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6  | Abbreviations

ABBREVIATIONS

AmdS   acetamidase
BiP   immunoglobulin heavy-chain binding protein
BlastP   basic local alignment search tool for proteins
Cnx   calnexin
COPII   coat protein II
DNA   desoxyribonucleic acid
DTT   dithiothreitol
ECL   enhanced chemiluminescence
EDEM   ER-degradation-enhancing 1,2-mannosidase-like protein
ER   endoplasmic reticulum
ERAD   ER associated degradation
ERQC   ER quality control
Htm1   homologous to mannosidase I
GARPO   goat anti-rabbit peroxidase
GFP   green-fluorescent protein
GI   glucosidase I
GII   glucosidase II
GlaA   glucoamylase
Glc   glucose
GlcNac   N-acetylglucosamine
GpdA   glyceraldehyde-3-phosphate dehydrogenase
GPI   glycosylphosphatidylinositol
GRAS   generally regarded as safe
GT   UDP-glucose:glycoprotein glucosyltransferase
GUS   β-glucuronidase
IR   infra-red
LMM   laser microbeam microdissection
LPC   laser pressure catapulting
Man   mannose
Mnl1   mannosidase-like 1
MnsI   ER mannosidase I
MS   mass spectrometry
ORF   open reading frame
OT   oligosaccharyl transferase
PALM   positioning and ablation with laser microbeams
PBS   phosphate buffered saline
PCR   polymerase chain reaction
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PCTE   polycarbonate track-etch
PDI   protein disulfide isomerase
PEN   polyethylene naphthalate
POL   polyvinylidene fluoride
RAMPO   rabbit anti-mouse peroxidase
RNA   ribonucleic acid
ROS   reactive oxygen species
RT   reverse transcriptase
SDS-PAGE  sodiumdodecylsulphate poly-acrylamide  gel-electophoresis
SCI   secretion capacity index
SEM   scanning electron microscopy
TCA   trichloroaceticic acid
TEM   transmission electron microscopy
TFE   trifluorethanol
TM   tunicamycin
tPA   tissue plasminogen activator
UDP   uridine diphosphate
UPR   unfolded protein response
UV   ultra-violet
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1.1 INTRODUCTION

1.1.1 The industrial use of enzymes

Proteins make up about 50% of the dry weight of most cells and they are responsible 
for many different cellular functions as well as the shape and structure of a cell. Part of 
the proteome of a cell consists of enzymes, which are able to catalyze specific chemical 
reactions in the cell. At least 4,000 different reactions are known to be catalyzed by 
enzymes1. Although scientists have only started to understand the working mechanisms 
of enzymes since the late 19th century, mankind has already been using enzymes for food 
preparation and preservation for thousands of years, for example in the preparation of 
bread, cheese and beer. Nowadays, many different enzymes are characterized functionally 
as well as structurally and many of them are used in large-scale industrial applications. 
Much research is still being done to identify and manipulate the properties of a wide 
variety of enzymes. Furthermore, protein engineering has resulted in new enzymes with 
higher specificity, activity or stability.

In earlier days, an enzyme-of-interest could only be extracted from the cells of the organism 
producing it. For some organisms or cell types, this can be a very complicated process. For 
example, the cheese-coagulating factor chymosin, also known as rennin, is in many cases 
still extracted from the fourth stomach of young ruminants, usually calves2. The isolation 
of large quantities of chymosin is therefore a laborious and relatively expensive process. 
Some cells, however, are able to secrete enzymes into their environment to catalyze 
extracellular reactions. The isolation of such so-called exo-enzymes is much easier since 
the enzymes can simply be purified from the extracellular medium. Many examples of 
industrially relevant exo-enzymes are known. Some of them are already produced in large 
quantities in industrial fermentations, especially in the food and animal feed industry. A 
few examples of industrially relevant enzymes produced by fungi are listed in table 1.

Besides the use of proteins isolated from an organism that produces them in nature, also 
known as homologous proteins, modern molecular techniques now allow researchers to 
express genes encoding a protein-of-interest in a heterologous cell system. The above-
mentioned enzyme chymosin can thus be produced without the need for calf stomachs, 
simply by placing the corresponding gene in a heterologous host. In 1988, chymosin was 
the first enzyme from a genetically modified organism to be approved for use in food. 
Nowadays, chymosin is produced in different microorganisms like Aspergillus awamori 
and Kluyveromyces lactis with industrially relevant yields of over one gram per liter14,15. 
For the production of proteins with a relatively low value, high yields are essential to make 
the production process cost-effective. For the production of more valuable products, for 
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that are commonly used in the food and animal feed industry. Adapted from Wösten 
et al.3.

Enzyme Source Application(s) Ref

α-Amylase Aspergillus niger, 
A. oryzae,       
Rhyzopus oryzae

Preparation of starch syrup and 
dextrose; preparation of alcohol and 
beer.

4

Catalase A. niger Preservation of color, texture, flavor, 
taste and aroma of frozen foods.

5

Cellulase A. niger,
Trichoderma reesei,   
T. viride

Brewing and baking; wine and juice 
production; isolation of starch and 
other polysaccharides; improvement of 
digestibility of animal feed.

6

β-galactosidase/ 
lactase

A. niger,
Saccharomyces 
cerevisiae,
Candida 
pseudotropicalis, 
Kluyveromyces 
lactis 

Hydrolysis of lactose. 7

Glucoamylase A. niger,
A. oryzae,
R. oryzae,
R. niveus,
R. delemar

Preparation of glucose syrup; 
saccharification of steamed rice and 
potato.

8

Glucose 
oxidase

A. niger Removal of residual glucose or oxygen 
to increase shelf life; flavor and 
color stability; reduction of alcohol 
percentage in wine, production of H2O2.

9

Lipase A. niger,
A. oryzae 

Manufacturing of cheese, cheese flavors 
and other dairy products

10

Pectic esterase A. niger Fruit juice extraction and clarification; 
preparation of specific pectins

11

Phytase A. niger,
A. oryzae 

Degradation of phytate in animal feed; 
starch processing

12

Proteolytic 
enzymes

A. niger,
Penicillium 
chrysogenum,
Mucor pusillus,
Rhizomucor miehei,
S. cerevisiae,
K. lactis

Softening of doughs; improvement 
of texture, elasticity and volume of 
bread; brewing; production of miso 
and tofu; flavor development in cheese; 
improving digestibility of animal 
feeds; preparation of soy bean milk; 
preparation of dehydrated soups; 
clarification of wine

13
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example pharmaceutical proteins like insulin, extremely high yields are less important 
since the production of these compounds is profitable even at lower yields.

1.1.2 Finding the right host

The expression of a protein in a heterologous cell system has several advantages. The use 
of certain microorganisms as a host for protein expression results in a cheap and simple 
protein production process, since these organisms can often be easily cultured in low-
cost medium. Furthermore, the isolation of an enzyme from a culture of microorganisms 
is much easier than from, for example, calf stomachs. Many microorganisms are able 
to secrete proteins, often allowing it to be isolated from the medium by a few simple 
filtration and purification steps. Some proteins are produced successfully in bacteria, like 
Escherichia coli, with yields in the gram per liter scale16. But, since bacteria lack eukaryotic 
membrane transport systems and carbohydrate modification, many eukaryotic proteins 
are produced or secreted inefficiently or without proper modification. The success rate of 
heterologous protein production in bacteria is low, as most heterologous proteins are not 
secreted but retained in inclusion bodies16. Extracting the protein from these exclusion 
bodies increases the processing costs.

Several eukaryotic microorganisms are known to produce and secrete high levels of 
protein. The baker’s yeast Saccharomyces cerevisiae and the filamentous fungus Aspergillus 

niger are two of the industry’s preferred hosts for production of proteins for industrial 
applications, particularly in the food and animal feed industry. Both hosts are suitable for 
industrial applications since they have the GRAS (Generally Regarded as Safe) status, their 
genomes have been fully sequenced17,18 and they can be grown in large-scale fermentors. 
However, protein secretion capacity seems to be far superior in A. niger. This filamentous 
fungus can secrete homologous proteins with yields up to 30 grams per liter, while yields 
in yeasts are generally about 10-fold lower3,19. Because of this exceptionally high yield, A. 

niger is an excellent host for the industrial production of bulk quantities of protein.

1.1.3 Protein secretion in Aspergillus niger

Filamentous fungi are most famous for their reproductive forms, like the many different 
types of mushrooms, or the growth of aerial hyphae and conidiophores that can be seen 
with the naked eye as a fluffy layer on molded bread or fruit. Although these reproductive 
forms are essential in the life cycle of many filamentous fungi, they are not the forms that 
are most interesting for biotechnological applications, since the largest protein secretion 
capacity resides in the vegetative, non-reproductive cells.
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In the vegetative phase of their lifecycle, filamentous fungi grow by forming tubular cells, 
called hyphae. A single hypha is made up of multiple cells, separated by septa. These hyphae 
extend at their apices while branching subapically, forming a dense network, or mycelium. 
Figure 1a shows a scanning electron micrograph of the periphery of a vegetative A. niger 

mycelium. Fungi acquire nutrients by absorption. Most fungi secrete a wide variety of 
exo-enzymes into the medium in order to hydrolyze large macromolecules into smaller 
molecules that can be absorbed by the hyphae. For filamentous fungi, protein secretion 
is thus an essential step in acquiring nutrients. This might also explain the exceptionally 
high yields of protein secretion in many filamentous fungi. Protein secretion efficiency, 
however, is not homogenous throughout a fungal colony. Secretion in a 4 day-old A. niger 
agar plate-cultured colony only occurs at the colony periphery, more specifically at the 
apical tips of leading hyphae. After a prolonged period of growth, protein secretion can 
also be observed in a zone more central in the colony, co-localizing with the formation 
of conidiophore-like structures20. Since the apices are the only parts of growing hyphae 
where no cross-linked cell wall polymers are present, these apices are the major sites of 
secretion. The transmission electron micrograph in figure 1b shows the apical tip of an 
A. niger hyphae located in the colony periphery. High concentrations of secretory vesicles 
can be observed near the apical plasma membrane. These vesicles fuse with the plasma 
membrane to deliver their content of secretory proteins to the extracellular medium. 
These organized concentrations of secretory vesicles can only be found at the apices of 
hyphal tips.

The genus Aspergillus consists of approximately 175 different species. Most Aspergilli 

grow on solid substrates in their natural habitats, like soil and decaying organic materials. 
Although they are mostly saphrotrophic, some species of the Aspergillus genus, like A. 

fumigatus and A. flavus, can also be pathogens of immuno-comprimised animals and 
humans, causing a disease called aspergillosis21. Other Aspergillus species are commonly 
used in the production of food and beverages. A. sojae and A. oryzae are traditionally 
used in Japan for the fermentation of soy sauce and sake. Many Aspergillus species are 
known to produce toxic secondary metabolites called mycotoxins. Nonetheless, several 
industrially interesting Aspergillus species, like A. niger and A. oryzae, have been granted 
the GRAS status since no mycotoxins are produced under the conditions used in industrial 
fermentations.

A. niger is one of the most common species of the genus Aspergillus, as well as one of 
the most important industrial cell factories. This filamentous fungus produces several 
industrially relevant proteins at high levels. Glucoamylase, for example, is used in the 
production of high fructose corn syrup and it is the most abundantly secreted enzyme 
produced by A. niger, with a yield that can reach up to 30 grams per liter19. A. niger is also 
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Electron micrographs of Figure 1. Aspergillus niger hyphae. (A) A scanning electron 
micrograph of part of an A. niger mycelium, showing the leading hyphae at the colony 
periphery. (B) A transmission electron micrograph of an ultra-thin section of an A. niger 
hyphal tip growing in the colony periphery. Organization of secretory vesicles near the 
apical cell wall can be observed. Picture courtesy of Erik Rolink.
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used for the production of pectinases, which are used in the clarification of fruit juices, 
cider and wine. More examples are given in table 1. Also, some heterologous proteins, 
like chymosin, are produced in A. niger, although yields are often 10-100 fold lower than 
homologous proteins22. 

1.1.4 Strategies to improve protein yield

Increasing the protein secretion capacity in A. niger will result in higher protein yields. 
Many different approaches to produce improved A. niger strains, capable of secreting 
increased amounts of protein, have been explored, some more successfully than others. 
In this section, a selection of these approaches is discussed, such as overexpression of the 
gene-of-interest, the construction of fusion proteins, reduction of protein degradation, 
increasing the amount of secreting hyphae and manipulation of the endoplasmic reticulum 
(ER) folding environment.

A relatively straightforward method to increase protein yield is to increase the expression 
of a secretory protein gene by placing it under the control of the promoter of a highly 
expressed gene, like glucoamylase (glaA)23 or the constitutively active glyceraldehyde-3-
phosphate dehydrogenase (gpdA) gene24. Another option is to introduce extra copies of the 
gene-of-interest into the fungal genome. Both approaches will generally result in higher 
levels of messenger RNA and higher protein levels. After a certain increase, however, 
another bottleneck arises and improvement of gene expression no longer improves protein 
yield. For example, A. niger glucoamylase production correlates linearly with the copy 
number up to 20 copies but at higher copy numbers no further increase is observed25. In 
the case of production of heterologous proteins, secretion can be dramatically improved 
by expressing the gene as a fusion to a well-secreted protein. For example, chymosin 
expressed behind the glaA promoter is only secreted up to 15 mg/l26 while chymosin 
fused to the entire glucoamylase gene results in yields of 150 mg/l27.

Another obstacle that makes it more complicated to achieve high protein yields in A. niger 

is the abundance of extracellular proteases. Protease deficient A. niger strains have been 
created both by random mutagenesis and by use of molecular techniques. Protein yield in 
these protease deficient strains is significantly improved. For example, yields of the above-
mentioned glucoamylase-chymosin fusion in A. niger could be increased from 150 mg/l to 
250 mg/l when it was produced in a strain with a deleted aspartyl-protease gene14,28.

Next to the molecular approaches described above, other research focuses on the 
differential secretion capacity of different hyphae within a single fungal colony. As 
mentioned earlier, hyphae growing at different locations in a plate-cultured colony 
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have been shown to secrete proteins at strikingly different levels. The hyphae growing 
at the colony periphery are constantly colonizing new, nutrient-rich substrate and thus 
require high-level secretion of exo-enzymes to degrade the nutrients they encounter so 
the fungal cells can absorb these nutrients. Some additional secretion can be observed 
in a secondary growth zone in the colony20. Even within the colony periphery, secretion 
efficiency can vary strongly between neighboring hyphae. Only a subpopulation of about 
50% of peripheral hyphae secrete glucoamylase efficiently29. Fungal colonies are thus 
highly differentiated, both spatially and locally, and different hyphae most likely fulfill 
different cellular functions. Differentiation of hyphae growing in different parts of the 
colony is referred to as spatial differentiation while local differentiation between hyphae 
in the same part of the colony, is called hyphal differentiation. Only part of this spatial 
differentiation, but not hyphal differentiation, can be explained by differences in nutrient 
availability30. Colony differentiation is an intriguing aspect of the growth strategy of 
filamentous fungi and much research remains to be done on this subject. For example, 
it remains unknown if fungal colony differentiation also exists in submerged cultures of 
filamentous fungi and whether it is similar to differentiation of plate-cultured colonies. 
Nevertheless, it appears to be a promising research subject for improvement of secretion 
efficiency since increasing the amount of effectively secreting hyphae could result in an 
enormous improvement of the total secretion capacity in a fungal colony.
 
Although many different bottlenecks exist in the secretory pathway, it is a common 
notion that the main bottleneck is predominantly located in the process of protein folding 
and maturation in the endoplasmic reticulum (ER). Protein folding and maturation 
are complex processes, but they are of vital importance for the efficient secretion of 
functional proteins. These processes are likely to be bottlenecks in the secretory pathway 
for several reasons. Firstly, the need for folding assistants (like chaperones, foldases and 
lectins) results in a limited folding capacity of the ER. Secondly, unfolded proteins and 
incorrectly folded proteins are prone to aggregation. The primary structure of proteins 
often displays stretches of hydrophobic amino acids. These hydrophobic stretches fold 
towards each other and interact in the native tertiary structure. However, until these 
hydrophobic stretches are folded correctly, they could be exposed and aggregate with 
other proteins showing hydrophobicity in the hydrophilic environment of the ER . 
Finally, while some proteins that fold into their native conformation efficiently can do 
so within microseconds31, other proteins need several folding attempts before reaching 
their native conformation and can be retained up to several hours in the ER32. This is 
especially true for the folding of heterologous proteins. Heterologous proteins from non-
fungal origin are even more problematic to produce in A. niger than fungal heterologous 
proteins33. Although the exact mechanisms underlying protein folding and maturation are 
incompletely understood, many successful attempts have been made to manipulate these 
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processes in order to increase protein yield. For example, overexpression of a molecular 
chaperone, called immunoglobulin heavy-chain binding protein (BiP), results in an 
improvement of secretion of some, but not all, proteins in A. niger34. Besides chaperones, 
glycosylation also plays an important role in protein secretion. The introduction of an extra 
glycosylation site in a poorly secreted hydrophobic cutinase in yeast strongly improves its 
secretion35. Constitutive activation of the A. awamori unfolded protein response (UPR), 
a stress pathway activated by the accumulation of unfolded protein in the ER, results 
in a sevenfold increase in secretion of a heterologous laccase and a 2.8-fold increase in 
secretion of chymosin36. Section 1.2 of this chapter explains some of these important ER 
processes, like glycosylation and chaperone function, in more detail.

1.2 A CLOSER LOOK AT EUKARYOTIC PROTEIN SECRETION

1.2.1 Protein folding and maturation

When proteins are translated from their mRNA template by ribosomes they are, more or 
less, just linear strands of amino acids. To achieve their functional form, most proteins 
must be folded and, in case of multimeric proteins, oligomerized to achieve their mature 
conformation. For most secretory and membrane proteins this folding takes place in the 
lumen of the ER, aided by the many chaperones and foldases that reside there (Figure 
2). The nascent polypeptide chain is either co-translationally or post-translationally 
translocated into the ER lumen through a protein-conducting channel formed by the 
Sec61 complex, also called the translocon37. Luminal chaperones of the ER associate with 
the nascent protein already during translocation. Chaperones do not actively alter the 
conformation of an unfolded protein, but rather prevent incorrect folding and non-native 
protein-interactions. One of the most well-studied molecular chaperones, BiP, binds to 
exposed hydrophobic stretches on the unfolded protein to prevent these stretches from 
aggregating in the aqueous environment of the ER38-40. Glycoproteins interact with the 
lectin chaperone calnexin (Cnx) that provides them with a protected folding environment 
(Figure 2). In the lumen of the ER, in addition to folding, also several important protein 
modifications are made, like signal peptide cleavage, glycophosphatidylinositol (GPI)-
anchor addition, N-glycosylation on asparagines residues41-43 and the formation of 
disulphide bonds by protein disulfide isomerases (PDIs)44,45. Proteins, like PDIs, that 
catalyze covalent interactions important for the correct native folding of a protein are 
together called foldases. Besides protein folding, the assembly of subunits of multimeric 
proteins is also an important process that occurs in the ER.

When a protein is successfully processed in the ER, it is transported by vesicular transport 
to the Golgi apparatus (Figure 2). In the Golgi apparatus, proteins are further modified, 
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for example by O-glycosylation, pre-protein cleavage and multimerization, and sorted to 
their final cellular destinations. Secretory vesicles transport mature secretory proteins 
to the plasma membrane. Upon fusion with the plasma membrane the content of these 
secretory vesicles is released into the extracellular medium.

1.2.2 Role of glycosylation in protein folding and degradation

Protein folding and maturation is a complex and error-prone process and proteins 
do not always automatically fold correctly. Different protein species, like unfolded, 
misfolded and correctly folded proteins will be present in the ER lumen at the same 
time. Unfolded proteins are bound by chaperones, foldases and other factors that assist 
the folding process. Correctly folded proteins are sorted into coating protein II (COPII)-
coated vesicles and transported to the Golgi for further processing. Terminally misfolded 
proteins are removed from the ER and degraded in the cytosol by the 26S proteasome in 
a process called ER-associated degradation (ERAD)46. How these different protein species 
are distinguished is not completely understood. Most likely, certain typical features in 
the protein structure are recognized. For example, unfolded proteins typically contain 
exposed hydrophobic patches or unpaired cysteines, which can be bound by BiP and 
protein disulfide isomerases (PDIs), respectively. Binding of BiP and PDIs possibly marks 
these proteins as unfolded.

For glycoproteins, which constitute the majority of proteins processed by the ER, there 
is a well-understood system to distinguish unfolded from folded and misfolded proteins. 
Nascent polypeptide chains of proteins containing a glycosylation target sequence Asn-X-
Ser/Thr, where X is any amino acid except proline47, are tagged with an N-linked glycan 
moiety as they are entering the ER lumen (Figure 2). This glycan marks the protein as 
newly produced and not yet folded. These glycans are trimmed by glucosidases and a 
mannosidase that slowly remove glucose and mannose residues from the glycan. When 
the glycan is trimmed to a certain extent and the protein has still not reached its native 
conformation, it is either reglucosylated and given another attempt to fold correctly or it 
is degraded via the ERAD pathway (Figure 2). Proteins carrying yet untrimmed glycans 
are never degraded by ERAD. Most eukaryotic cells contain a glucosyltransferase that 
is responsible for reglucosylation of unfolded and misfolded proteins48-50. This enzyme, 
UDP-glucose:glycoprotein glucosyltransferase (GT or UGGT/UGT1 in mammalian cells), 
is thought to be a folding sensor, since it is able to detect the folded state of a protein and 
determine its fate. A homologue of the S. pombe gpt1 gene, coding for GT, can be found 
in A. niger17 and is called gptA. This folding sensor, together with several other lectins, 
constitutes the ER quality control (ERQC) system for glycoproteins. This system ensures 
that only correctly folded proteins are transported to the Golgi, while proteins that are 
unable to reach their native conformation are retained or degraded.
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Besides this crucial signaling function, N-linked glycans can also contribute to the 
overall protein solubility, structural stability and protein function. The importance 
of glycosylation for secretion efficiency is illustrated by several studies, showing that 
introduction of glycosylation sites can strongly improve secretion levels35,51 while removal 
of such sites results either in a decrease of secretion levels or in a decrease in activity 
of the secreted proteins52,53. Furthermore, treatment with tunicamycin, a chemical that 
blocks N-linked glycosylation, can cause certain secretory proteins to accumulate in 
intracellular compartments54. In other cases, tunicamycin treatment results in a reduced 
activity of secreted proteins55. The process and functions of protein glycosylation are 
described in more detail in chapters 2 and 3 of this thesis.

1.2.3 Endoplasmic reticulum-associated degradation

When proteins fail to reach their native conformation after several folding attempts, they 
are eventually cleared from the secretory pathway. If terminally misfolded proteins would 
remain in the ER lumen, they could negatively affect protein folding and other important 
functions of the ER. How misfolded proteins are selected and targeted for ERAD is not 
exactly known yet, but it has become clear that multiple ERAD routes exist for different 
terminally misfolded proteins56.

Aberrant proteins that are targeted for degradation by ERAD are first retrograde 
transported over the ER membrane into the cytosol. This process, often referred to as 
retrotranslocation, is in some cases dependent on the Sec61 translocation channel57,58. 
Sec61-independent retrotranslocation of several different soluble ERAD substrates has 
been shown to require the ER transmembrane protein Der1 in yeast or its homologue 

Protein secretion in filamentous fungi (p21). Figure 2. (1) In the nucleus, DNA is transcribed 
into messenger RNA, which is then exported to the cytosol. (2) mRNA is translated 
into protein by ribosomes. (3) The newly produced protein is translocated into the 
ER lumen through the Sec61 translocon complex. (4) Glycoproteins are glycosylated 
by the oligosaccharyl transferase complex (OT). (5) Chaperones and foldases help the 
protein to fold into its native conformation. Glycoprotein folding is assisted by calnexin 
(Cnx), while non-glycoproteins are bound by BiP (not shown). Unpaired cysteines are 
linked by protein disulfide isomerases (PDIs). (6) The folding sensor UDP:glucose 
glycoprotein glucosyltransferase (GT) determines the fate of glycoprotein folding 
intermediates. If the protein is not folded correctly, it is reglucosylated and enters the 
calnexin folding cycle again. (7) If the protein is terminally misfolded, it is targeted 
for ERAD. ERAD substrates are exported from the ER by a retrotranslocon, most likely 
containing Sec61 or DerA, and degraded by the 26S proteasome in the cytosol. (8) If the 
protein is correctly folded, it is sorted into a COPII-coated vesicle and transported to 
the Golgi. (9) In the Golgi the protein is further processed and eventually (10) packaged 
into secretory vesicles that fuse with the plasma membrane to release their content 
into the medium.
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Derlin-1 in mammals59-61. In the cytosol, ERAD substrates are polyubiquitinated and, 
in case of glycoproteins, deglycosylated. The polyubiquitin side-chain marks the 
retrotranslocated proteins for degradation by the 26S proteasome. The ERAD pathway is 
described in more detail in chapter 4 of this thesis.

1.2.4 The unfolded protein response

As described above, several mechanisms are known to guard the integrity of the folding 
environment in the ER lumen. ERQC ensures that only correctly folded proteins are 
secreted, while terminally misfolded proteins are degraded via the ERAD pathway to 
prevent them from aggregating in the ER lumen. When, despite the control of ERQC and 
ERAD, unfolded proteins accumulate in the ER, a signaling pathway is activated. This 
pathway is called the unfolded protein response (UPR) and functions as a fail-safe to 
maintain ER homeostasis62,63. 

Accumulation of unfolded proteins in the ER lumen is detected by an ER transmembrane 
UPR stress sensor, called inositol-requiring enzyme 1 (Ire1). ER stress causes Ire1 to 
homodimerize, thereby activating the endonuclease activity of its cytoplasmic domain. 
This endonuclease activity splices the inactive hacA mRNA that is constitutively present 
in the cytosol. Splicing allows for translation of the hacA transcript, yielding an active 
HacA transcription factor. Active HacA is transported to the nucleus where it upregulates 
the expression of a wide variety of genes. Amongst the upregulated genes, are genes 
encoding chaperones, foldases, proteins involved in glycosylation and ERAD and many 
other components of the secretory pathway. Activation of the UPR thus increases the 
capacity of the protein folding and processing machinery as well as the degradation of 
aberrant proteins from the ER. 

1.3 IMPROVING SECRETION YIELD IN ASPERGILLUS NIGER

1.3.1 Modulating the secretory pathway to increase protein yield

As mentioned earlier, many methods have already been explored to improve protein yield 
in A. niger, ranging from classic strain improvement by random mutation to molecular 
techniques including the introduction of multiple copies of the gene-of-interest, reduction 
of extracellular protease activity and overexpression by placing the gene behind a stronger 
promoter or by fusing it to a successfully secreted protein.

Some researchers have tried to manipulate the folding environment of the ER in order to 
improve protein yield. Not surprisingly, overexpression of genes that are involved in protein 
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folding often increases protein yield64. However, not all secretory proteins require the 
same proteins for folding. For example, proteins that do not contain hydrophobic stretches 
and therefore are not bound by BiP, are not likely to be affected by BiP overexpression. 
Similarly, non-glycoproteins are not likely to be affected by overexpression of certain ER 
lectins.

Many studies focus on improving well-known aspects of the secretory pathway, like 
increasing protein folding by overexpression of chaperones. It is not unlikely that there 
are many less obvious aspects of the secretory pathway that are bottlenecks in protein 
secretion. In order to further increase protein yield in A. niger it is essential to identify the 
processes that form the rate-limiting steps in protein secretion. By modulating the genes 
involved, these processes can then be debottlenecked to create strains with improved 
protein secretion machineries.

1.3.2 Targets for Aspergillus niger strain improvement

In a recent study by Jacobs et al.65, possible bottlenecks in A. niger protein secretion are 
described and several interesting leads for strain improvement are identified. These leads 
are usually proteins that play a crucial and limiting role in efficient protein secretion. 
By modulating the gene coding for such a protein, bottlenecks can be removed from the 
secretion process. The transcriptome as well as the proteome of strains carrying several 
gene copies of a homologous hydrolase, a homologous protease and a heterologous lipase 
was compared with that of their parental strains. Integration of transcriptomic and 
proteomic data resulted in a set of genes whose mRNA levels as well as protein levels 
are upregulated by protein overexpression. These genes can be divided in four different 
functional categories: 1) carbon and nitrogen metabolism, 2) protein folding, 3) protein 
degradation and 4) reactive oxygen species (ROS) stress. The genes in the protein folding 
and protein degradation categories show the highest co-regulation of mRNA and protein 
levels. This high co-regulation as well as their crucial roles in efficient protein processing, 
make protein folding and degradation the most promising leads for strain improvement.

Additional, yet unpublished, transcriptomics studies have been performed on S. cerevisiae 

and A. niger by the same research group. In these experiments, mRNA levels of classically 
improved strains as well as strains producing a heterologous protein were compared with 
their parental strains. Upregulation of many genes was shown, including genes involved 
in N-linked glycosylation, protein folding, ER quality control, ubiquitination, proteasomal 
degradation, vesicular transport, vacuolar degradation and lipid synthesis (Dr. C. M. J. 
Sagt and Dr. H. Stam, personal communication).
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Genes involved in glycosylation were found to be upregulated in several different protein-
producing strains, once more emphasizing the importance of this modification for efficient 
protein secretion. One of the A. niger genes that was found to be upregulated by protein 
overproduction is the ostA gene (An02g14560), encoding the ER membrane-localized alpha 
subunit of the oligosaccharyl transferase (OT) complex17. The ostA gene was found to be 
strongly upregulated in several of the described transcriptomics studies. The OT complex 
is responsible for the transfer of glycans to newly translated proteins, a crucial step in 
N-linked glycosylation. Expression of another A. niger gene, gptA (An07g06430), was also 
upregulated in one of the transcriptomics experiments. The gptA gene encodes the ER-
localized UDP-glucose:glycoprotein glucosyltransferase (GT). This enzyme reglucosylates 
trimmed N-linked glycans of unfolded or misfolded glycoproteins in the ER, rescuing 
them from ER-associated degradation. By overexpressing ostA and gptA, we expect to 
improve overall N-linked protein glycosylation and glycoprotein folding and thereby the 
secretion efficiency of glycoproteins. This might even have an effect on non-glycoproteins, 
since improved folding efficiency of glycoproteins reduces the workload of the ER and 
increases the pool of available, unbound chaperones, foldases and other components of 
the secretory pathway.

In addition to upregulation of glycosylation and ERQC, another interesting target 
for A. niger strain improvement is the ERAD pathway. Blocking the ERAD pathway is 
expected to prevent the degradation of misfolded secretory proteins. In yeast, it has been 
demonstrated that an impaired ERAD pathway results in increased delivery to the Golgi 
of ERAD substrates66. Before they can be degraded by the proteasome, ERAD substrates 
first need to be transported from the ER lumen to the cytosol. This retrotranslocation is a 
crucial step in the ERAD pathway. Deletion of components of the channel responsible for 
retrotranslocation most likely prevents removal of ERAD substrates from the ER lumen. 
Two possible candidates for components of this translocon are described in section 1.2.3, 
namely Sec61 and Der1/Derlin-1. A. niger homologues of both candidates exist. However, 
as Sec61 is also responsible for translocation of newly produced proteins into the ER, 
deletion of Sec61 has a detrimental effect on protein production. Therefore, we selected 
the gene coding for the A. niger homologue of Der1/Derlin-1, called derA (An15g00640) as 
a target for disruption of ERAD.

Overexpression of ostA or gptA or deletion of derA possibly removes a bottleneck from 
the secretion process. The removal of one bottleneck, however, will always reveal the 
existence of the next, underlying one. Furthermore, secretory proteins are subject to many 
sequential steps of modification in the ER. With the assumption that it is unlikely that 
modulation of a single gene can remove all limitations in secretion capacity, researchers 
are challenged to explore and combine different gene targets for strain improvement.
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1.4 ANALYSIS OF PROTEIN SECRETION IN ASPERGILLUS NIGER

1.4.1 Protein secretion in solid-state cultures

For research purposes, filamentous fungi are generally grown using two different growth 
methods: submerged and solid-state cultures. In submerged cultures, fungal spores are 
inoculated in liquid medium and the growing fungal cells are surrounded by medium at all 
time. Many research labs use fungal cells grown in small shake flasks but for the industrial 
production of fungal proteins, large fermentors are used that can contain up to 1,000,000 
liters of fungal growth medium. Smaller fermentors are used for research purposes or 
pilot production studies. In submerged fermentations fungi grow as a dispersed network 
or as small aggregated pellets depending on the viscosity of the medium67. In their natural 
habitat, however, filamentous fungi usually do not grow in liquid-submerged conditions. 
Even from the 1% of fungi that grow in marine habitats, 98% can only be found growing 
on the surfaces of solid substrates68,69. In solid-state cultures, fungi are grown on a solid 
substrate. This culture method is much more similar to the natural growth condition of 
the majority of fungi. Although some researchers claim that industrial protein production 
yield could be higher and process costs lower when solid-state fermentations were used, 
nowadays approximately 90% of all industrial proteins are produced in submerged 
fermentations70. A major reason for this is the technical difficulties that arise from the 
upscaling of solid-state fermentations to industrial levels.

Most of the research in this thesis is performed on cells grown on agar plates. Although 
this culturing condition is very different from the conditions in industrial processes, it has 
several advantages. Firstly, when comparing small-scaled cultures, like agar plates and 
shake flask cultures, the liquid submerged cultures show much more variation in growth 
and protein expression than plate cultures. Secondly, in fungal colonies grown on agar 
plates, secretion mostly occurs at the periphery of the colony. In submerged cultures, the 
active sites of secretion are dispersed throughout the colony and are difficult to isolate 
or study. In order to analyze secreting fungal cells, the use of plate-cultured colonies is 
essential. In a plate-cultured colony, the population of secreting hyphae can be easily 
enriched, simply by isolation of the periphery of the colony. And finally, there is a technical 
advantage when analyzing plate cultures by electron microscopy (See section 1.4.3 and 
figure 3). Since plate cultures are flat and consist of hyphae growing mostly parallel 
to each other, ultra-thin sections cut in the direction of growth will contain extended 
longitudinal sections of hyphae. Sections made from samples of the dense mycelium of 
liquid-submerged cultures, usually contain mostly cross-sections and oblique sections of 
hyphae, which do not allow for proper identification of subcellular structures. To prevent 
hyphae from growing into the agar and from forming aerial hyphae, fungal cells are grown 
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Solid agar medium

PCTE membrane

Spores

A.

C.

B.

Sandwiched culturing of Figure 3. Aspergillus niger mycelium. 
(A) Spores are inoculated on an agar plate in between two 
polycarbonate track-etch (PCTE) membranes. (B) The 
sandwiched culture is grown for several days at 30°C. (C) 
After growth, PCTE membranes are removed. The fungal 
culture is a flat layer of hyphae. Sectioning of a piece of such 
a culture for electron microscopic studies results in long 
lengthwise sections of hyphae.

in sandwiched cultures as described by Wösten et al.20. This method and the advantage of 
sectioning hyphae grown in sandwiched plate cultures are visualized in figure 3.

