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Voorwoord 
 

Soms was het wel eens frustrerend, dat promotieonderzoek. Maar gelukkig waren er 
bij ‘onze’ vakgroep altijd mensen om me heen die wisten te helpen of me wisten op te 
vrolijken als er weer eens een (goed, één keertje dan) ‘Bottleneck’ in het onderzoek aanwezig 
was.  

Om te beginnen wil ik graag professor Wessels bedanken voor de stimulerende 
begeleiding en discussies. De werkbesprekingen op maandagochtend bijvoorbeeld bleken 
vaak zeer nuttig. Vol nieuwe ideeën kon je dan weer aan een nieuwe week beginnen. 
Gelukkig zijn we daar niet mee opgehouden nu ik bij BioMaDe werk.  

Han, zonder jouw enthousiasme, geduld en stimulans was ik niet zover gekomen. Hoe 
druk je het ook had, je wist altijd tijd voor me vrij te maken. Onze gesprekken gingen 
gelukkig niet altijd over werk want er kon ook vaak genoeg gegrapt worden. Je moet me 
‘however’ nog wel een keer vertellen hoe je het voor elkaar kreeg om feilloos tien minuten te 
vroeg naar een resultaat te vragen (én?).  

Met Onno heb ik veel leuke gesprekken gehad, natuurlijk onder het genot van een 
sigaretje. Zijn verslagen over met wie en hoe hij het weekend had doorgebracht zullen me 
altijd bijblijven. Zijn fantastische barbecues trouwens ook. Tja, we hebben ook wel eens een 
beetje op elkaar gemopperd maar dat duurde gelukkig nooit lang. Op wie ga je jouw ‘over 
datum’ stroopwafels uittesten als Han vertrokken is? 

Op een gegeven moment verlieten steeds meer mensen onze vakgroep en dreigde de 
labzaal waar Marianne zat leeg te lopen. Theo & Ted (het duo van de sterke verhalen) en José 
(leuke uitstapjes, etentjes en heel veel dingen op het lab die toch niet vanzelf bleken te 
gebeuren), allemaal verlieten ze MBP. Omdat Marianne anders alleen achter zou blijven ben 
ik verhuisd en ben ik bij haar in het lab getrokken. We konden het goed met elkaar vinden en 
zo nu en dan lekker klagen over het niet-lukkende onderzoek. Je bent nu ergens in de wijde 
wereld, maar ik hoop dat als je terug bent we weer eens een ouderwets snelle paardrijdtocht 
(in volle galop) gaan maken. De verhuizing naar een andere labzaal had jammer genoeg wel 
als gevolg dat ik Luis moest achterlaten, maar ik ging vaak nog even terug om bij te praten 
over de laatste ontwikkelingen in soapseries  

Op het lab waren ook nog Hans en Sigga. Hans, vrolijk en geïnteresseerd in het 
welzijn van zijn collega’s (hoe gaat het met je?). De meest aparte barbecue ooit heb ik bij 
Hans thuis meegemaakt: gezellig de spies in de open haard roosteren toen het buiten regende. 
Sigga en ik waren een tijdje bezig met dezelfde soort experimenten waarin we elkaar goed 
konden helpen. Helaas, ook zij verliet het lab maar we (Marianne, José, Sigga en ik) zijn nog 
wel een tijd lang doorgegaan met onze dames-uit-eten-club.   

Verder was er nog Marcel, die in Paddepoel eenzaam aan hydrofobines werkte en 
zodoende zagen we elkaar bijna alleen bij besprekingen. Nu we in hetzelfde lab zitten blijkt 
dat we goed met elkaar overweg kunnen. Wonderlijk, want volgens mij zijn we tegenpolen. 
Marcel blijft altijd rustig en relaxed en probeert het ook nog voor elkaar te krijgen om mij te 
bedaren als ik helemaal ‘hyper’ ben (lukt niet).   



