and the 

calcium activated tau-protein which promotes depolymerisation of microtubules (Pierrot et 

al., 2006). Focal application of the actin depolymerising drug cytochalasin D to a single 

A

B
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neurite induces a process where this neurite becomes an axon, whereas application of 

colchicines, which inhibits microtubule polymerisation and prevents axon formation (Bradke 

and Dotti, 1999; Mattson, 1999).  

A comprehensive review of neuronal polarity-regulating molecules in neurons is given by    

N. Arimura and K. Kaibuchi (2007). Furthermore, a calcium gradient has also been described 

in neuronal cells. Dendrites exhibit a higher concentration of calcium (81 ± 7 mM) than 

intracellular levels (52 ± 5 mM) and when this gradient is disturbed by calcium ionophores, 

polarity cannot be established (Mattson, 1999).  

1.5.2 Calcium - cell cycle and apoptosis 
Ca2+ is required in the extracellular environment and in intracellular stores for cell growth and 

division of mammalian, plant and fungal cells. However, the nature of Ca2+ is double sided, 

Ca2+ availability is essential for cell cycle progression (Fig. 8), whereas sustained high levels 

of intracellular Ca2+ induce the programmed cell death (De Veylder et al., 2001; Hajnoczky 

and Hoek, 2007; Joseph and Hajnoczky, 2007; Kahl and Means, 2003; Lu et al., 1992; Sano 

et al., 2006).  

Calcium ions are needed for the cell cycle to bind to calmodulin and activate cyclins that 

thereupon activate cyclin dependent kinases. Cyclins, calmodulin and cyclin dependent 

kinases are the major regulators of the cell cycle in eukaryotic cells (De Veylder et al., 2001; 

Joseph and Hajnoczky, 2007; Kahl and Means, 2003; Sano et al., 2006). It has been 

demonstrated that mammalian cells accumulate in early G1 and near the G1/S boundary when 

external Ca2+ levels are lower than 1 mM (Lu and Means, 1993). In contrast, fungal cells have 

been shown to arrest in G2 when calmodulin is repressed by low Ca2+ levels or when 

expression of calmodulin is down-regulated (Kahl and Means, 2003; Lu et al., 1992).  

 

 
 
 
 
 
 
Figure 8: Cell cycle of eukaryotic cells 
Proliferating cell go through a repetitive 
series of cellular events. G1 stands for gap 1, 
S for synthesis, G2 for gap 2, and M for 
mitosis. During the first growth phase (G1) 
cells grow and prepare for DNA synthesis, 
which occurs in the subsequent S phase, 
followed by a second growth phase (G2). 
Finally, mitosis takes place. G1, S and G2 
are collectively called interphase.   
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Sustained high cytosolic levels of Ca2+ have been described to induce apoptosis in eukaryotic 

cells. Apoptosis is well analysed in mammalian cells (Blank and Shiloh, 2007) and a similar 

programmed cell death is also described for Fusarium oxysporum (Ito et al., 2007) S. 

cerevisiae (Frohlich et al., 2007; Vachova and Palkova, 2007) and A. thaliana (Lim et al., 

2007). Mitochondria play a pivotal role in apoptosis. Normal levels of Ca2+ are responsible 

for the activity of key intra-mitochondrial enzymes linked to ATP production (Joseph and 

Hajnoczky, 2007 and references therein). However, in the presence of an apoptotic stimulus 

(e.g. reactive oxygen species or Bcl-2 family proteins), a mitochondrial Ca2+ increase can 

activate the apoptotic pathways by inducing the release of pro-apoptotic factors such as 

cytochrome c. Research on the programmed cell death in filamentous fungi has just started, 

however first results indicate that understanding the programmed cell death will help to 

elucidate the mode of action of antifungal agents and will facilitate the search for new 

antifungal targets. 

1.6 Concluding remarks and future directions 
 
This short review tried to present the complexity of physiological Ca2+ signalling and the 

main proteins involved in this process. Many cellular events depend on Ca2+ signalling. 

Therefore, Ca2+ triggered signal transduction is a fundamental mechanism and its 

understanding could lead to new drug targets to prevent fungal infection and even to stop 

cancer. Cancer cells often have up- or downregulated Ca2+ channels or pumps, and this has a 

direct effect on proliferation (Monteith et al., 2007). Consequently, characterisation of these 

altered transport mechanisms, both at the transcriptional and the posttranscriptional level 

could provide pharmacological targets and useful biomarkers for cancer diagnosis and 

treatment. Ca2+ signalling has been also demonstrated to be involved in the growth and 

pathogenesis of major fungal pathogens of humans. Utilisation of this knowledge holds great 

promise for the future development of novel antifungal agents. Continued advances in the 

methods of characterising Ca2+ signalling and visualising Ca2+ will be vital for the progress in 

this field. 
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2 Subject description 

2.1 The antifungal protein AFP and its application 
 
The object of this thesis is the filamentous fungus Aspergillus giganteus, an imperfect 

ascomycete which forms characteristic long conidiophores. The mould was found to secrete a 

5.8 kDa protein with a biotechnologically promising antifungal activity, denoted the 

antifungal protein (AFP) (Wnendt et al., 1994). This protein is of great interest, as it can 

selectively inhibit the growth of human and plant pathogenic fungi without affecting 

mammalian, plant, yeast or bacterial cells (Szappanos et al., 2006). Only a small number of 

antifungal agents are known to be effective against filamentous fungi and increasing 

resistances raise the demand for more and new specific antifungal agents (Gupte et al., 2002; 

Hector, 2005). AFP could represent an attractive alternative to chemically-derived agents, as 

it has several advantages. Firstly, it is highly effective at a low concentration which minimises 

side effects. Secondly, its high specificity reduces the possibility of adverse effects to the 

environment and thirdly, it can be sustainable and ecologically produced using filamentous 

fungi as a natural host organism. It has been already shown that AFP can be successfully 

applied to prevent fungal infections of crops, something which results in huge annual losses 

worldwide (Santino et al., 2005; Toyoda et al., 2002); growth of Fusarium species and 

Magnaporthe grisea for instant is efficiently inhibited by external AFP application (Theis et 

al., 2005), and heterologous expression of AFP in pearl millet reduced significantly 

symptoms of downy mildew (Girgi et al., 2006). In order to apply AFP to crops or to carry 

out clinical trials for human or animal application in the future, AFP has to be produced in 

adequate amounts in an economical process and more detailed information on the mode of 

action is necessary. As regards to the latter, recent findings indicate that AFP induces plasma 

membrane permeabilisation in AFP-sensitive fungi, suggested to operate via AFP receptors 

and pore-formation (Theis et al., 2003; Theis et al., 2005). However, such a receptor has not 

been identified to date. Furthermore, fungal cell wall chitin is related to the mode of action 

bringing AFP in close proximity to other components such as chitin synthases and 

glycosylceramides (Hagen et al., 2007). AFP has been shown to reduce the level of chitin 

synthase activity and, interestingly, susceptibility assays have demonstrated that chitin 

synthase mutants tested are significantly less sensitive towards AFP than the corresponding 

wild-type strains (Hagen et al., 2007). One approach to increase the yield of AFP expression 

is to understand the transcriptional regulation to elucidate activating and repressing 
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conditions. With this knowledge, regulatory circuits can be exploited, respectively avoided in 

order to increase afp expression.  

2.2 Transcriptional regulation of the afp gene of Aspergillus giganteus 
 
Several environmental stimuli such as alkaline pH, osmotic stress, carbon starvation, and heat 

shock have been shown to upregulate transcription of the afp gene (Meyer and Stahl, 2002; 

Meyer et al., 2002; Fig. 9). Additionally, afp expression is coupled with the development of 

aerial hyphae formation for asexual development (Meyer et al., 2002). However, there are 

also repressing conditions. Firstly, afp expression is related to the late exponential and 

stationary phase. Therefore, repressing conditions exist during the early growth phase and one 

of these repressors has been shown to be inorganic phosphate (Meyer and Stahl, 2002). A 

direct correlation between afp transcriptional activation and the final gene product AFP 

further encouraged the search for transcriptional activators and repressors (Meyer et al., 

2002). Figure 9 visualises the density of putative regulators that could play a role in afp 

expression. In silico promoter analyses revealed that the afp promoter comprises of several 

elements that could be recognised by transcription factors (Meyer et al., 2002 and this work; 

Table 4). 
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3- development
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Figure 9: Environmental conditions that influence afp expression and putative cognate 
regulatory elements within the afp promoter (adapted from Meyer et al., 2002) 

 
Currently, there is no information available which of these transcription factors and their 

corresponding regulatory pathways is involved in afp expression. However, it has been shown 

in a recent study that alkaline pH-induced up-regulation of the afp gene is not mediated by the 

wide-domain transcription factor PacC (Meyer et al., 2005). Instead, the increase in afp 

mRNA and AFP levels can be completely prevented by the calcineurin inhibitor FK506, 
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suggesting that the calcineurin signalling pathway might control the in vivo activation of the 

afp promoter by alkaline pH (Meyer et al., 2005). 

 
Table 4: Putative regulatory elements within the afp promoter (adapted from Meyer et al., 2002) 

Transcription 
factor 
 

afp promoter 
position 

Consensus sequence Process Organism References 

PacC -932, -1133 GCCAAG Ambient pH 
regulation 

A. nidulans (Tilburn et 
al., 1995) 

HSF -832 (NGAAN)3 Heat shock 
response 

S. cerevisiae (Sorger, 
1990) 

Msn2/4p / MsnA 
 

-14, -323,  
-522, 
-845, -1129 

CCCCT General stress 
response 

S. cerevisiae (Martinez-
Pastor et al., 
1996; Platara 
et al., 2006) 

StuA -476 A/TCGCGT/ANA/C Asexual 
development 

A. nidulans (Dutton et al., 
1997) 

Pho4p / PalcA -299 AACGTG Phosphate 
regulation 

S. cerevisiae (Wu et al., 
2004; 
Yoshida et 
al., 1989) 

Crz1p -419, -559,  
-643, -931 

GAGGCTA Stress response S. cerevisiae (Matheos et 
al., 1997) 

SltA (ACEI) -247, -268,  
-555 

CAGGCA Salt stress 
response 

T. reesei (Saloheimo et 
al., 2000) 

RlmA -908 TA(AT)4TAG Cell wall stress A. niger (Damveld et 
al., 2005) 

 
Calcineurin in filamentous fungi has been described to be essential for normal growth (Harel 

et al., 2006; Prokisch et al., 1997; Rasmussen et al., 1994; Steinbach et al., 2006). 

Furthermore, in analogy to its function in yeast (Rusnak and Mertz, 2000), stress adaptation in 

filamentous fungi is regulated by calcineurin (Juvvadi et al., 2003; Steinbach et al., 2007a; 

Steinbach et al., 2007b). The main downstream target of the phosphatase calcineurin in the 

yeast S. cerevisiae is the zinc-finger transcription factor Crz1p (Stathopoulos and Cyert, 1997; 

Fig. 10). Calcineurin controls Crz1p activity by regulating its subcellular localisation. 

Phosphorylated Crz1p resides in the cytosol and dephosphorylation by the phosphatase 

calcineurin causes rapid translocation into the nucleus (Cyert, 2003; Yoshimoto et al., 2002) 

where Crz1p binds to its cognate consensus sequence termed calcineurin dependent regulatory 

element (CDRE; see Fig. 10 and Table 4). Several genes have been shown to be regulated in a 

calcineurin, calcineurin / Crz1p and/or Crz1p dependent manner (Yoshimoto et al., 2002). For 

salt stress adaptation, calcineurin / Crz1p dependent expression of FKS2 (β-1,3 glucan 

synthase), PMC1 (Ca2+ sequestration into the vacuole), PMR1 (Ca2+ and Mn2+ sequestration 

into the Golgi) and ENA1 (Na+/Li+ ATPase at the plasma membrane) might be of particular 

importance. 
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Figure 10: Calcineurin-dependent gene regulation in S. cerevisiae in response to 
different stress conditions, Figure adapted from Stathopoulos and Cyert, 1997 
External conditions such as salt stress, alkaline pH, and heat shock induce a rise in 
intracellular calcium concentration. Calcium activates the phosphatase activity of 
calcineurin that, in turn, dephosphorylates the transcription factor Crz1p. The activity of 
calcineurin can be inhibited by the drug FK506. The dephosphorylated Crz1p is transported 
to the nucleus and can bind to its cognate binding sequence (CDRE) and regulate gene 
transcription. 

 

Calcineurin and subsequent Crz1p activation in yeast is triggered by several environmental 

conditions such as alkaline pH, heat shock, and salt stress (see Fig. 10). All these external 

cues are similar to the inducing conditions of afp expression currently known (see Fig. 9). 

Furthermore, calcineurin inhibition leads to decreased afp mRNA and AFP protein levels 

(Meyer et al., 2005). This expression pattern strongly suggests that the calcineurin / Crz1p 

signalling pathway is also present in filamentous fungi and might integrate the environmental 

cues that activate afp expression.  

The presence of consensus binding sites within the afp promoter for Crz1p (stress) and 

calcineurin in filamentous fungi, and additionally for RlmA (cell wall stress) and SltA (ACEI; 

salt stress) indicates that different signals might control afp expression. 

2.3 Aim of the thesis 
 
This thesis is aimed at further elucidating the transcriptional regulation of afp expression. The 

highly selective antifungal activity, stability, and its spectrum of activity render AFP into a 

biotechnologically interesting protein. The prerequisite for industrial applications is efficient 

and economical production of AFP. A straightforward approach is production using its 

original host, Aspergillus giganteus. Understanding the molecular basis of afp expression will 

disclose ways to yield more applicable AFP. However, molecular analysis of regulatory 

mechanism in A. giganteus is very complicated due to several reasons. Firstly, A. giganteus is 



Subject description 
 

- 28 - 

not a model filamentous fungus. Therefore, genomic data and auxotrophic strains are not yet 

available. Secondly, efficient gene targeting using dominant selection markers has never been 

achieved, which have made directed gene deletions impossible so far. Thirdly, A. giganteus 

lacks sexual reproduction, which makes mutant analysis more complicated when compared to 

fungi competent for a sexual cycle. For these reasons, A. nidulans was chosen as a 

heterologous host for molecular analysis of the transcriptional regulation of afp.  

General stress responsive pathways in this work, (cell wall integrity, salinity stress response) 

which influence afp expression will be considered, whereby the focus will be on the 

calcineurin pathway.  

To answer the question, whether the calcineurin / Crz1p pathway is involved in afp 

expression the following points will be considered: 

 
Is there a homologue of the Crz1p transcription factor in filamentous fungi? Is afp expression 

regulated by this transcription factor? 

a What is the function of a putative homologue of the Crz1p transcription factor in 

filamentous fungi? 

Calcineurin has been shown to be an essential gene in all filamentous fungi analysed so 

far. Reduction of the calcineurin gene product (RNAi approaches) had severe effects on 

growth and deletion was inviable in A. nidulans (Rasmussen et al., 1994). In yeast, Crz1p 

is the main target of Calcineurin (Yoshimoto et al., 2002). Thus, deletion of a Crz1p 

homologue in A. nidulans could result in an inviable phenotype.    

b If a homologous transcription factor exists, will it influence afp expression? 

In order to analyse afp expression in different genetic backgrounds, a reporter gene (β-

galactosidase) system in A. nidulans had been established (Meyer et al., 2002), where the 

afp promoter was fused to the bacterial lacZ gene (afp::lacZ). This system will be used to 

analyse whether afp expression is under control of a Crz1p homologue in Aspergillus. 

c If a Crz1p homologous transcription factor exists, will it recognise regulatory calcineurin 

dependent elements (CDREs) within the afp promoter and directly influence afp 

expression?  

In order to elucidate in vitro interaction of a putative Crz1p homologue and CDREs 

protein-DNA, binding assays will be performed.  
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3 Materials and Methods                                                                                                  

3.1 Equipment 
 
Autoclave    1651; Fedegari, Italia 
Balances    Type 1907 und 2462; Satorius, Göttingen 
Centrifuges    Sorvall RC-5B; Dupont, Bad Homburg Microrapid K; Hettich, Tuttlingen
Cleanbench    uvub 1200 Uniflow 
Electrophoreses chambers  Wide Mini Sub TM Cell, Mini Protean; Biorad 
Geiger-Müller counter  Bertold LB 1210 C; Wildbad 
Homogeniser    Micro-Dismembrator; BBraun, Melsungen 
Incubator    Biometra OV1; Biometra, Göttingen 
PCR-Equipment   TGradient Whatman; Biometra, Göttingen 
Photometer    Uvikon 860 
Pipetting Equipment   P10, P20, P200, P1000; Abimed 
Power Supplies   Phero Stab 500; Biorec Fischer, Reiskirchen 
Rotors     GSA, SS34; Dupont, Bad Homburg 
Transilluminator    INTAS; Göttingen 
Vacuum equipment Rotary Slide Pump; Heraeus, Hanau 

UV Crosslinker UV Stratalinker ™ 1800; Stratagene, LaJolla, USA 

Water baths Grant LTD; Thermomix 1460 Bbraun, Melsungen 
“thermed”5001; GFL, Burgwedel 

X-ray cassettes Kodak X-Omatic with intensifying screen; Kodak, Berlin 

 

3.2 Enzymes, chemicals and kits 
 
Amersham, Buchler Hybond N+ membranes, Multiprime DNA - Labelling Kit, 

[γ- 32 P] dATP, [α- 32 P] dATP 
Amresco, Solon, Ohio Acrylamid solution (40%  Acrylamid: Bis-Acrylamid 29:1) 
  
BIOMOl, Hamburg Ampicilline, IPTG, X-Gal , phenol 
Fluka, Neu-Ulm APS, Urea, Calcium-D-patothenate Fluka 21210 
Fuji, Japan X-ray film NewRX 
Greiner, Nürtingen Eppendorf tubes, pipette tips, petri dishes 
Kodak, Berlin X-ray development solution 
MBI, Fermentas, St. Leon-Rot λDNA size marker, Taq Polymerase, T4-DNA-Ligase, GeneRulerTM 
Merck, Darmstadt acetic acid, ethidium bromide, HCl, KCl, NaCl, NaOH, MgCl2, 

MgSO4 x 7H2O, NaCl, NaOH, potassium acetate, sodiumacetate, PEG 
4000 

Oxoid, Hampshire 
 

Tryptone 

Qiagen, Düsseldorf Roth, Karlsruhe midi/maxi plasmid preparation kit, QIAquick PCR purification kit 

Roche Diagnostics, Mannheim dNTP’s, RNase 
 

Roth, Karlsruhe Ethanol, glycerin, isopropanol  

Serva, Heidelberg 
 

Agar-Agar, Glucose, EDTA, SDS, N,N,N’,N’ 
Tetramethylethylendiamin (TEMED) 

Sigma, Deisenhofen Tris, SDS, Poly(deoxyadenylic-thymidylic) acid sodium salt – 
Poly(dA-dT) SIGMA P 0883 

Bethesda Research Laboratories Agarose 

Deutsche Hefewerke, Hamburg Yeast extract 



Materials and Methods 

- 30 - 

Ambion Cat# 2049 ArrayScript ™ Reverse Transcriptase 

 
All chemicals which are not listed above were obtained from the following companies: Merck, Serva, Roche, 
Sigma or Pharmacia and had analytical grade or better quality. 

3.3 Strains  
 
DH5α supE44, DlacU169(φ80lacZ∆M15), hsdR17, recA1,  endA1,gyrA96, thi-1, 

relA1, (Gibco BRL, Berlin) 
 
DH1 F-, supE44, hsdR17, recA, gyrA96, relA1, endA1, thi-1, lambda- (ATCC 

33849) 
 
XL 10-Gold®  TetrD (mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 supE44  

thi-1 recA1 gyrA96 relA1 lac Hte [F' proAB lacIqZ∆M15 Tn10 (Tetr) Amy 
Camr], (Stratagene, LaJolla, USA) 
Chloramphenicol resistant (CamR) at concentrations of <40 µg/ml, but 
chloramphenicol sensitive (CamS) at concentrations of 100 µg/ml.  

 
Aspergillus giganteus  0903, identical with Kraepelin, Institut für Gärungsgewerbe,  

Berlin 
 
Aspergillus nidulans 
 
Strain Genotype 
J734 biA1 

MAD1425 pyroA4, pyrG89, argB2, nkuA::argB 

MAD1440 inoB2, grlA1 

BER25 pyroA4, pyrG89, argB2, nkuA::argB 

J788-12-12 yA2, argB2 (argB+ afp::lacZ), pantoB100 

BER02 pyroA4, pyrG89, argB2, nkuA::argB, crzA::pyr4 

BER12 yA2, pyroA4, pyrG89 (?),argB2 (argB+ afp::lacZ), 
crzA::pyr4, pantoB100, nkuA::argB 

MAD 1132  wA3, sltA1,pantoB100 

HHF17a pabaA1 yA2, argB2::argB+ afp::lacZ 

HHF17d pabaA1 yA2, argB2::argB+ afp::lacZ crzA::pyr4; 
pantoB100 

HHF17e pabaA1 yA2, argB2::argB+ afp::lacZ  sltA::Af riboB ; 
pantoB100 

HHF17f argB2::argB+ afp::lacZ sltA::Af riboB crzA::pyr4; 
pantoB100 

 

3.4 Plasmids 
 
Name Source / use  

pGEM-T Linear cloning plasmid (Promega.) 

pGEM-T easy Linear cloning plasmid (Promega) 

pGEX-2T Pharmacia 

pGEX-CrzA123(469-603) Expression of GST::CrzA full length zinc finger 
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fusion protein amino acids 469-603 

pGEX-CrzA12 (469-551) Expression of GST::CrzA truncated zinc finger fusion 
protein amino acids 469-551 

pGEX-SltA (381-549) Expression of GST::SltA; zinc-finger region from 
amino acid 381-549 

pGEX-CrzA123mut(W564A) Expression of GST CrzA mutated zinc finger fusion 
protein [W(564)A] 

pGEX-CrzA123mut(H588A) Expression of GST CrzA mutated zinc finger fusion 
protein [H(588)A] 

pBSKII (+) Cloning plasmid (Fermentas) 

pBSKdeltaCrzA crzA deletion cassette 

pBSK-I crzA  promoter fragment 

pBSK-I-pyr4 crzA  promoter fragment and pyr4 

pGEM-T-III crzA  terminator fragment 

pGEM-T-CrzAcDNA cDNA of CrzA 

pls1324 pyr4 gene of  N. crassa, Eduardo A. Espeso 
 

3.5 Cloning strategy for newly generated plasmids 

pBSKdeltaCrzA 
This plasmid was constructed in order to create a CrzA replacement cassette. Therefore, the promoter fragment 
(~1500 bp) of crzA was amplified using oligonucleotides crznulo-1 and crznulo-2, crznulo-1 introduced a NotI 
restriction site and the 3’ end contained a BamHI restriction site, the double restricted fragment NotI/BamHI, was 
introduced in pBSKII (+) (pBSKpromCrzA).The terminator of crzA was amplified using oligonucleotides 
crznulo-3 and crznulo-4 and was introduced in pGEM-Teasy, and regained using EcoRI restriction. Selection 
marker was cut using BglII from the plasmid pls1324 containing the pyr4 gene from N. crassa, the BglII 
fragment was ligated in pBSKpromCrzA opened with BamHI, orientation was elucidated and the forward 
orientation of the pyr4 gene in respect to the promoter orientation was chosen (pBSKpromCrzApyr4-fw). The 
plasmid was reopened using EcoRI and the terminator in forward direction in respect to the promoter was 
ligated, resulting in pBSKdeltaCrzA. 

pGEX-CrzA123(469-603)  
This plasmid was constructed to express a GST fusion protein comprising GST and the complete zinc-finger 
region of CrzA (aa 469 - 603). The zinc-finger region was amplified by PCR from genomic DNA using 
oligonucleotides CrzA ZF-fw-BamHI and CrzA-ZF-rev-EcoRI. Both oligonucleotides introduced restriction 
sites that enabled in frame ligation into the commercially available pGEX-2T vector. Correct PCR amplification 
and ligation was verified by DNA sequencing. 

pGEX-CrzA12 (469-551)  
This plasmid was constructed to express a GST fusion protein comprising GST and the truncated zinc-finger 
region of CrzA (aa 469 - 551). The zinc-finger region was amplified by PCR from genomic DNA using 
oligonucleotides CrzA ZF-fw-BamHI and CrzA-ZF-rev-short-EcoRI. Both oligonucleotides introduced 
restriction sites that enabled in frame ligation into the commercially available pGEX-2T vector. Correct PCR 
amplification and ligation was verified by DNA sequencing. 

pGEX-SltA123(381-549)  
This plasmid was constructed to express a GST fusion protein comprising GST and the complete zinc-finger 
region of SltA (aa 381 - 549). The zinc-finger region was amplified by PCR from genomic DNA using 
oligonucleotides SltA ZF-fw-BamHI and SltA-ZF-rev-EcoRI. Both oligonucleotides introduced restriction sites 
that enabled in frame ligation into the commercially available pGEX-2T vector. Correct PCR amplification and 
ligation was verified by DNA sequencing. 
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pGEX-CrzA123mut(W564A) and pGEX-CrzA123mut(H588A) 
Both plasmids were constructed using site-directed mutagenesis by PCR – 360° PCR (described later, please 
refer to 3.10). Nucleotide exchange was accomplished by using the corresponding oligonucleotides 
(CrzAmutW(564)A fw and rev, CrzAmutH(588)A fw and rev) that carried the desired alterations. Correct PCR 
amplification was verified by DNA sequencing. 
 

3.6 Oligonucleotides 
 
The oligonucleotides used in this thesis were synthesised at Metabion (Berlin). 
 
Table 5: Oligonucleotides used for cloning strategies and PCR probe generation 
Name Sequence 5’ – 3’  Source/ Use / molecule 

An0471 fw GGAGTCTAGCGAACAAGATG Probe  

An0471 rev CTGTCAATGCTGCCGACTAA Probe 

An2919 fw CTCAATCCGTGTCGTCTAAC Probe 

An2919 rev ACTTGTAGGAGCAGGACTCA Probe 

An3729 fw CCTTACACTCCTGGCGTTGCCTCTT Probe 

An3729 rev AGGATGCGTGTGAGCGAGAGTTACC Probe 

An6642 fw TCAACGTCGGAACACCTCTT Probe 

An6642 rev TTGACACCGTCACCAGTCAT Probe 

An7664 fw AGGACATCCTCTCGCTACAG Probe 

An7664 rev TCCTTCTCCAGCCAGTCTCT Probe 

An8261 fw ATCCACCTCGACTCCGAAGA Probe 

An8261 rev CATGGGCGTCAATTCGCATC Probe 

Anid Act1 GGTATGGGTCAGAAGGACTC Probe 

Anid Act2 CGGTGGACGATCGAAGGACC Probe 

Anid GPD fw TCGTCGCCGAGAATACTGCC Probe 

Anid GPD rev GCAGCCTTCGCATTGTCTCC Probe 

CrzA – 10 fw ACGACTTGACAATTGACCCTTC A. nidulans crzA gene 

CrzA – 11 rev ACGACACCTCGGAGACCTC A. nidulans crzA gene 

CrzA – 12 fw GCCTCAACATCCGACAGACA A. nidulans crzA gene 

CrzA – 13 rev GGTCAGCCAGGCCAAGAATA A. nidulans crzA gene 

CrzA – 14 fw GGAATTCCGCCATGGATCCTCAAGATAC A. nidulans crzA gene 

CrzA – 15 rev GGAATTCCAGATCCAGCCATAATAGC A. nidulans crzA gene 

CrzA – 8 EcoRI fw GGAATTCTCGCAGCGGCGTCT A. nidulans crzA gene 

CrzA – 9 EcoRI rev GGAATTCCGCAACGCCGAACC A. nidulans crzA gene 

CrzA ZF fw BamHI CGGATCCTATATTCTTGGCCTGGCTGACCC A. nidulans crzA gene 

CrzA ZF fw EcoRI GGAATTCCGTGCGTTCTCGCTCTTGAGAC A. nidulans crzA gene 

CrzA ZF short rev GAATTCACTTCTTCTCACCCGAATGCAGGC A. nidulans crzA gene 

CrzA ZF rev GGAATTCCGTGCGTTCTCGCTCTTGAGAC A. nidulans crzA gene 

SltA ZF fw BamHI CGGATCCCCTTCGATGAAGCGATCTCTCAG A. nidulans sltA gene 

SltA ZF rev EcoRI GAATTCGTAGTCAGGCGCTTCGGAAGGAG A. nidulans sltA gene 

CrzA KO fw TCGCGTGGTATCTATTCTGG A. nidulans crzA gene 

CrzA KO rev AGCACTCCAACCTCCTACCT A. nidulans crzA gene 

CrzAmutW(564)A fw  CTCTCGCGAGGCGGGCAAGCGGGCTGCGGCCGCCGATTTG pBSKdeltaCrzA 

CrzAmutW(564)A rev CAAATCGGCGGCCGCAGCCCGCTTGCCCGCCTCGCGAGAG pBSKdeltaCrzA 

CrzAmutH(588)A fw GCTGGCCGAATCGCCATCAAGCCTCTATTGG pBSKdeltaCrzA 

CrzAmutH(588)A rev CCAATAGAGGCTTGATGGCGATTCGGCCAGC pBSKdeltaCrzA 
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Crznulo-1 AAGCGGCCGCAAACGCAGTTAAGTGC A. nidulans crzA gene 

Crznulo-2 CCTGCAGCGTATCTTGAGG A. nidulans crzA gene 

Crznulo-3 TGCATCCCTTTGCTACC A. nidulans crzA gene 

Crznulo-4 CTACGCATTCGCTGTGG A. nidulans crzA gene 

Crznulo-5 ATTCCTACGCTTCGCTGTG A. nidulans crzA gene 

Crznulo-6 TAAGCGTCGGGTCAAGAACG A. nidulans crzA gene 

NkuA – 1 fw GCCTGTGTTCTCCGCTGATTC A. nidulans nkuA gene external 
primer verification of 
integration 

NkuA – 2 rev GGCAGAGTGGAGGTGTTGTA A. nidulans nkuA gene external 
primer verification of 
integration 

Pyr4 fw GACCTGATCACAGGGTGGGAC N. crassa pyr4 gene 

Pyr4 rev GTGGATGAAGTTGTCTGCTTG N. crassa pyr4 gene 

   

Band shift assays was performed with double-stranded oligonucleotides bearing a CG 
overhang for radioactive labelling 
 

CDRE-1 CGTGAAGTACCTTGGCGGCTTAGAGCTGAA This work 

CDRE-2/3 CGACCATGCGTGGCTGAGGCTCTAATTACC This work 

CDRE-4 CGGCCCCGGCAGCTGGCTCACATCAGGCATG This work 

CDRE-5 CGCTAGGAGCAAGAGGCTCTGCTGACAGACA This work 

CDRE-1m CGTGAAGTACCTTGGCAGCTTAGAGCTGAA This work 

CDRE-2 CGACCATGCGTGGCTGAAGCTCTAATTACC This work 

CDRE-3 CGACCATGCGTAGCTGAGGCTCTAATTACC This work 

CDRE-2/3dm CGACCATGCGTAGCTGAAGCTCTAATTACC This work 

CDRE-4m CGGCCCCGGCAGCTAGCTCACATCAGGCATG This work 

CDRE-5m CGCTAGGAGCAAGAAGCTCTGCTGACAGACA This work 

SltA-1 GCTGGCTCACATCAGGCATGAATCATGGTTCAT This work 

SltA-3 GCTCCTGGTCATTGAGGCAATGAGATATCCACGT This work 

SltA-3m GCTCCTGGTCATTGAGGCTATGAGATATCCACGT This work 

2C AAGTACATAAGTTAATGCCTAAAGAAGTCATATACCAGC Saloheimo et al., 2000 

2C4 AAGTACATAAGTTATGCAGCAAAGAAGTCATATACCAGC Saloheimo et al., 2000 

 

3.7 Culture media 

3.7.1 Standard E. coli cultivation 
 
LB medium 
10 g/L peptone, 5 g/L yeast extract (YE), 10 g/L NaCl, adjusted to pH 7.5 with NaOH 
 
2x YTA 
16g/L peptone, 10 g/l yeast extract, 5g/L NaCl adjust to pH 7.0 with NaOH 
 
For selection, ampicillin 100 mg/L medium was added to the medium after autoclaving and cooled down to 
approximately 55 °C. 

