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Chapter 1 Introduction 

Fungi play an important role in our daily life. They are both harmful and 
beneficial for our health, agriculture and environment. Fungal pathogens are 
lethal for immunocompromised patients, but other non-pathogenic fungi are 
used for the production of pharmaceutical products. Fungi are the most 
important group of plant pathogens, however, mycorrhizal fungi that grow 
interdependently with plant roots are critical for nutrient uptake by plants. In 
addition, filamentous fungi are saprophytes and play an important role in 
nutrient recycling.  

The number of species within the kingdom of fungi is currently 
estimated to be around 1.5 million (Borkovich et al., 2004). The majority of 
these species is filamentous. Their substrates are often insoluble polymers, 
and need to be degraded into soluble monomers or small soluble oligomers 
before these can be used as nutrition. For this purpose filamentous fungi 
secrete a wide spectrum of enzymes, such as glycosyl hydrolases, proteases, 
lipases, and phosphatases.  

While filamentous fungi naturally secrete a large number of enzymes, 
the yeast Saccharomyces cerevisiae does not. Because of its simplicity, the 
secretory pathway of S. cerevisiae has been studied in great detail and 
functions as model for the secretory pathway of eukaryotes in general. To 
outline the fundamentals of the eukaryotic secretory pathway and to 
illustrate the environment for the main topic of this chapter, proteolysis, a 
description of the yeast secretory pathway follows below. 

 
The fungal secretory pathway 

 
Proteins are synthesized by ribosomes in the cytosol. If their final 

destination is the ER, the Golgi, the vacuole, the plasma membrane or 
extracellular environment they will reach their target after a journey through 
the secretory pathway (Fig. 1). The endoplasmic reticulum is the entry point 
into the secretory pathway. The synthesized precursor proteins contain a 
hydrophobic prepeptide which mediates their translocation into the ER. This 
prepeptide is removed from most proteins by signal peptidase upon entry. 
Some proteins keep their prepeptide as membrane anchor.  

As the precursor proteins progress on their journey through the secretory 
pathway they are gradually altered until they obtain their mature form 
(Shinde and Inouye, 2000). These post-translational alterations include site 
specific proteolysis and amino acid modifications (such as phosphorylation, 
glycosylation, deamination, and acetylation). Via the ER the proteins travel 

 2



Chapter 1 Introduction 

towards the Golgi, which is in effect a branching point of the secretory 
pathway and the vacuolar pathway (Nakano, 2004). There are at least two 
protein sorting pathways leading from the Golgi to the vacuole, and there 
are indications that more than one pathway exists for protein sorting to the 
plasma membrane. Protein transport from one organelle to another is 
mediated by vesicles. Membrane proteins without sorting signals are 
transported via the endosomes to the vacuole. Soluble proteins are 
transported by default towards the plasma membrane, where they are 
released into the extracellular environment.  

 
 

 
 

Fig. 1. The secretory pathway of yeast (upper panel) and filamentous fungi (lower 
panel). The indicated organelles are: A) nucleus; B) endoplasmic reticulum; C) 
Golgi; D) post Golgi endosome (PGE) / early endosome; E) prevacular endosome 
(PVE) / late endosome; F) multivesicular body; G) vacuole. The question mark 
indicates organelles that have not been visualised in filamentous fungi. The arrows 
represent the protein transport pathways between the organelles. 
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The secretory pathway of filamentous fungi is assumed to be similar to 
the secretory pathway of yeast. A comparative analysis of the genome of 
Neurospora crassa with the genome of S. cerevisiae revealed that N. crassa 
has homologues of all the Rab-type GTPases present in the yeast genome 
(Borkovich et al., 2004). Rab-type GTPases are required for vesicle 
targeting and fusion with the acceptor organelle. In yeast, these GTPases 
have a high specificity for a single transport pathway, making them very 
effective molecular markers for the individual organelles. Despite the 
presence of these putative Rab genes, indicating the presence of yeast-like 
secretory pathway structures, most of these structures, such as the Golgi, 
have never been visualised in filamentous fungi. However, the comparative 
analysis revealed additional Rab genes being present in the N. crassa 
genome which are also present in mammalian genomes, but not in the yeast 
genome, suggesting that the secretory pathway of filamentous fungi is more 
complex than the yeast secretory pathway. Considering the high secretion 
potential of filamentous fungi compared to yeast, this is not surprising.  

 
Protein production by filamentous fungi 

 
Recognition of this secretion potential has resulted in large scale 

industrial use of filamentous fungi. A variety of proteins has been isolated 
from filamentous fungi. An important group of enzymes isolated from fungi 
are the pectic enzymes (Alkorta et al., 1998). These enzymes have a long 
history of use in the yield increasing and clarifying of fruit juices. A few 
other fungal enzyme families that are isolated on an industrial scale are the 
glucoamylases, the cellulases, and the xylanases. Production improvement 
programs have made protein yields above 1 g l-1 medium quit common 
(Gouka et al., 1997; Verdoes et al., 1995). The yield of several proteins is 
even above 10 g l-1.  

A more recent application of filamentous fungi is their use as cell 
factories for heterologous protein production (Archer, 2000). The advantage 
of the use of these organisms in comparison to prokaryotes is their 
capability to produce eukaryotic proteins needing post-translational 
modifications like glycosylation and disulfide bridge formation (Maras et 
al., 1999). The production of heterologous proteins in yeasts, such as S. 
cerevisiae and to a lesser extent Pichia pastoris, resulted in several cases in 
unwanted hyperglycosylation of the heterologous protein (Cereghino and 
Cregg, 2000). This hyperglycosylation is not found if these proteins are 
produced in filamentous fungi.     
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Nevertheless, heterologous non-fungal proteins are still produced at far 
lesser quantities by filamentous fungi than fungal proteins (Gouka et al., 
1997). Human lactoferrin production levels vary from 5 mg l-1 to more than 
2 g l-1. Attempts to produce human interleukin-6 resulted in yields between 
1 mg l-1 and 40 mg l-1. Obviously non-fungal proteins have not been 
optimised during evolution to be secreted efficiently by the fungal secretory 
pathway. As a result the production efficiency of these proteins can be 
compromised at any stage of the secretion process.   Problems were found to 
occur at the levels of: mRNA stability, codon-usage, translocation, folding, 
sorting, and protease susceptibility (Maras et al., 1999).  

Especially proteases are a major problem for heterologous protein 
production, they are present at every stage of the secretion process and their 
action on the foreign protein has a catastrophic influence on the yield (van 
den Hombergh, 1997). Disruption of the major extracellular proteases of 
Aspergillus niger resulted in an enormous reduction of extracellular product 
degrading activity. Degradation of the proteolytic susceptible A. niger PelB 
protein was reduced 1000-fold in an A. niger production strain, in which 
three major proteases were disrupted. Also intracellular proteases are 
important for protein secretion. They play an important role in protein 
modification and regulation. However until recently not much was known 
about proteases present in the secretory pathway of filamentous fungi.  

 
Protease nomenclature 

 
Before a detailed description is given of intracellular proteases in the 

fungal secretory pathway a short introduction into protease nomenclature is 
needed. The two most important characteristics used for the classification of 
proteases are the substrate specificity and composition of the catalytic site. 

Starting with substrate specific nomenclature, exoproteases hydrolyse 
proteins at the termini, while endoproteases cleave internal amino-acid 
bonds. Aminopeptidases and carboxypeptidases are exoproteases which 
liberate an amino acid from the amino-terminus and carboxy-terminus of the 
protein respectively. The protease name may also be based on the specificity 
of the protease. For example, oligopeptidases prefer small peptides, 
dipeptidases prefer dipeptides, and methionine aminopeptidases remove the 
amino acid at the amino-terminus, if the penultimate amino acid is a 
methionine residue. 

A different way of classification of the proteases is based upon the 
composition of the active site. Using this classification method, proteases 
can be classified in four groups, the serine, metallo, aspartic and cysteine 
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proteases. A brief explanation of these four groups is given here; a more 
elaborate description is given by van den Hombergh (1996). Each group has 
a different proteolytic mechanism and therefore different enzymatic 
characteristics and inhibitors. The cysteine proteases are a rare group of 
proteases, and none have been found in filamentous fungi so far. 

The serine proteases contain a catalytic triad, which is formed by a 
serine, a histidine and an aspartic residue. PMSF is a common inhibitor of 
serine proteases. The serine protease families are grouped into 6 clans. The 
two major clans are the (chymo)trypsin-like and the subtilisin-like clan. 

The catalytic site of aspartic proteases is formed by two conserved 
aspartic residues. The exact mechanism of this clan of proteases has been 
unknown until recently (Northrop, 2001). The active site appears to be 
mono-protonated. The single hydrogen bond keeps both aspartic residues in 
a single plane together with a water molecule. Pepstatin A inhibits most 
aspartic proteases. The aspartic proteases are roughly divided in pepsin-like 
and non-pepsin-like aspartic proteases.  

The metallo proteases need a metal ion for their activity. Most metallo 
endoproteases contain zinc as metal ion (Jiang and Bond, 1992) and contain 
three or four amino acids that function as zinc ligand. Based on the first two 
zinc ligands (both histidine residues) the zinc metallo proteases can be 
divided roughly in two categories. One category of metallo proteases is 
characterised by the presence of the HXXEH motif. This category includes 
bacterial protease III and the human insulin degrading enzyme (Jiang and 
Bond, 1992). The other category contains metallo proteases with a HEXXH 
motif. This second category can be subdivided on the basis of the third zinc 
ligand. One of these subgroups, containing the thermolysin family, uses 
glutamic acid as third ligand. The other group, containing the astacin family, 
uses histidine as third ligand and contains tyrosine as an additional fourth 
ligand. EDTA and 1,10-phenanthroline are effective inhibitors of the 
metallo proteases. The largest superfamily of metallo proteases is the 
zincins family of proteases (Hooper, 1994).  

To indicate how the amino acid residues of the substrate are positioned 
in relation to the active sites of the protease the nomenclature as shown in 
Fig. 2 is used. The specificity of most proteases depends on the pre-scissile 
amino acid residue(s) of the substrate. This is probably the reason why the 
effect of the post-scissile amino acid residue(s) on the protease efficiency is 
often not examined. 
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Fig. 2. Proteolytic cleavage site definition. The protein sequence below represents 
the substrate; the upper structure represents the protease. The amino acid bond 
cleaved by the protease is called the scissile bond and is indicated in the figure by 
the arrow. The pre-scissile amino acid residues are numbered from the scissile 
bond towards the N-terminus in the form of P1, P2, P3, and so on. The first amino 
acid following the scissile bond is designated P1’. The remaining amino acid 
residues are numbered in a similar fashion P2’, P3’, and so on. The protease 
subsites that interact with these amino acid residues are numbered in a similar 
fashion S1- S3, and S1’ - S3’. 

 

Proteolysis in the fungal secretory pathway 
 
Several proteases present in the secretory pathway have a proteolytic 

processing function. In contrast to their extracellular degrading partners, 
their function is needed to ensure that the proteins of interest are correctly 
produced. The proteolysis of the precursor protein can result in cleavage of 
different subunits, cleavage of identical copies, removal of a peptide 
fragment, or removal of amino acid residues at either one of the termini. The 
proteolytic processing by yeast of killer toxin, pheromones, and 
carboxypeptidase Y are all well documented and together serve as good 
examples for these four types of processing. 

K28 preprotoxin, a yeast killer toxin precursor consists of the two 
polypeptide chains of mature killer toxin, connected by an internal peptide 
(Schmitt and Breinig, 2002). This combined polypeptide is preceded by the 
so called prepropeptide (Fig. 3). After covalent linkage of the two domains 
via a disulphide bridge the connecting peptide is removed via proteolysis by 
the KEX2 endoprotease. The cleavage sites at the borders of the internal 
peptide contain both a specific amino acid recognition motif -Ser-Arg- and -
Lys-Arg-, respectively. The remaining carboxy-terminal basic amino acid 
residues in the α- and β-chain are removed by the KEX1 carboxypeptidase. 
The mature killer toxin contains the HDEL endoplasmic reticulum retention 
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signal. This retention signal is necessary for the retrograde transport of the 
toxin towards the endoplasmic reticulum after receptor-mediated 
endocytosis in susceptible yeast strains. This retention signal is masked in 
the protoxin, but after the removal of the carboxy-terminal basic residues it 
is activated. 

The yeast pheromone α-factor is produced as a polypeptide consisting of 
either 2 or 4 copies of the end product. Proteolytic processing of these 
precursor proteins involves the removal of the N-terminal propeptide and 
separation of the different copies of the end product. Dibasic amino acid 
motifs function as recognition sites for this endoproteolytic cleavage. The 
liberated α-factor copies contain N-terminal dipeptidyl residues that need to 
be removed.  The penultimate alanine present in these residues ensures 
recognition and subsequent removal by the yeast dipeptidyl aminopeptidase 
DPAP A. This exopeptidase, which belongs to the proline specific proteases 
recognises both penultimate alanine and proline amino acid residues. 

 

 
 
Fig. 3. Proteolytic processing of the yeast k28 killer toxin precursor. The 
processing of the killer toxin involves the removal of the N-terminal prepropeptide, 
and removal of the internal γ peptide following the formation of a sulphide bridge 
between the α and β domains. 

   
In contrast to α-factor, of which an N-terminal peptide is removed, the 

yeast mating pheromone a-factor has a carboxy-terminal peptide that needs 
to be removed (Tam et al., 2001). This carboxy-terminal peptide is removed 
by CAAX proteases after the cysteine near the carboxy-terminus has been 
prenylated. 
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The proteolytic processing of carboxypeptidase Y (CPY) has been 
studied extensively. After entry into the ER the propeptide of proCPY 
remains attached to the carboxypeptidase until it has arrived at its final 
destination, the vacuole. The propeptide of CPY is essential for correct 
folding of the protease.  

An N-terminal propeptide is present at the N-terminus of many proteins. 
Of the examples above, the precursors for killer toxin, α-factor and 
carboxypeptidase Y all contain an N-terminal propeptide. Many proteases 
remove their propeptide in an autocatalytic manner. Most of the propeptides 
that are not removed in an autocatalytic event contain a dibasic motif as the 
recognition site. Dibasic recognition sites are processed by the kexin family 
of endoproteases. Some propeptides have a monobasic amino acid cleavage 
site. These monobasic cleavage sites are recognised in yeast by the yapsin 
family of endoproteases. The function of the N-terminal propeptide is very 
divers. It can play a role in folding, sorting, hierarchical organisation, and 
regulation of activity (Shinde and Inouye, 2000). For subtilisin, the 
influence of the propeptide on folding has been analysed. Unfolded mature 
subtilisin can fold into a molten-globule intermediate in the absence of the 
propeptide (Fig. 4). In vitro, this molten globule subtilisin can be converted 
to the native subtilisin by addition of the propeptide as a separate peptide. 
This indicates that the folding transition state between the molten globule 
state and the native state is the rate-limiting factor in the folding process. 
Furthermore it appears that the propeptide decreases the amount of energy 
necessary for this transition state.  

 
In summary, three examples of protein processing in yeast were 

discussed, being killer toxin, α/a pheromones, and carboxypeptidase Y. The 
proteases involved in this processing are the CAAX proteases, the kexin 
protease, the yapsin proteases, proline specific exoproteases and 
exoproteases specific for basic residues. In the next paragraph these 
proteases will be discussed in more detail.  
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Fig. 4. The partial free energy diagram for folding of subtilisin. The energy needed 
for the transition state between the molten globule state and native state is reduced 
in the presence of the propeptide. 

 
CAAX specific proteases 

 
The c-terminal CAAX motif is a motif consisting of a cysteine (C), two 

aliphatic residues (A), and one less conserved amino acid (X). Eukaryotic 
proteins containing this motif will be subjected to CAAX processing (Tam 
et al., 2001), resulting in prenylation of the protein. In contrast to most other 
forms of protein maturation, this type of post- translational modification 
takes place at the cytosolic side of the endoplasmic reticulum. Examples of 
protein families containing this motif are the Ras family of small GTPases, 
nuclear lamina proteins, and kinetechore proteins (Maurer-Stroh et al., 
2003). CAAX processing is a combination of three ordered post-
translational processing events (Fig. 5). These three modifications are: 
protein prenylation, proteolytic removal of the AAX tripeptide, and 
carboxyl methylesterification. 
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Fig. 5. The sequence of CAAX processing. A protein undergoing CAAX 
processing is subjected to protein prenylation, proteolytic removal of the AAX 
tripeptide and carboxyl methylestrification. The CAAX residues are cysteine (C), 
aliphatic residues (A) and a less conserved residue (X). 
 
 

The first modification process, protein prenylation, is the attachment of 
an isoprenoid lipid (either farnesyl or geranylgeranyl) to the cysteine (Fig. 
5). Whether the farnesyl or the geranylgeranyl moiety is attached depends 
on the exact sequence of the CAAX motif (Trueblood et al., 2000). The 
attachment occurs via a thioether linkage. After the lipid attachment the 
AAX tripeptide is removed by a CAAX specific protease. As a result the 
cysteine of the former CAAX motif is now the C-terminal residue. In the 
final step, this prenylated cysteine residue (N-acetyl-S-farnesyl-L-cysteine 
or N-acetyl-S-geranylgeranyl-L-cysteine) is methylated (Zhang and Casey, 
1996). The prenylation is necessary for membrane association of the 
protein. 

 
Fungal CAAX specific proteases 

 
CAAX specific proteolysis has been well studied in yeast. Two 

proteases, identified in S. cerevisiae, were shown to be capable of this kind 
of processing, Afc1 (also called STE24) and Rce1. Both proteases are 
integral membrane proteins. Afc1 is a type I CAAX protease (Pei and 
Grishin, 2001). Type I CAAX proteases are zinc dependent proteases with a 
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HEXXH sequence motif. Rce1 is a type II CAAX protease. The exact 
catalytic mechanism of type II CAAX proteases is unknown, but they are 
thought to be metallo-dependent enzymes. 

A well characterised fungal substrate for CAAX processing is a-factor 
(Schmidt et al., 1998). This yeast pheromone is exported via a non-classical 
secretory pathway. The c-terminal CVIA sequence of a-factor is a valid 
CAAX motif triggering the CAAX processing. In the first CAAX 
processing step a farnesyl isoprenoid is transferred to the cysteine of the a-
factor CAAX motif, by the yeast cytosolic Ram1/Ram2 farnesyltransferase 
complex. Both Rce1 and Afc1 are capable of removal of the c-terminal VIA 
tripeptide, however Afc1 also removes 7 amino acids at the N-terminus of 
a-factor. The CAAX processing is completed by Ste14, the yeast 
methyltransferase. As both CAAX proteases, Ste14 is located at the ER 
membrane.  
 

Dibasic residue specific proteases (kexins) 
 

An important group of processing proteases is the kexin family of 
proteases. The first identified member of this family was the yeast Kex2 
endoprotease. In a search for enzymes involved in sexual reproduction of 
this organism, Kex2 was identified as maturation protease of the yeast α-
factor, one of the two oligopeptide hormones triggering sexual conjugation 
of the haploid α and a cell types (Wagner et al., 1987). 

The kexin family of proteases recognizes dibasic amino acid motifs 
and removes N-terminal propeptides. Members of this family have been 
identified among yeast, fungi and mammals. An overview of all known 
members, their substrate specificity and subcellular location is given in 
Table 1. In mammals the kexin endoproteases are responsible for correct 
processing of a wide range of proteins such as serum proteins, hormones, 
growth factors, cell-surface receptors, extracellular matrix proteins, bacterial 
toxins and viral coat proteins (Molloy et al., 1999). 
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Table 1. The kexin family of maturases. 