 

  

Nu lijkt het of er tijdens mijn promotieonderzoek alleen maar mensen het lab 
verlieten, maar dat was niet zo. Meike en Rick kwamen MBP ruim een jaar geleden 
versterken. Meike bleek een erg leuke meid waarmee ik gezellig een filmpje kan pikken. 
Bovendien kan ze erg lekker koken (en taart bakken) en nodigt ze ‘s middags ‘even’ het hele 
lab uit om diezelfde avond bij haar te komen eten. Grappig is het dat we een etentje en een 
film niet op één avond kunnen doen omdat we dan naar de bios moeten rennen om het begin 
niet te missen. Fijn dat je mijn paranimf wil zijn. Rick bleek niet bepaald een man van weinig 
woorden. Dat kwam goed uit want nadat zoveel mensen het lab hadden verlaten is het prettig 
dat er iemand is waarmee je de hele dag kunt kletsen (over werk en andere zaken). Ook leuk 
is dat hij er niet voor terugdeinst om te proberen hier en daar een theorietje onderuit te halen. 
It was also a pleasure to have Mr. Kong (we were not able to pronounce his first name) as a 
guest in the lab. You are a warm and friendly person. Maybe we will visit Korea in the future 
and stop by your house. 

Ook doordat de nieuwe professor van MBP inmiddels gearriveerd was, kwamen er 
een aantal leuke nieuwe mensen op het lab, de planten-mensen. Marcel, Stefka en Jonathan 
bijvoorbeeld sloegen geen kook-eet-drink avondje over. Ook de andere mensen van het 
Planten-lab waren van de partij bij de inmiddels beruchte MBP kerst-kook-drink-feestjes. 

Tijdens mijn promotieonderzoek was het niet nodig om alle experimenten zelf uit te 
voeren. Een flink aantal HLO- en doctoraalstudenten hebben, mede onder begeleiding van 
Han, goed werk geleverd: Erik (autootje van mij gekocht en gelijk total-loss gereden), Jan 
(CD-tje van hem gekocht want wie weet wordt hij nog eens beroemd), Henriek (handige 
dame), Riko (green fluorescent person), Lourens (brutaal maar niet gevaarlijk), Bertus (wel 
vis voor Han meenemen), Jørgen (even langskomen om te kloneren en dan kan het echte 
werk beginnen) en Arman (mutagenese moet je groots aanpakken). 

Peter en Cees van het isotopenlab wil ik bedanken voor het leveren van radioactief 
label. Peter wist bovendien heel handig Onno zijn trui af te nemen toen deze onder het 
radioactief sulfaat van mijn experiment zat en Cees was altijd bereid te helpen poetsen 
wanneer er weer activiteit op de verkeerde plek was terecht gekomen. 

Ik vond het erg jammer toen ik in maart dit jaar zelf het lab ging verlaten en naar 
Paddepoel trok om bij BioMaDe te gaan werken. Maar ook daar zijn genoeg mensen die 
ervoor zorgen dat ik met plezier naar het lab kom.  

Na het noemen van collega’s en labvrienden wil ik graag nog een aantal andere 
mensen noemen die veel voor me betekenen. Petra, ook paranimf, is al sinds de MAVO een 
hele goede vriendin. Bovendien was ze een paar jaar een leuke huisgenote. We gaan samen 
naar festivals als Noorderzon en Noorderslag maar we kunnen ook gewoon lekker samen TV 
kijken zonder dat we hoeven te kletsen.  

Mijn familie mag en wil ik zeker niet overslaan. Mam, je was er altijd voor me en je 
wist precies hoe je me moest aanpakken als ik het eens niet meer zag zitten. Tijdens mijn 
studie vond je het zo nu en dan nodig om me achter mijn bureau vandaan te plukken zodat ik 
even kon ontspannen, bedankt. Fijn dat ik altijd over alles met jou kan praten. Ik bewonder je 
omdat je Barry en mij, terwijl papa in het buitenland aan het werk was, vrijwel alleen hebt 
weten groot te brengen. Kortom, mams ik hou van je. Pap, ook jij was er altijd van overtuigd 



 

  

dat ik het wel zou redden en gelukkig was je er met raad en advies als ik dat nodig had, ik 
hou ook van jou. Barry(-beer), er was vroeger altijd een gezonde competitie tussen ons. 
Wanneer hij een diploma had gehaald dan moest ik natuurlijk ook weer wat doen, maar dit 
was gelukkig altijd een grap. Doordat je getrouwd bent met Alice, heb ik een lieve regeltante 
als schoonzus gekregen ………. en natuurlijk Nadia (een dikke ‘knuf’ van tante Karin). 