3.7.2 Standard cultivation of Aspergillus species  
Aspergillus giganteus was always grown in C1 medium. A. nidulans growth medium was chosen with regard to 
application and strain requirement.  
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Phenotypic analyses were carried out in minimal medium where additional components were added. Unless 
otherwise stated, pH 8 was adjusted using 100 mM Na2HPO4.  
 
When fungal mycelia were stressed by alkaline pH in liquid medium, 1M NaOH was used to adjust pH 8.  
 

YPG 
3g/L yeast extract, 10 g/L peptone, 20g/L D-glucose 
 
C1 medium 
20 g/L malt extract, 10 g/L peptone, 10 g/L D-glucose 
 
Complete medium (CM) 
Yeast extract 1g/L, peptone 2g/L, D-glucose 10g/L adjusted to pH 6.5 with 10 M NaOH – autoclave and added 
afterwards 20 ml/L salt solution 1 and 10 ml/L vitamin solution   
 
Aspergillus minimal medium (MMA) 
10g/L D-glucose adjusted to pH 6.5 with 10 M NaOH – autoclave and added afterwards 20 ml/L salt solution 1 
and supplements according to the requirement of the strains.  
 
Aspergillus regeneration medium (MMR) 
1M Saccharose (342 g/L), 1% D-glucose adjusted to pH 6.5 with 10 M NaOH – autoclave and added afterwards 
20 ml/L salt solution 1 and supplements according to the requirement of the strains Aspergillus salt solution 
 
Aspergillus trace element solution 
ZnSO4 x 7 H2O   8g/L 
NaMoO4 x 2 H2O  800 mg/L 
MnSO4 x 4 H2O   800 mg/L 
FePO4 x H2O   800 mg/L 
CuSO4 x 5 H2O   400 mg/L   
Na2B4O7 x 10 H2O  40   mg/L 
 
Nutritional Supplements  
All supplements were dissolved in dH2O and filter sterilised (except pyrimidine stock). 
 

Supplement Stock concentration Final concentration 

D-Biotin 1 µg/ml 10 ng/ml 

p-Aminobenzoate 0.4 mg/ml 4 µg/ml 

Calcium-pantothenate 0.6 mg/ml 6 µg/ml 

Ammoniumtartrate 0.5 M 10 mM 

Natriumnitrate 1 M 10 mM 

Pyridoxine (pyro)  50 µg/ml  0.05 µg/L 

Pyrimidine stock 5.6 g uracil + 6.1 g 
uridine/100 ml. 
autoclave 

Use 20 ml/l Looks like lumpy milk 
which dissolves when diluted or 
warmed. Shake well, then measure with 
a graduated cylinder. 

 

Salt solution 1 
KH2PO4   76 g/L 
KCl   26 g/L 
MgSO4 x 7 H2O  26 g/L 
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Vitamin solution 
m-Inositol    24 g/L 
Choline chloride    1.4 g/L 
p-Aminobezoate    400 mg/L 
Pyridoxine    250 mg/L 
Calcium D-pantothenate   200 mg/L 
Riboflavin    100 mg/L  
Nicotinic acid    100 mg/L  
Aneurin     50 mg/L 
D-Biotin    1 mg/L 

3.8 Buffers, reagents, and solutions 
 
A50 
25 mM HEPES ph 7.5, 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 10 % Glycerol, 0.5 mM DTT, 1mM 
Pefablock, 1 µM Pepstatin, 0.6 µM Leuptin 
 
AN-DNA extraction buffer 
300 mM Tris/HCl pH 8.5, 375 mM NaCl, 37.5 mM EDTA pH 8, 2 % N-Lauryl-Sarcosin, autoclave and store at 
room temperature 
 
FK 506 
FK 506 was dissolved in ET (90% (v/v) ethanol and 10% (v/v) Tween) and purchased from Fujisawa, Inc., 
Deerfield, IL. 
 
Congo Red 
Congo Red was dissolved dH2O and stored at 4°C. 
 
Calcoflour white  
Calcoflour white was dissolved in dH2O, always freshly prepared. 
 

3.9 Cultivation conditions for bacteria, yeast and filamentous fungi 
 
In general, E. coli strains were cultivated in LB medium at 37°C. Recombinant E. coli strains were selected in 
LB medium with an additional 100 µg/ml of ampicillin (LB amp).  
 
Aspergillus giganteus and Aspergillus nidulans was cultivated in C1, MMA or CM medium at 28°C and 37°C, 
respectively, 120 - 200 rpm agitation for different time spans. 300/100 ml Erlenmeyer flasks containing 50/20 ml 
C1/MMA were used for RNA isolation. Cultures were inoculated with 1 x105/ 2 x106 spores/ml medium. The 
spore solution was made by taking off the spores from a petri dish in 1-3 ml 0.05 Triton-X-100. pH changes 
during cultivation were determined with a pH indicator and adjusted to pH 8 every 12 hours by adding 1 M 
NaOH if necessary. 
 
Yeast strains were cultivated in YPG for 2-3 days at 28°C. Liquid cultures were agitated at 140 rpm.  
 
Cryoculture  
To 900 µl of a bacteria or yeast culture in logarithmic growth phase 300 µl glycerin (99 %) were given, 
thoroughly mixed and stored at – 70 °C.  
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3.10 Methods for DNA and RNA analysis and modification 

3.10.1 Isolation of genomic DNA of Aspergillus species 
Genomic DNA was isolated from mycelia grown overnight in appropriate medium. Filtered mycelia were frozen 
in liquid N2 and subjected to homogenisation in the presence of DNA extraction buffer and RNase. After 10 min 
of incubation at 37°C, DNA was extracted by phenol and chloroform / isoamylalcohol, followed by 
centrifugation to pellet mycelia and denatured proteins. DNA was precipitated from the supernatant using 
isopropanol and redissolved in dH2O. 

3.10.2 DNA extraction from conidiospores for PCR analysis 
A small amount of conidiospores was taken and dissolved in breaking buffer (2% Triton X-100, 1% SDS, 100 
mM NaCl, 10 mM Tris/HCl pH 8, 1 mM EDTA pH 8, store at 4°C), subsequently 300 mg glass beads (0.4-0.6 
mm Satorius BB 8541701) were added and all were vortexed for 30 s, incubated 30 min at 70°C, thereby 
vortexed every 10 min. After this, 200 µl phenol was added and again vortexed for 10 min and centrifuged for 5 
min at 14.000 rpm. 80 µl supernatant were transferred into a new tube. 0.5 µl was used for PCR analysis. 

3.10.3 Isolation of RNA from Aspergillus species 
Total RNA was isolated using a method modified from Chomszynski and Sacchi (Chomczynski and Sacchi, 
1987). Aspergillus giganteus was cultivated as described. After varying cultivation times, mycelium was 
separated from the culture supernatant by filtration through a coffee filter and washed with sterile H2O. 
Approximately 500 mg mycelia were frozen under liquid nitrogen and 1 ml denaturation solution (250 g 
guanidiniumisothiocyanate, 293 ml DEPC-H2O, 17.6 ml 0.75 M sodium citrate, 26.4 ml 10% n-Laurylsarcosine) 
was added. After homogenisation for 1 min, cell debris was transferred to a 2 ml centrifuge tube. After 10 sec of 
vortexing, the cell debris was incubated 10 min on ice. The mixture was then centrifuged (10000 rpm, 10 min). 
Subsequently, 1/10 volume of 2 M sodium acetate, pH 4, one volume phenol and 1/5 volume chloroform was 
added to the supernatant. The solution was vigorously mixed for 10 sec and placed on ice for 10 min. After 
centrifugation (10 000 rpm, 10 min), the RNA was precipitated with one volume isopropanol (1h – over night, at 
–20°C), followed by a centrifugation (10 000 rpm, 20 min) and, in the last step, the precipitation was dissolved 
in 100 µl DEPC-H2O and stored at –70 °C. 

3.10.4 Quantification of RNA and DNA by UV-spectroscopy 
The most commonly used technique for measuring nucleic acid concentration is the determination of absorbance 
at 260 nm. The major disadvantage of the absorbance method is the inability to distinguish between DNA and 
RNA and the relative insensitivity of the assay (an OD260 of 0.1 corresponds to a 5 µg/ml dsDNA solution or 4 
µg/ml ssRNA, referring to 1 cm pathlength in a cuvette). 
For measurements, sample DNA or RNA is diluted in TE pH 7.5, transferred to a cuvette measured at 260 nm. 
The concentration is obtained using the following formula: 
 

DNA or RNA concentration (µg/µl) =  OD260 * dilution factor *50 µg/ml or 40 µg/ml 
            1000 

 

3.10.5 Isolation of plasmid DNA from E. coli  
For small scale plasmid preparation, plasmid DNA was isolated from a 1 ml overnight culture according to the 
“miniprep” method of Ish-Horowicz and Burk (Ish-Horowicz and Burke, 1981).  Large scale plasmid isolation 
was carried out from 100 ml cultures after 18h of incubation according to the ”QIAGEN Plasmid Midi and Maxi 
Protocol” from the Qiagen Pack 100/500 purification kit. 

3.10.6 Colony miniprep 
This is very useful to check E. coli transformant in order to verify clones that carry the right size of a plasmid. A 
bit of the colony is taken with a toothpick / yellow tip and lysed in 40 µl lysis buffer (10 M NaOH, 10% SDS, 
0.5 M EDTA pH 8, 1M Tris/HCl pH 8). After 5 min incubation at room temperature, 8 µl of loading mixture (3 
µl 1M HCl, 5µl DNA loading buffer; yellow) is added. At this point the mixture must turn blue; if not more 
loading mixture has to be added. This mixture is further incubated for 20 min at -20°C and subsequently 
centrifuged for 10 min at 4° C, 10.000 rpm. From the supernatant, 12 µl is loaded on an agarose gel to check 
plasmid size. 
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3.10.7 Isolation of DNA fragments from agarose gel 
Identified DNA fragments were extracted from the agarose gel and purified according to the "QIAquick Gel 
Extraction Kit Protocol”. 

3.10.8 Purification of DNA 
DNA fragments were purified according to the protocol of the "QIAquick PCR purification kit”. 

3.10.9 Restriction 
Restriction analyses were carried out according to Sambrook et al. (Sambrook, 2002). In general, 20 µl reaction 
mixtures were used, containing 1 µl of each restriction enzyme  
, 2 µl 10 x restriction buffer and 200 ng of DNA. The restriction mixture was incubated at 37°C for 1 hour. 

3.10.10 Annealing of complement single strand oligonucleotides   
Double-stranded oligonucleotides were prepared by annealing equimolar amounts of single-stranded 
oligonucleotides in (final concentrations) 50 mM Tris-HCI (pH 7.5), 10 mM MgCl2, 5 mM DTT and 1 mM 
spermidine. The mixture was heat-denatured at 85°C for 3 min, slowly cooled to 40°C and further cooled to 4°C. 
Double-stranded oligonucleotides were purified using a 5 % polyacrylamide gel and they were eluted by the 
method of Maxam and Gilbert (Maxam and Gilbert, 1980) from the gel; their concentrations were estimated at 
OD at 260 nm. 

3.10.11 Ligation 
To ensure successful ligation, two reaction mixtures were prepared containing different ratios of insert DNA : 
vector DNA (50 ng), 1:1 (scheme B); 2:1 (scheme C) in a 16 µl volume of DNA in H2O. Scheme A only 
contains the linearised vector to estimate the rate of self ligation. The DNA was melted at 70°C for 45 sec, 
cooled down; first for 5 min to room temperature, then for 5 min at 4°C on ice before 2 µl ligation buffer and 2 
µl of T 4 DNA Ligase were added. The total volume of 20 µl was then incubated overnight at 14°C. 

3.10.12 PCR 
The polymerase chain reaction (PCR) was used to generate oligonucleotide probes, which were used in Northern 
blot analysis.  
 
A standard PCR reaction contained the following components. 

Component µl
H2O 9.9 
4x buffer 5 
dNTP’s 2 
template 1 ng/µl 1
forward primer (10-15 µM) 1
reverse primer (10-15 µM) 1
Taq polymerase (5U/µl) 0,1

 
Standard PCR – Program 
Annealing temperature and elongation time were adapted to individual requirements. 
Denaturation 94°C, 30’; 1st Primer annealing 60°C, 30’’;1st Elongation 72°C, 20’’; Denaturation 94°C, 15’’; 
Primer annealing 60°C, 15’’; Elongation 72°C, 20’’; Post-elongation 72°C, 2’; Post-treatment 4°C, 10’ 

3.10.13 Site-directed mutagenesis by PCR – 360° PCR 
The target plasmid amplified in E. coli (XL10-Gold) is methylated by an intact restriction modification system 
and served as the template for PCR amplification. Both strands of the plasmid were amplified using primers that 
carry the desired modification and TAKARA polymerase (proof reading) (2x 1 µl 10µM primer, 2.5 µl 10x 
reaction buffer, 2.5 µl dNTP 12.5 mM, 0,125 µl TAKARA in 25µl; 3’ 95°C, 30’’ 95°C, 1’ 55°C, 10’ 68°C, 15 
cycles; template 150 ng). Amplified strands are complimentary and hybridise. Nicked open amplified plasmids 
were subjected to DpnI digestion (13 µl PCR reaction, 2 µl restriction buffer, 10 U DpnI in 20 µl, 1h 37°C), only 
DNA amplified by PCR is resistant to DpnI cleavage, hemimethyleated and methylated DNA is digested, 
selecting for mutation-containing DNA, resulting DNA is directly transformed into E. coli. The host-cell repair 
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enzymes repair the nicked circular strands. Correct insertion of the desired mutation was confirmed by DNA 
sequencing. 

3.10.14 cDNA Synthesis 
RT-PCR was performed in order to verify intron positions within the A. nidulans crzA gene. Total RNA obtained 
after growth of A. nidulans J734 treated with 1 M NaCl, was treated with DNase I (FPLC pure, Amersham 
Biosciences) and employed as template for the RT-PCR. First strand synthesis used primer CrzA-9 rev (Table 5) 
and ArrayScript ™ Reverse Transcriptase. The subsequent PCR using primers CrzA-8 fw and CrzA-9 rev 
yielded fulllength CrzA cDNA which was sequenced. 

3.10.15 Gel electrophoreses 
In order to separate DNA fragments according to size, horizontal gel electrophoresis was performed. Depending 
on the number of samples, either a midi gel (18x10x0.5 cm) or a mini gel (6x10x0.5 cm) containing 0.7 –1.2 % 
agarose in 1x TAE buffer was prepared (depending on the size of fragments). The samples were mixed with 
stopping solution. As a size marker, λ-DNA digested with HindIII or GeneRuler ™ was separated along with the 
samples. The gels were run at 120 V for 45 minutes to 1 hour.  
Vertical polyacrylamid gel electrophoreses (PAGE) was used for the separation of small fragments or to achieve 
a high resolution while separating larger fragments. The gels were run at 120 V for 2-3 hours.  
The bands became visible after staining the gel in ethidium bromide solution (0.4 mg/ml H2O) for about 20 min 
by exposing it to UV light (254 nm). The results were documented with INTAS video documentation-system, 
Göttingen. The DNA concentration was determined by visual estimation compared to the GeneRuler ™ after 
electrophoresis and staining with EtBr. 
 
For RNA analysis, 18 x 23 x 0.5 cm horizontal formaldehyde gels were used.  
On a heated stir plate, using a stir bar, 2.25 g of agarose was combined with 128 ml of dH2O in 300-ml 
Erlenmeyer flask and stirred until the agarose was in solution. (All the following steps were performed under the 
fume hood.) The mixture was cooled down to ~60°C, and then 15 ml 10 x MOPS and 7.4 ml 37% formaldehyde 
were added. The gel was run in 1 x MOPS just covering the gel for 2-3 h. RNA samples were applied in RNA 
sample buffer which contained ethidium bromide, therefore staining after the gel run was not necessary and the 
results were documented with INTAS video documentation-system, Göttingen. 
Gel electrophoresis with radio labelled DNA was performed as described. After the run, gels were transferred on 
Whatman™ paper, covered with Saran™ wrap and dried for one hour using vacuum before autoradiographing. 

3.10.16 Northern and Southern blot analysis 
Northern analysis was performed according to Sambrock et al. After gel electrophoresis; RNA was transferred to 
positively charged nylon membrane. RNA was blotted overnight and afterwards UV-crosslinked. Hybridisations 
with radio labelled probes were carried out in Rapid Hyb buffer according to the manufacture’s instructions 
(Amersham). Membranes were put in X-ray cassettes with intensifying screens and incubated at –70°C.    

3.10.17 Hybridisation of blotted DNA with radio labelled probes 
Hybridisations were carried out in Rapid Hyb buffer according to the manufacturer’s instructions (Amersham). 
Hybridisation temperature for oligonucleotides probes was 42 °C and for random primed probes 65 °C.  

3.10.18 Electromobility band shift assays 
Fragments and synthetic double-stranded oligonucleotides were labelled by end filling with Klenow polymerase 
(Boehringer) in the presence of a mixture containing dGTP and [α-32P] dCTP. Binding reactions were 
performed as described (Espeso and Penalva, 1994; Perez-Esteban et al., 1993) using 1 ng of probe DNA and a 
3000- fold excess of poly(dI-dC)-poly(dI-dC) (Pharmacia) or poly(dA-dT)-poly(dA-dT). Labelled 
oligonucleotides were purified and concentration was set to 0.3 ng/µl.  
Target fragments were incubated in a buffer containing 25 mM HEPES-KOH, pH 7.9, 50 mM KCl, 5 mM 
MgCl2, 0.1 mM EDTA, 1mM DTT and 20% glycerol Reaction mixtures were kept on ice for 30 min and loaded 
onto a 5% polyacrylamide gel in 0.5 x TBE. Gels were run at 4 °C at 200 V (until bromphenol blue as a running 
control has reached ¾ of the gel), dried and exposed to X-ray film. 
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5% PAA-Gel:  
5 ml   40 % Acrylamid  

2.5 ml 2 % Bis-acrylamid 
5 ml 5 x TBE 

up to 50 ml dH2O 
50 µl TEMED 

200 µl APS 10% 

3.11 Methods for protein isolation, purification and enzyme activity test 

3.11.1 Preparation of GST::CrzA fusion proteins 
GST::CrzA fusion proteins were purified according to the manufacturer's instruction. Except - longer elution 
time (1h). GST SpinTrap Purification Module (Amersham).  

3.11.2 Protein extraction of Aspergillus 
300 mg wet weight mycelia was lyophilised over night and pulverised using 4mm ceramic beads in Savan 
Fastprep machine. Afterwards 1 ml of lysis buffer A50 was added followed by 1:30h mixing and incubation at 
4°C. Supernatant after centrifugation (30 min 11,600 x g) was used as total protein extracts and concentration 
was determined using the Bradford assay (Bradford, 1976).  

3.11.3 β-Galactosidase reporter assay 
4 x 107 conidia of A. nidulans strains were inoculated in 20 ml appropriately supplemented liquid minimal 
medium and cultivated at 28°C, 200 rpm, for 20 – 24h. The rational for using 28°C instead of 37°C, which is 
usually used as cultivation temperature for A. nidulans, is the fact that the afp promoter of A. giganteus is 
upregulated by heat shock (37°C) compared to 28°C (which is the optimal temperature for A. giganteus). To 
avoid the possibility that cultivation at 37°C could mask any effects, it was decided to cultivate A. nidulans at 
28°C. Protein extraction and determination of β-galactosidase activity followed the protocol of Pérez-Esteban et 
al. (1993). β-Galactosidase activities were calculated as the mean value obtained from at least three independent 
cultures for each strain and standard errors are indicated. 

3.12 Transformation methods 

3.12.1 Preparation of heat shock competent E. coli cells 
Transformation of E. coli was performed by a heat shock method according to Himeno et al. (1984) 100 µl of E. 
coli cells from a glycerine stock were used to inoculate a 20 ml LB medium and incubated over night. 1ml of this 
preculture was transferred to 100 ml LB medium, the cells were incubated until an OD610 of 0.3 – 0.4 was 
reached. Cells were harvested by centrifugation (5 min at 4°C and 4000 rpm) and the pellet was resuspended 
with 100 ml cold MgCl2 buffer. Two centrifugation steps followed, as described above. After the first step the 
pellet was resuspended with 50 ml CaCl2-buffer, after the second step with 4 ml CaCl2-buffer (Himeno et al., 
1984). The competent cells were mixed with 800 µl glycerine (99 %) before they were aliquoted (240 µl per 1.5 
ml reaction tube) and frozen (- 80 °C). 

3.12.2 Heat shock transformation of E. coli  
Per each ligation mixture, one aliquot of competent E. coli cells was slowly thawed on ice, and then added to the 
ligated DNA mixed in transformation solution. At the same time, one volume of E. coli cells was transformed 
with 50 ng pUC18 DNA as positive control, another without DNA as negative control. All mixtures were 
incubated on ice for 30 min. The cells were heat shocked at 42°C (water bath) for 90 sec, followed by a 
regeneration period of 1 hour at 37°C in 1 ml LB medium.  From each transformation, mixture aliquots were 
spread onto LB amp media. The plates were incubated either overnight at 37°C, or for 3 days at room 
temperature. 

3.12.3 Transformation of Aspergillus nidulans (Tilburn et al., 1990)  
Tilbum et al. (1990) was followed; freshly made conidia (1 x 108) were cultivated in supplemented MMA at 
28°C overnight shaking at 120 rpm. Filtered mycelia was washed using solution 1, dried and 1.0 g was 
transferred to a 50 ml plastic tube, gently dissolved in 20 ml solution 2 with 1 mg glucanex () added. After 5 min 
incubation on ice, the mixture was vortexed well and further incubated at 30°C for 90 min or until 
protoplastation had finished. An equal amount of solution 2 was added to the protoplast by gently mixing. The 
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mixture was divided between two 50 ml plastic tubes and 20 ml of solution 5 was slowly added on the top of the 
mixture, resulting in a two phase system. Upon centrifugation for 10 min at 4°C, 2500 rpm in a swing out rotor, 
the cloudy layer at the interface was taken out (approximately 7.5 ml) and two volumes of solution 6 were added, 
centrifuged at redissolved in 1 ml solution 6. Final washing step was dissolved in 1 ml solution 7 (1-2 108 
pp/ml). Protoplasts were dispensed in 200 µl aliquots in Eppendorf tubes and mixed with the PCR cassette (2 µg 
in solution 7 in a final volume of 50 µl) and 50 µl of solution 8 was added and the mixture placed on ice for 20 
min. After the addition of 1 ml solution 8, the tubes were incubated at room temperature for 5 min. After 
incubation, the mixture was added to 50 ml plastic tubes containing 5 ml solution 7, mixed, 20 ml top agar added 
and poured on top of four supplemented MMR plates (5 ml each). 
 
Solution 1:  0.6 M MgSO4 (heat sterilised) RT 

Solution 2:  1.2 M MgSO4; 10 mM sodium phosphate buffer pH 5.8 

Solution 5:  0.6 M sorbitol; 0.1 M Tris/HCl pH 7.0 

Solution 6: 0.6 M sorbitol; 0.01 M Tris/HCl pH 7.5 

Solution 7:  1 M Sorbitol; 10 mM CaCl2; 0.01 M Tris/HCl pH 7.5 

Solution 8: 60 % w/v PEG 6000; 10 mM CaCl2, 0.01 M Tris/HCl pH 7.5 

3.12.4 Crossing of haploid Aspergillus nidulans strains 
Two haploid strains carrying different genetic markers were inoculated side by side onto 
supplemented complete medium (CM), incubated for two days at 37°C. Three contact zones were cut 
out and put upside down onto minimal medium (MMA) containing glucose and either ammonium 
tatrate 5 mM or sodium nitrate 10 mM. Anaerobic condition ensured by using small Petri dishes filled 
with agar up to the top and sealed lids after the first two days of incubation at 37°C induces production 
of cleistothecia. After further incubation at 37°C for 12 days, mature cleistothecia are chosen under the 
microscope and rolled on 3 % agar to remove Hülle cells then transferred in 1 ml dH2O, bursted and 
vortexed to release ascospores. 5µl of the 1 ml ascospore solutions is plated on 2% CM agar + all 
supplement and incubated for 2d, 37°. Individual colonies from the Isolation plates + three control 
strains (Controls: Parent A, Parent B, J734 (biA1)) are used to score the appropriate genetic markers. 
(Method Imperial College London, Herb Arst) 
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4 Results 

4.1 Transcriptional regulation of the afp promoter 
 
Environmental conditions such as high osmotic pressure, heat shock and alkaline pH have 

been shown to activate afp expression in A. giganteus (Meyer et al., 2002). The fungus faces 

cell wall stress under all these stress conditions. In S. cerevisiae, the protein kinase C cell wall 

integrity pathway (CWI) mediates tolerance to cell wall perturbing agents such as SDS, 

Congo Red (CR), and Calcoflour White (CFW). Promoters of yeast genes induced upon cell 

wall stress contain putative binding sites for transcription factors involved in different kinds 

of stresses (Table 6). Using MatInspector and DNA-pattern software, the 1 kb upstream non-

translated region of afp was analysed for the presence of these potential targets. Comparison 

of frequency and nature of these binding sites (Lagorce et al., 2003) reveal striking 

similarities with putative regulatory elements found within the afp promoter (Table 6), 

suggesting that afp expression is also the result of interacting regulatory pathways.  
 
Table 6: Comparison of regulatory elements of 79 co-regulated genes upon cell wall 
stress in S. cerevisiae  

Regulatory Element Frequency 
 

Function of the 
transcription factor 
 

afp promoter 
Elements 

STRE 45/79 Stress            5x   
STUA 28/79 Cell cycle             1x 
RLM1 39/79 Cell wall integrity     1x 
HSE 75/79 Heat stress             1x 
GCR1 28/79 Carbon-metabolism - 
PHO4 17/79 Phosphate -metabolism           1x 
CDRE 30/79 Ca2+, Na+, alkaline pH           5x 

Modified Lagorce et al. (2003)  
 

Pathways or transcription factors that are known to be activated upon the described 

environmental situations in filamentous fungi are the high osmolarity glycerol response 

(HOG) (Furukawa et al., 2007), the Pal / PacC (Arechiga-Carvajal and Ruiz-Herrera, 2005; 

Penalva and Arst, 2002) and the SltA pathway (O'Neil et al., 2002). As the positive influence 

of ambient pH signalling by PacC has been ruled out (Meyer et al., 2005), other pathways 

must be involved in the transcriptional regulation afp expression in response to ambient stress. 

In order to analyse this hypothesis, well described inducers of certain signalling pathways 

have been tested to evaluate their effect on afp expression.  
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4.1.1 Effects of environmental stresses on afp expression 
To initiate this study, the effect of cell wall perturbing agents and high salt levels such as 

NaCl on afp expression was monitored. NaCl is known to exert both osmotic and ionic stress, 

whereas CR, SDS and CFW are well established substances known to induce cell wall stress 

(Guest et al., 2004; Lagorce et al., 2003). Furthermore, CR is an inhibitor of cell wall glucan 

assembly (Kopecka and Gabriel, 1992). In S. cerevisiae, CR induces phosphorylation of 

Slt2p, a MAP kinase that participates in the CWI pathway (Watanabe et al., 1995), which 

among other targets activates expression of chitin synthases 1 (Chs1) and 2 (Chs2) (Lagorce 

et al., 2003). SDS is a detergent that disturbs membrane integrity by emulsifying lipids and 

proteins and by disrupting polar interactions in biological membranes. CFW is described to 

interact with various cell wall β-glycan polysaccharides, including glucan and chitin. Binding 

of CFW to the growing cell wall interferes with the crystallisation step of microfibril 

assembly (Hill et al., 2006) and induces the CWI pathway in A. niger (Meyer et al., 2007). 

To study the effect of these cell wall perturbing agents on cell morphology, conidiospores of 

A. giganteus were allowed to germinate in liquid medium in the presence of different 

concentrations of the previously described compounds. Microscopic analysis revealed 

changes in hyphal morphology such as bulb formation, increased branching, and tip lyses 

(data not shown). In order to analyse whether these compounds have an effect on afp 

transcription, Northern analyses were performed. For this purpose, sublethal concentrations of 

cell wall perturbing agents were used to avoid toxic effects which could give rise to unreliable 

results (Table 7). The use of sublethal concentration of cell wall perturbing agents has been 

shown to be a valuable instrument to reveal expressional changes due to adaptation to cell 

wall stress (Meyer et al., 2007). 

 
Table 7: Identification of sublethal concentration that exert cell wall stress on A. giganteus 
Different concentrations were used to test their morphological impact and their influence on conidiospores 
germination competence. Subsequently, concentrations used during Northern analysis are shown in the last 
column. 
 Induction of severe 

morphological changes 
Inhibition of germination concentration of induction 

Congo Red 40 µg/ml 80 µg/ml 20 µg/ml 
Calcoflour white       -                                    - 200 µg/ml 
SDS       - 0,05 % 0,001 % and 0.01 % 
- Severe morphological changes were not observed 

 

Northern analyses have demonstrated that afp expression was insensitive towards SDS and 

CFW induced stress (data not shown), whereas treatment with 20 µg/ml CR and NaCl 

disclosed a strong induction of afp expression within the time course of treatment (Fig. 
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11).Quantitative analysis revealed that transcript levels of afp are approximately three to four 

fold higher after two hours of CR and NaCl treatment, respectively, when compared to the 

control culture (medium without the addition of CR or NaCl). 

 
Figure 11: afp Expression is induced upon CR and NaCl treatment 
A. giganteus was grown in C1 medium for 36 h, and then CR (final concentration 20µg/ml) 
or NaCl (final concentration 1M) was added and further incubated. Samples were taken 
after 0.5, 1 and 3 h, respectively, total RNA was isolated and Northern analysis was carried 
out using a radiolabelled afp probe as described in Materials and Methods (Chapter 1.9). A) 
Elevation of afp mRNA steady-state levels can be observed after 2 hours of incubation with 
CR and (B) with NaCl.  
 

The data from CR induced afp expression strongly point to an influence of the CWI pathway 

in afp expression, which is supported by the presence of RlmA consensus binding sites 

(RlmA is a MADS-box transcription factor required for cell wall reinforcement in response to 

cell wall stress) (Damveld et al., 2005), The inducible effect of NaCl on afp expression was 

already shown using reporter gene analysis (Meyer et al., 2002). Analysis of afp expression in 

this study confirmed these observations.  

The presence of a high concentration of NaCl in the medium induces ionic and osmotic stress. 

Sodium ions are mainly toxic because an excess of Na+ ions inhibits the uptake of K+ ions 

which is an essential ion (Yokoi et al., 2002). Salinity, furthermore, causes a water deficit in 

the cell and Na+ ions are toxic per se as they inhibit metabolic processes that depend on K+ 

ions by competing for K+ ion binding sites (Maathuis and Amtmann, 1999). Filamentous 

fungi have to regulate the uptake and extrusion of Na+/K+ in order to survive at high 

concentrations of NaCl. The transcription factors SltA/ACEI and Crz1p have been shown to 

take part in salt tolerance of A. nidulans (O'Mahony et al., 2003) and S. cerevisiae (Cyert, 

2003), respectively. 

Calcium ions serve simultaneously as a second messenger under salt stress conditions and 

during adaptation to environmental pH and as a first messenger itself. Cell wall stress co-

regulated genes have been shown to contain calcineurin dependent regulatory elements 

(CDREs) (Lagorce et al., 2003; see Table 6). The expression of afp is under control of cell 

wall stress (see above) and, remarkably, contains five putative CDREs, as indicated in     
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Table 4. Alkaline pH and Na+ have been described to induce an intracellular rise of calcium 

ion concentration in S. cerevisiae (Roy et al., 2007; Viladevall et al., 2004). One pathway that 

is induced upon elevated cytoplasmic calcium ion concentration is the Ca2+ / calmodulin / 

calcineurin pathway (Cyert, 2003) (see Subject description; Fig. 10).  

 
Figure 12:  afp expression is induced upon 
calcium treatment 
A. giganteus was grown in C1 medium for 36 h. 
After 36 h of cultivation, CaCl2 (final 
concentration 100 mM) was added. Mycelium 
was harvested for RNA isolation after one hour 
of further incubation with or without calcium. 
Northern analysis was carried out using a 
radiolabelled afp probe as described. A positive 
effect on afp expression can be observed after 
one hour of incubation with CaCl2. 