N.D = Not determined; TGN = Trans Golgi Network; PVC = prevacuolar compartment; k.f.f. = kexins of filamentous fungi

 Protease Cleavage site specificity Cellular location Reference 
Furin 

(PACE) 
-Arg-X-Lys/Arg-Arg↓ 
I) P1 arginine is essential, lysine is cleaved less 
efficient 
II) At least 2 residues of P2, P4, and P6 have to be basic 
III) No P1’ amino acid with hydrophobic side chain   

TGN/endosomal Rockwell et al., 2002 

PC1 / PC3 -Lys/Arg-Arg↓ secretory granules  
PC2   -Lys/Arg-Arg↓ secretory granules 

Seidah and Chrétien, 
1997 

PACE4 -Arg-X-Lys/Arg-Arg↓ TGN/endosomal Rockwell et al., 2002 
PC4 -Lys-X-X-Arg↓ Testicular germ cells and 

ovarian macrophages 
Basak et al., 2004 

PC5 / PC6 -Arg-X-X-Arg↓X-Lys-  A: secretory granules Seidah and Chrétien, 
1997 B: TGN/endosomal 

m
am

m
al

ia
n 

ke
xi

ns
 

PC7 (LPC) -Lys/Arg-Arg↓ TGN/endosomal Munzer et al., 1997 
Kex2 -Lys/Arg-Arg↓ 

I) Extremely stringent for P1 arginine  
II) Proline is tolerated at P2, but cleaved less efficient 
III) Basic or aliphatic P4 residue needed 

TGN/PVC Rockwell et al., 2002 

Krp1 -Lys/Arg-Arg↓ N.D. Davey et al., 1994 

ye
as

t k
ex

in
s 

Xpr6    -Lys/Arg-Arg↓ N.D. Enderlin and Ogrydziak,
1994 

k.
f.f

. KexB X-Arg↓  where X can be Arg, Lys, Ala, Pro and Ser N.D. Chapter 4 
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Fig. 6. Three model kexin endoproteases. The Saccharomyces cerevisiae Kex2 
protease functions as model for fungal kexin-like endoproteases. The human furin 
protease is a model for Golgi located kexin-like mammalian endoproteases. The 
human prohormone convertase PC1 (also called PC3) is a model for secretory 
granules located kexin-like mammalian endoproteases. The grey boxes indicate 
from left to right the prepeptide, the propeptide, the subtilisin domain, the P-
domain, and the transmembrane domain (black). 

 
 

The kexin proteins contain secretion signals, a subtilisin domain as active 
domain, an additional P-domain, and depending on their location a 
transmembrane domain (Fig. 6). As in other proteins, the signal peptide of a 
kexin-like protease, ensures correct entering of the protease into the 
endoplasmic reticulum. The kexin prodomain plays an important role in 
correct folding and activation of the protease. The prodomain is removed in 
an autocatalytic event, before the protease is secreted. This process has been 
studied in great detail for furin (Anderson et al., 1997). Furin separates its 
83-amino acid N-terminal propeptide in an autocatalytic fashion, soon after 
it has entered the endoplasmic reticulum (Fig. 7). This first cleavage is a 
prerequisite for transport of furin from the endoplasmic reticulum into the 
Golgi. After cleavage the propeptide remains associated with furin, as long 
as the complex remains in the environment of the endoplasmic reticulum, 
that has a neutral pH. The associated propeptide functions as an 
autoinhibitor of furin. In the trans-Golgi network the mildly acid pH of 6.0 
invokes a second cleavage event within the propeptide. The second cleavage 
occurs at -Arg70-Gly-Val-Thr-Lys-Arg75↓. Bhattacharjya et al. (2001) 
demonstrated that the C-terminal part of the propeptide, containing the 
second cleavage site, has a molten-globule like conformation at neutral pH, 
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and is unfolded at acidic pH. They therefore proposed that the second 
cleavage site is buried within the folded propeptide core at the neutral pH of 
the endoplasmic reticulum. Furthermore they reason that the acidic pH of 
the TGN results in a destabilizing of the ionic bondings, existing within the 
globular state, resulting in a unfolding of the propeptide. As a result, the 
second cleavage site of the now unfolded propeptide becomes exposed and 
is processed by furin. After this second cleavage event the fragments 
dissociate from furin, after which the enzyme is capable of in trans cleavage 
of appropriate substrates. 
 

 
 
Fig. 7. The autocatalytic processing of the furin propeptide. The furin precursor 
contains an N-terminal propeptide, with a dibasic cleavage site (I). Following the 
autocatalytic cleavage of the indicated processing site, the propeptide remains 
attached to the furin polypeptide (II). This complex travels to the Golgi complex 
and contains an additional internal cleavage site in the propeptide (III). In the 
Golgi, the additional cleavage site is processed, resulting in release of the 
propeptide fragments and mature furin (IV). The bold arrows indicate the cleavage 
sites.  
 

The active domain of the kexin maturases is a subtilisin – like active 
domain. The kexin proteases are therefore classified as one of the subclasses 
of the subtilase superfamily of serine proteases (Siezen and Leunissen, 
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1997). However in contrast to most members of this superfamily, which are 
degradative proteases, the kexin proteases have a narrow substrate 
specificity. Analysis of the crystal structure of soluble Kex2 (Holyoak et al., 
2003) and soluble furin (Henrich et al., 2003), both bound to an inhibitor, 
provided insight into the structural differences between the kexins and the 
degradative subtilases. Without Ca2+ the kexin proteases are not active, this 
in contrast to other subtilases that do not need a metal ion to be functional. 
Two of the Ca2+ sites in the subtilisin-like domain present in Kex2 are 
conserved, while the third site, present in both Kex2 and furin, is not found 
in the degradative subtilases. Furthermore one of the sides of this Ca2+ 
binding pocket is formed by an insertion in the amino acid sequence, which 
is characteristic for the kexin proteases. The site containing the extra Ca2+ 
ion appears to be essential for the recognition of arginine at P1. Furthermore, 
the catalytic domain of the kexins has in comparison with bacterial 
subtilisins a larger number of negatively charged residue (Glu and Asp).  

The P-domain, which is also called the homoB domain, plays an 
important role in the stabilization of the protease. The P-domain is essential 
for recognition of pH, calcium binding and substrate specificity. The protein 
domain is an eight- (furin) or nine (Kex2) -stranded β-barrel structure, 
which is connected to the subtilisin like domain via an extended tether 
(Henrich et al., 2003; Holyoak et al., 2003).  

Both furin and the fungal kexin proteases contain a transmembrane 
domain (Rockwell et al., 2002). This domain is absent in the majority of the 
prohormone convertases. The prohormone convertases lacking a 
transmembrane domain are expressed by neuroendocrine cells and are 
localised to the regulated secretory pathway. Furin and the fungal kexin 
proteases are localised to late compartments of the constitutive secretory 
pathway.  

The kexin proteases which contain a transmembrane domain also 
contain Golgi retention signals (Voos and Stevens, 1998). Yeast membrane 
proteins are transported by default to the vacuolar compartment, unless they 
contain such retention signals. Currently the requirements for a functional 
Golgi retention signal are unknown. However, it has been established that 
aromatic residues present in the cytosolic C-terminal part of the Kex2 
protein are critical for the retrieval of the endoprotease from the prevacuolar 
compartment.  
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Fungal kexin proteases 
 
 The kexin endoprotease Kex2 was first identified in S. cerevisiae. 
Homologs of this protease have since then been found in yeast as Candida 
albicans and filamentous fungi such a Aspergillus niger. Analysis of this 
endoprotease in fungi has revealed that the protease is involved in the 
processing of a wide variety of proteins, is important for the hyphal 
formation, and is necessary for the pathogenicity of pathogenic fungi. 
 The completion of the genome of C. albicans enabled the 
identification of possible Kex2 substrates encoded by the genome of this 
yeast (Newport et al., 2003). In total 147 possible substrates were proposed 
containing a putative leader peptide followed by a Lys-Arg dibasic amino 
acid motif. In addition to this in silico derived processing, in vivo processing 
by the S. cerevisiae Kex2 endoprotease was demonstrated for exoglucanase 
(Basco et al., 1996), α-factor (Davey et al., 1998), killer toxin (Schmitt and 
Breinig, 2002), and Rhizopus oryzae lipase produced in S. cerevisae 
(Takahashi et al., 1999). 
 Deletion of the fungal kexin endoprotease appeared to be lethal for 
Schizosaccharomyces pombe (Davey et al., 1994). In several other fungi in 
which deletion of the protease was attempted it resulted in major 
morphological changes. Both Yarrowia lipolytica and C. albicans kexin 
mutants completely fail to form hyphae, and lack cell separation after 
budding. Disruption of the A. niger (chapter 2) and A. oryzae (Mizutani et 
al., 2004) kexin endoproteases on the other hand results in hyper-branching. 
The wild type morphology could be restored in A. oryzae under growth 
conditions of high osmolarity (Mizutani et al., 2004).  Expression of several 
cell wall biogenesis related genes appeared to be increased in the A. oryzae 
kexB disrupted strain in comparison with the wild type strain. The A. oryzae 
mpkA gene also appeared to be upregulated in the disrupted strain and 
encodes a mitogen-activated protein kinase. MpkA plays a role in the cell 
integrity pathway and is involved in the regulation of cell wall biogenesis 
related genes. How the kexB disruption affects the regulation of these genes 
is not known.  
  Several pathogenic fungi in which the kexin endoprotease is 
disrupted lose their pathogenicity (Newport et al., 2003). As was 
demonstrated for C. albicans, this is caused by the inability to form hyphae 
and to correctly process secreted aspartic proteases. Furthermore the adhesin 
of the pathogenic fungus Coccidioides immites was also shown to contain a 
kexin cleavable prosequence (Hung et al., 2002), which demonstrates that 
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multiple proteins involved in pathogenesis of fungi are targets for kexin 
processing.  
 
 

Basic residue specific proteases (yapsins) 
 
 Overexpression of α-factor in yeast mutants with a disrupted kex2 
gene resulted in a partially processed product (Egel-Mitani et al., 1990). An 
aspartic protease, designated yapsin 1, was found to be responsible for this 
activity. Yapsin-like proteases have specificity for basic amino acid 
residues. The yapsin protease family currently consist of S. cerevisiae 
yapsin 1 (also known as YAP3), yapsin 2 (also known as MKC7) and 
yapsin 3, of C. albicans Sap9p and of yapsin A (formerly called pro-
opiomelanocortin converting enzyme) from bovine pituitary secretory 
granules (Cawley et al., 2003). 
 The posttranslational processing of Yapsin 1 has been well studied. 
The protease is synthesized as a protein with an N-terminal prepropeptide. 
After removal of the prepeptide, the propeptide is removed and the protease 
is processed into an α and β subunit. The two subunits are associated with 
each other via a disulfide bond. The proteases of the yapsin family are 
anchored to the transmembrane domain with a glycosylphosphatidylinositol 
(GPI) anchor. This GPI anchor is added to the protein backbone in the ER. 
 

Fungal yapsin proteases 
 
 In the genome of S. cerevisiae five potential yapsin proteases are 
encoded (Olsen et al., 1999). Of these five, three (yapsin1, yapsin2 and 
yapsin3) have been characterised and shown to be involved in proteolytic 
posttranslational processing. In S. pombe, one yapsin, Yps1 has been 
identified and characterised (Ladds and Davey, 2000). Overexpression of 
the S. pombe yapsin resulted in partial complementation of temperature 
sensitive mutants in which the S. pombe kexin encoding gene krp1 has been 
disrupted. 
 Only the combined disruption of kex2, yapsin1 and yapsin2 in S. 
cerevisiae resulted in a severe reduction of cell growth, suggesting an 
overlap in substrate specificity between these three proteases (Komano et 
al., 1999). Moreover overexpression of either yapsin1 or yapsin2 in kex2 
disrupted mutants could partially restore the wildtype phenotype. 
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Proline specific proteases 
 

Many proteases have a broad specificity and can cleave almost any 
amino acid bond, while other proteases can only cleave very specific amino 
acid motifs. The proline residue is unique due to its cyclic structure 
(Cunningham and O’Conner, 1997). Most proteases cannot cleave the 
proline imino acid bond. Therefore, proline residues provide the polypeptide 
with a means of protection against proteolysis. As a result, a specific set of 
proline specific proteases has evolved that is able to cleave these chemical 
bonds. A wide range of proline specific proteases exist in nature. A 
summary of these different types of proteases and their substrate specificity 
is given in Table 2. The combination of resistance of proline towards 
unspecific proteolysis and the limited proteolytic activity of these proline 
specific proteases allowed proline residues to develop a second biological 
function, regulation of activity. 

The eukaryotic cell produces a wide spectrum of biological active 
enzymes. Obviously, most of these enzymes do not need to be active in the 
secretory pathway. To protect them from proteolysis and to protect the cell 
from their activity, many of those enzymes are produced as inactive 
precursors. The N-terminal, C-terminal, or internal peptides that keep the 
precursor inactive need to be removed by an endoprotease. The resulting 
enzyme often contains additional amino acids at the new protein terminus 
that need to be removed. In many cases these additional amino acids are 
either alanine or proline residues, which are removed by proline specific 
proteases. 
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Table 2. Proline specific proteases.

Protease EC number Substrate specificity Identified in fungal species*

prolyl aminopeptidase 3.4.11.5 releases N-terminal proline from a peptide Aspergillus niger (Q96VT2) 
X-Pro aminopeptidase 3.4.11.9 releases proline linked N-terminal amino acids, 

including proline, even from a di- or tripeptide 
 

X-Pro dipeptidase 3.4.13.9 Hydrolyses X↓Pro dipeptides, except Pro-Pro; 
also acts on aminoacyl-hydroxyproline analogs 

Aspergillus nidulans (Q96WX8) 

cytosol non-specific 
dipeptidase 

3.4.13.18 Hydrolyses dipeptides, preferentially 
hydrophobic dipeptides including prolyl amino 

acids, including Pro↓X. 

 

dipeptidyl-peptidase II 3.4.14.2 Releases N-terminal dipeptides, X-Z↓, 
preferentially when Z is Ala or Pro. Substrates 

are oligopeptides, preferentially tripeptides. 

 

dipeptidyl-peptidase IV 3.4.14.5 Releases N-terminal dipeptides, U-X↓Z-, from a 
polypeptide, when X is Pro (preferred), Ala or 
hydroxyproline, provided Z is neither Pro or 

hydroxyproline 

Aspergillus fumigatus (O14425) 
Aspergillus niger (Q96VT7) 
Saccharomyces cerevisiae (P18962) 
Saccharomyces cerevisiae (P33894) 

X-Pro dipeptidyl-
peptidase 

3.4.14.11 Hydrolyses X-Pro↓ bonds to release unblocked, 
N-terminal dipeptides from substrates including 
Ala-Pro↓p-nitroanilide and (sequentially) Tyr-

Pro↓Phe-Pro↓Gly-Pro↓Ile 

 

lysosomal Pro-X 
carboxypeptidase 

3.4.16.2 Hydrolyses -Pro↓X to release a C-terminal 
amino acid 

 

membrane Pro-X 
carboxypeptidase 

3.4.17.16 Releases C-terminal residues other than proline, 
by preferentially cleavage of a prolyl bond 

 

 



 

 
Protease EC number Substrate specificity Identified in fungal species*

prolyl oligopeptidase 3.4.21.26 Hydrolysis of -Pro↓ in oligopeptides, -Ala↓ is 
cleaved at lower efficiency 

 

microbial collagenase 3.4.24.3 Digests native collagen in the triple helical region at 
↓Gly bonds. With synthetic peptides it has a 

preference for Gly at P3 and P1’, Pro and Ala at P2 
and P2’, and hydroxyproline, Ala or Arg at P3’ 

 

IgA-specific 
metalloendopeptidase 

3.4.24.13 Hydrolyses -Pro↓Thr- in the hinge region of the 
heavy chain of human IgA 

 

Procollagen N-
endopeptidase 

3.4.24.14 Cleaves the N-propeptide of collagen chain α1(I) at 
Pro↓Gln and of α1(II) and α2(I) at Ala↓Gln 

 

Neurolysin 3.4.24.16 Preferential cleavage in neurotensin: Pro10↓Tyr  
Astacin 3.4.24.21 hydrolyses substrates with five or more amino acids, 

preferentially with Ala in P1’, and Pro in P2’ 
 

Saccharolysin 3.4.24.37 Cleavage of -Pro↓Phe- and -Ala↓Ala- bonds Saccharomyces cerevisiae 
(P25375) 

*Only proteases of which a (deduced) protein sequence is known and the proteolytic activity has been determined are named here
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Fungal proline specific proteases 
 

Four different types of the proline specific protease summarised in Table 
2 have so far been characterised in fungi. Dipeptidyl peptidases of type IV 
have been characterised in filamentous fungi and yeasts. Prolidase (X-Pro 
dipeptidase) and prolyl aminopeptidase have been characterised in 
filamentous fungi, and saccharolysin (protease D) has been characterised in 
yeast.  

Dipeptidyl aminopeptidase A of yeast was the first identified dipeptidyl 
peptidase in fungi. Disruption of this protease resulted in sterile mutants, 
which were not able to produce functional α-factor. Dipeptidyl 
aminopeptidase A (DPAP A) is located in the Golgi and the exoprotease has 
been shown to be involved the processing of α-factor, killer toxin, and 
Kex2. Dipeptidyl aminopeptidase B is a vacuolar homologue of DPAP A, 
present in S. cerevisiae. Its biological function has not been established but 
it is thought to be important for the recycling of proline.  

In filamentous fungi both an intracellular and extracellular DPP IV have 
been characterised. The intracellular DPP IV is probably a membrane 
located protease (chapter 4) and might play a role in DPAP A-like 
maturation in filamentous fungi. The extracellular DPP IV is probably 
involved in proline catabolism (Beauvais et al., 1997). 

The dipeptidyl peptidases of type IV produce X-Pro dipeptides as 
product of their action. These dipeptides can be hydrolysed by prolidase. 
Prolidase has been well characterised in the filamentous fungus Aspergillus 
nidulans (chapter 5). It is thought to be located intracellularly. 

The prolyl aminopeptidase has been characterised in both yeast and 
filamentous fungi. It removes N-terminal prolyl residues from 
oligopeptides, and is located intracellular. It is not known if this protease 
performs a role in proteolytic processing. In a similar fashion saccharolysin 
is located intracellular in yeast and is thought to play a role in the late stage 
of protein degradation. 

 
Other processing proteases 

 
S. cerevisiae Kex1p is a membrane associated carboxypeptidase and 

removes carboxyterminal basic residues from its substrate (Cooper and 
Bussey, 1989). Both α-factor and killer toxin are substrates for Kex1p, 
which removes the arginine and lysine residues remaining after cleavage of 
both substrates by Kex2. This protease has not been characterised very well. 
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In mammals an additional processing protease of the subtilase protease 
family was recently identified (Elagoz et al., 2002). The protease named 
subtilisin kexin isozyme-1 (SKI-1) preferentially cleaves the following 
sequence: -(R/K)-X(hydrophibic)-Z↓, where Z is preferably Leu or Thr, but 
certainly not Val, Pro, Glu, Asp or Cys. Whether any fungal homologues of 
this protease exist is currently not known. 