En tenslotte degene die alle ‘goede tijden en slechte tijden’ wist te doorstaan: Andreas 
‘Veenendaal de luxe’ bedankt voor je geduld en humor. Ik hou van je.   
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General introduction 
 
Filamentous fungi generally secrete small, moderately hydrophobic proteins first discovered 
in Schizophyllum commune and called hydrophobins (Wessels et al., 1991). They fulfil a 
broad spectrum of functions in fungal growth and development. Hydrophobins mediate 
escape of hyphae from a hydrophilic environment (Wösten et al., 1999) and are involved in 
formation of hydrophobic aerial structures like aerial hyphae (Wösten et al., 1993; 1994b; 
van Wetter et al., 1996; Bowden et al., 1996; Temple et al., 1997), spores (Beever and 
Dempsey, 1978; Stringer et al., 1991; Bell-Pedersen et al., 1992; Lauter et al., 1992; Talbot 
et al., 1996) and fruiting bodies (de Groot et al., 1996; Lugones et al., 1996). Moreover, they 
provide gas channels in fruiting bodies and in lichens with a hydrophobic lining, probably 
ensuring efficient gas exchange under wet conditions (Wessels et al., 1993; 1996; Lugones et 
al., 1999b; van Wetter et al., 2000; Scherrer et al., 2000). Hydrophobins also mediate 
attachment of hyphae to hydrophobic surfaces (Wösten et al., 1994a; van Wetter et al., 2000) 
and sensing thereof (Talbot et al., 1996), which is important in initial steps of pathogenic 
interactions before penetration and infection can occur. Recently, it was found that 
hydrophobins are also involved in cell wall assembly (van Wetter, 2000).   
 Hydrophobins show diverse amino acid sequences but they are all characterized by 
the presence of eight cysteine residues in conserved spacing and similar hydropathy patterns 
(Wessels, 1994; 1997; Wösten and Wessels, 1997). The most characteristic feature of 
hydrophobins is that they self-assemble into an amphipathic membrane when they are 
confronted with a hydrophilic-hydrophobic interface. This property makes them interesting 
candidates for use in medical and technical applications (Wessels, 1997). Bulk production 
and the possibility to engineer hydrophobins would enhance the likelihood of using 
hydrophobins in such applications. In this Introduction the properties of hydrophobins will be 
discussed and their role in fungal development will be illustrated by the functions of the SC3 
hydrophobin. In addition, possible applications of hydrophobins will be described as well as 
the current state of (heterologous) protein production in filamentous fungi.  
 