 
High external Ca2+ concentration can induce afp expression (Fig. 12), which supports 

previous reports that inhibition of alkaline-induced up-regulation afp expression using the 

calcineurin inhibitor FK506 (Meyer et al., 2005).  

All these findings show that cell wall, salt and calcium stresses, via the resulting transient 

cytoplasmic calcium ion increase, positively influence afp expression. There are indications 

that a Ca2+/Calcineurin/Crz dependent pathway could regulate the expression of afp upon 

external cues that might be triggered into the cell by a calcium transient increase. 

Additionally, the CWI and the SltA pathway have to be taken into account. These three 

pathways, the CWI, SltA and CrzA pathway could independently, antagonistically or 

synergistically influence afp expression. 

4.2 CrzA, the Crz1p orthologue in Aspergillus nidulans 

4.2.1 Characterisation of the CrzA in A. nidulans  
Crz1p homologues can be identified in almost every filamentous ascomycete for which 

genome sequence information is available (Fig. 14). Additionally, the presence and function 

of calcineurin has already been described for yeast and in filamentous fungi such as A. 

fumigatus (Ferreira et al., 2006; Steinbach et al., 2006), A. oryzae (Juvvadi et al., 2003) and 

A. nidulans (Nanthakumar et al., 1996; Rasmussen et al., 1994). Consequently, the 

Ca2+/Calcineurin/Crz signal transduction pathway is considered to be a highly conserved 

pathway. The putative CrzA (AN5726.3) from A. nidulans was identified via a Blast (tblastn) 

search using the full length amino acid sequence of the S. cerevisiae Crz1p (YNL027w).  

 
 

28S

18S

afp

CaCl2 - +
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Table 8: Multiway protein alignment (BLOSUM 62) 
Loci of putative CrzA homologues in filamentous fungi are given.  

 Locus length % matches 

A. nidulans AN5726.3 730 aa 55 

A. flavus AFL2G_09134.2 773 aa 63 

A. oryzae AO090001000491 773 aa 71 

A. clavatus ACLA_027670 803 aa 59 

A. fumigatus Afu1g06900 754 aa 61 

N. fischeri NFIA_017790 765 aa 60 

A. niger gw1_10.73  743 aa 68 

A. terreus ATEG_02928.1 731 aa 60 

N. crassa NCU07952.2 7l0 aa 31 

F. graminaerum FGSG_01341.2 714 aa 37 

M. grisea MGG_05133.5 726 aa 34 

G. zeae FG01341.1 717 aa 37 

 
 

The genome database of A. nidulans predicts an ORF (AN5726.3) which is interrupted by one 

intron sequence. The cDNA of crzA was isolated to verify the intron position and for future 

experiments. Total RNA extracted from A. nidulans mycelium stressed for two hours with     

1M NaCl was used for reverse transcription and isolation of cDNA using PCR techniques. 

This approach yielded a DNA fragment of the expected size where the intron was spliced and 

was cloned into the plasmid pGEM-T giving rise to plasmid pGEM-TCrzAcDNA. Nucleotide 

sequences confirmed the predicted intron position determined automatically by the database 

(data not shown). 
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FYTPQHSR HTSLDPASAA YMTNVSHPEW QAVMNNSAFH GHRRAPSEVS 240

241 EVSSAAHSPY LPQHDSFDVA DNNPSPLLAA QNDPSLYDNA ALGIESFTLS EHHQPQTQGI 300

301 SPHHSPYISP QLMPQHPTDI IPGGPFISAP ATNSAYPTPP TEGYPNGGDI GQASQMAPPS 360

361 INVEFAPPAK AQVFPPEKST ADMDSLSPPP SLRTSRMRSK SDPYAVSISR PRSPSSPSAS 420

421 LDALAASSPR SLSPFNVGRH PYSNPSSREP SPARSARRLS TSSVDSRNYI LGLADPQRPG 480

481 SNNTDSKRVQ KHPATFQCTL CPKRFTRAYN LRSHLRTHTD ERPFVCTVCG KAFARQHDRK 540

541 RHEGLHSGEK KFVCRGDLSR GGQWGCGRRF ARADALGRHF RSEAGRICIK PLLDEESQER 600

601 ERTLINQQQQ HLQPVNQPLM LPGQGTEAQH TGSFILPAAL LAQYPALQTL QWDQIPAGTD 660

661 DTSDIGGRNS FDASSGGEFG FDDDESGISV SGMSTGYASD QGNIYNVDAQ GQMLGVNPGE 720

721 AGYANPNWGK 730

CDD

Zinc-finger I Zinc-finger II

Zinc-finger III

FYTPQHSR HTSLDPASAA YMTNVSHPEW QAVMNNSAFH GHRRAPSEVS 240

241 EVSSAAHSPY LPQHDSFDVA DNNPSPLLAA QNDPSLYDNA ALGIESFTLS EHHQPQTQGI 300

301 SPHHSPYISP QLMPQHPTDI IPGGPFISAP ATNSAYPTPP TEGYPNGGDI GQASQMAPPS 360

361 INVEFAPPAK AQVFPPEKST ADMDSL

FYTPQHSR HTSLDPASAA YMTNVSHPEW QAVMNNSAFH GHRRAPSEVS 240

241 EVSSAAHSPY LPQHDSFDVA DNNPSPLLAA QNDPSLYDNA ALGIESFTLS EHHQPQTQGI 300

301 SPHHSPYISP QLMPQHPTDI IPGGPFISAP ATNSAYPTPP TEGYPNGGDI GQASQMAPPS 360

361 INVEFAPPAK AQVFPPEKST ADMDSLSPPP SLRTSRMRSK SDPYAVSISR PRSPSSPSAS 420

421 LDALAASSPR SLSPFNVGRH PYSNPSSREP SPARSARRLS TSSVDSRNYI LGLADPQRPG 480

481 SNNTDSKRVQ KHPATFQCTL CPKRFTRAYN LRSHLRTHTD ERPFVCTVCG KAFARQHDRK 540

541 RHEGLHSGEK KFVCRGDLSR GGQWGCGRRF ARADALGRHF RSEAGRICIK PLLDEESQER 600

601 ERTLINQQQQ HLQPVNQPLM LPGQGTEAQH TGSFILPAAL LAQYPALQTL QWDQIPAGTD 660

661 DTSDIGGRNS FDASSGGEFG FDDDESGISV SGMSTGYASD QGNIYNVDAQ GQMLGVNPGE 720

721 AGYANPNWGK 730
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Zinc-finger I Zinc-finger II
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1 MDPQDTLQDL GQAPAAHINR SASPSAHAHQ QYNNNHNDLT IDPSVTSNSS YPPSSFANNS 60

61 APGSEAFAYS SSYLTPATAT DHNFARPSLQ IPQSFDQGLS HQPAEENFSN LLNSNTGDFD 120

121 FSLYQGSSPN NTGSDYPSSG LLDPQQSGNQ AVNPVDLVSQ IPSPHPSNSS QTSPLDQPPS 180

181 SAMSPPASSP GT

1 MDPQDTLQDL GQAPAAHINR SASPSAHAHQ QYNNNHNDLT IDPSVTSNSS YPPSSFANNS 60

61 APGSEAFAYS SSYLTPATAT DHNFARPSLQ IPQSFDQGLS HQPAEENFSN LLNSNTGDFD 120

121 FSLYQGSSPN NTGSDYPSSG LLDPQQSGNQ AVNPVDLVSQ IPSPHPSNSS QTSPLDQPPS 180

181 SAMSPPASSP GT

 
Figure 13: Amino acid sequence of the CrzA coding region of A. nidulans (AN 5726)  
Zinc-fingers I – III are indicated. According to Aramburu et al. (1998) a calcineurin 
docking domain (CDD) is predicted.  

 
Major similarities were found in a small fraction of the comparison between these two 

proteins. Subsequently analysis revealed that this region is a putative DNA binding domain 

(DBD) comprising a three zinc-finger structure. Amino acid sequence conservation in this 

domain suggested that CrzA might bind to the same target sequence that has been determined 

for S. cerevisiae Crz1p (Stathopoulos and Cyert, 1997; Yoshimoto et al., 2002). Interestingly, 

only the first two fingers meet the Cys2-His2 consensus [(Tyr / Phe) / X Cys X2-4 Cys X3 

(Tyr / Phe) X5 Leu X2 His X3-4 His] (Klug and Rhodes, 1987; Wolfe et al., 2000). For the 

third finger, an atypical Cys2-His-Cys structure is hypothesised in this work. The zinc-finger 

domain is located within the carboxy-terminal half which is part of all Crz-like proteins.  

Further analysis of the amino acid sequence of CrzA revealed the presence of a putative 

calcineurin binding site (calcineurin docking domain, CDD). The presence of CrzA 

homologues in other filamentous fungi were established by protein databases searches using 

the facilities at the website http://www.broad.mit.edu/annotation/fgi/. Proteins of filamentous 

fungi are significantly conserved, whereas the sequence alignment of putative filamentous 

fungi Crz1p and yeast homologues using Clustal W revealed a high similarity only within the 

zinc-finger region (Azarnia et al., 2006; Fig. 14). 
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Figure 14: Alignment of the zinc-finger region of annotated and putative Crz1p-like 
proteins  
Cys and His residues of Crz zinc- fingers are indicated with a star. Dark grey 100% 
similarity, light grey >60% similarity 
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Accession numbers: A. nidulans XP_663330; A. flavus: AFL2G_09134.2 ; A. oryzae: 
AO090001000491 Ashbya gossypii: NP_983898; Candida glabrata: XP_449644; C. 
albicans: XP_712667; Coccidioides immitis: XP_001244584; S. cerevisiae: NP_014371; 
Debaryomyces hansenii: XP_456764; Gibberella zeae: XP_381517; A. clavatus: 
XP_001269468; Magnaporthe grisea: XP_359644; Pichia guilliermondii: XP_001486327; 
Sclerotinia sclerotiorum: XP_001596917; T. delbrueckii: AAZ04388; A. terreus: 
XP_001212106; Neosartorya fischeri: XP_001264975; Pichia stipitis: XP_001382598; 
Kluyveromyces lactis: XP_454342; Yarrowia lipolytica: XP_502287; A. fumigatus: 
XP_750439; Neurospora crassa: XP_962085 

 

4.2.2 Identification of a CrzA homologue in Aspergillus giganteus 
The presence of CDREs within the A. giganteus afp promoter and identification of a Crz1p 

orthologue in A. nidulans strongly suggested the existence of an orthologue in A. giganteus. 

In order to investigate this hypothesis, a Southern blot analysis was performed (Fig. 15). 

Southern analysis was conducted because no genomic data is available for A. giganteus that 

could confirm the presence of a CrzA homologue in A. giganteus.  

 
 
 
 
 
 
 
 
Figure 15: Identification of a crzA homologue in A. giganteus 
Southern Blot analysis, genomic DNA was BamHI digested and probed 
with crzA. A: A. giganteus and B: A. nidulans Restriction of A. 
nidulans genomic DNA resulted in the expected fragment size of 2.6 
kb. 
 

 
Using BamHI restricted genomic DNA of A. giganteus and A. nidulans and the A. nidulans 

exon 1 crzA coding region as a probe, the A. giganteus genome was searched for a crzA 

homologues sequence. The expected 2.6 kb fragment of the A. nidulans crzA gene and an 8 kb 

fragment in A. giganteus ensured the existence of a crzA homologue in the genome of A. 

giganteus (Fig. 15). Consequently, it is reasonable to conclude that this transcription factor 

might play a role in afp expression. However, molecular analysis of regulatory mechanisms in 

A. giganteus is very complicated due to several reasons. Firstly, A. giganteus is not a model 

filamentous fungus. Therefore, genomic data is not yet available. Secondly, efficient gene 

targeting using dominant selection markers has never been achieved, which make directed 

gene deletions impossible to date. Thirdly, A. giganteus lacks sexual reproduction, which 

makes mutant analysis more complicated compared to fungi competent for a sexual cycle. 

Additionally, the putative CrzA transcription factor has not yet been analysed in filamentous 

fungi. For these reasons, A. nidulans, which is a widely used model organism, was chosen as 
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a heterologous host for functional analysis of the putative CrzA transcription factor. Only 

when CrzA has been established as a functional homologue of Crz1p, can molecular analysis 

of the transcriptional regulation of CrzA be conducted. 

4.3 Generation and characterisation of a crzA deletion strain 

4.3.1 Deletion of crzA in A. nidulans 
In order to analyse the function of CrzA in A. nidulans, a strain carrying a null allele of crzA 

was constructed. In doing so, the CrzA coding sequence was replaced by the pyr4 gene from 

Neurospora crassa by homologous recombination (see Fig. 16).  

 
 

crzA
genomic DNA

wild-type

genomic DNA

transformant

crzA promoter crzA terminator pyr4 gene crzA coding region

crzA replacement 
cassette

 
 

Figure 16: Strategy of the crzA replacement 
The replacement cassette comprised of the pyr4 (N. crassa) flanked by ~ 1500 bp of the 
crzA promoter and terminator sequence. Two crossing over events exchange the resident 
crzA gene with the pyr4 selection marker that confers uracil and uridine prototrophy. 
 

The deletion was carried out in the strain MAD1425 (pyroA4, pyrG89, argB2, ∆nkuA::argB) 

by transformation with the crzA replacement cassette. The cassette comprised the pyr4 gene 

of N. crassa flanked by 1500 bp of the crzA 5’ and 3’ untranslated regions. The entire 

replacement cassette was constructed in the pBSIISK+ vector, as described in Materials and 

Methods, generating plasmid pBSKdeltaCrzA. Hence, the replacement cassette was amplified 

by PCR using oligonucleotides (crznulo-1 and crznulo-4) annealing at both ends of the 6.2 kb 

cassette within the pBSKdeltaCrzA plasmid, and used for A. nidulans transformation.  

Transformation yielded in 42 primary transformants which were selected for uracil and 

uridine prototrophy and further verified as crzA null strains using Southern Blot analysis and a 

PCR approach (data not shown). An amplicon of 400 bp from the zinc-finger region was used 

to verify the absence or the presence of the CrzA coding sequence in the genomic DNA of the 

transformants. All clones tested demonstrated the absence of the CrzA zinc-finger region 
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(data not shown). Morphology of all strains in which crzA has been deleted displayed no 

major phenotypic differences. Strain BER02 was selected to be the basis for the generation of 

a ∆crzA reporter strain of afp expression, for the analysis of the ∆crzA phenotype and for 

DNA protein binding assay to evaluate binding from native protein extracts. A detailed 

analysis of the ∆crzA phenotype will be given in the next chapter. 

 

4.3.2 Phenotypic analysis of the crzA deletion strain 
A. nidulans strains deleted for crzA are viable, produce conidiospores, are competent for a 

sexual reproduction, show enhanced production of a brown pigment and slightly impaired 

growth under standard growth conditions (Fig. 17 and data not shown). However, crzA 

deletion renders the strain highly sensitive to ambient stresses such as the presence of a high 

amount of calcium (200 mM CaCl2), alkalinisation of the medium (Fig. 17), and the presence 

of the antibiotic neomycin (see Fig. 21). To confirm that the observed phenotype is a direct 

consequence of crzA deletion, the crzA coding sequence gene was reintroduced into BER02 at 

the same locus. A PCR product containing the entire crzA wild-type gene, flanked by 1 kb of 

upstream and downstream sequences was obtained using J734 as target DNA and was 

transformed into the recipient BER02 ∆crzA mutant strain. Transformants were selected based 

on restoration of growth on regeneration medium containing 200 mM CaCl2. Uracil/uridine 

was added to the medium as a gene replacement renders the transformants uracil and uridine 

auxotroph (reverse strategy of Fig. 16). A total of seven transformants showing wild-type 

growth and sporulation on media containing 200 mM CaCl2 were obtained. PCR screening 

confirmed the presence of a wild-type locus in all the transformants (data not shown). The 

phenotype of the complemented strains (∆crzA, crzA) corresponds to the wild-type phenotype. 

Thus, these data demonstrate that the phenotype of the isolated crzA null transformant BER02 

as shown in Figure 17 depends on the deletion of crzA. 
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Figure 17: Growth behaviour of isogenic wt and ∆crzA strains 
A: Comparison of growth of null crzA (BER02), isogenic wt (MAD1425) and ∆crzA + crzA 
(BER25) strains on different Aspergillus minimal media containing 200 mM CaCl2, ± uracil 
respectively and adjusted to pH 8.  
 

Calcium homeostasis is an essential part of cellular integrity. The crzA deletion strain is 

highly sensitive to calcium ions (Fig. 17). This was underscored when the concentration of 

CaCl2 was further reduced to establish a minimal inhibitory concentration. A CaCl2 

concentration as low as 10 mM still exerts an inhibitory effect on null crzA strain growth (Fig. 

18), suggesting that intracellular calcium homeostasis is affected. Minimal growth medium 

for strains that require pantothenate (pantoB100) is usually complemented with calcium 

pantothenate of 6 µg/ml, resulting in a final concentration of 1 µM Ca2+. Growth tests were 

carried out to compare the phenotype of the ∆crzA strain using either calcium pantothenate or 

pantolactone as a supplement. The addition of 1 µM Ca2+ resulted in evident inhibitory impact 

on growth of the crzA deletion strain (data not shown). Thus, to avoid interference of added 

Ca2+ in the accession of the phenotype, minimal growth medium was supplemented with 

pantolactone instead of calcium pantothenate.  

 

 

 MMA CaCl2 - uracil alkaline pH 

wild-type 

(MAD1425) 

    

∆crzA 

(BER02) 

  

∆crzA, crzA 

(BER25) 
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 100 mM CaCl2 50 mM CaCl2 10 mM CaCl2 

∆crzA  
(BER02) 

   
wild-type 
(MAD1425) 

   
 

Figure 18: Inhibitory effects of calcium ions on crzA deletion strains  
Growth inhibition by calcium is concentration dependent. There is an increase of growth 
diameter with decrease of calcium concentration. 10 mM CaCl2 is still preventing normal 
growth. Compare with growth with no extra Ca2+ cation added shown in Figure 17, first 
column from the left.  

 

Findings in yeast and mammalian pancreatic acinar cells suggest that intracellular Ca2+ and 

Mg2+ ion concentrations are antiparallely regulated (Mooren et al., 2001; Wiesenberger et al., 

2007). Thus, an elevation in Mg2+ concentration in growth media should reduce intracellular 

calcium concentrations and thereby may reduce the growth inhibitory effect of calcium in the 

crzA deletion strain. In agreement with this hypothesis, growth of BER02 strain was partially 

rescued when 200 mM MgCl2 was added to media containing 50 mM CaCl2, compare 

columns labelled CaCl2 with MgCl2 + CaCl2 in Figure 19.  

 
 

 MMA MgCl2 CaCl2 MgCl2 + 
CaCl2  

wild-type 
(MAD1425) 

    

∆crzA 
(BER02) 

    

 
Figure 19: Ca2+ sensitivity of ∆crzA is partially rescued by elevated magnesium 
concentrations 
Growth behaviour of the ∆crzA strain was monitored on minimal medium (MMA) and 
minimal medium supplemented with 200 mM MgCl2, 50 mM CaCl2, and 50 mM CaCl2 and 
MgCl2 200mM, respectively.  

 
Further elevations of MgCl2 proved to be toxic and could thus not improve growth of ∆crzA 

further (data not shown). Addition of MgCl2 to the medium prevents the compact morphology 
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shown by BER02 (compare first and second column in Figure 19), indicating that a 

significant level of calcium cations is already present in the medium. Interestingly, only the 

divalent Mg2+ cation was able to rescue growth on medium containing 50 mM CaCl2 (MnCl2, 

NaCl, KCl and LiCl had no positive effect, data not shown).  

Furthermore, the deletion of crzA causes hyperbranching under all stress conditions tested. 

The antifungal protein AFP produced by A. giganteus is suggested to target chitin 

biosynthesis and triggers the CWI pathway in A. niger (Hagen et al., 2007). A. oryzae and 

Fusarium oxysporum were found to be less sensitive to AFP when chitin biosynthesis was 

impaired, especially due to functional defects in chitin synthases of class III and V (Hagen et 

al., 2007). The ∆crzA mutant strain displays significantly reduced AFP susceptibility, 

suggesting that the cell wall biosynthesis is affected in BER02 and that calcium signalling and 

/ or CrzA might be involved in the regulation of chitin synthases expression and / or activity, 

respectively (Fig. 20). Furthermore, the CrzA deletion strain displays delayed germination 

and hyperbranching at stress conditions, which are phenotypic features that parallel with 

strains carrying a null allele of chsB (class III Chitin synthase) (Borgia et al., 1996; Hill et al., 

2006). The mild CFW sensitivity and sensitivity towards other cell wall perturbing agents 

such as caspofungin and CR might indicate that expression of either chitin synthase III and/or 

V is/are affected in the ∆crzA strain.  

In order to compare CrzA function in A. nidulans with Crz1p function in S. cerevisiae, 

different components were tested that were shown to influence growth of the ∆crz1 strain. 

The deletion of crz1 in S. cerevisiae renders the strain sensitive towards Ca2+, Mn2+, Li+ and 

Na+ ions (Matheos et al., 1997; Roy et al., 2007; Serrano et al., 2002; Stathopoulos and Cyert, 

1997). In contrast to the ∆crzA strain, the crz1 deletion strain of S. cerevisiae is tolerant 

towards alkaline pH. Arginine was tested as an organic cation that was shown to impair 

growth of different A. nidulans salt sensitive mutant (∆sltA). The solution of 25 mM L-

arginine is highly alkaline. Therefore, to avoid interference of the alkaline pH, L-arginine 

containing media were buffered using 100 mM NaH2PO4. However, the crzA deletion strain 

only shows mild sensitivity towards MnCl2 and arginine at pH 6.5 and to NaCl and KCl. 

Further deviation can be found in the case of Li+ ion sensitivity; wild-type and ∆crzA growth 

differences are imperceptible (Fig. 21). In summary, it can be assumed that CrzA is a 

functional homologue of Crz1p with regard to calcium homeostasis, but the response to 

monovalent cations is suggested to differ in A. nidulans and S. cerevisiae.  
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Figure 20: AFP susceptibility of A. nidulans wild-type (MAD1425) and crzA deletion 
strain (BER02).  
103 conidia were incubated in 150 µl YPD liquid medium (pH 4.5) at 28°C in the presence 
of different AFP concentrations. Growth was determined spectrophotometrically and 
calculated in % relation to the control (absence of AFP). Experiments were carried out in 
triplicates. 
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wild-type    ∆crzA  
(MAD1425)   (BER02) 

 
Figure 21: The phenotype of the crzA deletion strain 
A) Different additives were tested to evaluate the growth of ∆crzA compared to the  wild-
type after two days of incubation at 37°C. 
B) Germination of the crzA deletion strain is delayed compared to isogenic the wild- type 
strain in minimal medium at pH 6.5, 37°C. 
C) Deletion of crzA causes hyperbranching under stress condition (alkaline pH, calcium). 
Here the micrograph shows hyphae morphology on solid minimal  medium containing 
100 mM CaCl2 (magnification 20x). 
Neo: neomycin; CR: Congo red 
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4.4 CrzA directly influences expression of the afp gene  

4.4.1 Generation of a crzA-null afp reporter strain in A. nidulans  
A reporter system was used in order to analyse the influence of CrzA on afp expression. This 

was obtained by constructing a strain carrying the afp promoter in front of a reporter gene in a 

∆crzA background. An A. nidulans strain (788-12-12) carrying the lacZ gene of E. coli 

regulated by the afp promoter (NCBI AF263292, Meyer et al., 2005) was used as a parental 

strain to cross with the crzA deletion strain BER02 to gain a β-galactosidase reporter strain 

deleted for crzA. Applicability of this system was confirmed previously (Meyer et al., 2005). 

As described in Materials and Methods, both strains were crossed on minimal medium 

lacking pyridoxine and calcium-pantothenate, and their progenies were selected for β-

galactosidase activity and calcium sensitivity. In addition, among the progeny, strains were 

selected for further investigation carrying auxotrophies for pantothenate and pyridoxine. All 

strains that displayed severely impaired growth on 200 mM CaCl2 also proved to be ∆crzA 

strains using a PCR approach as described in the previous section (4.3.1; page 49). Four 

clones, BER12, 18, 19 and 22, were taken from this cross with genotypes as described in 

Table 9. The segregation of pyrG89 was not further analysed as all clones were pyrimidine 

prototroph.  

 

Table 9: Genotypes of selected ∆crzA reporter strains 
BER12 yA2, pyroA4, pyrG89 (?),argB2 (argB+ afp::lacZ), ∆crzA::pyr4, pantoB100, ∆nkuA::argB 

BER18 pyroA4, pyrG89 (?),argB2 (argB+ afp::lacZ), ∆crzA::pyr4, pantoB100, ∆nkuA::argB 

BER19 yA2, pyroA4, argB2 (argB+ afp::lacZ), ∆crzA::pyr4, pantoB100, pyrG89 (?), ∆nkuA::argB 

BER22 pyroA4, pyrG89 (?),argB2 (argB+ afp::lacZ), ∆crzA::pyr4, pantoB100 

”?” stands for non analysed segregation of pyrG89 
 

4.4.2 Analysis of afp::lacZ activity in a ∆crzA reporter strain  
Crz1p in S. cerevisiae has been described as a positive-acting transcription factor for most of 

its target genes (Yoshimoto et al., 2002), although Crz1p has been also shown to act as a 

negative regulator (Munro et al., 2007). As has been reported for Crz1p (Stathopoulos and 

Cyert, 1997), the homologous CrzA is also most likely under the control of the phosphatase 

calcineurin. Since inhibition of calcineurin using FK506 affected afp expression in A. 

giganteus (Meyer et al., 2005), it is reasonable to assume that CrzA could be a positive 

regulator of afp. Hence, deletion of CrzA should reduce afp expression. 
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Activity of β-galactosidase was measured in 788-12-12 (referred as wild-type) and BER12 

(∆crzA, afp::lacZ see 4.4.1) in the presence and absence of 100 mM CaCl2. CaCl2 was used as 

an activator of calcineurin / CrzA-dependent transcription, since it is an inducer of afp 

expression in A. giganteus (see Fig. 12). Relative reporter activity in the wild-type was found 

to be two fold higher than in the ∆crzA strain (Fig. 12). Upon addition of CaCl2, an induction 

(1.2 fold) can be recognised in the wild-type, whereas calcium addition to the crzA deletion 

strain did not result in an induction of reporter gene expression, instead a reduced activity was 

found (Fig. 12). Reporter activity at standard conditions in the wild-type is higher than in the 

∆crzA.  

These findings might reflect three possible regulatory situations: first, differences in growth 

behaviour might cause a reduction in enzyme activity. Second, a continuously active 

calcineurin / CrzA signalling pathway is present in A. nidulans, suggesting a permanent 

cellular requirement for CrzA activity. Third, a negative acting regulator is also induced in 

response to excess calcium. This hypothetical regulator is responsible for the marginal 

increase of afp::lacZ expression when calcium is added to the wild-type strain and for 

reduced levels in the ∆crzA background. These hypotheses will be analysed in further sections 

of this thesis. The data presented here, however, clearly suggest that CrzA has a positive 

effect on afp expression and is most likely acting via CDREs within the afp promoter.  



Results 
 
 

- 58 - 

wt 788-12-12 ∆crzA BER12

0

0,2

0,4

0,6

0,8

1

1,2

1,4

 pH 6,5 100 mM CaCl2 pH 6,5 100 mM CaCl2

re
l. 

β-
ga

la
ct

os
id

as
 a

ct
iv

ity

wt 788-12-12 ∆crzA BER12

0

0,2

0,4

0,6

0,8

1

1,2

1,4

 pH 6,5 100 mM CaCl2 pH 6,5 100 mM CaCl2

re
l. 

β-
ga

la
ct

os
id

as
 a

ct
iv

ity

 
Figure 22: Reporter measurements of afp expression levels in the crzA deletion strain 
Activity of β-galactosidase representing afp expression levels were measured in BER12 and 
the parental reporter strain 788-12-12. Conidiospores (4x107/20 ml) were inoculated and 
incubated for 18 h in MMA at 28°C, pH 6.5, subsequently 100 mM CaCl2 was added for 1 
h before mycelia were harvested for enzyme activity measurements. Experiments were 
carried out in two independent triplicates. 

4.4.3 Identification of five in vitro CrzA binding sites in the afp promoter 
The overall zinc finger amino acids sequence is conserved between CrzA and Crz1p and, in 

particular, at the residues that might mediate direct contact with the bases at the DNA, 

suggesting that both proteins (DNA binding domains of CrzA and Crz1p) may share similar 

DNA target sequences. Side chains of residues -1, 2, 3 and 6 with regard to the position of the 

α-helix in the zinc-finger structure interact directly with DNA in Zif268 related C2H2 zinc-

fingers (Miller and Pabo, 2001). Further details on CrzA zinc-fingers structure/organisation 

will be given in Chapter 4.6. Thus, the well described consensus binding sequence of Crz1p 

(Cyert, 2003; Stathopoulos and Cyert, 1997; Yoshimoto et al., 2002) was taken to search for 

putative CrzA binding sites. Using DNA find pattern software (Stothard, 2000) and a manual 

search, the afp promoter was scanned for putative CrzA binding sites (Meyer et al., 2005). 

 

CDRE-1 CDRE-2/3 CDRE-4 CDRE-5

- 419- 559- 643- 931 +1  
 

Figure 23: Five putative CDREs have been identified within the afp promoter 
Using consensus binding site of yeast Crz1p (Cyert, 2003; Stathopoulos and Cyert, 1997) 
five different putative CDREs could be identified. CDRE 2/3 harbours two very close sites 
CDRE-1 includes a PacC binding site (Meyer et al., 2002). 
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Five putative CDRE could be identified within the afp promoter located at position (-931, -

643, -559 and -419 with respect to starting ATG) (see Table 4). The highest agreement with 

the consensus sequence (5’- GAGGCTG - 3’; Yoshimoto et al., 2002) can be found in CDRE-

2, -3 and -5. CDRE-2/3 was initially tested as one binding site because both sites are in 

proximity and cannot be separated without introducing mutations. CDRE-1 overlaps with a 

PacC binding site that has been shown to bind in vitro to PacC from A. nidulans protein 

extracts (data not shown). In vitro protein-DNA binding assays are an initial step to validate a 

direct role of CrzA in afp expression and interaction of CrzA with afp promoter elements 

would confirm CrzA as a filamentous fungi functional homologue of Crz1p. DNA binding 

analyses were carried out using the bacterially expressed DNA binding domain (DBD) of 

CrzA and synthetic, double stranded (ds) oligonucleotides containing the corresponding 

CDREs from the afp promoter.  

4.4.4 Analysis of the DNA binding activity of the zinc-finger domain of CrzA 
Zinc-finger transcription factors interact specifically with cis-acting regulatory elements 

within the promoter region of genes under their control such as PacC (Hervas-Aguilar et al., 

2007) and AflR (Lee et al., 2006). Zinc-finger containing domains in transcriptions factors are 

predominantly responsible for specific interaction with DNA sequences. One zinc-finger 

domain can consist of a number of units called “fingers” where, in a classical finger of the 

Cys2-His2 group, two Cys and two His residues coordinate one Zn2+. Between amino acid 

residues 498 and 588, CrzA has two consensus zinc fingers of the class C2H2 and an atypical 

third finger that is conserved among Crz1p homologues proteins. 

To prove that CrzA has a DBD, the region between amino acids 469 and 603 was expressed 

as Glutathion-S-Transferase (GST) fusion protein. The coding sequence for the region, 

comprising the complete zinc-finger domain of CrzA, was amplified by PCR and ligated in 

the expression vector pGEX-2T. Correct amplification by PCR and ligation in pGEX-2T was 

verified by DNA sequencing and the resulting plasmid was termed pGEX-CrzA123(469-603) 

(see appendix for plasmid maps). E. coli strain DH5α was transformed with the generated 

plasmid and expression of the fusion protein was induced with 0.1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) followed by glutathione affinity chromatography purification. 

The purified protein fusion protein, termed GST::CrzA123, has a predicted size of 42 kDa, 

was confirmed by SDS-PAGE (Fig. 24).  