 
Outline and aim of this thesis 

 
The proteases described in this introduction play an important role in 

proper folding, regulation and activation of enzymes produced by 
filamentous fungi. Filamentous fungi produce and secrete a broad spectrum 
of enzymes, and often in large quantities. As a result, fungi are capable of 
degrading many different substrates and are able to grow in many different 
environments. Fungi are also interesting organisms for many industrial 
applications because of their enzyme producing capabilities. Proteases 
involved in proteolytic processing are therefore a major topic of interest, but 
nevertheless little is known about their existence and role in filamentous 
fungi. Therefore, within the framework of STW, the characterisation of 
these proteases in the secretory pathway of the industrial used filamentous 
fungus Aspergillus niger was initiated. The research was conducted at the 
former section Molecular Genetics of Industrial Microorganisms. Upon 
joining the Microbiology department the group was recently renamed 
Fungal Genomics. 

 The aim of this thesis is the identification and characterisation of 
proteases, involved in proteolytic processing in the secretory pathway of A. 
niger. In chapters 2 and 3, KexB is described. KexB is the major propeptide 
processing protease of A. niger. As demonstrated in chapter 2, the protease 
recognises dibasic amino acid motifs and removes the propeptide from the 
newly synthesized proteins. The focus of chapter 3 is on proteins containing 
only one basic amino acid as cleavage site for propeptide removal. As 
shown in chapter 3, KexB is also capable of processing these substrates. 
Chapters 4 and 5 are focused on the characterisation of two proline specific 
proteases. In chapter 4, the cloning and characterisation of DapB is 
described. DapB is a dipeptidyl aminopeptidase and removes dipeptides 
from the N-terminus of a protein if this protein contains a penultimate 
alanine or proline residue at the N-terminus. Prolidase, a proline specific 
dipeptidase is described in chapter 5. Purified prolidase has been used to 
analyse the substrate specificity of this protease. In the chapters 6 and 7 the 
results presented in this thesis will be discussed and summarised.  
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Abstract 
 
Secreted yields of foreign proteins may be enhanced in filamentous 

fungi through the use of translational fusions in which the target protein is 
fused to an endogenous secreted carrier protein. The fused proteins are 
usually separated in vivo by cleavage of an engineered Kex2 endoprotease 
recognition site at the fusion junction. We have cloned the kexin-encoding 
gene of Aspergillus niger (kexB). We constructed strains that either 
overexpressed KexB or lacked a functional kexB gene. Kexin-specific 
activity doubled in membrane-protein fractions of the strain overexpressing 
KexB. In contrast, no kexin-specific activity was detected in the similar 
protein fractions of the kexB disruptant. Expression in this loss-of-function 
strain of a glucoamylase human interleukin-6 fusion protein with an 
engineered Kex2 dibasic cleavage site at the fusion junction resulted in 
secretion of unprocessed fusion protein. The results show that KexB is the 
endoproteolytic proprotein processing enzyme responsible for processing of 
(engineered) dibasic cleavage sites in target proteins that are transported 
through the secretion pathway of A. niger. 
 

Introduction 
 

Many secreted eukaryotic proteins contain a signal peptide and an 
adjacent propeptide at the amino terminus. The signal peptide specifies a 
sequence for translocation over the endoplasmic reticulum membrane and is 
normally removed in the lumen during translocation by a signal peptidase. 
Propeptides have been implicated in correct folding and in subcellular 
sorting of proteases. They also often function as (auto)inhibitors. The 
processing of most of these propeptides occurs at either a monobasic or a 
dibasic cleavage site (Baker et al., 1993). Propeptides, which are cleaved 
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after a Lys-Arg or Arg-Arg basic doublet at the P2 and P1 positions (the 
nomenclature used is according to Schechter and Berger (1967)), are 
specifically recognized and processed in the trans-Golgi network by the 
kexin family of proteases, a subfamily of the subtilase family of proteases 
(Siezen and Leunissen, 1997). The kexin family consists of the yeast Kex2-
like proteases (E.C. 3.4.21.61), the mammalian prohormone convertases 
(PCs) (E.C. 3.4.21.93 and E.C. 3.4.21.94), and the furins (E.C. 3.4.21.75). 
All members of the kexin subfamily are calcium-dependent, neutral, serine 
proteases that are activated by the removal of the amino-terminal propeptide 
at a kexin-specific (auto)processing site. The active proteases all contain 
two additional domains, a subtilisin-like domain containing the catalytic 
triad and a conserved P or Homo B domain of approximately 150 residues. 
The P domain, which is absent in other subtilases, is essential for the 
catalytic activity (Nakayama, 1997) and the stability of the protein (Lipkind 
et al., 1998). Kex2-like yeast proteases, furins and some of the PCs also 
have a single transmembrane domain (Molloy et al., 1992; Nakayama, 1997; 
Seidah et al., 1996). In its cytoplasmic tail, yeast Kex2 contains a Golgi 
retrieval signal, necessary to remain in the trans-Golgi network (Wilcox et 
al., 1992). 

In Aspergillus spp., kexin-like activity has been detected through the 
cleavage of artificial fusion proteins. Here artificial fusion proteins are used 
for the production of foreign proteins, exploiting the efficient production, 
sorting, and processing of endogenous proteins (reviewed in Gouka et al., 
1997). In these constructs, a consensus Kex2 cleavage site often separates 
the foreign protein from the endogenous protein. Studies with such fusion 
proteins in Aspergillus niger showed that amino acid residues directly 
adjacent to the cleavage site can affect correct processing of an engineered 
Kex2 site (Spencer et al., 1998). 

Examples of physiological substrates for an A. niger kexin-like 
endoprotease are the endopolygalacturonase (Pga) family of proteins 
(Bussink et al., 1990; Bussink et al., 1991; Bussink et al., 1992; Pařenicová 
et al., 1998). They all contain a dibasic cleavage site at the carboxy-terminal 
end of their amino-terminal propeptide, except for PgaII, which has a single 
arginine residue preceding the cleavage site (Bussink et al., 1991).  

Our objectives in this study were (i) to show that A. niger expresses 
a Kex2-like dibasic endoprotease and (ii) to demonstrate that this 
endoprotease is responsible for the cleavage of a fusion protein with an 
engineered Kex-2 site.  
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Materials and methods 
 

Strains, transformation, and DNA and RNA techniques. The A. 
niger strains used in this study are listed in Table 1. NW219, NW249, and 
NW266 were used for the transformation of A. niger, as previously 
described (Kusters-van Someren et al., 1991). Strain NW266 was 
constructed by transformation of NW249 with pIM4003. (The construction 
of the pIM plasmids is described below.) MCK-5 was constructed by the 
cotransformation of NW249 with pGW635, containing the A. niger pyrA 
gene, and pIM4002. MCGI and MCGI∆ were constructed by the 
cotransformation of, respectively, NW219 and NW266 with pGW635 and 
pFGPDGLAHIL6 (Contreras et al., 1991).  
 
Table 1. A. niger strains used in this studya

Strain Genotype Reference  
N402 cspA1 Bos et al., 1998 
NW219 pyrA6 leuA1 nicA1 cspA1 Kusters-van Someren, 1991  
NW249 ∆argB, pyrA6, nicA1, leuA1, cspA1 van de Vondervoort and  

Muller, unpublished data 
MCK-5 NW249 (pyrA) (kexB)15-25 This study 
NW266 NW249 (argB::∆kexB) This study 
MCGI NW219 (pyrA) (PgpdA-glaA-KEX2-

hIL6)12-15

This study 

MCGI∆ NW266 (pyrA) (PgpdA-glaA-KEX2-
hIL6)10-12

This study 

aGenes introduced by transformation are indicated in parentheses. Estimated copy 
numbers of relevant genes were determined by Southern analysis and are indicated 
in subscript. KEX2 symbolizes an engineered dibasic processing site. 

 
Escherichia coli LE392 (Promega, Madison, Wis.) was used for 

phage amplification and λ DNA isolation. E. coli DH5α was used for 
plasmid transformation and propagation. Standard DNA manipulations were 
carried out essentially as described by Sambrook et al. (1989). Plasmid 
pUC19 or phagemid pBluescript SK+ was used as a cloning vector for 
genomic DNA fragments. Cloned hybridizing fragments and cDNA clones 
were sequenced with a Thermo Sequenase fluorescent-labelled primer cycle 
sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech, 
Uppsala,  Sweden) and an ALF automated sequencer (Amersham Pharmacia 
Biotech, Uppsala,  Sweden). 

For Southern analysis, total DNA from Aspergillus strains was 
isolated as previously described (de Graaff et al., 1988). Hybridizations 
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were done in standard hybridization buffer (SHB) (6 x SSC, 5 x Denhardt's 
solution (Schechter and Berger, 1967), 0.5% sodium dodecyl sulphate 
(SDS), and 100 µg of denatured herring sperm DNA ml-1). 1 x SSC contains 
0.15 M NaCl and 0.015 M sodium citrate. Washing was performed at 65°C 
to a final stringency of 0.1 x SSC and 0.1% SDS. For nonstringent 
conditions, hybridization was executed at 560C and washing was done twice 
in 4 x SSC and 0.1% SDS at the same temperature.  

For Northern analysis, strains were grown for 17 h in minimal 
medium (Pontecorvo et al., 1953) supplemented with 1% glucose as carbon 
source and 0.5% yeast extract in 50-ml cultures in 250-ml Erlenmeyer flasks 
in an Innova incubator shaker (New Brunswick Scientific Co., Inc., Edison, 
N.J.) at 250 rpm at 30oC. Mycelium was harvested by filtration over a nylon 
membrane (mesh size, 100 µm) and the mycelium was ground with a Braun 
II dismembrator (B. Braun Melsungen AG, Melsungen, Germany).  Total 
RNA was isolated from mycelium samples with Trizol reagent (Life 
Technologies, Rockville, Md.). RNA concentrations were determined 
spectrophotometrically and equal amounts of RNA were denatured with 
glyoxal by standard techniques (Sambrook et al., 1989) and separated on a 
1.2% (wt/vol) agarose gel. RNA blots were hybridized at 42°C in SHB to 
which 10% (wt/vol) dextran sulfate and 50% (vol/vol) formamide were 
added. Washing was performed at 65°C to a final stringency of 0.1 × SSC 
and 0.1% SDS. As a control, Northern blots were hybridized with A. niger 
ribosomal protein gene rpS28. 
 Cloning of kexB. A kexB PCR product was generated by PCR on 
genomic DNA of A. niger N400 with two degenerate primers: the forward 
primer was 5'-CAYGGNACIMGITGYGCNGG-3', encoding HGTRCAGE 
and the reverse primer was 5'-TAYTGNACRTCNCKCCA-3', encoding 
WRDVQY (Standard IUB-IUPAC symbols are used to indicate the 
nucleotide mixes, I indicates inosine). A standard program of 30 thermal 
cycles was composed of 1 min at 94°C, 1 min at 48°C, and 1 min at 72°C 
preceded by an incubation of 4 min at 95°C and followed by an incubation of 
5 min at 72°C. The amplified fragment was cloned in vector pGEM-T 
(Promega) and identified by sequencing. Genomic sequences of the kexB 
gene were obtained by screening a λ EMBL4 genomic library of A. niger 
N402 by standard methods (Sambrook et al., 1989), with the kexB PCR-
product as a probe. Four λ clones were isolated and from one of these 
positive phages, two SalI fragments of about 2 kb were subcloned in pUC19. 

Plasmid construction. The upstream and downstream kexB SalI 
fragments in pUC19 were each recloned in pBluescript SK(+) digested with 
SalI and XhoI. The resulting plasmids were selected for having the SalI sites 
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upstream and downstream, respectively, of kexB ligated in the XhoI sites of 
the pBluescript vectors. Next, the downstream kexB fragment in pBluescript 
was ligated as a SalI-EcoR1 fragment downstream of the upstream kexB 
fragment, yielding pIM4002 (see Fig. 2). For the construction of pIM4003, a 
590-bp ClaI-SalI fragment was first removed from the open reading frame 
(ORF) of the upstream SalI fragment in pBluescript. The resulting plasmid 
was digested with HindIII and PstI, and the argB gene was inserted 3' of the 
truncated kexB fragment. In the resulting plasmid, the kexB downstream 
fragment was inserted as a PstI-BamHI fragment yielding pIM4003 (see 
Fig. 3). 

Nucleotide and protein sequence analyses. Sequence analysis was 
performed with the sequence analysis software package PC/Gene 
(IntelliGenetics, Inc., Geneva, Switzerland). Public databases were searched 
with the Blast search tools (Altschul et al., 1997). Multiple alignment was 
done in Clustal W (Thompson et al., 1994). The SignalP program was used 
to identify the signal sequence for secretion (Nielsen et al., 1997). Putative 
transmembrane regions were identified with the program SOSUI (Hirokawa 
et al., 1998). 

Isolation of KexB containing membrane-protein fractions. 
Strains were grown and mycelium was treated as described for the Northern 
analysis. Ground mycelium (3 g {wet weight}) was extracted with 6 ml of 
50 mM sodium HEPES (pH 7.6) and 10 mM EDTA. The extract was 
clarified by centrifugation (10,000 × g for 15 min at 4oC) and the clarified 
supernatant was centrifuged again at 100,000 × g for 90 min at 4oC. The 
supernatant was discarded and the pelleted membrane-containing fraction 
was extracted with 5 ml of 50 mM sodium HEPES (pH 7.6), 1 mM EDTA, 
50 mM NaCl, and 2% (wt/vol) sodium deoxycholate in 20% glycerol. The 
extract was clarified again by centrifugation at 100,000 × g for 90 min at 
4oC. The supernatant was stored at -20oC until use.  

Kexin enzyme assay. 7-Amino-4-methylcoumarin (AMC) and tert-
butyloxycarbonyl (Boc) methylcoumarinamide (MCA) derivatives were 
purchased from Sigma Chemical Co. (St. Louis, Mo.). The reaction mixture 
(100 µl) contained 200 mM sodium HEPES (pH 7.0), 1.5 mM CaCl2, and 
100 µM MCA derivative (Table 2). Reaction mixtures were incubated at 37°
C for 0 to 4 h and the reactions were terminated by the addition of 1.8 ml of 
125 mM ZnSO4 and 0.2 ml of saturated Ba(OH)2. The precipitate was 
removed by centrifugation for 3 min at 10,000 × g, and the amount of AMC 
liberated was measured with a Hitachi F4500 fluorescence 
spectrophotometer calibrated with known amounts of AMC (λex = 370 nm; 

 34



Chapter 2 Aspergillus niger kexB 
 
λem = 445 nm). One unit was defined as 1 pmol of AMC released per min 
(Fuller et al., 1989). Protein concentrations were determined by the 
Bicinchoninic acid method as described by the manufacturer (Sigma 
Chemical Co.).  

Western analysis of strains MCGI and MCGI∆. Shake flask 
cultures were used to express the PgpdA-glaA-hIL-6 fusion gene from 
strains MCGI and MCGI∆, each harboring 10 to 15 copies of the construct 
(Table 1). Culture conditions were as described for Northern analysis except 
that xylose was used as a carbon source to suppress the endogenous 
glucoamylase gene. Culture fluid was concentrated by deoxycholate-
trichloroacetic acid precipitation. Medium samples were subjected to SDS-
polyacrylamide gel electrophoresis and standard protocols were used for 
detection of recombinant human Interleukin-6 fusion protein by Western 
analysis (Sambrook et al., 1989). Mouse monoclonal human interleukin-6 
antibody (R&D Systems, Inc., Minneapolis, Minn.) was used for the 
detection. Recombinant human interleukin-6 (Sigma-Aldrich, St. Louis, 
Mo.) was used as a positive control.  

Nucleotide sequence accession number. The sequence data of the 
kexB gene has been submitted to the DDBJ, EMBL, and GenBank databases 
under accession no. Y18127. 

Results 
 

Cloning of an A. niger kexin homologue. We designed degenerate primers 
based on amino acid sequences shared by several kexin proteases and 
amplified a 603-bp PCR product from A. niger genomic DNA. A genomic 
SalI fragment of approximately 2 kb hybridized with the probe. We 
recovered two SalI fragments of similar size from an A. niger genomic 
λ−library. The fragments contained adjacent parts of the complete ORF of 
the gene we designated kexB (Fig. 1). The ORF encodes a protein of 844 
amino acids interrupted by a putative 51-bp intron located 1,763 bp 
downstream of the start codon. We identified a partial 1-kb cDNA clone in a 
cDNA library of A. niger that confirmed that the intron was positioned 
correctly. The cDNA ended in a poly(A) tail 133 bp downstream of the 
inferred stop codon. Southern analysis performed under conditions of low 
stringency indicated that the kexB gene is a single copy gene. 
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Fig. 1. Sequence characteristics of the A. niger kexB gene. (A) Partial restriction 
map of the kexB genomic region. The position of the ClaI (C), KpnI (K), and SalI 
(S) used in cloning strategies are indicated. The distance between the KpnI sites 
flanking the cloned region is approximately 10 kb. The ORF is indicated with a 
gray box, the arrow indicates the direction of transcription. The position of the 
single intron in kexB is indicated with a black box. (B) Putative domains of the 
KexB protease. The KexB amino acid sequence is indicated by an open box. The 
following domains could be distinguished: signal-sequence (S), prosequence (Pro), 
subtilisin-like domain (Cat), P domain (P), and transmembrane domain (T). The 
putative auto cleavage site and the putative Golgi retention signal are also 
indicated. 
 
Analysis of the kexB ORF sequence. The encoded protein is highly similar 
to the kexin subfamily of proteases and also shows significant similarity 
with several other subtilisins. The highest similarity was with the Kex2-like 
protease from the yeast Yarrowia lipolytica (Enderlin and Ogrydziak, 1994) 
yielding 42% overall identity.  

As has been described for other kexin proteases, five putative 
domains were identified in the deduced amino acid sequence (Fig. 1). The 
first 19 amino acid residues of the ORF were identified by the signalP 
neural network (Nielsen et al., 1997) as a signal sequence for translocation 
over the endoplasmic reticulum membrane. The adjacent propeptide 
probably encompasses amino acids 20 to 129. At the carboxy-terminal end 
of this segment, there is a Lys-Arg dibasic (auto)cleavage site. Amino acids 
190 to 435 contain a subtilisin-like domain. This domain has 53 to 62% 
identity with the same domains of the yeast Kex2-like proteases and 
contains the active site residues of the Asp, His and Ser catalytic triad and a 
conserved Asn residue which stabilizes the oxyanion hole in the transitional 
state (Bryan et al., 1986). The P-domain (Fig. 1) is not found in other 
subtilase subfamilies and its presence therefore strongly suggests that we 
have indeed cloned a member of the kexin subfamily. There also is a 
putative single membrane-spanning domain. In the putative cytoplasmic tail, 
15 amino acids downstream of the transmembrane domain, we found the 
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peptide sequence YDFEMI. The underlined amino acid residues are 
identical to the late Golgi retention signal (consensus, YXFXXI) in the 
cytoplasmic tail of the Saccharomyces cerevisiae protease (Wilcox et al., 
1992).  

In a multiple alignment, the A. niger KexB protease was compared 
to other proteases of the kexin subfamily of proteases and PepC (Frederick 
et al., 1993) and PepD (Jarai and Buxton, 1994), two A. niger subtilases of 
the proteinase K subfamily (Siezen and Leunissen, 1997). The alignment 
indicated that the A. niger endoprotease is more similar to the yeast-like 
kexin proteases than to the furins and PCs and is only weakly related to the 
A. niger PepC and PepD subtilases.  