1.4.2 The ring-plate system

As mentioned earlier, hyphae growing in different locations of a plate-cultured colony show 
strong heterogeneity in their ability to secrete proteins. This phenomenon can be studied 
by use of the ring-plate system, as recently developed by Levin et al.71. The ring-plate 
system allows researchers to analyze proteins secreted by different parts of the colony 
separately. The ring-plate system consists of a polycarbonate plate with six concentric 
rings that can be filled with liquid medium. Sandwiched cultures can be transferred to 
the ring-plate and hyphae secrete proteins into the medium-filled rings. After a certain 
period of growth, the sandwiched culture can be removed. Medium collected from each 
ring can be analyzed separately, revealing information about the secretory capacity of 
different parts of the fungal colony. Furthermore, parts of a colony growing on a ring-plate 
can be excised to analyze hyphae from different zones separately. Data generated from a 
set of proteins that have been secreted into one of the rings can thus be correlated with 
intracellular analyses of the hyphae in the corresponding zones that actually secreted 
these proteins. 
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Use of the ring-plate system allows for the analysis of variations in secretion in different 
parts of the colony. While most researchers study protein secretion based on data that 
is averaged over an entire colony, the research in this thesis takes into account the 
heterogeneity of the fungal colony and is able to identify regions of the colony that are 
differentially affected by modulation of the secretory pathway.

1.4.3 Microscopy as a tool to study heterogeneous fungal colonies

The use of the ring-plate system enables us to zoom in on a specific region of a colony and 
analyze protein secretion locally. Although the ring-plate system allows for the analysis 
of a specific region of the fungal colony, it does not allow for analysis of specific hyphae. 
Microscopy is an established technique for studying specific cells-of-interest. Therefore, 
light and electron microscopy are powerful tools for the analysis of heterogeneous fungal 
colonies. Separate hyphae can be analyzed by transmission electron microscopy to study 
the organization of sub-cellular structures in different parts of the colony. Hyphae from 
the colony periphery have already been shown to contain large amounts of nuclei and 
mitochondria and a strongly developed endoplasmic reticulum. These organelles are 
essential for the high levels of gene expression, energy consumption and protein secretion 
that are expected to occur in this part of the colony. Hyphae growing more in the center 
of a colony often show large vacuoles, indicating a role of these hyphae in degradation. 

Nu

M
M

M

A. 

Nu

M

v vM

B. 

1 μm

M

Visualization of membrane proliferation. Figure 4. Transmission electron micrographs of 
Aspergillus niger hyphae, showing endoplasmic reticulum (ER) membranes from (A) a 
wild-type strain and (B) a strain producing the heterologous protein β-glucuronidase 
(GUS), as published by Jacobs et al.65. ER membranes are indicated by black triangles. The 
hypha in panel A shows wild-type ER organization; several strands of ER membranes 
line the nucleus and lateral cell wall. The GUS producing strain shows proliferation 
of ER membranes as well as changes in ER organization. The latter strain also shows 
more small vacuoles than the wild-type. Nu, nucleus; M, mitochondria; V, vacuole.
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Furthermore, transmission electron microscopy is an excellent tool to visualize changes 
in morphology and organization of the ER membrane in fungal protein overproducing 
strains. In a recent study, proliferation of ER membranes was observed in A. niger hyphae, 
producing a bacterial β-glucuronidase (GUS)65. The electron micrographs from this 
study are shown in figure 4. While the wild-type strain shows only a few strands of ER 
membrane lining the nuclei and cell walls, the GUS producing strain contains much more 
ER membranes. Some of the proliferated ER membranes are organized in membrane 
stacks. In addition to structural electron microscopy, immunogold labeling can give even 
more detailed information of the processes occurring in specific hyphae. This technique 
has already been shown invaluable for the identification of possible bottlenecks in protein 
secretion72.

1.4.4 Studying differential protein secretion by laser microdissection

While microscopy allows for the analysis of specific hyphae, the possibilities for analysis 
of biomolecules within a hypha are limited. To be able to analyze biomolecules from 
specific hyphae, and thus study differential protein secretion in greater detail, a relatively 
new tool in fungal biology is introduced in this thesis, namely laser microdissection. 
Using a PALM MicroBeam system, specific hyphae can be selected, while being viewed 
under a light microscope. These selected hyphae are subsequently cut out by a laser and 
catapulted from the microscope slide into a collection microfuge cap. By isolating a large 
amount of hyphal tips from the colony periphery and comparing their protein content 
with hyphae from the rest of the colony, more insight can be gained in the processes that 
occur specifically at hyphal tips, like high-level protein secretion.

1.4.5 Glucoamylase as a model secretory glycoprotein

Glucoamylase is an exo-enzyme that catalyzes the hydrolysis of α-1,4 glycosidic linkages. 
Some A. niger strains secrete glucoamylase at a level of up to 30 gram per liter19. These high 
secretion levels and the availability of a very specific antibody against this secretory protein 
make glucoamylase an excellent model protein to study protein secretion. Glucoamylase 
contains three Asn-X-Ser/Thr motifs, where X is any amino acid except proline, which are 
recognition sequences for N-linked glycosylation47. Secretion of glucoamylase is therefore 
likely to be influenced by the modulation of the glycosylation pathway.
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1.5 AIM OF THIS THESIS

The first aim of this thesis is to analyze the effects of modulation of components of the A. 

niger secretory pathway on homologous protein secretion efficiency. In contrast to most 
research on protein secretion in filamentous fungi, the research described in this thesis 
takes into account the possible effects these modulations have on spatially differentiated 
protein secretion in the heterogeneous fungal colony. By studying protein secretion locally, 
instead of making average observations for entire colonies, we hope to get more insight 
in the exceptionally high protein secretion levels observed in a small subpopulation of A. 

niger hyphae. 

In chapter 2, an ostA overexpression mutant is constructed and analyzed for altered 
protein secretion capacity. It is shown that protein secretion is increased specifically 
at the center of the colony. Chapter 3 describes the construction and analysis of the 
overexpression mutant of gptA, coding for the glycoprotein folding sensor GT. It is shown 
that protein secretion in this mutant is increased specifically at the colony periphery. In 
chapter 4, the effect of disruption of the ERAD pathway is described. A deletion mutant of 
the derA gene, encoding a putative component of the retrotranslocon, is constructed and 
the effect of this deletion on protein secretion is studied. It is shown that protein secretion 
in this mutant is impaired specifically at the colony periphery. Chapter 5 describes the 
isolation of peripheral hyphal tips by laser microdissection. Protein extracted from this 
microdissected sample is compared with protein content of the total colony by mass 
spectrometry to identify proteins that play a role in processes specific for hyphal tips, 
such as protein secretion. It is shown that protein content is strikingly different in hyphal 
tips of the colony periphery. In chapter 6, results from this thesis are summarized and 
discussed and future research is proposed.
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ABSTRACT
N-linked glycosylation is an important protein modification 
that is present in the majority of secretory proteins. N-linked 
glycans are often essential for correct folding and sorting 
of such proteins, as well as for their correct native function. 
The oligosaccharyl transferase (OT) complex is responsible 
for the transfer of N-linked glycans to nascent proteins. The 
OstA subunit of th OT complex is essential for its function. 
OstA interacts with all other OT complex subunits and with 
model substrate proteins. By overexpressing Aspergillus niger 
OstA, a 31% increase in secretion capacity was observed in 
sandwiched A. niger colonies. The hyphae growing in the center 
of the colony are responsible for most of this increase, while 
secretion at the periphery remains unaltered. Intracellular 
protein levels of the molecular chaperone BiP were elevated 
in the OstA overexpression mutant, which is indicative of an 
activated unfolded protein response. However, no intracellular 
accumulation of the secretory protein glucoamylase could be 
observed.



|  33Overexpression of the oligosaccharyl transferase subunit OstA

CH
A

PT
ER

 2

2.1 INTRODUCTION

2.1.1 N-linked glycosylation of proteins

Protein glycosylation, the covalent attachment of sugar groups to proteins, is one of the 
most complicated and diverse protein modifications. Glycosylation is also one of the most 
widespread modifications. In addition to eukaryotes, glycosylation has also been found in 
some archae and eubacteria73,74. Many different types of glycosylation exist, for example 
O-linked glycosylation, C-linked mannosylation, phosphoglycosylation and glypiation75-78. 
The most common type, however, is N-linked glycosylation. Approximately 90% of all 
glycoproteins are N-glycosylated79. In N-linked glycosylation, a glycan moiety is added to 
the asparagine residue of a glycosylation target sequence on a nascent glycoprotein. This 
target sequence consists of an Asn-X-Ser/Thr motif, where X can be any amino acid except 
proline. After attachment to the glycoprotein, this glycan moiety is further modified by 
the removal and addition of monosaccharides. These additional modifications result in 
a plethora of different glycan side-chains on glycoproteins. Although the modifications 
of the glycans may differ between organisms, the structure of the core glycan that is 
initially added to the glycoprotein is highly conserved between eukaryotes. This strong 
evolutionary conservation is an indication of the biological importance of the system.

N-linked glycosylation has at least three different functions that are relevant for protein 
secretion. First of all, trimmed versions of the core glycan are recognized by different 
lectins in the endoplasmic reticulum (ER) lumen. These lectins are important for correct 
protein folding and ER quality control (ERQC). The trimmed state of a glycan is indicative 
of the stage of the folding process a protein is in and it can determine the fate of a protein 
folding intermediate80. The mechanisms of this lectin-dependent ER quality control 
system are described in detail in chapter 3 of this thesis. Secondly, glycans are important 
for the sorting of glycoproteins to their final destinations. Not all proteins that pass the 
ER are secretory proteins. Other proteins are destined for intracellular compartments or 
function at the plasma membrane. Glycans can act as a molecular address tag to deliver the 
glycoprotein to its correct cellular destination81-83. Finally, in some mature glycoproteins, 
glycans fulfill important roles in the structural conformation, solubility, stability and 
function of the protein84,85. Disturbances in one of these three functions can hamper the 
efficient production of functional enzymes. Besides the functions described, there may be 
many more, yet unknown, roles for N-linked glycosylation in protein secretion.
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2.1.2 Manipulation of N-linked glycosylation to improve protein secretion   

 efficiency in Aspergillus niger

Aspergillus niger is a filamentous fungus that is frequently used as a host for the 
industrial production of enzymes. A. niger is an extremely efficient protein secretor and 
homologous proteins can be secreted at levels of up to 30 grams per liter3,19. Although 
the glycosylation of several industrially relevant secretory proteins in A. niger has been 
studied thoroughly86-88, few research papers have been published on the mechanisms of 
glycosylation in this fungus. In yeast and mammalian cells, the glycosylation pathway 
and glycan-dependent ER quality control have been described in detail. Some differences 
are found between yeast and mammals with respect to N-glycosylation. Based on genetic 
data, some aspects of A. niger N-linked glycosylation display more similarity to yeast 
while other aspects are more similar to mammalian glycosylation17.

Glycosylation and glycan processing are important for the efficient secretion of 
glycoproteins. Therefore, glycosylation is an interesting target for strain improvement of 
protein-producing cell factories. It has been shown that modification of glycosylation sites 
can influence the secretion of a protein. In Saccharomyces cerevisiae and Pichia pastoris, 
for example, the introduction of glycosylation sites can strongly improve secretion levels 
of several different heterologous proteins, including cutinase, lipase and lysozyme35,51. 
Furthermore, removal of glycosylation sites from glycoproteins or the overall blocking of 
N-linked glycosylation by tunicamycin treatment can result in decreased secretion levels, 
accumulation of secretory proteins in intracellular compartments or decreased activity 
of the secreted proteins52-55. 

Some examples of manipulation of N-linked glycosylation also exist in A. niger. The 
secretion of the heterologous enzyme chymosin by A. niger, can be increased up to 2-fold 
by improvement of a poorly used glycosylation sequence89. In a recently published study, 
the A. niger glycosylation pathway was manipulated together with the ER-associated 
degradation (ERAD) pathway in an attempt to increase protein yield. The sttC gene, coding 
for an essential subunit of the oligosaccharyl transferase (OT) complex was overexpressed 
and the doaA gene, encoding a component of the ERAD pathway, disrupted synergistically. 
Higher intracellular activity of the heterologous reporter protein β-glucuronidase 
(GUS) could be detected in this double mutant compared to its parental strain65. Higher 
intracellular activity, however, does not automatically signify improved secretion. Possibly, 
the detected GUS protein is accumulated in the ER or another intracellular compartment.
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2.1.3 Protein glycosylation by the oligosaccharyl transferase complex

The structure of the glycan moiety that is transferred to nascent glycoproteins is 
conserved in the vast majority of eukaryotes. This core glycan consist of a branched 
oligosaccharide containing three glucose, nine mannose and two N-acetylglucosamine 
residues (Glc3Man9GlcNac2)90 (Figure 1a). The core glycan is synthesized by the consecutive 
transfer of monosaccharides to an ER membrane-bound lipid carrier, phospho-dolichol91 
(Figure 1b). The first part of this synthesis, known as the dolichol pathway, takes place 
in the cytosol92. After the addition of a fifth mannose residue, the dolichol-linked glycan 
intermediate is flipped over the ER membrane. In the final steps of the dolichol pathway, 
four more mannose and three glucose residues are added to the glycan on the luminal side 
of the ER membrane93,94. The completed glycan is then transferred to a nascent polypeptide 
chain in the ER lumen by the oligosaccharyl transferase (OT) complex (Figure 1b).

dolichol 
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Structure, synthesis and transfer of the core glycan. Figure 1. (A) Schematic structure of the 
Glc3Man9GlcNac2 core glycan moiety, consisting of two N-acetylglucosamine residues, 
nine mannose residues, organized in three branches, and 3 glucose residues attached 
to the end of one mannose branch. (B) The dolichol pathway that synthesizes the core 
glycan and transfer of this core glycan to a nascent polypeptide by the oligosaccharyl 
transferase (OT) complex.
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In both yeast and higher eukaryotes, the structure and function of the OT complex are 
well-studied. Most of the subunits of the OT complex show a strong sequence similarity 
between yeast and higher eukaryotes, although more subunits of the yeast OT complex 
have been identified95,96. In S. cerevisiae, nine OT subunits are known: Ost1 to Ost6, Swp1, 
Wbp1 and Stt342,97-99. In addition, OT complexes composed out of these subunits exist 
in a dimeric conformation in the ER membrane100. All nine OT complex subunits are ER 
transmembrane proteins and they are thought to assemble in different compositions to 
form several different hetero-oligomeric subcomplexes98,101,102. This subcomplex theory, 
however, is possibly based on the isolation of incomplete complexes or the inability to 
detect certain subunits. Ost3 and Ost6 are homologues with redundant functions. They 
are part of different OT isoforms and are never found in the same complex42,97,98. Only Ost1, 
Ost2, Wbp1, Swp1 and Stt3 are essential for yeast OT functionality42. In canine pancreas 
cells, the most extensively studied mammalian system, only five OT subunits have been 
identified103,104. These mammalian OT subunits are homologues of the five essential OT 
complex subunits in yeast. In A. niger, seven OT complex subunits can be found. No A. 

niger proteins showing homology to yeast Ost4, Ost5 and Ost6 could be identified17. Since 
Ost4 and Ost5 are relatively small, counting only 36 and 86 amino acids respectively, 
homologues might be hard to identify. It is not unlikely that the A. niger OT complex is 
organized similar to the yeast OT complex. Table 1 shows the A. niger homologues of OT 
complex subunits and their homology to their yeast counterparts. Especially the yeast 
Stt3 shows high similarity to its A. niger homologue, with a bit score of 2433. This strong 
evolutionary conservation could indicate an important functional role for the Sst3 subunit. 
Other conserved homologues are Ost1 and Wbp1, with bit scores of 412 and 449.

The exact functions of the different OT subunits have not been established. A study using 
photoreactive peptides containing glycosylation sequences resulted in the photolabeling 
of the luminal domains of three yeast OT subunits, Ost1, Ost3 and Stt3105,106. These 
interactions suggest a pivotal role for these three OT subunits in glycan transfer or 
glycosylation site recognition. Stt3 has been suggested as the catalytic subunit, based 
on the observation that a prokaryotic Stt3 homologue can by itself function as an 
oligosaccharyl transferase, independent of other subunits107,108. In another study, OT 
subunits were chemically crosslinked to investigate subunit interactions. Interestingly, 
Ost1 was shown to interact with all other OT subunits. Ost1 is therefore proposed to be 

Subunits of the oligosaccharyl transferase complex (p37). Table 1. Aspergillus niger 
homologues of yeast (Saccharomyces cerevisiae) and mammalian oligosaccharyl 
transferase   (OT) complex subunits and homology between yeast and A. niger, as 
determined by blastP. Nine subunits are known in yeast, five in mammals and seven 
in A. niger. Higher bit scores and lower expect values indicate stronger homology.



|  37Overexpression of the oligosaccharyl transferase complex subunit OstA

CH
A

PT
ER

 2

Yeast Mammalian
        Aspergillus niger homologues Homology 

yeast - niger

Gene Predicted protein Bit 
score Expect

Ost1 Ribophorin 1 An02g14560 Identity to oligosaccharyl 
transferase alpha subunit 
OstA - Aspergillus niger

412 3E-38

Ost2 DAD1 An18g03920 Strong similarity to 
the defender against  
apoptotic cell death DAD1 
- Homo sapiens

219 1E-16

Ost3 - An02g14930 Strong similarity to 
dolichyl-
diphosphooligosaccharide-
protein  glycotransferase 
gamma chain Ost3 -  
Saccharomyces cerevisiae

241 2E-18

Ost4 - -

Ost5 - -

Ost6 - -
Stt3 STT3 An16g08570 Strong similarity to 

oligosaccharyl 
transferase (OTase) 
Stt3 subunit -  
Schizosaccharomyces 
pombe

2433 0.0

Swp1 Ribophorin 2 An04g03495 Similarity to 
oligosaccharyl transferase  
delta subunit Swp1 - 
Saccharomyces cerevisiae

162 2E-09

Wbp1 OST48 An07g04190 Strong similarity to 
dolichyl-
diphosphooligosaccharide-
protein  
glycosyltransferase 
(DDOST) 48kD chain - 
Gallus gallus

449 2E-42

An08g07485 strong similarity 
to subunit of 
oligosacharyltransferase 
complex* 

*according to Pel et al.17. Shows homology to yeast Ost3.
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localized at the core of the OT complex, possibly playing an important role in the assembly 
and stability of the complex109. Unlike the ost3 and stt3 genes, the ost1 gene is essential for 
yeast viability110, once more proving its functional importance. Ost3 is not essential for 
OT complex functionality, but disruption of the ost3 gene does result in hypoglycosylation 
of glycoproteins97. Ost3 has been implicated in docking of the OT complex to the Sec61 
translocon, the protein complex that forms a pore through the ER membrane responsible 
for the import of nascent proteins. However, only weak interaction of Ost3 with two 
subunits of the translocon could be shown111. Since translocation and glycosylation are 
concurrent processes, the OT complex must be located close to the translocon. In fact, 
nascent proteins are glycosylated already when only 30-40 Å of the polypeptide chain has 
protruded into the ER112. When a nascent protein enters the ER lumen, the OT complex 
scans its amino acid sequence for possible glycosylation sites. If an Asn-X-Ser/Thr sequence 
is found, a preassembled glycan is transferred from its dolichol carrier onto the side-chain 
nitrogen of the asparagine residue. However, statistical analysis has shown that less than 
65% of all potential glycosylation sites are actually occupied by a glycan moiety in the 
mature protein, suggesting additional regulation mechanisms for glycosylation113.

2.1.4 Targets for improvement of N-linked glycosylation

In cells overproducing secretory proteins, like in industrial production strains, the protein-
processing capacity of the ER can become limiting. When proteins can no longer be folded 
into their native conformation efficiently, unfolded and misfolded proteins accumulate in 
the ER. A stress sensor, the ER transmembrane protein Ire1, monitors this accumulation 
and transduces a signal to the nucleus in a pathway known as the unfolded protein 
response (UPR)114,115. The activation of the UPR pathway results in the upregulation of 
expression of a wide variety of genes coding for chaperones, foldases, enzymes involved 
in N-linked glycosylation, vesicular transport proteins and proteins needed for ER-
associated degradation (ERAD)116. UPR signaling thus increases protein folding capacity 
and relieves ER stress evoked by protein misfolding. The UPR pathway can be induced by 
overexpression of secretory proteins, by expression of mutant or heterologous secretory 
proteins that are unable to fold correctly, by heat-shock or by chemical treatment with 
dithiothreitol (DTT) or tunicamycin (TM). DTT is a strongly reducing agent that prevents 
disulfide bond formation of proteins in the ER. Tunicamycin is a drug that inhibits N-linked 
glycosylation by blocking one of the first steps in the dolichol pathway117.

In a study by Guillemette et al.116, gene expression levels of A. niger were determined 
under different stress conditions: treatment with DTT, treatment with tunicamycin and 
heterologous expression of human tissue plasminogen activator (tPA). Gene expression 
levels were compared with unstressed levels and up- and downregulated genes were 
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Genes upregulated by UPR. Table 2. Upregulation of Aspergillus niger genes by 1 or 2 
hour treatment with tunicamycin (TM), treatment with dithiothreitol (DTT) 
and overexpression of human tissue plasminogen activator (tPA). Adapted from 
Guillemette et al.116.

Gene Predicted protein TM 1 
hr

TM 2 
hr DTT tPA

Dolichol pathway components

An04g05250 similar to dolichol synthesis protein 
RER2

1.7 
±0.1

1.3 
±0.08

2.2 
±0.1

1.2 
±0.1

An02g03240 similar to N-acetylglucosamine 
phosphotransferase ALG7

1.8 
±0.3

2.8 
±0.5

2.1 
±0.1

1.7 
±0.2

An14g05910 similar to mannosyltransferase 
ALG2

2.3 
±0.5

2.9 
±1.1

1.7 
±0.2

1.5 
±0.1

An02g14940 similar to flippase RFT1 1.5 
±0.5

-1.0 
±0.9

1.7 
±0.1

1.7 
±0.1

An18g02360 similar to mannosyltransferase 
ALG3

2.4 
±0.4

4.8 
±2.1

-1.4 
±0.3

2.0 
±0.3

An03g04410 similar to glucosyltransferase ALG5 1.8 
±0.3

1.7 
±0.001

2.2 
±0.4

1.7 
±0.1

Oligosaccharyl transferase complex subunits

An02g14560 oligosaccharyl transferase alpha 
subunit OSTA

1.7 
±0.09

1.6 
±0.06

-1.4 
±0.007

1.6 
±0.4

An18g03920 similar to oligosaccharyl 
transferase subunit OST2

1.9 
±0.4

1.5 
±0.2

1.5 
±0.1

1.2 
±0.2

An07g04190 similar to glycosyltransferase 
WBP1

1.9 
±0.2

1.8 
±0.09

1.4 
±0.2

1.7 
±0.09

Endoplasmic reticulum proteins

An01g08420 calnexin CNXA 3.0 
±0.3

2.3 
±0.1

3.2 
±0.5

2.2 
±0.1

An18g04260 similar to UDP-galactose 
transporter HUT1

2.3 
±0.2

-1.0 
±0.5

2.1 
±0.3

1.9 
±0.2

An18g06220 similar to alpha-mannosidase MNS1 1.1 
±0.5

2.4 
±0.6

1.2 
±0.004

1.8 
±0.1

An13g00620 similar to beta subunit of an ER 
alpha-glucosidase

1.4 
±0.5

1.9 
±0.2

-1.8 
±0.1

1.7 
±0.2

An15g01420 similar to glucosidase I CWH41 1.3 
±0.5

1.7 
±0.5

-1.8 
±0.2

1.6 
±0.01
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identified for the different stress conditions. Table 2 shows the genes involved in 
glycosylation that were found to be significantly upregulated in this study. Besides 
genes involved in the dolichol pathway and genes coding for ER proteins involved in 
glycan processing, three subunits of the OT complex are upregulated: 1) ostA, the A. niger 
homologue of S. cerevisiae ost1, 2) the A. niger homologue of S. cerevisiae ost2 and 3) the 
A. niger homologue of S. cerevisiae wbp1. The first subunit is upregulated by tunicamycin 
stress and by the expression of tPA, while the latter two are upregulated by all three 
treatments. In another, yet unpublished, transcriptomics study by DSM Food Specialties, 
gene expression levels of several A. niger strains were compared. Strains expressing 
different secretory proteins as well as classically improved strains selected for higher 
secretion yields were compared with their parental strains in industrial fermentations. In 
these experiments, expression levels of ostA and homologues of ost3 and stt3 were found 
to be upregulated (Dr. C. M. J. Sagt and Dr. H. Stam, personal communication).

OstA, the A. niger homologue of S. cerevisiae ost1, was upregulated in both transcriptomics 
studies described above. Furthermore, S. cerevisiae Ost1 is essential for OT complex 
functionality as well as yeast viability. Since Ost1 interacts with all other OT subunits in 
S. cerevisiae as well as with a model substrate protein, it is thought to play a central role 
in the function of the OT complex. For these reasons, we believe the A. niger ostA gene is 
an excellent target for strain improvement. In this study we manipulate the glycosylation 
pathway of the industrially important filamentous fungus A. niger by overexpression of 
the OstA subunit of the OT complex to increase the protein secretion yield.

2.1.5 Analysis of protein secretion in an ostA overexpression mutant

A. niger colonies are highly differentiated. While some hyphae are primarily involved in 
growth and secretion, others are more occupied with storage, degradation or the formation 
of reproductive structures. Protein secretion in A. niger takes place predominantly at the 
periphery of the fungal colony20,29,30. A recent paper by Levin et al.30 describes the study 
of the transcriptome of an A. niger colony in five concentric zones of a colony. Data from 
this paper shows the wild-type expression levels of ostA in different zones of the colony 
grown on a plate with maltose as a carbon source. This data is shown in table 3. The 
highest expression of ostA is observed in zone 5, which represents the periphery of the 
colony. Apparently, since the outer zone of hyphae is most involved in secretion, a higher 
efficiency in protein glycosylation is required. Expression of the serine protease gene 
pepC118 is 19 times higher than ostA expression and more or less constant throughout the 
colony (Table 3). In this chapter, the effect of overexpression of OstA on protein secretion 
was investigated. To this end, the ostA gene was overexpressed behind the promoter of 
the pepC gene. It was shown that ostA overexpression increases protein secretion in the 
center of the colony.
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2.2 MATERIAL & METHODS

Media and growth conditions

A. niger was grown at 30°C on complete or minimal medium119 containing 25 mM maltose 
as a carbon source. For plate cultures, medium was solidified by the addition of 1.5% 
(w/v) agar. For sandwiched cultures, A. niger cells were grown in a 0.2 mm thin layer 
of 1.25% agarose between two perforated polycarbonate track-etch (PCTE) membranes 
(diameter 76 mm, pore size 0.1 µm; Osmonics, GE Water Technologies) as described first 
by Wösten et al.20. For ring-plate cultures, cells were first grown in sandwich on an agar 
plate and then transferred to ring-plates after 5 days of growth. Plates were inoculated 
with 2 µl of a 108 spores/ml suspension in the center of the polycarbonate filter. ER stress 
was induced by adding either 5 mM dithiothreitol or 10 µg/ml tunicamycin (Sigma) to the 
culture medium.

Cloning of the ostA overexpression construct

To construct the ostA overexpression plasmid, the coding sequence of the ostA gene was 
amplified by PCR from genomic DNA of strain CBS513.88. PCR products were ligated into 
an overexpression vector behind the pepC promoter. This vector contains two 3’ flanks 
of the glaA gene to target the overexpression construct to the glaA locus by homologous 
recombination. The vector also contains an amdS selection marker under the control of 
the gpdA promoter. Linearized fragments containing the overexpression constructs were 
gel-purified prior to transformation.

Expression of Table 3. OstA and pepC. Expression levels of the Aspergillus niger ostA and pepC 
genes in different zones of a 7 day-old colony grown on maltose. Zone 1 represents 
the colony center. Zone 5 is the colony periphery. Expression levels from datasets 1 
and 2 cannot be compared with each other, as different labeling methods were used. 
Adapted from Levin et al.30.
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Gene expression levels of 7 day-old colonies

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

1
ostA 164.8 148.3 163.2 184.1 291.8

pepC 3251.4 3390.4 3359.1 4024.6 3594.5

2
ostA 226.4 147.6 176.3 269.5 415.1

pepC 3774.7 3916.9 3858.3 4269.3 3747.4
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Transformation

A. niger cultures were grown in shake flasks containing complete medium for 18–20 
hours. Protoplasts were prepared with Novozyme 234 (Novo Nordisk), added to a final 
concentration of 20 mg per gram of mycelium. The linearized construct was transformed 

to A. niger NKU1 (a kusA deletion mutant120 of the wild-type lab strain N402) using 
polyethylene glycol as described previously24. Transformants containing the amdS marker 
were selected on acetamide plates. Correct insertion of the construct was verified by 
Southern analysis. Samples for Southern analysis were treated as described by Sambrook 
et al.121. Chromosomal DNA was digested with NdeI, which has restriction sites upstream 
and downstream of the 3’ glaA flank and in the amdS gene. Hybridization was performed 
under homologous conditions with a probe consisting of part of the 3’ glaA flank. Probes 
were labeled with 32P using the Rediprime II kit (Amersham Pharmacia).

Protein extraction and SDS-PAGE

Colonies grown in sandwich cultures were flash-frozen in liquid nitrogen after removal 
of the PCTE membranes. Frozen mycelium was disrupted in a Mikro-dismembrator 
(Sartorius) in liquid nitrogen-cooled Teflon sample flasks. 1.5 ml of ice-cold 10% TCA in 
acetone containing 0.07% β-mercaptoethanol was added to 0.1 gram of ground mycelium 
and the proteins were left to precipitate for at least 2 hours at -20°C. Samples were then 
centrifuged for 20 minutes at 4°C and 20,000 x g in an eppendorf centrifuge and the pellets 
were washed 3 times with ice-cold acetone containing 0.07% β-mercaptoethanol. After 
drying the pellet at room temperature for 15 minutes, it was dissolved in 1.5 ml protein 
sample buffer. After dissolving the proteins for 1 hour at room temperature, the sample 
was centrifuged for 10 minutes at 20,000 x g. After boiling, appropriate amounts of the 
supernatant were loaded on a 10% SDS-PAA gel.

Immunodetection of Western blots

PVDF membranes (Roche) were used for Western blotting. After blotting, aspecific 
binding sites on the membrane were blocked by incubating in 4% skimmed milk (Marvel) 
and 0.1% Tween in PBS for 1 hour. Primary antibodies were diluted in 4% skimmed milk 
in PBS to the following concentrations: mouse α-glucoamylase (α-Gla) 1:10,000 and rabbit 
α-BiP 1:5,000. Both antibodies were kindly provided by Dr. P. J. Punt24,34. The secondary, 
peroxidase-conjugated antibodies, RAMPO and GARPO (Jackson ImmunoResearch), were 
diluted 1:5,000 in 0.4% skimmed milk in PBS. Blots were incubated with antibodies for 
1 hour. Between incubation steps blots were washed thoroughly with 0.4% skimmed 
milk and 0.1% Tween in PBS. Blots were treated with ECL reagent (Perkin-Elmer) for 1 
minute and chemiluminescent detection films (Roche) were exposed to the blot for 1 to 10 
minutes, depending on the strength of the signal.
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Radioactive labeling

A. niger was grown for 5 days in a sandwiched culture on minimal medium agar plates 
containing 25 mM maltose as a carbon source. This was followed by growing for 24 hours 
on a ring-plate. 10 µCi of a mixture of 14C-labeled amino acids (specific activity of 189 
GBq per milliatom, Amersham Bioscience) was then added to the medium, distributed 
proportionally over the rings. The sandwiched cultures were grown on the ring-plates 
containing labeled amino acids for 4 hours. Subsequently, culture medium was taken 
from all five rings. 20 µl of medium was loaded on a 10% SDS-PAA gel. The gel was fixed 
with 45% methanol and 10% acetic acid, enhanced by soaking in Amplify (Amersham 
Bioscience) and dried for 2 hours on a gel dryer at 180°C. X-ray films were exposed to the 
dried gels for 1 month before developing. The relative amounts of secreted protein were 
quantified with a Bio-Rad Fluor-S imager and Quantity One software.

Potassium permanganate fixation for electron microscopic studies

A. niger was grown for 5 days between PCTE membranes on minimal medium plates 
containing 25 mM maltose. No agarose layer was poured in between the membranes, as 
with regular sandwiched cultures. Mycelium was fixed for 30 minutes in freshly prepared 
1% KMnO4 (Merck) on ice. Fixed mycelium was washed with 10% ethanol and cut into 
pieces of approximately 2 by 4 mm. The mycelium pieces were then dehydrated by a graded 
series of ethanol (30%, 50%, 70%, 80%, 90%, 96%, 100%) and further dehydrated with 
1,2-propylene oxide (Merck; 50%, 75% and 100%). The mycelium pieces were infiltrated 
(25%, 50%, 75% and 100%) with and embedded in Spurr’s resin122. The resin was 
polymerized for 48 hours at 70°C. Ultra-thin sections (90 nm) were cut with an Ultracut E 
ultramicrotome (Leica). Sections were mounted on Formvar-coated, carbonated grids and 
post-stained for 10 minutes with 4% uranyl acetate (Merck) and 2 minutes with 0.4% lead 
citrate (Merck)123. Cells were studied with a Tecnai 10 transmission electron microscope 
(FEI Company) at an acceleration voltage of 100 kV.

2.3 RESULTS

Overexpression of the Aspergillus niger ostA gene

The ostA gene was isolated by PCR and cloned behind the pepC promoter in an 
overexpression vector. Besides the pepC promoter region, the overexpression vector 
also contains two 3’ flanks of the glaA gene for targeted integration at the glaA locus. 
An amdS gene under the control of the constitutive gpdA promoter serves as a selection 
marker124. The ostA overexpression construct was transformed to NKU1, a kusA deletion120 
of the wild-type lab strain N402. Over 100 transformants were selected on acetamide 
plates. Four colonies were picked and named MR4.1 to MR4.4. Correct integration of the 
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overexpression construct was checked by Southern  analysis (Figure 2). Genomic DNA was 
digested with NdeI, with restriction sites up- and downstream of the site of integration 
and in the amdS gene. In a correct transformant, NdeI restriction produces two fragments, 
one approximately 6.1 kb in size, containing the 3’’ glaA flank and part of the amdS gene 
and one of approximately 9.3 kb, containing the rest of the amdS gene, the ostA gene and 
the 3’ glaA flank. In the parental strain NKU1, NdeI restriction produces a single 6.5 kb 
fragment. The blot was labeled with a probe against the 3’ glaA region. Both MR4.2 and 
MR4.4 had a correct integration of the ostA overexpression construct (Figure 2). Since the 
signal was clearest in MR4.2, this strain was used for further experiments.