Results 
 
 

- 60 - 

GST::CrzA123GST::CrzA123

REPSPARSAR RLSTSSVDSR NYILGLADPQ RPGSNNTDSK  480

RVQKHPATFQ CTLCPKRFT RAYNLRSHLR THTDERPFVC 522
Zinc-finger I

TVCGKAFARQ HDRKRHEGLH SGEKKFVCRG DLSRGGQWGC 564
Zinc-finger II

GRRFARADAL GRHFRSEAGR ICIKPLLDEE SQERERTLIN  606
Zinc-finger III

1

3
Oligonucleotides: 1 CrzA123 fw 3 CrzA123 rev

REPSPARSAR RLSTSSVDSR NYILGLADPQ RPGSNNTDSK  480

RVQKHPATFQ CTLCPKRFT RAYNLRSHLR THTDERPFVC 522
Zinc-finger I

TVCGKAFARQ HDRKRHEGLH SGEKKFVCRG DLSRGGQWGC 564
Zinc-finger II

GRRFARADAL GRHFRSEAGR ICIKPLLDEE SQERERTLIN  606
Zinc-finger III

1

3
Oligonucleotides: 1 CrzA123 fw 3 CrzA123 rev

 
Figure 24: Purification of GST::CrzA123 zinc-finger fusion protein 
A: Amino acids of the zinc-finger consensus sequence are written in red bold letters (amino 
acids are numbered). Location of oligonucleotides used to amplify the region for expression 
as a GST fusion proteins is indicated.GST::CrzA123. B: Purified GST::CrzA123 protein 
was analysed using 12.5% SDS-PAGE. Molecular weights are indicated at the left. 
 

The first in vitro DNA protein binding assay aimed to confirm that the zinc-finger domain of 

CrzA is indeed a DNA binding domain and, specifically, interacts with CDRE consensus sites 

as found within the afp promoter. Synthetic ds-oligonucleotides spanning 15 nucleotides 

upstream and downstream of the putative CDRE were used as targets for in vitro binding 

(Table 10). 

Fig. 25 shows an electro mobility shift assay (EMSA) using the radiolabelled CDRE-2/3 

synthetic site. GST::CrzA123 binds to this site and this binding can be competed with 

increased amounts of non radioactive CDRE2/3 site (Fig. 25). A mutated version of site 

CDRE-2/3 (CDRE-2/3m) was generated to prove specific binding of the fusion protein to this 

target. Here, both GGC core nucleotides were changed to AAT in order to disrupt specific 

CrzA::GST - CDRE-2/3 interaction. Binding of CrzA to the labelled CDRE-2/3 can be 

competed using unlabelled CDRE-2/3 as a specific competitor. In contrast, using CDRE-2/3m 

(up to 1000 fold excess compared to the labelled wild-type CDRE-2/3) where the consensus 

site was disrupted no competition could be observed, confirming a specific interaction of the 

CrzA DBD and CDRE-2/3 (Fig. 25). These results demonstrate that CrzA has a DBD able to 

recognise a DNA sequence coinciding with the Crz1p consensus binding site.  

 

Labeled site CDRE-2/3

protein in ng                                                          200

Competitor site - CDRE-2/3 CDRE-2/3m

Competitor excess - 1       5 10      50    100     50    100    250    500   1000   

 
Figure 25: Binding specificity of GST::CrzA123 to CDRE 2/3 
Non-labelled ds oligonucleotides containing site 2/3 or a mutated version of the putative 
CDRE site 2/3m (GGC changed to AAT) was used to confirm specificity of binding. 
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Subsequently, additional EMSAs were conducted in order to elucidate which of the remaining 

putative CDREs (CDRE-1, 4 and 5) within the afp promoter are recognised in vitro by the 

DBD of CrzA. Figure 26 shows an EMSA summarising these results. First, GST::CrzA123 is 

able to bind to site CDRE-5, as shown by the first three lanes of the EMSA. A direct 

relationship is observed between the amount of GST::CrzA123 protein added and the 

intensity of the retarded band. Using the lowest amount of protein assayed with site CDRE-5 

(50 ng), competition experiments were carried out with different amounts of non-

radiolabelled CDRE sites (100 and 500 times mass excess). Gel retardation assays revealed 

that the putative CDREs -1, -2/3 and -5 are bound by the GST::CrzA123 fusion protein. 

However, no specific competition was observed using site CDRE-4 (Fig. 26). Additionally, 

direct binging assays of GST::CrzA123 to labelled CDRE-4 confirmed that a CrzA and 

CDRE-4 interaction could not be detected (data not shown). These results strongly suggest 

that this site might not be recognised by CrzA. Further EMSA experiments demonstrated that 

GST::CrzA123 displayed the highest affinity towards ds oligonucleotides containing site 2/3 

and 5 and less affinity to CDRE-1 (data not shown).  

Competition experiments using specific (unlabelled CDREs) and unspecific competitors 

(oligonucleotides containing a disrupted or no CrzA consensus binding site) and the GST 

protein (data not shown) confirmed specificity of binding. The results presented here 

demonstrate that four out of five putative CDREs are recognised by GST::CrzA123 in vitro. 

Site CDRE-4 is either not bound or bound with extremely low affinity by the CrzA fusion 

protein in vitro. A scan of the nucleotide sequences revealed that compared with the 

consensus sequence, CDRE-4 carries a cytosine at position -2 (Table 10) that may represent a 

major base contact with side chains of the amino acids of the CrzA zinc-finger region.  
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Labeled site CDRE-5

Protein in ng               50    100     250                                      50

Competitor site - - - 5                  1                 2/3           4

Competitor excess 100     500    100    500    100    500   100   500

DNA / protein
complex

Unspecific
DNA /protein
complex

free DNA
 

 
Figure 26: Gel retardation assay using the putative CDRE-5 element 
Radiolabelled ds oligonucleotides containing site 5 were used as target DNA. Analysis was 
performed with purified GST::CrzA123 as indicated. Competition is demonstrated of 
GST::CrzA123-CDRE-5 complexes with an indicated excess of unlabeled ds 
oligonucleotides (CDRE-5, CDRE-1, CDRE-2/3 and CDRE-4).  

 
Table 10: Comparison of CDRE oligonucleotides used in gel retardation assays.  
The core sequence GGC is written in red. The star indicates the position where the absence 
of a guanine at site CDRE-4 precludes binding of CrzA. 

            *                  
Position          -4 -3 -2 -1 1 2 3 4 5 6 7 8         
Consensus1          C G G T G G C T G T G C         
Consensus2            G A G G C T G            
CDRE-1 G A A G T A C C T T G G C G G C T T A G A G C T G     
CDRE-2/3 C A T G C G T G G C T G A G G C T C T A T T A       
CDRE-2/3       C A T G C G T G G C T G A G G C T C T A T T A 
CDRE-5        G C A A G A G G C T C T G C T G A      
CDRE-4       G G C A G C T G G C T C A C A T C       

       1 (Stathopoulos and Cyert, 1997)  2 (Yoshimoto et al., 2002) 
 

EMSA results clearly demonstrate that CrzA binds to the Crz1p consensus binding site 

termed CDRE (Stathopoulos and Cyert, 1997) and, together with the similar phenotypic of the 

∆crzA and ∆crz1, strongly indicate that CrzA represents a functional homologue of Crz1p in 

A. nidulans.  

4.4.5 Full length CrzA from crude protein extracts recognises CDREs 
In order to confirm that native CrzA expressed by A. nidulans wild-type strains is able to bind 

CDREs, protein – DNA binding assays with A. nidulans protein extracts were performed. In 

native protein extracts, native soluble proteins are present that will compete in binding to the 
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presented DNA fragments. Using extracts should demonstrate specific binding of full length 

CrzA protein to CDREs, nevertheless unspecific interaction might occur because of 

electrostatic properties of proteins and DNA. Preliminary results had revealed that protein 

extracts used in binding assays with CDRE probes give rise to several DNA protein 

complexes (data not shown). In order to identify specific complexes, competition experiments 

and protein extracts from the crzA deletion strain will be used (lacking CrzA protein). 

Different conditions are described that induce transcription regulated by the CrzA homologue 

Crz1p (heat shock, presence of 200mM CaCl2 or 1M NaCl; Yoshimoto et al., 2002). Mycelia 

from A. nidulans grown at standard conditions were exposed to heat shock (transfer from 

37°C to 42°C), 200 mM CaCl2 or 1 M NaCl to gain soluble protein crude extracts after 1 and 

2 hours, respectively. These conditions were chosen to observe possible differences in the 

amount of total CrzA protein present under these altered conditions (Fig. 27). As shown in 

Figure 27, three distinct complexes are formed indicated with C1 – 3 and a diffuse area of low 

mobility complexes indicated as CN using CDRE-5 as the target ds-oligonucleotide. These 

complexes may reflect either high molecular weight protein complexes or globular proteins 

bound to the probe.  

 

C3

Labeled site CDRE-5

Strain wild-type

Protein extract 10 µg                                 control         42°C          NaCl         CaCl2
Induction period 1h     2h     1h      2h    1h      2h     1h     2h

C1

C2

CN

 
Figure 27: EMSA with A. nidulans protein extracts at different conditions 
A. nidulans mycelia were grown for 18 h followed by 1 or 2h stress conditions (1 M NaCl, 
200 mM CaCl2, and heat shock (transferred from 37°C to 42°C). Total soluble protein was 
extracted as described in Materials and Methods and subsequently used in DNA- protein 
binding assays using CDRE-5 as a target site. Distinct protein complexes C1 (complex 1), 
C2, C3 and a area of low electrophoretic mobility CN could be detected. Further 
experiments followed to identify which of these complexes is due to specific interaction of 
CrzA and CDRE-5. 
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Further experiments (Fig. 28) confirmed that CDRE-5 forms specific complexes that are 

competed in the presence of unlabelled specific competitors (CDRE-5 and 2/3) but are not 

competed in the presence of an unspecific unlabelled competitor (2C, sequence is given in 

Table 13). Interestingly, more than one specific complex is formed. Two complexes, C1 and 

C2 are clearly competed by CDRE-5 and CDRE-2/3 in the wild-type strain and are not 

present when using a protein extract from the ∆crzA strain suggesting that both shifted DNA-

protein complexes are formed with CDRE-5 (Fig. 28) and CrzA alone or CrzA is associated 

with other proteins. Remarkably, complexes (CN and C3) can still be detected that are not 

competed (Fig. 28) and still present when protein extracts were used  derived from the ∆crzA 

strain (Fig. 29). The extremely low mobility complexes (CN) and C3 can either be unspecific 

or may result from interaction of another protein with similar binding specificity towards the 

CDRE. Notably, this or these putative protein(s) seems to be present primarily under salt 

stress (NaCl) and under excess of calcium but cannot be detected under normal or heat shock 

conditions (Fig. 29).  

Labeled site CDRE-5

Strain wild-type

Protein extract 10 µg      NaCl   CaCl2 NaCl   CaCl2 NaCl  CaCl2 NaCl  CaCl2
Competitor site                  - - 2C             CDRE-5        CDRE-2/3   

C1

C2
C3

CN

 
Figure 28: Competition EMSA with protein extracts of A. nidulans to identify CrzA 
specific complexes 
A. nidulans mycelia were grown for 18 h followed by 1 h stress conditions (1 M NaCl, 200 
mM CaCl2). Total soluble protein was extracted as described in Materials and Methods and 
subsequently used in DNA- protein binding assays using CDRE-5 as a target site. Specific 
competitor CDRE-5 and CDRE-2/3 were used to identify complexes due to specific 
interaction of CrzA and CDRE-5. Complexes C1 and C2 are competed and therefore 
specific, whereas C3 is not competed and unspecific. Different complexes in the area of CN 
are competed; however, it is difficult to differentiate between specific and unspecific 
complexes.  
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Labeled site CDRE-5

Strain wild-type ∆crzA

Protein extract 10 µg        control  CaCl2 control       42°C          NaCl       CaCl2
Induction period 1 h                   1h     2h     1h      2h     1h      2h   1h     2h

C1

C2

C3

CN

 
Figure 29: Comparison of DNA-protein complex pattern in the wild-type and in the 
∆crzA strain 
A. nidulans mycelia were grown for 18 h followed by 1 h stress conditions (1 M NaCl, 200 
mM CaCl2 and heat shock (transferred from 37°C to 42°C). Total soluble protein was 
extracted as described in Materials and Methods and subsequently used in DNA- protein 
binding assays using CDRE-5 as a target site. Complexes C1 and C2 are not present in the 
extract from the CrzA deletion strain, therefore represent specific complexes formed due to 
the presence of CrzA and its specific binding site CDRE-5, whereas C3 is still present and 
therefore an unspecifically formed complex. Complexes in the area of CN are still present in 
the CrzA deletion strain. Here, it is difficult to differentiate between specific and unspecific 
complexes.  

 

In summary, the approach of using band shift assays with total soluble protein extract from A. 

nidulans revealed that one or more proteins from the protein extracts specifically interact with 

the putative CDREs of the afp promoter. This protein is most likely the yeast Crz1p 

homologue CrzA that is present at normal cultivation conditions and after 42°C treatment, but 

the concentration increases considerably upon NaCl stress (after 2h) and CaCl2 stress (after 

1h). Data suggest that the CrzA amount decreases after 1h of CaCl2 induction. Compared to 

NaCl stress that displays rising protein concentration towards 2h, this would implicate 

independent signalling that triggers the information of NaCl and CaCl2 stress towards CrzA, 

respectively. Furthermore, the presence of two distinct specific complexes C1 and C2 with 

different electrophoretic mobility could be detected, whereas complex C1 is more pronounced 

than complex C2. Different motilities of protein-DNA complexes could be due to CrzA 

protein modifications such as phosphorylation, processing steps or interaction of CrzA with 

additional elements from the extract.  
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4.5 Expression analysis of putative CrzA target genes 
 
Results obtained in this work encourage the assumption that CrzA is involved in stress 

adaptation in A. nidulans. Subsequently, genes that are regulated by CrzA would play a major 

role in stress resistance in A. nidulans.  

Global analysis of 1000 bp upstream promoter regions of 9.941 open reading frames (ORF) of 

A. nidulans (www.broad.com) revealed that 66 % contain at least one CDRE within their 

promoter region. To narrow the range of putative target genes of CrzA, gene expression of 

known yeast Crz1p targets where analysed. Crz1p in S. cerevisiae is a positive acting key 

regulator of ENA1, PMC1, PMR1, and FKS2. Furthermore, genes that are known to play 

pivotal roles in cell wall synthesis and calcium homeostasis were analysed. An improved 

annotation of the A. nidulans genome database is still underway, but currently most of the 

genes are only partially annotated and characterised. Identification of putative S. cerevisiae 

homologues is challenging and can only be performed on the basis of conservation of amino 

acid sequences and the modular composition of the proteins. Most of the yeast genes have 

more than one putative homologue in A. nidulans. However, a set of candidate genes was 

chosen from the A. nidulans databases that are homologous to yeast Crz1p dependent genes 

and contain CDREs within their promoter regions (Table 11). Gene expression of target genes 

was monitored in wild type strains (HHF17a, MAD1425, and BER25) and in crzA deletion 

strains (HHF17d, BER02) at putatively CrzA activating conditions.  

Liquid cultures of the corresponding strains were grown for 18 h and, depending on the 

experimental setup; cultures were treated for different durations with 100 mM CaCl2 or 1 M 

NaCl at pH 8, respectively. CaCl2 was chosen to induce calcineurin dependent activation of 

CrzA as described previously in S. cerevisiae and mammalian cells, whereas addition of 1 M 

NaCl and alkalinisation (pH 8) were setting up conditions where ENA up-regulation has been 

described in F. oxysporum (Caracuel et al., 2003). Expression of the respective genes at these 

conditions as summarised in Table 11 was evaluated using a Northern blot approach.  

The data obtained clearly demonstrate that the putative EnaA (AN6642.3) does not show 

CrzA-dependent expression, although it is upregulated at experimental conditions (1 M NaCl, 

pH 8). The two other putative ENA1 homologues (AN1628 and AN7664) could not be 

detected under experimental conditions tested. Similarly, mRNAs of PMC1 and PMR1 

homologues could not be detected (data not shown) (Table 11). Alternatively, a RT-PCR 

approach could be carried out to detect mRNA levels of low abundance.  

The predicted FKS2 homologue (AN3729) and PhoA display CrzA independent regulation. 

Expression levels of these genes were not significantly different in wild-type versus ∆crzA 
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strains. However, both genes were found to be upregulated under stress condition (data not 

shown). 
 

Table 11: Putative CrzA-dependent genes selected for expressional analysis  
Promoter regions (1 kb upstream) were analysed for putative CDREs.  

Expression analysis under 
stress conditions 

 
S. cerevisiae 

 
Protein  
function 

 
Candidate 
locus in A. 
nidulans 

 
CDREs in 
A. nidulans

CaCl2 NaCl NaCl at 
pH 8 

ENA1 P-type ATPase 
Na+ pump 

AN6642.3 
(putative 
EnaA) 

1 ∅ ∅ + 

  AN1628.3 1 ∅ ∅ ∅ 

  AN10982.3 2 ∅ ∅ ∅ 

PMC1 Vacuolar Ca2+ 
ATPase 

AN2827.3  ∅ n.d. n.d. 

  AN4920.3  ∅  n.d. 

PMR1 Golgi, high 
affinity 
Ca2+/Mn2+ P-
type ATPase 

AN7464.3 1 ∅ n.d. n.d. 

FKS2 catalytic 
subunit of 1,3-
beta-glucan 
synthase 

AN3729.3 4 + n.d. n.d. 

PHO85 Cyclin-
dependent 
kinase 

AN8261.3 
(PhoA) 

3 + n.d. n.d. 

CHS Chitin synthase 
genes 

AN2523.3 
(ChsB) 

2 +CrzA  n.d. n.d. 

VCX1 H+/Ca2+ 
exchanger 

AN0471.3 
(putative 
VcxA) 

4 +CrzA  n.d. n.d. 

n.d.: not determined  
∅ : no effect on mRNA level after stress application (mRNAs were usually not detectable by Northern analysis) 
+ : increased mRNA level after stress application but CrzA independent 
+CrzA: increased mRNA level after stress application is CrzA-dependent 
 



Results 
 
 

- 68 - 

30’

1M NaCl at pH 8 - +    - + - + - +

30’60’ 60’

AN6642
(ENA1 homologue)

crzA wt ∆crzA

AN0471
(VCX1 homologue)

100 mM CaCl2 - +     - +
crzA wt ∆crzA

AN2523
(ChsB)

crzA wt ∆crzA

30’

- +    - + - + - +

30’60’ 60’

18S rRNA

18S rRNA

18S rRNA

A

B

C

100 mM CaCl2

 
Figure 30: Expression analysis of putative CrzA targets genes 
A. nidulans (wt: MAD1425; ∆crzA: BER02) was pre-grown for 18 h at standard conditions 
and 100 mM CaCl2 or 1M NaCl was added. Cultures, where 1M NaCl was added were 
adjusted to pH 8 using NaOH. RNA was isolated after 30 and 60 min. Methylenblue 
stained rRNA was taken as loading control. Expression levels of A) AN6642 (EnaA) after 
30 and 60 min of 1 M NaCl at pH 8; B) ChsB after 60 min of CaCl2 treatment; C) 
AN0471.3 after 30 and 60 min of CaCl2 treatment. 

 

However, ChsB (AN2523), a class III chitin synthase is significantly upregulated in the wild-

type strain when CaCl2 stress is applied for 60 minutes (Fig. 30). The inability of the ∆crzA 

strain to respond to this stress situation with an up-regulation of chitin synthase class III 

clearly demonstrates that CrzA is required, directly or indirectly, in a positive manner to 

induce chitin synthase expression. This is in agreement with the previous hypothesis that 

postulated ChsB as a key factor necessary for response to cell wall stress and reduced afp 

susceptibility.  

Further Northern analyses revealed that AN0471 (vcxA), a putative homologue of S. 

cerevisiae vcx1 is an additional gene that is significantly upregulated upon CaCl2 stress in a 



Results 
 
 

- 69 - 

fast response that peaks at 30 minutes and declines afterwards in the wild-type strain. In the 

∆crzA strain, however, AN0471 (VCX1 homologue) expression is not upregulated in response 

to CaCl2 stress. This strongly suggests that AN0471 (VCX1 homologue) expression during 

calcium stress is under the positive control of the CrzA. VCX1 in S. cerevisiae is a high 

capacity, low affinity Ca2+ transporter responsible for restoring cytosolic Ca2+ levels by taking 

up Ca2+ into the vacuole in exchange for H+ ions (Miseta et al., 1999; Pittman et al., 2004). 

The lower expression level of AN0471 (VcxA) at high calcium conditions in a ∆crzA  strain 

as well as the observation that Mg2+ partially restored wild-type growth encouraged the 

assumption that calcium homeostasis is disturbed in the crzA deletion strains, e.g. especially 

clearance of high cytosolic Ca2+ levels.  

In summary, three genes could be detected that are upregulated under the growth conditions 

selected. However, only chsB and AN0471 (vcxA) are regulated in a CrzA-dependent manner, 

whereas enaA expression is CrzA independent. AN6642 (putative ENA1 homologue EnaA) 

transcription is only upregulated when high salt conditions are combined with alkaline pH, 

while calcium stress does not induce AN6642 (enaA) expression and no transcripts can be 

detected (data not shown). Other genes tested such as putative homologues of PMC1 and 

PMR1 could not be detected at the selected experimental settings although these genes have 

been shown to be upregulated in a Crz1p dependent manner in S. cerevisiae upon calcium 

stress (Yoshimoto et al., 2002). The observation described here that many genes involved in 

stress response remain puzzling at the conditions where up-regulation in S. cerevisiae has 

been described suggest major differences in ambient stress response between A. nidulans and 

S. cerevisiae.  

4.6 Characterisation of CrzA binding activity and specificity  
 

Gene regulation by trans-acting factors depends in most cases on sequence-specific DNA-

protein interaction. The classical C2H2 - zinc-finger domain appears to be frequently found in 

eukaryotic genomes (Espeso et al., 1997; Fernandez-Martinez et al., 2003). The structure of 

zinc-finger modules is stabilised by the conserved sequence pattern that forms a conserved 

ββα-fold (Fig. 31). The diversity of different consensus sequences recognised by C2H2 zinc-

finger domains is due to different residues within the α-helix that can interact with 

nucleotides of the major groove of DNA (Wolfe et al., 2000).  
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Figure 31: C2H2 Zinc-finger structure 
A) Protein sequence of CrzA zinc-finger (zf); blue and yellow boxes indicate consensus 
amino acids of the C2H2 zf motif; yellow boxes highlight zinc-coordinating amino acids.  
B) Schematic drawing of the ββα - motif of a model finger adapted from Wolfe et al., 
2000. The side chains of the conserved Cys and His, which are involved in zinc (red) 
coordination and side chains of conserved hydrophobic residues, are shown. 

 

4.6.1 The CrzA DNA binding domain contains three zinc-finger motifs 
essential for DNA binding 

As already described in chapter 4.2.1; zinc-finger III does not meet the C2H2 consensus 

though this domain is highly conserved in all Crz1p homologous proteins (Fig. 31). To 

elucidate further, the function of zinc-finger III for DNA binding, a modified version of the 

GST::CrzA123 fusion protein was generated. Using the same approach as described before 

(chapter 4.4.3; page 58), a plasmid (pGEX-CrzA12 (469-551)) was generated to express a 

truncated version of CrzA DBD that only comprises fingers I and II. Binding of GST::CrzA12 

lacking the non-consensus finger III is totally abolished to all CDREs (exemplarily binding to 

CDRE-5 is presented in Fig. 32), indicating that zinc-finger III is essential in DNA binding 

for CrzA. 

 

Labelled site CDRE-5

GST fusion CrzA12                  CrzA123

Protein in ng                0   250   500    10   25     50   100  250  

 
Figure 32: Protein – DNA binding analysis of GST::CrzA12 to CDRE-5   
Radiolabelled ds oligonucleotides containing site 5 were used as target DNA. Analysis was 
performed with rising amount of purified GST::CrzA12 and GST::CrzA123 as indicated.  

 

Results described in the former paragraph have indicated that the DBD of CrzA contains an 

atypical zinc-finger motif. This third finger is hypothesised to stabilise its three dimensional  

ββα - structure by coordinating Zn2+ via C2H and another Cys residue (Fig. 31). 
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Figure 33: Schematic representation of C2H2 of zinc-finger II and 
atypical zinc-finger III 
Blue and yellow boxes indicate consensus amino acids of the C2H2 
zinc-finger motif. The cysteine residue 588 putatively involved in 
formation of the three-dimensional structure is indicated with an arrow. 
This cysteine residue was exchanged to an alanine 
(GST::CrzA123(C588A)). The zinc ion could be also coordinated by the 
serine residue as indicated with the dotted red line. Amino acids are 
given in the single letter code. 
 
 

Using a 360°-PCR approach (see Materials and Methods), Cys(588) was exchanged for an 

Ala to test the hypothesis that this Cys is involved in coordination of Zn2+ and thereby 

stabilises the structure of zinc-finger III. The amino acid exchange C588A within the DBD of 

CrzA (pGEXCrzA123(C588A)) resulted in a remarkable reduction in DNA binding affinity (Fig. 

34). These data indicate that the three dimensional structure of the third finger of the CrzA 

DBD is almost certainly stabilised due to the coordination of Zn2+ by two cysteines a histidine 

and another cysteine residue. 
 

Labelled site CDRE-5

Protein extracts     DH1 GST   CrzA123   CrzA123(C588A)

Protein in µg 5     5    0.8   1  2.5 0.8   1   2.5 5

 
Figure 34: The third finger of CrzA is formed by an atypical C2HC structure 
Radiolabelled double stranded oligonucleotides containing site 5 were used as target DNA.  
B) Single amino acid exchanges of key amino acids Trp 564 and Cys588 are sufficient to 
reduce remarkably binding of CrzA123 to CDREs.  
 

4.7 Characterisation of the DNA binding motif of CrzA 
 
To study the double CrzA site, CDRE-2/3, different changes were introduced in to the 

nucleotide sequence, affecting either site 2 or 3, or both (Fig. 35). This resulted in three new 

mutagenised versions of the CDRE-2/3 probe (CDRE-2, -3, -2/3dm). In order to confirm that 

the exchange of one nucleotide within the core sequence GGC might prevent binding of 

CrzA, CDRE-1 and CDRE-5 were also mutated in the same way (Fig. 35). These experiments 

were performed using total soluble protein extracts from E. coli expressing the corresponding 

GST fusion protein. Neither the extract from DH1/DH5α expressing only GST nor wild-type 

DH1/DH5α interfered in binding or gave rise to any protein-DNA complexes containing 
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CDREs. Several binding experiments realised successfully in this work made use of protein 

extracts of E. coli. This may represent a fast method to test binding affinities of expressed 

zinc-finger proteins in prokaryotic systems as zinc-finger proteins are present only (with a few 

expectations) in eukaryotic systems. Furthermore, when putative binding domains are 

expressed without a protein tag, problems that arise from tagging will be avoided, especially 

GST dimerisation, and difficult removal of the tag. 

Competition experiments demonstrated that changing the first guanine within the core 

sequence GGC to an adenine results in loss of CrzA binding to sites 1 and 5 (for CDRE-5m 

data not shown; (Fig. 35). The same nucleotide exchange in both core sites of CDRE-2/3 

abolished binding of GST::CrzA123. CDRE-2 displayed a more distinct competition than 

CDRE-3 indicating a higher affinity of GST::CrzA123 towards CDRE-2 (Fig. 35).  

 
Figure 35: Point mutation within the GGC core prevents binding to GST::CrzA123 
Protein extracts from E. coli (DH1) and DH1 expressing GST::CrzA123 were used to 
perform a gel retardation assay. Binding oligonucleotides carry a point mutation. Changing 
the core binding sequence from GGC to AGC prevents recognition of CDRE-1 and 2/3 by 
GST::CrzA123. Furthermore, it is demonstrated that the binding affinity towards site -2 is 
higher than to site -3. 

 

Furthermore, the here presented results indicate that the DBD of CrzA makes critical contacts 

with guanines at position 1 and -2 of the CDREs. Later on (page 78; Chapter 4.8.1), evidence 

will be provided that in addition to G1 and G-2, T4 is essential for the CDRE to be recognised 

by CrzA (Table 12). The guanine at position -2 has been shown to be necessary as this is the 

only difference between the not recognised CDRE-4 and e.g. CDRE-5. Mutational analysis of 

the binding sequence also revealed that G1 is necessary for CrzA binding. Consequently, 

bases at position -2, 1 and 4 are essential for interaction of CrzA. 

 

5´-CGACCATGCGTAGCTGAAGCTCTAATTACC-3´CDRE-2/3dm

5´-CGACCATGCGTGGCTGAAGCTCTAATTACC-3´CDRE-2

5´-CGACCATGCGTAGCTGAGGCTCTAATTACC-3´CDRE-3

5´-CGTGAAGTACCTTGGCAGCTTAGAGCTGAA-3´CDRE-1m

5´-CGACCATGCGTAGCTGAAGCTCTAATTACC-3´CDRE-2/3dm

5´-CGACCATGCGTGGCTGAAGCTCTAATTACC-3´CDRE-2

5´-CGACCATGCGTAGCTGAGGCTCTAATTACC-3´CDRE-3

5´-CGTGAAGTACCTTGGCAGCTTAGAGCTGAA-3´CDRE-1m
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Table 12: Comparison of the affinities of CrzA to CDREs of the afp promoter 
The core sequence GGC is written in red. Bold letters indicates the base positions that are 
critical for specific protein-DNA interaction of CrzA. Different affinities are evaluated 
using competition and direct binding experiments (data only partially shown).  
 
                

Position 
 

 -4 -3 -2 -1 1 2 3 4 5 6 7 8 CrzA 
affinity 

Consensus1  C G G T G G C T G T G C  
Consensus2    G A G G C T G     
CDRE-5 G C A A G A G G C T C T G C +++ 
CDRE-2 A T G C G T G G C T G A G G +++ 
CDRE-3 G G C T G A G G C T C T A T ++ 
CDRE-1 C T T G G C G G C T T A G A + 
        
CDRE-4 G C A G C T G G C T C A C A - 

 
     highest affinity: +++, decreasing to +, - stands for no binding affinity could be demonstrated using the   
     EMSA approach.  
     1 (Stathopoulos and Cyert, 1997)  2 (Yoshimoto et al., 2002) 
 

4.7.1 Zinc-fingers of CrzA are related to the PacC/Rim101/Gli/Ci family 
Zinc-finger containing transcription factors play a fundament role in the regulation of gene 

expression. Most of the key genes essential for development, cell cycle and ambient pH 

response are transcriptionally regulated by the interplay of several transcription factors. 

Several of these trans-acting factors belong to the family of Zic- and Gli-related transcription 

factors (Knight and Shimeld, 2001), such as Rim101/PacC in fungi (ambient pH signalling), 

Swi5 and Ace2 in S. cerevisiae (cell cycle) (Rua et al., 2001), as well as Gli and Ci (Aza-

Blanc and Kornberg, 1999; Gill and Rosenblum, 2006; Matise and Joyner, 1999) 

(development).  

In several of these zinc-finger proteins, identical positioned Trp residues were shown to play 

an important role in intramolecular interaction between adjacent fingers such as in PacC and 

Gli1 (Fernandez-Martinez et al., 2003 and references therein). Loss of function mutations in 

PacC have been isolated mapping at Trp residues conserved at the first two zinc fingers of 

PacC. Alterations of this Trp in PacC to the non polar amino acid Gly reduced distinctively 

binding affinity of PacC (Espeso et al., 1997). An example of similar zinc-finger proteins is 

given in Figure 36. 
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73 AEELTCMWQ~~~~~~~~~GCSEKLPTPESLYEHVCERHVGRKSTNNLNLTCQWGSCRTTT
143 DITLYCKWD~~~~~~~~~NCGMIFNQPELLYNHLCHDHVGRKSHKNLQLNCHWGDCTTKT
477 IYETNCHWE~~~~~~~~~GCAREFDTQEQLVHHINNDHIHGE~~-KKEFVCRWLDCSREQ
448 FIETNCHWR~~~~~~~~~SCRIEFITQDELVKHINNDHIQTN~~-KKAFVCRWEDCTRGE
219 KQELICKWIEPQLANPKKSCNKTFSTMHELVTHVTVEHVGGPE~~QSNHICFWEECPREG

124 VKRD~~~HITSHIRVHVPLKPHKCDF~~CGKAFKRPQDLKKHVKTHADDSVLVRSPEPGS
194 EKRD~~~HITSHLRVHVPLKPFGCST~~CSKKFKRPQDLKKHLKIHLESGGILKRKRGPK
525 KPFKAQYMLVVHMRRHTGEKPHKCTFEGCTKAYSRLENLKTHLRSHTGEKPYVCEHEGCN
496 KPFKAQYMLVVHMRRHTGEKPHKCTFEGCFKAYSRLENLKTHLRSHTGEKPYTCEYPGCS
277 KPFKAKYKLVNHIRVHTGEKPFPCPFPGCGKVFARSENLKIHKRTHTGEKPFKCEFEGCD
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Gli3
Ci

Zic1
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Gli3
Ci

Zic1
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Figure 36: Alignment of proteins that contain a Trp in adjacent zinc-fingers 
Amino acid sequence alignment of the zinc-finger region of five proteins; PacC; A. 
nidulans, Rim101 S. cerevisiae; Gli3 H. sapiens; Ci  Drosophila melanogaster; Zic1 
.Gallus gallus Two adjacent fingers contain a Trp residue within their Cys knuckle (blue 
star). The residues are thought to mediate intramolecular interaction.   
Accession number: PacC: CAA87390; Rim101 NP_011836; Gli:  P08151 Ci  NP_524617; 
Zic1 BAB92091 

 

Remarkably, the Trp(564) or Phe, another hydrophobic residue, is predominantly conserved 

in all homologous CrzA proteins (Fig. 37). In contrast to these proteins displayed above, 

CrzA comprises only of one finger with this prominent Trp residue. This gives reason to the 

speculation that the Trp is involved in interaction with regulatory proteins or with a second 

CrzA protein. 