 
Characterization of kexB disruptants and overproducers. We 
transformed strain NW249 (Table 1) with plasmid pIM4002 and identified 
three multicopy transformants with elevated expression of the kexB gene 
(Fig. 2). We disrupted kexB by transformation with plasmid pIM4003. In 
this plasmid, a part of the subtilisin-like domain, including the Ser residue 
of the catalytic triad and the conserved Asn, was replaced by the argB gene 
of A. niger (Fig. 3). We identified four transformants in which the kexB 
gene was replaced by the non-functional gene and four other transformants 
in which the disrupted gene was integrated ectopically (Fig. 3). On agar 
plates, starting from single spores, the four kexB disruptants, but not the 
ectopic transformants, formed compact colonies with no sporulation at the 
edges. The hyphae of these strains also branched more often and the 
individual cell segments were shorter, resulting in a dense appearance of the 
mycelium. In liquid shake flask cultures, there was no clear difference in 
growth rate and the mycelium appeared much more like wild type 
mycelium. No unusual phenotype was associated with the kexB multicopy 
transformants.   
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Fig. 2. Molecular characterization of kexB multicopy strains. (A) Map of the insert 
of pIM4002 used for transformation. The SalI sites in the 5’ and 3’ untranslated 
regions of kexB are replaced by KpnI (K) sites. (B) Southern analysis of kexB-
overexpressing transformants. KpnI-digested genomic DNA of NW249 and of five 
transformants was analyzed. The 10 kb band of the endogenous gene and the 4 kb 
band originating from intact integrated copies of pIM4002 are indicated by arrows. 
Some scattered integration of pIM4002 is also observed. (C) Northern analysis of 
kexB expression in multicopy transformants. Transformant numbers are indicated 
above the lanes. In the lower panel, the membrane is rehybridized with ribosomal 
protein gene rpS28 to provide a loading control. WT, wild-type. 
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Fig. 3. Molecular characterization of kexB disruption strains. (A) Map of the insert 
of pIM4003 used for transformation. A part of the kexB ORF substituted with the 
argB selection marker. The BamH1 (B) ClaI (C), EcoRI (E), KpnI (K) , HindIII 
(H), Pst1 (P), and SalI (S) used in the cloning strategy are indicated. (B) Southern 
analysis of arginine prototrophic transformants. PstI-digested genomic DNA of 
NW249 and of 11 transformants was hybridized with a SalI-EcoRI fragment of 
pIM4003. The endogenous kexB gene hybridizes as a 15-kb fragment (WT lane). A 
4.4-kb fragment replaces this fragment if the argB gene replaces a part of the kexB 
coding region (lanes 3, 4, 8, 11). Transformants (lanes 1, 6, 7, 9, and 10) show an 
ectopic pattern of integration. Transformants (lanes 2 and 5) have integrated only a 
functional argB gene. 
 
Characterization of KexB activity. We measured the relative kexin 
activity of the detergent-solubilized membrane-protein fraction (DSP) for 4h 
with Boc-L-K-R-MCA as a fluorogenic substrate in a wild-type (NW249), a 
kexB disruptant (NW266), and a kexB multicopy transformant (MCK-5) 
(Table 1). The DSP fraction of MCK-5 had more than twice as much 
hydrolyzing activity towards the MCA substrate as the DSP fraction from 
the wild-type strain. The DSP fraction of the kexB-disrupted strain had no 
significant hydrolyzing activity (Fig. 4). The amount of AMC liberated 
increased linearly with time if DSP fractions of NW249 or MCK-5 were 
used, indicating that under the assay conditions the enzyme activity is 
stable.  

Kexin activity is strictly Ca2+ dependent (Fig. 5). Without Ca2+, no 
hydrolyzing activity towards the substrate was observed. Free Ca2+ 
concentration of 1 to 2 mM appears to be optimal for activity of the DSP 
extract. 
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Fig. 4. Time dependence of hydrolysis of Boc-Leu-Lys-Arg-MCA by the DSP 
fractions of NW249 (■), MCK-5 (▲), and NW266 (♦). The data represent the 
means of two independent experiments. Standard errors are indicated by bars or are 
within each symbol. 

 

 
Fig. 5. Ca2+ dependency of KexB activity. Incubations were done for 4 h in 200 
mM HEPES, 0.2 mM EDTA (pH 7.0) and a varying Ca2+ concentration with 10 µl 
of DSP extract of NW249 (1.33 mg protein/ml) and 100 µM Boc-L-K-R-MCA as a 
substrate. The data represent the means of two independent experiments. Bars 
indicate standard errors. 
 

We tested several fluorogenic substrates to determine the substrate 
specificity of the A. niger kexin (Table 2). In all cases, a lysine residue at P2 
performs better than an arginine residue. Similarly, a glutamine residue at 
P3 performs better than a leucine residue. A glycine residue at P3 is not 
preferred. Furthermore, a typical furin recognition site, the tetrapeptide Arg-
Val-Arg-Arg (Nakayama, 1997) is also a good substrate for KexB. The 

 40



Chapter 2 Aspergillus niger kexB 
 
tripeptide Glu-Lys-Lys and the tetrapeptide Leu-Ser-Thr-Arg are poor 
substrates for KexB. The membrane-protein fraction of the kexB-disrupted 
strain showed no significant activity towards the MCA substrates tested 
(Table 2). 
 
Table 2. Relative efficiency of cleavage of peptidyl-MCA substratesa

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide substrate  Relative activity % 
 
P5  P4  P3  P2  P1  P1' 

NW249 MCK-5 NW266 
 (∆kexB) 

    Boc Gly Arg Arg MCA 9 24 5 
    Boc Gly Lys Arg MCA 34 81 9 
    Boc Leu Arg Arg MCA 30 74 8 
    Boc Leu Lys Arg MCA 100 220 17 
    Boc Leu Gly Arg MCA 3 7 5 
    Boc Gln Arg Arg MCA 71 180 14 
    Boc Gln Gly Arg MCA 10 29 14 
    Boc Glu Lys Lys MCA 2 5 3 
    Boc Val Pro Arg MCA 29 50 7 
Boc Leu Ser Thr Arg MCA 11 21 2 
Boc Arg Val Arg Arg MCA 68 130 7 

aThe activity is expressed as a percentage of the activity obtained with the DSP 
fraction of the wild type strain (NW249) on Boc-Leu-Lys-Arg-MCA (0.51 pmol 
AMC liberated/µg DSP). The concentrations of the DSP fractions of the wild-type 
strain, MCK-5, and NW266 were 1.33, 0.49, and 0.67 mg/ml respectively. 

 
KexB cleavage of an engineered Kex2 site in a reporter construct. 
Strains MCGI (wild-type) and MCGI∆ (kexB disruptant) (Table 1) express a 
fusion gene encoding a glucoamylase-human interleukin-6 fusion protein 
separated by a Kex2 site at the fusion junction. Western analysis of the 
reporter showed that while the wild-type strain secretes glucoamylase and 
interleukin-6 separately, the kexB disruptant is unable to hydrolyze the Kex2 
site at the fusion junction and therefore only secretes the intact fusion 
protein (Fig. 6). 
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Fig. 6. Western analysis of glucoamylase-human interleukin-6 processing.  
Medium samples (0.5 ml) of MCGI (wild-type) and MCGI∆ (kexB disruptant) (∆) 
were analyzed for the presence of unprocessed human interleukin-6 (glaA-KEX2-
hIL6). The control lane (C) contains 0.5 µg of recombinant human interleukin-6 
(hIL6). 

 
Discussion 

  
We used a PCR approach to clone a kexin homologue in A. niger. 

Kexins have been cloned and characterized from yeasts and mammalian 
cells, and thus from an evolutionary perspective, the existence of such a 
function was predictable. The work done with polygalacturonases (Bussink 
et al., 1990; Bussink et al., 1991; Bussink et al., 1992; Pařenicová et al., 
1998) and with fusion proteins that use engineered Kex2 sites at the fusion 
junction (reviewed in Gouka et al., 1997) suggested that this function exists 
in A. niger. The kexB gene we cloned encodes a Kex2-like dibasic 
endoprotease that has significant similarity to expressed sequence tags 
(ESTs) of two other filamentous fungi. One EST (genbank accession no. 
AA787123) originated from Aspergillus nidulans, and a translation from 
that EST has 64% identity with KexB. The other EST (genbank accession 
no. AIO68899) was from the pyrenomycete Magnaporthe grisea and a 
translation from that EST also showed 64% identity with KexB. These 
findings suggest that this endoprotease function is ubiquitously expressed in 
filamentous fungi.  
 Strain MCK-5 has more than 15 copies of the kexB gene, and a high 
level of overexpression of kexB in that strain was confirmed by Northern 
analysis. The relatively low increase in kexin activity in the DSP fraction of 
strain MCK-5 could be due to a regulatory mechanism operative at the 
posttranscriptional level. When the Kex2 protease was overproduced in the 
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yeast S. cerevisiae, it was transported to the vacuole at an increased rate and 
degraded (Wilcox et al., 1992).  

The kexB disruptant grows very poorly on agar plates and its hyphae 
have an unusual morphology. Under these circumstances, KexB function 
appears to be essential for normal growth. In shake flask cultures, however, 
the disruption of kexB has less severe consequences. Biomass is not reduced 
in liquid culture and there are no indications that secretion of the reporter is 
hampered in the kexB-disrupted strain. When strains with comparable copy 
numbers were used, the amount of glucoamylase produced as a separate 
protein in the control strain was comparable to the amount of fusion protein 
produced by the kexB disruptant (NW266). 

The lack of processing of MCA derivatives by the DSP of the kexB 
disruptant proves that hydrolysis of the MCA derivatives in the membrane-
protein fractions of the wild-type strain and the kexB multicopy strain 
depends on KexB. In vitro, the specificity of KexB is more comparable to 
that of the yeast Kex2 maturase (Brenner and Fuller, 1992) than it is to that 
of mammalian furin (Nakayama, 1997). However, in vitro Aspergillus KexB 
appears to process the furin-specific sequence Arg-Val-Arg-Arg better than 
yeast Kex2. Like Kex2, KexB does not process the tripeptide Glu-Lys-Lys. 
In yeast, the amino acid at the P4 position is important for the cleavage of a 
Lys-Lys dibasic cleavage site (Rockwell and Fuller, 1998). If a 
phenylalanine residue is present at P4, then normal processing of the 
substrate results. In Aspergillus niger PgaI, a similar cleavage site (F-A-K-
K) is processed in vivo (Bussink et al., 1991).  

The results from the in vitro experiments are consistent with the 
inability of the kexB disruptant to process the glucoamylase-interleukin-6 
fusion protein with an engineered Kex2 site at the fusion junction. The yeast 
monobasic aspartyl protease Mkc7 can also hydrolyze a dibasic cleavage 
site (Komano and Fuller, 1995) and monobasic cleavage is operative in A. 
niger (Bussink et al., 1991). However, such compensation for the loss of 
kexin activity was not observed with this reporter. Clearly, our results 
identify the kexB gene as the kexin-encoding gene of A. niger. 
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Abstract 
 
 KexB is an Aspergillus niger Golgi located endoprotease that 
removes the propeptide from proteins destined for secretion. The 
recognition site for this processing event is the dibasic R-R or K-R motif, 
present in the target proteins. In a kexB disrupted strain this activity is 
absent, resulting in pH-dependent hyper-branching morphology. At pH 4 it 
has a normal branching morphology, hyper-branching occurs at pH 6. 
Furthermore we found that the secreted enzyme endopolygalacturonase II, 
containing a monobasic processing site was not matured in a ∆kexB strain at 
either pH. So far these monobasic processing sites were thought to be 
specifically processed by other maturases. To analyse a possible activity of 
KexB on monobasic processing sites, we constructed a soluble secreted 
form of KexB. We measured the monobasic processing activity of this 
soluble maturase in vitro using artificial substrates. The soluble form of 
KexB efficiently cleaves A-R, P-R and S-R, while no activity was found on 
G-R.  
 

Introduction 
 
 Protein maturation is a commonly occurring phenomenon in 
eukaryotic cells. For proteins destined for secretion, maturation includes the 
removal of information for sorting and modification, often stored in N-
terminally located pre- and propeptides (Blobel, 2000). The prepeptide is 
removed by signal peptidase upon entry of the endoplasmatic reticulum. The 
propeptide is removed upon or before departure from the secretory pathway 
by maturases (Baker et al., 1993). This group of endoproteases resides in 
either the late stage of the Golgi, the secretory vesicles or is extracellularly 
anchored to the cytoplasmic membrane with a GPI-anchor.  
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 One or two basic amino acid residues on the target protein comprise 
the common recognition site for a maturase to remove the propeptide. The 
kexin family of maturases, identified and characterised in both lower and 
higher eukaryotes, recognises dibasic amino acid motifs (Fuller et al., 1989, 
Zhou et al., 1999). Kexin-like maturases in lower eukaryotes, for which the 
yeast Kex2 protease is a common model, prefer the processing sequences K-
R and R-R. Higher eukaryotes have several active kexin-like maturases, 
which can be grouped into prohormone convertases and furins. The 
prohormone convertases cleave after (K/R) – (X)n-(K/R) sequences, where n 
= 0, 2, 4 or 6, and X is any amino acid except Cys and rarely Pro (Seidah 
and Chrétien, 1999). Furins have a preference for the sequences R-X-K-R 
and R-X-R-R, but at a lower efficiency they also cleave the sequence R-X-
X-R (Molloy et al., 1999). Deviation from these preferred sequences results 
in a dramatic decrease in the processing rate or even complete loss of 
processing of the target protein (Ledgerwood et al., 1995). Monobasic 
processing sites (X-R), which are the preferred sequences for aspartic 
yapsin-like maturases, are only cleaved by some kexin-like maturases at a 
very low frequency.  

The yapsin-like family, of which four members have been 
characterised so far, processes the majority of monobasic cleavage sites 
(Olsen et al., 1999). Members of this family are GPI anchored cell surface 
aspartyl proteases. Three of these four characterised yapsin-like maturases 
yapsin 1 (yps1), yapsin 2 (yps2), and yapsin 3 (yps3) are from 
Saccharomyces cerevisiae,. Yapsin A is a mammalian yapsin-like maturase. 
No fungal yapsin-like maturases have yet been identified, however 
monobasic specific cleavage has been reported to occur in A. niger as was 
demonstrated on artificial glucoamylase-interleukin fusions (Spencer et al., 
1998). In the vicinity of a well-cleaved Kex2 site, located in the linker 
between the two fused proteins, monobasic processing sites were 
introduced. Before the changes the fusion protein was cleaved only at the 
Kex2 site, after the changes aberrant processing occurred after these single 
basic residues.   
 Fungal kexin-like maturases have been cloned and characterised in 
A. niger, designated KexB (Jalving et al., 2000), and in Aspergillus 
nidulans, designated KpcA (Kwon et al., 2001). Disruption of the maturase 
resulted in both strains in a hyper-branching morphology. Here we describe 
the morphology of the disrupted kexB strain in more detail and characterise 
the monobasic proteolytic processing activity of KexB. 
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Materials and methods 
 
Strains, media and culture conditions. The A. niger strains used in this 
study are listed in Table 1. The strains NW289 and NW266 were used for 
transformation as previously described (Kusters - van Someren et al., 1991). 
All transformations were co-transformations with one of the used pIM 
vectors and vector pGW635 (Goosen et al., 1987), containing A. niger pyrA. 
Escherichia coli DH5α was used for plasmid transformation and 
propagation. 
 
Table 1. A. niger strains used in this study 
Strain Genotype reference 
NW249 ∆argB, pyrA6, nicA1, leuA1, cspA1 van de Vondervoort and 

Muller, unpublished data 
NW266 argBnig::∆kexB, ∆argB, pyrA6, 

nicA1, leuA1, cspA1 
Jalving et al., 2000 

635.15 pkiA-pgaI multicopy derivative of 
NW156 (cspA1, pyrA6,  leu-13, 
prtF28) 

Benen et al., 1999 

607.16 pkiA-pgaII multicopy derivative of 
NW154 (cspA1, pyrA6,  prtF28) 

Kester and Benen, 
unpublished data 

NW266:: 
pkiA-pgaI 

pkiA-pgaI multicopy derivative of 
NW266 

this study 

NW266:: 
pkiA-pgaII 

pkiA-pgaII multicopy derivative of 
NW266 

this study 

NW289 argBnid::∆pepA, argBnig::∆kexB, 
pyrA6, leuA1, prtF, cspA1 

this study 

NW289:: 
pIM4006#4 

pIM4006 multicopy derivative of 
NW289 

this study 

NW289:: 
pIM4006#12 

pIM4006 multicopy derivative of 
NW289 

this study 

NW289:: 
pIM4008#1 

pIM4008 multicopy derivative of 
NW289 

this study 

 
All A. niger strains were grown on minimal medium (MM), 

complete medium (CM) (Pontecorvo et al., 1953) or in McIlvaine buffered 
CM. The strains were grown in 250 ml shake flasks or 1 l shake flasks in an 
Inova incubator shaker at 250 rpm at 30°C. As carbon source 100 mM 
glucose was used, except for the ssKexB and polygalacturonase I (PGI) / 
polygalacturonase II (PGII) purification for which respectively 100 mM 
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xylose and 100 mM fructose were used. To stimulate growth 0.1% yeast 
extract was added to the MM for the purification of PGI and PGII. 
 For the pH buffered experiments the A. niger strains were grown on 
McIlvaine buffered CM. In McIlvaine buffered CM medium the KH2PO4 
was replaced by Na2HPO4⋅2H2O (pH 4: 17.7 g/l; pH 5 25.4 g/l; pH 6 35.3 
g/l) and citric acid monohydrate (pH 4: 15.8 g/l; pH 5: 13.6 g/l; pH 6: 10.7 
g/l). The amount of KCl was increased to 30.3 g/l, 26 g/l, 19.9 g/l 
respectively for pH 4, 5, 6 to produce a similar ionic strength for each pH. 

DNA techniques and plasmids. The pkiA-pgaI and pkiA-pgaII 
constructs, pIM3700 and pIM3710, have been described by Benen et al. 
(1999). The vectors pIM4006 and pIM4008 are described in Fig. 1. Site 
directed mutagenesis was used to generate a stop-codon in the downstream 
SalI fragment of kexB. The primers 
CGATGATGAAGAACTCTAGAAGACCCCTAGTAC and 
GTACTAGGGGTCTTCTAGAGTTCTTCATCATCG were used in the 
mutagenesis procedure. The site directed mutagenesis was performed with 
the Quick ChangeTM Site-directed Mutagenesis kit from Stratagene, 
according to the 1995 instruction manual, provided by the manufacturer. 
The altered kexB fragment was inserted behind the downstream SalI kexB 
fragment resulting in pIM4006, a pBluescript SK(+) based vector. The 
pIM4006 plasmid was used to construct pIM4008. The SalI-NcoI fragment, 
containing the original kexB promoter was replaced by a PstI-SalI xlnA 
promoter fragment, obtained from an altered pIM103, in which a SalI site 
was incorporated via site directed mutagenesis. The primers used for the 
incorporation of the SalI site are 
GTCGACATTGAAGAAAGCTGAATGCTG and 
CAGCATTCAGCTTTCTTCAATGTCGAC. For a detailed construction 
scheme see Fig 1b. Standard DNA manipulations were carried out 
essentially as described by Sambrook et al. (1989). For Southern analysis of 
genomic DNA, total DNA from A. niger was isolated as previously 
described (de Graaff et al., 1988). 
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Fig. 1. The constructs used for soluble secreted KexB expression. A. pIM4006. 
The grey box indicates the kexB gene, the two thick grey boxes indicate from the 
left to the right, the subtilisin domain and P domain. The black box indicates the 
transmembrane domain. In addition the Golgi retrieval signal (G) and restriction 
sites have been indicated. The asterisk indicates the residue changed by site 
directed mutagenesis. B. Construction scheme of pIM4008. I) Site directed 
mutagenesis of pIM103 to generate a SalI site. II) Cloning of the upstream region 
of kexB behind the xlnA promoter (light grey box). III) Removal of the SalI-NcoI 
fragment containing the kexB promoter. IV) Cloning of the downstream kexB 
fragment behind the first part to generate V) pIM4008. 