N
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Southern analysis. Figure 2. Southern analysis of four different transformants of the ostA 
overexpression construct and their parental strain NKU1. Genomic DNA of the 
transformants was digested with NdeI and the blot hybridized with a 3’ glaA probe. 
Two of the four tested transformants, MR4.2 and MR4.4, show correct integration of 
the overexpression construct.

Growth rate of the ostA overexpression mutant

Growth rate and sporulation of the ostA overexpression mutant MR4.2 was similar to 
its parental strain NKU1 on minimal medium containing 25 mM maltose (Figure 3). 
Furthermore, no differences in growth and sporulation between NKU1 and MR4.2 could 
be observed on ER stress inducing plates, containing either dithiothreitol (DTT) or 
tunicamycin (TM).
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Analysis of differential protein secretion in MR4.2

For analysis of protein secretion in colonies of the ostA overexpression mutant, we used 
the ring-plate system, described by Levin et al.71, to get a more detailed image of changes 
in secretion levels in different parts of the colony. The ring-plate system consists of a 
polycarbonate plate with 6 concentric rings that can be filled with liquid medium (Figure 
4). These rings are numbered from 1 to 5. Ring 1 consists of the two inner rings combined 
because of their small volume and the outer ring is called ring 5. Separate analysis of 
proteins secreted into the different rings gives a more detailed image of the spatial 
differentiation of protein secretion. Mycelium growing on top of the different rings can 
be excised with a scalpel and analyzed separately. The zones of mycelium are numbered 
according to the ring they grow on top of. Zone 1 is the center of the colony and zone 5 is 
the colony periphery (Figure 4). In wild-type A. niger cells, the highest secretion capacity 
resides in the hyphae growing at the colony periphery (zone 5). However, in the ring-plate 
analyses, the highest concentrations of protein are often not found in the medium of ring 
530,71. This discrepancy is caused by the larger volume of ring 5 in combination with the low 
amount of hyphae growing on ring 5. In the center a fungal colony is several cell layers thick, 
while hyphae in zone 5 are often growing in a single cell layer. Moreover, at the extreme 
periphery of the colony, there is a significant distance between neighboring hyphae as 
they are exploring the substrate looking for fresh nutrients. The discrepancy caused by 
the large volume of ring 5 and the small biomass of zone 5 can be corrected if the secretion 

5000

500

50

NKU1 MR4.2

MM

NKU1 MR4.2

DTT

NKU1MR4.2

TM
Growth and sporulation. Figure 3. Growth rate of the ostA overexpression mutant MR4.2, 
compared to its parental strain NKU1. Colonies of both strains grown for 3 days on 
minimal medium (MM) agar plates containing 25 mM maltose show similar size and 
sporulation. Response to stress induced by growing for 5 days on plates containing 
either 5 mM dithiothreitol (DTT) or 10 µg/ml tunicamycin (TM) has similar effects 
on growth and sporulation in MR4.2 as in NKU1. Amounts of spores inoculated are 
indicated on the left side of the figure.
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1 2 3 4 51 2 3 4 5

A. B.

Rings and zones. Figure 4. (A) Polycarbonate ring-plate for studying differential protein 
secretion, as first described by Levin et al.71. Six ring-shaped wells are carved out of the 
plate. These rings can be filled with liquid medium. Numbers of the rings are indicated. 
The two inner rings are collectively called ring 1, because of their small size. Ring 5 is 
the outer ring. (B) Aspergillus niger colony grown between polycarbonate membranes 
on an agar plate. Zones of the colony corresponding to rings of a ring-plate are indicated 
and numbered.

Properties of the ring-plate system. Table 4. Volumes of the 5 rings in a ring-plate and the 
dry weight of mycelium in the 5 corresponding zones after 6 days of growth. The two 
inner rings are combined and together named ring 1, while ring 5 is the outermost 
ring, as depicted in figure 4. The volumes of the different rings are merely a property 
of the ring-plate system and have no biological relevance. The medium per biomass 
is shown because it is used for the calculation of the secretion capacity index (SCI) to 
correct for differences in ring volume and zone biomass.

Ring/zone 
number

Ring volume 
(ml)

Dry weight of 
mycelium (mg)

Medium per 
biomass (l/g)

1 0.64 316 0.0020

2 1.15 279 0.0041

3 1.62 439 0.0037

4 2.41 438 0.0055

5 2.65 302 0.0088

capacity index (SCI) is calculated. This is done by quantifying the amount of protein in a 
ring and dividing it by the amount of biomass growing in the corresponding zone. In table 
4, the volumes of all 5 rings and the average biomass growing in the corresponding zones 
in a 6 day-old colony are given.
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To check whether overexpression of ostA results in increased secretory capacity, protein 
yield was analyzed on ring-plates. After 5 days of growth on regular agar plates containing 
maltose as a carbon source, sandwiched cultures of the ostA overexpression mutant 
MR4.2 and its parental strain NKU1 were transferred to a ring-plate and grown for two 
more days. Medium from all five rings of both cultures was collected and concentrated by 
TCA precipitation. The concentrated culture medium was run on a 10% SDS-PAA gel and 
stained with Sypro Ruby protein gel stain. There is a striking difference in protein levels 
in the medium of the two strains (Figure 5). The medium of MR4.2 contains more protein, 
especially the medium from the inner three rings.

The proteins detected in the protein gels from figure 5 have been released from the 
colony into the medium in the rings during the two days of incubation on the ring-plates. 
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ProteinFigure 5.  secretion on ring-
plates. Sypro Ruby stained 
protein gels of culture 
medium from 7 day-old 
sandwiched colonies of NKU1 
(upper panel) and MR4.2 
(lower panel) that had been 
grown for 2 days on ring-
plates. Ring 1 is the inner and 
ring 5 the outermost ring. 
Medium of MR4.2 contains 
more protein than medium 
from NKU1. The difference 
is especially striking in the 
three inner rings.

Besides active secretion, these proteins 
could also have leaked from the cell 
walls. To detect the active secretion of 
newly synthesized proteins, we used 
radioactively labeled amino acids. 
After 5 days of growth on an agar plate 
and 24 hours on a ring-plate, equivalent 
amounts of 14C-labeled amino acids 
were added to the medium in each ring. 
After four hours of secretion, culture 
medium was taken and proteins 
separated on a 10% SDS-PAA gel. After 
fixation, enhancement and drying, an 
X-ray film was exposed to the gel. The 
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resulting autoradiograph is shown in figure 6. Ring 5 is the outermost ring and ring 1 is 
the center of the colony. The quantified intensity of the signal was then multiplied by the 
volume in each ring (0.64, 1.15, 1.62, 2.41 and 2.65 ml for ring 1 to 5 respectively) and 
divided by the dry weight of biomass growing in the zone corresponding to that ring (316, 
279, 439, 438 and 302 mg for zone 1 to 5 respectively) to get the relative amount of labeled 
protein secreted per mg of biomass, from now on called the secretion capacity index (SCI). 
The combined SCI of all five rings of NKU1 was set to 100. Intensities for all separate lanes 
are expressed relative to this value. SCIs were calculated for both strains in biological 
triplicates and average SCIs are displayed under each lane, including the standard 

Total SCI:
131.1 ±2.9

Total SCI:
100

1Ring: 2 3 4 5

NKU1

SCI : 2.0
±0.2

4.1
±0.5

6.8
±0.2

36.0
±1.3

51.1
±2.0

~ 100 kDA

MR4.2

6.1
±0.4

12.5
±0.4

14.1
±0.3

49.0
±2.0

49.4
±1.1

SCI :

~ 100 kDA

Protein secretion on ring-plates. Figure 6. Autoradiogram of a protein gel with culture 
medium from different rings of NKU1 (upper panel) and MR4.2 (lower panel) colonies, 
grown in the presence of 14C-labeled amino acids. The secretion capacity index (SCI) 
is the relative amount of labeled protein detected per gram of biomass, averaged over 
biological triplicates. Overall secretion capacity in MR4.2 is 31% higher than in NKU1.
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deviation. The secretion capacity of MR4.2 in all rings combined is approximately 31% 
higher than in NKU1. Locally, secretion is increased even more. The SCI of zones 1 and 
2 is around three times higher in MR4.2 than in NKU1. SCI in zone 3 is two times higher. 
The protein band running at ~100 kDa is most likely glucoamylase. Glucoamylase is an 
abundantly secreted exo-enzyme and its expression is strongly induced by maltose.

Activation of the unfolded protein response pathway

The unfolded protein response (UPR) is a stress pathway activated by the accumulation 
of unfolded proteins in the ER lumen. Activation of the UPR results in the upregulation of 
expression of a variety of target-genes. One of these UPR target genes is the gene coding for 
a molecular chaperone, called immunoglobulin heavy-chain binding protein (BiP)125. BiP 
expression is strongly upregulated by UPR signaling and elevated BiP levels in a cell can 
thus be seen as an indication for ER stress or the accumulation of unfolded proteins. NKU1 
and MR4.2 were grown on agar plates with maltose as a carbon source and transferred to 
a ring-plate for 48 hours. Intracellular protein samples were extracted from fungal cells 
growing in the three outer zones of the colony. BiP levels in the inner zones are too low to 
be detected by Western analysis. Protein samples were separated by SDS-PAGE, Western 
blotted to a PVDF membrane and detected with an α-BiP antibody. In both strains, BiP 
levels are highest in the hyphae in the outer zone and lower in the zones closer to the center 
of the colony (Figure 7). The high secretion of a fungal colony in zone 5 apparently results 
in upregulation of BiP levels. In the ostA overexpressing mutant, BiP levels are several-
fold higher than in its parental strain. This is surprising, as more efficient glycosylation 

3 54 3 54Zone

~ 70 kDa

NKU1 MR4.2
α-BiP

α-BiP Western analysis. Figure 7. Western analysis of intracellular protein samples of mycelium 
of NKU1 and MR4.2 from zones 3, 4 and 5 of a ring-plate colony immunodetected with 
an α-BiP antibody. Both strains show highest BiP levels in the outer zones. BiP levels 
are elevated in all zones of MR4.2, indicative of an activated unfolded protein response 
(UPR) in this strain. BiP bands run higher on gel in inner zones. This effect is stronger 
in NKU1 than in MR4.2 and cannot be readily explained.
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is expected to result in reduced accumulation of unfolded proteins. Possibly, the strong 
upregulation of the ostA gene results in accumulation of OstA in the ER.

Intracellular accumulation of glucoamylase

To check whether the UPR activation in MR4.2 is caused by the intracellular accumulation 
of secretory proteins, a Western blot of intracellular protein samples was immunodetected 
with an α-glucoamylase antibody. Similar amounts of intracellular glucoamylase were 
observed in NKU1 and MR4.2 (Figure 8). Both strains show accumulation of glucoamylase 
in hyphae from zone 3 and 4, while less intracellular glucoamylase is present in hyphae 
from zone 5. This is in agreement with the higher secretion capacity in the outer zone. 
While native glucoamylase normally runs as a single narrow band at approximately 
100 kDa, intracellular glucoamylase from zones 3 and 4 runs as a wide band, or possibly 
even two separate bands. This indicates that glucoamylase is present in different sizes 
intracellularly. This is possibly caused by different states of glycosylation of glucoamylase. 
Another possibility is that these two bands represent the two different splicing forms 
of glucoamylase G1 and G2126. G1 and G2 are known to show immunological cross-
reactivity127. Although glucoamylase does not accumulate intracellularly in MR4.2, we 
cannot exclude the possibility that other secretory proteins aggregate in the ER. Most 
likely, other proteins than glucoamylase are responsible for activation of the UPR pathway 
in the ostA overexpression mutant, as indicated by the elevated BiP levels.

3 54 3 54Zone

~ 100 kDa

NKU1 MR4.2
α-Gla

α-Glucoamylase Western analysis. Figure 8. Western analysis of intracellular protein 
samples of mycelium of NKU1 and MR4.2 from zones 3, 4 and 5 of a ring-plate colony 
immunodetected with an α-glucoamylase antibody. Similar amounts of intracellular 
glucoamylase can be observed in the two strains. In zone 5 of both strains, less 
intracellular glucoamylase is visible and the protein runs as a more narrow, single 
band. The wide band, or possibly double band, in the inner rings indicates that 
several different sizes of protein are present, possibly different glycosylation-states or 
alternatively spliced forms of glucoamylase.
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Visualization of the endoplasmic reticulum by electron microscopy

Accumulation of unfolded or misfolded proteins in the ER and their aggregation in 
complexes bound by BiP can be shown by electron microscopy and immunogold labeling72. 
To detect if such aggregates are visible in the ER of MR4.2, pieces of the periphery of 
colonies of the overexpression mutant and its parental strain were treated with KMnO4, 
dehydrated and embedded in a resin. KMnO4 is a strongly oxidizing agent that precipitates 
at membrane surfaces, resulting in a high-contrast visualization of these membranes. 
However, due to the strong oxidative effect, many ultrastructural details are often lost 
or altered. Electron micrographs of KMnO4-treated cells of NKU1 and MR4.2 are shown 
in figure 9. No protein aggregates can be observed in the ER. Although the length and 
amount of ER membranes varies strongly between different hyphae of a single strain, 
no overall differences in ER membrane organization were observed between NKU1 and 
MR4.2. Neither morphological evidence for accumulation of unfolded proteins in the ER or 
proliferation of ER membranes was found. 

Visualization of the endoplasmic reticulum. Figure 9. Transmission electron micrographs of 
(A) NKU1 and (B) MR4.2. Morphology and organization of endoplasmic reticulum (ER) 
membranes are normal in both strains and no membrane proliferation or aggregates 
can be observed. Nu, nucleus; ER, endoplasmic reticulum and M, mitochondrium.

B.

Nu

M
ER

A.

Nu

M

ER

1 μm

2.4 DISCUSSION

N-linked glycosylation is essential for correct folding and secretion of glycoproteins. The 
importance of glycosylation for protein secretion is illustrated by the observation that 
many components of the glycosylation machinery are upregulated in cells that overproduce 
secretory proteins116. Furthermore, secretion of some poorly produced proteins can be 
increased by the introduction of glycosylation sites35,51. The oligosaccharyl transferase 
(OT) complex is responsible for one of the most important steps in the glycosylation route, 
the actual transfer of glycans to nascent proteins. The A. niger OstA subunit of the OT 
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complex is expected to play a pivotal role in the function of the complex. The yeast OstA 
homologue Ost1 is essential for the function of the OT complex and interacts with all other 
subunits of the complex as well as with the substrate. Because of these interactions, OstA 
is likely to be involved in the assembly of the OT complex as well as substrate recognition 
and binding.

This study shows that overexpression of the ostA gene behind a pepC promoter results 
in a 31% increase in homologous protein secretion yield in cultures grown on maltose 
plates. When protein yield from separate rings is compared between the two strains, it 
becomes clear that secretion capacity is increased even more locally. Protein secretion is 
increased 3-fold in ring 1 and 2 and 2-fold in ring 3. This increase in yield is expected to 
be the result of more efficient glycosylation of proteins due to an increased concentration 
of OT complexes in the ER. If OstA is indeed involved in assembly of the OT complex, ostA 
overexpression can be expected to increase the number of OT complexes formed, even when 
the other subunits are not overexpressed. Increased glycosylation of proteins enhances 
the binding of lectins , which are important for protein folding and sorting. As mentioned 
before, only around 65% of all Asn-X-Ser/Thr glycosylation sequences are actually used 
for glycosylation113. The unused sites are thought not to contribute to glycoproteins’ 
functionality or stability. Glycosylation of normally unused glycosylation sites could 
improve interactions with lectins and thereby increase folding efficiency. It is possible 
that these unused sequences are glycosylated upon ostA overexpression, resulting in an 
increase in protein folding and secretion efficiency. Such hyperglycosylation of proteins 
results in a shift in molecular weight that can be readily observed on SDS-PAGE. However, 
in figures 5 and 6, proteins secreted into the medium by the ostA overexpression mutant 
MR4.2 run at the same height as proteins in the medium of NKU1. Another possibility 
is that glycosylation is not always as efficient as possible, which sometimes results in 
hypoglycosylated protein species in the ER. These hypoglycosylated proteins are not 
efficiently bound by lectins and fail to reach their native conformation. Overexpression of 
ostA could increase glycosylation efficiency and prevent hypoglycosylation, resulting in 
improved folding and secretion.

Analysis of protein secretion in the ostA overexpression mutant MR4.2 on ring-plates, 
hows that the hyphae in inner zones contribute most to the observed 31% increase in 
secretion on maltose. Secretion capacity is on average 3.1, 3.0, 2.1 and 1.4 times higher 
than in NKU1 in rings 1 to 4 respectively. Hyphae growing in the inner zones of a colony 
are normally not involved in high-level secretion of proteins20,30. The transfer of the colony 
to ring-plates containing fresh medium, 24 hours before 14C labeling, could account for 
the observed secretion of hyphae in the inner rings. However, this does not explain the 
differences in secretion of the inner zone hyphae between NKU1 and MR4.2. The hyphae 
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growing in zone 5, which are normally the most efficient protein secretors, show no 
significant increase in secretion efficiency in MR4.2. This could indicate that there is a 
maximum to the increase in protein yield that can be achieved by overexpression of ostA 
and secretion in zone 5 is already at this maximum. Another possible explanation for 
this lack of increase in secretion capacity in zone 5 can be found in the wild-type ostA 
expression levels. Data from table 3 shows that expression levels of ostA are 1.5 to 2-fold 
higher in zone 5 than in the rest of the colony. Possibly, upregulation of ostA beyond the 
expression levels in zone 5 is useless because other factors, like the availability of core 
glycans or the folding capacity of chaperones and lectins, become limiting. If indeed other 
bottlenecks are limiting secretion in MR4.2, combinations of an ostA overexpression with 
other strain improvements, like chaperone or lectin overexpression, could result in an 
even stronger increase in secretion yield throughout the colony.

In the ostA overexpression mutant, elevated intracellular protein levels of the molecular 
chaperone BiP were detected, as shown in figure 7. Elevated BiP levels are indicative of 
an activated UPR and the accumulation of unfolded or misfolded proteins. However, no 
accumulation of glucoamylase could be detected by Western analysis and no protein 
aggregates in the ER lumen were found in EM studies. It is tempting to speculate that the 
observed activation of the UPR is caused by accumulation of unbound OstA. Due to the 
approximately 19-fold overexpression of the ostA gene, a considerable surplus of OstA 
is present in the ER, while other subunits of the OT complex remain present at normal 
concentrations. This surplus of unbound OstA molecules in the ER might activate UPR 
signaling. However, no evidence for this theory could be found. UPR activation results 
in upregulation of genes involved in protein secretion, transport and degradation. UPR-
induced upregulation of ER chaperones could have an additional positive effect on protein 
folding efficiency in the ER of MR4.2. On the other hand, protein degradation by ERAD 
is also upregulated by the UPR pathway. This might reduce the positive effect of ostA 
overexpression on protein folding. Furthermore, ER stress has also been shown to attenuate 
transcription of secretory proteins in A. niger128. This process possibly counteracts part of 
the positive effect on secretion yield by ostA overexpression. Overexpression of chaperones 
in synergy with ostA overexpression could avoid the accumulation of misfolded proteins in 
the ER. Another approach towards further strain improvement could be the combination 
of ostA overexpression with a reduction of ERAD, to avoid protein degradation via this 
route.

This study shows the importance of correct glycosylation for homologous protein secretion. 
Most known examples of improvement of protein secretion yield by manipulation of 
N-linked glycosylation involve only heterologous proteins35,51,89. Overexpression of 
heterologous secretory proteins can result in inefficient glycosylation, misfolding and 
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eventually protein degradation129. In contrast, 5-8-fold overexpression of homologous 
glucoamylase in A. niger results in upregulation of glycosylation and thus does not result 
in hypoglycosylation of secreted glucoamylase91. This indicates that the glycosylation 
machinery is able to glycosylate high amounts of homologous proteins, while problems 
are encountered with heterologous proteins already at relatively low expression levels22. 
Nevertheless, the role of glycosylation in homologous proteins has already been shown 
to be significant even prior to the research described in this chapter. Many components 
of the glycosylation pathway, as well as components of the glycan-dependent ER quality 
control pathway are upregulated in strains overproducing homologous secretory proteins 
(Dr. C. M. J. Sagt and Dr. H. Stam, unpublished results). The expression of heterologous 
secretory proteins in an ostA overexpression mutant is an interesting subject for further 
research. Since glycosylation is a major problem in heterologous protein production, it is 
not unlikely that manipulation of the glycosylation machinery, like in MR4.2, will have an 
even stronger effect on the secretion of heterologous proteins.
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ABSTRACT
Glycan-dependent endoplasmic reticulum quality control 
(ERQC) ensures that only those proteins that have been 
correctly folded into their native conformation are allowed 
to continue their route through the secretory pathway. ERQC 
retains unfolded proteins in the lumen of the endoplasmic 
reticulum and targets terminally misfolded proteins for 
degradation. A central component of the quality control system 
is the UDP-glucose:glycoprotein glucosyltransferase folding 
sensor GT. This lectin is able to detect the folded state of a 
protein and to determine its fate. By overexpressing Aspergillus 

niger GT, a 21% increase in secretion capacity could be observed 
in sandwiched A. niger colonies. Only the hyphae growing at the 
colony periphery are responsible for this increase, as secretion 
at more central zones of the colony remains unaltered. No 
indication for activation of the unfolded protein response was 
observed, although intracellular accumulation of the secretory 
protein glucoamylase could be detected.   
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3.1 INTRODUCTION

3.1.1 Role of N-linked glycosylation in glycoprotein folding and glycan-  

 dependent endoplasmic reticulum quality control

N-linked glycosylation is one of the most diverse and most common protein modifications, 
as described in chapter 2 of this thesis. Although many aspects of this process and its 
exact function remain unclear, it is certain that it plays an important role in the efficient 
processing of secretory proteins in the endoplasmic reticulum (ER). Besides its role in 
protein sorting and its effect on the properties of the native protein, a crucial function of 
N-linked glycosylation resides in glycan-dependent ER quality control (ERQC). 

The protein folding machinery in the ER lumen is subject to an intricate quality control 
system that is able to distinguish between at least three different species of proteins: 1) 
newly synthesized proteins that have not yet reached their native conformation and are 
largely unfolded, 2) correctly folded proteins that are ready for transport to the Golgi 
apparatus and 3) terminally misfolded proteins that are unable to fold into their native 
conformation130,131 (Figure 1). These different protein species associate with different sets 
of chaperones and other proteins that determine their destination and cellular fate. For 
glycoproteins, the distinction between these different protein species is made by lectins 

Protein species in the endoplasmic reticulum. Figure 1. Overview of the different protein 
species that can be present in the endoplasmic reticulum (ER) lumen. Nascent proteins 
enter the ER lumen through the Sec61 translocon complex and attempt to fold into 
their native conformation. Unfolded and misfolded intermediates can exist before a 
protein reaches its native conformation. When it does reach its native conformation 
it is exported to the Golgi apparatus by vesicular transport. If protein folding is not 
successful after several attempts, the terminally misfolded protein will be unfolded and 
exported to the cytosol for ER-associated degradation (ERAD).

SEC61? ? ?

*un/misfolded

*terminally misfolded

nascent*

*native conformation

*unfolded - targeted for ERAD



60  | Overexpression of the glycoprotein folding sensor GT

CH
A

PT
ER

 3

binding to different trimmed states of attached glycans. Only proteins folded into their 
native conformation are allowed to proceed to the Golgi.

One or more N-linked glycans are added to every newly synthesized glycoprotein by the 
oligosaccharyl transferase (OT) complex. In chapter 2 of this thesis, a detailed overview 
of the function and structure of the OT complex is given. While modifications of glycans 
can vary strongly between different organisms, the core glycan that is transferred to 
nascent glycoproteins is highly conserved. In the vast majority of eukaryotes this core 
glycan consists of three glucose, nine mannose and two N-acetylglucosamine residues 
(Glc3Man9GlcNac2)90. Immediately after glycosylation of the glycoprotein in the ER lumen, 
two glucose residues are removed by glucosidase I and II (GI & GII)132,133 (Figure 2). 
The cleavage of the outermost glucose residue of the core glycan is catalyzed by the ER 
membrane-bound GI and occurs immediately after the glycan has been transferred to 
the glycoprotein134. The second deglucosylation step, catalyzed by GII, occurs in a slower 
and more regulated manner135. GII is a soluble heterodimeric glucosidase136 with a single 
catalytic site that is able to recognize two separate glycan moieties137,138. The enzyme 
needs to be trans activated by mannose residues from one glycan to be able to remove a 
glucose residue from another glycan139. This trans activation is most likely intramolecular, 
so that two exposed glycan moieties per glycoprotein are required for glucose trimming 
by GII. This regulation step is thought to prevent GII glucose trimming of translocating 
glycoproteins, since trans activation by different glycan moieties of the same protein 
demands for a partially folded conformation of the protein. In most cases, a protein can 
only reach its native conformation when it is completely translocated into the lumen, so 
attempts to fold it before translocation is finished are futile. The mechanism and function 
of GII regulation, however, are still subject of ongoing investigation.

After deglucosylation by GI and GII, a monoglucosylated glycan (Glc1Man9GlcNac2) 
remains. This trimmed glycan is bound by the ER membrane-bound lectin calnexin (Cnx) 
and in mammals additionally by another lectin, the soluble Cnx paralogue calreticulin. 
Cnx is a molecular chaperone that assists the folding of glycoproteins into their native 
conformation. The exact working mechanism of Cnx is unclear as it has not been shown 
to mask hydrophobic protein regions, a property typical to many chaperones. Calnexin 
consists of a globular domain and an extended arm140. This extended arm possibly 
creates a protective environment for protein folding. In mammalian Cnx, this extended 
arm has been shown to recruit a protein called ERp57. Mammalian ERp57 is a protein 
disulfide isomerase (PDI) that catalyzes the formation of disulphide bridges, important 
for protein conformation and stability141,142. Although no direct Aspergillus niger or yeast 
homologues of ERp57 are known, many other PDIs exist in both species. Besides binding 
to monoglucosylated glycans, Cnx is also thought to bind polypeptide structures, as 
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several Cnx-bound glycoproteins can be enzymatically deglycosylated without being 
released from Cnx in vitro143-145. Some glycoproteins require multiple folding attempts 
before reaching their native conformation. These proteins are often bound and released 
by Cnx several times. This cycle of repeated folding by Cnx is referred to as the calnexin 
folding cycle146.

When GII removes the third and last glucose residue from the glycan, resulting in a 
Man9GlcNac2-structure, Cnx can no longer bind to it and the glycoprotein is released into 
the ER lumen. GII thus regulates the entry of glycoproteins into the calnexin folding cycle 
as well as their exit from this cycle. Once released from Cnx, the deglucosylated glycan can 
be bound by another lectin, UDP-glucose:glycoprotein glucosyltransferase (GT or UGGT/
UGT1 in mammals). GT is a soluble ER luminal enzyme that adds a single glucose residue to 
the deglucosylated glycan, restoring the structure of the glycan to the monoglucosylated 
form that is able to bind calnexin (Figure 2). While the two above-mentioned glycan 
processing enzymes, GI and GII, function irrespective of the folding status of the 
glycoprotein, GT only reglucosylates proteins with a non-native conformation49,50. GT 
is an exceptionally sensitive folding sensor, as it is able to recognize proteins with only 
slightly aberrant tertiary structures147. As a result of reglucosylation by GT, misfolded and 
incompletely folded proteins can re-enter the calnexin folding cycle for another attempt 
to fold correctly. Proteins that have already achieved their native conformation are not 
reglucosylated by GT and are no longer retained in the ER. Native proteins are sorted into 
coating protein II (COPII)-coated vesicles either by bulk flow148,149 or by cargo receptor 
mediated transport150,151. These COPII-coated vesicles are transported to the Golgi 
apparatus, where proteins are further processed and sorted.

If a glycoprotein fails to reach its native conformation after several folding attempts in 
the calnexin folding cycle, it becomes susceptible to additional glycan trimming. An α-1,2-
mannosidase, called ER mannosidase I (MnsI in yeast), is able to trim the deglucosylated 
glycan by removing one or more mannose residues152,153 (Figure 2). In vitro studies and 
in vivo overexpression studies show that ER mannosidase I is able to cleave up to four 
mannose residues154,155, including the mannose on the branch that is initially glucosylated, 
thereby blocking reglucosylation by GT and preventing re-entry into the calnexin folding 
cycle. The relatively slow reaction kinetics of ER mannosidase I, compared to the other 
glycan processing enzymes in the ER, possibly serve as a timer-function to provide enough 
opportunity for glycoproteins to fold into their native conformation156. ER mannosidase I 
only trims mannose residues from glycans on folding intermediates that are retained in 
the ER too long. The mannose-trimmed glycan is recognized by yet another lectin, called 
homologous to mannosidase I (Htm1) or mannosidase-like protein (Mnl1) in yeast and ER 
degradation-enhancing α-1,2-mannosidase-like protein (EDEM) in mammals157-159. This 
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lectin targets the terminally misfolded glycoprotein for degradation via the ER-associated 
degradation (ERAD) pathway.

3.1.2 Manipulation of glycan-dependent endoplasmic reticulum quality   

 control to improve Aspergillus niger protein secretion efficiency

The filamentous fungus Aspergillus niger is a popular host for the industrial production 
of bulk quantities of proteins, due to its extremely high secretion capacity. Improvement 
of production strains can be very rewarding since increased secretion efficiency results 
in higher yield of the protein of interest with limited additional costs. Manipulation of 
the folding environment in the ER is one of the main focus points of strain improvement 
research and the importance of ER-quality control (ERQC) in protein folding is generally 
appreciated. While glycan-dependent ERQC is well-studied in yeasts like Saccharomyces 

cerevisiae and Schizosaccharomyces pombe as well as in mammalian cells, studies of ERQC 
in A. niger are described in only a few papers64,160. So far only the A. niger calnexin gene, 
clxA, has been isolated and characterized. However, homologues of most of the ERQC 
components can be readily identified in the A. niger genome17 (Table 1). Manipulation 
of the lectins involved in ERQC has already proven to be a promising strategy for strain 
improvement. Secretion levels of Phanerochaete chrysosporium manganese peroxidase 
in A. niger are increased four- to five-fold by overexpression of calnexin64. Furthermore, 
the expression of several genes involved in glycosylation, glycan processing and ERQC is 
upregulated in A. niger upon ER stress, induced by DTT, tunicamycin or the expression 
of human tissue plasminogen activator (tPA)116 (Table 2, chapter 2). The gene coding for 
calnexin (clxA, An01g08420) and the gene coding for ER mannosidase I (An18g06220) 
are both upregulated. In addition, expression of the A. niger gptA gene (An07g06430), 
coding for the folding sensor GT, was found to be upregulated in transcriptomics studies 
of a classically improved strain selected for increased protein secretion efficiency (Dr. 
C. M. J. Sagt and Dr. H. Stam, personal communication). This upregulation of calnexin, ER 
mannosidase I and GT suggests that ERQC plays an important role in protein secretion 
and that these ERQC components are interesting targets for strain improvement. Because 
of its central role in ERQC and its ability to protect misfolded proteins from degradation 
by ERAD, the folding sensor GT is an excellent candidate for improvement of ERQC.

3.1.3 The UDP-glucose:glycoprotein glucosyltransferase folding sensor GT

The ER glycoprotein folding sensor UDP-glucose:glycoprotein glucosyltransferase (GT) 
efficiently reglucosylates Man9GlcNac2-glycans. In addition, GT is able to reglucosylate 
Man8GlcNac2- and Man7GlcNac2-glycans, although glucosylation rates of these trimmed 
glycans are only 50% and 15% respectively, of reglucosylation rates of Man9GlcNac2-
glycans49. By reglucosylating Man9-7GlcNac2-glycans on misfolded glycoproteins, GT rescues 
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A. niger ORF Gene name Description of putative A. niger gene

An01g08420 clxA* strong similarity to calcium-binding protein 
precursor Cnx1 from Schizosaccharomyces pombe

An15g01420 - strong similarity to glucosidase I

An18g05620 -

strong similarity to glucosidase II α subunit

An01g04880 -

An01g10930 -

An04g06920 -

An09g03300 -

An09g05880 -

An13g00620 - strong similarity to glucosidase II β subunit from S. 
pombe

An07g06430 gptA** strong similarity to UDP-glucose:glycoprotein 
glucosyltransferase GT from S. pombe

An18g06220 -

strong similarity to ER-α-1,2-mannosidase
An01g12550 -

An04g06990 -

An06g01510 -

An12g00340 -
strong similarity to α-mannosidase-like protein of the 
endoplasmic reticulum required for degradation of 
glycoproteins Mnl1 from Saccharomyces cerevisiae

 *   Wang et al.160

                                              **  this thesis    .

Quality control genes. Table 1. Aspergillus niger open reading frames (ORFs) showing 
homology to proteins involved in endoplasmic reticulum quality control (ERQC). 
Adapted from Pel et al.17.
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these proteins from degradation by ERAD and offers them additional opportunities to fold 
into their native conformation. Upregulated activity of GT is likely to result in enhanced 
folding opportunities for glycoproteins that normally would be targeted for ERAD.

The ability to sense the folded state of glycoproteins is thought to be mediated by 
interactions of GT with two different elements of non-native proteins, namely hydrophobic 
stretches of proteins and the first N-acetylglucosamine residue of the glycan moiety147. 
Hydrophobic patches are typical of non-native proteins and GT has been shown to 
efficiently bind exposed hydrophobic patches on peptides and glycoproteins, although no 
evidence exists that these hydrophobic patches actually activate glycan reglucosylation. 
Another chaperone, known to bind strongly to hydrophobic patches on unfolded proteins, 
is immunoglobulin heavy-chain binding protein (BiP). However, these two chaperones 
are thought not to compete for binding to hydrophobic stretches. Several proteins have 
been shown to bind exclusively to BiP or to calnexin but not both, while other proteins 
have been shown to interact with both chaperones, but not simultaneously161,162. This 
indicates that there are at least two distinct routes for protein folding. Which chaperone is 
recruited depends on protein characteristics like glycosylation. The second element that 
might help GT identify non-native proteins resides in the glycan itself. The first, innermost 
N-acetylglucosamine residue is often inaccessible in natively folded proteins. Denaturing 
of a protein exposes this N-acetylglucosamine residue and enables interaction with GT147. 
Possibly, a combination of these two elements is used by GT to distinguish native from 
non-native proteins.