 

CrzA zf III consensus: Phe/Tyr X Cys X9-10 Phe/Trp X Cys X 3 Phe X5 Leu X2 His X8 Cys

547 SGEKKFVCRGDLSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERER~LINQQ
594 SGEKKFVCRGDLSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERER~LMDQQ
594 SGEKKFVCRGDLSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERERTLMDQQ
477 SGKKRYVCGGKLKGGA-TWGCGKKFARSDALGRHFKTESGRRCIAPLYDEASKERAANNMAPL
572 TGKKRYVCGGKLKDGT-FWGCGKKFARSDALGRHFKTSSGRKCITPLYEETARERNLPIDDTN
412 QGVKNFKCQGYLNDGVTSWGCGKTFARSDALSRHFRTETGWLCIRPLMEEAKRLEEEEQQRQQ
583 SGEKKFVCRGDLTRGG-QWGCGRRFARADALGRHFRSEAGRVCIKPLLDEEAAERERTFMSQQ
620 TGKKRYVCGGKLKDGK-PWGCGKKFARSDALGRHFKTESGRRCITPLYEEARQEKSGQES--
256 VGEKNFKCEGFLKDGTTKWGCGKKFARSDALSRHFRTETGWLCIKPLMDEANESENN-----
544 SGEKKFVCKGDLKVGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEEMMERQRLWQEQR
623 SGEKKFVCQGELSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERERALMNQQ
551 SGEKKFVCKGDLKAGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEEIMERQRIWQEQR
517 TGEKKFLCRGFLRDGT-PYGCGRKFARADALRRHFQTEAGRDCIKALLEEDDRDR-KNG---
515 SGEKKFVCKGELKQAG-SWGCGRRFARADALGRHFRSEAGRICIKPLLDEEALERQRLWQEQR
443 TGKKRYVCGGHLKDGT-AWGCGKKFARSDALGRHFKTESGRKCILPLYEEASREKRPL----
563 SGEKKFVCRGDLARGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERER~TLMDQ
610 SGEKKFVCQGELSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERER~SLMDQ
676 TGEKKFQCKGFLKSGK-PYGCGRKFARADALRRHFQTEAGKECIRLLIEEEERERLKNGDSTV
520 TGKRRYVCGGILKNGN-SWGCGKKFARSDALGRHFKTELGKKCILPLYEEAELEKKAN----
476 SGEKKYQCQGVLADGQTPWGCGRKFARADALGRHFKTEAGRECIRLLLEEEANEKQA~~LSGQ
599 SGEKKFVCQGELSRGG-QWGCGRRFARADALGRHFRSEAGRICIKPLLDEESQERER~SLMDQ
538 SGEKKFICKGELPVAGQQWGCGRRFARADALGRHFRSEAGRICIRPLLEAENRERQRQYAEAM

A. nidulans
A. flavus

A. oryzea
A. gossypii
C. glabrata
C. albicans
C. immitis

S. cerevisiae
D. hansenii

G. zeae
A. clavatus

M. grisea
P. guilliermondii

S. slerotiorum
T. delbrueckii

A. terreus
N. fischeri
P. stipitis

K. lactis
Y. lipolytica

A. fumigatus
N. crassa

 
Figure 37: The significance of zinc-finger III 
A consensus sequence is derived from the alignment of the 3rd zf of CrzA homologous proteins. Full stars 
indicate zinc coordinating, blank stars hydrophobic and blue stars Phe/Trp residues within the Cys knuckle. For 
accession numbers refer to Figure 14. 
 



Results 
 
 

- 75 - 

In order to elucidate the role of this Trp residue at amino acid position 564 for DNA binding, 

a second exchange was obtained. The triplet GCG, encoding for tryptophan 564, was changed 

to TGG (encoding an alanine) by a 360° PCR approach giving rise to the plasmid 

pGEXCrzA123(W564A). 

DNA binding assays using the modified GST::fusion protein where the Trp residue at position 

564 was exchanged for an Ala, demonstrated that this substitution reduces binding affinity of 

CrzA (W564A) to CDRE-5, indicating that Trp 564 plays a major role in DNA binding by the 

CrzA DBD (Fig. 38). 

However, the exact function of the Trp(564) needs further investigation, but could indicate 

that if a mechanism similar to that described in PacC, or Gli1 transcription factors occurs, that 

interactions either with other transcription factors or with CrzA itself might take place. 

Meanwhile, the exchange C588A confirms the assumption that the third finger is stabilised by 

an unusual C2HC configuration. Such a configuration was also observed in the protein FOG-

1. Interestingly, the C2HC configured zinc-fingers in FOG-1 are responsible for interaction 

with GATA-1 (Fox et al., 1999), giving further evidence that zinc-finger III is involved in 

intermolecular interaction. 

 

Labelled site CDRE-5

Protein extracts CrzA123         CrzA123(W564A)

Protein in µg              0.8    1   2.5           0.8    1   2.5 

 
 

Figure 38: The Cys knuckle Trp in finger III plays an essential role in DNA binding   
Radiolabelled double stranded oligonucleotides containing site 5 were used as target DNA.  
Single amino acid exchanges of key amino acids Trp 564 is sufficient to reduce remarkably 
binding of CrzA123 to CDRE-5.  
 

4.8 In addition to CrzA, SltA is involved in Aspergillus salt stress 
response 

 
Saline stress tolerance including osmotolerance is an important feature of fungi enabling them 

to live in a broad range of habitats. To prevent water loss due to ambient high salt stress, fungi 

synthesise osmoactive compounds such as polyols, accumulate ions from the external medium 

(Clement et al., 1996) and/or extrude toxic ions. Several regulatory pathways have been 

described to take part in this adaptation. In filamentous fungi, the high osmolarity glycerol 



Results 
 
 

- 76 - 

(HOG), the cell wall integrity, the Pal/PacC pathway and the transcription factor SltA are 

responsible for growth in an environment of high salinity (Fujioka et al., 2007; Furukawa et 

al., 2005; Han and Prade, 2002; O'Neil et al., 2002; Platara et al., 2006). The previous chapter 

documented that CrzA is another transcription factor that might influences salt stress 

response.  

In the following chapter, the role for the SltA protein of A. nidulans in salt stress response 

will be analysed and discussed. Furthermore, similarities and differences between SltA and 

CrzA with respect to their cellular role will be addressed. NaCl has been shown to induce afp 

expression, suggesting a regulatory role of the SltA transcription factor, however currently no 

data is available how SltA-dependent response it triggered. The sltA1 mutation (truncation) of 

A. nidulans has been reported to confer sensitivity to Na+ (growth inhibition at 0.5 M NaCl) 

and K+, to display arginine sensitive growth, altered arginase activity, reduced ability of 

polyol formation and utilisation of glycerol or ethanol as sole carbon source (O'Neil et al., 

2002). Analysis of a genomic clone that complemented the salt stress sensitive phenotype of 

the sltA1 mutant identified a C2H2 zinc finger protein assigned StzA (O'Neil et al., 2002). This 

protein is referred to as SltA (AN2919) in the following description. Phenotypic analysis of 

the sltA deletion mutant HHF17e provided by Helen Findon (Imperial College, London) 

demonstrated that the sltA1 mutant analysed previously (Clement et al., 1996; O'Neil et al., 

2002) is a loss of function mutation. Remarkably, no SltA homologue exists in the yeast 

system and this transcription factor seems to be unique to filamentous fungi (homologues are 

found such as in Trichoderma reesei (ACEI): Q9P8W3, Aspergillus oryzae: 

AO090005001502, Magnaporthe grisea: XP_361983, Neurospora crassa: XP_963927). 

Moreover, a southern blot analysis confirmed the presence of a SltA homologue in A. 

giganteus (Fig. 39) supporting an influence of SltA in afp expression. 

 

 
 
Figure 39: Identification of a SltA homologue in A. giganteus 
Southern Blot analysis of A. giganteus (A ) and A. nidulans (B) 
was carried out; genomic DNA was digested using BamHI (A) 
and XbaI (B) and hybridised with SltA probe at reduced 
stringency. Restriction of A. nidulans genomic DNA resulted in 
the expected fragment size of 2.4 kb and 3.3 kb. The A. 
giganteus SltA homologue was identified as fragment of 
approximately 4.0 kb. 
 

ACEI was shown to be involved in regulation of the cellulase promoter cbh1 in Hypocrea 

jecorina (T. reesei; Saloheimo et al., 2000), where both in vitro and in vivo binding was 

6.0
5.0
4.0
3.5
3.0
2.5
2.0

kb A      B
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confirmed. In vivo analysis of the function of ACEI has identified this transcription factor as a 

negative regulator of cellulase and xylanase gene expression (Aro et al., 2003). The consensus 

binding site of SltA was described as 5’- AGGCA -3’ by Saloheimo et al. (2000).  

 
Table 13: Comparison of Crz1p/CrzA and ACEI/SltA DNA binding site  
The core sequence is written in red and the consensus binding sequence of Crz1p and ACEI is given. In 
adaptation to the differences a mutants probe SltA-3m was designed to verify the importance of the T at position 
+4. 

 -3 -2 -1 1 2 3 4 5 6
      
CDRE site 1*  C G G T G G C T G T G C  
CDRE site 2*   G A G G C T G     
CDRE -1 C T T G G C G G C T T A G A G C
CDRE -2/3 G G C T G A G G C T C T A T T A
CDRE -2/3 A T G C G T G G C T G A G G C T
CDRE -5 G C A A G A G G C T C T G C T G
CDRE -4 G C A G C T G G C T C A C A T C
      
ACEI 3*  C A G G C A     
SltA-1  A T C A G G C A T G A   
SltA-2  G T G A G G C A  T G T   
SltA-3  T T G A G G C A A T G   
2C 3*  T T T A G G C A T T C   
SltA-3m  T T G A G G C T A T G   

 
1* (Stathopoulos and Cyert, 1997) 2* (Yoshimoto et al., 2002) 3* (Saloheimo et al., 2000) 
 

Furthermore, promoter analysis revealed the presence of putative SltA/ACEI consensus 

binding sites within the afp promoter (-247, -268, -555). Thus, the SltA protein and putative 

SltA binding within the afp promoter are present in A. giganteus and could exert an influence 

on afp expression. 

Remarkably, the consensus ACEI/SltA binding site resembles the binding site of CrzA, 

especially with respect to the core sequence 5’- AGGC-3’, suggesting that SltA (ACEI) and 

CrzA might bind, or even compete for similar binding sites. A comparison of the DNA 

binding sites of ACEI and CrzA (Crz1p) known till date are given in Table 8. Even though the 

core sequence AGGC is identical for both SltA and CrzA, the DNA binding domains are 

completely different (Fig. 40). Consequently, working with salt stress to induce afp 

expression, the influence of a SltA transcription factor present in the genus Aspergillus has to 

be taken into account.  
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EQDGEAISLRTGKPYEGQPIPSMKRSLSAASTDEGVQRSMARRKKNAPPMNINKKCKDCD
-----------------------------------VQKHPAT-----------FQCTLCP

KVFARPCDLTKHEKSHS--RPFKCPVTSCKYHIKGWATEKESERHYNDKHSDAPRLFACQ
KRFTRAYNLRSHLRTHTDERPFVCTV~~CG~~~KAFARQHDRKRHEG-LHSGEKK~FVCR

FES~~~~~~~CSYKSKRESNCKQHMEKTHGWVYMRSKNNGRSKASPQQQTTSPSSSSVQP
GDLSRGGQWGCGRRFARADALGRHFRSEAGRICIKPLLD----------EESQERER---

SltA
CrzA

SltA
CrzA

SltA
CrzA

 
Figure 40: Alignment of the zinc-finger region of SltA and CrzA 
The DNA binding domains of CrzA and SltA differ significantly, suggesting that their 
DNA binding motifs differ as well. Conserved residues of the zinc-finger structure are 
indicated with a black star, for orientation the Trp residue in CrzA zinc-finger III is 
indicated with a blue star. 

 

4.8.1 SltA is a ACEI homolog and interacts with DNA sequences of the afp 
promoter 

The results obtained from a manual promoter search suggest that SltA has a direct role in afp 

expression. However, until date, the ACEI/SltA consensus binding site has only been 

described to be functional in H. jecorina (T. reesei) (Saloheimo et al., 2000). Therefore, 

binding of SltA had to be tested not only for putative SltA-dependent elements (SDE), but 

also to the 2C site that was previously used by Saloheimo et al. (2000). For expression and 

isolation of the SltA protein, the same strategy was chosen as already described for CrzA. 

However, purification of the GST::SltA fusion protein was not successful. Strong interaction 

of the GST::SltA protein with the purification matrix prevented elution of the fusion protein 

in all conditions tested (data not shown). An alternative version of the GST-SltA zinc-finger 

region was expressed but this also showed strong interaction with the glutathione-matrix and 

could not be eluted (data not shown). Nevertheless, earlier results obtained with total protein 

extract derived from E. coli expressing the corresponding GST fusion protein encouraged the 

use of protein extracts in this case. 

 
 
 
 
 
Figure 41: Expression of GST::SltA in E.coli 
Protein extracts from GST::SltA expressing E. coli. At inducing 
conditions a protein band displaying the expected size of SltA 
(indicated with an arrow; predicted size 42.3 kDa) can be 
observed in PAGE. 1: total protein extracts, 2: total protein 
extracts IPTG induced, 3: insoluble protein fraction, 4: soluble 
protein fraction 
 

Gel retardation assays demonstrated that SltA is able to bind specifically to the putative 

binding site SltA-1, SltA-3 and C2 (Fig. 42). Competition with CDRE-1, -4 and -5 did not 
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show any significant effect, however, slight competition was observed with CDRE-2/3. CrzA 

fusion protein was not able to bind to SltA-1 site. Although CDRE and SDE are very similar, 

these data suggest that a minimal number of critical contacts are responsible to facilitate 

discrimination between very similar binding sequences. Examination of the third SDE SltA-3 

revealed that this site only displays one difference when compared to the consensus sequence 

of CDREs (Table 14). 

 
 

Labelled site SltA-1

Protein GST::SltA GST::CrzA123 GST::SltA

extract in µg                   in ng extracts in µg
1          2.5          5       50       100        250  1      

Competitor site         - - - - - - - SltA-1   SltA-3   CDRE-1  CDRE-2/3   CDRE-4  CDRE-5   2C

 
 

Figure 42: SltA from A. nidulans recognises putative SDEs within the afp promoter 
Bandshift assay using the SltA-1 probe from Aspergillus giganteus afp promoter, and 
protein extracts from E. coli expressing the fusion protein GST::SltA. Competition 
reactions (1000x) were performed using oligonucleotides containing either SltA/ACEI or 
CrzA binding sites. 
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Table 14: Comparison of the affinities of CrzA and SltA to CDREs and SDEs  of the afp promoter 
The core sequence GGC is written in red. Bold letters indicates the base positions that are critical for specific 
protein-DNA interaction of CrzA or SltA, respectively. Different affinities are evaluated using competition and 
direct binding experiments (data only partially shown).  
 
 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 CrzA 

binding 
SltA 

binding 

CDRE -1 C T T G G C G G C T T A G A G C + - 

CDRE -2 A T G C G T G G C T G A G G C T +++ - 

CDRE -3 G G C T G A G G C T C T A T T A ++ - 

CDRE -5 G C A A G A G G C T C T G C T G +++ - 

CDRE -4 G C A G C T G G C T C A C A T C - - 

SltA-3m   T T G A G G C T A T G  +++ - 

          

SltA-1   A T C A G G C A T G A  - +++ 

2C 3*   T T T A G G C A T T C  - +++ 

          

SltA-3   T T G A G G C A A T G  ++ ? 

 
1* (Stathopoulos and Cyert, 1997) 2* (Yoshimoto et al., 2002) 3* (Saloheimo et al., 2000) 
? Binding has yet not been elucidated. 
 

To test if the presence of a thymidine (T4) instead of an adenine at position 4 (A4) is 

responsible for SltA specific binding; a mutated SltA-3 site was constructed where the A4 

was exchanged for a thymine (SltA-3m; Fig. 43). This point mutation in SltA-3 completely 

abolished binding of the GST::SltA, instead binding of the GST::CrzA fusion protein could be 

observed. Competition experiments and comparison of the binding sites (Fig. 42) revealed 

that SltA-3 is more similar to a CDRE than SltA-1 and that GST::CrzA has some binding 

affinity to SltA-3; however, SltA-3 also is moderately competed binding of GST::SltA to Slt-

1. Consequently, GST::SltA displays less affinity towards SltA-3. Therefore, it can be 

speculated that SltA-3 is an intermediate cis-acting element and could be bound by both SltA 

and CrzA.  
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Labeled site SltA-3m

Protein GST::SltA                             GST::CrzA123

extract in µg                                  in ng

1       2.5         5      50        100       250  100     100

Competitor site               - - - - - - SltA-3

Excess 100x  500x 

 
 
Figure 43: Binding affinity of CrzA and SltA is interchangeable  
Binding using a modified version of SltA-3 (+1 A->T) SltA-3m. Binding affinity of protein 
extracts from E. coli expressing GST::SltA was tested towards a mutated version of SltA-3 
(SltA-3m). In addition a competition experiment was carried out using SltA-3 itself. 

 

In summary, although both consensus binding sites strongly resemble each other, one 

respectively two bases within the consensus sequence determine which of the proteins, either 

CrzA or SltA, are able to bind. A guanidine at position -2 together with the remaining 

consensus bases is essential for CrzA binding. This position seems less conserved in the SltA 

binding sites because C2 and SltA-1 have different residues but there is no guanidine at this 

position and both sites are recognised by SltA. However, an adenine at position 4 is required 

in a SltA sites to be bound by GST::SltA.  

 

4.8.2 SltA acts as a repressor of afp promoter activity 
In order to investigate the influence of SltA transcription factor on afp expression, a single 

sltA (HHF17e) and a double deletion strain (HHF17f; ∆crzA, ∆sltA) were analysed. Reporter 

strains used in this analysis were provided by H. Findon (Imperial College, London) who has 

used BER02 (∆crzA; afp::lacZ) as one parental strain for respective crossings. Reporter 

activity was obtained for deletion strains in comparison to the isogenic wild-type strain 

HHF17a. In contrast to previous results (page 58), there is no difference in expression levels 

between wild-type and ∆crzA. Interestingly, reporter activity in the ∆sltA background is 

increased 2.3 fold in comparison to the wild-type situation. This increase of reporter activity 

strongly suggests that SltA acts as a repressor of afp expression. A decrease of reporter 

activity in the double deletion strain (∆crzA, ∆sltA), however, implies that CrzA is a positive 

factor in afp gene regulation. Compared to former results where reporter activity decreases by 

40 % in the ∆crzA (Fig. 22), in this case, reporter activity decreases by 20 % using strains 
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with a different genetic background. For instance growth behaviour of BER12 and HFF17d 

slightly differ on minimal medium and, furthermore, HFF17d is to some extent more resistant 

to stress conditions than BER12. These differences may account for different afp promoter 

activity that drives expression of the β-galactosidase gene. 

In summary, data presented here demonstrate that the impact of SltA on afp expression under 

standard conditions is higher than CrzA. Therefore, induction of afp expression upon NaCl 

treatment could either be independent of SltA, SltA could also act as an activator or NaCl 

treatment inactivates SltA repressor function. At this point it is possible to speculate that afp 

expression could be further increased using a sltA deletion strain and CrzA activating 

conditions.  
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Figure 44: Reporter activity depending on CrzA and SltA 
Activity of β-galactosidase representing afp expression levels were measured in the 
strains ΗHF17a, HHF17d, HHF17e, HHF17f. Conidiospores (4x107/20ml) were inoculated 
and incubated for 18 h in MMA at 28°C, pH 6.5 before mycelia were harvested for enzyme 
activity measurements. β-Galactosidase activity was set into relation with mycelia dry 
weight. Reporter activity increases in the ∆sltA strain and decreases again in the double 
deletion strain, suggesting a repressor function for SltA and an activating properties of 
CrzA. Experiments were carried out in triplicates.  
 

4.9 Characterisation of SltA in A. nidulans 
 
Sparse information is available about the structure, regulation and targets of the SltA protein 

in A. nidulans.  A scan of the protein sequence against prosite pattern and profiles and a scan 

in RSCB protein data bank (http://www.pdb.org/.) only predicted common phosphorylation 

and myristylation sites and, most significantly, the DNA binding domain composed of three 

zinc-fingers (Fig. 45). Homologous proteins containing this zinc-finger domain could only be 

strain             (HHF17a)              (HHF17d)            (HHF17e)           (HHF17f) 
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detected in other filamentous fungi (www.broad.mit.edu), suggesting a unique function in 

filamentous fungi.  
 

A. nidulans
N. fischeri
A. niger
A. fumigatus
C. immitis
C. globosum
M. grisea
B. fuckeliana
N. crassa
A. terreus
A. capsulatus
A. clavatus
H. jecorina

416 CKD~~CDKVFARPCDLTKHEKSHSRPFKCPVTSCKYHIKGWATEKESERHYNDKHSDAPR
459 CKD~~CDKVFKRPCDLTKHEKTHSRPWKCTEPSCKYHEIGWPTEKERDRHINDKHSRAPA
404 CSH~~CDKIFQRPCDLTKHEKTHSRPFKCPFEGCKYHELGWPTEKENERHVNDRHSTTPR
502 CKD~~CDKVFKRPCDLTKHEKTHSRPWKCTEPSCKYHEIGWPTEKERDRHINDKHSKAPA
429 C~DH~CEKVFRRPCDLTKHEKTHTRPWKCTEPTCKYSKVGWPTEKERDRHVNDKHSKSPP
472 CKD~~CDKVFKRPCDLTKHEKTHSRPWKCAEKSCKYFEIGWPTEKERDRHVNDKHSKSPP
412 C~DF~CGQIFARPCDLTKHMKTHTRPFKCSVPECKYYTYGFPTEKEKDRHFNDKHNPDPE
420 CREPGCNKEFKRPCDLTKHEKTHSRPWKCPVPTCKYHEYGWPTEKEMDRHNNDKHSASPP
397 CREPGCGKEFKRPCDLTKHEKTHSRPWKCPVPTCKYHEYGWPTEKEMDRHHNDKHSAAPP
413 CREKGCDKSFKRPCDLTKHEKTHSRPWKCPVTSCKYHEYGWPTEKEMDRHQNDKHSAAPP
393 CREPGCNKEFKRPCDLTKHEKTHSRPWKCPVKTCKYHEYGWPTEKEMDRHHNDKHSSAPP
431 CKD~~CDKVFKRPCDLTKHEKTHSRPWKCNDDSCKYFEVGWPTEKERDRHINDKHSKAPA
402 CREPGCTKEFKRPCDLTKHEKTHSRPWKCPIPTCKYHEYGWPTEKEMDRHINDKHSDAPA

A. nidulans
N. fischeri
A. niger
A. fumigatus
C. immitis
C. globosum
M. grisea
B. fuckeliana
N. crassa
A. terreus
A. capsulatus
A. clavatus
H. jecorina

474 LFACQFESCSYKSKRESNCKQHMEKTHGWVYMRSKNNGR---------------------
517 LYKCKFAPCTYSSKRESNCKQHMEKAHGWDYVRSKHNGRSSKKASNGATPQ-TPSIATPS
462 MYACTFNGCAYKSKRESNCKQHMEKAHGWNYVRAKNNGRNAKRRAT-------------S
560 LYKCKFAPCTYSSKRESNCKQHMEKAHGWDYVRSKHNGRNSKKASNGATPQ-TPSIATPS
487 LYSCLFKPCTYQSKRESNCKQHMEKAHGWVYVRSKNTGKASARGSNRP-------TPNIA
530 LFKCHFSPCTYQSKRQSNCKQHMEKAHGWVYIRSKNNGKSGSRVSGSTSGQPTPRTPNIQ
470 PYECDLGGCNYRSKRLSNLKQHKEKKHGWQYVRTKSNGK---------------------
480 MYECLFKPCPYKSKRESNCKQHMEKAHGWVYVRTKTNGKKDS------------------
457 MYECLYKPCPYKSKRESNCKQHMEKAHGWTYVRTKANGGKKID-----------------
473 LFECHFKPCPYRSKRESNCKQHMEKAHGWEYIRSKNNGKNRPAA----------------
453 MYECLFKPCPYKSKRESNCKQHMEKAHGWTYVRTKTNGKKPSTL----------------
489 LYKCTFAPCSYQSKRESNCKQHMEKAHGWVYVRSKHNGRNSKKASTRAASQ-TPSIATPS
462 MYECLFKPCPYKSKRESNCKQHMEKAHGWTYVRTKTNGKKAP------------------

Zinc-finger III

Zinc-finger I Zinc-finger II

 
 

Figure 45: Identification of sltA homologues in filamentous fungi  
Alignment of SltA/ACEI homologues proteins identified exclusively in filamentous fungi.  
Accession numbers: A. nidulans: XP_660523; N. fischeri XP_001263639; A. niger: 
XP_001397517; A. fumigatus: XP_754813; C. immitis: XP_001248579; Chaetomium 
globosum: XP_001219997; Magnaporthe grisea: XP_361983; Botryotinia fuckeliana: 
XP_001549518; N. crassa: XP_963927; A. terreus: XP_001209054; Ajellomyces 
capsulatus: XP_001543193; A. clavatus: XP_001270817 H. jecorina: AAF35286 

 

CrzA- and SltA-dependent gene regulation is likely to take place in response to the same or 

similar environmental conditions, although their activity might be opposing and thereby 

balancing the cellular response. This can be observed in the sltA deletion strain that shares 

several properties with ∆crzA strain; such as alkaline pH, neomycin, and L-arginine (pH 6.5) 

sensitivity, however Ca2+ sensitivity cannot be observed in ∆sltA and Li+ sensitivity cannot be 

detected in ∆crzA (Fig. 46). The ∆sltA phenotype is characterised by the need for extra 

calcium in the medium for growth enhancement, whereas ∆crzA strains are extremely 

sensitive to this cation. Thus, the sltA deletion strain displays an opposite phenotype with 

regard to calcium sensitivity than the ∆crzA strain. In ∆crzA strains, the presence of Mg2+ is 
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thought to reduce intracellular Ca2+ concentration thereby partially rescuing the growth in the 

presence of Ca2+ (Fig. 46). According to this assumption, the presence of elevated Mg2+ 

would weaken the growth of ∆sltA. Indeed, growth of the ∆sltA strain is enhanced on CaCl2 

containing medium and impaired on medium containing MgCl2, giving reasons to speculate 

that in the case of ∆sltA cytosolic Ca2+ availability is limited. 

The double deletion strain (∆crzA, ∆sltA) displayed the CaCl2 sensitive phenotype of ∆crzA 

and the MgCl2 sensitivity of ∆sltA, but upon addition of both cation species growth is 

improved. Therefore, both ions seem to act independently.  

strain  MMA CaCl2 MgCl2 
MgCl2 + 

CaCl2 
LiCl LiCl + 

CaCl2 

wild-
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∆sltA 
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∆crzA ∆sltA
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∆sltA

∆crzA ∆sltA  
 

Figure 46 : The phenotype of ∆sltA and a double deletion strain of A. nidulans  
Growth behaviour of the wild-type (HHF17a), ∆sltA (HHF17e) and ∆crzA, ∆sltA (HHF17f) (double deletion) 
was monitored on minimal medium and minimal medium complemented with 50 mM CaCl2, 200mM MgCl2, 
and 50 mM CaCl2 and MgCl2 200mM, 300 mM LiCl and 300 mM LiCl + 50 mM CaCl2, adjusted to pH 8, added 
0.25 mg/ml neomycin and L-arginine, adjusted to pH 6.5, respectively. Plates were incubated for two days at 
37°C. 
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Alkaline pH, arginine, and neomycin inhibited or reduced growth of all deletion mutants 

(∆crzA, ∆sltA and ∆crzA, ∆sltA) compared to the wild-type, whereas sensitivity towards 

elevated Li+ concentration is only observed where a deletion of sltA is involved.  

Mutants of sltA or double mutants (∆sltA, ∆crzA) displayed a higher sensitivity towards 

neomycin than ∆crzA strains and growth of these strains was totally inhibited by 0.25 mg/ml 

neomycin. Literature data suggest that there exist different targets of neomycin in living cells. 

Neomycin has been described to stimulate inositol uptake and metabolism in N. crassa, 

perturbs turnover of inositol phospholipids in animal cells, acts as a phospholipase C 

antagonist that inhibits IP3 mediated Ca2+ release from the ER and inhibits protein synthesis 

in bacteria. The effects of Li+ are as pleiotropic as described for neomycin and include the 

inhibition of inositol monophosphatase, glycogen synthase kinase-3β and adenylate cyclase 

(Williams et al., 2004). Furthermore, Li+ uptake is described to be realised in a Ca2+ 

dependent manner that is regulated by cAMP levels (Montezinho et al., 2004). Therefore, 

cytoplasmic Li+ concentration in A. nidulans must be maintained at low level in order to avoid 

interference in metabolic enzyme reactions.  

The combination of different media components, e.g. the addition from MgCl2 and CaCl2, has 

been shown to exert a different effect to separately applied MgCl2 and CaCl2 (Fig. 46). 

Subsequently, the effect of further combinations was tested. The addition of 100 mM CaCl2 to 

neomycin containing media seems to override the inhibitory effect of neomycin (Fig. 47; 

compare E and J). There is no perceptible difference between growth on 100 mM CaCl2 and 

100 mM CaCl2 / 625 ng/ml neomycin in all deletion strains (compare B and J). In ∆sltA, 

CaCl2 rescues Li+ sensitivity but this is not the case for the double deletion strain (Fig. 46). 

Again, the presence of calcium is toxic for all strains when crzA is deleted. 

All deletion strains display the same sensitivity towards FK506. FK506 is an inhibitor of 

calcineurin function and when applied, dephosphorylation and, accordingly, activation of 

CrzA is impaired. Thus, the addition of FK506 mimics the loss of CrzA and a growth 

reduction is expected when CaCl2 is present in the medium. Concomitantly, the addition of 

CaCl2 augmented FK506 sensitivity in the wild type strains. In contrast to neomycin/CaCl2, 

the growth of ∆sltA is not completely restored in the presence of FK506/CaCl2 (compare G 

and J). As already shown, magnesium ions inhibit growth of strains where sltA has been 

deleted and augment the action of neomycin (compare D and K).   