 
Enzyme purifications. PGI and PGII were isolated from 250 ml 

cultures. After 20 h of cultivation, the mycelium was removed by filtration 
over nylon gauze. The culture filtrates were adjusted to the appropriate pH, 
pH 6 for PGI and pH 3.8 for PGII. PGI was subsequently bound to a 
Streamline-Q matrix (Amersham Pharmacia Biotech). A 10 mM piperazine 
buffer, pH 6.0 was used to equilibrate and wash the matrix. PGII was bound 
to a Streamline-SP matrix. The Streamline-SP matrix was equilibrated and 
washed with 10 mM sodium citrate buffer, pH 3.8. Bound protein was 
eluted with either the sodium citrate buffer or the piperazine buffer, 
containing an additional 1 M NaCl. Fractions containing PGI or PGII were 
identified by SDS-Page. After dialysis with the mentioned equilibration 
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buffer, the fractions containing PGI were loaded on a Source 30 Q column 
(for analysis a 1 ml Resource Q column), those containing PGII on a Source 
30 S column (for analysis a 1 ml Resource S column). The Source 30 Q 
column was equilibrated and washed with 20 mM sodium acetate buffer, pH 
4.8, the Source 30 S column with 10 mM sodium citrate buffer, pH 3.8. 
Bound protein was eluted with buffer containing a 0-0.4 M NaCl gradient. 
The protein containing fractions were identified by measuring the A280. Both 
the PGI and PGII fractions were identified by SDS-Page. 

For the purification of a soluble secreted form of KexB (ssKexB), A. 
niger strain NW289::pIM4006 was grown as two 300 ml cultures for 24 h. 
The culture filtrate was adjusted to pH 6.0 and diluted 5 times. The diluted 
culture filtrate was bound to a Streamline-DEAE matrix. The matrix was 
equilibrated and washed with a 10 mM piperazine buffer, containing 1.5 
mM CaCl, pH 6  and eluted with a 10 mM piperazine buffer, containing 1.5 
mM CaCl and 1 M NaCl. The resulting fractions were analysed for KexB 
activity. After dialysis, the 40-60 ml. elute containing most KexB activity 
was loaded on a Source 30Q column and eluted with a 0 to 0.3 M NaCl 
gradient. These fractions were also analysed for KexB activity and after 
dialysis against 10 mM Tris, 1.5 mM CaCl, pH 7.0 the 20-25 ml elute 
containing most activity was loaded on a Resource-Q column. The buffer 
used for equilibrating and washing of the column had the same composition 
as the buffer used for dialysis. Bound protein was eluted from the column 
with a 0.05-0.4 M NaCl gradient. The amount of KexB activity was 
determined for each fraction, and the fractions, containing significant KexB 
activity were analysed by SDS-Page.  

Biochemical and morphological characterization of ssKexB. 
KexB activity was measured using methylcoumarinamide (MCA) 
derivatives, purchased from Sigma Chemical Co. (St. Louis, Mo.). The 
assay used has been described previously (Jalving et al., 2000). Protein 
concentrations were determination by the bichinchoninic acid method as 
described by the manufacturer (Sigma Chemical Co.). Edman degradation 
and N-terminal sequencing was done by Eurosequence (Groningen, the 
Netherlands). 

Samples of fungal hyphae were transferred to microscope slides and 
studied under a microscope equipped with Nomarski’s differential 
interference contrast (DIC) optics. Kodak imagelink negative film, rated at 
25 ISO, was used for the Nomarski microscopy. 
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Results 
 
Characterisation of the kexB disrupted strain. We inoculated plates 
buffered at pH 4, 5 and 6 with the kexB disrupted strain NW266 and the 
parental strain NW249 to determine if external pH influences the 
morphology of the kexB disrupted strain, The ionic strength of the 
McIlvaine buffer, used to stabilize the pH of the plates, was kept at 0.5 M to 
distinguish between the influence of ionic charge and pH. At pH 6 we could 
clearly see reproducible growth retardation and hyper-branching of the 
∆kexB strain on agar plates (Fig. 2), but at pH 5 and pH 4, it resembles the 
branching pattern and growth rate of the wild-type strain (only pH 5 is 
shown). Thus, the effect of the kexB disruption on the morphology is pH 
dependent.  
 
Analysis of endopolygalacturonase proteolytic processing in the ∆kexB 
strain. Previously, we have reported the processing activity of the KexB 
maturase in Golgi fractions, isolated from a KexB overproducing 
transformant and a wild-type strain. The processing activity was 
demonstrated using artificial substrates that mimic the dibasic cleavage site 
of target protein precursors, such as the processing site of 
endopolygalacturonase I (PGI) (Jalving et al., 2000). In addition to 
processing activity of dibasic cleavage sites, the same protein fractions 
showed a significant activity on Q-A-R-MCA, an artificial substrate that 
mimics a monobasic cleavage site (data not published). This sequence 
strongly resembles the monobasic cleavage site -E-A-R- of 
endopolygalacturonase II (PGII). To analyse whether KexB is directly 
involved in the maturation of PGI and PGII, we transformed a kexB 
disrupted strain with, respectively, the pgaI gene, encoding PGI, or the 
pgaII gene, encoding PGII, both expressed with the strong pki promoter. 
Transformants were selected and screened for the presence of PGI or PGII 
in the culture fluid by SDS-Page analysis and activity measurements. Both 
proteins were isolated as active enzymes from the culture fluid of the best 
producers, using either anion or cation exchange chromatography. The 
chromatography elution profiles of PGI and PGII isolated from the kexB 
deficient transformants differed from the elution profiles of both proteins 
isolated from wild-type derived transformants (Fig. 3a), suggesting that no 
significant maturation of PGI and PGII has occurred in the kexB disrupted 
strain. Mass spectrometric analysis of the isolated proteins from kexB 
deficient transformants also indicated that both proteins were not properly 
matured in these transformants. To confirm these unexpected results for 
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PGII, the N-terminal sequence of PGII produced by the kexB disruptant was 
determined (Fig. 3b). The sequence analysis clearly shows that PGII is not 
properly matured in the kexB disrupted strain. 
 A 

 B 

 C 

 D 

 
Fig. 2. Growth and morphology of ∆kexB strain NW266 (panel A and C) and wild-
type strain NW249 (panel B and D) at different pH. On the left are the colonies 
grown on agar plates of pH 5 (panel A and B) and pH 6 (panel C and D), on the 
right is the morphology of the hyphae of those colonies visualized by Nomarski 
microscopy. 
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Fig. 3. A. Superimposed ion exchange chromatography elution profiles of 
endopolygalacturonase I (PGI; graph on the right) and endopolygalacturonase II 
(PGII; graph on the left) isolated from wild-type strain NW249 cultures 
(continuous line) and ∆kexB strain NW266 cultures (dashed line). B. The N-
terminal sequence of PGII secreted by the ∆kexB strain. The underlined aspartic 
acid-residue is the N-terminal end of the mature protein. The presequence cleavage 
site and the N-terminal ends of the unprocessed PGII obtained by Edman 
degradation are indicated with arrows. 
 
Construction and analysis of the ssKexB producing strains. For the 
purification of KexB we constructed a soluble secreted variant of KexB. By 
site directed mutagenesis a stop codon was introduced in the open reading 
frame between the proteolytic domain and the transmembrane domain, and 
the modified gene (Fig. 1a) was used to transform A. niger NW289 (Table 
1). Transformants which showed a (partial) complementation of the typical 
∆kexB hyper-branching phenotype at pH 6 were isolated and characterised. 
Selected transformants were grown for 24 hours in shake flasks after which 
the mycelium was harvested for Southern analysis and the culture filtrate 
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was used to determine the amount of KexB activity using Gly-Lys-Arg-
MCA as substrate. To analyse the growth characteristics of the 
transformants they were grown on pH 4 and pH 6 agar plates, and after 3 
days the morphology of the mycelium at the rim of the colonies was 
examined with Nomarski microscopy (Fig. 4a). 

 
A  

 
B  

 
Fig. 4. A) Morphology of the hyphae of the soluble secreted KexB producing 
pIM4006 transformants. From left to right: strain NW266 (∆kexB), transformant 1 
containing approximately 2 copies and transformant 2 containing more than 10 
copies of pIM4006. B) Screening of soluble secreted KexB producing pIM4008 
transformants. On the left agar plate the transformants are grown on glucose, on the 
right plate on xylose. Both plates are buffered at pH 6. The top left colony on both 
plates is transformant NW289::pIM4008#1. 

 
Transformants that have more copies of sskexB in the genome also 

have a higher kexin-like activity in the culture fluid and in addition show a 
higher degree of complementation of the hyper-branching morphology, 
indicating that the soluble secreted variant is active. To increase the 
expression still further, the weak endogenous kexB promoter was replaced 
with the strong xlnA promoter from Aspergillus tubingensis. This promoter 
is induced during growth on xylose (de Graaff et al., 1994). The modified 
construct (Fig. 1b) was used to transform strain NW289. These 
transformants were analysed on glucose and xylose plates buffered at pH 6 
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to identify those transformants that were selectively complemented on 
xylose (Fig. 4b). Grown on xylose transformant NW289::pIM4008#1 had a 
wild-type morphology. Southern analysis and kexin activity measurements 
in the culture filtrate of shake flask cultures clearly demonstrated that this 
transformant produced the highest levels of ssKexB.   
 
Purification of ssKexB and characterization of its substrate specificity 
concerning dibasic and monobasic processing sites. Transformant 
NW289::pIM4008#1 was grown in shake flasks for 24 hours and the culture 
filtrate was bound to a Streamline-DEAE  matrix, eluted and subsequently 
purified in two steps using anion exchange columns, respectively Source-Q 
and Resource-Q. To separate KexB from other proteins different pH’s were 
used for the two columns. The resulting fractions were analysed by 
measuring the kexin-like activity on Gly-Lys-Arg-MCA (Table 2). The 
activity correlated with a single protein peak on the chromatogram (data not 
shown), and also on SDS-Page a single protein band was visible (Fig. 5). N-
terminal sequencing confirmed the identity of the protein.  
  
Table 2. Purification of soluble secreted KexB from A. niger NW289::pIM4008#1. 

Step Volume 
(ml) 

Activity 
(nkat) 

Total 
Protein 
(mg) 

Spec. act. 
(nkat.mg-1) 

Purification 
(-fold) 

Yield 
(%) 

Culture 
filtrate 

600 334 41.30 8 1 100 

Streamline-
DEAE 

70 197 6.65 30 3.8 59 

Source-30Q 
(pH 6.0) 

22 134 3.74 36 4.5 40 

Resource-Q 
(pH 7.25) 

1 18 0.38 49 6.1 5.4 

 
The purified enzyme was used to determine the specific activities on a 
number of monobasic substrates (Table 3). Of these substrates the 
monobasic sequences Q-A-R, V-P-R and F-S-R were cleaved respectively 
25%, 45% and 40% as effectively as the most preferred dibasic L-K-R 
sequence.  
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Table 3. Soluble secreted KexB substrate specificity 

MCA derivative Specific activity (nkat/mg)  
Boc-L-K-R-MCA 99.5  ± 12.6  
Boc-G-K-R-MCA 37.9 ± 1.11  
Boc-L-S-T-R-MCA 10.6 ± 3.29  
Boc-E-K-K-MCA N.A.*
Boc-Q-G-R-MCA 0.4  ± 0.1  
Boc-L-G-R-MCA 0.5 ± 0.1  
Boc-Q-A-R-MCA 19.1 ± 1.40 

Boc-V-P-R-MCA 39.3 ± 4.11 

Boc-F-S-R-MCA 37.2 ± 6.16 

*N.A. = No Activity 

M 

 
Fig. 5. SDS-Page of active soluble secreted KexB eluted from the Resource-
Q column. Lane M, molecular weight marker (from top to bottom: 92, 67, 
45, 29). The sample on the right is 5 times concentrated. 
 
 

Discussion 
 

We have previously reported that the disruption of A. niger kexB 
results in growth retardation and hyper-branching if the fungus is grown on 
agar plates, while no effect is seen in shake flasks (Jalving et al., 2000). A. 
niger acidifies the medium of shake flasks faster than agar plate medium. 
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We therefore analysed whether the external pH influences the morphology 
of the  kexB-disrupted strain. There are two possible explanations for the 
demonstrated pH dependent growth. Either lack of KexB processing, results 
in this pH dependent growth, or at a lower pH other proteases might be 
induced that are able to complement some of the kexB activities. In yeast 
aspartic proteases can complement some of the Kex2 processing (Olsen et 
al., 1999). At this stage we do not know whether aspartic proteases play a 
role in this reversion to wild-type morphology at pH 5 and lower.  

The dramatic change in morphology at pH 6 leaves no doubt about 
the profound effect the kexB deficiency has on the processing of A. niger 
proteins. Potential targets for KexB are secreted proteins such as the A. 
niger pectinases. Many of these proteins, including polygalacturonase I 
(PGI), contain a dibasic cleavage site. Bussink et al. (1991) determined the 
N-terminal sequence of secreted mature PGI, which starts with the first 
amino acid following the dibasic cleavage site in the unprocessed protein. 
The N-terminal sequence of mature A. niger PGII, which has also been 
experimentally verified (Bussink et al., 1990), starts with the first amino 
acid following a monobasic cleavage site in the unprocessed protein.  In 
yeast, propeptides with a monobasic processing site are not removed by 
Kex2 but by the aspartic proteases of the yapsin family (Olsen et al., 1999). 
PGII was therefore thought to be processed by a yapsin-like maturase. 
However, no direct proof of KexB processing or processing by aspartic 
proteases of natural substrates has been shown in A. niger until now. As 
expected the dibasic processing site of PGI produced by the kexB disrupted 
strain was not processed. The surprising result was that also PGII is not 
matured in the kexB disrupted strains. Active KexB is therefore required for 
correct proteolytic processing of both PGI and PGII. A distinct possibility 
exists that PGI or PGII is processed by another endoprotease, which needs 
to be activated by KexB, but most likely, PGI and PGII are directly 
processed by KexB. An analysis of fungal genomes available via the NCBI 
genome website for the existence of genes encoding yapsin orthologs in the 
genomes of filamentous fungi did not produce any significant hit.  

To investigate the KexB activity on monobasic cleavage sites, we 
needed to purify the KexB protease. Proteins with a transmembrane domain, 
such as the kexin-like proteases are difficult to produce. In yeast and 
mammalian systems this problem was solved by the construction of soluble 
secreted variants of these maturases (Brenner and Fuller, 1992; Hatsuzawa 
et al., 1992). We used a similar construct to complement a kexB-disrupted 
strain. Since the soluble secreted variant is not efficiently retained in the late 
Golgi, only high expression levels are able to complement the phenotype of 

 60



Chapter 3 Aspergillus niger monobasic processing 
 
the kexB deletion. In addition the kexB promoter appeared to be too weak to 
produce enough KexB and had to be replaced by the xlnA promoter. The 
estimated size of the produced ssKexB protein, about 85 kDa, is larger than 
61.8 kDa, the calculated size of ssKexB. The difference is most likely due to 
glycosylation.  

The difference in substrate specificity of the ssKexB protease for the 
two dibasic MCA derivatives with L-K-R and G-K-L as recognition site is 
identical to the previously (Jalving et al., 2000) measured difference in 
kexin-like activity measured for both substrates using membrane fractions 
of the wild-type strain. Furthermore for wild-type membrane fractions we 
measured a comparable proteolytic activity on Q-A-R-MCA as measured 
for ssKexB. This clearly indicates that the proteolytic activity of the purified 
ssKexB protease is identical to the kexin-like activity measured in the wild-
type membrane fractions. We were able to show significant activity of the 
purified ssKexB protease on a range of MCA derivatives with a monobasic 
cleavage sites and expect that the unmodified KexB protease has similar 
substrate specificity. Although we could successfully cleavage artificial 
substrates in vitro using ssKexB, we were not able to process purified pro-
PGI and pro-PGII in vitro with ssKexB, which might be due to differences 
in glycosylation of the endopolygalacturonases produced by the ∆kexB 
strain and the wild-type strain. 

In summary, deletion of kexB results in a pH dependent hyper-
branching phenotype. Furthermore KexB is capable of monobasic specific 

cleavage as we have shown by substrate analysis of ssKexB, and it is 
necessary for the monobasic specific maturation of PGII. The ssKexB 

protease could be used to finalize processing of partially processed proteins 
of industrial interest, or for in vitro removal of homologous protein carriers 
used to protect heterologous proteins produced in fungi. We did not detect 
any aberrant processing as result of increased production of PGI or PGII in 
the wild-type production strain, indicating that the wild-type expression of 

kexB normally is sufficient for maturation of large-scale production of 
proteins containing either a monobasic or dibasic cleavage site.
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Abstract 

 
  We have cloned the Aspergillus niger dapB gene. Analysis of the 

nucleic acid and the deduced protein sequence indicates that the gene 
encodes a type IV dipeptidyl aminopeptidase (DPP IV).  Based upon the 
deduced protein sequence we predicted the presence of a transmembrane 
domain. Furthermorre, dapB overexpressing transformants displayed an 
increase in intracellular DPP IV activity. Thus we are the first to report the 
characterisation of a dipeptidyl aminopeptidase from a filamentous fungus 
with a transmembrane domain. Using the dapB nucleic acid sequence as 
query, we were able to identify 14 DPP IV encoding genes in the publicly 
available genomic databases. Phylogenetic analysis shows that in yeasts two 
gene clusters exist, of which the genes encode DPP IV proteases with a 
transmembrane domain. With this study we demonstrate that similar to the 
yeasts in filamentous fungi also two DPP IV encoding gene clusters exist. 
However, in filamentous fungi, only 1 of the 2 clusters contains genes 
encoding DPP IV proteases with a transmembrane domain. The second gene 
cluster present in filamentous fungi contains DPPIV genes encoding 
extracellular DPPIV proteases. The dapB protease gene belongs to the first 
mentioned cluster. We propose that DapB plays a role in proteolytic 
maturation of enzymes, produced by Aspergillus niger. 
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Introduction 
 

Proteins destined for secretion contain information necessary for 
correct modification, routing and folding (Baker et al., 1993). Much of this 
information is present in the propeptide, which is removed from the protein 
upon maturation. This proteolytic maturation is also used as mechanism to 
activate enzymes. The yeast α-mating type factor is an example of a 
secreted protein which needs this kind of proteolytic activation. In addition 
to a propeptide, the α-factor precursors contain either two or four copies of 
the end product. The yeast endoprotease KEX2 removes the propeptide and 
separates the different α-factor proteins. However after KEX2 processing 
the α-factor is not yet mature (Anna-Arriola et al., 1994). Either two or 
three X-Ala dipeptides (X is Asn, Asp, Glu, or Val) still need to be removed 
from the N-terminus of the resulting products, which is done by a dipeptidyl 
aminopeptidase. 

Dipeptidyl aminopeptidases are proteases which cleave a dipeptidyl 
moiety from the N-terminus of a polypeptide (Kreil, 1990). They have been 
classified according to their substrate preference. Dipeptidyl 
aminopeptidases of type IV (DPP IV) cleave specifically behind an Ala or 
Pro residue, removing thereby N-terminal X-Ala or X-Pro dipeptides. Due 
to its unique structural features proline residues often protect proteins from 
degradation and in some cases even play a role in the regulation of their 
activation. DPP IV belongs to a limited set of specialised proteases that are 
capable of cleaving proline-adjacent bonds (Cunningham and O’Connor, 
1997). 