Although homologues of GT can be found in most eukaryotes, it is not found in budding 
yeast, S. cerevisiae, where glycosylation and glycan-dependent ERQC have been studied 
extensively. In the fission yeast S. pombe the gpt1 gene, coding for GT, is present and well-
characterized. Expression of the S. pombe gpt1 gene is upregulated two- to nine-fold by 
conditions known to negatively affect glycoprotein folding163. Mutation of the S. pombe 
gpt1 gene is lethal under conditions of ER stress48. The A. niger homologue of S. pombe GT 
is encoded by the gptA gene (An07g06430). A. niger GT shows strong homology to its S. 

pombe counterpart with a BlastP bit score of 2318 and expect value of 0.0. Both a 28 amino 
acid signal sequence and a C-terminal KDEL ER-retention signal can be found in the 1495 
amino acid predicted protein sequence of A. niger GT.
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3.1.4 Analysis of protein secretion in a gptA overexpression mutant

In this chapter, the effect of overexpression of the gptA gene, coding for the folding sensor 
GT, on A. niger protein secretion efficiency is analyzed. As shown in chapter 2 of this thesis, 
valuable information about locally increased secretory efficiency can be obtained from 
analysis of protein secretion on the ring-plate system20. In chapter 2, overexpression of 
the oligosaccharyl transferase subunit OstA was shown to result in a 31% overall increase 
in protein secretion. Moreover, in zones 1 and 2, at the center of the colony, a local 3-fold 
increase could be observed. To analyze differences in overall, as well as local, protein 
secretion caused by gptA overexpression, the effect of a gptA overexpression mutant is 
analyzed on the ring-plate system.

Data on the expression levels of the A. niger gptA gene in different zones of the colony 
is available from micro-array studies by Levin et al.30. Table 2 shows gptA and pepC 
expression levels in different zones for colonies grown on medium containing 25 mM 
maltose as a carbon source. PepC is a highly expressed serine protease118. In this study, the 
coding region of the gptA gene is cloned behind the constitutive pepC promoter to ensure 
a high constitutive expression of GT. As can be seen in table 2, gptA expression levels are 
very low and in most cases could not be detected accurately. The pepC gene, in contrast, 
is expressed at high levels in all rings. No consistent differences in expression levels in 
different zones can be observed for either gene.

Expression of Table 2. GptA and pepC. Expression levels of the Aspergillus niger gptA and 
pepC genes in different zones of a 7 day-old colony grown on 25 mM maltose. Grey 
fields indicate expression levels too low to detect accurately. Expression levels from 
datasets 1 and 2 cannot be compared with each other, as different labeling methods 
were used. Adapted from Levin et al.30.
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Gene expression levels of 7 day-old colonies

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

1
gptA 108.7 63.1 52.6 52.3 101.6

pepC 3251.4 3390.4 3359.1 4024.6 3594.5

2
gptA 84.4 31.7 46.2 75.7 169.3

pepC 3774.7 3916.9 3858.3 4269.3 3747.4
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3.2 MATERIAL & METHODS

Media and growth conditions

A. niger was grown at 30°C on either complete or minimal medium119 with 25 mM maltose as 
a carbon source. For plate cultures, solidified medium was used with a final concentration 
of 1.5% (w/v) agar. For sandwiched cultures, A. niger spores were inoculated on a 0.2 mm 
thin layer of 1.25% agarose between two perforated polycarbonate track-etch (PCTE) 
membranes (diameter 76 mm, pore size 0.1 µm; Osmonics, GE Water Technologies) as 
described first by Wösten et al.20. Sandwiched cultures were inoculated with 2 µl of a 108 
spores/µl suspension in the center of the polycarbonate filter. For growth on the ring-
plate system, sandwiched cultures were first grown for 5 days on agar plates as described 
above and then transferred to ring-plates. ER stress was induced by adding either 5 mM 
dithiothreitol or 10 µg/ml tunicamycin (Sigma) to the culture medium.

Cloning of a gptA overexpression construct

For the construction of the gptA overexpression plasmid, the coding sequence of the gptA 
gene was amplified by PCR from genomic DNA of strain CBS513.88. Subsequently, these 
PCR products were ligated into an overexpression vector behind the pepC promoter. This 
overexpression vector contains two 3’ flanks of the glaA gene to target the overexpression 
construct to the glaA locus by homologous recombination. The overexpression vector 
also contains an amdS selection marker under the control of the gpdA promoter. The 
overexpression construct was linearized and gel-purified prior to transformation.

Transformation

Liquid A. niger cultures were grown on complete medium for 18–20 hours. Fungal cells 
were protoplasted by incubation with Novozyme 234 (Novo Nordisk), added to a final 
concentration of 20 mg per gram of mycelium. The linearized fragment containing the 
overexpression construct was transformed to A. niger NKU1 (a kusA deletion mutant120 
of the wild-type lab strain N402) using polyethylene glycol as described previously24. 
Transformants containing the amdS marker were selected on plates containing acetamide. 
Correct insertion of the construct was verified by Southern analysis. Samples for Southern 
blotting were treated as described by Sambrook et al.121. Chromosomal DNA was digested 
with NdeI, which has restriction sites upstream and downstream of the 3’ glaA flank and in 
the amdS gene. Hybridization was performed under homologous conditions with a probe 
consisting of part of the 3’ glaA flank. Probes were labeled with 32P using the Rediprime II 
kit (Amersham Pharmacia).
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Protein extraction and SDS-PAGE

After removal of the PCTE membranes, sandwich-cultured colonies were frozen by 
submersion in liquid nitrogen. Mycelium was disrupted in a Mikro-dismembrator 
(Sartorius) in liquid nitrogen-cooled Teflon sample flasks. 1.5 ml of ice-cold 10% TCA in 
acetone containing 0.07% β-mercaptoethanol was added to 0.1 gram of ground mycelium 
and the proteins were left to precipitate for at least 2 hours at -20°C. Proteins and cell 
debris were spun down by centrifugating the samples for 20 minutes at 4°C and 20,000 x g 
in an eppendorf centrifuge. Pellets were washed 3 times with ice-cold acetone containing 
0.07% β-mercaptoethanol. The pellet was dried for 15 minutes at room temperature and 
subsequently taken up in 1.5 ml protein sample buffer. After dissolving the proteins for 1 
hour at room temperature, the sample was centrifuged for 10 minutes at 20,000 x g. After 
boiling, appropriate amounts of the supernatant were loaded on a 10% SDS-PAA gel.

Immunodetection of Western blots

PVDF membranes (Roche) were used for Western blotting. After blotting, aspecific 
binding sites on the membrane were blocked by incubating in 4% skimmed milk (Marvel) 
and 0.1% Tween in PBS for 1 hour. Primary antibodies were diluted in 4% skimmed milk 
in PBS to the following concentrations: mouse α-glucoamylase (α-Gla) 1:10,000 and rabbit 
α-BiP 1:5,000. Both antibodies were kindly provided by Dr. P. J. Punt24,34. The secondary, 
peroxidase-conjugated antibodies, RAMPO and GARPO (Jackson ImmunoResearch), were 
diluted 1:5,000 in 0.4% skimmed milk in PBS. Blots were incubated with antibodies for 
1 hour. Between incubation steps blots were washed thoroughly with 0.4% skimmed 
milk and 0.1% Tween in PBS. Blots were treated with ECL reagent (Perkin-Elmer) for 1 
minute and chemiluminescent detection films (Roche) were exposed to the blot for 1 to 10 
minutes, depending on the strength of the signal.

Radioactive labeling

A. niger was grown in sandwiched cultures on minimal medium agar plates containing 25 
mM maltose as a carbon source for 5 days before transfer to a ring-plate. After 24 hours of 
growth on the ring-plate, 10 µCi of a mixture of 14C-labeled amino acids (specific activity 
of 189 GBq per milliatom, Amersham Bioscience) was added to the medium, distributed 
proportionally over the rings. The sandwiched cultures were grown on the ring-plates 
containing labeled amino acids for 4 hours before culture medium was taken from all 
rings. 20 µl of culture medium was seperated on a 10% SDS-PAA gel. The gel was fixed 
with 45% methanol and 10% acetic acid, enhanced by soaking in Amplify (Amersham 
Bioscience) and dried for 2 hours on a gel dryer, at 180°C. X-ray films were exposed to the 
dried gels for 1 month before developing. The amount of secreted protein was quantified 
with a Bio-Rad Fluor-S imager and Quantity One software.
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Potassium permanganate fixation for electron microscopic studies

Colonies were grown between PCTE membranes on complete medium plates containing 
25 mM maltose for 5 days. Unlike normal sandwiched cultures, the cells were not grown 
in a layer of agarose. Mycelium was fixed for 30 minutes in freshly prepared 1% KMnO4 
(Merck) on ice. Fixed mycelium was washed with 10% ethanol and cut into pieces of 
about 2 by 4 mm. The KMnO4-treated mycelium pieces were then dehydrated by a graded 
series of ethanol (30%, 50%, 70%, 80%, 90%, 96%, 100%) and further dehydrated with 
1,2-propylene oxide (Merck; 50%, 75% and 100%). The mycelium pieces were infiltrated 
(25%, 50%, 75% and 100%) with and embedded in Spurr’s resin122. The resin was 
polymerized for 48 hours at 70°C. Ultra-thin sections (90 nm) were cut with an Ultracut E 
ultramicrotome (Leica). Sections were mounted on Formvar-coated, carbonated grids and 
post-stained for 10 minutes with 4% uranyl acetate (Merck) and 2 minutes with 0.4% lead 
citrate (Merck)123. Cells were studied with a Tecnai 10 transmission electron microscope 
(FEI Company) at an acceleration voltage of 100 kV.

3.3 RESULTS

Overexpression of the Aspergillus niger gptA gene

The coding region of the gptA gene was amplified by PCR and cloned into an overexpression 
vector. The PCR product was inserted behind the pepC promoter118. Besides the promoter 
region, the overexpression construct also contains two sequences from the 3’ flank of the 
glaA gene for targeted integration to the glaA locus. An amdS gene under the control of the 
constitutive gpdA promoter serves as a selection marker124. The overexpression construct 
was transformed to NKU1, a kusA deletion mutant120 of the wild-type lab strain N402. More 
than 100 transformants were selected on acetamide plates, of which four were picked and 
named MR3.1 to MR3.4. Correct integration of the overexpression construct was checked 
by Southern analysis (Figure 3). Genomic DNA was digested with NdeI, with restriction 
sites up- and downstream of the site of integration and in the amdS gene. In a correct 
transformant, NdeI restriction produces two fragments, one approximately 12.3 kb in size, 
containing the 3’’ glaA flank and part of the amdS gene and one of approximately 6.0 kb, 
containing the rest of the amdS gene, the gptA gene and the 3’ glaA flank. NdeI restriction 
produces a single 6.5 kb fragment in the parental strain, NKU1. The blot was hybridized 
with a probe against the 3’ glaA region. All transformants show correct integration of the 
gptA overexpression construct (Figure 3). In some lanes, an additional band can be seen 
but this is most likely caused by incomplete digestion of the genomic DNA. However, to be 
certain of correct integration, the transformant MR3.3 that shows a clear signal but no 
additional band, was used for further experiments.
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Southern analysis. Figure 3. Southern analysis of four selected transformants of the gptA 
overexpression construct and their parental strain NKU1. Genomic DNA was digested 
with NdeI and the blot hybridized with a probe against the 3’ glaA region. All 
transformants show correct integration of the construct, although MR3.1 and MR3.2 
show an additional band. This extra band is most likely caused by incomplete digestion 
of the genomic DNA. The transformant MR3.3 was used in further investigations.
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Growth and sporulation. Figure 4. Growth rate of the gptA overexpression mutant MR3.3, 
compared to its parental strain NKU1. Colonies of both strains grown for 3 days on 
minimal medium (MM) agar plates containing 25 mM maltose show similar size and 
sporulation. Response to stress induced by growing for 5 days on plates containing 
either 5 mM dithiothreitol (DTT) or 10 µg/ml tunicamycin (TM) has similar effects on 
growth and sporulation for both strains. Amounts of spores inoculated are indicated 
on the left side of the figure. 
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Growth rate of the gptA overexpression mutant

Growth rate and sporulation of the gptA overexpression mutant MR3.3 were similar 
to its parental strain NKU1 on minimal medium containing 25 mM maltose (Figure 4). 
Furthermore, no differences in growth and sporulation between NKU1 and MR3.3 could 
be observed on ER stress-inducing plates, containing either dithiothreitol (DTT) or 
tunicamycin (TM).

Analysis of protein secretion in MR3.3

The gptA overexpression mutant, MR3.3, was analyzed for altered protein secretion 
on ring-plates. After 5 days of growth on agar plates containing 25 mM maltose as a 
carbon source, sandwiched cultures of NKU1 and MR3.3 were transferred to ring-plates 
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Protein secretion on ring-plates. Figure 5. 
Sypro Ruby stained protein gels 
of culture medium from 7 day-old 
colonies of NKU1 (upper panel) 
and MR3.3 (lower panel) grown on 
ring-plates. Ring 1 is the inner and 
ring 5 the outermost ring. Culture 
medium of MR3.3 contains more 
protein, especially in ring 5.

for 48 hours. Culture medium was TCA 
precipitated, separated on a 10% SDS-PAA 
gel and proteins were visualized by overnight 
staining with Sypro Ruby protein gel stain 
(Figure 5). Medium of MR3.3 contains higher 
levels of protein than NKU1 medium. This 
is especially striking when comparing the 
culture medium of ring 5, which represents 
the periphery of the colony.

Besides active secretion, the proteins 
visualized in figure 5 could also have leaked 
from the cell walls during the 2-day period 
of secretion on ring-plates. To study protein 
secretion during the last four hours of 
growth, radioactive labeled amino acids were 
added to sandwiched cultures that had been 
grown for 5 days on plates and for 24 hours 
on ring-plates. After labeling, medium was 
loaded directly on 10% SDS-PAA gels. After 
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electrophoresis, gels were fixed and dried. The amount of secreted protein was quantified 
by autoradiography (Figure 6). The quantified intensity of the signal was multiplied by 
the volume in each ring (0.64, 1.15, 1.62, 2.41 and 2.65 ml for ring 1 to 5 respectively) and 
divided by the dry weight of biomass growing in the zone corresponding to that ring (316, 
279, 439, 438 and 302 mg for zone 1 to 5 respectively). This resulted in relative amount of 
labeled protein secreted per mg of biomass, called the secretion capacity index (SCI). The 
combined SCI of all five rings of NKU1 was set to 100. Intensities for all separate lanes are 

Total SCI:
121.1 ±0.5

Total SCI:
100

1Ring: 2 3 4 5

NKU1

SCI : 2.0
±0.2

4.1
±0.5

6.8
±0.2
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±1.3

51.1
±2.0

~ 100 kDA

MR3.3
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~ 100 kDA
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Protein secretion on ring-plates. Figure 6. Autoradiograms of 14C-labeled secretion products 
of NKU1 (upper panel) and MR3.3 (lower panel) colonies grown on ring-plates with 
maltose as a carbon source. Ring 1 is the innermost ring, while ring 5 is located at the 
periphery of the colony. The secretion capacity index (SCI) is the relative amount of 
labeled protein secreted per gram of biomass. Protein secretion capacity in the gptA 
overexpression mutant MR3.3 is increased by 21.1%. Hyphae growing at the periphery 
of the colony contribute most to this increase.
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expressed relative to this value. Figure 6 shows that overall protein secretion capacity 
is increased 21% in the gptA overexpression mutant MR3.3. Most of this increase can be 
accounted for by secretion of hyphae in the outer zone of the MR3.3 colony. The intense 
protein band that can be seen at ~100 kDa is most likely glucoamylase.

Activation of the unfolded protein response pathway

The unfolded protein response (UPR) pathway is activated by accumulation of unfolded 
proteins in the ER . Upon activation a signal is transduced to the nucleus and a variety of 
genes is upregulated. One of these upregulated genes is the gene coding for the chaperone 
BiP. Elevated BiP levels are indicative of an activated UPR. To determine if UPR is activated 
in the gptA overexpression mutant MR3.3, intracellular BiP levels in NKU1 and MR3.3 were 
compared. Intracellular proteins were isolated from the outer three zones, zones 3, 4 and 
5, of colonies grown for 48 hours on ring-plates after 5 days of pre-culturing on regular 
agar plates. Protein samples were separated by gel electrophoresis, Western blotted to a 
PVDF membrane and immunodetected with an α-BiP antibody (Figure 7). Intracellular 
BiP levels are highest in the outer zones of colonies of both NKU1 and MR3.3. No strong 
difference in BiP levels between colonies of the two strains could be observed. It should be 
noted that, for unknown reasons, intracellular BiP extracted from hyphae in zone 3 and 4 
runs slightly higher on gel than BiP from hyphae in zone 5, the colony periphery. 

3 54 3 54Zone

~ 70 kDa

NKU1 MR3.3
α-BiP

α-BiP Western analysis. Figure 7. Western analysis of intracellular protein samples of mycelium 
of NKU1 and MR3.3 from zones 3, 4 and 5 of a ring-plate colony immunodetected with 
an α-BiP antibody. Intracellular BiP levels are highest in the outer ring, decreasing 
towards the center in both strains. No strong differences in BiP levels between MR3.3 
and NKU1 are observed. For unknown reasons the protein band for BiP runs slightly 
higher in the samples from zone 3 and 4.
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Intracellular accumulation of glucoamylase.

The prolonged retention of folding intermediates in the ER, expected to occur upon gptA 
overexpression, is likely to result in increased intracellular protein levels. Although no 
activation of the UPR was observed in MR3.3, we studied the accumulation of secretory 
proteins. To detect levels of intracellular secretory proteins, a new Western blot of 
intracellular protein samples was immunodetected with an α-glucoamylase antibody 
(Figure 8). While intracellular glucoamylase levels are similar for NKU1 and MR3.3 in 
zone 3 and 4, more glucoamylase can be seen in the hyphae of MR3.3 in zone 5, the colony 
periphery. Apparently, glucoamylase is retained intracellularly in these hyphae as a 
result of the gptA overexpression. Glucoamylase in zone 3 and 4 of both strains runs as 
a very wide band, most likely made up of two separate protein bands. These separate 
bands represent different sizes of intracellular glucoamylase, probably due to differences 
in glycosylation. Another possibility is that these two bands represent the two different 
splicing forms of glucoamylase G1 and G2126. G1 and G2 are known to show immunological 
cross-reactivity127. 

3 54 3 54Zone

~ 100 kDa

NKU1 MR3.3
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α-Glucoamylase Western analysis. Figure 8. Western analysis of intracellular protein samples 
of mycelium from zone 3, 4 and 5 of colonies of NKU1 and the gptA overexpression 
mutant MR3.3, detected with an α-glucoamylase antibody. Intracellular glucoamylase 
levels are similar in the two strains in zone 3 and 4, but in zone 5 more glucoamylase 
is present in hyphae of MR3.3. In rings 3 and 4 of both strains, two separate bands 
are visible. These two bands probably represent different glycosylation-states or 
alternatively spliced forms of glucoamylase.
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Visualization of the endoplasmic reticulum by electron microscopy

Non-native proteins sometimes display exposed hydrophobic stretches that are normally 
hidden in their tertiary structure. These hydrophobic stretches easily bind to each other 
in the hydrophilic environment of the ER. Therefore, accumulation of unfolded proteins 
in the ER often results in the formation of protein aggregates. Such aggregates can be 
visualized by transmission electron microscopy (TEM) as thick electron-dense structures 
in the ER membrane72. To visualize possible protein aggregates in the ER, we examined the 
ER of NKU1 and MR3.3 by transmission electron microscopy. Peripheral hyphae of these 
two strains were treated with KMnO4, a strongly oxidizing fixative and stain, resulting 
in excellent contrast at membrane interfaces. Fixed cells were dehydrated and ultra-thin 
sections were studied with an electron microscope (Figure 9). Subcellular organization of 
peripheral hyphae varies strongly between different hyphae, even within a single strain. 
Some hyphae contain large amounts of mitochondria while others show more nuclei and 
associated ER. However, no overall difference in morphology could be observed between 
the hyphae of NKU1 and MR3.3. No morphological indication of protein aggregation or ER 
proliferation could be found in the ER of MR3.3.

Visualization of endoplasmic reticulum. Figure 9. Transmission electron micrographs of 
ultra-thin sections of peripheral hyphae of (A) NKU1 and (B) MR3.3. No proliferation 
of endoplasmic reticulum membranes can be observed in these strains. Nu, nucleus; 
ER, endoplasmic reticulum and M, mitochondria.
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3.4 DISCUSSION

Secretory glycoproteins are subject to glycan-dependent ERQC. This quality control 
system ensures correct folding of the glycoproteins and only allows proteins that have 
folded into their native conformation to exit the ER and continue their route through the 
secretory pathway. Trimming of N-linked glycans results in interactions with different 
lectins. Removal of two glucose residues results in a glycan that is competent to bind 
the lectin calnexin (Cnx). Cnx is a chaperone that helps the protein to fold into its native 
conformation. Release from Cnx is inferred by further trimming of the glycan, independent 
of the folded state of the protein. A crucial control step in ERQC is executed by the soluble 
ER lectin GT that is able to reglucosylate trimmed glycans so that they can reassociate with 
Cnx. However, GT only reglucosylates non-native proteins. Correctly folded proteins are 
not retained in the ER. If a protein fails to fold correctly after several folding attempts, the 
glycan is trimmed even further and can no longer be reglucosylated by GT. Glycoproteins 
carrying these trimmed glycans are targeted for ERAD. Overexpression of components 
of the ERQC system has already been proven to be a successful strategy for improving 
A. niger protein secretion yield. A previous study has shown that overexpression of 
Cnx results in a four- to five-fold increase in secretion of a heterologous manganese 
peroxidase64. However, even with increased Cnx levels, glycoproteins are only given a 
limited time to fold into their native conformation before they are degraded by ERAD. For 
gptA overexpression it was expected that ERAD-targeting is reduced and glycoproteins 
are given more attempts to fold correctly, resulting in more efficient protein folding and 
hence higher secretion yields.

In the gptA overexpression mutant MR3.3, homologous protein secretion is improved 
by 21%. Most of this improvement can be accounted for by the increase in secretion of 
hyphae growing at the colony periphery. It is well-known that these peripheral hyphae 
are normally responsible for a substantial part of the protein secretion of the colony and 
secretion levels in this zone are higher than anywhere else20. This can also be seen from 
the secretion capacity in NKU1 (Figure 6). The secretion capacity index (SCI) in zone 5 is 
much higher than in the other 4 zones. The high throughput of secretory proteins in the 
ER of these peripheral hyphae is likely to result in higher ER luminal concentration of 
non-native folding intermediates, which are substrates for either reglucosylation by GT 
or degradation by ERAD. Therefore, overexpression of GT has the greatest effect on these 
hyphae. In hyphae with lower secretion capacity, like the hyphae growing in the center 
of a colony, only few misfolded proteins are retained in the ER and increased GT activity 
does not have much effect. The observation that gptA overexpression increases secretion 
predominantly in cells with high secretion levels, makes it an interesting mutation to 
analyze in high-yield commercial production strains. NKU1 is a derivative of N402, a lab 
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strain with wild-type secretion capacity. In industrial fermentations, however, modified 
strains with significantly improved secretion yields are often used. The enormous work-
load of the ER in these strains probably results in accumulation of non-native protein 
intermediates and degradation of part of the secretome by ERAD. GptA overexpression 
could have an even stronger positive effect on protein secretion in such industrial 
production strains.

As peripheral hyphae secrete the highest levels of proteins, they are also subject to the 
highest levels of ER stress. This is illustrated by the high BiP levels in hyphae in zone 5 
of both NKU1 and MR3.3 (Figure 7). Elevated BiP levels are a result of the UPR, activated 
by the accumulation of unfolded proteins. In contrast to the ostA overexpression mutant, 
MR4.2, described in chapter 2 of this thesis, no elevated BiP levels could be detected in 
the gptA overexpression mutant compared to NKU1, indicating that the UPR pathway is 
not activated in MR3.3. Since increased GT activity is expected to result in prolonged ER 
retention of non-native folding intermediates, this lack of UPR activation is surprising. 
This result could be explained by differential substrate specificities of BiP and calnexin. 
UPR is activated when elevated levels of unfolded proteins are detected in the ER. The 
detection of unfolded proteins is thought to be mediated through the titration of BiP. In 
unstressed cells, a pool of free BiP is present in the ER. A part of the BiP molecules from 
this pool binds to the UPR stress sensor Ire1. When unfolded proteins accumulate in 
the ER, BiP is bound to the hydrophobic stretches exposed on these proteins and can no 
longer bind to Ire1, inducing the stress sensor to dimerize and start UPR signaling164. It 
has been shown that many folding intermediates in the ER require binding of either BiP or 
calnexin, but not both161,162. Possibly, accumulation of misfolded proteins that require only 
calnexin binding does not result in UPR signaling, since the pool of free BiP is not depleted 
by accumulation of these proteins.

Accumulation of glucoamylase in the hyphae at the periphery of the gptA overexpression 
mutant was shown. This could be explained by assuming that this glucoamylase is normally 
degraded by ERAD. Although glucoamylase secretion is very efficient, apparently a small 
amount of glucoamylase is targeted for degradation by ERAD in the wild-type situation. 
Overexpression of GT results in reglucosylation of glucoamylase, rescuing it from ERAD. 
Part of this rescued glucoamylase is secreted, resulting in the higher secretion yields 
in MR3.3 (Figure 5 and 6). The rest of the rescued glucoamylase is retained in the ER, 
resulting in the increased intracellular glucoamylase levels (Figure 8). Surprisingly, 
this accumulation of glucoamylase does not result in activation of the UPR pathway and 
accordingly elevated BiP levels. This might be explained by differential specificity of 
calnexin and BiP as described in the previous paragraph. 
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This study demonstrates that manipulation of ERQC is an effective way to increase 
protein yield in the industrially important fungus A. niger. Overexpression of the folding 
sensor GT increases secretion capacity, especially in hyphae where high levels are already 
secreted. This is very promising for improvement of secretion in high-level production 
strains or for improvement of secretion of proteins that have difficulties folding, like 
many heterologous proteins. Secretion of proteins that are normally degraded by ERAD 
can probably be increased very effectively by overexpressing gptA.
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ABSTRACT
To maintain the integrity of the endoplasmic reticulum (ER) 
and all its vital functions, terminally misfolded proteins 
must be removed from the ER lumen. These proteins are 
retrotranslocated out of the ER and back into the cytosol 
where they are ubiquitinated and eventually degraded by the 
26S proteasome in a process called ER-associated degradation 
(ERAD). The ER transmembrane protein DerA is involved in 
retrotranslocation of a subset of ERAD substrates. By deleting 
the Aspergillus niger derA gene, a 19% decrease in secretion 
capacity could be observed in sandwiched A. niger colonies. 
This decrease is caused by reduced secretion capacity of hyphae 
growing at the colony periphery, while secretion in more 
central zones of the colony remains unaltered. No indication 
for activation of the unfolded protein response was observed, 
although intracellular accumulation of the secretory protein 
glucoamylase could be detected. The decrease in secretion at 
the colony periphery coincides with dilation of ER membranes, 
most likely due to accumulation of DerA-dependent ERAD 
substrates in the ER lumen. This ER membrane dilation was 
not observed in hyphae of the derA deletion mutant growing 
in the subperiphery, where no decrease in secretion capacity 
occurred.    
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4.1 INTRODUCTION

4.1.1 Endoplasmic reticulum-associated degradation of misfolded proteins

Many biological processes, like replication, transcription or translation, are intrinsically 
error-prone. This is also true for protein folding and maturation. In mammalian cells, at 
least 30% of all newly produced proteins are degraded shortly after synthesis165. Folding 
of secretory and membrane proteins takes place in the lumen of the endoplasmic reticulum 
(ER). In addition to folding, many important protein modifications, like glycosylation, take 
place in the ER. Despite the abundance of chaperones and foldases in the ER lumen and 
the presence of a complex ER quality control (ERQC) system, some proteins are unable 
to fold into their native conformation. Protein misfolding can be caused by mutations 
in the amino acid sequence of the proteins, by external stress like heat shock or, in case 
of protein overexpression, by insufficient folding capacity. However, even under normal 
conditions, some proteins do not always fold efficiently. Irreversible protein misfolding 
can result in the presence of substantial amounts of proteins in a terminally misfolded 
state. To avoid accumulation and aggregation, these terminally misfolded proteins must 
be cleared from the ER. Failure to clear aberrant proteins from the ER of human neuron 
cells can result in diseases like Alzheimer’s and Parkinson’s, illustrating the importance 
of this protein degradation pathway166-168. The lumen of the ER, however, is not a very 
suitable environment for protein degradation. Protein concentrations in the ER lumen are 
estimated around 100 mg/ml, making the presence of proteases with a broad substrate 
specificity very unlikely169. Instead, degradation of misfolded proteins takes place in the 
cytosol, where the 26S proteasome cleaves the proteins into small peptides. Therefore, 
misfolded proteins have to be transported from the ER lumen into the cytosol, before they 
can be degraded. This cytosolic degradation of terminally misfolded proteins is called 
endoplasmic reticulum-associated degradation (ERAD).

Selection of substrates for ERAD is still poorly understood. For glycoproteins, glycan 
trimming and glycan-dependent ERQC are known to play an important role (See chapter 
3 of this thesis). After several folding attempts, non-native proteins are demannosylated, 
enabling interactions with the lectin Htm1 in yeast and EDEM in mammals170,171. How 
these lectins target their substrates for ERAD is still under investigation. Extensive 
research has been conducted on the mechanisms underlying ERAD. However, studies 
with different model substrates often gave rise to conflicting conclusions about proteins 
involved in ERAD substrate selection. Now it is widely appreciated that several ERAD 
routes exist for different substrates. The location of the folding lesion in the proteins is 
an especially important feature for the selection of substrates for a specific ERAD route. 
Three different ERAD routes are distinguished: ERAD-L, ERAD-C and ERAD-M56,172. 
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The ERAD-L route is specific for terminally misfolded proteins with misfolded domains 
residing in the ER lumen. Besides degradation of soluble proteins, this route is also 
responsible for degradation of transmembrane proteins with folding lesions in the ER. 
Soluble and transmembrane ERAD substrates require different additional components. 
The ERAD-C route specifically degrades transmembrane proteins with misfolded domains 
in the cytosol, while ERAD-M degrades transmembrane proteins with folding lesions 
located within the transmembrane domains. Furthermore, another ERAD pathway has 
been described for non-glycosylated proteins173. The research described in this chapter 
focuses on the effect of ERAD on protein secretion. Since secretory proteins are typically 
soluble proteins and since the majority of secretory proteins are glycosylated, we are 
predominantly interested in protein degradation via the ERAD-L route.

After a terminally misfolded protein is targeted for degradation by ERAD, it is exported 
from the ER lumen into the cytosol in a process called retrotranslocation or dislocation. 
The energy needed for retrotranslocation is thought to be provided by ATPase activity 
of either a cytosolic chaperone complex or the 19S regulatory subunit of the 26S 
proteasome. The cytosolic chaperone complex is called Cdc48 in yeast and p97 or VCP in 
mammals174. The yeast Cdc48p complex is a homo-hexameric AAA-ATPase, essential for 
retrotranslocation of several soluble as well as transmembrane ERAD substrates175-178. In 
contrast, in vitro retrotranslocation of the soluble ERAD substrate ∆gpαf, requires only 
the 19S proteasomal subunit and not the Cdc48 complex59. The Cdc48 complex associates 
with several co-factors. One of these co-factors, the integral ER membrane protein Ubx2, 
links the Cdc48 complex to two transmembrane E3 ubiquitin ligases Doa10 and Hrd1/
Der3 that are responsible for the covalent attachment of ubiquitin molecules to specific 
lysine residues of retrotranslocating proteins179,180. While Hrd1 ubiquitinates soluble 
luminal as well as membrane-bound ER proteins, Doa10 typically ubiquitinates integral 
membrane proteins with large cytosolic domains181,182. The Doa10 ubiquitin ligase 
has also been shown to act on substrates in the nucleus and cytosol, and therefore its 
function is probably not exclusive to ERAD. The addition of a chain of at least 4 ubiquitin 
molecules to an ERAD substrate tags the protein for degradation by the 26S proteasome183. 
Furthermore, these polyubiquitin side-chains on retrotranslocating ERAD substrates can 
be bound by two additional co-factors of the Cdc48 complex, the ubiquitin binding factors 
Npl4 and Ufd1. This enables the Cdc48 complex to recruit ERAD substrates and aid in 
their retrotranslocation. The Cdc48 complex is thought to have additional functions in 
ERAD, even after retrotranslocation is completed. When associated with yet other co-
factors, like Rad23 and Dsk2, the Cdc48 complex is able to deliver the ERAD substrate 
to the proteasome for the final step in the ERAD pathway, protein degradation184. The 
mammalian homologue of the Cdc48 complex, p97, has also been shown to associate 
with peptide N-glycanase (PNGase), a deglycosylating enzyme that removes the N-linked 
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glycans from proteins targeted for proteasomal degradation185. Cdc48/p97 association 
with substrate recruiting co-factors, like Npl4 and Ufd1, and substrate processing co-
factors, like Rad23, Dsk2 and PNGase, are thought to occur in different subcomplexes and 
not simultaneously.

4.1.2 Retrotranslocation: back to the cytosol

A crucial step in ERAD is the export of terminally misfolded proteins from the ER lumen. The 
retrograde transport of ERAD substrates across the ER-membrane is still not completely 
understood and the exact nature of the channel in the ER membrane that is responsible 
for retrotranslocation remains unclear. However, extensive research on ERAD in yeast 
and mammalian cells has yielded two potential candidates for components of putative 
retrotranslocon complexes for soluble ERAD substrates: Sec61 and Der1/Derlin-1.

Sec61 is the principal component of the Sec61 translocon complex, responsible for 
translocation of newly synthesized proteins into the ER lumen. It was also the first 
protein found to be involved in retrotranslocon formation. In mammalian cells, two 
membrane proteins destined for ERAD were found to associate with subunits of the 
Sec61 complex prior to degradation186. In additional studies, several yeast Sec61 mutants 
were shown to have a reduction in ER export of different ERAD substrates57,187,188. 
Furthermore, blocking Sec61 with ribosome-nascent chain complexes as well as in vitro 
depletion of Sec61 prevents export from the ER of different ERAD substrates189,190. Taken 
together, these results strongly suggest that, besides translocation, Sec61 is involved in 
retrotranslocation. However, there are also several observations that argue against the 
Sec61 complex as a retrotranslocation channel, or at least of it being the only one. Firstly, 
Sec61 has never been shown to associate with any components of the ERAD machinery. 
Secondly, retrotranslocation of the soluble ERAD substrate ∆gpαf, as studied by real-time 
fluorescence, was unaffected by the addition of Sec61 antibodies in vitro59. Finally, the 
diameter of the aqueous pore of the secYEG translocation complex, the archeal homologue 
of the Sec61, was shown to be no more than 10-12 Å 191,192. When considering that 
retrotranslocated proteins are not deglycosylated and in some cases even not unfolded 
until they reach the cytosol193,194, this seems too small for a retrotranslocation channel. 
However, other studies have estimated the diameter of the translocon to be 40-60 Å 
during protein translocation195,196. 