Hydrophobins 
 
Biochemical and biophysical properties of hydrophobins 
Hydrophobins are small (± 100 amino acids), moderately hydrophobic proteins, which are 
characterized by eight conserved cysteine residues (Figure 1A) and typical hydropathy 
patterns (Wessels, 1997). Based on mass-spectra and chemical analysis, it was found that 
hydrophobins may be post-translationally modified. For instance, the mature SC3 
hydrophobin of S. commune contains 16-22 mannose residues (de Vocht et al., 1998, Chapter 
2), which are probably attached to the 12 threonine residues in the long N-terminal stretch 
preceding the first cysteine residue (Figure 1B). In contrast, the mature forms of the SC4 
hydrophobin of S. commune and ABH3 of Agaricus bisporus are not modified. These 
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hydrophobins do not contain a long N-terminal sequence preceding the first cysteine residue 
(Figure 1B) (Lugones et al., 1998; 1999b).         
 Based on differences in hydropathy patterns and biophysical properties, class I and 
class II hydrophobins are distinguished (see below, Wessels, 1994). The cysteine residues of 
the class I hydrophobin SC3 (de Vries et al., 1993) and the class II hydrophobin CU (Yaguchi 
et al., 1993) form intramolecular disulphide bridges. The cysteine linkages in CU were 
determined (Yaguchi et al., 1993) and assuming that disulphide bridges in class I 
hydrophobins are identical to those of CU, both hydrophobin classes seem to contain two 
similar domains (Figure 1B). Cysteine residues 1 to 4 are contained in the first domain, while 
the second domain encompasses cysteine residues 5 to 8. The presence of two domains is also 
indicated by their hydropathy patterns (Wessels, 1994; 1997) and by the similarity of the 
most prevalent amino acids surrounding the fourth and eight cysteine residues of class I 
hydrophobins (Wösten and Wessels, 1997). In the class I hydrophobins, the cysteine doublets 
(Cys2Cys3 and Cys6Cys7) are followed by a stretch of hydrophilic amino acids, whereas in 
class II hydrophobins, hydrophobic amino acids immediately follow the cysteine doublets. 
Also, fewer amino acids separate the third and fourth cysteine residue in class II 
hydrophobins when compared to class I hydrophobins (Figure 1A). Recently, a new type of 
hydrophobin was isolated from Claviceps fusiformis (de Vries et al., 1999). The mature 
hydrophobin, CFTH1, consists of three class II hydrophobin domains separated by glycin-
asparagin rich regions. It shows biophysical properties similar to those of other class II 
hydrophobins.  
 Both class I and class II hydrophobins self-assemble at hydrophilic-hydrophobic 
interfaces (e.g. between water and air, water and oil, or water and a hydrophobic solid like 
Teflon) into an amphipathic membrane. This was shown for the class I hydrophobins SC3 
(Wösten et al., 1993; 1994a; 1995), ABH1, ABH3 and SC4 (Lugones et al., 1996; 1998; 
1999b), and the class II hydrophobins CU (Richards and Takai, 1973; Takai and Richards, 
1978; Russo et al., 1982; Richards, 1993) and CRP (Carpenter et al., 1992). The membranes 
formed by class I hydrophobins are highly insoluble, that is, they resist hot SDS extraction 
and can only be dissociated by agents like formic acid and trifluoroacetic acid (TFA) 
(Wessels et al., 1991; de Vries et al., 1993). In contrast, assemblages formed by class II 
hydrophobins are less stable. Those of CU and CRP can be dissociated in 60% ethanol and 
2% SDS (Russo et al., 1982; Carpenter et al., 1992; Wösten and de Vocht, 2000) and 
assembled CU also dissociates by applying pressure or by cooling (Russo et al., 1982).  
 The best characterized class I hydrophobin is SC3 of S. commune but other members 
of this class have similar properties. Upon contact with hydrophilic-hydrophobic interfaces, 
SC3 monomers self-assemble into a 10 nm thick amphipathic membrane (Wösten et al., 
1993; 1994a; 1995). The hydrophilic side of the SC3 membrane has no clear ultrastructure 
and has a water contact angle (θ) of about 36°. On the other hand, the hydrophobic side is 
characterized by a mosaic of parallel rodlets and exhibits a water contact angle of 110°(which 
is as hydrophobic as Teflon)(Wösten et al., 1993; 1994a). Self-assembly at the water-air 
interface is accompanied by an increase in β-sheet structure (de Vocht et al., 1998) and by a 



Chapter 1 
 
 

 
 
 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 1. Primary structure of class I and class II hydrophobins. (A) The length of the sequences 
spacing the cysteine residues in class I and class II hydrophobins. The amino acid sequence 
preceding the first cysteine residue includes the signal sequence that is cleaved off during 
secretion. (B) Assuming cysteine linkages similar to those in the class II hydrophobin cerato-
ulmin (CU), hydrophobins seem to be two-domain proteins. This is strengthened by the finding 
that in class I hydrophobins the fourth and the eighth cysteine residue are preceded by L-V/I-X-
Pho and X (X indicates any amino acid except for W, Pho any hydrophobic amino acid) and are 
followed by S/T-P-I-X and V/I residues. Indicated are the class I hydrophobins SC3 and SC4 of 
S. commune and the class II hydrophobin CU of Ophiostoma ulmi. 
17 
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reduction of the water surface tension from 72 mJ m-2 to as low as 24 mJ m-2 (van der Vegt et 
al., 1996; Wösten et al., 1999). The conformation of the monomers apparently changes in 
such a way, that hydrophilic and hydrophobic groups orient themselves at opposite sides of 
the membrane. Self-assembly at the water-Teflon interface is accompanied by an increase in 
α-helix structure (de Vocht et al., 1998). This conformation appears to be an intermediate of  
the β-sheet form found at the water-air interface. Upon treatment of SC3 with detergents like 
SDS and Tween-80 at 85 °C, SC3 at the Teflon surface attains the β-sheet form (Wösten and 
de Vocht, 2000; M. L. de Vocht, unpublished). Both the α-helix and β-sheet forms strongly 
adhere to hydrophobic surfaces and cannot be removed by washing with water but the α-
helix form can be removed by cold detergents. 
 Little is known about the 3-D structure of hydrophobins. The mannose residues of 
SC3 appear to be exposed at the hydrophilic side of assembled SC3 as was indicated by X-
ray photoelectron spectroscopy (Wösten et al., 1994c). The N-terminal part contains putative 
O-glycosylation sites (Figure 1B; de Vocht et al., 1998; Chapter 2) and in the absence of N-
glycosylation sites in the SC3 molecule (Chapter 2) it is thus expected that the N-terminal 
part is glycosylated and exposed to the hydrophilic side. The same may apply to the POH2 
hydrophobin of Pleurotus ostreatus (Ásgeirsdóttir et al., 1998). Most other hydrophobins, 
like ABH3 and SC4, do not contain a long N-terminal region preceding the first cysteine 
residue and do not contain putative O-glycosylation sites (Lugones et al., 1998; 1999b). 
However, both SC3 and SC4 assemble at hydrophobic-hydrophilic interfaces into very 
similar amphipathic membranes characterized by 10 nm wide rodlets.  
 