DPP IV proteases from a variety of organisms such as yeasts, 
insects, frogs and humans have been characterised and were found to 
perform many different functions. Dipeptidyl aminopeptidase A (DPAP A), 
a Golgi localized protease is responsible for α-factor processing in the yeast 
Saccharomyces cerevisiae and plays an important role in the maturation of 
proteins. The second DPP IV found in S.  cerevisiae, designated DPAP B, is 
a vacuolar membrane bound protease (Roberts et al., 1989), of which the in 
vivo function is unknown. DPAP B is processed in the endoplasmic 
reticulum and Golgi before it reaches the vacuole. Overexpression of DPAP 
B in yeast mutants that lack DPAP A resulted in complementation of the α-
factor maturation deficiency.  
 In filamentous fungi only one extracellular DPP IV, designated 
dipeptidyl-peptidase IV, has been characterised in several Aspergillus sp. 
The A. fumigatus protein is able to bind to collagen and could therefore play 
a role in the process of lung invasion by this pathogenic fungus (Beauvais et 
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al., 1997a; Beauvais et al., 1997b), while the A. oryzae extracellular DPP IV 
is thought to be involved in the degradation of wheat gluten during koji 

fermentation (Doumas et al., 1998). Activity measurements indicate that this 
extracellular DPP IV is absent in A. niger, but an intracellular DPP IV 
activity could be detected.  

Furthermore in the A. nidulans (Dyer et al., 2003) and A. fumigatus 
(Pöggeler, 2002) genomes mating type genes, including α-factor 
homologues, were identified. The A. niger KEX2 ortholog, KexB, has been 
characterised by Jalving et al. (2000) and also prolidase, a proline specific 
dipeptidase, has been identified in both A. nidulans by Jalving et al. (2002) 
and A. niger (Jalving et al., unpublished results). Prolidase cleaves Xaa-Pro 
dipeptides, such as the dipeptides produced by DPP IV proteases. Prolidase, 
however, is located in the cytosol.  

In this study we have cloned and characterised a novel type IV 
dipeptidyl aminopeptidase encoding gene, designated dapB, in a 
filamentous fungus. We propose that DapB is involved in protein 
maturation.  
 

Materials and Methods 
 

Strains, plasmids and growth conditions. A. niger strain NW219 
[cspA1, pyrA6, leuA1, nicA1] was used for transformation essentially as 
described by Kusters - van Someren et al. (1991). For Southern analysis, 
Northern analysis and analysis of DPP IV activity in the cell free extracts 
the transformants were grown overnight in 70 ml complete medium 
(Pontecorvo et al., 1953) with 1% glucose (w/v) as carbon source, in 250-ml 
Erlenmeyer flasks in an Innova incubator at 250 rpm and 37°C.  
Escherichia coli strains LE392 and DH5α (Promega) were used for phage 
propagation and plasmid transformation, respectively. For cloning purposes 
plasmid pUC19 (GibcoBRL) and phagemid pBluescript (Stratagene) were 
used. Plasmid pIM4007 was constructed as described in Fig. 2a.  

Molecular biological techniques. Standard DNA manipulations 
were carried out essentially as described by Sambrook et al. (1989). DNA 
fragments were sequenced using the Thermo Sequenase fluorescent-labelled 
primer cycle sequencing kit with 7-deaza-dGTP (Amersham Pharmacia 
Biotech, Uppsala, Sweden) and the ALF automated sequencer (Amersham 
Pharmacia Biotech). For Southern analysis of genomic DNA, total DNA 
from Aspergillus strains was isolated as described by de Graaff et al. (1988). 
For Northern analysis RNA was extracted with Trizol reagent.  As a loading 
control, Northern blots were hybridised with A. niger DNA encoding 18S 
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ribosomal RNA. All hybridisations were done in standard hybridisation 
buffer (Sambrook et al., 1989). 

The degenerate forward primer GTNTAYACIGARMGNTAYATG 
and degenerate reverse primer TGRAARTGNACRTTRTCRTC, were used 
to obtain the 144 bp fragment. The PCR was performed using an annealing 
temperature of 45°C.  The complete dapB gene was obtained by screening 
of a λ EMBL4 genomic library of A. niger with this PCR fragment. 

Trace walking. For BLAST analysis against Podospora anserina 
sequences of the NCBI trace archive, a locally installed version of the NCBI 
BLAST tools (Altschul et al., 1990) was used.  
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables). We used the windows based 
BLAST executables of the 2.2.6 release. The Neurospora crassa 
XM_331713 sequence was used to obtain DPP IV related sequences by 
TBLASTX. The identified traces were subsequently retrieved from the 
Trace archive and assembled in the Staden Package (Staden et al., 1998). 
The resulting consensus sequence was exported as FASTA sequence and 
used for local BLASTN analysis of the P. anserina sequences. Additional 
trace files were retrieved from the trace archive and added to the assembly 
in the Staden Package. The consensus was used for the next BLASTN 
analysis and these steps were repeated until the genes of interest were 
complete. 

Comparative molecular analysis. For structural analysis of the 
dapB gene and the translated protein, the BLAST search tools were used to 
search public databases. SOSUI (Hirokawa et al., 1998) was used to identify 
putative transmembrane regions. Signal sequences for secretion were 
identified with SignalP (Nielsen et al., 1997).  

For the phylogenetic analysis the DapB protein sequence was used to 
query publicly available databases by BLASTP. Protein sequences 
producing e-values ≤ e-100 were retrieved as well as the corresponding 
nucleic acid sequences. The protein sequences were used separately to query 
the yeast and fungal genomic databases by TBLASTN. Genomic sequences 
which produced BLAST e-values ≤ e-100 in any of these queries, and which 
did not contain sequence identical to one of the existing DPP IV sequences 
were retrieved, and the putative DPP IV was annotated using the BLAST 
homology. The obtained and deduced protein sequences were aligned using 
ClustalX (Thompson et al., 1994). A bootstrap analysis (500 replicates) was 
performed on the resulting alignments using the PHYLIP package version 
3.57c (Felsenstein, 1995) . ProtDist, part of PHYLIP, was used with the 
standard Dayhoff PAM 001 matrix. Fitch, also part of PHYLIP, was used 
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for the actual tree generation. Treeview (Page, 1996) was used to view the 
resulting phylogram. 

Overexpression and DPP IV activity measurements. After 
overnight growth on complete medium (CM) (Pontecorvo et al., 1953), 
cultures of DapB overproducing transformants were harvested by filtration 
on nylon gauze. The mycelium was rapidly frozen with liquid nitrogen and 
stored at -80°C.  

To obtain cell free extracts harvested mycelium was ground and 
resuspended in 1 ml extraction buffer (0.1 M Hepes/Tris pH7.0). After 30 
seconds on ice the extracts were centrifuged for 15 minutes at 14000 rpm, 
and the supernatant was collected. DPP IV activity was measured in a 500 
µl assay mix (including 25 µl of enzyme solution) containing 0.3 mM of 
Ala-Pro-pNA (Bachem) and 0.2 M Hepes/Tris pH 7.0. The assay mix was 
incubated at 37°C and the increase in hydrolysed pNA product formed was 
followed by measuring the A400 in a spectrophotometer.   
 
The Nucleotide sequence reported in this paper has been deposited in the 
EMBL database under the Accession No. AJ278532. 
 

Results and Discussion 
 
Cloning and analysis of dapB. Based on homologous regions between type 
IV dipeptidyl aminopeptidases of yeast, rat and human two degenerate 
primers were designed (see materials and methods). With these primers a 
144 bp fragment was isolated by PCR, using genomic DNA of A. niger as 
template. The 144 bp fragment was used as a probe to screen a genomic 
library of A. niger in bacteriophage λ. Two positive clones were identified 
and subsequently purified. Southern analysis of DNA from these phages 
with the 144 bp fragment resulted in the identification of a 6 kb EcoRI 
fragment. Sequence analysis of this EcoRI fragment revealed the presence 
of an ORF with only 500 bp promoter sequence. Therefore a SalI and an 
EcoRI-SstI restriction product of the 6 kb EcoRI fragment were used in a 
second Southern analysis, identifying three adjacent SalI fragments of 1.3, 
1.5 and 2.6 kb, respectively. 
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Fig. 1. A) The dapB genomic region. The dapB gene is indicated with the grey 
box, the two black boxes represent both introns. B) Structural scheme of the DapB 
protein and comparison with four other type IV dipeptidyl peptidases. From left to 
right the three boxes indicate the transmembrane domain, the dipeptidyl peptidase 
IV N-terminal region (pfam00930.8) and the peptidase S9 domain (pfam00326.8). 
 

The SalI fragments were isolated and sequenced. Analysis of the 
resulting 3989 bp sequence revealed a 2706 bp ORF starting at bp 817 (Fig. 
1a). The ORF is interrupted by 2 introns positioned at bp 3134-3192 and 
3463-3544. Both introns were confirmed by comparison of the genomic 
sequence to A. niger EST sequences, which were obtained by BLASTN 
analysis using the publicly available EST databases. A BLASTX analysis of 
the sequence was performed using publicly available protein sequence 
databases and similarity was found with several members of the DPP IV 
protease family. The highest degree of identity (69 % over 775 amino acids) 
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was found with the hypothetical protein AN2946.2 of Aspergillus nidulans. 
The next best hits were found with hypothetical proteins of other 
filamentous fungi. The best hit with a characterised protein was found with 
the vacuolar S. cerevisiae DPP IV protease, DPAP B (39% identity over 674 
amino acids). Identities of 37% and 31% were found with the extracellular 
DPP IV of A. oryzae and DPAP A, the Golgi located DPP IV, of S. 
cerevisiae, respectively. The in vivo function of DPAP A is proteolytic 
maturation of proteins. The extracellular A. oryzae DPP IV is believed to 
play a role in degradation of proteins for consumption by the fungus. The in 
vivo function of the other DPP IV proteases is not known. Therefore the 
results of the BLAST analysis indicate that DapB is a member of the DPP 
IV protease family but it does not provide any insights into the functional 
role of the protease in A. niger.  
 The translated amino acid sequence was analysed for the presence of 
possible structural domains (Fig. 1b). SOSUI identified a putative 
transmembrane domain, starting at amino acid 77 and ending at amino acid 
99. RPS-BLAST analysis resulted in recognition of two typical protease 
domains, the dipeptidyl peptidase IV (DPP IV) N-terminal region 
(pfam00930.8 (http://pfam.wustl.edu/index.html)) and the prolyl oligo 
peptidase domain (pfam00326.8). Therefore, the DapB topology resembles 
the topology of a type II membrane protein, with an N-terminus located in 
the cytosol, one membrane spanning region, and the remaining functional 
part located in the lumen. The functional part of the protein was compared 
to the functional part of other DPP IV’s resulting in the identification of a 
putative catalytic triad, which consist of Serine 739, Aspartic acid 816 and 
Histidine 849. The DWVYEEE sequence, which is highly conserved among 
the different DPP IV’s (Abbott et al., 1999) is also present in the DAPB 
sequence (residues 305-311). This motif contains two glutamic acid residues 
that are necessary for proteolytic activity. Therefore DapB has all the 
characteristics of a type IV dipeptidyl peptidase, and it has a putative 
membrane spanning domain. 
 
Construction of a DapB overproducing strain. To confirm the DPP IV 
activity of DapB by overexpression, plasmid pIM4007 was constructed 
containing the complete dapB gene, 810 bp upstream and about 900 bp 
downstream sequence (Fig. 2a). A. niger transformants generated with this 
construct, were selected for the restoration of uridine auxothropy. 
Subsequently, 5 selected transformants and a pyrA complemented control 
strain were grown overnight and the mycelium was harvested to obtain 
genomic DNA, RNA and cell free extracts. Southern analysis of the 
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genomic DNA (Fig. 2b) and Northern analysis (Fig. 3a) were performed to 
determine if these extra dapB copies were present in the genome and if they 
were actively transcribed in the mycelium of the transformants. In addition 
to the Northern and Southern analysis the transformants were analysed for 
the DPP IV activity in the cell free extracts (Fig. 3b). The 5 to 7 times 
increase in DPP IV activity in the cell free extracts of the DapB multicopy 
transformants is clearly significant and shows that increased dapB mRNA 
levels lead to more DPP IV activity. No significant DPP IV activity could 
be measured in the culture medium of any of the transformants (data not 
shown), making the assignment of the transmembrane domain more likely.  
 

 
 
Fig. 2. A) Construction scheme of pIM4007. The dapB gene is indicated with the 
grey box. The following construction steps are indicated: I. Cloning of the EcoRI-
SstII upstream dapB fragment behind the SalI-EcoRI dapB promoter fragment 
resulting in II, the upstream part of the construct. III. Cloning of the BamHI-SstI 
terminator region behind the the NcoI-BamHI downstream dapB fragment resulting 
in IV, the downstream part of the construct. V Cloning of the downstream part of 
the construct (IV) behind the SalI-NcoI fragment of the upstream part of the 
construct (II), resulting in VI, the dapB overexpression construct. 
B) Southern analysis of dapB multicopy transformants. Genomic DNA of the 
transformants (numbers are indicated above the lanes), of the negative control 
being A. niger transformed with pyrA plasmid (C) and the wildtype (W) strain was 
digested with XhoI/HinDIII. The molecular weights are indicated. The upper arrow 
indicates tandem insertions of the construct; the lower arrow indicates the 
endogenous dapB gene. As probe a 1.2 kb EcoRI-PstI fragment of the dapB gene 
was used.  
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Fig. 3. Analysis of the dapB transformants A) Northern analysis of dapB multicopy 
transformants. Transformant numbers are indicated above the lanes. The arrow 
indicates the position of the dapB RNA. A 1.2 kb EcoRI/PstI fragment of the dapB 
gene was used as probe. As a loading control, the membrane was rehybridized with 
DNA encoding the 18S ribosomal RNA (lower panel). B) Specific DPP IV activity 
in the cell free extracts of the transformants. The numbers below the bars 
correspond to the transformant numbers, transformant C is A .niger transformed 
with the pyrA construct. Ala-Pro-pNA was used as substrate. 
 
Phylogenetic analysis of DPP IV proteases in ascomycetes. To clarify the 
phylogenetic relationship of DapB with other DPP IV proteases, we 
analysed publicly available DNA and protein sequence databases by 
BLAST analysis. As a result we identified 14 new DPP IV-like genes in the 
publicly available but yet unannotated genomic sequences of Aspergillus 
nidulans, Coccidioides posadasii, Gibberella zeae, Saccharomyces bayanus, 
Saccharomyces castellii, Saccharomyces kluyveri, Saccharomyces mikatae 
and Saccharomyces paradoxus. In addition to the previously characterised 
Aspergillus fumigatus extracelullar DPP IV, we obtained the sequence 
encoding a second DPP IV-like protease in this fungus. This sequence was 
also previously reported by Pöggeler as putative A. fumigatus DPAP A 
homologue. At the time of our analysis the genomic sequence of Podospora 
anserina was not yet available. However the sequence chromatograms were 
available via the NCBI Trace archive. We downloaded the entire collection 
of P. anserina sequence files and by local BLAST analysis and trace 
walking (see Materials and Methods) we were able to identify and assemble 
two DPP IV-like genes, present in this fungus. Introns were identified in the 
A. fumigatus, A. nidulans, C. posadasii, G. zeae and P. anserina genes by 
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BLAST homology with either the A. niger dapB DNA sequence or the DNA 
sequence encoding the extracellular DPP IV of A. fumigatus. The position of 
the introns in the A. nidulans and N. crassa genes were confirmed by EST 
sequence comparison. We identified one additional intron in the annotated 
DPAP A-like A. nidulans gene (BK001296), resulting in both a larger ORF 
and protein sequence. Interestingly, both the DNA sequences of the putative 
secreted DPP IV of G. zeae and N. crassa lack an intron at the start of the 
gene, which is present in the other extracellular DPP IV encoding genes. 
The protein sequences, 28 in total, were deduced from the DNA sequences 
or retrieved from the protein databases and subsequently analysed for the 
presence of putative domains (Fig. 1b) and aligned with the A. niger DapB 
sequence. The resulting alignment was used for a bootstrap analysis (Fig. 4). 
Sequences with a low bootstrap value were removed from the analysis, 
without affecting the structure of the phylogram. The remaining sequences 
used in the phylogenetic analysis are in Table 1. The resulting phylogram 
contains four clusters of protein sequences, which contain all at least one 
characterised protein (underlined). Clusters 1 and 2 contain the Golgi 
located maturase DPAP A and the vacuolar DPAP B and similar yeast 
protein sequences. All the protein sequences in cluster 3 are from 
filamentous fungi. They all resemble the domain structure of DapB and a 
putative transmembrane domain was identified at a similar position. This is 
a novel cluster of DPP IV proteases in filamentous fungi. Cluster 4 contains 
sequences of filamentous fungi similar to the extracellular DPP IV of A. 
fumigatus. SOSUI could detect a transmembrane domain in proteases of this 
cluster, however it is located in the first 25 amino acid residues and 
according to SignalP it resembles a signal sequence, which will be removed 
from the protein before secretion. These results indicate that in most of the 
analysed filamentous fungi one extracellular DPP IV protease exist and one 
intracellular DPP IV, containing a transmembrane domain.  

We established that in both A. niger (results not shown) and N. 
crassa only one DPP IV gene is present in the genome. In both cases it 
encodes the DapB-like intracellular DPP IV protease. In N. crassa, as in 
several Aspergilli the α-factor homologue has been identified (Bobrowicz et 
al., 2002). It contains the same DPP IV cleavable dipeptide stretches as its 
yeast counterparts. Furthermore it has been shown that inactivation of this 
pheromone leads to a disturbed mating-type phenotype in N. crassa. If 
processing of α-factor in N. crassa is as essential as in yeast, the N. crassa 
DPP IV protease is likely to be responsible for this removal. We propose 
that the DPP IV proteases in the DapB cluster (cluster 3) are involved in 
protein maturation.  
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Fig. 4. Phylogenetic analysis of yeast and fungal type IV dipeptidyl peptidases. 
The analysis contains the following DPP IV subgroups: yeast DPAP B-like (cluster 
1), yeast DPAP A-like (cluster 2), DapB-like of the filamentous fungi (cluster 3), 
and the extracellular DPP IV of filamentous fungi (cluster 4). The human DPP IV 
was taken as outgroup and does not fit in one of these four categories. The 
bootstrap values are indicated at each node. The branch lengths indicate the 
evolutionary distance. 
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Table 1. Sequences used for phylogenetic analysis. 
Organism  Protein 

identifier 
contig (coding basepairs) 

I  TIGR_5085|contig:5237 
(2102460- 2100090; 2100033- 
2099764; 2099714- 2099599) 

Aspergillus 
fumigatus 

II AAC34310  
I  AACD01000051 (401192-

403520 ; 403589-403858 ; 
403940-404058) 

Aspergillus 
nidulans 

II EAA58460  
Aspergillus 
niger 

DapB CAC41019  

Candida 
albicans 

I orf6.4953.prot  

I  TIGR_222929|contig:2046 
(587428-589789; 589857-
590127; 590191-590309) 

Coccidioides 
posadasii 

II  TIGR_222929|contig:2010 
(628474-628468 ;628374-
626050) 

I  AACM01000231 (17853-
20472; 20524-20636) 

Gibberella zeae 

II  AACM01000457 (23575-
25914) 

I EAA53468  Magnaporthe 
grisea II EAA52861  
Neurospora 
crassa 

DPPIV EAA36410  

Podospora 
anserina 

Ia   

DPAP A P33894  Saccharomyces 
cerevisiae DPAP B P18962  

I  AACA01000231 (11642-
14434) 

Saccharomyces 
bayanus 

II  AACA01000410 (4540-6996) 
I  AACE01000037 (4699-7341) Saccharomyces 

kluyveri II  AACE01000285 (4461-1993) 
I  AABY01000246 (7389-4594) Saccharomyces 

paradoxus II  AABY01000007 (68079-
70535) 

Homo sapiensb DPPIV P27487  
a sequence obtained via tracewalking (see M&M); b sequence used as outgroup 
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We can conclude that the A. niger DPP IV protease identified and 
analysed in this study is an intracellular DPP IV protease. Furthermore, by 
analysing partially sequenced genomes we could identify two distinct DPP 
IV-like protease clusters in the yeasts and two distinct DPP IV-like protease 
clusters in filamentous fungi. Of the filamentous fungal DPP IV-like 
proteases, only the DapB-like protein sequences contain a putative 
transmembrane domain. A possible DPP IV-like maturase would need a 
membrane spanning domain to remain in the secretory pathway, where it 
can perform its maturation function. We propose that DapB of A. niger 
plays a role in the proteolytic maturation of enzymes produced by this 
fungus. 
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Abstract 
 

Using EST sequence information available from the filamentous 
fungus Aspergillus nidulans as a starting point we have cloned the 
prolidase-encoding gene, designated pepP. Introduction of multiple copies 
of this gene into the A. nidulans genome leads to overexpression of an 
intracellular prolidase activity. Prolidase was subsequently purified and 
characterised from an overexpressing strain. The enzyme activity is 
dependent on manganese as a cofactor, is specific for dipeptides and 
hydrolyses only dipeptides with a C-terminal proline residue. Although 
these proline dipeptides are released both intracellularly and extracellularly, 
prolidase activity was detected only intracellularly.  
 