The second possible candidate for a retrotranslocon component is yeast Der1. The der1 
gene was first discovered in a screen for yeast ERAD mutants. Der1 mutants are unable 
to degrade two soluble ERAD substrates CPY* and PrA*61, hence its name der, an acronym 
for degradation in the ER. Furthermore, the mammalian homologue of yeast Der1, called 
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Derlin-1, was found to associate with retrotranslocating MHC class I heavy chains197. In 
contrast to Sec61, Derlin-1 has been isolated in complexes with many components of the 
ERAD pathway, like the mammalian homologue of the yeast Cdc48 complex, PNGase and 
Hrd1, as well as with several ERAD substrates198-200. Finally, while Sec61 antibodies have 
no effect on retrotranslocation of ∆gpαf, addition of antibodies against Derlin-1 blocked 
retrotranslocation of this soluble ERAD substrate59. 

It is possible that these two candidates either function together in facilitating 
retrotranslocation or separately each with its own substrate specificity. Der1 is 
expected to act preferentially on soluble substrates, as membrane-bound variants of 
CPY* are degraded in a Der1-independent manner201. Sec61 was shown to be involved in 
retrotranslocation of both soluble and integral membrane proteins.

4.1.3 Manipulation of endoplasmic reticulum-associated degradation could  

 reduce degradation of Aspergillus niger secretory proteins and enhance  

 secretion yield

The filamentous fungus Aspergillus niger is a popular host for the production of bulk 
quantities of industrially relevant proteins. Secretory capacity in A. niger is superior to 
other popular hosts like Saccharomyces cerevisiae202. However, the secretory pathway of A. 

niger has not been studied and described in as much detail as that of S. cerevisiae. Although 
many components of the secretory pathway are more or less conserved between A. niger 

and S. cerevisiae, several components of the S. cerevisiae ERAD pathway, like Der1, Hrd1 
and Doa10 show little homology with their A. niger counterparts. In addition, other ERAD 
components, like Rad23p and Ubx2 are absent in A. niger17. While ERAD has been studied 
extensively in S. cerevisiae as well as in mammalian cells, much remains unclear about the 
details of the ERAD process in A. niger. Nevertheless, the ERAD pathway is an attractive 
target for strain improvement to produce strains with increased protein secretion 
capacity. Especially in the case of overexpression of secretory proteins or the production 
of heterologous proteins, folding problems may arise. Misfolding of secretory proteins 
results in degradation by ERAD and a decrease in protein yield. By blocking degradation 
of secretory proteins via ERAD, these misfolded proteins will be retained in the ER lumen 
for a prolonged period. If this additional time in the ER enables the misfolded proteins to 
reach their native conformation, protein secretion yield could be significantly increased. 
In yeast, it has indeed been demonstrated that an impaired ERAD pathway can result in 
increased delivery to the Golgi of ERAD substrates66. However, prolonged ER retention 
could also result in accumulation and eventual aggregation of misfolded proteins in the 
ER lumen.
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In this study, we focus on inactivation of the ERAD pathway of A. niger in order to decrease 
the degradation of secretory and thereby increase secretion yield. Since the mechanisms 
involved in the recruitment of misfolded proteins for degradation remain elusive, these 
early steps do not make for convenient targets for modulation of the ERAD pathway. 
Furthermore, blocking cytosolic components of the ERAD pathway, like the ubiquitination 
and proteasome systems, is expected to result in accumulation of unfolded proteins in the 
cytosol. This is not likely to have a positive effect on protein secretion efficiency. However, 
by preventing the retrotranslocation of ERAD substrates, terminally misfolded proteins 
are retained in the ER. If prolonged retention in the ER eventually results in correct folding, 
this approach could result in an increased protein secretion yield. Homologues of both 
possible retrotranslocon candidates described in section 4.1.2, Sec61 and Der1/Derlin-1, 
can be identified in A. niger17. However, as Sec61 is also responsible for translocation 
of secretory proteins into the ER, disruption of its function is expected to have a more 
extensive effect on protein secretion than just inhibition of retrotranslocation. In contrast, 
the Der1/Derlin-1 protein has only been implicated in ERAD and is responsible for the 
retrotranslocation of soluble ERAD substrates. 

The yeast Der1 protein is an ER-localized transmembrane protein containing four 
transmembrane domains with both N- and C-terminal domains being cytosolic203. Deletion 
of yeast der1 causes activation of the unfolded protein response (UPR) pathway61. The UPR 
constitutes a signaling pathway that responds to ER stress, caused by the accumulation 
of unfolded proteins. Activation of the UPR results in upregulation of the expression of 
a large selection of genes involved in various aspects of the secretory pathway. Besides 
being able to activate UPR, the der1 gene is itself one of the genes that is most strongly 
upregulated by UPR63. The A. niger homologue of the der1 gene is called derA and shows 
only low homology to its yeast counterpart17. Nevertheless, derA is expected to be an 
excellent target for modulation of the ERAD pathway. This study describes the deletion of 
the A. niger derA gene and its effect on protein secretion.

4.1.4 Analysis of protein secretion in a derA deletion mutant

As shown in the previous two chapters of this thesis, valuable information about spatially 
altered protein secretion capacity can be obtained from analysis of fungal colonies by 
use of the ring-plate system20. The ring-plate system allows for separate analysis of 
proteins secreted in different zones of the fungal colony. In chapter 2, overexpression of 
the oligosaccharyl transferase subunit OstA was shown to result in an overall increase 
in protein secretion of about 31%. Moreover, in zones 1 and 2, at the center of the colony, 
a local 3-fold increase could be observed. Chapter 3 describes the overexpression of the 
gptA gene, resulting in an increase in overall protein secretion of about 21%. The effect 
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of gptA overexpression is strongest at the colony periphery. To analyze the effects of derA 

deletion on overall, as well as local, protein secretion, the derA deletion mutant is also 
analyzed using the ring-plate system.

Data on the expression levels of the A. niger derA gene in different zones of the colony is 
available from micro-array studies by Levin et al.30. This data shows that derA expression 
levels are relatively low, but similar in different zones for colonies grown on medium 
containing 25 mM maltose as a carbon source. 

4.2 MATERIAL & METHODS

Media and growth conditions

A. niger was grown at 30°C on complete or minimal medium119 with 25 mM maltose as a 
carbon source. For plate cultures, medium was solidified by the addition of 1.5% (w/v) 
agar. For sandwiched cultures, A. niger was grown on a 0.2 mm thin layer of 1.25% 
agarose in between two perforated polycarbonate membranes (diameter 76 mm, pore 
size 0.1 µm; Osmonics, GE Water Technologies) as described first by Wösten et al.20. For 
ring-plate cultures, cells were first grown in sandwich on an agar plate and transferred 
to ring-plates after 5 days of growth. Plates were inoculated with 2 µl of a 108 spores/µl 
suspension in the center of the polycarbonate filter. ER stress was induced by growing A. 

niger on plates containing either 5 mM dithiothreitol or 10 µg/ml tunicamycin (Sigma).

Cloning of the derA deletion construct

The A. niger derA deletion construct consists of a 5’ upstream and a 3’ downstream 
sequence flanking the derA predicted open reading frame (ORF). The derA ORF was 
replaced by an amdS selection marker. In addition, a repeat of the 3’ flank was inserted 
between the 5’ flank and the selection marker. These repeats allow the amdS marker to be 
looped out via recombination by counterselection on 5’fluoroacetamide plates. To create 
the derA deletion construct, the 0.9 kb 5’ flank of the derA gene was amplified by PCR using 
primers der3Not and der4Bam. The 1.0 kb 3’’ flank was amplified using primers der7MB 
and der8Kpn. The 1.0 kb 3’ flank was amplified using primers der9Eco and der10Hin. 
Sequences of all primers are given in table 1. PCR fragments were cloned into pGEM-T 
Easy and verified by sequencing. The 3’ flank was removed from pGEM-T Easy by EcoRI 
and HindIII digestion and cloned into a vector containing the amdS marker under control 
of the gpdA promoter. A NotI-KpnI fragment from this vector, containing the 3’ flank and 
the amdS marker was used in a three-way ligation with a 1.0 kb KpnI-BamHI fragment of 
the 3” flank and a 1.0 kb NotI-BamHI fragment of the 5’ flank. The resulting construct was 
linearized with NotI and AscI and the linear 6.0 kb fragment containing the derA deletion 
cassette was gel-purified prior to transformation to NKU1.
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Transformation

A. niger was grown overnight in liquid cultures on complete medium for 18–20 hours. 
Protoplasts were prepared with Novozyme 234 (Novo Nordisk), added to a concentration 
of 20 mg per gram of mycelium. Constructs were transformed to A. niger NKU1, a kusA 
deletion mutant120 of the wild-type lab strain N402, using polyethylene glycol as described 
previously24. Transformants containing the amdS marker were selected on acetamide 
plates. Correct insertion of the construct was then verified by Southern analysis. Samples 
for Southern analysis were treated as described by Sambrook et al.121. Genomic DNA 
was digested with SacII that has restriction sites in the 3’ flank and upstream of the 
derA locus (Figure 1). Hybridization was performed under homologous conditions with 
probes consisting of the 3’ flank of the derA gene. Probes were labeled with 32P using the 
Rediprime II kit (Amersham Pharmacia). X-ray film was exposed to the Southern blots for 
several days before developing. 

Primers.Table 1.  Sequences of the primers used for cloning of the derA deletion construct.

Primer Sequence (5’ to 3’)

der3Not TGGCGGCCGCGGTACGCACGCTGAACGTCG

der4Bam GGGGATCCTTGATGGGTAGTAGAGTTGCGA

der7MB CTACGCGTGGATCCCACTGGGGCATTTACTGCATGGC

der8Kpn ATGGTACCACTAGCTGATTGATCGCCATG

der9Eco GCGAATTCTGCACCCCACTGGGGCATTTACTGC
der10Hin GCAAGCTTTAATCCCGCACAAGAAGATACC

Deletion of the Figure 1. derA gene. The wild-type derA locus and the correct integration of the 
deletion construct. The 5’ and 3’ derA flank of the deletion construct recombine with 
the 5’ and 3’ flank of the wild-type derA locus, resulting in replacement of the derA ORF 
by the amdS gene under control of the gpdA promoter (Pgpd:amdS). The 3’ derA flank 
is used as a probe for Southern analysis. SacII restriction results in 2892 and 5709 bp 
fragments in the wild-type and a correct deletion mutant, respectively.

derA:amdS

SacII SacII
5709 bp

3'' �ank5' �ank 3' �ankPgpd:amdS

probe

derA

probe

wt derA

SacII SacII
2892 bp

5' �ank 3' �ank
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Protein extraction and SDS-PAGE

A. niger grown in sandwich culture was flash-frozen in liquid nitrogen after removal of the 
PCTE membranes and disrupted in a Mikro-dismembrator (Sartorius) in liquid nitrogen-
cooled Teflon sample vials. 1.5 ml of ice-cold 10% TCA in acetone containing 0.07% 
β-mercaptoethanol was added to 0.1 gram of ground mycelium and the proteins were left 
to precipitate for at least 2 hours at -20°C. Samples were then centrifuged for 20 minutes 
at 4°C at a speed of 20,000 x g in an eppendorf centrifuge. The pellets were washed 3 
times with ice-cold acetone containing 0.07% β-mercaptoethanol. After drying the pellet 
at room temperature for 15 minutes it was dissolved in 1.5 ml protein sample buffer. After 
dissolving the proteins for 1 hour at room temperature the sample was centrifuged for 10 
minutes at 20,000 x g. After boiling, appropriate amounts of the supernatant were loaded 
on a 10% SDS-PAA gel.

Immunodetection of Western blots

PVDF membranes (Roche) were used for Western blotting. After blotting, aspecific binding 
sites on the membrane were blocked by incubating in 4% skimmed milk (Marvel) and 
0.1% Tween in PBS for 1 hour. Primary antibodies were diluted in 4% skimmed milk in PBS 
to the following concentrations: mouse α-glucoamylase (α-Gla) 1:10,000; α-BiP 1:5,000. 
Both antibodies were kindly provided by Dr. P. J. Punt24,34. The secondary peroxidase-
conjugated antibodies, RAMPO and GARPO (Jackson ImmunoResearch), were diluted 
1:5,000 in 0.4% skimmed milk and 0.1% Tween. Blots were incubated with antibodies 
for 1 hour. Between incubation steps blots were washed thoroughly with 0.4% skimmed 
milk and 0.1% Tween in PBS. Blots were treated with ECL reagent (Perkin-Elmer) for 1 
minute and chemiluminescent detection films (Roche) were exposed to the blot for 1 to 30 
minutes depending on the strength of the signal. 

Radioactive labeling

A. niger was grown in sandwich on minimal medium agar plates containing 25 mM 
maltose as a carbon source for 5 days before transfer to a ring-plate. After 24 hours of 
growth on the ring-plate, 10 µCi of a mixture of 14C-labeled amino acids was added to 
the medium, distributed proportionally over the rings. The sandwiched cultures were 
grown on labeled amino acids for 4 hours and culture medium was taken from all rings. 
Proteins contained in the culture medium were separated on a 10% SDS-PAA gel. The gel 
was fixed for 30 minutes with 45% methanol and 10% acetic acid, enhanced by soaking in 
AmplifyTM (Amersham Biosciences UK) and dried on a gel dryer for 2 hours at 180°C. The 
dried gels were exposed to an X-ray film (FujiFilm) for 1 month before developing. The 
amount of secreted protein was quantified with a Bio-Rad Fluor-S imager and Quantity 
One software.
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Potassium permanganate fixation for electron microscopic studies

A. niger was grown between PCTE membranes on minimal medium plates containing 
25 mM maltose for 5 days. Mycelium was fixed for 30 minutes in freshly prepared 1% 
KMnO4 (Merck) on ice. Fixed mycelium was washed with 10% ethanol and cut into pieces 
of approximately 2 by 4 mm. The mycelium pieces were then dehydrated by a graded 
series of ethanol (30%, 50%, 70%, 80%, 90%, 96%, 100%) and further dehydrated with 
1,2-propylene oxide (Merck; 50%, 75% and 100%). The mycelium pieces were infiltrated 
(25%, 50%, 75% and 100%) with and embedded in Spurr’s resin122. The resin was 
polymerized for 48 hours at 70°C. Ultra-thin sections (90 nm) were cut with an Ultracut E 
ultramicrotome (Leica). Sections were post-stained for 10 minutes with 4% uranyl acetate 
(Merck) and 2 minutes with 0.4% lead citrate (Merck)123. Cells were studied with a Tecnai 
10 transmission electron microscope (FEI Company) at an acceleration voltage of 100 kV.

High-pressure freezing, freeze substitution and immunogold labeling

A. niger was grown between PCTE membranes on minimal medium agar plates containing 
25 mM maltose for 5 days. Circular pieces with a diameter of approximately 3 mm were 
cut from the colony periphery and subjected to high-pressure freezing. The frozen 
mycelium pieces were freeze substituted in a mixture of 0.3% uranyl acetate and 0.01% 
glutaraldehyde in methanol followed by low-temperature embedding in Lowicryl HM2072. 
After ultramicrotomy, ultra-thin (90 nm) HM20 sections were immunogold labeled with a 
rabbit α-BiP34 primary antibody (diluted 1:500). Primary antibodies were detected with 10 
nm gold-conjugated goat anti-rabbit secondary antibodies. Sections were post-stained for 
5 minutes with an aqueous 4% uranyl acetate solution (Merck) and 0.5 minutes with 0.4% 
lead citrate (Merck)123 and studied with a Tecnai 10 transmission electron microscope 
(FEI Company) at an acceleration voltage of 100 kV.

4.3 RESULTS

Deletion of the Aspergillus niger derA gene

To delete the A. niger derA gene, a construct was made containing upstream and 
downstream sequences of the derA predicted ORF cloned at either side of an amdS 
selection marker. An additional flank region was inserted to allow the amdS marker to be 
looped out via recombination by selection on 5’fluoroacetamide. This will facilitate the 
transformation of additional constructs to the deletion strain to produce double mutants. 
The constructs were transformed to strain NKU1, a kusA deletion mutant of the wild-
type lab strain N402120, and selected for integration of the amdS marker on acetamide 
plates. Four colonies were picked from these plates and subjected to counterselection on 
5’fluoroacetamide plates. This allows for the selection of transformants that have lost the 
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amdS marker by homologous recombination of the 3’ and 3’’ derA flank in the integrated 
construct. The four original strains were named MR1.1 to MR1.4 and the counterselected 
strains were named MR1.1.x to MR1.4.x. All these transformants were checked by 
Southern analysis. Genomic DNA was restricted with SacII and hybridized with a 3’ derA 
flank. A SacII restriction site is present in the 5’ derA flank as well as upstream of the derA 
ORF. SacII digestion of the wild-type derA locus gives rise to a fragment of about 2.9 kb 
containing the 3’ flank. SacII digestion of the correctly integrated construct produces a 5.7 
kb fragment containing the 3’ flank (Figure 1). Loss of the amdS marker should result in a 2 
kb fragment. However, none of the counterselected transformants show a band of this size 
(Figure 2). The kusA deletion in the NKU1 strain facilitates double stranded recombination 
events. Unfortunately, despite the kusA deletion, the amdS marker could not be readily 
removed from the transformants by 5’fluoroacetamide selection. Therefore, experiments 
were performed with transformants still containing the amdS marker. Transformants 
MR1.2, 1.3 and 1.4, all show correct integration of the derA deletion construct (Figure 
2). Since MR1.3 shows the clearest signal, this transformant was selected for further 
experiments.

Southern analysis.Figure 2.  Southern analysis of four transformants of the derA deletion 
construct, MR1.1 to MR1.4 and transformants counterselected for loss of the marker 
gene amdS, MR1.1.x to MR1.4.x. Genomic DNA was digested with SacII and the blot was 
hybridized with a 3’ derA probe (See figure 1 for the predicted restriction fragment 
sizes). MR1.2, 1.3 and 1.4 show correct integration of the deletion construct. None of 
the counterselected transformants shows loss of the amdS marker, which should result 
in a 2 kb band. MR1.3 was used in further experiments.
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Growth rate of the derA deletion mutant

The derA deletion mutant, MR1.3, shows a normal growth rate and sporulation compared 
to its parental strain NKU1, when grown on minimal medium containing 25 mM maltose 
(Figure 3). Furthermore, no differences in growth and sporulation between NKU1 and 
MR1.3 could be observed on ER stress inducing plates containing either dithiothreitol 
(DTT) or tunicamycin (TM).

Analysis of differential protein secretion in MR1.3

To study protein secretion in the derA deletion mutant, cells were grown on the ring-plate 
system described by Levin et al.71. MR1.3 and its parental strain NKU1 were pre-cultured 
in sandwich for 5 days and then transferred to ring-plates for two days. Medium from 
the rings was collected and loaded onto a 10% SDS-PAA gel after concentration by TCA 
precipitation. The gel was stained with Sypro Ruby protein stain to visualize proteins 
secreted into the different rings (Figure 4). Protein secretion was lowest in the inner 
rings of both strains. Most protein was secreted into the outer ring (ring 5) of NKU1. 
Surprisingly, MR1.3 secretes lower amounts of protein into the medium of ring 5 than 
NKU1. Also, some of the inner rings appear to contain less protein in MR1.3.

5000

500

50

NKU1 MR1.3

MM

NKU1 MR1.3

DTT

NKU1 MR1.3

TM
Growth and sporulation.Figure 3.  Growth rate of the derA deletion mutant MR1.3 compared 
to its parental strain NKU1. Colonies of both strains that had been grown for 3 days 
on minimal medium agar plates containing 25 mM maltose, show similar size and 
sporulation. Response to stress induced by growing for 5 days on plates containing 
either 5 mM dithiothreitol (DTT) or 10 µg/ml tunicamycin (TM) has similar effects 
on growth and sporulation in MR1.3 as on NKU1. Amounts of spores inoculated are 
indicated on the left side of the figure.
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weight of biomass growing in the zone corresponding to that ring (316, 279, 439, 438 and 
302 mg for zone 1 to 5 respectively). This results in the relative amount of labeled protein 
secreted per mg of biomass, called the secretion capacity index (SCI). The combined SCI 
of all five rings of NKU1 was set to 100. Intensities for all separate lanes are expressed 
relative to this value. SCIs were calculated and averaged from biological triplicates and 
are displayed under the corresponding lanes. The overall secretion capacity of MR1.3 is 
approximately 19% lower than that of NKU1. Most of this decrease can be explained by 
the lower secretion capacity of hyphae at the colony periphery. The protein band running 
at ~100 kDa is most likely glucoamylase.

Protein secretion on ring-Figure 4. 
plates. Sypro Ruby stained SDS-
PAGE of concentrated culture 
medium from 7 day-old colonies 
of NKU1 (upper panel) and MR1.3 
(lower panel), grown on ring-
plates. MR1.3 medium contains 
less protein in some of the inner 
rings but especially in the outer 
ring (ring 5).
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Besides active secretion, the proteins 
shown in figure 4 could also have leaked 
from the cell wall. To study only active 
protein secretion, radioactive labeled 
amino acids were used. After growing 
colonies of NKU1 and MR1.3 for five days 
on agar plates and 24 hours on ring-plates, 
equivalent amounts of 14C-labeled amino 
acids were added to the medium in each 
ring. After four hours of growth, proteins 
in the culture medium were separated on 
a 10% SDS-PAA gel. The amount of secreted 
protein was quantified by autoradiography. 
The quantified intensity of the signal was 
then multiplied by the volume in each ring 
(0.64, 1.15, 1.62, 2.41 and 2.65 ml for ring 
1 to 5 respectively) and divided by the dry 
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Total SCI:
81.4 ±1.6

Total SCI:
100

1Ring: 2 3 4 5

NKU1

SCI : 2.0
±0.2

4.1
±0.5

6.8
±0.2

36.0
±1.3

51.1
±2.0

~ 100 kDA

MR1.3

SCI :

~ 100 kDA

2.0
±0.1

2.1
±1.0

6.7
±0.1

35.8
±1.2

34.9
±1.2

Protein secretion on ring-plates.Figure 5.  Autoradiogram of a 10% SDS-PAA gel loaded with 
14C-labeled proteins, secreted into different rings by colonies of NKU1 and MR1.3 
growing on ring-plates. Secretion capacity index (SCI) is calculated for separate rings 
and total colonies from biological triplicates and displayed under the corresponding 
lanes. Protein secretion is similar in the 4 inner rings. However, protein secretion in 
ring 5 of MR1.3 is impaired, resulting in a decrease in overall colony secretion capacity 
by 18.6%.
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α-Glucoamylase Western analysis. Figure 6. Western analysis of intracellular proteins isolated 
from hyphae of in zones 3, 4 and 5 of NKU1 and MR1.3 colonies, detected with an 
α-glucoamylase (α-Gla) antibody. Intracellular glucoamylase levels of NKU1 are highest 
in zone 3 and lowest in the colony periphery, zone 5. When compared to NKU1, MR1.3 
shows increased intracellular glucoamylase levels in zone 5.

α-BiP Western analysis. Figure 7. Western analysis of intracellular proteins isolated from 
hyphae of zones 3, 4 and 5 of colonies of NKU1 and MR1.3, detected with an α-BiP 
antibody. Intracellular BiP levels are similar in both strains. Hyphae growing in zone 5 
show highest BiP levels. For unknown reasons, BiP in zone 4 of both strains runs a little 
higher than in zone 5.

3 54 3 54Zone

~ 100 kDa

NKU1 MR1.3
α-Gla

3 54 3 54Zone

~ 70 kDa

NKU1 MR1.3
α-BiP
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Intracellular accumulation of glucoamylase in the derA deletion mutant

A possible explanation for the reduced secretion capacity of peripheral hyphae of MR1.3 
is the disturbance of correct ER function, caused by the accumulation of misfolded ERAD 
substrates. To check whether glucoamylase accumulates intracellularly in MR1.3 hyphae, 
intracellular proteins from the outer three zones of colonies of NKU1 and MR1.3 were 
separated by SDS-PAGE, Western blotted and detected with an α-glucoamylase antibody 
(Figure 6). NKU1 as well as MR1.3 show highest intracellular glucoamylase levels in zones 
3 and 4. However, when zone 5 is compared between the two strains, more glucoamylase 
can be observed in MR1.3. This is also the zone where impaired protein secretion was 
shown.

Activation of the unfolded protein response pathway

Accumulation of unfolded proteins in the ER activates a signaling pathway that results in 
the upregulation of genes involved in protein folding, translocation and degradation. This 
pathway is called the unfolded protein response (UPR). Terminally misfolded proteins that 
are normally degraded in a DerA-dependent manner, can no longer be degraded by ERAD 
in the derA deletion mutant. Intracellular accumulation of glucoamylase is detected in 
MR1.3. Therefore, we analyzed whether this intracellular accumulation of glucoamylase, 
and possibly other proteins, results in activation of the UPR in MR1.3. One of the most 
common proteins upregulated by UPR is the luminal chaperone immunoglobulin heavy-
chain binding protein (BiP). Intracellular BiP protein levels were studied in the three outer 
zones of colonies of NKU1 and MR1.3, as an indication of the accumulation of unfolded 
proteins and activation of UPR. Intracellular BiP levels in NKU1 and MR1.3 were similar 
(Figure 7).

Visualization of the endoplasmic reticulum of MR1.3

NKU1 and MR1.3 were studied by electron microscopy to further identify the nature 
of the decreased protein secretion and intracellular glucoamylase accumulation in the 
colony periphery of MR1.3. Cells from the colony periphery were fixed with KMnO4 to 
clearly visualize membrane structures. KMnO4 is a strongly oxidizing fixative and stain 
that precipitates at membrane interfaces, resulting in high-contrast visualization of these 
membranes. Whereas NKU1 cells show normal, wild-type morphology of nuclear envelope 
and ER membranes, ER membranes in the derA deletion mutant are heavily dilated (Figure 
8). Also certain parts of the nuclear envelopes show some dilation. Electron-dense content 
is clearly visible within the enlarged sections of the ER lumen. It is likely that this dilation 
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is caused by accumulation of unfolded and misfolded proteins that are normally degraded 
via a DerA-dependent route of the ERAD pathway.

Hyphae growing in the subperiphery (zone 4) were also analyzed to ascertain whether 
dilation of ER membranes occurs only in hyphae from the colony periphery. Electron 
microscopy did not show differences in ER morphology and organization between 
subperipheral hyphae from NKU1 and MR1.3 (Figure 9).
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Visualization of endoplasmic reticulum.Figure 8.  Transmission electron micrographs of 
KMnO4 treated hyphae of (A, B) NKU1 and (C, D) MR1.3 growing at the periphery of the 
colony (zone 5). Panels A and C show an overview of a hypha that is further magnified 
in panels B and D, respectively. In panel B, nuclei of NKU1 can be seen, surrounded by 
strands of endoplasmic reticulum (ER), indicated with a black triangle. ER of the derA 
deletion mutant MR1.3 is shown in panel D and is also indicated with a black triangle. 
ER strands in MR1.3 are heavily dilated and show large electron-dense luminal content, 
possibly protein aggregates. Nu, nucleus; M, mitochondria; CW, cell wall.



|  99Deletion of the ERAD component DerA

CH
A

PT
ER

 4

Immunogold labeling of the endoplasmic reticulum 

To verify that the observed dilated membranes in zone 5 of MR1.3 colonies are indeed ER 
membranes and to detect a possible increase in chaperones, peripheral hyphae of MR1.3 
and its parental strain NKU1 were high-pressure frozen, freeze substituted, embedded 
in Lowicryl resin and immunogold labeled with an α-BiP antibody. Dilation of the ER 
membranes in MR1.3 can also be seen in these high-pressure frozen samples, although not 
as clearly as with KMnO4 fixation. However, it is clearly visible that much more ER is present 
in MR1.3. BiP labeling of the membrane structures confirms the visual identification of 
these dilated membranes as ER membranes (Figure 10). Labeling with an α-glucoamylase 
antibody was also performed, showing some labeling of the ER membranes. However, 
labeling was very weak and no increase in labeling in MR1.3 compared to NKU1 could be 
observed.

Endoplasmic reticulum in the subperiphery.Figure 9.  Transmission electron micrographs of 
hyphae growing in zone 4, the subperiphery, of (A) NKU1 and (B) MR1.3. No dilation 
of endoplasmic reticulum (ER) membranes can be observed in hyphae in this zone 
of the colony. Morphology and organization of the ER are normal in both strains. 
ER membranes are indicated with black triangles. Nu, nucleus; M, mitochondria; G, 
glycogen granule; V, vacuole.
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4.4 DISCUSSION

ER-associated degradation is important for the maintenance of homeostasis in the ER 
lumen. Aberrant proteins are cleared from the secretory pathway to prevent them from 
accumulating and aggregating in the ER. However, degradation of secretory proteins can 
drastically decrease their yield. Therefore, modulation of the ERAD pathway makes for an 
interesting target for strain improvement. This chapter describes the effect of a deletion 
of the A. niger derA gene, encoding a putative component of a retrotranslocon, on protein 
secretion. 

Deletion of the A. niger derA gene results in a decrease in overall protein secretion of 
approximately 19%. Protein secretion is specifically impaired in hyphae growing at the 
colony periphery. Hyphae in the other zones of colonies of the derA deletion mutant MR1.3 
show secretion levels similar to NKU1. In previous research as well as in the research 
described in this thesis, protein secretion has been shown to occur predominantly at 
the colony periphery20,30,71. This high secretion capacity of hyphae growing at the colony 
periphery implicates a high throughput of secretory proteins through the ER and high 
workload for chaperones and foldases. Even when only a small percentage of all secretory 
proteins is targeted for degradation, this elevated secretion capacity results in an 
increased workload for the ERAD pathway. Blocking the ERAD pathway in peripheral 

Nu

A.

Nu

200 nm

B.

α-BiP labeling of endoplasmic reticulum. Figure 10. Transmission electron micrographs of 
α-BiP immunogold labeled endoplasmic reticulum (ER) membranes of (A) NKU1 and 
(B) MR1.3 hyphae from zone 5. More ER can be seen in MR1.3 and in some sections the 
lumen is enlarged. The α-BiP antibody shows strong labeling of the ER. No difference 
in labeling between NKU1 and MR1.3 is observed. ER is indicated with black triangles. 
Nu, nucleus.
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hyphae will thus results in ER-retention of more ERAD substrates than in hyphae in other 
parts of the colony. The decrease in protein secretion at the colony periphery of MR1.3 
suggests that these retained ERAD substrates are unable to refold into their correct 
native conformation and exit the secretory pathway, but instead have a detrimental effect 
on protein secretion efficiency.

The most abundant protein visible on the 14C-labeled protein gel in figure 5 is most 
likely glucoamylase. As this highly secreted protein is generally assumed to be folded 
and processed in the ER extremely efficiently, the decrease in glucoamylase in ring 
5 of the derA deletion strain MR1.3 is unexpected. In addition, elevated intracellular 
glucoamylase levels are detected in MR1.3 as shown in figure 6. However, the decrease 
in glucoamylase secretion and its intracellular accumulation upon disruption of ERAD do 
not per se mean that glucoamylase is an ERAD substrate nor that it is retrotranslocated in 
a DerA-dependent manner. It is also possible that ER-retention of other ERAD substrates 
prevents the efficient secretion of glucoamylase. ER-retained ERAD substrates might 
bind chaperones, resulting in decreased folding capacity for other unfolded proteins. 
Alternatively, retained ERAD substrates might aggregate in the ER, together with other 
proteins like glucoamylase. 

Electron micrographs of peripheral hyphae of the derA deletion mutant show that ER 
membranes are highly dilated in this strain. Electron-dense content can be observed in 
the expanded sections of the ER. This and the elevated intracellular glucoamylase levels 
strongly indicate the accumulation of proteins in the ER of MR1.3. Dilation of the ER is not 
seen in subperipheral hyphae, growing in zone 4 of MR1.3 colonies. This is consistent with 
the observation that secretion levels of MR1.3 are similar to its parental strain NKU1 in 
zone 4. Possibly, in hyphae that secrete lower amounts of protein, ERAD is not essential 
for efficient protein folding in the ER. Dilation of the ER has been shown before in human 
hepatic cavernous hemangioma cells that have naturally downregulated expression of the 
mammalian homologue of DerA, Derlin-1. Upon overexpression of Derlin-1 in these cells, 
the ER expansion was inhibited204. 

Accumulation of proteins in the ER has a negative effect on folding efficiency and 
thereby on protein secretion yield. To prevent this, the ERAD pathway normally clears 
proteins that are unable to reach their native conformation and exit the ER. On the other 
hand, degradation of secretory proteins can decrease their yield and prevention of this 
degradation could increase their secretion efficiency. However, the study described in this 
chapter suggests that overall inhibition of ERAD is not a good strategy for improvement 
of protein secretion efficiency, as it results in protein aggregation. Protein aggregation in 
the ER has a detrimental effect on protein secretion efficiency and should be prevented 
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if high secretion yields are to be reached. In a previous study, ERAD components were 
found to be strongly upregulated upon protein overproduction65. This suggests that 
degradation of misfolded proteins is extremely important in these protein overproducing 
strains. Our approach of ERAD disruption is thus in contradiction with nature’s approach 
of ERAD upregulation. Possibly, overexpression of ERAD components is a more successful 
strategy, as increased ERAD is likely to prevent accumulation of misfolded proteins in 
the ER lumen. However, increased ERAD possibly also results in increased degradation of 
secretory proteins.