To summarise, the results presented here demonstrate that the double deletion phenotype is 

not a result of additive characteristics of ∆crzA and ∆sltA. This is apparently obvious in the 

case of calcium sensitivity. The deletion of sltA cannot rescue the calcium sensitive growth of 
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∆crzA, what might have been expected. Yet, in any case tested when crzA is deleted - calcium 

sensitivity is the consequence. In contrast, the neomycin and MgCl2 sensitivity could be 

observed in both the ∆sltA and the double deletion strain, whereas in ∆crzA neomycin 

sensitivity was less severe and MgCl2 improved growth. These data could provide a basis for 

understanding the function of CrzA and SltA. 
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               strain 
medium 

wt 
(MAD1425)

∆crzA 
(BER02) 

∆sltA 
(HHF17e) 

∆crzA ∆sltA 
(HHF17f) 

A 
MMA 
 

 

B 
100 mM CaCl2 

 

C 
25 mM FK506  

 

D 
25 ng/ml Neo  

 

E 
625 ng/ml Neo  

 

F 
200 mM MgCl2 

 

G 
25 mM  FK506 + 
100 mM CaCl2 

 

H 
25 mM  FK506 + 
200 mM MgCl2 

 

I 
25 mM FK506 +  
Neo 625 ng/ml 

 

J 
625 ng/ml  Neo + 
100 mM CaCl2 

 

K 
Neo 25 ng/ml + 200 
mM MgCl2 

 
Figure 47: Phenotypes of ∆crzA, ∆sltA and double deletion on different media  
Isogenic wild-type strain corresponding to ∆sltA and ∆sltA, ∆crzA displays better growth in 
the case of FK506 and CaCl2.  
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4.9.1 Targets of SltA in A. nidulans 
The phenotype of the SltA deletion strain suggested that essential ion transport mechanisms 

might be affected. A putative depletion of cytosolic calcium could be due to reduced uptake 

from the medium or elevated uptake into cellular compartments such as the vacuole. Uptake 

measurement of Ca2+ demonstrated that the level of uptake is increased rather than reduced 

(Eduardo A. Espeso, personal communication). Therefore, the uptake into the vacuole could 

be increased. It was demonstrated in a previous chapter that gene expression of AN0471 

(VcxA) a putative VCX1 homologue (vaculolar H+/Ca2+ exchanger) depends on the positive 

action of CrzA. Gene expression of AN0471 was tested under the same conditions (1h, 200 

mM CaCl2) and revealed a significant up-regulation in the sltA deletion strain, indicating that 

SltA acts as a repressor of sltA expression (Fig. 48). A SltA binding site within the promoter 

region of AN0471 further supports this finding. Therefore, it can be assumed that a cytosolic 

increase of Ca2+ concentration upon a stress situation, most likely leads to the over-activation 

of AN0471 in the ∆sltA strain and, subsequently, to cytosolic depletion of Ca2+. 

60 min 

100 mM CaCl2 - +     - +     - +

AN0471 
(vcxA)

18S rRNA

wild-type ∆sltA
∆crzA
∆sltA

 
Figure 48: Expression analysis of the putative SltA target – the Ca2+ / H+ exchanger 
A. nidulans strains (wild-type (HHF17a), ∆sltA (HHF17e), and ∆crzA, ∆sltA (HHF17f)) 
were pre-grown for 18 h at standard conditions and 100 mM CaCl2 was added. RNA was 
isolated after 60 min of CaCl2 stress. Methylenblue stained rRNA was taken as loading 
control.  

 

In contrast to improved growth under excess calcium, the sltA deletion strain is sensitive to 

monovalent cations such as Li+, Na+ and K+. In S. cerevisiae, Na+ ATPases (ENA1 - 5) and 

NHA1 are located within the plasma membrane and transports excess Li+ and Na+ out of the 

cytosol (Prior et al., 1996). However, NHA1 is responsible for the efflux at acidic pH (Prior et 

al., 1996). Currently, no ENA1 homologue has been identified for A. nidulans. The putative 

ENA1 homologue AN6642 (EnaA) that was tested for CrzA-dependent transcription was also 

examined in the ∆sltA and double deletion strain (∆crzA, ∆sltA). In contrast to CrzA-

independent up-regulation of AN6642 under 1M NaCl at pH 8, SltA-dependent down-

regulation of AN6642 could be observed in the ∆sltA and in the double deletion strain (Fig. 

49) suggesting that SltA could also act as an direct activator of enaA expression or that 
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activation of enaA gene expression is indirectly mediated by SltA. Neither pH 8 alone (buffer 

contained also 200 mM Na+) nor 1 M NaCl could induce the expression of AN6642 to a 

detectable level using Northern blot analysis (Fig. 49). 

 

wild-type ∆sltA
∆crzA
∆sltA

- +     - +    - +    - +    - +  

wild-type

1M NaCl pH 8            pH 8   1M NaCl

AN6642 
(enaA)

18S rRNA
 

Figure 49 Expression analysis of the putative SltA target –ATPase Na+ pump 
A. nidulans strains (wild-type (HHF17a), ∆sltA (HHF17e), and ∆crzA, ∆sltA (HHF17f)) 
were pre-grown for 18 h at standard conditions, subsequently the following conditions were 
applied: either 1M NaCl at pH 8 (100 mM Na2HPO4), 1M NaCl or pH 8 was added and 
adjusted, respectively. RNA was isolated after 60 min of the applied stress. Methylenblue 
stained rRNA was taken as loading control.  

 

A consequence of the reduced up-regulation strain of enaA under pH 8 and salt stress in the 

∆sltA strain could be a salt sensitive phenotype of ∆sltA and the double deletion strain (∆crzA, 

∆sltA). However, growth conditions chosen for phenotypic analysis favour a neutral to acidic 

pH within the medium, as the medium was set to pH 6.5 (without buffer) and Aspergilli 

acidify their medium during growth. Under these conditions, a different transporter, a 

homologue to Nha1p, might be active in A. nidulans. Five putative homologous Nha1p 

proteins could be detected in the A. nidulans genome. Moreover, the protein with the highest 

similarity comprises three SltA, one CDRE and three PacC consensus binding sites within its 

promoter region. Further analysis will be necessary to assess SltA-dependent gene expression 

that is responsible for the phenotypic observations. 

Expression of AN6642 (EnaA) is not completely downregulated to the level of non-stress 

conditions in the ∆sltA strain, suggesting that other positive regulators such as PacC might 

also influence enaA expression. A 1000 bp 5’ upstream promoter region was therefore 

analysed for SltA and PacC binding sites. Three SltA and five PacC binding sites could be 

detected, supporting the possible influence of both transcription factors. Northern analysis 

using pacC deletion and sltA/pacC deletion strain will give further information of the 

regulatory mechanism leading to the expression of AN6642. 
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5 Discussion 
 

The subject of this thesis is the further characterisation of the transcriptional regulation of afp 

expression. Preliminary results indicated that afp expression is regulated by environmental 

cues and that it is related to developmental stages in A. giganteus (Meyer and Stahl, 2002; 

Meyer et al., 2002). Up-regulation by alkaline pH first indicated the possible influence of the 

ambient pH regulatory pathway that is well conserved from S. cerevisiae to filamentous fungi 

and finally leads to the activation of the zinc-finger transcription factor PacC in A. nidulans. 

Although consensus PacC binding sites within the afp promoter are recognised by PacC under 

in vitro conditions, further support that PacC is positively involved in afp expression could 

not be found. Conversely, experimental results show that (I) the temporal expression of afp 

does not parallel the accumulation of PacC mRNA, (II) the inactivation of both binding site 

within the afp promoter did not reduce promoter activity under alkaline conditions and (III) 

reporter activity in alkaline – and acidity mimicking mutant strain are inconsistent with a 

positive role of PacC (Meyer et al., 2005). Instead, the alkaline up-regulation of afp 

expression could be inhibited using the calcineurin inhibitor FK506 (Meyer et al., 2005).  

Results obtained in this thesis clarified the role of different signalling pathways in afp 

expression. Special focus was put on the role of Ca2+, an activator of calcineurin and CrzA in 

afp expression. Moreover, the role of the calcineurin pathway and downstream targets in 

filamentous fungi were investigated. Additionally, the role of SltA, a second transcription 

factor, was studied to assess its role in afp expression. This trans-acting factor is known to be 

important for saline stress tolerance in A. nidulans (O'Neil et al., 2002). Furthermore, inducers 

of the CWI pathways have been tested to evaluate their effect on of afp expression. The 

results presented here do not only elucidate the role of the CrzA and SltA transcription factor 

in afp expression, but also reveal the important role of CrzA and SltA in adaptation to alkaline 

pH as well as ion and calcium homeostasis. A model which attempts to depict the role of 

CrzA and SltA in gene regulation in Aspergillus will be postulated. 

5.1 Filamentous fungi possess a transcription factor that is homologous to 
yeast Crz1p  

 
The calmodulin / calcineurin signalling pathway has been described to transduce Ca2+ signals 

in mammalian and yeast cells (Rusnak and Mertz, 2000). In both cases, calcineurin activated 

by Ca2+ dephosphorylates amongst other targets a transcription factor, NF-AT in mammalian 

cells and Crz1p in S. cerevisiae (Cyert, 2003; Zhu and McKeon, 2000). Dephosphorylation of 
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these transcription factors is a prerequisite for their transport into the nucleus and subsequent 

regulation of gene transcription. S. cerevisiae Crz1p and calcineurin homologous have been 

identified and described in Candida albicans (Munro et al., 2007; Onyewu et al., 2004) and 

Schizosaccharomyces pombe (Hirayama et al., 2003). Only the function of the calcineurin 

dependent transcription factor Tdcrz1 has been characterised for the yeast Torulaspora 

delbrueckii, (Hernandez-Lopez et al., 2006). In filamentous fungi such as Cryptococcus 

neoformans, calcineurin has been described to be necessary for growth at 37°C, 

morphogenesis and virulence (Cruz et al., 2001; Fox et al., 2001; Odom et al., 1997). 

Calcineurin is an essential gene in A. nidulans (Rasmussen et al., 1994) required for cell cycle 

progression (Nanthakumar et al., 1996). However, a transcription factor downstream of 

calcineurin in filamentous fungi has not been characterised to date. 

5.1.1 Structural and functional comparison of Crz1p and CrzA 
The work presented here describes a transcription factor in the model filamentous fungus      

A. nidulans that is homologous to Crz1p. The A. nidulans genome contains a putative Crz1p 

homologue CrzA (AN5726.3). Several lines of evidence are provided in this thesis to show 

that CrzA is the Crz1p homologue of A. nidulans. First, amino acid sequence analysis 

demonstrated that CrzA bears major similarity within the zinc-finger region responsible for 

DNA binding. Predominantly, conservation can be found in amino acids that are thought to 

interact with DNA in zif268-like proteins (Miller and Pabo, 2001). For example, the 

PacC/Rim101 transcription factors in A. nidulans and S. cerevisiae are required for adaptation 

to environmental pH, both transcription factors are able to bind with high affinity to the 

sequence 5’- GCCARG -3’ (Penalva and Arst, 2004) through a highly conserved zinc-finger 

region. Similarly, data presented here confirm that CrzA recognises the same consensus DNA 

sequence 5’- GAGGCTG - 3’ (CDRE) recognised by yeast Crz1p homologues (Karababa et 

al., 2006; Yoshimoto et al., 2002).   

Furthermore, a putative calcineurin docking domain (CDD) (Table 15, Fig. 50) that confers 

calcineurin interaction and a serine rich region that is a target for phosphorylation and 

dephosphorylation can be detected in CrzA and Crz1p. Calcineurin, the phosphatase that 

activates Crz proteins by dephosphorylation is thought to interact with its target proteins in 

part by the specific recognition sequence PxIxIT (CDD) (Aramburu et al., 1998; Czirjak and 

Enyedi, 2006; Roy et al., 2007). Calcineurin targets display different calcineurin binding 

domains where the recognition sequence is only partially conserved. These differences have 

an impact on binding affinities and could influence the signalling output (Roy et al., 2007). 

Further analysis will be necessary to confirm this region of CrzA as a calcineurin binding site.  
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Table 15: Binding affinities of peptides taken from yeast calcineurin targets  

Substrate PxIxIT Motif Ki (µM) 

Crz1 PIISIQ    15 

Slm1 PNIYIQ   40 

Slm2 PEFYIE   20 

Hph1 PVIAVN 250 

CrzA PYISPQ - 

Consensus peptide PVIVIT  2 

                Adapted from Roy et al. (2007) 

 

 

1 80       160      240     320     400     480      560     678 aa

Poly Q        NES CDD  NLS I                     ZF I - III

SRR

ZF I - IIISRR

1 90      180      270     360     450     540      650      730 aa
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N – myristylation sites
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NLS I

NES I

 
Figure 50: Domain structure of the Crz1p and its homologue in A. nidulans CrzA 
Domain structure comparison of Crz1p and CrzA reveal that functional related domains 
such as the zinc-finger (ZF) domain, a serine-rich region (SRR) and a calcineurin docking 
domain (CDD) are conserved. Nuclear localisation (NLS) and nuclear export signalling 
sequences (NES) are also present in S. cerevisiae and could be predicted for CrzA, 
however, with low sequence similarity. Poly-Q is a glutamine-rich stretch. 
 

Nuclear import and export has been described in S. cerevisiae to be dependent on the 

karyopherins Nmd5p and Msn5p, respectively. Only the dephosphorylated form of Crz1p 

binds to Nmd5p in vitro, whereas phosphorylation of Crz1p is necessary for the export by 

Msn5p. Two kinases have been identified in S. cerevisiae which phosphorylate Crz1p, a 

casein kinase Hrr25p and protein kinase A (Kafadar et al., 2003; Kafadar and Cyert, 2004).  

Putative nuclear localisation (NLS I, pat4 consensus; Fernandez-Martinez et al., 2003) and 

nuclear export signals (NES I and II; Bernreiter et al., 2007; la Cour et al., 2004) and several 

phosphorylation sites such as a serine-rich region (SRR) could be predicted by an in silico 

search (www.expasy.ch) (Hulo et al., 2006). There are significant differences in nuclear 

transport signals and karyopherins between yeast and filamentous fungi (Araujo-Bazan et al., 

2007); therefore, little information can be deduced from regulation in S. cerevisiae. 

Consequently, the regulation of nuclear import and export should be analysed in future 
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investigations. N-myristylation could point to membrane associated localisation of CrzA and 

to protein-protein interaction (Farazi et al., 2001 and references therein). 

Further sequence similarities cannot be detected between Crz1p and CrzA. This has been the 

case for the comparison of Crz1p and NF-AT which only share the CDD and the serine-rich 

region. In contrast to the zinc-finger containing DBDs of fungi, NF-AT contains a Rel-like 

DNA binding domain (Serfling et al., 2000). Although all three transcription factors display 

sparse sequence similarities – regulation by Ca2+ is conserved as NF-AT, Crz1p, and CrzA 

can undergo rapid and reversible translocation to the nucleus by externally applied Ca2+ and 

can elicit a fast transcriptional response triggered by calcium and calcineurin (Stathopoulos-

Gerontides et al., 1999; Zhu and McKeon, 2000 and Eduardo A. Espeso, personal 

communication).  

In addition, results presented in this thesis support the view that CrzA plays a similar role in 

stress response as has been described for S. cerevisiae and other yeast species. However, data 

available from these different yeast species already point to the function of Crz1p and 

calcineurin homologues is not uniform (Table 16).  

 
Table 16: Comparison of calcineurin and Crz1p homologues deletion phenotype of different fungi 

Organism / 
deletion Ca2+  Mn2+ Li+ Na+ alkaline pH 

S. cerevisiae      
∆cnb1 tolerant sensitive sensitive sensitive sensitive 
∆crz1 sensitive sensitive sensitive sensitive tolerant 

C. albicans      
∆cnb1/∆cnb1 hypersensitive hypersensitive hypersensitive n.d.* n.d. 

∆Cacrz1/∆Cacrz1 sensitive sensitive moderately 
sensitive 

n.d. hypersensitive 

S. pombe      
∆ppb1 hypersensitive n.d. n.d. n.d. n.d. 
∆prz1 hypersensitive n.d. n.d. n.d. n.d. 

T. delbrueckii      
∆Tdcrz1 hypersensitive hypersensitive hyperresistant tolerant tolerant 

A. nidulans       
    ∆cna♦ - - - - - 

∆crzA   hypersensitive moderately 
sensitive 

tolerant moderately 
sensitive 

hypersensitive 

n.d. not determined; ♦∆cna of A. nidulans is lethal therefore no phenotype can be assigned. 
(Hernandez-Lopez et al., 2006; Hirayama et al., 2003; Karababa et al., 2006; Matheos et al., 1997; 
Stathopoulos and Cyert, 1997) 

 

An example is the phenotype of ∆crz1 phenotype of S. cerevisiae strain regarding the 

sensitivity to Na+/Li+ ions and ambient pH which is different when compared to most yeast 

strains and A. nidulans deleted for the crz1 homologue. The calcineurin subunit B deletion 

strain (∆cnb1) of S. cerevisiae is Ca2+ tolerant and alkaline pH sensitive, whereas the crz1 
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deletion conferred an opposite phenotype. In C. albicans, S. pombe and T. delbrueckii the 

single deletion of calcineurin or the deletion of the Crz1p homologous transcription factors 

has been shown to give rise to a Ca2+ sensitive phenotype.  

Overall, data suggest that calcineurin possesses other targets in addition to Crz1p and its 

homologues; and the role of calcineurin, yeast Crz1p homologues, and CrzA in Ca2+ 

homeostasis, alkaline pH and salinity tolerance is different in S. cerevisiae and other fungi 

including A. nidulans.  

5.2 The role of CrzA in environmental stress tolerance of Aspergillus 
 
The phenotype of the crzA deletion mutant differs from the ∆crz1 strain when grown under 

stress conditions such as alkaline pH and salinity sensitivity (NaCl, LiCl, and KCl). It could 

be demonstrated in this work that different targets of calcineurin and CrzA in A. nidulans 

compared to S. cerevisiae are one reason for the observed differences.  

The most detailed description of target genes which display calcineurin and Crz1p dependent 

transcription is available for S. cerevisiae (Viladevall et al., 2004; Yoshimoto et al., 2002). 

Induction of gene expression in S. cerevisiae dependent on calcineurin and Crz1p has been 

revealed, among others, for PMC1, PMR1, FKS2, PHO89 and ENA1. PMC1 is a vacuolar 

Ca2+ ATPase involved in depleting the cytosol of Ca2+ ions (Cunningham and Fink, 1994). 

PMR1 is a high affinity Ca2+/Mn2+ P-type ATPase required for Ca2+ and Mn2+ transport into 

the Golgi that is involved in Ca2+ dependent protein sorting and processing. ENA1 is a plasma 

membrane localised P-type ATPase sodium pump, mediating Na+ and Li+ efflux to allow salt 

tolerance (Haro et al., 1991). Finally, PHO89 is a Na+/Pi cotransporter (Martinez and Persson, 

1998) and FKS2 is a catalytic subunit of β-1, 3-glucan synthase (Klis et al., 2002). All of 

these genes have been reported to be positively regulated by Crz1p. However, VCX1, a 

vacuolar H+/Ca2+ exchanger, is inhibited either indirectly or directly (dephosphorylation) by 

calcineurin in S. cerevisiae (Cunningham and Fink, 1996; Pittman et al., 2004) as well as in S. 

pombe (Deng et al., 2006).  

In C. albicans, among the genes activated by calcium and regulated by calcineurin and 

CaCrz1p are ENA21.3 a cation-transporting ATPase, GSL21, a β-1,3-glucan synthase and the 

transcription factor CaCrz1p itself (Karababa et al., 2006). However, expression of a P-type 

ATPase sodium pump TdENA1 in T. delbrueckii is independent of TdCrz1p (Hernandez-

Lopez et al., 2006).  
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5.2.1 Expression of the putative Ena1p homologue AN6642 (EnaA) is CrzA 
independent 

Salt sensitivity of the Crz1p/CrzA deletion mutants differs between S. cerevisiae, other yeasts 

and A. nidulans (Table 16). In all cases, the differential influence of Crz1p homologues on the 

expression of P-type Na+ ATPase could account for this observation. In order to elucidate the 

regulatory influence of CrzA on this class of energy dependent transporters, three putatively 

ENA1 homologous proteins AN6642, AN1628 and AN10982 were tested for CrzA-

dependent transcription. Putative homologues were identified with regard to characteristic 

domain structures (ATPase, hydrolase) of ENA1. Transcript levels of AN1628 and AN10982 

were below the limit of detection at all conditions tested and a quantitative RT-PCR approach 

might be necessary to detect mRNA if present. However, the transcript of AN6642 (enaA) 

was detected upon growth of the wild-type and ∆crzA strain in 1 M NaCl (pH 8). 

Interestingly, in contrast to the transcriptional regulation of ena1 in S. cerevisiae, expression 

of AN6642 (EnaA) is not regulated by CrzA in A. nidulans. Consequently, as the transcription 

of the putative ENA1 homologue AN6642 (EnaA) is CrzA independent, other regulatory 

pathways such as the PacC signalling pathway or SltA must be responsible for the up-

regulation of expression at alkaline pH in combination high salinity conditions. Three putative 

PacC consensus binding and three putative SltA binding sites within the 5’ untranslated 

region (-1000bp, see Appendix) of AN6642 might support this assumption. 

As ENA1 is responsible for the Li+ and Na+ tolerance, the sensitive phenotype of S. cerevisiae 

∆crz1 can be explained by an insufficient export of Na+ and Li+ from the cytoplasm. This is 

supported by data that have been published from T. delbrueckii. Tdena1 expression is 

independent of TdCrz1p and consequently the ∆Tdcrz1 is not Li+ and Na+ sensitive.  

Remarkably, only the combination of 1M NaCl and pH 8 in A. nidulans lead to a detectable 

level of AN6642 mRNA. Neither 1 M NaCl nor pH 8 alone induced AN6642 transcription 

that could be detected in a Northern blot approach. However, it has been shown that during 

early development (12 h) AN6642 is upregulated under 0.6 and 1 M NaCl stress (Han and 

Prade, 2002). Thus, the expression of responsible transporter for Na+ and Li+ that is active 

under the tested conditions is most likely CrzA-independent, or not mainly dependent on 

CrzA as the ∆crzA strain is only moderately salt sensitive in comparison to ∆crz1. 

Furthermore, under the condition where Na+ and Li+ sensitivity was tested (NaCl/LiCl at pH 

6.5), EnaA (AN6642) does not seem to be the major transporter for Na+ and Li+ efflux in 

wild-type and in ∆crzA strains, thus other transporters such as AnNHA1 (AN7250) a Na+/H+ 



Discussion 
 
 

- 96 - 

antiporter are most likely responsible for Na+ and Li+ efflux, as has been suggested in 

Fusarium (Caracuel et al., 2003).  

5.2.2 Regulation of fungal chitin synthesis related to Crz1p and CrzA, 
respectively 

Chitin, a β-1, 4 linked homopolymer of N-acetylglucosamin, is a structural component of 

fungal cell walls being the major microfibrillar component (Bartnicki-Garcia, 2006; Lee et al., 

2004). Both yeasts and filamentous fungi contain distinctive classes of chitin synthases. Five 

genes have been cloned and characterised in S. cerevisiae belonging to classes I, II and IV, 

whereas five chitin synthase genes of A. nidulans belong to the class I, II, III, IV, and V (Lee 

et al., 2004 and references therein). The function of A. nidulans chitin synthases is partially 

redundant, but they perform distinct tasks at specific stages during the cell cycle and at 

different locations within the cell. However, only the deletion of csmA (class V; chitin 

synthase with a myosin motor-like domain) or of chsB (class III chitin synthase) cause major 

changes in hyphal morphology and cell wall rigidity (Lee et al., 2004). Information about 

chitin synthase regulation in filamentous fungi is sparse. It has been described that expression 

of chsA and chsC but not of chsB is upregulated under high saline conditions. Furthermore, 

the expression of chsB has been demonstrated to be ubiquitous in fungal mycelia (Lee et al., 

2004). Early results in N. crassa and Phycomyces blakesleeamus have shown that Ca2+ plays 

an important role in stimulating endogenous chitin synthase activity. Protoplast regeneration 

involves de novo cell wall modelling and synthesis of chitin. It was shown that regeneration 

was inhibited by a Ca2+ chelating agent EGTA (Suresh and Subramanyam, 1997 and 

references therein).  

More information is available for the yeast system. There, each chitin synthase gene seems to 

have its own regulatory system. Chitin synthase regulation in C. albicans has been described 

as a coordinated result of three signalling pathways, the Ca2+ / calcineurin / Crz1p, the cell 

wall integrity (CWI) and the HOG pathway (Munro et al., 2007). Interestingly, Crz1p acts as 

a repressor under normal growth condition, while CaCl2 and Calcoflour White dependent up-

regulation of CHS1 and CHS2 expression relies upon Crz1p (Munro et al., 2007). The result 

presented here also demonstrates that the Ca2+ induced transcriptional up-regulation of A. 

nidulans ChsB depends on the transcription factor CrzA in A. nidulans. ChsB is apparently 

important for normal hyphal growth and development (Borgia et al., 1996; Tatsuno et al., 

1997). The slow geminating and highly branched phenotype of chsB null strains can, to some 

extent, also be found in the ∆crzA strain. Northern analysis confirmed the link between chsB 

expression and CrzA, demonstrating that activation of chsB expression upon CaCl2 treatment 
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depends on CrzA. Therefore, the ∆crzA hyperbranching phenotype under stress condition 

such as high Ca2+ concentration could be explained due to reduced up-regulation of chsB 

expression.  

Slow germination takes place under normal growth conditions, where a moderate Ca2+ 

concentration can be expected. Nevertheless, Ca2+ ions are present in a degree that impairs 

growth of the crzA deletion strain and a constant level of CrzA has been shown to be present 

under normal growth conditions in EMSAs using A. nidulans extract. Therefore, it might be 

possible that CrzA-dependent activation of chsB is necessary for wild-type germination under 

normal growth conditions. Analyses of chsB expression in germinating conidiospores will 

give a more detailed view of the role of chsB in spore germination.  

5.2.3 CrzA is necessary for calcium tolerance  
Calcium ions serve as a first and secondary messenger in eukaryotic cell signaling. An 

external stress signal or a high external Ca2+ concentration (50 – 200 mM) can induce a 

transient increase in cytosolic calcium ion concentration (Roy et al., 2007). The source for 

this transient increase of cytosolic Ca2+ can either be external calcium ions (plasma membrane 

Ca2+ channels in S. cerevisiae: Cch1 and Mid1p) or calcium stored in cellular compartments 

such as the vacuole or the endoplasmatic reticulum (ER). The excess of cytosolic Ca2+ is 

sequestered through the action of Ca2+ ATPases and Ca2+ exchangers or buffered by calcium 

binding proteins within the cytosol. The major Ca2+ store in yeast is the vacuole (Ton and 

Rao, 2004). Similarly, the main function of the vacuole in filamentous fungi is to store high 

concentrations of ions, including Ca2+ and basic amino acids (Klionsky et al., 1990). The 

activity of the Ca2+ / H+ exchanger and sequestration of Ca2+ depends on the proton gradient 

across the vacuolar membrane which is generated by the action of V-ATPases (Melin et al., 

2004).  

However, calcium tolerance in S. cerevisiae, C. albicans, and S. pombe has been explained 

exclusively by the positive action of Crz1p and its homologues on the expression of Ca2+ 

ATPase (PMC1 and PMR1), that sequester Ca2+ into cellular compartments (Cyert, 2003). In 

A. nidulans, transcripts of putatively homologous Ca2+ ATPases could not be detected 

(AN2827, AN4920, AN7464), however, CrzA has been found to be a positive transcriptional 

regulator of AN0471 (vcxA), a gene encoding for a vacuolar H+/Ca2+ exchanger. As described 

above, Vcx1p is inhibited by calcineurin in S. cerevisiae, thus in the case of the ∆cnb1 strain, 

calcium tolerance could be explained by de-repression of VCX1 and sufficient sequestration 

of cytosolic Ca2+ into the vacuole although expression of Ca2+ ATPases such as PMC1 and 

PMR1 is down-regulated (Cyert, 2003). Therefore as noted above, the CrzA-dependent 
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expression of AN0471 (vcxA) could explain the calcium sensitive phenotype of the ∆crzA 

strain, revealing a second major difference – in S. cerevisiae Vcx1p is negatively regulated by 

calcineurin, whereas in A. nidulans, AN0471 (vcxA) expression depends on the positive action 

of the putative downstream effector of calcineurin, the transcription factor CrzA. Therefore, it 

can be postulated that in the ∆crzA strain, Ca2+ concentration in the cytosol might be above 

the physiological tolerated level. Insufficient sequestration of cytoplasmic Ca2+ has been 

related to apoptosis (McConkey and Orrenius, 1997) and it is reasonable to expect that 

sustained elevated cytosolic Ca2+ concentration perturb Ca2+ signalling events that depend on 

a tightly controlled low cytosolic Ca2+ concentration. 

Although currently no data is available about cytosolic Ca2+ in ∆crzA, there is evidence for 

increased cytosolic calcium concentration in the crzA deletion strain. The addition of Mg2+ 

rescued the growth of the ∆crzA strain in the presence of a toxic concentration of Ca2+. This 

phenotype can be interpreted on the basis of a recent study in S. cerevisiae by Weisenberger et 

al. (2007), where the authors pointed to the cross talk of Mg2+ and Ca2+ homeostasis.  They 

have described that internal Mg2+ and Ca2+ can be reciprocally modulated by altering medium 

concentration of these ions (Wiesenberger et al., 2007). An excess of Ca2+ reduces Mg2+ 

concentration, whereas depletion of Mg2+ leads to elevated [Ca2+]cyt which induce Ca2+ / 

calcineurin signalling. Genes induced upon elevated Ca2+ concentration are also induced upon 

Mg2+ depletion in S. cerevisiae (Wiesenberger et al., 2007). This observation has been 

explained by the findings that Ca2+-dependent Mg2+ transporters (possibly antiporters) are 

present in hepatocytes as well as Ca2+ / Mg2+ exchangers in the apical liver plasma membrane 

(Cefaratti et al., 2000). It also has been demonstrated that Mg2+ regulates the Ca2+ influx 

through calcium channels in human cells (Bara and Guiet-Bara, 2001). There is also evidence 

that Mg2+ binds to the carboxy-terminal EF-hand of a Ca2+ channel and thereby regulating 

Ca2+ influx in cardiac myocytes (Brunet et al., 2005). It is thus possible to assume that with 

the addition of Mg2+, cytosolic calcium concentration can be reduced. However, Mg2+ is an 

abundant and essential cation that serves as a counter-ion for solutes, ATP, RNA, DNA and is 

also an important co-factor and membrane stabilisator (Romani, 2007). Therefore, another 

likely scenario could be that increased cytosolic calcium concentration prevents adequate 

accumulation of Mg2+ for cellular processes. It is worth noting that the maximal activity of 

ChsB has been described to require a discrete amount of Mg2+ (Tatsuno et al., 1997).  

5.2.4 CrzA is necessary for alkaline pH tolerance 
Ascomycetes such as A. nidulans or S. cerevisiae are able to adapt to pH changes in their 

environment. Essential for this flexibility is the ability to sense ambient pH and the presence 
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of a regulatory system modulating gene expression (enzymes, permeases or metabolites) 

and/or enzyme activities by posttranscriptional modifications. Regulation of gene expression 

by alkaline pH has been described for A. nidulans, to be at least dependent on activation of the 

transcription factor PacC (Orejas et al., 1995). Similar regulatory proteins have also been 

identified for yeasts, including S. cerevisiae and C. albicans and other filamentous fungi such 

as A. giganteus (Meyer and Stahl, 2002) and F. oxysporum (Caracuel et al., 2003), indicating 

a well conserved mechanism of cellular response to environmental pH changes. PacC is 

protolytically activated by the products of pal genes. Thus, the ambient pH signal 

transduction pathway comprises of PalA, -B, -C, -F, -H, -I and PacC as the final target. Most 

genes involved in adaptation to the environment are involved in nutrient acquisition, for 

example secreted enzymes and permeases (Penalva and Arst, 2002). The expressional 

regulation of these genes is not only regulated by ambient pH, but frequently subjected to 

nitrogen metabolite repression and carbon catabolite repression. Different regulatory 

pathways may act independently, but interaction can occur at the transcriptional level when 

target sites for individual transcriptional regulators overlap (Penalva and Arst, 2004).  

Although alkaline pH has been shown to activate afp expression in A. giganteus and binding 

of PacC to afp promoter elements has been demonstrated, a positive role of PacC on afp 

expression was ruled out (Meyer et al., 2005). Therefore, one or more distinct regulatory 

pathways must exist that are responsible for transcriptional regulation at ambient pH in 

filamentous fungi and thus in afp expression. As the ∆crzA strain is highly sensitive to 

alkaline pH it is suggested, that the transcription factor CrzA plays a role in adaptation to 

alkaline pH in Aspergillus.  