Introduction 
 

Aspergilli express a large array of proteolytic enzymes (see van den 
Homberg et al., 1997 and references therein), which allow these fungi to 
utilise a large variety of protein substrates as nutrients. The major endo- and 
exopeptidases involved normally do not hydrolyse bonds adjacent to proline 
residues and proline is therefore thought to protect against excessive 
enzymatic degradation of proteins (Vanhoof et al., 1995). Instead proline-
adjacent bonds are hydrolysed by specific proteases, whose activity depends 
on the isomeric state of the proline residue and its position in the peptide 
chain. Post-proline amide-bonds can be cleaved by a prolyl oligopeptidase 
(EC 3.4.21.26), a prolyl carboxypeptidase (EC 3.4.16.2) and by a proline-
specific type IV dipeptidylpeptidase (EC 3.4.14.5) (Cunningham and 
O’Connor, 1997), all of which are serine peptidases. Both pre- and post-
proline bonds can be cleaved by dedicated metallopeptidases. Thus, 
aminopeptidase P (EC 3.4.11.9) is a manganese-dependent oligopeptidase 
that cleaves the imide bond between an N-terminal amino acid and a 
penultimate proline from peptides of any length. For cleavage to occur, the 
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N-terminal amino acid must have a free amino group, the penultimate 
residue must be proline and the scissile bond must be in the trans 
configuration (Cunningham and O’Connor, 1997 and references therein). A 
structurally closely related enzyme is prolidase (EC 3.4.13.9). Prolidase, 
however, hydrolyses only dipeptides with a C-terminal proline residue. Like 
aminopeptidase P, the N-terminal amino acid of the substrate must have a 
free amino group and the imide bond must be in the trans configuration 
(Cunningham and O’Connor, 1997).  
 Recently a novel secreted type IV dipeptidyl peptidase was identified 
in various Aspergillus spp (Beauvais et al., 1997; Doumas et al., 1998) 
including A. nidulans (Doumas et al., 1998; Jalving and Schaap, 
unpublished results). Expression of this protease results in an increase in X-
Pro dipeptides in the medium. Since we could not detect an extracellular 
prolidase under these conditions, it seems likely that after uptake of these X-
Pro dipeptides by the fungus, an intracellular prolidase activity is needed for 
their further utilisation. Using sequence data available in the A. nidulans 
EST database as a starting point, we set to clone the A. nidulans prolidase 
gene and to characterise the encoded activity. 
 

Materials and methods 
 

Strains, transformation, DNA and RNA techniques. The A. 
nidulans strain WG312 (pabaA1, pyrG89, fwA1, uaY9) (Ballance and 
Turner, 1985) was used for transformation essentially as previously 
described (Kusters – van Someren et al., 1991). The Escherichia coli strains 
LE392 and DH5α (Promega) were used for phage propagation and plasmid 
transformation, respectively. Standard DNA and RNA manipulations were 
carried out essentially as described by Sambrook et al., 1989. 

For Southern analysis of genomic DNA, total DNA from Aspergillus 
strains was isolated as previously described (de Graaff et al., 1988). For 
Northern analysis strains were cultured for 17 h in 50 ml complete medium 
(Pontecorvo et al., 1953) with 1 % glucose (w/v) as carbon source in 250- 
ml Erlenmeyer flasks in an Innova incubator at 250 rpm and 37 °C. RNA 
was extracted with Trizol reagent. As a loading control, Northern blots were 
hybridised with A. niger DNA encoding 18S ribosomal RNA. 

Cloning and sequencing of pepP. A 658-bp genomic fragment was 
amplified from A. nidulans genomic DNA, using the primers: 5’-
ACTCTTCACTATGGGAAGAAC-3’ (forward) and 5’-
GTCCTCGATACGAACTCCACC-3’ (reverse) and cloned in vector 
pGEM-T (Promega) Genomic sequences of the pepP gene were obtained by 
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screening an A. nidulans genomic library in the bacteriophage Charon 4A 
(Zimmerman et al., 1980) with this fragment, using standard methods 
(Sambrook et al., 1989). The isolated 2.6-kb EcoRI fragment was subcloned 
in pUC19 and sequenced on both strands. Sequence analysis was performed 
using the sequence analysis software package PC/Gene (IntelliGenetics).  

Enzyme purification. The PepP transformant (see below) was 
grown in complete medium for 24 h and the mycelium was harvested. 
Mycelium frozen in liquid nitrogen was ground using a Waring blender. 
Buffer A (20 mM TRIS-HCl pH 7.5, 1 mM MnCl2, 0.1 mM EDTA) was 
added (12 ml/g) and cell debris was removed by centrifugation (10 min, 
10,000 x g). The cell extract was brought to 50% saturation with (NH4)2SO4, 
and centrifuged (20 min, 10,000 x g). The resulting supernatant was brought 
to 90% saturation and centrifuged (20 min, 10,000 x g). The pellet was 
dissolved in 20 ml of Buffer A, and loaded onto a Source 30Q anion 
exchange chromatography column (Amersham Pharmacia Biotech). The 
bound protein was eluted in 5-ml fractions using a 150-ml linear gradient 
from 0 to 0.6 M NaCl in Buffer A. Active fractions were reloaded on the 
same column and eluted in 5-ml fractions using a 150-ml linear gradient 
from 0.1 to 0.4 M NaCl in Buffer A.  

Enzyme assays and biochemical characterisation. A standard 
reaction mixture (210 µl), containing 50 mM bisTRIS-HCl (pH 7.0), 0.05 
mM MnCl2, 3.5 mM dipeptide substrate (Sigma) and 2 µl enzyme solution, 
was incubated at 37 °C for 30 min. After 0, 5, 15, and 30 min 50 µl samples 
were withdrawn from the reaction mixture and mixed with 200 µl of 1 M 
sodium acetate (pH 2.8). The amount of the imino acids released was 
determined with ninhydrin (Troll and Lindsley, 1955), the amino acids with 
o-phthalaldehyde (Roth, 1971). Protein concentrations were determined 
with the bicinchoninic acid method (Sigma).  

 The optimal pH for enzymatic activity was determined using 50 mM 
bisTRIS buffer at pH values ranging from 6.0 to 7.5, 50 mM HEPES buffer 
from 7.0 to 8.0 and 50 mM TRIS buffer from 7.5 to 9. All buffers contained 
0.05 mM MnCl2. 

The thermal stability of prolidase was tested by pre-incubation of the 
purified enzyme (0.02 mg/ml) for 60 min in 50 mM HEPES, pH 7.0, 0.05 
mM MnCl2, at 0, 30, 40, 50 and 60 °C, before the standard enzyme assay. 

To determine the metal ion requirements for activity, the purified 
enzyme was incubated for 4 h with 5 mM EDTA, followed by dialysis of 
the enzyme preparation against 20 mM HEPES pH 7.5. The EDTA-treated 
enzyme was subsequently incubated with 0.5 mM Mg2+, Mn2+, Zn2+, Co2+ 

and Ca2+ for 4 hr and then subjected to the standard assay procedure. 
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The molecular mass of the native enzyme was determined by size-exclusion 
chromatography using a Bio-Gel Sec 40 XL column (Bio-Rad) in series 
with a Bio-Gel Sec 30 XL column at a flow-rate of 0.5 ml/min. The 
following reference proteins were used: bovine serum albumin (67 kDa), 
Aspergillus niger hexokinase (100 kDa), yeast alcohol dehydrogenase (145 
kDa), and beef liver catalase (240 kDa).  
 
The nucleotide sequence reported in this paper has been deposited in the 
EMBL database under the accession No. AJ296646 
 

Results and discussion 
 
Cloning and analysis of the prolidase-encoding gene of Aspergillus 
nidulans. Strain WG096 was cultured for 24 h in shake flasks, and the 
culture filtrate and cell extracts were assayed for prolidase activity. The 
dipeptides tested (Met-Pro, Ala-Pro and Gly-Pro) could all be hydrolysed by 
the cell extract, but not by the culture filtrate. Using “prolidase” as keyword, 
the Aspergillus nidulans EST database 
(http://www.genome.ou.edu/asper.htm) was searched for cDNA sequences 
potentially specifying amino acid sequences of an intracellular prolidase. A 
number of nearly identical sequences were found which all contained about 
750-bp of the 3' portion of the ORF of a putative prolidase gene. The EST 
sequences were aligned and the resulting consensus sequence was used to 
design primers for PCR. From genomic DNA of A. nidulans a 658-bp 
fragment was amplified and sequenced. With this fragment a hybridising 
2.6-kb EcoRI fragment was recovered from an A. nidulans genomic library 
and sequenced. The fragment contained the complete ORF of the putative 
prolidase gene (designated pepP) together with upstream (513-bp) and 
downstream (408-bp) regions. 

The ORF is 496 amino acids long and is interrupted by two introns, 
both confirmed by comparison of the genomic sequence with the prolidase 
cDNA sequences available in the A. nidulans EST database. The inferred 
protein sequence was scanned for known sub-cellular sorting and 
transmembranesequences and none were found. This suggests that, like all 
other prolidases characterised so far, the Aspergillus prolidase resides in the 
cytosol. Using the BLAST algorithm (Altschul et al., 1997) similar 
sequences were retrieved from the nucleotide and protein databases. No 
fungal prolidase sequences have previously been characterised. However, 
the Aspergillus protease is most similar to ORF YFH6, a putative peptidase 
from the yeast Saccharomyces cerevisiae. High similarity scores were 
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obtained with the prolidases characterised from human and mouse (Endo et 
al., 1989; Ishii, et al. 1996). Furthermore, a significant similarity was found 
with aminopeptidase P characterised from E. coli (Wilce et al., 1998; 
Yoshimoto et al., 1989). No significant sequence similarity was found with 
the putative aminopeptidase P of A. nidulans (Jalving and Schaap, 
unpublished results). A dendrogram depicting the sequence relationships of 
these proteins with the A. nidulans protein was constructed (Fig. 1) using 
the Clustal X program (Thompson et al., 1997). The dendrogram, displayed 
with the program TreeView (Page, 1996), shows the strong clustering of 
pepP with yeast ORF YFH6 and shows that some bacterial aminopeptidase 
P amino acid sequences share a significant sequence similarity with the 
eukaryotic prolidases. Characterised aminopeptidase P sequences from 
eukaryotes form a separate group. 
 
Construction of an A. nidulans strain overexpressing pepP and 
purification of the fungal prolidase. The molecular data obtained strongly 
suggested that we had cloned the A. nidulans prolidase-encoding gene. To 
confirm this, and to facilitate purification, a prolidase-overexpressing strain 
was constructed. 

The plasmid containing the 2.6-kb EcoRI fragment including pepP 
was introduced into A. nidulans WG312 by co-transformation with plasmid 
pGW635 carrying the A. niger pyrA gene (Goosen et al., 1987). Southern 
analysis was used to screen sixteen PyrA+ strains for multiple integration of 
the EcoRI fragment into the genome (results not shown). Transformants 
Tr10, Tr11 and Tr15 were selected and cell extracts were tested for 
increased prolidase activity using the dipeptides Met-Pro and Ala-Pro as 
substrates. These peptides were the preferred substrates for a partially 
purified prolidase from Neurospora crassa (Johnson and Brown, 1974). 
Compared to the wild-type strain all three transformed strains showed a 
considerably higher rate of hydrolysis of both substrates (Table 1). Northern 
analysis showed that in the three transformed strains the steady-state level of 
pepP mRNA are increased by at least fivefold. The highest mRNA level 
was observed in Tr11 (Fig. 2A).  
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Fig. 1. Dendrogram of sequence relationships between prolidases and proline 
specific aminopeptidases. The A. nidulans prolidase (PROL ASPNI) was compared 
with prolidases of Escherichia coli (X54687.1); PROL ECOLI, Aureobacterium 
esteraromaticum (BAA77794); PROL AUEST, Alteromonas sp.JD6.5 
(AAB05590); PROL ALTSP, Homo sapiens (A32454); PROL HUMAN, 
Lactobacillus delbrueckii (Z93944.1); PROL LACDE, aminopeptidases of 
Chlamydia trachomatis (AE001328.1); AMPP CHLTR, Escherichia coli (P15034); 
AMPP ECOLI, Haemophilus influenzae (P44881); AMPP HAEIN, Lactococcus 
lactis (Y08842.1); AMPP LACLA, Homo sapiens (NM_006523.1); AMPP 
HUMAN, Ratus norvegicus (AF038591.1); AMPP RATNO and the hypothetical 
protease YFH6 YEAST of Saccharomyces cerevisiae (P43590). Database 
accession numbers are given in parenthesis. 
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Table 1. Prolidase activity in cell extracts of A. nidulans strains. 

SubstrateaStrain 

Ala-Pro Met-Pro 

WG312 0.005 0.008 

WG312::pyrAb 0.003 0.010 
 Tr10 0.015 0.082 
 Tr11 0.110 0.583 
 Tr15 0.043 0.245 
aActivities are in nkat / mg protein and are the means of at least two 
independent assays. bRecipient strain WG312 transformed with pGW635. 

 

 
Fig. 2. A. Northern analysis of the pepP multicopy transformants. Transformant 
numbers are indicated above the lanes. WT: strain WG312. As a loading control, 
the membrane was rehybridised with DNA encoding the 18S ribosomal RNA 
(lower panel). B.  Analysis of active fractions by SDS-PAGE. Fractions (7-12) 
eluted from the final Source-30Q chromatography step were analysed. Fraction 
numbers are indicated above the lanes M: Protein molecular weight marker The 
arrow indicates PepP. The gel was stained with Coomassie Brilliant blue R250. 
 

A cell extract of Tr11 was used to purify the enzyme by ammonium 
sulphate precipitation, and by repetitive anion-exchange chromatography 
(Table 2). The purification procedure was monitored using a standard assay 
with using Met-Pro as the substrate. The final preparation of the prolidase 
was analysed by SDS PAGE (Fig. 2B). The highest prolidase activity was 
found in fraction 9 of the Source 30Q elution profile. In agreement with the 
molecular mass of 55,290 Daltons calculated from the ORF, the molecular 
mass of the purified protein under denatured conditions was estimated to be 
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58 kDa. The molecular mass of the native protein was determined by size-
exclusion chromatography and was estimated to be 125 kDa. This indicates 
that, like most reported prolidases (Cunningham and O’Connor, 1997), the 
native enzyme is a homodimer. 
 
Table 2. Purification of prolidase from A. nidulans Tr11. 

Fraction Volume 
(ml) 

Activity 
(nkat) 

Total 
Protein 
(mg) 

Specific 
activity 

(nkat/mg) 

Purification 
factor 

Yield 
(%) 

Cell extract 280 33.1 1475 0.022 1 100 
(NH4)2SO4  
precipitation 
(50-90%) 

25 3.9 193 0.020 0.89 11.7 

Source-30Q (1) 15 3.9 46 0.085 3.82 11.9 
Source-30Q (2)  5 4.0 17 0.23 10.12 11.9 

 
Activity and substrate specificity of the fungal prolidase. The enzyme is 
active between pH 6.5 and pH 8.5. Highest activity was observed at pH 7 
(results not shown). PepP is stable for 60 min at 40 °C. After a 60 min 
incubation at 50 °C the activity was reduced to 75% of the original level, 
while 25% remained after a 60-min incubation at 60 °C. A 4-h incubation of 
PepP with 5 mM EDTA completely eliminated the enzyme activity. The 
activity of the EDTA-treated enzyme could be restored by addition of Mn2+. 
Other divalent cations tested were unable to restore the activity. 

Besides the dipeptides Met-Pro and Ala-Pro, the enzyme is capable 
of hydrolysing Phe-Pro, Leu-Pro and Val-Pro. For these five substrates KM 
and Vmax values were determined (Table 3). The highest rate of hydrolysis 
was obtained with Phe-Pro. The enzyme showed a relatively low rate of 
hydrolysis of Gly-Pro (15% of the activity on Phe-Pro). A perhaps similar 
prolidase partially purified from N. crassa displayed highest activity 
towards Met-Pro. This Neurospora prolidase also hydrolysed Ala-Pro and 
Val-Pro efficiently and the least preferred substrate was also Gly-Pro 
(Johnson and Brown, 1974). The rate of hydrolysis of Phe-Pro has not been 
reported for the N. crassa enzyme.  
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Table 3. Kinetic parameters for the hydrolysis of dipeptides by prolidase. 

Substratea Vmax (nkat/mg) KM (mM) 
Phe-Pro 63 16.4 
Ala-Pro 18 10.2 
Leu-Pro 15 14.1 
Met-Pro 15 38.0 
Val-Pro     3.2 6.2 

aKinetic parameters were determined from Lineweaver-Burk plots generated using 
several fixed concentrations of substrate (0, 2, 4, 5, 8, 10, 20, 30 and 40 µM). Each 
value used to generate the plots was the mean of at least two independent 
measurements. 
 

When Leu-Pro was used as a substrate, an inhibition of enzyme 
activity was observed at substrate concentrations higher than 7 mM (Fig. 3). 
No such inhibitory effect was observed with the other dipepeptides tested, 
using similar assay conditions. This kind of substrate inhibition specifically 
by Leu-Pro has also been reported for the prolidase from two Lactobacillus 
spp. (Booth et al., 1990; Fernández-Esplá et al., 1997). Prolidases are only 
capable of hydrolysing an imido bond and, in agreement with this, the 
enzyme did not hydrolyse the dipeptides Pro-Ala and Ala-Ala. Moreover, 
the enzyme could not hydrolyse the imido bond in the tripeptide Ala-Pro-
Gly, demonstrating its strict specificity for dipeptides. 
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Fig. 3. Lineweaver-Burk plot for prolidase activity with Leu-Pro as substrate. 
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The results presented here confirm that we have cloned an A. 
nidulans gene that encodes an intracellular proline-specific dipeptidase. The 
enzyme was purified from a cell extract and characterised. It is not clear to 
what extent the peptidase contributes to the release of proline residues from 
protein substrates in vivo. No secreted prolidase activity could be detected in 
an A. nidulans culture expressing an extracellular type IV dipeptidyl 
aminopeptidase activity. In the absence of secreted prolidase activity, uptake 
of proline dipeptides for further utilisation is implied. It is, however, not 
known how dipeptides are imported into the fungal cell. In the yeast S. 
cerevisiae a highly regulated peptide transporter is found, which is specific 
for dipeptides (Turner et al., 2000). Whether this is also the case in 
filamentous fungi remains to be seen.   
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Many filamentous fungi are well known for their saprophytic life 
style. They can degrade a large variety of different and often complex 
substrates because they produce a wide spectrum of enzymes. Several of 
these enzymes are produced at large quantities. For the production of all 
these enzymes the secretory pathway of filamentous fungi has to be very 
efficient. Nevertheless, our knowledge of the secretory pathway of 
filamentous fungi is still limited.  