Nevertheless, by combining a reduced ERAD pathway with improved folding capacity, 
accumulation of proteins in the ER could be prevented. Possibly, combination of derA 
deletion with overexpression of ostA, gptA or other important components of the folding 
machinery in the ER, prevents accumulation of misfolded protein and has a positive effect 
on secretion capacity. Another possible approach is not to inhibit the ERAD pathway, but 
only the specific ERAD targeting of a secretory protein-of-interest. If specific signals in 
the amino acid sequence or post-translational modifications of a secretory protein can 
be identified that target it for degradation via ERAD, modification of these signals could 
result in specific ER-retention of the modified protein, but not of other ERAD substrates. 
In this case, only a limited amount of protein is retained in the ER, increasing chances of 
refolding and decreasing the risk of aggregation.
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ABSTRACT
The heterogeneity of colonies of filamentous fungi often 
complicates fungal research. The hyphal tips at the periphery 
of the fungal colony are mainly involved in growth and protein 
secretion, while hyphae growing in more central zones of 
the colony are more occupied with functions like storage, 
degradation and the formation of reproductive structures. 
When an entire colony is studied, results will reflect an average 
of all the processes in different parts of the colony. By using 
laser microdissection to isolate hyphal tips growing at the 
colony periphery, a more accurate image of processes occurring 
in these specific tips can be obtained. The protein content of 
laser microdissected peripheral hyphal tips was analyzed by 
SDS-PAGE, Western blotting and mass spectrometry. This 
data was compared to the protein content of the total colony. 
Striking differences in protein content could be observed 
between peripheral hyphal tips and the total colony, like 
increased relative abundance of proteins involved in nitrogen 
metabolism and amino acid biosynthesis in the peripheral 
hyphal tips and increased relative abundance of carbon 
catabolite-repressed metabolic pathways in the total colony. 
Most of these differences could be readily explained by the 
predicted functions of different zones of a fungal colony. This 
chapter shows that laser microdissection is a powerful tool to 
study specific hyphae in a heterogeneous colony, especially 
when coupled to mass spectrometry.
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5.1 INTRODUCTION

5.1.1 Colony differentiation in Aspergillus niger

In its natural habitat, the filamentous fungus Aspergillus niger grows on decaying wood 
or other organic material. Under these conditions, the peripheral hyphae of an A. niger 
mycelium grow outwards, exploring new, uncolonized substrates for nutrients. These 
exploring hyphae require secretion of high levels of exo-enzymes, like amylases and 
pectinases, to degrade the organic polymers of the substrate into low molecular weight 
molecules that can be taken up as nutrients. Hyphae that are located more in the center of 
a colony do not require high-level secretion of exo-enzymes, since nutrients in this part of 
the substrate have already been largely degraded and absorbed. These hyphae are most 
likely provided with nutrients by cytoplasmic streaming from hyphae in other parts of 
the colony. Hyphae in the central part of the colony serve other functions than acquiring 
nutrients. Some of these functions, like the formation of reproductive structures, may 
also require protein secretion.

Spatially differentiated protein secretion in fungal colonies can be observed in A. niger 
strains grown under laboratory conditions. 4 day-old A. niger colonies grown between 
polycarbonate track-etch (PCTE) membranes show growth and protein secretion only 
at the periphery of the colony20. After 5 days of growth, secretion can also be observed 
in a more central zone, colocalizing with zones where conidiophore-like structures are 
formed. Secretion of the exo-enzyme glucoamylase, however, can only be detected at the 
periphery of the colony, in both 4 and 5 day-old colonies. When colonies were grown with 
no PCTE membrane on top, protein secretion was only detected at the periphery71. At 
the hyphal level, additional heterogeneity has been demonstrated. Immunogold labeling 
studies of glucoamylase, as well as GFP-reporter studies, have shown that not all hyphae 
in the periphery contribute to the secretion of glucoamylase20,29. Only 50% of the studied 
hyphae were found to secrete high levels of glucoamylase. This heterogeneity of hyphae 
growing in the same zone of a fungal colony is referred to as hyphal differentiation, while 
differentiation of hyphae dependent of their location within a fungal colony is called spatial 
differentiation. Spatial differentiation, but not hyphal differentiation, can be partially 
explained by the availability of nutrients. In 7 day-old A. niger colonies, medium under the 
inner part of the colony was shown to be completely depleted of its carbon source, either 
maltose or xylose, but not of nitrate, sulphate or phosphate. The carbon source was not 
depleted in the medium under the colony periphery. These differences in carbon availability 
have a large effect on gene expression in different zones of the colony. However, many 
genes are differentially expressed in these zones even when fresh, undepleted medium is 
made available30. Furthermore, nutrient availability can not explain differences in protein 



108  | Studying the hyphal proteome in heterogeneous colonies

CH
A

PT
ER

 5

secretion observed between adjacent peripheral hyphae. These hyphae have access to 
similar nutrient concentrations, yet show completely different secretion levels.

The results described in chapters 2, 3 and 4 of this thesis also show some of the effects 
of spatial differentiation in a fungal colony. Analysis of protein secretion of the A. niger 
strain NKU1 on ring-plates shows that secretion levels in the outer zone are 10- to 20-
fold higher than in the innermost zones, even 24 hours after transfer to ring-plates 
containing fresh medium. Furthermore, overexpression of the oligosaccharyl transferase 
(OT) complex subunit OstA and the folding sensor GT and the deletion of the ERAD 
component DerA, all show effects that are specific for different zones of the colony. While 
OstA overexpression increases protein secretion efficiency predominantly at the center 
of the colony, overexpression of GT mostly results in increased secretion capacity at the 
colony periphery. Deletion of DerA results in impaired protein secretion and glucoamylase 
accumulation, specifically in the periphery of the fungal colony.

A. niger is an extremely efficient natural protein secretor and is therefore widely used 
as an industrial protein production platform. Research and development aim at strain 
improvement to optimize protein production. However, most studies on protein secretion 
do not take into account spatial differentiation of protein secretion and the results 
obtained from such studies represent an average of the entire mycelium. Although spatial 
differentiation has not yet been described in submerged cultures of A. niger, new insights 
about spatial differentiation as well as hyphal differentiation are invaluable to fungal 
research. To accurately study the processes behind the high protein yield observed in A. 

niger, experiments should be focused on the actual secreting cells, the apical hyphal tips of 
the colony periphery. Laser microdissection offers an excellent way to isolate these cells 
from other, non-secreting, hyphae.

5.1.2 Laser microdissection

Laser microdissection is a general term for techniques that allow for the isolation of 
specific parts of a sample by use of a laser. There are several different laser microdissection 
systems on the market today, for example the Arcturus Veritas, the Leica AS LMD and the 
Zeiss PALM MicroBeam system. The Arcturus Veritas uses an ultra-violet (UV)-laser to 
ablate material, leaving only the region-of-interest. The material in this region is then 
melted onto a plastic film by an infrared (IR)-laser and lifted from the sample. The Leica 
AS LMD is able to cut regions out of a sample using its UV-laser. The microdissected 
regions then fall from the object plan into a collection cap by the force of gravity. For 
this study, a Zeiss Positioning and Ablation with Laser Microbeams (PALM) system was 
used. The PALM MicroBeam system consists of an inverted Zeiss microscope, equipped 
with a 337 nm nitrogen laser that produces a pulsed ultraviolet (UV-A) laserbeam. The 
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isolation of samples with the PALM MicroBeam system can be divided into two steps: 
laser microbeam microdissection (LMM) and laser pressure catapulting (LPC)205 (Figure 
1). During LMM, the laserbeam is used to ablate material and cut around a region-of-
interest. The laser is focused through the objective lens to create a micron-sized spot206 
and material is only ablated in this narrow focus point, leaving surrounding material 
unaffected. Furthermore, because of the short pulse of the laser, there is no time for heat 
transfer into surrounding material207. After the region-of-interest is isolated from its 
surrounding by microdissection, the LPC process uses an additional high-energy laser-
pulse, focused underneath the sample. The extremely high photon-density of this focused 
laser microbeam exerts a mechanical force on the bottom of the sample and catapults the 
material out of the object plane several millimeters upwards. The sample is collected in 
the cap of a microfuge tube that is positioned above the object plane. In contrast to some 
other microdissection systems, the PALM MicroBeam system works in an entirely non-
contact fashion, ensuring the isolation of contamination-free samples. Besides regular 
illumination, the PALM MicroBeam system is also equipped with fluorescence illumination 
of several different wavelengths. This allows for the isolation of fluorescently labeled cells 
or structures, which is a major advantage since not all cells-of-interest can be readily 
identified by regular light microscopy.

Objective

Laser beam

Slide

Membrane
Sample

Collection cap

Laser microbeam
microdissection (LMM)

Laser pressure
catapulting (LPC)

A. B.

Laser microdissection. Figure 1. Laser microbeam microdissection (LMM) and laser pressure 
catapulting (LPC) with a PALM MicroBeam system. (A) The laserbeam is focused 
through the objective and cuts through the sample mounted on a membrane covered 
microscope slide. (B) After microdissection, a short, high-energy laser pulse catapults 
the isolated region of the sample, still supported by the membrane, towards the 
collection cap that is suspended by a robot arm above the slide.
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Although biological material mounted on regular microscope slides can be microdissected 
efficiently, catapulting of microdissected material can be difficult. The high-energy LPC 
laser-pulse can damage the catapulted material or it can catapult only the material located 
at the focus-point of the laser, resulting in fragmentation of the isolated material. To 
overcome this difficulty, the PALM MicroBeam system uses membrane-covered microscope 
slides. The membranes on these slides are made of either polyethylene naphthalate (PEN) 
or polyester (POL). The PEN membrane strongly absorbs the UV laser and it can therefore 
easily be cut through together with the sample. The LPC laser pulse then exerts its energy 
on the membrane, catapulting the sample supported by the membrane into the collection 
cap. The POL membrane requires more laser power to cut through and is therefore more 
suitable for the ablation of material surrounding cells-of-interest without cutting the 
membrane.

Laser microdissection has already been successfully applied in many different research 
fields and on a wide variety of organisms and cell types. It is a popular tool in cancer 
research, to isolate tumor cells from a tissue composed of a mixed population of healthy 
and cancerous cells208-211. It is also frequently used in other fields like neurobiology, to 
isolate specific neurons212-214, and developmental biology215,216. Besides its widespread 
application in mammalian tissues, laser microdissection has also been used for the 
isolation of plant cells217,218 and even bacteria219. Although in the majority of studies, laser 
microdissection is used for the isolation of a specific cell-type from a heterogeneous 
tissue culture, some examples also exist of microdissection of subcellular structures, like 
chloroplasts220, chromosomes221 and septal pore caps222. 

Microdissected samples are suitable for many different applications. Possible downstream 
applications include genomics, transcriptomics, proteomics, metabolomics and electron 
microscopic studies. Since nucleic acids can be readily amplified by polymerase 
chain reaction (PCR), analysis of DNA and mRNA was a popular goal for studies using 
microdissection already in the earlier days of this technique. DNA and mRNA isolated 
from microdissected material have been successfully used in (RT) PCR and even micro-
array analyses223-225. Since proteins cannot be amplified, applications for microdissected 
material in proteomics require the isolation of larger quantities of material. Nevertheless, 
protein samples isolated from microdissected material have been successfully used 
for 2D gel electrophoresis and mass spectrometry (MS)208,226-228. Also, tissue-specific 
metabolic profiles have been made from microdissected cells218. Finally, microdissection 
has been used for the morphological study of subcellular structures by electron 
microscopy222,229,230.
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While the use of laser microdissection in studies on mammalian and even plant cells is 
becoming more common, its use in fungal research lags behind. Microdissection of fungal 
cells is more challenging than microdissection of mammalian cells, because of the smaller 
size of fungal cells. With diameters of 2-10 µm, fungal cells require a higher precision 
in microdissection, compared to mammalian cells of 10-100 µm. Although some studies 
involving laser microdissection have been performed on cells infected with fungi231, there 
is only a single paper published on the actual microdissection of fungal hyphae. In this 
paper by van Driel et al.222, septa of Rhizoctonia solani hyphae are microdissected and 
analyzed by electron microscopy. So far, no studies on biomolecules extracted from fungal 
cells have been published. In this chapter, we describe the isolation of hyphal tips from the 
colony periphery by laser microdissection and the analysis of their protein content.

5.2 MATERIAL & METHODS

Strains, media and growth conditions

For microdissection experiments, the strains NKU1 and MR1.3 were used. NKU1 is a ∆kusA 
mutant120 of the lab wild-type strain N402. MR1.3 is a derA deletion mutant, as described 
in chapter 4 of this thesis. NKU1 is the parental strain of MR1.3 and the other mutants 
described in this thesis. Fungal colonies were grown at 30°C in sandwiched cultures, 
in order to get a flat, non-sporulating colony20,232. 2 µl of a 1x108 spores/ml solution of 
fresh spores was inoculated between two perforated polycarbonate track-etch (PCTE) 
membranes (diameter 76 mm, pore size 0.1 µm; Osmonics, GE Water Technologies) on 
top of a 1.5% agar plate containing minimal medium119 and 25 mM maltose. Cells were 
not grown in a layer of agarose between the PCTE membranes, as is generally done with 
sandwiched cultures, since this agarose layer severely decreases laser microdissection 
efficiency.

Potassium permanganate fixation for electron microscopic studies

A. niger was grown between PCTE membranes on complete medium plates containing 25 
mM maltose for 5 days. Mycelium was fixed for 30 minutes in freshly prepared 1% KMnO4 
(Merck) on ice, with or without glutaraldehyde prefixation. Fixed mycelium was washed 
with 10% ethanol and pieces of approximately 2 by 4 mm were cut from different zones 
of the colony, namely the colony periphery, subperiphery and center. The mycelium pieces 
were then dehydrated by a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 96%, 
100%) and further dehydrated with 1,2-propylene oxide (Merck; 50%, 75% and 100%). 
The dehydrated pieces were infiltrated (25%, 50%, 75% and 100%) with and embedded 
in Spurr’s resin122. The resin was polymerized for 48 hours at 70°C. Ultra-thin sections 
(90 nm) were cut with an Ultracut E ultramicrotome (Leica). Sections were mounted on 
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Formvar-coated, carbonated grids and post-stained for 10 minutes with 4% uranyl acetate 
(Merck) and 2 minutes with 0.4% lead citrate (Merck)123. Cells were studied with a Tecnai 
10 transmission electron microscope (FEI Company) at an acceleration voltage of 100 kV.

Preparation of fixed whole cell microdissection samples

Sandwiched colonies were submerged in 1% formaldehyde or 70% ethanol. After 5 minutes 
of fixation, pieces of the colony, approximately 1 by 3 cm, were cut out with a scalpel. At 
this point, the upper PCTE membrane was carefully removed. The slice of mycelium was 
then turned over and transferred to a PEN membrane slide with a set of tweezers. The 
remaining PCTE membrane was then also removed. By keeping the membrane slide at an 
angle of 45 degrees, with the colony periphery pointing down, while pouring additional 
fixative on top of the slide, the hyphal tips stretch outwards and can be easily identified 
in a later stage. Pulling the mycelium gently backwards, in opposite direction to the 
direction of growth, maximizes this effect. The mycelium was left to air-dry for one hour 
before microdissection.

Microdissection of peripheral hyphae for protein extraction

Pieces of an A. niger colony were prepared for microdissection according to the method 
described above. The PALMRobo software v3.0. allows for the selection of cells by drawing 
a shape around the region-of-interest. These shapes are called elements. Some selected 
elements contained only one hyphal tip, while other elements contained several hyphal 
tips growing close together. All elements were sequentially cut and catapulted using the 
RoboLPC modus. The elements were cut at 55-60% laser energy and an UV-focus of 55. 
Cut speed was set to 100 µm/sec and stage position speed to maximum, to speed up the 
microdissection process. Directly after microdissection, elements were automatically 
catapulted, at 80% laser energy and an UV-focus of 52, into a microfuge cap containing 30 
µl 50 mM NH4HCO3 complemented with Complete protease inhibitors (Roche).

Protein Extraction for SDS-PAGE

To extract proteins from microdissected fungal hyphae, the collection cap containing 
microdissected hyphae was closed onto the attached microfuge tube and microdissected 
hyphae were pelleted by centrifugation. Subsequently, protein sample buffer was added. 
To increase the volume of the sample, facilitating disruption of the microdissected hyphae, 
200 µl trifluoroethanol (TFE) was added. One gram of glass beads with diameters of 0.50-
0.75 mm (Reitsch Gmbh., Germany) was added to the sample. Cells were disrupted in a 
mini-bead beater (Biospec products) twice for 30 seconds. Samples were kept on ice in 
between treatments. Cell debris and glass beads were spun down by centrifuging for 5 
minutes at 10,000 x g at 4 °C. Supernatant was transferred to a fresh tube and the surplus 
of TFE was removed in a SpeedVac. Remaining samples were boiled for 1 minute before 
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loading appropriate amounts onto a SDS-PAA gel. Gels were stained with Sypro Ruby 
protein gel stain (Molecular Probes) and visualized with a Fluor-S MultiImager (Bio-
Rad), Western blotted for immunodetection or subjected to in-gel digestion for mass 
spectrometry analysis.

Immunodetection of Western blots

PVDF membranes (Roche) were used for Western blotting. After blotting, aspecific binding 
sites on the membrane were blocked by incubating in 4% skimmed milk (Marvel) and 
0.1% Tween in PBS for 1 hour. Primary antibodies were diluted in 4% skimmed milk in 
PBS to the following concentrations: mouse α-glucoamylase (α−Gla) 1:10,000 and rabbit 
α−BiP 1:5,000. The glucoamylase as well as the BiP antibody were kindly provided by 
Dr. P. J. Punt24,34. The secondary peroxidase-conjugated antibodies, RAMPO and GARPO 
(Jackson ImmunoResearch), were diluted 1:5,000 in 0.4% skimmed milk and 0.1% Tween. 
Blots were incubated with antibodies for 1 hour and between incubation steps, blots were 
washed thoroughly with 0.4% skimmed milk and 0.1% Tween in PBS. Blots were treated 
with ECL reagent (Perkin-Elmer) for 1 minute and chemiluminescent detection films 
(Roche) were exposed to the blot for 1 to 30 minutes depending on the strength of the 
signal. To remove bound antibodies from Western blots, PVDF membranes were incubated 
for 30 minutes with stripping buffer, containing 2% SDS, 100 mM β-mercaptoethanol in 
50 mM Tris buffer, pH 6.8, heated to 50 °C.

In-gel tryptic digestion

Protein samples were separated on a 12% SDS-PAA gel and visualized using Coomassie 
Blue staining. Gel lanes were cut into slices, and each slice was cut into small pieces of 
approximately 1 mm3. The gel pieces were washed, in-gel reduced with dithiothreitol, 
alkylated with iodoacetamide, and digested overnight at 37 °C by adding trypsin at a 
concentration of 10 ng/ml as described by Wilm et al.233.

NanoLC-MS/MS

The gel lanes were analyzed by nanoLC-LTQ-Orbitrap-MS (Thermo Fisher, Bremen, 
Germany). An Agilent 1200 series LC system was equipped with a 20 mm Aqua C18 
(Phenomenex, Torrance, CA) trapping column (packed inhouse, i.d., 100 μm; resin, 5 μm) 
and a 400 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, Ammerbuch, Germany) analytical 
column (packed in-house, i.d., 50 μm; resin, 3 μm). Trapping was performed at 5 μL/min for 
10 minutes and elution was achieved with a gradient of 10 to 40% B (0.1 M acetic acid 80% 
acetonitrile and 20% water) in 30 minutes, 40 to 100% B in 2 minutes and 100% B for 2.5 
minutes. The flow rate was passively split from 0.5 mL/min to 100 nL/min as described 
previously234. Nanospray was achieved with homemade fused silica needles (o.d., 375 μm; 
i.d., 20 μm) pulled using a laser based micropipette puller (Sutter Instrument, Novato, CA) 
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and coated with a thin gold layer using an Edwards sputter coater (Edwards, Crawley, 
west Sussex, UK) biased to 1.7 kV. In the case of the LTQ-Orbitrap, the mass spectrometer 
was operated in the data dependent mode to automatically switch between MS and MS/
MS. Survey full scan MS spectra were acquired from m/z 350 to 1500 in the Orbitrap 
analyzer with a resolution of R = 60,000 at m/z 400 after accumulation to a target value 
of 500,000 in the linear ion trap. The two most intense ions at a threshold of above 500 
were fragmented in the linear ion trap using collisionally induced dissociation at a target 
value of 30,000.

Mass spectrometry data processing

Spectra were processed with Bioworks 3.3.1 (Thermo Fisher, Bremen, Germany) and 
the subsequent data analysis was carried out using an inhouse-licensed Mascot search 
engine (version 2.1.0, Matrix Science, U.K.). The LTQ-Orbitrap data was searched against 
the A. niger protein database with carbamidomethyl cysteine as a fixed modification. 
Oxidation of methionine was set as a variable modification. Trypsin was specified as the 
proteolytic enzyme and up to two missed cleavages were allowed. The mass tolerance of 
the precursor ion was set to 5.0 ppm, and that of fragment ions was set to 0.6 Da. Scaffold 
(version Scaffold 2.01.02, Proteome Software, Inc., Portland, OR) was used to validate 
protein identifications. Protein identifications were accepted if they could be established 
containing at least 2 identified peptides at a Mascot ion score greater than 35 (expect 
value <0.001).

5.3 RESULTS

Visualization of the spatial differentiation of colony morphology

The morphology of hyphae at the colony periphery, subperiphery and center was studied 
by electron microscopy to illustrate spatial differentiation between hyphae growing in 
different zones of the colony. Cells were treated with KMnO4 to visualize membranes and 
organelles. Subperipheral and central cells were additionally prefixed with glutaraldehyde 
to improve ultrastructural preservation. Hyphae growing at the periphery of the colony 
contain mostly nuclei, mitochondria and endoplasmic reticulum (figure 2). Subperipheral 
hyphae (i.e. hyphae growing about half a centimeter behind peripheral hyphae) contain 
small vacuoles and glycogen granules and less nuclei and mitochondria compared to 
peripheral hyphae. Hyphae growing in the colony center often contain large vacuoles and 
glycogen granules. In the center of a colony, hyphae have grown in several layers. The 
central hypha shown in figure 2, is located in the top layer. Hyphae growing in the middle 
layers of the colony center are often dead, show cell lysis or consist almost entirely of 
vacuoles.
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Laser microdissection of fungal hyphae

High-level protein secretion is specific for hyphal tips20. To accurately study this and other 
processes that are specific for hyphal tips growing at the periphery of a fungal colony, we 
want to isolate these cells by microdissection and study their protein content. A colony was 
pre-cultured on an agar plate and part of this colony was tranferred to a PEN membrane-
covered microscope slide. Cells were fixed with either 1% formaldehyde or 70% ethanol, 
to prevent release of the cytoplasm out of the hyphae upon microdissection. To ensure 
that peripheral hyphae remain stretched outwards and do not fold back onto the colony or 
aggregate together, slides were positioned at a 45° angle, with the colony periphery facing 

Spatially differentiated morphology. Figure 2. Morphological differences between Aspergillus 
niger hyphae growing at different parts of the fungal colony. Hyphae growing at the 
colony periphery (upper right panel) contain many mitochondria and nuclei and 
an extensive network of endoplasmic reticulum (ER) membranes. Hyphae in the 
subperiphery (lower left panel) contain less mitochondria and ER. Glycogen granules 
and small vacuoles can be observed in these hyphae. In the colony center (lower right 
panel), hyphae contain large vacuoles and glycogen granules. In these hyphae, less 
nuclei are observed and the amount and size of mitochondria are reduced. Nu, nucleus; 
M; mitochondria; ER, endoplasmic reticulum; G, glycogen granule; CW, cell wall.
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down. By pouring additional fixative on top of the slide and gently pulling the colony 
backwards, hyphae stretch out even more, allowing for microdissection of individual 
hyphae. The preparation of fixed whole cells for microdissection is schematically 
depicted in figure 3. Fungal cells fixed with formaldehyde or ethanol showed excellent 
microdissection properties. Fixed whole cell microdissection is efficient at 55-60% laser 
energy. Microdissection of peripheral hyphal tips using the fixed whole cell method is 
shown in figure 4. Figure 4b shows how an element containing a hyphal tip is selected. 
Figure 4f shows several microdissected elements containing hyphal tips that have been 
collected in a microfuge cap after laser catapulting.

Studying the protein content of peripheral hyphal tips

To test if proteins can be readily extracted from fixed samples and to test the most 
suitable fixative, we isolated intracellular proteins from non-microdissected pieces of a 
fungal colony of equal weight, fixed with either 1% formaldehyde or 70% ethanol. Higher 
protein levels were detected in the sample isolated from the ethanol fixed cells (Figure 5). 
Therefore, only ethanol fixation was used for laser microdissection samples.

*

45° angle
*

*
A.

C.

B.

Fixed whole cell preparation.Figure 3.  Preparation of slides for fixed whole cell microdissection 
of fungal hyphal tips from the colony periphery. (A) A section from the edge of 
a sandwiched colony is cut out with a scalpel as indicated by the dotted line. After 
fixation, this section is transferred to a PEN membrane-covered microscope slide (B). 
The arrows indicate the direction to pull the colony section to stretch out hyphal tips at 
the colony periphery. (C) By placing the slide at a 45° angle, while pouring additional 
fixative on top of the colony section, the hyphal tips stretch out even more, to allow for 
microdissection of separate hyphae. The peripheral side of the colony is indicated with 
an asterisk in all three figures.
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A.

F.E.D.

C.B.

Fixed whole cell microdissection. Figure 4. Laser microdissection and laser pressure 
catapulting of Aspergillus niger hyphae. (A) Periphery of a fungal colony, as viewed 
through the microdissection microscope at 25x magnification. (B) One of several 
fungal hyphal tips (400x) selected for laser microdissection and catapultation. (C) 
Remaining hyphae after catapultation (400x). (D) Colony after catapultation of many 
hyphal tips (25x). (E, F) Three microdissected elements floating in collection buffer in 
the microfuge cap (25x and 400x respectively).

Protein extraction yield with different Figure 5. 
fixatives. Sypro Ruby stained SDS-PAA 
gel of protein samples isolated from non-
microdissected pieces of fungal colony, fixed 
with 1% formaldehyde (FA) or 70% ethanol 
(EtOH). Formaldehyde fixation results in a 
lower yield of protein extraction.
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5,000 hyphal tips from the periphery of a colony of strain NKU1 and of the derA deletion 
mutant MR1.3 (see chapter 4 of this thesis) were isolated by laser microdissection. These 
tips were disrupted in a bead beater and taken up in protein sample buffer. After removal 
of cell-debris by centrifugation, protein samples were subjected to SDS-PAGE and Western 
blotting. Glucoamylase on the blot was detected with a monoclonal α-glucoamylase 
antibody. Subsequently, the blots were stripped and the proteins detected with an α-BiP 
antibody (Figure 6). Peripheral hyphal tips of MR1.3 contain much more intracellular 
glucoamylase than those of NKU1. This is in agreement with results from chapter 4 of 
this thesis. In chapter 4, hyphae growing at the colony periphery were isolated with 
a scalpel and their protein content was analyzed. In chapter 4, it was also shown that 
peripheral hyphae of NKU1 and MR1.3 contain similar amounts of BiP. This is also 
confirmed by Western analysis of the microdissected samples of these strains (figure 
6). The equal amounts of BiP detected on the blot also indicate that similar amounts of 
protein were loaded in both lanes. Similar amounts of protein were thus extracted from 
both microdissected samples. 
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α-Gla and α-BiP Western Figure 6. 
analysis. Western analysis 
of proteins extracted from 
laser microdissected 
peripheral hyphal tips 
of NKU1 and the derA 
deletion mutant MR1.3. 
The blot was detected 
with antibodies against 
glucoamylase and BiP. 
Hyphal tips of MR1.3 
contain more intracellular 
glucoamylase while BiP 
levels are similar.
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Comparing the proteome of peripheral hyphal tips with the total colony proteome

To get more insight into the mechanisms underlying spatially differentiated protein 
secretion in A. niger, we analyzed differences in protein content between peripheral 
hyphal tips and the rest of the colony. 20,000 peripheral hyphal tips were microdissected 
from NKU1 colonies.  Protein samples isolated from these hyphal tip cells were compared 
with diluted protein samples from an entire, non-microdissected, NKU1 colony. Samples 
were loaded on 10% SDS-PAA gels that were either blotted to PVDF membranes or stained 
overnight with Sypro Ruby protein gel stain. Western blots were immunodetected with 
α-glucoamylase (α-Gla) and α-Bip antibodies. Although no quantitative comparisons 
can be made, since different amounts of total protein were loaded, it is clear that protein 
composition in the two samples on the protein gel is strikingly different (Figure 7a). 
Immunodetection showed the presence of large amounts of glucoamylase in the total 
colony sample (Figure 7b). While glucoamylase normally runs at 100 kDA in SDS-PAGE, 
in the total colony sample glucoamylase is present in different sizes. These different sizes 
probably represent alternative states of glycosylation or other types of modifications. 
Another possibility is that these two sizes represent the two different splicing forms of 
glucoamylase G1 and G2126. G1 and G2 are known to show immunological cross-reactivity127. 
The microdissected colony periphery sample shows a much lower amount of intracellular 
glucoamylase. Since hyphal tip cells are extremely efficient protein secretors, not much 
glucoamylase is retained inside the cell. In contrast, BiP levels are several times higher 
in the colony periphery when compared to the entire colony (Figure 7c). This is probably 
a result of the abundance of endoplasmic reticulum (ER) in hyphal tips, compared to 
complete hyphae. Furthermore, BiP levels in the ER lumen are higher in cells where high 
amounts of protein are secreted, due to the upregulation of BiP expression levels by the 
unfolded protein response (UPR).

Mass spectrometry analysis of the peripheral hyphal tip proteome

As shown in figure 7, using laser microdissection, differences in protein composition 
in fungal cells from distinct parts of a colony can be clearly observed by SDS-PAGE. 
However, it is difficult to identify the exact nature of the proteins differentially abundant 
in the two samples. To get a more detailed image of the proteins that are important for 
hyphal tip-specific processes, the intracellular protein compositions of the two samples 
were analyzed by mass spectrometry. 20,000 hyphal tips were microdissected from the 
periphery of an NKU1 colony. Protein extracted from these hyphae was compared with a 
total protein sample from a non-microdissected colony. Protein samples were separated 
by SDS-PAGE. After in-gel tryptic digestion, the peripheral hyphal tips sample and the total 
protein sample were analyzed by LC-MS/MS and spectra searched against the A. niger 
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Comparing the total colony proteome with the peripheral hyphal tip proteome. Figure 7. 
Analysis of protein extracts isolated from an entire colony (Total) and from laser 
microdissected hyphal tips from the colony periphery (Periphery). (A) Sypro Ruby 
stained protein gel of protein content of total colony and microdissected peripheral 
hyphal tips. Striking differences in protein content between the two populations of cells 
can be observed. (B) Western analysis using an α-glucoamylase (α-Gla) antibody shows 
that there is less intracellular glucoamylase in the microdissected peripheral hyphal 
tips than the total colony average. Furthermore, glucoamylase from the peripheral 
hyphae runs at 100 kDA, while in the rest of the colony glucoamylase also runs at 
higher and lower molecular weights. (C) Western analysis using an α-BiP antibody 
shows increased intracellular BiP levels in the microdissected peripheral hyphal tips, 
compared to total colony.

protein database. In total, 1002 unique proteins were identified by at least 2 peptides. For 
increased accuracy, only the 409 proteins that were assigned by at least 10 peptides in at 
least one of the samples were considered in further analysis.

Out of these 409 proteins, 13 proteins were uniquely identified in the peripheral hyphal tip 
sample and 32 proteins were uniquely identified in the total protein sample. Relative protein 
abundance of each identified protein was determined semi-quantitatively by spectral 
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counting235. For each individual identified protein, relative abundance was calculated by 
dividing the number of assigned spectra to this protein by the total number of assigned 
spectra. Subsequently, relative protein abundance ratios between the peripheral hyphal 
tip sample and the total sample were determined and converted to the 2Log scale. The 
distribution of relative protein abundance ratios for all 409 identified proteins is shown in 
figure 8. The threshold for differential relative abundance was set to 2. This conservative 
cutoff was chosen to ensure accuracy of the semi-quantitative data. A large number of 
proteins have a similar relative abundance in both samples (Figure 8). Nevertheless, 28 
proteins were identified with a 2Log ratio ≥ 2, indicating that these proteins have a higher 
relative abundance in the peripheral hyphal tip sample. Furthermore, 32 proteins were 
identified with a 2Log ratio ≤ -2. These proteins have a reduced relative abundance in the 
peripheral sample, compared to the total protein sample. The proteins that were uniquely 
identified in the peripheral hyphal tip sample and the proteins with a 2Log ratio ≥ 2 are 
shown in table 1. The proteins that were uniquely identified in the total protein sample 
and the proteins with a 2Log ratio ≤ -2 are shown in table 2. Supplemental data for all 1002 
identified proteins is available at http://web.science.uu.nl/cad/thesis/roelofs.
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Distribution of Figure 8. 2Log ratios. 2Log ratio distribution of 409 proteins identified by at 
least 10 peptides over the protein sample obtained from microdissected peripheral 
hyphal tips (P) and the total colony protein sample (T). The proteins from the groups 
uniquely identified in P and more abundant in P are shown in table 1. The proteins from 
the groups more abundant in T and uniquely identified in T are shown in table 2.
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Proteins enriched in the peripheral sample.Table 1.  Proteins that were identified in 
increased abundance in the protein sample from microdissected peripheral hyphal 
tips, when compared to the total colony protein sample. The amount of peptides 
identified for each protein is shown. P = the microdissected peripheral hyphal tip 
sample. T = the total protein sample. 2Log ratios indicate the relative increase in 
abundance. A 2Log ratio of ∞ is assigned to the proteins that were identified uniquely 
in the peripheral hyphal tip sample.

Accession 
number Predicted proteins

Peptides 2Log 
ratio

P T

An08g05640 strong similarity to nitrite reductase (NADH) niiA - 
Aspergillus nidulans

32 0 ∞

An13g00550 strong similarity to tyr-inhibited DAHP synthase aroF - 
Aspergillus nidulans

19 0 ∞

An11g05730 strong similarity to polypeptide SEQ ID NO:40167 from 
patent WO200171042-A2 - Drosophila melanogaster

18 0 ∞

An13g02980 strong similarity to hypothetical protein FG01228.1 - 
Fusarium graminearum

18 0 ∞

An14g01590 strong similarity to sterol transmethylase ERG6 - Candida 
albicans

18 0 ∞

An11g06670 strong similarity to alpha subunit of assimilatory sulfite 
reductase Met10 - Saccharomyces cerevisiae

15 0 ∞

An04g06210 strong similarity to homocitrate synthase lys1 - Penicillium 
chrysogenum

14 0 ∞

An09g03060 strong similarity to beta-type carbonic anhydrase beta-CA1 
- Coccomyxa sp.

14 0 ∞

An02g09260 strong similarity to nucleolar protein Nop5 - Saccharomyces 
cerevisiae

12 0 ∞

An07g06080 strong similarity to casein kinase-1 homolog hhp1p - 
Schizosaccharomyces pombe

12 0 ∞

An08g07420 strong similarity to multifunctional pyrimidine biosynthesis 
enzyme pyrABCN - Aspergillus nidulans

12 0 ∞

An01g06230 strong similarity to translation initiation factor 3 subunit 
eIF3 beta - Homo sapiens

10 0 ∞

An14g07200 strong similarity to catalase C catC - Aspergillus nidulans 10 0 ∞

An05g00540 strong similarity to cytoplasmic ribosomal protein of the 
large subunit L19 - Saccharomyces cerevisiae

25 1 4.79

An10g00530 strong similarity to myo-inositol-1-phosphate synthase 
INO1 - Arabidopsis thaliana

47 2 4.70

An02g03950 strong similarity to cytoplasmic ribosomal protein of the 
large subunit L3 - Saccharomyces cerevisiae

17 1 4.24

Continued on page 123…
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Table 1. Proteins enriched in the peripheral sample. Continued from page 122.