 

5.2.5 Cross-talk between pH and Ca2+ signalling  
First evidence for such a second pathway in pH signalling was provided by Serrano et al. 

(2002) who identified genes up- and downregulated by alkaline pH in S. cerevisiae. 

Microarray analyses revealed two genes: ena1 and pho89 subjected to alkaline pH and Crz1p 

regulation. They concluded that calcium signalling is one of the pathways involved in the 

response to alkaline pH in S. cerevisiae and both the calcineurin / Crz1p and the Rim101 

(PacC) pathways act independently. Subsequently, it has been demonstrated that A. oryzae 

displays a threefold increase in calcineurin activity when grown at alkaline pH and 

overexpression of the calcineurin-encoding gene improves growth at pH 10 (Juvvadi et al., 

2003). Consequently, reduction of calcineurin transcripts using an antisense approach reduces 

the ability of A. oryzae to grow at alkaline pH (Juvvadi et al., 2003). Another link to calcium 
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mediated ambient pH signalling is provided by two findings: exposure of yeast to alkaline pH 

appears to trigger the entry of calcium from the extracellular medium (Viladevall et al., 2004) 

and pH sensing might involve a calcium sensing receptor (Quinn et al., 2004).  

Results of the work presented here further emphasise an essential role of the calcineurin / 

CrzA pathway in response to alkalisation, since deletion of crzA precludes growth of A. 

nidulans at alkaline pH. However, the intentness of this phenotype gives reason to speculate 

that more regulatory circuits must be affected. This might include a cross-talk between the 

CrzA and other regulatory pathways or an indirect influence may occur due to a deregulation 

of Ca2+ signalling (unbalanced high cytosolic Ca2+ concentration). 

One of these pathways is likely to be the Pal/PacC dependent transcriptional regulation. The 

deletion of crzA could affect transcriptional activation of pal genes, since a detailed promoter 

analysis of the A. nidulans pal genes revealed the presence of CDREs in all pal promoters. 

Therefore, the deletion of crzA could affect transcriptional activation pal genes. Remarkably, 

three CDREs were discovered within the palB promoter. PalB is a cysteine protease required 

for growth at alkaline pH and shares similarities with the catalytic domain of the large subunit 

of calpain, which is a calcium dependent cysteine protease (Diez et al., 2002). Although PalB 

might not bind Ca2+, through EF hand motifs like other calpains, calcium ions have been 

suggested to be necessary for its catalytic activity (Margis and Margis-Pinheiro, 2003). This 

could link a cytosolic Ca2+ increase with the activation of the Pal/PacC dependent ambient pH 

signalling pathway.  

As summarised in Table 16, S. cerevisiae and T. delbrueckii tolerate alkaline pH, although 

they were deleted for crz1 and Tdcrz1, respectively. Roy et al. (2007) have recently shown 

that targets other than calcineurin and Crz1p are responsible for tolerance to alkaline pH in S. 

cerevisiae. Hph1p, an integral membrane protein of the ER, is a substrate of the phosphatase 

calcineurin and promotes cell growth under conditions of high Na+, alkaline pH, and cell wall 

stress (Heath et al., 2004). Additionally, Lic4p a nuclear protein and regulator of stress 

response has also been described to interact with calcineurin (Hemenway and Heitman, 1999).  

However, the distinct phenotype of A. nidulans ∆crzA points to the direct involvement of the 

CrzA transcription factor in adaptation to alkaline pH in contrast to calcineurin-dependent 

regulation in S. cerevisiae.  

 

5.2.6 Cross-talk between pH, Ca2+and phosphate signalling  
The phosphatase (PHO) system in S. cerevisiae regulates phosphate acquisition from the 

external medium in response to external phosphate concentration ([Pi]ex) and ambient pH. 
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Ambient pH signalling is critical for phosphate acquisition because e.g. S. cerevisiae harbours 

at least six different alkaline and acid phosphatases species and different permeases (Oshima, 

1997). Low affinity transporters are expressed at normal or high [Pi]ex whereas high affinity 

transporters are expressed at low [Pi]ex. The genetic regulatory circuit in S. cerevisiae is well 

described. Here, only the Pho80p-Pho85p kinase complex and the Pho4p transcription factor 

should be noted. At low external phosphate concentrations, the kinase complex is inhibited by 

Pho81p. Subsequently, the underphosphorylated transcription factor Pho4p is imported into 

the nucleus and Pho4p dependent gene transcription is triggered. Remarkably, Crz1p has been 

identified as a target for the Pho80p-Pho85p cyclin dependent kinase (Cdk) complex. The 

Cdk complex is activated at high external phosphate concentrations and its kinase activity 

phosphorylates Crz1p, resulting in its increased nuclear export and/or decreased nuclear 

import (Sopko et al., 2006). Consequently, low external Pi or alkaline pH partially activates 

Crz1p signalling as nuclear transport is not precluded by phosphorylation through the 

Pho80p-Pho85p complex (Fig. 51). 

Pho81p

Pho80p – Pho85p

[Pi]ex [Pi]ex

Pho4pPho4p - P Crz1p Crz1p - P

calcineurin

nuclear transport and 
gene regulation

[Pi]ex nuclear Crz1p
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Pho4p

inhibitor

protein kinase complex

 
Figure 51: Schematic representation of the PHO pathway in S. cerevisiae 
For a detailed description, refer to the text. 

 

The ∆crzA strain shows alkaline pH sensitivity, however growth inhibition was severest when 

100 mM Na2HPO4 was used to adjust the medium to pH 8 instead of Tris/HCl or Hepes. 

Influence of sodium ions was ruled out because impaired growth using 100 mM NaH2PO4 and 

100 mM NaCl was not observed, conditions where the final pH value is near to 5.2. 
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Consequently, the combination of alkaline pH and high phosphate concentration leads to the 

severe growth inhibitory effect in the crzA null mutant strain. Is this a result of described the 

phosphate starvation at alkaline pH (Serrano et al., 2002)? Possibly it is the case, since 

phosphate uptake at alkaline pH is reduced compared to acidic pH in both A. giganteus and A. 

nidulans (Vera Meyer, unpublished data). Wu et al. (2004) stated that the classical PHO 

system found in S. cerevisiae and N. crassa is not conserved in A. nidulans. Nevertheless, two 

genes have a conserved function, the Pho80 cyclin (An-Pho80) and the positive acting Pho4p 

transcription factor orthologue PalcA (AN8271) (Wu et al., 2004). A. nidulans comprises a 

pair of Pho85p homologous kinases PhoA and PhoB (Dou et al., 2003), whereas PhoA 

activity is dependent on [Pi]ex concentration, pH and inoculation density. Both kinases have 

an overlapping function in cell cycle control and morphogenesis but no function in Pi 

acquisition (Wu et al., 2004). crzA deletion mutants did not reveal growth defects at low 

phosphate conditions. Therefore, Pi acquisition at low phosphate concentration is not 

impaired. Moreover, high phosphate concentrations alone (100 mM NaH2PO4) also did not 

inhibit growth and therefore low affinity phosphate uptake at neutral pH does not seem to be 

affected. Moreover, PalcA, the transcription factor regulating expression of phosphatases, 

phosphodiesterases and phosphate permeases is only active at low external phosphate 

concentration (Dorn, 1965; Penalva and Arst, 2004).  

Pal/PacC is another pathway regulating phosphatase expression in response to ambient pH. 

Data suggest that at alkaline pH and high phosphate conditions calcium signalling might also 

play a role in phosphate transporter expression. Calcineurin has already been shown to play a 

positive role in phosphate transport in A. fumigatus (da Silva Ferreira et al., 2007) and S. 

cerevisiae (Serrano et al., 2002).  

In view that the deletion of crzA has a growth inhibitory effect at alkaline pH combined with 

high phosphate concentrations, it is reasonable to expect that CrzA plays a regulatory part in 

phosphate acquisition under these conditions. However, the underlying mechanisms remain 

puzzling and cross talk between all these regulatory pathways has to be assumed. Another 

highly speculative solution could be that alkaline pH induces genes normally activated at low 

Pi. Subsequently, high amounts of phosphate are taken up by high affinity transporters that in 

turn with high cytosolic calcium ion concentration precipitate and disturb cellular integrity. 

5.3 The role of SltA in environmental stress tolerance in Aspergillus 
 
The transcription factor SltA has been isolated in A. nidulans by screening a genomic library 

to complement the salt sensitive phenotype of the sltA1 mutation (Clement et al., 1996; O'Neil 
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et al., 2002). As described before, the sltA1 mutation (truncation) displayed high sensitivity to 

elevated Na+ and K+ and reduced ability of polyol formation (O'Neil et al., 2002). A similarity 

analysis by O’Neil et al. (2002) demonstrated a high consistency of SltA with the 

transcription factor Ace1 of H. jecorina (T. reesei), predominantly within the DBD, a three 

zinc fingers comprising region. Ace1 has been shown to interact with a consensus binding 

sequence characterised as 5’ - AGGCA - 3’ (Saloheimo et al., 2000). Analyses carried out in 

this thesis demonstrate that SltA from A. nidulans recognises the same consensus sequence. 

However, sparse information is available about SltA target genes or how the activity of this 

transcription factor is regulated in A. nidulans. Only one gene called sltB which encodes for a 

kinase has been identified so far, which might be involved in the regulation of SltA (personal 

communication E. A. Espeso). Ace1 has been described as a repressor of xylanase and 

cellulase gene expression (Aro et al., 2003). Part of the presented work elucidated the role of 

SltA in afp expression. However, first the role of this transcription factor in A. nidulans was 

confirmed by using a mutant deleted for the sltA gene. The deletion mutant could verify the 

former published salt sensitive phenotype of the sltA1 mutant and additional interesting 

phenotypic features were observed. The ∆sltA strain is not only sensitive to monovalent ions 

such as Li+, Na+ and K+; it could also be demonstrated that the deletion causes high sensitivity 

towards neomycin, to alkaline pH and that most of the ion toxicities growth can be remediate 

by supplementing with high concentrations of CaCl2. In order to clarify the role of SltA in the 

physiological response towards high salinity, alkaline pH and Ca2+ homeostasis, putative 

targets genes were analysed for SltA-dependent transcription. 

5.3.1 SltA is necessary for salinity tolerance  
Filamentous fungi and yeasts are moderately tolerant to high salt concentration in their 

environment. This is mainly accomplished by the action of energy dependent transporters that 

either transport cytotoxic Na+ and Li+ ions into cellular compartments or to the extracellular 

space (e.g. Ena1p – Ena5p, Nha1p in S. cerevisiae) (Caracuel et al., 2003; Platara et al., 

2006). SltA, MsnA and PacC have been described as transcription factor that control salt 

stress tolerance in filamentous fungi such as in A. nidulans (Han and Prade, 2002; O'Neil et 

al., 2002) and F. oxysporum (Caracuel et al., 2003). In S. cerevisiae, a plasma membrane 

sodium / proton antiporters are suggested to be responsible for Na+ and Li+ efflux at acidic pH 

(Nha1p) and P-type sodium ATPases are functioning at alkaline pH (de Nadal et al., 1999). 

At acidic pH, however, when PacC is not activated in F. oxysporum, Na+ efflux has to be 

activated by a different mechanism. Caracuel et al. (2003), therefore, suggested a different 

transport system namely the Nha1p homologous Na+/H+ antiporter.  
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PacC has been shown to control the expression of the Na+ ATPase (Ena1) at alkaline pH in S. 

cerevisiae and in F. oxysporum (Caracuel et al., 2003; Platara et al., 2006). In F. oxysporum, 

it was demonstrated that only a combination of pH 8 and high Na+ trigger the expression of 

ena1 and, consequently, they postulated a second factor that responds to high Na+ levels 

(Caracuel et al., 2003). In A. nidulans, an Ena1p homologue has been shown to be activated 

by high NaCl levels. However, this induction was dependent on the growth phase of A. 

nidulans and on the NaCl concentration used (Han and Prade, 2002). 

During this work, monovalent ion sensitivity of the ∆sltA strain was demonstrated at pH 6.5; a 

pH where PacC of Aspergillus is expected to be active. In this line, SltA could be the second 

factor that together with PacC activates expression of AN6642 (EnaA) and subsequently Na+ 

ion efflux.  

Expression data obtained from this work demonstrate that transcript levels of AN6642 (enaA) 

are markedly reduced in the ∆sltA strain. Congruently, a decreased efflux of Li+ and Na+ in 

the ∆sltA strain has been observed (Eduardo A. Espeso, personal communication).  

Thus, these data indicate that AN6642 is a functional homologue of Ena1p in F. oxysporum 

and Ena1p in S. cerevisiae and that AN6642 (enaA) is positively regulated by SltA. Salt 

tolerance is therefore achieved by the up-regulation of AN6642 due to the action of SltA and 

most likely together with PacC under neutral and alkaline conditions.   

As already described in Chapter 5.2.1, an additional plasma membrane located transporters 

might be responsible for Na+ and Li+ ion efflux. Five putative NHA1 homologues (AN7250, 

AN5187, AN4131, AN5035, and AN1920) could be identified in the A. nidulans genome. 

Analyses of the promoter regions support the assumption that they might be as well regulated 

by the action of PacC and SltA. All of these genes contain at least one PacC and one SltA site, 

respectively. Future Northern analyses will clarify the proposed regulatory role of SltA and 

PacC.  

5.4 The activity of both CrzA and SltA is necessary for sustained calcium 
homeostasis  

 
Interestingly, the addition of extra calcium to the medium improved growth of the ∆sltA strain 

at nearly all culture conditions, whereas reduction of the external calcium concentration 

impaired growth. Intriguingly, this is exactly the opposite phenotype observed for ∆crzA 

strains (Chapter 4.3.2). Congruently, addition of Mg2+ or Ca2+ chelating agents (EGTA or 

BAPTA) to the medium had also a reverse effect (data not shown). Additional Mg2+ or added 

EGTA/BAPTA reduced growth of the ∆sltA strain. A possible explanation is that, the ∆sltA 
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strain either is incapable to take up sufficient amounts of Ca2+ for signalling and protein 

processing or Ca2+ ions are stored in a compartment from where they are no longer accessible 

for signalling. The latter appears to be the case as calcium uptake measurements indicated that 

Ca2+ ions are able to enter the cell and that more Ca2+ is taken up by the ∆sltA strain compared 

with the wild-type strain (personal communication E. A. Espeso), indicating that Ca2+ is 

rapidly transported into cellular compartments evading negative feedback regulation of Ca2+ 

transporters by an excess of intracellular Ca2+. Consistently, the data obtained during this 

work demonstrate that AN0471, a putative vacuolar Ca2+ transporter, is transcriptionally 

upregulated in the ∆sltA strain and this most likely leads to increased Ca2+ sequestration into 

the vacuole and subsequently depletion of cytosolic Ca2+ concentration. AN0471 (VcxA) is a 

target of CrzA and SltA, whereby CrzA is an activator and SltA a repressor of AN0471 

transcription. Both transcription factors ensure physiologically low Ca2+ levels. When cells 

are stressed with high external Ca2+ leading to a cytosolic increase of Ca2+, CrzA activates 

expression of AN0471 to deplete the cytosol of the excess Ca2+, whereas SltA protects against 

over-depletion of cytosolic calcium.  

However, in agreement with the low levels of AN0471 expression, the double deletion strain 

(∆crzA, ∆sltA) is sensitive towards Ca2+ excess; indicating that transcriptional up-regulation 

of AN0471 via CrzA is stronger than the transcriptional repression by SltA. 

In addition to an extra need of calcium, the ∆sltA strain is extremely sensitive when grown at 

alkaline pH. At this stage of investigation it is too early to speculate about a direct role of 

SltA function in gene expression in A. nidulans, although the pacC promoter region 

comprises of three putative SDEs, and SltA could thus exert influence on PacC expression. 

However, as described in the former paragraph, calcium signalling is part of ambient pH 

adaptation. Thus, Ca2+ as second messenger might not be sufficiently available in the sltA 

deletion situation and could therefore lead to an insufficient signalling via the Ca2+ 

/calcineurin pathway and Pal/PacC pathway under alkaline pH.  

5.4.1 Cross-talk between calcium homeostasis and phosphoinositol signalling  
In the light of a putative cytosolic lack of calcium, Li+ sensitivity of the ∆sltA strain could be 

related to low cytosolic Ca2+ levels. Although Li+ and Ca2+ cross-talk is still unclear at the 

molecular level, however, many reported data indicate that Li+ has an significant effect on 

Ca2+ transport, where extracellular Li+ accelerates Ca2+ efflux (Palty et al., 2004), suggesting 

that Li+ interacts with Ca2+/Li+ exchanger (Blaustein and Lederer, 1999). Previous studies, 

mainly conducted in animal cell culture indicate that Li+ is regulating inositol 1,4,5 - 
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triphosphate (IP3) metabolism, protein kinase C activity and calcium-mediated signalling 

(Kurita et al., 2002).  

IP3 is an important second messenger in all cellular systems. In animal cells, Ca2+ release 

from internal stores, predominantly from the ER, is mediated by IP3 (Xia and Yang, 2005). 

IP3 is generated by the action of phospholipase C (PLC) downstream of either G-protein 

coupled receptors (GPCR) or tyrosine kinase receptors (RTK) (Fig. 52). Although IP3-

activated Ca2+ channels (IP3R) remain uncharacterised in filamentous fungi, the action of 

such channels has been demonstrated in both N. crassa (Silverman-Gavrila and Lew, 2002) 

and C. albicans (Calvert and Sanders, 1995) and S. cerevisiae (Belde et al., 1993). IP3-

induced calcium channels seem to be located predominantly in fungal vacuoles (Cornelius et 

al., 1989; Silverman-Gavrila and Lew, 2002). Upon generation, IP3 is either rapidly degraded 

by sequential dephosphorylations to yield myo-inositol, or a fraction of IP3 is converted to 

higher inositol phosphates to ensure that Ca2+ release by IP3 is stopped and channels close 

again. Subsequently, myo-inositol is recycled in the inositol phosphate cycle. This cycle is 

interrupted when cells are treated with Li+; cytidyldiphosphate diacylglycerol (CDP-DAG) 

accumulates, because of the shortage of myo-inositol derived from phosphoinositide 

hydrolysis. Therefore, it can be expected that levels of phosphatidylinositol bisphosphate 

(PIP2) decrease and harm a functional signalling by IP3 and DAG (Balla, 2006). This could 

on the one hand explain Li+ toxicity when cells cannot clear sufficiently Li+ from the cytosol 

and, on the other hand, Ca2+ release could be impaired because of the low amount of IP3. 

Additionally, low cytosolic calcium levels can block IP3 triggered calcium release. This has 

been shown by Iino et al. who demonstrated that a submicromolar Ca2+ concentration is 

necessary for channel opening even in the presence of IP3 (Iino, 1990).  



Discussion 
 
 

- 107 - 

 

neomycin

A B

 
Figure 52: The inositol phosphate cycle and IP3 mediated Ca2+ release via IP3 receptor channels 
in animal cells, adapted from Balla et al. (2006) 
A: Plasma membrane PtdIns(4,5)P2 (PIP2) is hydrolysed by PLC enzymes to generate two second 
messengers, Ins(1,4,5)P3 (IP3) and DAG. IP3, which mobilises intracellular Ca2+, is rapidly degraded by 
sequential dephosphorylation to yield myo-inositol. Some of the dephosphorylating enzymes of IP3 are 
sensitive to inhibition by Li+ ions. DAG activates PKC enzymes before being converted to phosphatidic 
acid (PtdA) by DAG-kinase enzymes. In the endoplasmic reticulum (ER), PtdA is converted to CDP-
DAG, which is conjugated with myo-inositol by PI synthase enzyme(s). When cells are stimulated in the 
presence of Li+, CDP-DAG accumulates because of the shortage of myo-inositol derived from 
phosphoinositide hydrolysis.  
B: G protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) activate PtdIns(4,5)P2 
hydrolysis to form IP3. IP3 binds to its receptors Ca2+ channels located primarily in the ER releasing 
Ca2+ from the internal stores. Emptying of the ER Ca2+ pools relays information (by unknown 
mechanisms) to plasma membrane Ca2+ channels, termed store-operated Ca2+ channels (SOC), to 
enhance Ca2+ influx into the cell. Members of the TRP family of Ca2+ channels may function as SOC. 
Another spatial organisation is related to the ‘coupling’ of Ca2+ release via the IP3 receptors with uptake 
of Ca2+ by mitochondria that are in close proximity to IP3 receptor-rich ER domains. 

 

SltA null mutant strains are highly sensitive to very low concentrations of neomycin, which is 

a well described PLC antagonist and/or PIP2 chelator (Miyazaki et al., 2007).  Nevertheless, 

neomycin is an agonist of calcium receptors in animal cells and also triggers uptake of 

calcium (Sakwe et al., 2005). The evident neomycin sensitivity of ∆sltA strains finally could 

have the same basis as Li+ toxicity; the inhibition of IP3 induced calcium release from the 

fungal vacuole by inhibition of IP3 production. The phenotype might be even more severe 

because DAG generation and activation of PKC is also possibly inhibited (Balla, 2006).  As 

described above, sltA null mutant strains are most likely impaired in adequate calcium 

signalling by reduced release of calcium from internal stores. Using Li+ and neomycin this 

negative effect is, perhaps, amplified, leading in the case of neomycin to growth inhibition at 

very low PLC antagonistic concentration. 
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5.5 Regulation of gene expression by CrzA and SltA in A. nidulans – a 
summary  

 

Previous chapters have described how CrzA and SltA influence gene expression in Aspergilli. 

Here, the data obtained are summarised in a model aiming to explain the function of CrzA and 

SltA in environmental stress response (Fig. 53). High external cytosolic Ca2+ concentrations 

trigger a cytoplasmic increase in Ca2+ levels (Fig. 53A). This increase can be achieved either 

by an influx of external Ca2+ or an efflux of Ca2+ from internal stores through Ca2+ channels. 

Ca2+ triggers the transcriptional activation of AN0471 (VcxA) a putative homologue of S. 

cerevisiae VCX1 through the positive action of the transcription factor CrzA. SltA, thus, is a 

repressor of AN0471. Therefore, it can be assumed that the action of both transcription factors 

balances vcxA expression under Ca2+ stress. Furthermore, high salinity and pH 8 induce Ca2+, 

Pal/PacC and salt stress signalling (Fig. 53B). Calcium signalling will also activate CrzA-

dependent transcription (see A). SltA and PacC are expected to be active at high salinity and 

pH 8 as well. Under these conditions, SltA behaves as an activator positively regulating the 

expression of AN6642, a S. cerevisiae ENA1 homologue, predicted to function in the efflux 

of cytoxic Na+ and Li+ ions. 

Cytosolic Ca2+ and Na+ levels are not increased above the physiological level under non stress 

conditions (Fig. 53C). However, there is most likely a constant influx and efflux of Na+. The 

efflux is thought to be accomplished by a Na+/H+ exchanger at the plasma membrane. It has 

been proposed that under non stress and under high salinity at neutral to acidic conditions, 

AnNha1 is responsible for Na+ efflux (Han and Prade, 2002). It might be possible that under 

these conditions SltA or/ and CrzA regulate AnNha1 gene expression as well. Further 

analyses will be carried out to verify this hypothesis.  

This is a starting point to unravel the function of CrzA and SltA in Aspergilli. However, a 

broader approach such as a DNA microarray analysis is certainly necessary to obtain detailed 

knowledge about the main target genes of CrzA and SltA and how their signalling pathways 

are interacting.  
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Figure 53: Schematic model for CrzA, SltA and putatively PacC target genes in A. nidulans 
For description, refer to the text. Dotted lines denote still uncharacterised processes.  

 

5.6 The interplay of SltA, CrzA and other transcription factors in afp 
expression  

 
In this work, CrzA and SltA function has been elucidated in the model fungus A. nidulans. 

These data will be transferred to A. giganteus, an Aspergillus species which has not been 

sequenced to date, to explain and elucidate afp expression. Since regulatory mechanisms in 

phylogenetic close Aspergilli are expected to be the very similar, it is assumed that this 

transfer is warranted. 

5.6.1 Ca2+ signalling leads to activation of afp expression 
The influence of the calcineurin inhibitor FK506 on alkaline induced afp expression led to the 

assumption that the Ca2+ / calcineurin pathway is involved in the expression of the antifungal 

protein (Meyer et al., 2005). Expression analysis using Ca2+ which activates the calcineurin 

pathway demonstrated in this work that increased levels of calcium in the medium can indeed 

induce afp expression in A. giganteus. In S. cerevisiae, a downstream effector of calcineurin is 

the transcription factor Crz1p that has been described as a preferentially positive acting 

transcription factor that elicits an early response of gene expression. Former chapters have 

conclusively demonstrated that CrzA is the Crz1p homologue in A. nidulans and is most 

likely activated through Ca2+/calcineurin as has been shown in yeast. Furthermore, a CrzA 

homologue could be identified in A. giganteus. Subsequently, to evaluate the influence of 

CrzA on afp expression, a reporter strain deleted for crzA was generated to estimate afp levels 

in a crzA – null genetic background. Expression analysis in the ∆crzA reporter strain clearly 

demonstrates that CrzA acts as an activator of afp expression. The expression of afp is 

reduced by 40% in the ∆crzA reporter strain in comparison to the wild-type situation. 
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Furthermore, the induction of afp expression by Ca2+ is precluded when crzA is deleted. In 

another genetic background the positive influence of CrzA was ambiguous, but different 

genetic backgrounds may contribute to the difference in expression levels.  

In addition to these results, a direct role of CrzA in afp expression can be assumed. Five 

CDREs were identified within the 5’ upstream region of the afp gene. CDRE-1, -2, -3, and 5 

are bound in vitro by CrzA obtained from E. coli and from A. nidulans protein extracts, 

suggesting a direct positive activity of CrzA in afp expression.  

5.6.1.1 The DNA-binding domain of CrzA and its consensus binding site 
CrzA and its homologous proteins in yeast and filamentous fungi comprise of three zinc-

finger domains responsible for specific interaction with DNA sequences. In the first two zinc-

fingers, each secondary structure must be stabilised by a classical C2H2-geometry which 

coordinates one zinc ion, respectively. Interestingly, it could be confirmed that the third zinc-

finger of CrzA is formed by an atypical C2HC structure. Further results indicate that the latter 

zinc-finger is essential for DNA binding. Comparison of other zinc-finger proteins belonging 

to the same family of transcription factors draw the attention to a Trp residue located in the 

Cys knuckle of the third finger in CrzA and Crz1p homologous proteins. In PacC, Gli1, Ci, 

and Zic1, two adjacent fingers carry a Trp residue in its Cys knuckles. This residue has been 

shown to play a role in intramolecular interaction and in stabilising the DNA binding structure 

(Fernandez-Martinez et al., 2003). CrzA displays only one Trp in an enlarged Cys knuckle. 

Changing the Trp to an Ala residue precluded binding of CrzA to its cognate DNA sequence, 

indicating a similar role in stabilising DNA binding. However, in this case it could be an 

intermolecular interaction of two CrzA proteins because in the purified E. coli GST::CrzA123 

protein solution no other interacting protein is expected.  

Comparing binding affinities of CrzA towards different probes carrying variations of the 

consensus binding sites demonstrated that three bases (position -2, 1 and 4) within the 

consensus binding site 3’- G-2W-1G1G2C3T4-5’ are indispensable for specific DNA binding by 

CrzA. The guanidine at position -2 has been shown to be necessary because this is the only 

difference between the not recognised CDRE-4 and the recognised CDRE-5. Moreover, 

mutational analysis revealed that G1 is necessary for CrzA binding. Comparison of SltA-3 

and SltA-3m made clear that T4 is also vital in specific binding especially in differentiation of 

a CrzA and SltA binding site. 
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5.6.2 SltA acts an repressor of afp expression 
Using a reporter strain with a sltA deletion background, an increase of afp::lacZ reporter 

activity strongly indicates a repressor function of SltA in afp expression. Furthermore, three 

ACEI/SltA consensus binding sites (SDE) can be detected within the afp promoter and 

additionally the homologous SltA gene is expressed in A. giganteus. Having the presence of 

CDREs and SDEs within the afp promoter, the first hypothesis was that both transcription 

factors, although differentially regulated, interfere at the transcriptional level as has been 

described for other regulatory pathways (Penalva and Arst, 2004). Data obtained in this work 

demonstrate clearly that the DNA binding domain of SltA recognises the same consensus 

sequence as Ace1 in H. jecorina (5’-AGGCA-3’), indicating that SltA is the A. nidulans 

homologue of Ace1 in H. jecorina and is also present in A. nidulans. However, no cross-

binding to CDREs was detected. Thus, although very similar consensus binding sequences 

exist, in vitro protein-DNA interaction could only be observed using the cognate binding 

sequence. SltA-1 from the afp promoter is specifically recognised by GST::SltA in vitro, 

indicating a direct role of SltA in afp expression. It can be speculated that the transcription 

factor SltA is also regulated by calcium signalling, being supported by the Ca2+ related 

phenotype and the low transcriptional up-regulation of afp when A. giganteus is stressed with 

CaCl2. In addition, it could be argued that cytoplasmic low Ca2+ levels reduce calcineurin 

activity and therefore the activation of CrzA and/or other calcineurin targets. However, in 

order to clarify the role of SltA in afp expression, more detailed analyses are necessary, e.g. 

mutagenesis of the SltA binding sites within the afp promoter and in vivo data from reporter 

expression analyses. 

5.6.3 The cell wall integrity pathway could be involved in afp expression 
Adaptation to environmental situations includes sensing of cell wall stress and remodelling of 

the cell wall in order to prevent cell lysis and to maintain cell shape and integrity (Jung and 

Levin, 1999). Cell wall biogenesis in S. cerevisiae requires cell wall components such as β-

1,3 glucan, β-1,6 glucan, chitin, and mannoproteins (Lesage and Bussey, 2006). Expression 

and activity of enzymes that synthesise these cell wall components are mainly under the 

control of the cell wall integrity (CWI) pathway in S. cerevisiae. This pathway has been 

extensively studied in S. cerevisiae and, recently, its existence in filamentous fungi has been 

confirmed (Damveld et al., 2005; Fujioka et al., 2007; Fig. 54). Sensing of cell wall stresses 

in S. cerevisiae such as elevated temperature or cell wall perturbing agents is accomplished by 

sensor proteins (Wsc1-4p, Mid2p, Cwh43p; Fig. 54), proceeds through Rho1p G-protein 

regulated by GEF (Rom1p, Rom2p) and through Pkc1p kinase. Pkc1p activates a MAPK 
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cascade that eventually phosphorylates the MAP kinases Mpk1p/ Slt2p. Two transcription 

factors are described to be activated through the action of the CWI pathway in S. cerevisiae. 

The Swi4p-Swi6p complex, controlling transcription of cell wall and cell cycle related genes 

and the transcription factor Rlm1p/RlmA (Fujioka et al., 2007 and references therein). 

 
Figure 54: The cell wall integrity pathway in yeast and in silico reconstruction in 
Aspergillus species 
Adapted from Fuikova et al. (2007), based on genome information putative homologous 
proteins involved in CWI in Aspergillus and S. cerevisiae are represented; An, Ao, and Af 
indicate the number of BLAST hits for A. nidulans, A. oryzae, and A. fumigatus, 
respectively. Shaded circles represent transcription factors. Rectangles with rounded edges 
represent components of the MAPK signalling pathway. Ellipses represent the Ca2+ / 
Calcineurin / Crz1p signalling pathway.  

 

Rlm1p has been described to activate transcription of at least 25 genes related to cell wall 

biogenesis in S. cerevisiae (Jung and Levin, 1999). However, only a few target genes 

downstream of the transcription factor RlmA have been identified in filamentous fungi. 

Damveld et al. (2005) demonstrated that gene expression of gfaA (chitin synthesis) and agsA 

(α-1,3 glucan synthesis) is upregulated in A. niger. In contrast, Fujioka et al. (2007) have 

stated that expression of most cell wall related genes except α-1,3-glucan synthase (agsA) is 

RlmA independent in A. nidulans. They have postulated a MpkA independent signal 

transduction pathway that regulates the expression of genes such as chitin synthases (chsA, 

chsB), β-1,3 glucan synthases, and glucanosyltransferases (fksA, gelA; Fujioka et al., 2007). 

The presence of RlmA consensus binding sites and the activation of afp expression upon 

induced cell wall stress could point to the involvement of the CWI pathway in afp expression. 