The secretory pathway of the yeast Saccharomyces cerevisiae 
functions as model for that from filamentous fungi. Until recently, the 
identity of the proteins and enzymes that are part of the secretory pathway 
of these fungi remained elusive. Orthologs of yeast chaperones, foldases and 
GTPases have now been identified in filamentous fungi (Conesa et al., 
2002). However, at the start of our study the proteases responsible for 
processing of enzymes produced by filamentous fungi were still unknown. 
Research conducted on proteases secreted by filamentous fungi showed that 
they differ a lot with regard to proteases from yeast. For example the 
protease family Aspergillopepsin I (EC 3.4.23.18), to which the most active 
extracellular protease belongs, does not have any yeast members. Therefore, 
characterization of proteases that play a role in protein processing in the 
secretory pathway is highly desirable to arrive at a good model. 
 
 The research described in the previous chapters was performed to 
identify and characterize the proteases involved in the processing of 
secreted enzymes produced by the filamentous fungus Aspergillus niger. 
The strategy that we employed for the characterization of these proteases 
was to identify orthologs of proteases known to play a processing role in 
yeast. Because both KEX2 and DPAP A have been reported to play an 
important role in the processing of several natural yeast substrates, the study 
of A. niger orthologs of these two proteases became our main objective.  

KEX2 is an endoprotease involved in removal of propeptides, and its 
activity was shown to be necessary for processing of α-factor and killer 
toxin. A similar proteolytic activity had been detected in both Aspergillus 
nidulans (Contreras et al., 1991) and A. niger (Broekhuijsen et al., 1993), 
using fusion constructs. 

The yeast DPAP A protease is a Golgi located exoprotease which 
removes dipeptides from the N-terminus (Anna-Arriola and Herskowitz, 
1994). It was shown to play a role in the processing of killer toxin, α-factor 
pheromone and KEX2. DPAP A recognizes dipeptidyl residues with either 
an alanine or proline residue at the penultimate position. DPAP B is a 
vacuolar homologue of DPAP A with unknown function. Both proteases are 
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dipeptidyl aminopeptidases of type IV (DPP IV). So far only one DPP IV 
had been identified in filamentous fungi. This protease, extracellular DPP 
IV, characterized in both Aspergillus fumigatus (Beauvais et al., 1997a, b) 
and Aspergillus oryzae (Doumas et al., 1998) is thought to play a role in 
substrate catabolism, not in protein processing. 

  
 We have successfully cloned the kexB gene and characterized KexB, 
the A. niger kexin protease (chapter 2). Using isolated membrane fractions, 
containing KexB, we showed that in vitro KexB recognizes dibasic cleavage 
sites (chapter 2) and using a secreted soluble KexB, constructed by genetic 
engineering, we showed that in vitro KexB also recognizes monobasic 
cleavage sites (chapter 3). We have demonstrated that a fusion protein 
consisting of glucoamylase, a linker peptide with a kexin cleavage site and 
human interleukin-6 produced in A. niger depends on the Golgi located 
endoprotease KexB for correct processing (chapter 2). Furthermore we have 
shown that KexB is solely responsible for the proteolytic processing of 
endopolygalacturonase II, a naturally produced enzyme of A. niger (chapter 
3). 

Disruption of the kexB gene resulted in an A. niger strain with a 
hyperbranching morphology at neutral and basic pH. We have shown that at 
acidic pH the deficient fungus grows like the wild-type strain (chapter 3). 
Mizutani et al. (2004) noted a similar hyperbranching morphology upon 
disruption of the kexB gene of A. oryzae. They were able to complement the 
kexB deficient morphology by growing the disrupted strain under conditions 
of high osmolarity. The hyperbranching kexB deficient strain had a 
significant higher expression of the mpkA gene. This gene encodes a 
putative mitogen-activated protein kinase involved in cell integrity 
signaling. Furthermore, or maybe as a result, several other genes encoding 
cell-wall  biogenesis related enzymes were expressed at a higher level in the 
kexB deficient strain compared to wild-type.  

It is still unknown how the kexB deficiency results in the hyperbranching 
morphology. In yeast it was demonstrated that the monobasic specific 
yapsin proteases are (at least partially) capable of complementing the kex2 
deficiency (Olsen et al., 1999). It might be that in a similar fashion the 
hyperbranching morphology is complemented by the action of an additional 
protease which is expressed at acidic pH in A. niger. We did not find 
evidence for the presence of yapsin-like proteases in A. niger. The presence 
of additional endoproteases involved in proteolytic processing remains an 
interesting topic for further research.  
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We have successfully cloned dapB, encoding an A. niger homologue of 
the Golgi located yeast DPAP A exoprotease (chapter 4). We could assign a 
putative transmembrane domain in the protein sequence of DapB. By 
constructing dapB overexpression strains we proved that the gene encodes a 
dipeptidyl aminopeptidase of type IV (DPP IV). We were able to measure a 
5 to 7 fold increase of DPP IV activity in cell free extracts of the 
overexpression strains compared to a control strain with wild type DPP IV 
activity. Therefore, DapB is very likely an intracellularly located protease. 
We did not succeed in the purification of this protease. We could also not 
resolve whether DapB is an orthologue of the Golgi located yeast DPAP A 
protease or the vacuolar located yeast DPAP B protease. We do not know 
whether DapB plays a role in the proteolytic processing of secreted 
enzymes. It might well be that a processing protease like the yeast DPAP A 
does not exist in filamentous fungi. Both α-factor and killer toxin are not 
produced by A. niger and from our analysis of the amino acid sequence of 
KexB we could determine that there are no N-terminal dipeptides to be 
removed from the N-terminus of the A. niger kexin. 

 
With the A. nidulans EST library becoming available we obtained a 

partial DNA sequence of an A. nidulans prolidase transcript. Prolidase is a 
proline specific dipeptidase, and its substrate resembles the dipeptide 
liberated by DPP IV proteases. Using the partial sequence as starting point 
we have successfully cloned the A. nidulans prolidase gene, designated 
pepP, and characterised the encoded product (Chapter 5). Using the purified 
dipeptidase we could determine that, like prolidases of other organisms, 
PepP cleaves dipeptides with a carboxy-terminal proline residue. 

 
As a result of its unique cyclic structure proline residues introduce 

conformational constraints on the protein backbone (Vanhoof et al., 1995). 
These constraints imposed by proline residues render the protein less 
susceptible to proteolytic degradation. For example, many of the 
mammalian cytokines and growth factors have proline residues in the 
protein termini, making them less vulnerable for proteolysis. Because of 
their resistance against aspecific proteolysis, proline residues can play a role 
in regulation of enzyme activity.  

The following proline specific protease have now been cloned and 
characterized in filamentous fungi: DapB (chapter 4), extracellular DPPIV, 
PepP (chapter 5), and prolyl aminopeptidase A (Basten, 2004). The 
identification and characterization of additional proline specific proteases 
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remains and interesting target. Information of their specificity simplifies the 
analysis of the effect of proline residues on protease susceptibility.  

 
In summary, our aim was to clone the genes encoding the Aspergillus 

orthologs of the yeast KEX2 endoprotease and DPAP A exoprotease, both 
located in the Golgi, and characterize both Aspergillus proteases. We 
successfully cloned the kexB gene, and characterized KexB, the A. niger 
ortholog of yeast KEX2. While yeast KEX2 has specificity for dibasic 
substrates we found that A. niger KexB can process both dibasic and 
monobasic substrates. We have cloned dapB, encoding an A. niger homolog 
of the DPAPA protease, however we do not know if it is also its orthologue. 
What we now do know is that in yeast two dipeptidyl aminopeptidase exist, 
DPAPA and DPAP B. DPAP A is located in the Golgi and plays an 
important role in proteolytic processing, while DPAP B is located in the 
vacuole and its function is unknown. In filamentous fungi also two 
dipeptidyl aminopeptidases exist, however only one of these protease 
(DapB) has a putative transmembrane domain and might be involved in 
protein processing, the other dipeptidyl aminopeptidase is located 
extracellular. In addition we have cloned pepP and characterized the A. 
nidulans prolidase, a proline specific dipeptidase. Our study presents an 
important contribution to the elucidation of processing proteases that are 
active in the secretory pathway of industrially relevant filamentous fungi. 
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Summary 
 

 
A number of filamentous fungi are saprophytes and they secrete a 

wide spectrum of enzymes to degrade their complex substrates. Many 
secreted proteins enter the secretory pathway as proproteins and need some 
form of proteolytic processing before they obtain their mature active state. 
As described in this thesis we have cloned the genes encoding two proteases 
involved in such proteolytic processing events occurring in the secretory 
pathway of Aspergillus niger. In addition, we have characterized both 
proteases. 
 We have cloned kexB and characterized the kexin maturase. KexB 
matures by hydrolysation of propeptides from proproteins and plays an 
important role in the processing of proteins produced in the secretory 
pathway of A. niger. We found that A. niger strains with a disrupted kexB 
gene have a hyper-branching morphology at pH 6 (Chapter 3). This 
morphology is pH dependent, because at pH 4 there are no apparent 
morphological differences between the kexB disrupted strain and wild-type 
A. niger. KexB is a modular protein (Chapter 2). In addition to a subtilisin-
like protease domain, which in yeast functions in the late Golgi, KexB 
contains a transmembrane domain and putative cytoplasmic Golgi retention 
signal. To enable a biochemical characterization of KexB a truncated 
soluble secreted form of the protease was constructed, by removal of the C-
terminal transmembrane domain and Golgi retention signal. (Chapter 3). 
Using fluorogenic substrates we were able to show that this soluble form of 
KexB can efficiently process both dibasic and monobasic amino acid 
cleavage sites. This is in remarkable contrast to Kex2, the KexB homolog of 
Saccharomyces cerevisiae, which only cleaves dibasic amino acid cleavage 
sites efficiently. Furthermore we have demonstrated that KexB is 
responsible for the in vivo processing of endopolygalacturonase I, and is a 
likely candidate for processing of endopolygalacturonase II.  Both enzymes 
are naturally secreted by A. niger and enter the secretory pathway as 
proproteins. 
 We have also cloned dapB and characterized A. niger DapB, a 
possible ortholog of S. cerevisiae DPAP A (Chapter 4). DPAP A is a Golgi 
located exoprotease, which plays a role in the processing and activation of 
secreted proteins. DPAP A is a type IV dipeptidyl aminopeptidase (DPP 
IV). Phylogenetic analysis showed that DapB is part of a novel subfamily of 
DPP IV proteases in filamentous fungi with a transmembrane domain. DPP 
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IV proteases remove dipeptides at the N-terminus with an alanine or proline 
residue at the penultimate position. We were able to confirm the DPP IV-
like activity of DapB by overexpression of the protease, resulting in 5 to 7 
times higher DPPIV like activity on artificial substrates in cell extracts from 
DapB transformants. Although we could predict the presence of a 
transmembrane domain, we were not able to determine the location of the 
mature protease. Currently we do not know whether DapB plays a role in 
protein maturation. 

DapB is a proline specific protease. Currently not much is known 
about the role of proline residues in the protection and regulation (delay of 
activation) of enzymes produced by filamentous fungi. However in other 
organisms proline is often found at the termini of secreted enzymes to 
protect against exoprotease activity. To make a study into the role of proline 
in protein degradation and regulation feasible we have started with the 
identification and characterization of proline specific proteases 

In addition to the A. niger kexB and dapB genes, we have cloned 
pepP and characterized the proline specific dipeptidase (PepP) of 
Aspergilllus nidulans (Chapter 5). Publicly available EST sequences of A. 
nidulans led to the identification and cloning of the prolidase encoding gene 
of this fungus. A prolidase overexpressing A. nidulans strain was 
constructed. The protease purified from such an overexpressing strain was 
used for a biochemical characterization of the protein. The protein is a 
manganese2+ dependent metallo protease and in vitro cleavage studies 
showed that it only hydrolyses dipeptides with a C-terminal proline residue. 
DapB, the A. niger DPP IV protease releases such dipeptides from the N-
terminus of a polypeptide chain. 

In summary, we have cloned the kexB gene and characterized the A. 
niger endoprotease KexB. KexB removes the propeptide of proteins 
traveling through the secretory pathway. In addition, we have cloned dapB 
and characterized the A. niger exoprotease DapB, a possible ortholog of S. 
cerevisiae DPAP A. DPAP A also plays a role in the maturation of proteins. 
Furthermore, the A. nidulans prolidase gene has been cloned and PepP 
characterized. PepP is a proline specific dipeptidase, its substrates are 
dipeptides like those released by DapB. With our research we have gained 
insight into proteolytic processing in the secretory pathway of Aspergillus 
niger, and more specifically we have obtained detailed knowledge about 
propeptide processing of proproteins destined for secretion.  
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Samenvatting 
 

 
 Verscheidene filamenteuze schimmelsoorten behoren tot de 
saprofieten. Ze secreteren een breed spectrum aan enzymen om hun 
complexe substraten af te breken. Van de te secreteren eiwitten zijn er veel 
die de secretieroute binnen komen als pro-eiwit en vervolgens een vorm van 
proteolytische bewerking nodig hebben voordat ze hun mature actieve vorm 
bereiken. Zoals beschreven in dit proefschrift hebben we de genen 
gekloneerd van twee proteases die een rol spelen bij deze proteolytische 
bewerking in de secretieroute van Aspergillus niger, en deze proteases 
verder gekarakteriseerd. 
 We hebben het kexB gen gekloneerd en de kexin maturase 
gekarakteriseerd. KexB matureert pro-eiwitten door de propeptide te 
scheiden middels hydrolysatie en speelt een belangrijke rol bij de processing 
van eiwitten die geproduceerd worden in de secretieroute van A. niger. We 
hebben ontdekt dat A. niger stammen met een uitgeschakeld kexB gen een 
hypervertakkende morfologie hebben bij pH 6 (Hoofdstuk 3). Deze 
morfologie is pH afhankelijk, omdat er bij pH 4 geen duidelijke 
morfologische verschillen zijn tussen de stam met het uitgeschakelde kexB 
gen en de wildtype A. niger stam. KexB is een modulair eiwit (Hoofdstuk 
2). Naast een subtilase gelijkend protease domein, dat in gist zijn functie 
uitvoert in het Golgi, bevat KexB een transmembraan domein en een 
verondersteld cytoplasmatisch Golgi retentie signaal. Om een biochemische 
karakterisatie van KexB mogelijk te maken werd een verkorte oplosbare en 
gesecreteerde vorm van de protease geconstrueerd door het C-terminale 
transmembraan domein en het Golgi retentie signaal te verwijderen 
(Hoofdstuk 3). Met behulp van fluorogene substraten konden we aantonen 
dat deze oplosbare vorm van KexB op efficiente wijze zowel dibasische en 
monobasische motieven kan klieven. Dit staat in schril contrast tot de 
specificiteit van Kex2, the KexB homoloog van Saccharomyces cerevisiae, 
die alleen dibasische aminozuur motieven efficient kan klieven. We hebben 
daarnaast laten zien dat KexB verantwoordelijk is voor de in vivo processing 
van endopolygalacturonase I, en waarschijnlijk verantwoordelijk is voor de 
processing van endopolygalacturonase II. Beide enzymen worden van 
nature gesecreteerd door Aspergillus niger, en komen de secretieroute 
binnen als pro-eiwitten. 

We hebben ook het gen voor A. niger DapB, een mogelijke 
ortholoog van S. cerevisiae DPAP A (hoofdstuk 4), gekloneerd en de 
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protease gekarakteriseerd. DPAP A is een Golgi gelocaliseerde exoprotease, 
die een rol speelt in de processing en activatie van gesecreteerde eiwitten. 
DPAP A is een type 4 dipeptidyl aminopeptidase (DPP IV). Uit 
phylogenetische analyse bleek dat DapB deel uitmaakt van een nog niet 
eerder beschreven subfamile van DPP IV proteases in filamenteuze 
schimmels met een transmembraan domein. DPP IV proteases verwijderen 
dipeptides van de N-terminus met een alanine of proline residue als 
voorlaatste positie. We konden de DPP IV aktiviteit van DapB bevestigen 
door overexpressie van de protease, wat resulteerde in 5 tot 7 keer hogere 
DPPIV aktiviteit op artificiele substraten in cel extracten van de DapB 
transformanten.Hoewel we de aanwezigheid van een trans-membraan 
domein konden voorspellen, waren we niet in staat om de locatie van het 
mature eiwit te bepalen. We weten momenteel niet of DapB een rol speelt 
bij eiwit maturatie.  

DapB is een proline specifieke protease. Momenteel is er niet veel 
bekend over de rol van proline residuen in de bescherming en regulatie 
(vertragingn van activatie) van enzymen die geproduceerd worden door 
filamenteuze schimmels. Echter in andere organismen wordt proline vaak 
gevonden aan de uiteinden van gesecreteerde enzymen om ze te beschermen 
voor exoprotease activiteit. Om onderzoek naar de rol van proline in eiwit 
degradatie en regulatie mogelijk te maken zijn we gestart met de 
identificatie en karakterisatie van proline specifieke proteases. 

Naast A. niger kexB en dapB, hebben we het gen dat codeert voor de 
proline specifieke dipeptidase (PepP) van Aspergillus nidulans gekloneerd 
en de protease gekarakteriseerd (Hoofdstuk 5). Algemeen beschikbare EST 
sequenties van A. nidulans leidden tot de identificatie en klonering van het 
prolidase coderende gen van deze schimmel. Vervolgens is er een prolidase 
overproducerende A. nidulans stam gemaakt. PepP gezuiverd van deze 
overproducerende stam is vervolgens gebruikt voor een biochemische 
karakterisatie van de protease. PepP is een mangaan afhankelijke 
metalloprotease, en in vitro processing experimenten hebben aangetoont dat 
het alleen dipeptides hydroliseert met een C-terminale proline residue. 
DapB, de A. niger DPPIV protease haalt zulke dipeptides van de N-terminus 
van eiwitketens af. 

Samengevat, hebben we A. niger kexB gekloneerd en de KexB 
protease gekarakteriseerd. KexB verwijderd de propeptide van eiwitten die 
door de secretieroute reizen. Daarnaast hebben we A. niger dapB 
gekloneerd, en DapB, een mogelijke ortholoog van S. cerevisiae DPAP A, 
gekarakteriseerd. DPAP A speelt ook een rol in de maturatie van eiwitten. 
Tevens hebben we A. nidulans pepP gekloneerd. De proline specifieke 
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dipeptidase PepP hebben we nader gekarakteriseerd. Zijn substaten zijn 
dipeptides zoals die door DapB vrij gemaakt worden. Met ons onderzoek 
hebben we inzicht verworven in de proteolytische processing in de 
secretieroute van A. niger, en meer specifiek hebben we gedetaileerd kennis 
verworven over propeptide processing van pro-eiwitten op weg naar hun 
secretie. 
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