Accession 
number

Predicted proteins
Peptides 2Log 

ratioP T

An07g08850 strong similarity to cytoplasmic ribosomal protein of the 
small subunit Rps11b - Saccharomyces cerevisiae

14 1 3.96

An15g00990 similarity to methionine salvage pathway enzyme E-2/E-2 
masB - Klebsiella oxytoca

13 1 3.85

An02g00210 strong similarity to nonribosomal peptide synthase MxaA - 
Stigmatella aurantiaca

36 3 3.73

An02g05540 strong similarity to kynurenine/alpha-aminoadipate 
aminotransferase - Rattus norvegicus

12 1 3.73

An08g02990 strong similarity to adenylylsulfate kinase Met14 - 
Saccharomyces cerevisiae

12 1 3.73

An13g00440 strong similarity to uridine-monophosphate kinase Ura6 - 
Saccharomyces cerevisiae

12 1 3.73

An01g08850 strong similarity to Gbeta like protein cpcB - Aspergillus 
nidulans

31 3 3.52

An18g05020 strong similarity to cytoplasmic ribosomal protein of the 
large subunit Rpl27 - Saccharomyces cerevisiae

17 2 3.24

An11g01630 strong similarity to thiazole biosynthesis protein nmt2p - 
Schizosaccharomyces pombe

75 9 3.21

An09g00630 strong similarity to hypothetical cipC - Aspergillus nidulans 23 3 3.09

An17g00370 strong similarity to hypothetical single-stranded TG1-3 
binding protein tcg - Schizosaccharomyces pombe

22 3 3.02

An12g04020 strong similarity to acetyl-CoA carboxylase SPAC56E4.04c - 
Schizosaccharomyces pombe

27 4 2.90

An18g03810 strong similarity to cytoplasmic ribosomal protein of the 
large subunit L13a - Saccharomyces cerevisiae

13 2 2.85

An02g07500 strong similarity to saccharopine dehydrogenase LYS1 - 
Candida albicans

18 3 2.73

An07g09920 strong similarity to NADH-dependent glutamate synthase 
NADH-GOGAT - Medicago sativa

18 3 2.73

An01g02900 strong similarity to translation initiation factor Eif-5a.2 - 
Saccharomyces cerevisiae

12 2 2.73

An01g14130 beta-isopropylmalate dehydrogenase A leu2A - Aspergillus 
niger

12 2 2.73

An04g00110 strong similarity to 21/29 kD subunit of NADH:ubiquinone 
reductase - Neurospora crassa

12 2 2.73

Continued on page 124…
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Proteins reduced in the peripheral sample. Table 2. Proteins that were identified in 
reduced abundance in the protein sample from microdissected peripheral hyphal 
tips, when compared to the total colony protein sample. The amount of peptides 
identified for each protein is shown for each sample. P = the microdissected 
peripheral hyphal tip sample. T = the total protein sample. 2Log ratios indicate the 
relative increase in abundance. A 2Log ratio of -∞ is assigned to the proteins that 
were identified uniquely in the total protein sample.

Table 1. Proteins enriched in the peripheral sample. Continued from page 123.

Accession 
number Predicted proteins

Peptides 2Log 
ratio

P T

An04g00110 strong similarity to 21/29 kD subunit of NADH:ubiquinone 
reductase - Neurospora crassa

12   2 2.73

An04g05270 strong similarity to transcription activator Adr1 - 
Saccharomyces cerevisiae

11   2 2.61

An15g05770 strong similarity to hypothetical sulphite reductase 
SPAC4C5.05c - Schizosaccharomyces pombe

63 12 2.54

An07g01640 strong similarity to calmodulin 6 CaM6 - Arabidopsis 
thaliana

10   2 2.47

An02g03270 strong similarity to methylenetetrahydrofolate reductase 
Met13 - Saccharomyces cerevisiae

19   4 2.40

An01g03160 strong similarity to cytoplasmic ribosomal protein of the 
large subunit S8 - Rattus norvegicus

69 17 2.17

An02g07430 strong similarity to homoserine dehydrogenase YJR139c - 
Saccharomyces cerevisiae

20   5 2.15

An04g02030 strong similarity to ATP-dependent RNA helicase Ded1 - 
Saccharomyces cerevisiae

15   4 2.06

Accession 
number Predicted proteins

Peptides 2Log 
ratio

P T

An01g01830 strong similarity to catalase/peroxidase cpeB - 
Streptomyces reticuli

0 218  -∞

An01g09270 strong similarity to isocitrate lyase acuD - Aspergillus 
nidulans

0 124  -∞

An08g05790 strong similarity to glycogen phosphorylase Gph1 - 
Saccharomyces cerevisiae

0   97  -∞

An02g06820 strong similarity to pyruvate decarboxylase pdcA - 
Aspergillus oryzae

0   90  -∞

An17g00910 strong similarity to 4-aminobutyrate transaminase gatA - 
Aspergillus nidulans

0   68  -∞

An18g05480 strong similarity to alcohol oxidase AOX1 - Pichia pastoris 0   65  -∞

Continued on page 125...
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Table 2. Proteins reduced in the peripheral sample. Continued from page 124.

Accession 
number Predicted proteins

Peptides 2Log 
ratio

P T

An18g03570 beta-glucosidase bgl1 - Aspergillus niger 0 54  -∞

An01g06860 strong similarity to hypothetical protein Fum9p - 
Gibberella moniliformis

0 40  -∞

An01g08430 strong similarity to methylmalonate-semialdehyde 
dehydrogenase MMSDH - Rattus norvegicus

0 38  -∞

An06g00990 strong similarity to soluble cytoplasmic fumarate reductase 
YEL047c - Saccharomyces cerevisiae

0 36  -∞

An08g00540 strong similarity to hypothetical protein AN1378.2 - 
Aspergillus nidulans

0 34  -∞

An02g10310 strong similarity to glycogen synthase - Neurospora crassa 0 33  -∞

An01g06120 strong similarity to 4-alpha-glucanotransferase / amylo-
1,6-glucosidase Gdb1 - Saccharomyces cerevisiae

0 30  -∞

An09g04850 strong similarity to p-sulfobenzyl alcohol dehydrogenase 
TsaC - Comamonas testosteroni

0 25  -∞

An02g06030 strong similarity to urate oxidase uaz - Aspergillus flavus 0 22  -∞

An12g03760 similarity to hypothetical protein encoded by An12g03780 
- Aspergillus niger

0 22  -∞

An01g12530 strong similarity to manganese superoxide dismutase - 
Penicillium chrysogenum

0 19  -∞

An14g06500 strong similarity to glycerone kinase isoform I dak1p - 
Schizosaccharomyces pombe

0 19  -∞

An01g06890 similarity to peptide synthase pesA - Metarhizium 
anisopliae

0 14  -∞

An04g02610 strong similarity to succinate-semialdehyde dehydrogenase 
NAD(P)+ gabD - Escherichia coli

0 13  -∞

An11g02550 strong similarity to phosphoenolpyruvate carboxykinase 
KlPck1 - Kluyveromyces lactis

0 13  -∞

An08g08370 similarity to alpha-1,2-mannosidase aman2 - Bacillus sp. 0 12  -∞

An09g00450 weak similarity to L-aminoadipate-semialdehyde 
dehydrogenase Lys2 - Saccharomyces cerevisiae

0 12  -∞

An16g02170 epoxide hydrolase hyl1 - Aspergillus niger 0 12  -∞

An18g06670 strong similarity to hypothetical 2-hydroxyhepta-2,4-
diene-1,7-dioate isomerase BH2000 - Bacillus halodurans

0 12  -∞

An11g06970 similarity to hypothetical protein Ta1372 - Thermoplasma 
acidophilum

0 11  -∞

Continued on page 126...
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Table 2. Proteins reduced in the peripheral sample. Continued from page 125.

Accession 
number Predicted proteins

Peptides 2Log 
ratioP T

An01g06840 strong similarity to acid-CoA ligase Fat2 - Saccharomyces 
cerevisiae

0   10  -∞

An02g05830 strong similarity to mannitol-1-phosphate 
5-dehydrogenase mtlD - Streptococcus mutans

0   10  -∞

An04g09030 strong similarity to mitochondrial succinate-fumarate 
transporter Sfc1 - Saccharomyces cerevisiae

0   10  -∞

An07g01320 strong similarity to antifungal protein precursor paf - 
Penicillium chrysogenum

0   10  -∞

An07g07000 strong similarity to mitochondrial m-AAA protease subunit 
Yta12 - Saccharomyces cerevisiae

0   10  -∞

An14g02100 strong similarity to cell wall antigen MP1 - Penicillium 
marneffei

0   10  -∞

An17g01530 alcohol-dehydrogenase adhA from patent WO8704464-A - 
Aspergillus niger

2 252 -6.83

An15g01860 strong similarity to malate synthase acuE - Aspergillus 
nidulans

1 118 -6.73

An02g14590 strong similarity to glutamate dehydrogenase Gdh2 - 
Saccharomyces cerevisiae

1   33 -4.90

An01g05800 similarity to lactone-specific esterase estf1 - Pseudomonas 
fluorescens

1   31 -4.80

An04g05300 strong similarity to fructose-1,6-bisphosphatase fbpA - 
Aspergillus oryzae

2   62 -4.80

An14g00990 strong similarity to trifunctional protein of the beta-
oxidation fox-2 - Neurospora crassa

1   29 -4.71

An02g02930 strong similarity to ribose-5-phosphate isomerase rpiB - 
Escherichia coli

3   54 -4.02

An15g02200 strong similarity to alcohol oxidase AOD1 - Candida boidinii 1   18 -4.02

An01g13350 strong similarity to heat shock protein Hsp104 - 
Saccharomyces cerevisiae

1   17 -3.94

An04g02670 strong similarity to NADPH-dependent aldehyde reductase 
- Sporobolomyces salmonicolor

1   17 -3.94

An16g05930 strong similarity to hypothetical protein encoded by 
An08g06890 - Aspergillus niger

4   66 -3.90

An16g07150 strong similarity to soluble cytoplasmic fumarate reductase 
YEL047c - Saccharomyces cerevisiae

6   67 -3.33

An16g01880 strong similarity to lysophospholipase - Aspergillus foetidus 2   22 -3.31

Continued on page 127…
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Table 2. Proteins reduced in the peripheral sample. Continued from page 126.

Accession 
number Predicted proteins

Peptides 2Log 
ratio

P T

An01g03480 strong similarity to sorbitol dehydrogenase gutB - Bacillus 
subtilis

6 64 -3.27

An16g07110 strong similarity to acetyl-CoA hydrolase Ach1 - 
Saccharomyces cerevisiae

4 42 -3.24

An15g06180 strong similarity to hypothetical protein ranbp7p - 
Schizosaccharomyces pombe

1 10 -3.17

An17g00550 weak similarity to dTDP-glucose 4,6-dehydratase protein_id 
CAB05932.1 - Streptococcus pneumoniae

2 18 -3.02

An18g06820 strong similarity to glutamine-fructose-6-phosphate 
transaminase Gfa1 - Saccharomyces cerevisiae

2 17 -2.94

An01g01820 catalase R catR - Aspergillus niger 4 33 -2.90

An11g02620 strong similarity to alanine transaminase ALA2 - Hordeum 
vulgare

3 24 -2.85

An04g03400 strong similarity to aldehyde dehydrogenase aldA - 
Aspergillus niger

2 15 -2.76

An04g00410 strong similarity to dipeptidyl peptidase III - Rattus 
norvegicus

3 21 -2.66

An07g05460 strong similarity to hypothetical protein CAE47856.1 - 
Aspergillus fumigatus

2 14 -2.66

An08g03760 similarity to hypothetical protein Rv3472 - Mycobacterium 
tuberculosis

2 14 -2.66

An15g03190 strong similarity to hypothetical tubulin alpha-2 chain tubB - 
Aspergillus nidulans

2 14 -2.66

An07g01340 weak similarity to phosphoenolpyruvate carboxylase - 
Escherichia coli

6 35 -2.39

An16g05570 strong similarity to aspartate transaminase - Sus scrofa 6 35 -2.39

An01g10930 strong similarity to enzyme with sugar transferase activity 
from patent JP11009276-A - Acremonium sp.

8 45 -2.34

An02g07210 aspartic protease pepE - Aspergillus niger 5 26 -2.23

An06g01440 similarity to heterogeneous nuclear ribonucleoprotein 
(hnRNP) Tom34 - Saccharomyces cerevisiae

2 10 -2.17

An11g00860 strong similarity to TATA-Binding protein-interacting protein 
TIP120 - Rattus norvegicus

6 30 -2.17

An04g02070 strong similarity to clathrin heavy chain - Bos taurus 6 29 -2.17
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Secretory pathway components identified. Table 3. Several proteins that are involved 
in protein secretion, as annotated by Pel et al.17, were identified by more than 10 
peptides in at least one of the two samples. Most proteins have a 2log ratio between 
-2 and 2, indicating that they are not strongly overrepresented in either one of the 
samples. Only a protein similar to glucosidase II α subunit (An01g10930) is reduced 
in the peripheral hyphal tip sample.

Accession 
number Protein Predicted protein

2Log 
ratio

Glycan processing

An01g10930 - strong similarity to glucosidase II alpha subunit -2.34

An04g06920 -
strong similarity to glucosidase II alpha subunit

-0.89

Protein folding

An11g04180 BiP dnaK-type molecular chaperone bipA - Aspergillus niger 0.85

An01g08420 Calnexin strong similarity to calcium-binding protein precursor 
cnx1p - Schizosaccharomyces pombe

0.05

An02g14800 PdiA protein disulfide isomerase A pdiA - Aspergillus niger -0.15

An01g13220 LhsA strong similarity to 150 kDa oxygen regulated protein 
ORP150 - Rattus norvegicus

0.15

Unfolded protein response

An08g00830 PtcB strong similarity to protein phosphatase type 2C Ptc2 - 
Saccharomyces cerevisiae

-0.95

ER-associated degradation

An04g09170 - strong similarity to valosin-containing protein like AAA-
ATPase Cdc48 - Saccharomyces cerevisiae

-0.27

COPII

An01g04040 SarA strong similarity to GTPase, GTP-binding protein of the ARF 
family - Saccharomyces cerevisiae

0.24

An08g03270 - strong similarity to essential subunit of the COPII vesicle 
coat - Saccharomyces cerevisiae

-1.66

An02g01690 - strong similarity to p150 component of the COPII coat of 
secretory pathway vesicles Sec31 - Saccharomyces cerevisiae

-0.80

Exocyst

An18g05980 - GTP-binding protein of the rho subfamily of Ras-like 
proteins, involved in establishment of cell polarity; regulates 
protein kinase C (Pkc1p) and the cell wall synthesizing 
enzyme 1,3-beta-glucan synthase

-0.34
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The 409 identified proteins include several proteins involved in protein secretion, as 
annotated by Pel et al.17. Most proteins have 2Log ratios between -2 and 2, indicating that 
they are equally abundant in both samples (Table 3). A protein showing similarity to 
glucosidase II alpha subunit (An01g10930) shows a 2Log ratio < -2, indicating it is less 
abundant in the peripheral hyphal tip sample.

5.4 DISCUSSION

Colonies of filamentous fungi like A. niger display strong variations in gene expression and 
protein secretion levels30,71, as well as in subcellular organization (Figure 2), throughout 
a colony. Secretion takes place predominantly at the colony periphery. Secretion of 
glucoamylase has even been shown to occur exclusively at the periphery20. However, the 
heterogeneity of fungal colonies is generally not taken into account in fungal research. 
Processes that are potentially specific for certain hyphae are often studied in an entire 
colony, giving rise to data that has been averaged for an entire colony. In these cases small, 
local differences in nucleic acid or protein contents are easily overlooked. This chapter 
describes the isolation of fungal cells by laser microdissection. Protein can be isolated 
efficiently from microdissected hyphae. Using this approach, we have isolated and 
studied the proteome of a subpopulation of hyphae, namely the hyphal tips of the colony 
periphery. Protein content of hyphal tips of the derA deletion strain MR1.3, described in 
chapter 4 of this thesis, was compared with that of its parental strain NKU1. Western 
analysis of these samples reveals similar protein levels to those described in chapter 4. 
Furthermore, protein content of hyphal tips of NKU1 was compared to protein content of 
the total colony. Striking differences in protein content between peripheral hyphal tips 
and the total colony were observed. Some proteins are more abundant in the peripheral 
hyphal tips while others are present in higher concentrations in the total colony. 
Identification of these differentially expressed proteins by mass spectrometry yielded 
1002 different proteins. 409 of these proteins were identified by at least 10 peptides. Of 
these 409 proteins, 13 were uniquely detected in the peripheral hyphal tip sample, while 
28 proteins were enriched and 32 proteins were reduced in this sample. 32 proteins were 
uniquely detected in the total colony sample.

The proteins that were enriched or uniquely detected in the microdissected peripheral 
hyphal tip sample (Table 1) include several proteins that are expected to play important 
roles in processes that are specific for these cells: three different proteins that were 
more abundantly identified in the peripheral sample are involved in the A. niger nitrogen 
metabolism pathway (An08g05640, An09g03060 and An07g09920) and two proteins are 
involved in sulfur metabolism (An11g06670 and An08g02990). Nitrogen is an essential 
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part of nucleic acids and amino acids and sulfur is part of the amino acids cysteine and 
methionine. Since growth and secretion take place predominantly in hyphal tips at the 
colony periphery, nucleic acids and amino acids are expected to be produced at high levels 
in these cells. This is supported by the increased abundance of several proteins in the 
peripheral sample: eight proteins involved in amino acid biosynthesis (An13g00550, 
An11g06670, which also functions in sulfur metabolism, An04g06210, An15g00990, 
An02g05540, An02g07500, An01g14130 and An02g07430), six ribosome subunits 
(An05g00540, An02g03950, An07g08850 An18g05020, An18g03810 and An01g03160), a 
protein involved in mRNA splicing (An04g02030) and two proteins involved in translation 
initiation (An01g06230 and An01g02900). This suggests that the protein production 
machinery is strongly enhanced in peripheral hyphal tips. Relative abundance of the 
protein An01g08850 is also increased in the peripheral sample. The Schizosaccharomyces 

pombe homologue of this protein, called Cpc2, has been shown to be a ribosome-associated 
protein that influences translation of specific proteins, possibly proteins involved in amino 
acid biosynthesis236. Saccharomyces cerevisiae Cpc2 expression is enhanced by glucose237. 
Increased abundance of three proteins involved in nucleotide synthesis (An08g07420, 
An08g02990, which also functions in sulfur metabolism, and An13g00440), a DNA-repair 
protein (An07g06080) and a telomere binding protein (An17g00370) might reflect higher 
nuclear division rates in growing hyphal tips. Besides amino acids and nucleic acids, growth 
also requires membrane biogenesis. Accordingly, proteins involved in the biosynthesis 
of the membrane components ergosterol (An14g01590) and phosphatidyl-inositol 
(An10g00530) are enriched in the peripheral sample. However, increased abundance in 
the peripheral hyphal tips cannot be readily explained for all identified proteins. The A. 

niger protein An04g05270 shows strong similarity to transcription activator Adr1 of S. 

cerevisiae. In S. cerevisiae, Adr1 activates metabolism of non-fermentable substrates238. 
Adr1 activity is repressed by glucose and is therefore expected to be less abundant in the 
colony periphery. However, micro-array analysis of different zones of A. niger colonies 
grown on maltose has shown that the gene An04g05270 is expressed at higher levels in 
the outer zone of the colony30, in agreement with our data. Most likely, this A. niger protein 
has a different function from S. cerevisiae Adr1.    

The proteins that were identified with reduced relative abundance in the peripheral 
hyphal tips sample and the proteins uniquely detected in the total protein sample include 
many enzymes catalyzing metabolic reactions (Table 2). 23 proteins (An01g01830, 
An01g06120, An01g08430, An02g10310, An08g05790, An11g02550, An14g06500, 
An16g02170, An17g00910, An18g03570, An17g01530, An15g01860, An02g14590, 
An04g05300, An14g00990, An02g02930, An04g02670, An16g07110, An18g06820, 
An01g01820, An11g02620, An16g05570 and An01g10930) can be readily identified as 
components of carbohydrate, lipid and amino acid metabolism. However, since many of 
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these metabolic enzymes are involved in a variety of metabolic pathways, it is difficult 
to establish which metabolic routes are most active. Differential metabolic activities of 
the peripheral hyphal tips and the total colony could be explained in two ways. Firstly, 
it is possible that growing and secreting hyphal tips focus on the production of amino 
acids and nucleic acids while other metabolic processes take place in hyphae in other 
parts of the colony. Via cytoplasmic streaming, components needed for these processes 
can be exchanged by different parts of the hyphae. Secondly, hyphae in the center of 
the colony only have access to nutrient-depleted substrate. In the center of the colony, 
the carbon source maltose becomes depleted after several days of growth30. Therefore, 
proteins involved in the utilization of other carbon sources are expected to be more 
abundant in the center of the colony. In agreement, several carbon catabolite-repressed 
proteins are identified with increased abundance in the total colony protein sample. The 
protein An04g09030 shows strong similarity to the mitochondrial succinate/fumarate 
transporter Sfc1/Acr1 of S. cerevisiae. Sfc1/Arc1 is part of the gluconeogenic pathway. In S. 

cerevisiae this protein is required for growth on ethanol and acetate and its expression is 
repressed by glucose239. The protein An04g03400 shows strong similarity to A. niger AldA, 
an enzyme involved in ethanol utilization. Expression of A. nidulans AldA is upregulated 
by intracellular acetaldehyde accumulation240. Homologues of An04g05300 and 
An16g07110 are involved in utilization of pyruvate and acetate and both are repressed by 
glucose241-243. The two A. niger proteins An15g02200 and An18g05480 show similarity to 
Candida boidinii Aod1 and Pichia pastoris Aox1 respectively. Aod1 and Aox1 are involved 
in the first step in the methanol utilization pathway of these yeasts. In C. boidinii, Aod1 
is repressed by glucose and ethanol244. In the presence of methanol, P. pastoris Aox1 
is activated by the transcriptional regulator Mxr1. Mrx1 has been proposed to be an 
evolved homologue of the S. cerevisiae Adr1245. In contradiction with this proposition, an 
A. niger protein (An04g05270) showing similarity to Adr1 was found to be enriched in 
the peripheral sample, as described in the previous section. Besides proteins involved 
in primary metabolism, two proteins involved in mycotoxin production are upregulated 
(An01g06860 and An01g06890). The A. niger protein An07g01320 showing similarity to 
the antifungal protein precursor Paf from Penicillium chrysogenum is also increased in 
the total colony sample. In P. chrysogenum, the expression of this abundantly secreted 
small protein is repressed by carbon and nitrogen246. The protein (An01g12530) is similar 
to manganese superoxide dismutase from P. chrysogenum, involved in oxidative stress 
response247. The A. niger catalase CatR (An01g01820) also functions to protect cells from 
oxidative stress. An01g12530 and An01g01820 are both more abundant in the total 
colony sample, suggesting that the center of the colony is subject to more oxidative stress 
than the colony periphery. Several other proteins that are more abundant in the total 
colony sample might also indicate higher stress levels in the colony center. A. niger FlaA 
(An18g06820) is involved in biosynthesis of chitin, an important component of the cell 
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wall and is upregulated by cell wall perturbation248. Nevertheless the reduced abundance 
of FlaA in the peripheral sample is surprising since high levels of chitin are also needed at 
the colony periphery where growth is predominantly located. The protein An01g13350 is 
similar to the S. cerevisiae heat shock protein HSP140. This cytosolic chaperone is involved 
in disaggregation of proteins in the cytosol and infers tolerance to heat, ethanol and other 
types of stress249. 

β-glucosidase (Bgl1, An18g03570; Table 2) is identified uniquely in the total protein 
sample. Like glucoamylase, this secretory protein probably accumulates in hyphae in 
the inner zones of a fungal colony, but not in the periphery. Surprisingly, glucoamylase 
shows a 2Log ratio of 1.38, indicating higher abundance in the peripheral hyphal tip 
sample. This is in contradiction with results from the α-glucoamylase Western analysis 
in figure 7b. In this experiment, glucoamylase was enriched in the total colony sample. 
Figure 7b shows glucoamylase bands running at different heights. Possibly, part of the 
intracellular glucoamylase has undergone modifications that impair its detection by MS/
MS. Another possibility is that different splicing forms of glucoamylase are present that 
show immunological cross-reactivity but are not both recognized as glucoamylase by 
mass spectrometry126,127.  

Out of the 12 identified proteins that are putatively involved in protein secretion, only 
a protein similar to glucosidase II α subunit (An01g10930) is reduced in the peripheral 
hyphal tip sample (Table 3). Six different genes have been annotated as similar to glucosidase 

II α subunit by Pel et al.17. Therefore, it is not unlikely that this protein is involved in other 
processes than secretion. The other 11 proteins, including BiP, show 2Log ratios between 
-2 and 2, indicating similar relative abundance in both samples. However, Western 
analysis showed that BiP levels are higher in the peripheral hyphal tips (Figure 7c). BiP 
shows a 2Log ratio of 0.85. Although the positive 2Log ratio does indicate higher relative 
abundance in the peripheral sample, it does not reach the threshold of 2. This suggests that 
this threshold is relatively high and proteins that are only moderately enriched may be 
overlooked. On the other hand, since a label-free semi-quantitative analysis was used a high 
threshold is preferred to prevent false-positives. To get a more detailed image of proteins 
that are present in moderately different abundance, protein labeling and quantification 
is needed. The semi-quantitative approach used in this study is not accurate enough to 
draw conclusions about small differences in abundance. Many other proteins involved in 
protein secretion, like the folding sensor GT and the oligosaccharyl transferase complex 
subunit OstA (See chapters 2 and 3), were identified in the original set of 1002 proteins, 
but these proteins were assigned by less than 10 peptides and were not considered in 
further analysis. This indicates that secretion-related proteins are not very abundant, 
even in peripheral hyphal tip cells. The volume of secretory compartments is only a small 



|  133Studying the hyphal proteome in heterogeneous colonies

CH
A

PT
ER

 5

percentage of the volume of an entire cell. Therefore, although protein concentration in 
the ER is exceptionally high169, abundance of individual secretion-related proteins can be 
expected to be relatively low. Two proteins that are known to be constitutively expressed, 
glyceraldehyde-3-phosphate dehydrogenase (GpdA) and the serine protease PepC, show 
2Log ratios of 0.00 and -0.17 respectively. These 2Log ratios indicate identical and near-
identical relative abundance of these proteins in both samples, which suggests that our 
analysis is accurate. 

Gene expression of different zones of an A. niger colony has been analyzed by Levin 
et al.30,250. In their study, several genes showed increased expression levels in the 
colony periphery. Proteins encoded by two of these genes were also identified in the 
microdissected peripheral hyphal tip sample described in this chapter. Expression of the 
niiA gene shows a more than 10-fold increase in the outer zone of the colony250. In our 
study, the NiiA protein was identified in the peripheral hyphal tip sample by 32 peptides, 
while it could not be detected in the total protein sample. Expression of the glaA gene is 
increased about 1.5-fold in the colony periphery. In our study, the GlaA protein shows 
a 2Log ratio of 1.36. Since glucoamylase is secreted at the periphery and accumulated 
intracellularly in the more central zones (Figure 7b), intracellular protein levels are 
expected to differ from gene expression levels. Furthermore, as mentioned earlier, part 
of the intracellular glucoamylase might not be detected accurately. In some cases, gene 
expression data from Levin et al. did not match our relative protein abundance data. For 
example, the two genes An17g01530 and An15g01860 have higher expression levels in 
zone 5 compared to the colony average30, In our study, however, the two corresponding 
proteins have the two lowest 2Log ratios, indicating that they are less abundant in the 
peripheral hyphal tip sample. Most likely, protein expression in a peripheral hyphal tip 
is different from the rest of a hyphae growing in the same zone. Furthermore, additional 
post-transcriptional regulation as well as accumulation or degradation of proteins might 
determine the intracellular abundance of these proteins in peripheral hyphal tips.  

In this chapter, all hyphal tips from the colony periphery were selected for microdissection. 
Although the hyphae in this zone are known to be responsible for the majority of protein 
secretion in the fungal colony, not all hyphae at the periphery contribute to this local high-
level secretion. Only 50% of hyphal tips in the colony periphery secrete glucoamylase at 
high levels29. Therefore, the results from this study are possibly still an average of two (or 
more) subpopulations of hyphae. Mutants expressing GFP-fusions of one or more secretory 
proteins would make for an excellent tool to study only the actual secreting hyphae. Since 
the PALM MicroBeam system features fluorescence illumination and filters to detect GFP, 
such mutants would facilitate the microdissection of hyphae actively expressing secretory 
proteins. Analysis of proteins isolated from these hyphae is expected to give an even 
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more detailed image of processes that are not only specific for hyphal tips in the colony 
periphery, but for actual protein secretion. We have not tested whether the method used 
for microdissection of hyphae in this chapter is compatible with fluorescence detection. 
Another approach for studying fluorescent hyphae could be the use of cryosection 
microdissection. Cryosections are known to show excellent fluorescence as well as 
excellent microdissection properties. Furthermore, protein and other biomolecules can be 
readily extracted from these sections208,224. We did not use cryosection microdissection in 
this study, since this method does not allow for easy microscopic identification of hyphal 
tips from the colony periphery. By using cryosection of hyphae expressing GFP-secretory 
protein fusions, however, secreting hyphae can simply be identified by fluorescence. 
By comparing the protein content of secreting hyphal tips with the total colony protein 
content by mass spectrometry, possibly more information about the differential relative 
abundance of proteins involved in protein secretion can be obtained. Small differences 
in such a sample could be detected more accurately when protein labeling is used for 
quantification.

Peripheral hyphal tips are different from other cells in two ways. Firstly, hyphal tip cells 
are the cells where growth and secretion predominantly take place. Secondly, these 
hyphae grow in the colony periphery under different nutrient availability conditions. Both 
factors are likely to influence gene expression levels and protein abundance in peripheral 
hyphal tips. To get a more detailed image of what causes differences in protein content, 
either similar cells from different zones or different cells from similar zones should be 
analyzed. By comparing hyphal tips from the periphery with hyphal tips from the rest of 
the colony, only differences caused by the location of tips within the colony are studied. 
By comparing peripheral hyphal tips from the colony periphery with other parts of the 
hyphae growing in the periphery, differences that reflect hyphal tip-specific processes 
are studied.

In this chapter, laser microdissection of A. niger hyphae is described for the first time. More 
importantly, this is the first study to analyze proteins isolated from a laser microdissected 
subpopulation of hyphae of a filamentous fungus by SDS-PAGE, Western blot detection and 
mass spectrometry analysis. Laser microdissection coupled to mass spectrometry is a 
promising tool for analysis of spatial as well as hyphal differentiation in fungal colonies.
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The protein folding environment of the Aspergillus niger endoplasmic reticulum

The filamentous fungus Aspergillus niger is an extremely efficient protein secretor. 
For this reason, A. niger is a popular host for the industrial production of enzymes. A. 

niger naturally produces several industrially relevant enzymes, like catalase, cellulase, 
glucoamylase and phytase. In addition, molecular techniques allow for the expression of 
heterologous proteins in A. niger. However, secretion of heterologous proteins is generally 
not as efficient as secretion of homologous proteins, which can reach levels of up to 30 grams 
per liter19. The mechanism underlying the exceptionally high protein secretion capacity of 
A. niger remains a mystery. Nevertheless, many researchers have succeeded in modifying 
A. niger strains to increase its protein yield, using a wide variety of different approaches. 
Manipulation of the protein folding environment of the endoplasmic reticulum (ER) is a 
popular strategy for improvement of protein secretion. Extensive research on protein 
secretion, especially research performed on yeast and mammalian cells, has yielded 
detailed knowledge about the processes occurring in the ER. Since many components 
of the secretory pathway described in yeast and mammalian cells show homology to A. 

niger proteins, it is generally assumed that similar processes occur in A. niger. This thesis 
describes several processes that are an essential part of the folding machinery in the ER, 
namely glycosylation, glycan-dependent ER quality control (ERQC) and ER-associated 
degradation (ERAD) (Figure 1).

Modulating components of the endoplasmic reticulum folding environment to 

increase protein secretion

The aim of this thesis was to investigate the effect of modulation of several components of 
the A. niger secretory pathway on protein secretion efficiency. Three different approaches 
were followed. In chapter 2 the overexpression of the ostA gene, encoding a subunit of the 
oligosaccharyl transferase (OT) complex, is described. This would increase glycosylation 
efficiency and thereby increase glycoprotein interaction with lectins, like calnexin, that 
assist their correct folding. In chapter 3 the overexpression of the gptA gene is described. 
This gene encodes the folding sensor UDP-glucose:glycoprotein glucosyltransferase 
(GT) that is able to rescue unfolded proteins from ERAD and allow them to re-enter the 
calnexin folding cycle for additional folding attempts. In chapter 4, deletion of the derA 
gene is studied. DerA encodes a putative component of a retrotranslocon, responsible for 
export of ERAD substrates out of the ER into the cytosol. Interestingly, all three mutants 
showed altered protein secretion efficiency in specific parts of the fungal colony. Protein 
secretion efficiency of the three mutants and their parental strain, as studied on the ring-
plate system, is summarized in figure 2. The ostA overexpression mutant MR4.2 shows 
increased protein secretion efficiency in the four inner rings, while secretion in the outer 
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Protein folding in the Figure 1. Aspergillus niger endoplasmic reticulum (p141). 
Glycosylation, glycan-dependent endoplasmic reticulum quality control (ERQC) and 
endoplasmic reticulum-associated degradation (ERAD) in Aspergillus niger. When 
a nascent glycoprotein enters the endoplasmic reticulum (ER) lumen via the Sec61 
translocon, it is glycosylated by the oligosaccharyl transferase (OT) complex. A glucose 
residue is cleaved from the newly transferred Glc3Man9GlcNac2 glycan by glucosidase 
I (GI). A second glucose residue is removed by glucosidase II (GII), giving rise to a 
monoglucosylated glycan that can be bound by calnexin (Cnx). Calnexin provides 
a protected folding environment and most likely interacts with a protein disulfide 
isomerase (PDI) that catalyzes the formation of disulfide bridges in the folding protein. 
Non-glycoproteins do not interact with Cnx, but are assisted in folding by the chaperone 
BiP. Next, GII removes the final glucose residue from the glycan on the glycoprotein, 
abolishing interaction with Cnx. The folding sensor GDP-glucose:glycoprotein 
glucosyltransferase (GT) detects the folded state of the protein and reglucosylates 
proteins that have not yet reached their native conformation. Reglucosylation allows 
the glycan to be bound by Cnx again for another folding attempt. Correctly folded 
proteins are not reglucosylated and are allowed to exit the ER via vesicular transport 
to the Golgi apparatus for further processing and eventual secretion. Proteins that fail 
to fold into their native conformation for an extended period are demannosylated by 
the slow-acting ER mannosidase I (MnsI). Demannosylated glycoproteins interact with 
the lectin homologous to mannosidase I (HtmI) that targets them for ER-associated 
degradation (ERAD). Terminally misfolded ERAD-substrates are retrotranslocated via 
a channel requiring DerA or Sec61 (only DerA is shown here) and ubiquinated by the E3 
ubiquitin ligase Hrd1. The ATPase activity of the CDC48 complex is thought to provide 
the energy for retrotranslocation. CDC48 might also be responsible for delivery of the 
ERAD substrate to the 26S proteasome.

ring is similar to its parental strain. The gptA overexpression mutant shows an increase 
in secretion efficiency specifically in ring 5. In contrast, deleting the derA gene results in 
decreased protein secretion in ring 5. Several genes encoding components of the secretory 
pathway are differentially expressed in different zones of a colony30. This may result in 
different bottlenecks in different zones of a colony. The strongly varying local effects 
described in chapters 2, 3 and 4 of this thesis emphasize the need for a better understanding 
of heterogeneity in fungal colonies. An excellent tool for studying this heterogeneity is 
laser microdissection. A novel approach for the use of laser microdissection to analyze the 
proteome of a specific subpopulation of fungal hyphae is described in chapter 5.