The expression of AFP is evidently a defence reaction to inhibit e.g. growth of filamentous 

fungal nutritional competitors that also could secret cell wall compromising agents (oxalic 

acid, glucanases, and chitinases). Thus, it would not be surprising if it proves right that afp 

expression is dependent on the transcriptional activation by RlmA. However, the second 
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pathway that is postulated by Fujioka et al. (2007) could be a pathway having CrzA as the 

final transcription factor. This work has demonstrated clearly that CrzA is involved in the 

morphogenesis of A. nidulans and revealed CrzA-dependent transcriptional activation of one 

chitin synthase gene tested so far. Further analysis will be necessary to obtain more evidence 

that the calcineurin / CrzA pathway is related to the expression of cell wall biogenesis genes 

and/or that in addition to CrzA, RlmA positively regulates afp expression. However, an active 

CWI in crzA null strain could explain the low susceptibility (only minor difference to the 

wild-type susceptibilities) to cell wall compromising agents, indicating a major role of this 

pathway in cell wall remodelling and synthesis of enzymes for cell wall biogenesis. 

Nonetheless, transcriptional regulation via CrzA and RlmA in Aspergillus species differs 

significantly from S. cerevisiae, again suggesting that analyses in yeast help to identify 

regulatory pathways in filamentous fungi but cannot be transferred in all details and need 

further experiments and verification. 

5.7 Regulation of afp gene expression – a summary 
 
Figure 53 has demonstrated that SltA and CrzA have an opposed function in regulating vcxA 

transcription. Supporting the role of SltA and CrzA as regulatory opponents, afp expression is 

also positively regulated by CrzA whereas SltA acts as a repressor (Fig. 55). In the case of afp 

expression, the inhibitory effect of SltA is stronger (2.6 fold) than the activating effect of 

CrzA (1.4 fold). Ca2+ induced afp expression is lower than NaCl and CR induced afp 

expression. This suggests that either Ca2+ activates SltA or that NaCl and CR inhibit SltA 

activity, directly or indirectly. Furthermore, NaCl, CR and alkaline pH could activate other 

pathways such as the CWI, the HOG and the PacC pathway. Data suggest that the positive 

influence of the CWI pathway acting through RlmA or/ and the HOG pathway acting through 

MsnA is stronger than the effect of CrzA. Furthermore, this scenario illustrates that several 

environmental cues could finally activate only a single transcription factor at the end of their 

signalling cascade. NaCl and CR are expected to act through the CWI, whereas NaCl, heat 

shock, extracellular Ca2+ as well as alkaline pH lead to an intracellular Ca2+ increase that is 

most likely activating CrzA through the phosphatase calcineurin. In addition, phosphate 

signalling is related to calcineurin activation. This is indicating that many regulatory pathways 

act through Ca2+/calcineurin signalling. In the view that only one putative calcineurin target 

(CrzA) is depicted here, the essential function of calcineurin can be realised.  

Finally, expression of afp is the result of positively and negatively acting environmental 

conditions and transcription factors, respectively. Further knowledge about the influence of 
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PalcA, HSF, MsnA and RlmA will be deduced in the future from reporter gene expression 

analyses (afp::lacZ) driven by afp promoter fragments. One systematic approach is to truncate 

and mutate the afp promoter in putative binding sites of CrzA, SltA, PalcA and RlmA and to 

elucidate the influence of each site on afp expression. In the view of these many regulatory 

pathways acting on afp expression, the afp promoter could represent a very interesting model 

promoter to analyse the cross-talk between those pathways.  
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Figure 55: Transcriptional regulation of afp expression  
For description, refer to the text. The  CWI pathway and the  Calcineurin/Ca2+ pathway 
are assumed to transduce signal information at the crossing points. Dotted lines denote still 
uncharacterised processes.  

5.8 Conclusion and future prospects  
 
This thesis aimed to further elucidate the complex transcriptional regulation of the antifungal 

protein (AFP) from A. giganteus. Previous analyses have demonstrated that afp expression is 

triggered by several environmental conditions that might activate independently, 

synergistically or antagonistically. In most cases, a signalling pathway leads to the activation 

of transcription factors that, in concert with their cognate promoter binding sequence, realise a 

transcriptional response due to environmental cues. In this work, two zinc-finger transcription 

factors have been isolated and characterised in A. nidulans in order to clarify their function 

with respect to afp expression in A. giganteus. Firstly, CrzA the S. cerevisiae Crz1p 

homologue in A. nidulans has been identified. The calcineurin / Crz1p pathway activated by a 

transient calcium signal is well described to be activated under conditions also known to 

activate afp expression in A. giganteus. Results clearly demonstrate that CrzA is a positive 

regulator of afp expression. CrzA recognises the same consensus sequence as in S. cerevisiae, 

which is also present within the afp promoter and its function is also conserved in A. nidulans. 

However, alkaline pH tolerance in A. nidulans, in particular, is dependent on a functional 
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CrzA transcription factor, whereas in S. cerevisiae alkaline pH adaptation is mainly supported 

by calcineurin function. 

Additionally, CrzA is responsible for Ca2+ homeostasis. Deletion of crzA confers high 

sensitivity towards elevated Ca2+ concentration in the medium. One of the genes identified to 

be regulated in a CrzA-dependent manner at calcium stress is the Ca2+ / H+ exchanger VcxA 

responsible for vacuolar Ca2+ sequestration to maintain low cytosolic Ca2+ levels. Secondly, a 

transcription factor SltA described to be necessary for salt tolerance in A. nidulans has been 

analysed for its interaction with afp promoter elements and involvement in afp expression. 

Positive SltA-dependent gene expression could be demonstrated for the putative Ena1p 

homologue, EnaA, responsible for efflux of toxic Na+ and Li+ ions mainly under salt stress at 

alkaline pH. In S. cerevisiae Ena1p expression is positively influenced by calcineurin/Crz1p 

among other regulatory pathways, in contrast, EnaA expression in A. nidulans is independent 

of CrzA but dependent on SltA, a transcription factor that is not present in S. cerevisiae. 

Homology between AceI and SltA led to the assumption that the consensus binding site of 

AceI could also be recognised by SltA. SltA has indeed been shown to interact with elements 

of the afp promoter chosen with regard to the AceI binding site, indicating a direct influence 

on afp expression. CrzA and SltA in vitro binding to DNA was found to be very specific, 

although consensus core binding site are the same (GGC). Nevertheless, interference of SltA 

and CrzA at the level of transcriptional activation and repression in vivo respectively can be 

suspected.  

Interestingly, the deletion mutants of SltA and CrzA share the alkaline pH sensitive 

phenotype but display opposite phenotypes with regard to Ca2+. The growth of the SltA null 

mutant can be further improved by supplementing with additional Ca2+. Intriguingly, the 

reverse calcium phenotype can be found again in opposed regulation of the vcxA gene. The 

fact that CrzA and SltA counteract expressional activation can also be found for afp 

regulation. SltA is a strong repressor of afp expression. Results also demonstrated that the 

expression of afp might be under the control of a third transcription factor – RlmA, activated 

by the cell wall integrity pathway. Together with previously collected data such as repression 

by high phosphate concentration, up-regulation by heat shock and expression coupled with 

developmental processes, these new findings underscore complex transcriptional regulation of 

afp by different regulatory pathways and cross-talk between them. Thus, the afp promoter 

could be a model promoter to study the regulation and inter-regulation of these pathways. 
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6 Summary 
 
A fast adaptation of microorganisms to changing environmental conditions is essential for 

their survival and growth in different habitats. External signals such as altered ion 

concentrations within the medium are triggered into the cell and direct the regulation of 

transcription factors and their corresponding target genes.  

This work aimed to analyse the response of the model fungus Aspergillus nidulans to different 

environmental stress conditions. Two transcription factors, CrzA and SltA, have been isolated 

and characterised with regard to their DNA binding properties and to their role in cellular 

stress response. 

DNA-protein-binding assays demonstrated that both transcription factors, CrzA and SltA, 

recognise the same consensus sequences as their corresponding homologues in 

Saccharomyces cerevisiae (Crz1p) and Hypocrea jecorina (AceI), respectively. Furthermore, 

phenotypic analysis of the deletion strains ∆crzA, ∆sltA and the double deletion strain ∆crzA, 

∆sltA revealed that both transcription factors are necessary for the adaptation to ambient 

alkaline pH and for ion homeostasis. 

Northern analyses, carried out in A. nidulans, revealed genes that are both commonly and 

independently regulated by CrzA and SltA. Genes encoding for ChsB and VcxA are 

positively regulated by CrzA, whereas SltA is a negative regulator of vcxA gene and acts as a 

positive regulator in enaA gene expression. Therefore, it can be postulated that both 

transcription factors, CrzA and SltA, interactively control or balance gene expression, 

essential in ion homeostasis and especially in Ca2+ homeostasis.  

Knowledge deduced in A. nidulans was subsequently transferred to A. giganteus to get a 

closer insight into the regulation of the afp gene expression. Results indicate that genes 

homologous to crzA and sltA are also present in A. giganteus. Reporter assays indicate that 

CrzA and SltA regulate afp expression in an opposing manner. CrzA is an activator of afp 

expression, whereas SltA is acting as a repressor of afp expression. In vitro interactions 

between CrzA respectively SltA and afp promoter elements hint to a direct role in afp gene 

regulation. 
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Zusammenfassung 
 
Eine schnelle Anpassung von Mikroorganismen auf schwankende Umweltbedingungen ist 

essentiell für das Überleben und die Besiedlung von verschiedensten Habitaten. Äußere 

Bedingungen, z.B. veränderte Ionenkonzentrationen im Medium, werden dabei über 

Signaltransduktionswege in die Zelle geleitet und führen unter anderem zur Regulation der 

Aktivität von Transkriptionsfaktoren und deren Zielgenen.  

Ziel dieser Arbeit war es, die Reaktion des Modelorganismus Aspergillus nidulans auf 

verschiedene äußere Stressbedingungen zu analysieren. Es wurden zwei 

Transkriptionsfaktoren, CrzA und SltA, aus A. nidulans isoliert und hinsichtlich ihrer DNA 

Bindungseigenschaften untersucht. Ferner wurde deren Funktion in der zellulären 

Stressantwort analysiert.  

DNA-Protein-Bindungsstudien zeigten, dass CrzA die gleiche Sequenzspezifität wie das 

homologe Protein Crz1p aus Saccharomyces cerevisiae aufweist, sowie dass SltA die gleiche 

DNA-Sequenz wie der Transkriptionsfaktor AceI aus Hypocrea jecorina erkennt. Die 

phenotypische Analyse von CrzA bzw. SltA Deletionsmutanten zeigte deutlich, dass beide 

Transkriptionsfaktoren für die Anpassung an alkalische Mediumbedingungen sowie für die 

Ionenhomöostase benötigt werden.  

Mit Hilfe von Northern-Analysen konnte gezeigt werden, dass beide Transkriptionsfaktoren 

die Expression unterschiedlicher als auch gemeinsamer Zielgene regulieren. Gene kodierend 

für ChsB und VcxA werden positive durch CrzA reguliert. SltA agiert als negativer Regulator 

der vcxA sowie als positiver Regulator der enaA Genexpression. Es kann daher 

geschlussfolgert werden, dass CrzA und SltA interaktiv die Expression von Genen 

beeinflussen und teilweise ausbalancieren, die essentiell für die Ionenhomöostase, 

insbesondere in der Ca2+ Homöostase sind. 

Die Ergebnisse aus den Versuchen mit A. nidulans wurden daraufhin herangezogen, um die 

Expression des afp Gens aus A. giganteus zu analysieren. Es wurde gezeigt, dass die Gene für 

beide Transkriptionsfaktoren in A. giganteus vorliegen und dass sie an der Regulation des afp 

- Gens beteiligt sind, wobei auch hier eine gegensätzliche Regulation vorliegt. CrzA ist ein 

Aktivator und SltA ist ein Repressor der afp Expression. In vitro Interaktionen von CrzA bzw. 

SltA mit Sequenzen aus dem afp Promoter weisen auf eine direkte Regulation hin.  
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CrzA promoter region 
 

TGTCAAGAAG AATGGATAGA ATATAGCCGT CAGATCCAGT GTAACATAGC GACCTTTAAT - 982  

CTGCTGCATC CGCCATAGAT CACTGTGGTT ATTCTTAGCA TCTCACCTAG CTTGGTCGTG - 922  

AAAACCTCAC CAGGGTATGC TTCTTCCTAT CGTTCGGCAT TCTCGAGTTA GTGGAGCGAG - 862 

AGCGAGTCTG CCTTGCGGAT CGCTGCCGTT GGCTCAACAA GAGCACGTAA CAATTATTTC - 802  

         SDE 

TGCCTTTTGT GCCTGCCACA TTCCATGAAG ATTACCGGAT GGTTATTTTT GGTGTTTCGA - 742  

 SDE          

GGTATTTTAA GCAACCAACG ACAAGCATCT GCCAAAACGT GGTTGATTGT CGTCAACTTG - 682 

AGTTTGTGGT GTTGCTACTG GGGCCCATCC CCACGTTTTT GGCACTCCTC AGGCACTAAT - 622  

                                                        SDE  

CAGGCATCAA GGCATCTATC CCCTCGACTC GTTCTCTCGA CTCGCCTTCG ACCTCCTCCC - 562  

  SDE     SDE 

ATACGTACGT TCTACCTCTT ATCTCGATCA TTTCATCTCA TTTACTTTTT CCTTTCCTTT - 502 

TATCTCTTCA TCACGCTCAT CTTTCAAGAG TCGAGCTCTG CTGTTGCCTA GTCGGTACTC - 442  

                                                 SDE  

TACCTGCCGC AATATTGAAA AGGACCCAGA CTACATGCAC AGCTCGACGA TCAAAGGATC - 382  

 GGTGATTGTG AATCCGCGAT ATTGGGAATT TGGGATAGCG CGACGAGGCT GAATCGCCAA   - 322 

                                                 CDRE  

CTGCCCCCCC AACTCGGTCC CTGAAATTCA TCTCCACCGC GAATGGTAGC TCCAGACTGA - 262  

CCTTGCATAT TCCCGTTCTT ATATTTATCT CCATCAGTCT CTCCTTCGAT CCTTACTTTT - 202  

GATTGCTCGC AGCGGCGTCT ATCTGCGCCT CAGCCCGACC GTAATCCACA CCTGCTGTGT - 142 

CTCCCCACCT CGCGCGCCTT GGGCCCCCTT CTGTTTCCCT GGATCATCCT GCTCTTATTC -  82  

TTACATATTC TTCCATTCCC TCCGCTCAGC CTCTTTTCGC GTGGTATCTA TTCTGGGATC -  22  

                              CDRE  

TTGTCTGCAT AGCTCTTTGC CATG 

SltA promoter region 

 
CACCTCATGT ATTTATTATG CTCGCAGTTC AGCATCTTCA AATTCTGAGA GTAATCCCAG - 941  

TAAGCATACT TTGATGCAAT CGACTGCGGT CTTGAGGGTT TATAATGGAT CGATGATCGG - 881  

TGCGTCTCGA ACACCGCCAT GATGGTGGAG TTGCAGTTGG GCCGATGATC TGCCATCCGG - 821 

AGAAAAGCCG TAAATTAGGA AATTGATTGC TATTTTCGTA CCTTTTTCTT TACCACGGTG - 761  

TCTTCAAAGC TTGCAGTCAT TGGTTATACC TGAGACCTGC GGGGCTATGA ATACGAGGAA - 701  

                                             CDRE 

AAGCGTGCCG ACCACGGATG AACACGGGTT CCGTGTATGG GCGTCGTAAT AATGGCCTAA - 641 

ATCCGAAGTA AAATACAAAA AACACTGCCC CAGAGACCCG TCGTGTATCC GGTAATACGG - 581  

CCCCTTGGTC TTTCCTTTTA GGGATTAGCA CATCTCGTCT ATCAGGCAGA CGTCCAAGAC - 521  

            SDE 

GCCTCAGCCT CAATCCATCA TCAAGAAGGC ATCACCCGCT CTTCCCGACC CTGATCTTAT - 461 

      CDRE                   SDE 

CCCATCCCAT TCCGTCTCTT TTCCCAAGTC TCCATCGTTC ACGTCCAAGA GTCGTGTTTT - 401  

GTTTGGACCC TCTAGGTTCC AGCATTTTTT TATATTCATA CACATCGAAC CCAACTTTCC - 341  

ACCCTCCCCT TTTCACCTTT CCCACCGTCA GTCTGTTGTT CTCCCGTCAG CGCTCAGGGC - 281 

GTCACCTGCT GTTGACAGAG AGTCCGACCT CTGTATGTAT TTCATCAACG CCCCGTCGCC - 221  

CGACCGTCTA CGAAGAGTCG ATATATTCCC AACCTTGCTC TTGTGTACAT TCTAACAATC - 161  

GTCAAGTCGG CAGACCTGCC AATCGTTGAC TGGCTGCACC ACTTCCCCAT CTAATCAGAA - 101 

GCTTCCGTTG GATTTGGTCA CGATCAGTGA GTCATTTACC TGCATCACTC TGCCGGCCTG -  41   

TCCTTGCTAA CACCTTTTCG GACATTAGGG ACCGTCCATC ATG 
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PacC promoter region 
 
CTAAGGAAGG AGGCATATTT TCTCGTCCCT CATGAGAAGA ATGTGATCTA GAGAGTGTGT -1042   

         SDE 

CCAAGGAAGC AAAGGCCAGT ACGATCGGGG ATTGAACCTC TTTCAGTTCA GGTACTCGTA - 982   

CGGTAATAAT TGGTATGGCC GGAATGTTTG GCGTCCGACT TTCGAAAGGG TTCGCGGCCC - 922  

CCTATGCGCT TCAGCTTAAC AAGCTTACTT TCCTCCTATG CTGAGACTGG GTGAACTTGA - 862  

GGTGCGGAAT AATAGACAAG GGCAACTCGG GCTCTGAATA AGATCAGGTG CACGTTCGTA - 802  

CTCGAAACCG TTGTAGGATT TGGAGTAAGC CGGCGGCTAC AGACAGAGTA CGTGGTCTCG - 742  

                                    CDRE 

GCTGCCATAC CTGATGGGAG CCAGTGGTTG CTTCATTCTT GGCGTTATTT CGTTGTAATA - 682 

CCTTCGTCAC GTGAAATAGA GGTTGTACAC ATAGTTGCTT GCGCAATCCA GCTGCTCCAT - 622  

ACATCTCATG GGATAAACAC ATCATAATAA GCAGTAGGCA AGAGGCCTTC GAGCTGTATC - 562  

                                       SDE  

GGAAGTTGTA GGGGGTCGTT CAAGGCCTTG TTCTGGTTAA GATTTATTGA CCGTCAAAAG - 502  

ATGTTACAAG CCCGTACCAG GTGTACCATA CTAAACCCGG ATAGTCCGCA CTACCACGCC - 442  

ACCAGCCCCG CGCAAAGCGC ACGCTCCGGT CGACTCTCGG GAAAAGCCAA GGCAAAGACG - 382 

    CDRE                                              SDE 

GATTTCTAGG CTTATGTCCA AGATCCCCCC GCTGGGCTGT GCAAGCCAAG CTTACTCCCT - 322  

                                                 PacC 

TGAGTCCGCA CAAGGCCATT CCCCCCCCCT TCTTGTCACA TCCCAAGGAT TTCCTCTCCT   - 262 

TATTTACCTT GGCTTCCCCC ATCTTCTCAA CCCCCCCTCT CTTTCCCTCT CATTTTGCTG - 202  

ATCTGTCCTC TGTTTCGGCA CGCGTCTTTT TGATGTATTG ACTGTTTGGC TGCCGACCGT - 142  

GCCTCTTAAC TTTTCAAATC TTTGACCTTT GATTCCTAAA CGCCTGGCTC GTTGTGTGAG -  82  

                                               PacC 

CTTGGTTATC CTTGTCAACA GAGATCCTTT CTCTGACTCA AAGTGAGCAT TTCTCGTCCG -  22  

CTCATCACCA AGAAAAGTCA TATG 

ChsB promoter region 
 
GAACTAAATT ACCGCCAGGC CGCTTGGTGC TCAATAAGAT TGGCTGGGGG GAAGTGGGCT - 941  

               PacC 

CTGAAATTTT GCACCTCAGT TTTTGTACCC CTGGCGGTGA GGCAGCCAAT TTTTGTCTGT - 881  

                                PacC             SDE 

ATACTCTGTA CAGGTATAGT GTAGGGAGCA TCGATTTCAG GATTCAGGAA TCAAAATTCA - 821  

GGAACAGTTG TAGATGAGGA ATGAATTGGC GAAGTGTGTT GAATTAGATA GACCTGATGA - 761 

TAGATTTGAT AGATTTGAAA AAAAAGGACA ACCTCAGATG ATGAGTGAAA AGCCAAAAAG - 701  

ACGAGTCTTC ACGGAGTTTG CAGTAGTCTA CCAGTAAGCT GTAGCCAGGC CAGGCCAGTG - 641  

                                                PacC      

GTAAGGAATC CTGGCCATCC CTCTTCAGTC CTCCCTCCTC ACCAAGTCAC CACCAAAAGA - 581  

          PacC  

ACTTGGTTTT TGGTAAAAAA AAAAAGGGTG GCACTTTTCT TGACTTCACC TAAACCCCGG - 521 

TTTCTTTTCT CTCCTCTCTC ATCCTGCGCC TCCGCTCCCT CTTAACCACG GATAAAGACT - 461  

GCACTTAGTC GCACCTAAAG ATACTGGAGC CACTTCTCTA GTTCAAGTTC AACGGTGTCT - 401  

                              CDRE 

CACCTGCTGT TTTTGCGAAT TCGGGGCCGC TCCTCCCTCA GCCCTGGCGG CTTTTTCCAC - 341  

                                               PacC/CDRE 

GTTCCTGCTC GACCTGCGCC TCTCCCTCTT CAGCTTTGGA CCCTCACGCT TCCTCCCGCT - 281 

GGTTTTTATT TCTGATTGCT TTCTCTCGCT TTCATCTCGC CTTTTCATCA CTTCACTTTA - 221  

GCCCATCTTT ATTTTTTTAT TTTCCTGACC GTGCCGCGTG GTCCTATAAC GCGTGCTCAG - 161  

GTGTTTGACC TTCCTAAGTC GGGACAAAAC CTCGTTCTCG TTTCTTTGAT ACCCCTTCCT - 101  

TCACGTCCTT GCGTTCTGCT TCCAGTTGTA TTTGCTTGAC CTCCGACCAA GCCCAGTTCG -  41   

CAGATACTGC CGTCTATTCG CACATACTAC CAGTTTAACC ATG 
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EnaA promoter region 
 

CGCTAATGGC GCCAAACAGC AGCACGGCTC CAATTATGAC GGCGATCAAA TTCCTGCTCG - 881  

TCGGGCTGCC TGCCATAGTG AGTTATGTCT TTGTTGCGTG CGAGCCTGCC CTATCTAGTT - 821  

        SDE                                       

CGGAGCCACC GGGCGTGCGA GATACGAAAA CGACTGAAAC TAGCAAAGCA GCATATCCAA - 761 

   CDRE 

TAAGACGGCG CAATGCAACG TGGGGGAGGT AATCGGCTGA ACCGGCTAGA ATAGCACTGG - 701  

GTTTGCATTC GCATCTAACG GGTCGAGATT TGGAAACTGA TGATGTGAGA CGCCTGAGTT - 641  

CCCTATAGTG GGGGTGATGT CCATTCACAA GTGGTTCTTG CTGGGATGCA GCGCCGTTTT - 581 

GAAGGGCAAT CGGCTGAATT TAGACTTGCC ACTCAATTTC CAGCCCCTCA AGGCTGCAGG - 521  

                                              CDRE            SDE 

CAGCCAAGGT GCGTCCCAAG AGCACCAATC CTAGGCGTTG AAATCTCCCA GGCTGGCCCA - 561  

   PacC 

GACGTGCCGA GCGCCAAGGC TCCCGCGCTT CTCTTGGCAC TCCGCCGGAC CCACATTCGC - 441 

              PacC                   PacC                 

TATCGGCAAA TCACAGGCGG CAACGGATCT GTATTTGCCG CTGGTTCGCT GAGAGATGCA - 381  

TTTGCCAAGA GTCTGCGGCC TCACGTGGCT TTCTCGAGTC GTATGCGTCA ATTCTCTGCG - 321  

    PacC                   CDRE 

CTGCTCAAAC AGTCCGAGAG GTCTCCAACC ACGGAATACC AAGCCTTGGC TTGCTCGGAT - 261 

                                                PacC 

CCGGGTTTCA TAGTGGAGTG TGAATTGCCT CTGAGATATC TTTGTCGCTG TCGTCATAGC - 201  

                            SDE 

CGCCTCAGAG TTAAATAGAG TGCCATCGCC CAGCTTTCCA TATATCTCTT TATTGTAAAA - 161  

CDRE 

TCTAGAATCT AGATCTTCAT CGTCACTCAG TATCAATTCC GGCCCTGTCC TTCTTGTGCA - 101 

TGGACTCGCA TTCCTTGGTT GACACGATCT ATATGGAGCC TCCCTAAAAG ACACCATAGT -  41  

                                        CDRE 

AGTAACGTCA GAACAAAAAC TTTTGATAAA CACAAACGAC ATG 
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AN 7250 promoter region:  
 
AATGGTACGT AGGATGTCAA CGGCATGTGT AACCATGCGG CATTCTGGCA GGTCTCGAGG -1042  

                        

ACATGGGGGA ACTGCAGAAA TAGCCCGAGC TTCAGCAGGG CACTGTGCCC AGGCTCCAGC - 982  

GGCATGGGCC TCAAGAGGTG CGTCGCCGTA AGTACCGGAC TGCAGTTGCA AGAGCGGGTA - 922  

AATAAAGCTT CGTAAGTCAC CAGAATAGTA ACAAGAAGAA ATGCCATTCG ATTTATTGTA - 862 

TCTAGTACCG CCGCAGGGAT GCTTAAAATG CCTGTTCATC TAATTGCGGC CTTTTCTTAG - 802  

                               SDE 

ATTACGTCGG TATGTCGGGA CCTCAAGCGC CAAGCCAAGA CGAGAGGACA ATCGGAAACG - 742  

                                     PacC 

GCTCGCCGCT CATTTTTCCT CTCCTCCCCA TCCCCGATTC CCCATTCCAA GCCCCAGAAA - 682  

AAAGGCCATT GTGCTGCTAT TCAAGTCCTC ATTCGCCAGT GACGGTCTTG GACAGAGGCC - 622 

ATGTTCCCCT CCTGCCGAGT CTCGTGCTCG ATCGTGGTCT TGGTCTTCGC TTCGTAATTT - 562  

TCTGGTTGCT CCTTCCCATT TTCGGCCCTT CCCAAGTTGC CCGCCCAGCT GCCGAGAGCG - 502  

TCTCCCCTCT TGTCCTGCGT CTTGTCCTCC TCTTGACTCC TCTTAATCTG TCTTGACTTC - 442  

ACTTGTCGTC TTGGTTTACT CCAGTTTTAT ACGTCACTCG TTAAACCCCC CAGAGAGCTG - 382 

GCTCTATCCA CTAAGTGCAT ACACATTAAC TCACCTTATC TACAATTTAC AAAGAAGGGT - 322  

AAGTTCCGTT GCAGTTTGCT CCGCTCACTA GTCGATCGCC CCTCCGCCCT GACATTCCCT - 262  

TATAAGTGGC TTCGCCTTGC TAATTCTTCT TTTCCTCTAG CATCTCTTCG CGACCGCATC - 202  

      CDRE 

AAATCCATCG GATCCGGATC TCTCGCGACA GGGCATGTCC ACCTCGGTGC TAGTGCTTGC - 142  

AGCGTTTCTT ATTCGATTGT GATGGTTTGA CTAGCGCTTC ACATGGGCTC TGGGTTACGA -  82    

CTAGAGCAAG GAAAACTTCA CGATAAGCTG AAATCGCGGA TAATCTGATT ACTTTTGGAG -  22  

TCGCTATAAC TTGCTTTCGT CATG 
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VcxA promoter region 
 
GTCTTTGTGC TCAGAATTTT TCAACACTAA CGGACGTAGG ACTTGGTGGT GGGTCGGCTG -1520  

CATAGGCTTC GTTCGGGTCA GCCAAGGTTA TGCACCTTCA CTATCCTTGA GATGATTTCG -1460  

                       PacC 

CTCTTCTAGC TCCATGTTAC GTATCATGAT AGTGGGCTTG AGTGTTTTGG TCTTTCTTTA -1400  

ATATTTATTC CAGTAACCCT GGATTTCTGC GATCTTACAT TATCCATAGA ATACATTCGC -1340  

TAAGATATGC CTTGATCCTT TTGTTGTCTT ATTACTAGCT CTTGTACTAG TACAAGTGTC -1280 

        SDE 

TCACCTAAGC ATACTTGTAG AATCTTGGAA TATTTGTAAA CTAGGTAGAA TAACGGACAT -1220  

TGCGGGCGGT GCGAAGCTGA CGTCATGGAA TGCTGTGGCT TGCGCGTCCG CACTTTTGCG -1160  

                                     CDRE 

GGATTTCATC ACATATACCT CGAGGCGTTT ACTCTGTAGA GTTGTCAAGG TTTGACAGTA -1100  

GTTGTAAAAA GTAAAGTAAA AAAAAACATC ATGTGAGTAT CTTTTTGGTC AGGCTTTCGA -1040  

AAATCACCTT TGGGATACAG CTGTCCAGTT GCTGTTGTCA GAGTTAGTGC GAGTCAGTGG - 980 

GACTAAGTAC AGTATCAAGA GGACGCTAGC CCGCAAGCAG CCAAGTGTGC CGCTCTCATG - 920  

                                           PacC   

AGCCCTGGTA TCGATTATCG CATGTGTTGT CAGTGCTTGG TTTGAGCATT TTTTCCATTT - 860  

AGCTTTGGGG GCTGGACAAT CCACAGCCTA GAAAGGTCAC AAATACGACG ATGAACGTCA - 800  

        CDRE 

ATGTGGCAGT GCTGCATCTG TGAGGGGTAT AGTGTTCGCT CGTCTCAATT TCAAGCCGGT - 740  

GTTCGAATTT GACCTTCAAC GATCATCAAC TCAACGAGGC TGTGCAAAAC TAGCTCGTCC - 680   

                                       CDRE 

TGACTTGGCA GAGTTCAGCC AATGGCAGCA GCAAATATCG GAATGAGGTC AATCGTCAGT - 620 

    PacC 

CAATCGTCCA GCCACATCGC ATCCCAACCA CGGCGCCGCT ACACTCTTCA TCCACCGGAA - 560  

          CDRE 

GACCCTGATT TCAATTAAAT TTTGTGCTAC CAAGCAATCA ATTTATTCCG ACCTTAGCGT - 500  

CCAAGAACTA CTAACGACGG TCTTTACTTA TACTGGCGCT TTGGCGAAAG TCTGGTCCGG - 440  

CTCGGGCTCG TCACTTCCCA ATAATGTGTA GGTTGCTCAC TCCCAGCATT CCGTCCTCAC - 380 

AGCTTTCTTC TGCTCTCCCA CATCACTGAG CATCCATTTT GGTCTCGAGC TTGTGATCTG - 320  

GCTTCGATTC CCTTCTTTCC TCAGCCGACT TTCATATCTT CTCTGCTTTT GTTTTGTCTT - 260  

GCCAGGATCC ACACTGCTAG CAGGTTTCCT TCAGTGTTTC TGGATCAACA CCCTCCTTTG - 200  

PacC 

ACCTGACGCG GATCTTCCGT CTTCTGTCCT CTCTTTTTTG TTTATTTAAT CAATTTTTAA - 140  

TGCTATCAGC CTCAGCTGGT TTTACTTTTC GAAAACATCC CCCTAAGGCC GCCATAGCTA -  80 

        CDRE   

ACGCCTACGC GATCGGACAG CATCAACAAG TATCTACTCT AGTTTCCGAA GACACGGCAG -  20  

CTGGGGTCCT CCAAGAAAAA TG 



Appendix 
 
 

- XX - 

Plasmid map and construction of pBSKdeltaCrzA: A detailed description is given in Materials and 

Methods. 
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Plasmid map of pGEX-CrzA123, pGEX-CrzA12 and pGEX-SltA: A detailed description is given in Materials 
and Methods. 
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