Overexpressing the OstA subunit of the oligosaccharyl transferase (OT) complex is 
expected to improve glycosylation of secretory proteins. Glycosylation has previously 
been shown to be important for efficient protein secretion35,51. Indeed, overall protein 
secretion was increased by 31% in the ostA overexpression mutant MR4.2. Although this 
increase is most likely caused by improved protein glycosylation, no hyperglycosylation 
of the secretory enzyme glucoamylase could be detected. The increase in secretion was 
only observed in the inner four zones of the colony and not in the colony periphery. These 
four zones represent a large part of the biomass of the colony but, in a wild-type situation, 
hyphae in these zones hardly contribute to protein secretion. High-level protein secretion 
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takes place exclusively in hyphae growing at the colony periphery, which represent only 
a small percentage of the total colony biomass. If high-level secretion could somehow 
be activated in all zones of the colony, an enormous increase in protein yield could be 
obtained251. The results in this thesis suggest that lack of efficient protein glycosylation 
might be one of the reasons underlying low protein secretion in the inner zones of a fungal 
colony. However, improved glycosylation was not shown in the ostA overexpression 
mutant. Besides OstA, other subunits of the OT complex, like OstC and SttC, have also 
been shown to be upregulated in protein overproducing A. niger strains (Dr. C. M. J. Sagt 
and Dr. H. Stam, personal communication). Possibly, upregulation of several OT subunits 
is necessary for improving protein glycosylation efficiency.
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Protein secretion on ring-plates. Figure 2. Overview of secretion capacity index (SCI) 
in different zones of colonies of the ostA overexpression mutant MR4.2, the gptA 
overexpression mutant MR3.3, the derA deletion strain MR1.3 and their parental strain 
NKU1. Protein secretion capacity is increased in ring 1, 2, 3 and 4 of MR4.2 and in ring 
5 of MR3.3. Secretion capacity is decreased in ring 5 of MR1.3.
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Overexpression of the gptA gene, coding for the folding sensor GT is expected to increase 
reglucosylation of misfolded proteins, rescuing them from ERAD and giving them an 
additional opportunity to fold into their native conformation. Improved folding and 
reduced ERAD of secretory proteins could considerably increase secretion yield. As 
described in chapter 3, overexpression of GT results in an increase in protein secretion 
capacity of approximately 21%. Most of this increase is a result of improvement of secretion 
in hyphae growing at the colony periphery (zone 5). Hyphae in this zone already show an 
extremely high secretion capacity in wild-type cells. The further improvement of secretion 
in this zone by overexpression of GT suggests that protein folding and degradation are 
limiting factors for secretion in wild-type peripheral hyphae. Surprisingly, secretion of 
glucoamylase was affected by overexpression of GT. In addition, increased intracellular 
accumulation of glucoamylase was observed in hyphae in the outer zone of the gptA 
overexpression mutant when compared to its parental strain NKU1. This suggests that 
GT directly or indirectly affects the folding of glucoamylase. This is unexpected, as GT 
only reglucosylates proteins in a non-native conformation and glucoamylase is generally 
assumed to be folded and secreted efficiently. Since gptA overexpression results in an 
increase of secretion in hyphae that already show high secretion capacity, it is an excellent 
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target for further strain improvement. Combination of gptA overexpression to increase 
ER-retention of misfolded proteins, with overexpression of chaperones and foldases to 
improve folding of the retained proteins, could possibly result in an even higher increase 
in secretion efficiency. OstA and gptA overexpression have a positive effect on protein 
secretion in distinct parts of the colony, namely the center and the periphery respectively. 
Therefore, an interesting approach to increase secretion in the entire colony would be the 
overexpression of both ostA and gptA.

Deletion of the derA gene, encoding a putative component of a retrotranslocation channel, 
is expected to prevent the retrotranslocation of a subset of ERAD substrates. Which ERAD 
substrates are retrotranslocated in a DerA-dependent manner is not exactly known. A 
retrotranslocon containing Sec61 is responsible for retrotranslocation of soluble as 
well as membrane proteins. In contrast, DerA has only been shown to be involved in 
retrotranslocation of soluble ERAD substrates. As described in chapter 4, deletion of the 
derA gene results in a 19% decrease in protein secretion efficiency. Protein secretion in 
the derA deletion mutant is specifically impaired at the colony periphery, while secretion 
levels in the inner rings are similar to the wild-type. Reduction in secretion correlates 
with patches of dilated ER, indicative of the accumulation of proteins in the ER lumen. 
Taken together, while partial disruption of ERAD is not problematic for hyphae in the 
inner zones of the colony, ERAD is essential in hyphae that secrete proteins at high levels, 
like the peripheral hyphae. High levels of protein folding in the ER require an efficient 
degradation pathway that clears the naturally occurring, but potentially dangerous, 
misfolded proteins from the ER lumen. If such misfolded proteins are not removed 
effectively, they can accumulate in the ER and disrupt the folding of other proteins, 
resulting in a severely decreased secretion capacity. Although derA deletion in an NKU1 
background has a negative effect on protein secretion under the conditions described, 
disruption of ERAD could have a positive effect on secretion in strains with optimized 
protein folding conditions. If the proteins that are normally degraded by ERAD can be 
folded correctly instead of aggregating in the ER, this could result in improved secretion 
levels. A combination of the derA deletion with overexpression of ostA, gptA or other 
important components of the folding machinery in the ER, could possibly prevent 
accumulation of ER-retained ERAD substrates and allow these substrates to refold and to 
be secreted efficiently. On the other hand, upregulation of the ERAD pathway could also 
prove to be an interesting strategy, as this might prevent protein accumulation in the ER 
lumen and result in more efficient secretion.
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Intracellular accumulation of proteins and activation of the unfolded protein 

response

Intracellular glucoamylase levels were studied in the three mutants, the ostA overexpression 
mutant MR4.2, the gptA overexpression mutant MR3.3 and the derA deletion mutant 
MR1.3. Glucoamylase was found to accumulate intracellularly in the colony periphery 
of MR3.3 and MR1.3. This indicates that glucoamylase is affected by GT activity as well 
as the ERAD pathway. So far, because of the high secretion efficiency of glucoamylase, it 
was generally assumed that this exo-enzyme is not misfolded or targeted for ERAD. The 
research described in this thesis suggests that glucoamylase folding is less efficient than 
expected based on its high secretion yield.

Intracellular BiP levels were also studied in the three mutants. Elevated BiP levels 
are indicative of activation of the unfolded protein response, a signaling pathway that 
upregulates a wide variety of components of the secretory pathway upon accumulation of 
unfolded proteins in the ER63. Only in the ostA overexpression mutant, elevated BiP levels 
could be detected. This was also the only mutant not showing intracellular accumulation 
of glucoamylase. Possibly intracellular accumulation of glucoamylase does not result in 
activation of the UPR. Another explanation is that the detected intracellular accumulation 
of glucoamylase in MR3.3 and MR1.3 does not indicate accumulation in the ER, but in 
another organelle, for example the Golgi or vacuoles. Which other proteins accumulate 
in the ER of MR4.3 to activate UPR signaling is not known. A suggested mechanism for 
activation of the UPR pathway is the depletion of free BiP164. When unfolded or misfolded 
proteins are present in the ER, BiP associates with hydrophobic stretches on these proteins. 
When these non-native proteins accumulate in the ER, free BiP levels become depleted. The 
depletion of free BiP might be a signal for the UPR stress sensor Ire1. If BiP serves as a signal 
for unfolded protein accumulation in the ER, then proteins not binding BiP possibly do not 
activate UPR as efficiently as proteins that do bind this chaperone. Two divergent folding 
pathways are thought to exist for glycoproteins and non-glycoproteins. Glycoproteins 
interact with the lectin chaperone calnexin while the folding of non-glycoproteins is thought 
to be assisted by BiP. If this is the case, accumulation of the glycoprotein glucoamylase 
will not readily activate UPR signaling. However, more recent findings suggest that UPR 
activation is more complex than described before252. Furthermore, the choice between BiP 
binding and calnexin binding is not very well-defined. Some proteins have also been found 
to interact with both chaperones253. In addition, calnexin disruption in yeast as well as in 
mammalian cells does result in activation of the UPR and upregulation of BiP254,255.
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Laser microdissection of peripheral hyphal tips to study spatially differentiated 

processes in Aspergillus niger colonies

Chapter 5 of this thesis describes the use of a relatively new tool in fungal research, 
namely laser microdissection. Using a PALM MicroBeam system, tips from hyphae 
growing at the colony periphery were isolated. Furthermore, we were able to isolate 
proteins from these microdissected hyphal tips and to analyze hyphal protein content 
by SDS-PAGE, Western analysis and mass spectrometry. These approaches revealed 
striking differences in protein content of the peripheral hyphal tips compared to the total 
colony. Using MS/MS, 1002 unique proteins were identified by at least 2 peptides. Using 
a semi-quantitative approach, proteins enriched and reduced in the protein sample from 
peripheral hyphal tips were identified. Several proteins involved in nitrogen metabolism, 
translation, biosynthesis of amino acids and membrane components and DNA synthesis 
and repair were found to be more abundant in the peripheral hyphal tip sample. Proteins 
with reduced relative abundance in this sample included proteins involved in different 
metabolic pathways. Several proteins involved in protein secretion were identified. 
However, no secretion-related proteins were found to be upregulated in the peripheral 
hyphal tip sample. By using a quantitative approach with labeled protein samples, 
moderate changes in relative abundance, and changes in abundance of proteins that are 
only present in low concentrations, can be determined more accurately. 

Laser microdissection is an extremely powerful tool for studying spatially differentiated 
processes in fungal colonies. The research described in chapter 5 of this thesis proves 
that studying laser microdissected samples can produce a wealth of information about 
properties of specific subpopulations of fungal hyphae. Furthermore, we show that laser 
microdissection coupled to mass spectrometry is an excellent approach for studying 
differential protein content of subpopulations of fungal hyphae.
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Het gebruik van enzymen voor industriële toepassingen

Enzymen zijn eiwitten die als katalysator werken voor specifieke chemische reacties. 
Enzymen worden al duizenden jaren door de mens gebruikt voor verschillende 
toepassingen, bijvoorbeeld voor het bereiden van brood, kaas en bier. Tegenwoordig is de 
werking van veel enzymen bekend en worden er steeds meer grootschalige industriële 
toepassingen voor gevonden. Het produceren van deze enzymen is echter niet altijd even 
makkelijk. De meeste cellen van levende organismen produceren van nature allerlei 
enzymen die er voor zorgen dat de chemische processen die essentieel zijn voor het leven 
goed verlopen. De extractie van de benodigde enzymen uit deze cellen is echter vaak duur 
en arbeidsintensief. Sommige cellen produceren enzymen die betrokken zijn bij reacties die 
buiten de cel plaatsvinden. Deze enzymen worden door de cel gesecreteerd (uitgescheiden). 
Gesecreteerde enzymen zijn bijzonder interessant voor industriële toepassingen omdat 
ze veel makkelijker gezuiverd kunnen worden. De filamenteuze schimmel Aspergillus 

niger secreteert van nature bijzonder grote hoeveelheden enzymen en wordt daarom veel 
gebruikt voor de productie van enzymen voor industriële toepassingen. Naast de diverse 
interessante enzymen die A. niger cellen van nature produceren is het tegenwoordig ook 
mogelijk om met behulp van moleculaire technieken A. niger cellen enzymen te laten 
produceren die normaliter niet door deze schimmel zelf gemaakt worden. Er wordt 
veel onderzoek gedaan aan het eiwitsecretie mechanisme van A. niger. Niet alleen om te 
ontrafelen hoe deze schimmel in staat is zulke grote hoeveelheden te secreteren, maar 
vooral ook om te proberen de secretie nog verder te verhogen om zo de productie van 
industrieel relevante enzymen te vergroten.

Eiwitsecretie in kolonies van Aspergillus niger

Filamenteuze schimmels, zoals A. niger, vormen een netwerk van vertakkende hyfen 
(schimmeldraden), ook wel een mycelium of een kolonie genoemd. Deze hyfen groeien 
alleen aan hun top. In de natuur groeit A. niger op zowel dode als levende substraten. 
Wanneer de nutriënten in een substraat na verloop van tijd uitgeput raken, hebben de 
groeiende hyfe-toppen reeds een nieuw deel van het substraat bereikt waar nog wel 
voldoende nutriënten aanwezig zijn. Doordat het mycelium een aaneengesloten systeem 
vormt, kunnen deze nutriënten vervolgens ook naar de rest van de hyfen getransporteerd 
worden. Aangezien veel enzymen die uitgescheiden worden door A. niger vooral belangrijk 
zijn voor het afbreken van nutriënten, zodat deze door de schimmelcel opgenomen kunnen 
worden, is het secreteren van deze enzymen vooral belangrijk bij de hyfe toppen die steeds 
naar nieuw, vers substraat toegroeien. Het is inderdaad aangetoond dat in een kolonie van 
A. niger de secretie van enzymen voornamelijk plaats heeft in de groeiende hyfe-toppen 
aan de buitenkant van de schimmelkolonie, ook wel de periferie genoemd.
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Correcte vouwing en modificatie van eiwitten

Als een secretie-eiwit geproduceerd wordt in een cel, is het niet meer dan een 
aaneengeschakelde ketting van losse aminozuren. Voordat een eiwit functioneel is en 
gesecreteerd kan worden, vinden er nog een groot aantal veranderingen plaats. Een 
belangrijk celorganel voor het verwerken van eiwitten is het endoplasmatisch reticulum 
(ER). In het ER worden secretie-eiwitten gevouwen tot de juiste driedimensionale 
structuur en worden modificaties uitgevoerd. Aan een groot deel van de secretie-eiwitten 
worden suikergroepen toegevoegd. Deze suikergroepen zijn essentieel voor correcte 
eiwitvouwing en kunnen bovendien zorgen voor verbeterde stabiliteit en oplosbaarheid 
van het eiwit. Het oligosaccharyl transferase (OT) complex is verantwoordelijk voor het 
koppelen van suikergroepen aan eiwitten in het ER. Het OT complex van A. niger bestaat uit 
7 verschillende onderdelen. Een van deze onderdelen, genaamd OstA, is vermoedelijk erg 
belangrijk voor de functie van het complex. De gist homoloog van OstA is essentieel voor de 
werking van het complex en bindt aan alle andere onderdelen van het complex alsook aan 
substraat eiwitten. Na de versuikering van het secretie-eiwit gaan lectines (suikerbindende 
eiwitten) interacties aan met de suikergroepen. De interactie met lectines is essentieel 
voor de correcte vouwing van het eiwit. Omdat verschillende lectines aan verschillende 
vormen van de suikergroepen kunnen binden en omdat de lectines de suikergroepen 
kunnen aanpassen, wordt een versuikerd eiwit achtereenvolgens door verschillende 
lectines gebonden. Na een poging tot vouwing van het eiwit door een lectine genaamd 
calnexine wordt het eiwit gebonden door UDP-glucose:glycoproteine glucosyltransferase 
(GT), een vouwings-sensor die in staat is te bepalen of een secretie eiwit al correct 
gevouwen is. Wanneer het eiwit correct gevouwen is, wordt het doorgestuurd naar het 
Golgi apparaat voor verdere verwerking en uiteindelijk secretie. Wanneer het eiwit echter 
nog niet correct gevouwen is, wordt de structuur van suikergroep opnieuw aangepast 
zodat het eiwit weer gebonden kan worden door calnexine, welke zal proberen het eiwit 
alsnog correct te laten vouwen. Dit controle systeem dat ervoor zorgt dat niet correct 
gevouwen eiwitten niet gesecreteerd kunnen worden, wordt het ER kwaliteitscontrole 
systeem genoemd. Wanneer een eiwit na enkele pogingen nog steeds niet correct 
gevouwen is, wordt het ontvankelijk voor verder verwerking door andere lectines die het 
eiwit naar de ER-geassocieerde degradatie route zullen sturen. Via deze route worden 
onvouwbare eiwitten het ER uit getransporteerd en naar het cytosol gebracht. Daar 
worden ze afgebroken door de werking van het proteasoom. Een erg belangrijke stap 
in ER-geassocieerde degradatie is het transporteren van het onvouwbare eiwit uit het 
ER, ook wel retrotranslocatie genoemd. Het ER membraan eiwit DerA is betrokken bij 
retrotranslocatie van sommige onvouwbare eiwitten in A. niger.
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Verhogen van de eiwitsecretie-capaciteit van Aspergillus niger

Onderzoek voorafgaand aan het promotieonderzoek beschreven in dit proefschrift, heeft 
een aantal onderdelen van het eiwitsecretiemechanisme aangetoond die waarschijnlijk 
een beperkende rol spelen in de secretie-capaciteit van A. niger. Onder andere OstA, GT 
en DerA zijn in verhoogde concentratie aanwezig in cellen die meer eiwit produceren 
of in cellen die eiwitvouwingsproblemen ondervinden. Door A. niger mutanten te 
maken met een aangepaste activiteit van de drie bovengenoemde componenten van het 
secretiemechanisme, OstA, GT en DerA, verwachtten wij een toename in de secretie-
capaciteit van A. niger te bewerkstelligen. De hoofdstukken 2, 3 en 4 van dit proefschrift 
beschrijven de constructie en analyse van deze mutanten. Om de eiwitsecretie in 
deze drie mutanten te bestuderen is gebruik gemaakt van het zogenaamde ring-plaat 
systeem. Dit systeem maakt het mogelijk om eiwitsecretie in verschillende delen van 
een schimmelkolonie te onderzoeken. Zoals reeds vermeld, vindt de meeste secretie 
van eiwitten vooral plaats aan de periferie van een schimmelkolonie. Het is daarom 
niet onwaarschijnlijk dat een verandering in het eiwitsecretiemechanisme van A. niger, 
verschillende invloeden heeft op verschillende delen van de kolonie.

Hoofdstuk 2 van dit proefschrift beschrijft het maken van een A. niger mutant met een 
verhoogde activiteit van het gen dat codeert voor OstA. Wij verwachten dat dit zal leiden 
tot verhoogde activiteit van het OT complex in het ER en een verhoogde efficiëntie van 
de versuikering van eiwitten. De verkregen OstA overexpressie mutant, genaamd MR4.2, 
vertoont een toename in secretie van 31% in vergelijking tot de ouderstam NKU1. Deze 
toename in secretie wordt vooral veroorzaakt door de hyfen die in het centrum van de 
schimmelkolonie groeien, terwijl de eiwitsecretie van hyfen aan de periferie onveranderd 
blijft. Verdere analyse van MR4.2 toonde aan dat er in de cellen van deze mutant hogere 
concentraties van de moleculaire chaperonne BiP aanwezig zijn. BiP is een helpereiwit 
dat assisteert bij het correct vouwen van eiwitten in het ER. De concentratie van BiP kan 
verhoogd worden als gevolg van activering van het zogenaamde unfolded protein response 
(UPR) mechanisme, dat op haar beurt weer geactiveerd wordt door de ophoping van 
ongevouwen eiwitten in het ER. Echter, in cellen van MR4.2 werd geen ophoping van het 
secretie-eiwit glucoamylase gevonden. Ook gaf de morfologie van het ER, bestudeerd met 
elektronen microscopie, geen aanwijzingen voor ophoping van ongevouwen eiwitten of 
ander soort afwijkingen.

Hoofdstuk 3 beschrijft het maken van een A. niger mutant met verhoogde activiteit van 
het gen dat codeert voor de vouwingssensor GT. Wij verwachten dat deze mutatie zal 
resulteren in een verandering van het ER kwaliteitscontrole systeem, waardoor eiwitten 
meer mogelijkheid krijgen om correct gevouwen te worden. Deze GT overexpressie 
mutant, genaamd MR3.3, vertoont een toename in secretie van 21% in vergelijking tot 
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de ouderstam NKU1. Het grootste deel van deze toename wordt veroorzaakt door de 
hyfen in de periferie van de schimmelkolonie. De cellen van MR3.3 bevatten verhoogde 
concentraties  glucoamylase, maar er werden geen aanwijzingen gevonden voor activering 
van de UPR. Ook de morfologie van het ER in MR3.3 vertoont geen afwijkingen ten opzichte 
van de ouderstam NKU1.

Hoofdstuk 4 beschrijft het maken van een A. niger mutant waarin het gen dat codeert 
voor DerA is uitgeschakeld. Door het uitschakelen van DerA wordt het verwijderen van 
een deel van de onvouwbare eiwitten uit het ER onmogelijk gemaakt. Wanneer deze 
onvouwbare eiwitten doordat ze langer in het ER vastgehouden worden alsnog een kans 
krijgen om correct te vouwen, zou dit kunnen leiden tot verhoogde eiwitsecretie. Echter, 
deze DerA deletie mutant, genaamd MR1.3, vertoont een afname in eiwitsecretie van 19% 
in vergelijking met de ouderstam NKU1. Deze afname wordt vooral veroorzaakt door 
de hyfen in de periferie van de kolonie. Net als de GT overexpressie mutant, bevatten 
ook de cellen van MR1.3 verhoogde concentraties glucoamylase maar werden er geen 
aanwijzingen voor activering van de UPR gevonden. Elektronen microscopie toonde aan 
dat het ER in de hyfen aan de periferie van MR1.3 een afwijkende morfologie heeft, terwijl 
het ER van hyfen die meer in het centrum groeien gelijk is aan dat van de ouderstam NKU1. 
Het ER van perifere hyfen, dezelfde hyfen die een verlaagde secretie vertonen, is sterk 
verwijd. Dit zou kunnen wijzen op de ophoping van eiwitten in het ER.

Opvallend aan de analyse van de drie mutanten in hoofdstukken 2, 3 en 4, is de verschillende 
plaats in de kolonie waarop de mutaties een effect hebben op de eiwitsecretie-capaciteit. 
Dit wijst erop dat er in verschillende plaatsen in de kolonie verschillende behoeftes zijn aan 
componenten van het secretiemechanisme. Door verschillende mutaties te combineren is 
het wellicht mogelijk om secretie te verhogen in de hele kolonie.

Het bestuderen van eiwitten in verschillende delen van de kolonie      

De resultaten uit de hoofdstukken 2, 3 en 4 van dit proefschrift benadrukken het belang 
van meer inzicht in de heterogeniteit van schimmelkolonies. Een aantal eigenschappen 
van schimmelcellen, zoals de morfologie en het vermogen tot groei en eiwitsecretie, zijn 
verschillend in verschillende delen van de kolonie. In het meeste schimmelonderzoek 
wordt gekeken naar de gehele kolonie. Hierdoor zijn de resultaten uit dit soort onderzoek 
vaak een gemiddelde van verschillende soorten hyfen met verschillende functies. Om één 
soort hyfe te kunnen isoleren en te bestuderen wordt in hoofdstuk 5 gebruik gemaakt van 
een nieuwe techniek in schimmelonderzoek: laser microdissectie microscopie. Met behulp 
van een laser microdissectie microscoop kunnen losse hyfe geselecteerd worden en met 
een laser uit de rest van de kolonie gesneden worden. De uitgesneden hyfe kan vervolgens 
met de laser uit de kolonie worden geschoten en opgevangen. Door met deze techniek 
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hyfe-toppen uit de periferie van de kolonie te isoleren, kunnen specifieke eigenschappen 
van deze hyfe-toppen, zoals eiwitsecretie, nauwkeuriger bestudeerd worden. 20.000 
hyfe-toppen uit de periferie werden geïsoleerd en het eiwit geëxtraheerd uit deze cellen 
werd vergeleken met eiwit uit de totale kolonie met behulp van massa spectrometrie. 
Dit resulteerde in de identificatie van 1002 eiwitten. Hoewel met een semikwantitatieve 
methode voor een groot deel van de eiwitten geen significant verschil in concentratie 
tussen de twee monster gevonden kon worden, werden er toch 41 eiwitten gevonden 
die verrijkt waren in het perifere hyfe-toppen eiwitmonster en 64 eiwitten die verrijkt 
waren in het totale kolonie eiwitmonster. De verschillen tussen de twee monsters bestaan 
onder andere uit verrijking van eiwitten betrokken bij stikstof- en zwavelmetabolisme, 
aminozuursynthese, translatie en membraansynthese in de perifere hyfe-toppen en 
verrijking van koolstof kataboliet-geremde metabolische routes in de totale kolonie. De 
meeste van deze verschillen kunnen goed verklaard worden door verschillende functies 
van de cellen in verschillende delen van een schimmelkolonie. De verzamelde gegevens in 
hoofdstuk 5 tonen aan dat laser microdissectie gecombineerd met massa spectrometrie 
een uitstekende aanpak is om specifieke hyfen in heterogene schimmelkolonies te 
bestuderen.
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DANKWOORD

Na 173 pagina’s keiharde wetenschap is het dan eindelijk tijd voor wat luchtigers: het 
dankwoord. De afgelopen 5 jaar zijn er een hoop mensen geweest die mijn promotieonderzoek 
iets makkelijker of leuker gemaakt hebben. En daar ben ik dankbaar voor...

Om te beginnen wil ik mijn paranimfen bedanken:
Miranda, jij stond naast me toen ik hier in 2003 aan begon en daarom vind ik het geweldig 
dat je nu weer naast me staat als ik het afrond. Bovendien ben je de enige vriendin die ik 
midden in de nacht kan wakker bellen om advies te vragen over kloneringen. 
Simone, naast de vele onvergetelijke tijden hebben we ook veel meegemaakt wat ik me 
eigenlijk meteen de volgende dag al niet meer kon herinneren. Daarnaast heb je me ook nog 
eens geholpen met het in elkaar draaien van de resultaten voor hoofdstuk 5, het weekend 
voor de deadline van mijn manuscript.

Dan natuurlijk mijn co-promotor, Wally. Jouw grenzeloze optimisme is misschien wel de 
voornaamste reden dat dit proefschrift hier nu ligt. Ik denkt dat we ontzettend veel van 
elkaar geleerd hebben de afgelopen 5 jaar.

Ook mijn promotor Arie wil ik bedanken voor het toezicht houden op het project.

Heel erg dankbaar ben ik ook voor Mireille. De eerste drie jaar heb je me geholpen met 
alle experimenten. Maar wat je vooral gedaan hebt is het werk op het lab een stukje leuker 
maken. Veel succes met je nieuwe studie en sjoekran voor alles!

Verder wil ik graag Han bedanken voor alle hulp, adviezen en voor het opofferen van je 
weekend om mijn manuscript door te kunnen lezen. Zonder jouw hulp en de hulp van de 
mensen uit je groep was er waarschijnlijk weinig terecht gekomen van dit onderzoek.

Het onderzoek beschreven in dit proefschrift is uitgevoerd in samenwerking met DSM Food 
Specialties en de Universiteit Leiden. Ik zou daarom ook iedereen binnen deze samenwerking 
willen bedanken voor hun bijdragen en alle hulp. 
Bij DSM wil ik in het bijzonder Cees Sagt bedanken voor het kritisch lezen van mijn manuscript. 
Verder wil ik Hein, Maurien, Denise, Noël, Serge, Stefaan en alle andere mensen van DSM die 
betrokken waren bij het ANGEL project bedanken voor alle hulp en informatie.
Uiteraard wil ik ook graag Rolf, Mark, Arthur en Cees van den Hondel heel erg bedanken 
voor alle hulp vanuit Leiden. 

Ook niet onbelangrijk zijn alle mensen van de vakgroep Celbiologie (CAD/EMSA/MCB/
EMU/whatever...) die me geholpen of vermaakt hebben de afgelopen 5 jaar. 
Allereerst Myrthe, alle AiO’s die zeggen dat de laatste loodjes het zwaarst wegen hebben 
waarschijnlijk niet iemand als jij op het lab. Je hebt het laatste half jaar van mijn promotie 
heel veel leuker gemaakt met alle avonturen op het  Kruyt en daarbuiten: veel mensen wèten 
waarschijnlijk niet eens dat er hangmatten in het trappenhuis hangen. 
Dan mijn kamergenoten van W502: Andrea, Bram 2.0 en Milla bedankt voor alle gezelligheid 
de laatste jaren en de midzomernacht-trip naar Finland. Milla wil ik nog extra bedanken 
voor het lezen van mijn manuscript. Jij bent waarschijnlijk de enige die spelfouten kan 
veranderen in chocolade. Ook Christophe bedankt voor al je hulp. Victor wil ik nog bedanken 
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voor alle gezelligheid in de eerste paar jaar van mijn promotie.
Verder de rest van de afdeling, met name de mensen die altijd van de partij waren aan de 
koffietafel: José, Bart, Smiriti, David en alle anderen. Meer dan eens heb ik me kapot gelachen 
om jullie grappen en dat gebeurt me niet vaak bij wetenschappers.

Alle Microbiologen van de 4e verdieping ben ik minstens net zo dankbaar voor alle hulp en 
gezelligheid. Naast Han die ik al eerder noemde wil ik vooral ook Wieke, Evy en Pauline 
bedanken voor de onmisbare hulp bij mijn experimenten. Also, I’d like to thank Ana 
(aka Levin et al.) for all the fun we had in the first years of my promotion and I’d like to 
congratulate you for being the most cited person in my thesis. De rest van de groep ben 
ik vooral heel erg dankbaar voor alle gezelligheid: om de één of andere reden zijn jullie 
altijd de laatste die weggaan bij borrels, promoties en recepties. Ik vertrouw er op dat jullie 
deze reputatie bij mijn promotie hoog zullen houden. Ook heb ik mooie herinneringen 
aan de congressen die ik met jullie heb bezocht. In Copenhagen heb ik één van de laatste 
verschijningen van Barend mogen aanschouwen, door Jan de Jong en Arman heb ik een heel 
ander beeld gekregen van Wenen en dankzij Charissa en Ad zal ik de Englischer Garten in 
München waarschijnlijk nooit meer vergeten. Van Jan Grijpstra (ik kon zo gauw geen manier 
bedenken om je naam verkeerd te schijven) heb ik geleerd hoe het is om in slaap te vallen 
en gewekt te worden met death metal. Ook Robin, Mayken, Hans, Luis, Ronald en alle andere 
Microbiologen wil ik bedanken voor alle hulp en gezelligheid.

Ook Maarten wil ik bedanken voor alle last-minute hulp met het pièce de résistance van dit 
proefschrift: de mass spec analyse van het PALM monster. 

En dan misschien wel de belangrijkste groep mensen: mijn vrienden die het leven leuker 
maakten in de wereld buiten het lab, wat toch wel mijn lievelingsdeel van de wereld is. 
Ten eerste Kim, dankjewel dat je er altijd voor me was. Van alles wat ik van jou geleerd heb 
zou ik een proefschrift kunnen schrijven dat 10 keer dikker en 100 keer interessanter is 
dan deze.  
Chiel en Fredje, jullie wil ik graag bedanken voor alle mooie tijden de afgelopen jaren. Als we 
op de één of andere manier Chiels oneindige wijsheid en Freds funktastische vermogen tot 
nachtenlang pret maken zouden kunnen samenvoegen in één persoon dan zou de wereld 
zich nooit meer vervelen.
En verder alle vrienden die ik de afgelopen jaren, maar vooral de laatste paar maanden veel 
minder gezien heb dan goed voor me is: Marijne, Elien, Daan, Romaanil, Marloes, Wei Lie, 
Marc, Maurijn, Esther, Ilse, Roel en alle andere fijne mensen om me heen. Miranda, Simone 
en Myrthe heb ik al bedankt dus die hoef ik hier natuurlijk niet nog een keer te noemen…

Mijn ouders wil ik graag bedanken voor hun eindeloze steun en vertrouwen, zelfs op de 
momenten dat ik het minder rooskleurig inzag. Hetzelfde geldt natuurlijk voor mijn zus 
Karen, mijn allerknapste neefje Jamie en de rest van mijn familie.

Uiteraard kan ik niet iedereen bij naam noemen en natuurlijk ben ik ook een hoop mensen 
vergeten. Het feit dat je dit boekje in je handen hebt betekent toch dat ik aan je gedacht heb. 
Bedankt dus!

Marc
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CURRICULUM VITAE

Marc Stefan Roelofs was born on Sunday the 22nd of April 1979 in Rheden, the 
Netherlands. After finishing secondary school at the ‘Rhedens Lyceum’ in Rozendaal, he 
started studying Biology at Utrecht University in 1997. He performed his first research 
project in 2000 at the Microbiology group of prof. dr. Wiel Hoekstra at Utrecht University, 
supervised by dr. Wilbert Bitter. The topic of this research project was the transport 
mechanism of autoinducer molecules, involved in quorum sensing of the pathogenic 
bacterium Pseudomonas aeruginosa. After completing this project he quit his studies 
for half a year to work on the sequencing of the genome of the Zebrafish at the Hubrecht 
institute in the group of prof. dr. Ronald Plasterk in 2001. After this break he resumed 
his study and started his second research project at the Applied Microbiology and Gene 
Technology group of the TNO Nutrition and Food Research institute in Zeist in 2002. This 
project was performed under the supervision of dr. Vivi Joosten and dr. Christien Lokman. 
The subject of this research project was the production of chimeric redox enzymes by the 
filamentous fungus Aspergillus awamori. In april 2003 Marc completed his study by writing 
a Master thesis about the formation of aerial hyphae by filamentous fungi, under the 
supervision of prof. dr. Han Wösten. He graduated with a specialization in Biotechnology 
and Molecular Cell Biology. In 2003, Marc worked for half a year on the visualization of the 
actin cytoskeleton of Aspergillus niger at the Fungal Genetics group of prof. dr. Cees van 
den Hondel at Leiden University, under supervision of dr. Sandra Langeveld and dr. Arthur 
Ram. In November 2003 he started working as a PhD student on the ANGEL project in the 
Cellular Architecture & Dynamics group of prof. dr. Arie Verkleij at Utrecht University, 
supervised by dr. Wally Müller. The research performed there over 5 years eventually 
resulted in the publication of this PhD thesis 2009.
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