The role of SC3 in fungal growth and development 
The filamentous fungus S. commune is a homobasidiomycete that colonizes moist solid 
substrates like wood. Upon germination of spores, a monokaryotic mycelium is formed 
consisting of filaments that grow at their apices. The fungus initially grows submerged but 
after a feeding mycelium has been established sterile aerial hyphae are formed. Two 
monokaryons can form a fertile dikaryon when they contain different MATA and MATB 
mating type loci (for reviews see Kothe, 1996; Casselton and Olesnicky, 1998). This 
dikaryon not only forms aerial hyphae but also fruiting bodies in which spores are produced. 
S. commune contains at least four hydrophobin genes: SC3, SC1, SC4 and SC6, all encoding 
class I hydrophobins (Schuren and Wessels, 1990; Wessels et al. 1995; de Vocht et al., 1998; 
Lugones, 1998; Chapter 2). SC1, SC4 and SC6 are specifically expressed in the fruiting 
dikaryon, while SC3 is expressed in both monokaryons and dikaryons. SC3 is involved in 
formation of aerial hyphae (Wösten et al., 1993; 1994b; 1999; van Wetter et al., 1996), in 
attachment of hyphae to hydrophobic surfaces (Wösten et al., 1994a; van Wetter et al., 2000), 
and in cell wall assembly (van Wetter, 2000). 
 To grow into the air, hyphae are confronted with the high water surface tension (72 
mJ m-2) of the water film surrounding the hyphae. This surface tension appears to be a barrier 
for aerial growth (Wösten et al., 1999). When a sufficient amount of submerged mycelium is 
formed which can support growth of aerial hyphae and fruiting bodies, the SC3 gene is 
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expressed. SC3 secreted by submerged hyphae diffuses to the water-air interface where it 
self-assembles into an amphipathic membrane (Figure 2A). This is accompanied by a huge 
drop in water surface tension (to as low as 27 mJ m-2), enabling hyphae to grow into the air 
(Wösten et al., 1999). 
 

      
 
 SC3 secreted at the tips of aerial hyphae cannot diffuse into the medium and 
assembles at the interface between the hydrophilic cell wall and the hydrophobic air (Figure 
2A). The hydrophilic side of the membrane faces the cell wall, while the hydrophobic side is 
exposed to the air, making these hyphae hydrophobic. In a strain in which the SC3 gene was 
disrupted (∆SC3 strain), the surface tension of the medium was lowered to 45 mJ m-2 only 
and few aerial hyphae were formed. The drop in surface tension and the formation of aerial 
hyphae was fully restored by addition of purified SC3 hydrophobin to the culture medium. 
However, the aerial hyphae formed were hydrophilic and not hydrophobic like wild-type 
hyphae. This shows that aerial hyphae have to secrete SC3 themselves in order to be coated 
with a hydrophobic membrane.  
 In wild-type hyphae growing over a hydrophobic solid like Teflon, SC3 was localized 
between the cell wall and the Teflon surface. Therefore, it was proposed that SC3 is involved 

Figure 2. (A) Model for the formation of 
aerial hyphae in S. commune. The arrow 
within the hyphae symbolizes transport of 
newly synthesized SC3 monomers to the 
growing tip where SC3 is secreted. SC3 
secreted at the apices of submerged 
hyphae diffuses into the medium and 
assembles at the medium-air interface into 
an amphipathic membrane. This is 
accompanied by a large drop of the water 
surface tension, allowing hyphae to breach 
the medium-air interface. SC3 secreted by 
emerging aerial hyphae cannot diffuse into 
the environment and self-assembles at the 
cell wall-air interface as a rodlet layer, 
conferring hydrophobicity to these hyphae 
(from Wösten et al., 1999). (B) Model for 
the attachment of hyphae to hydrophobic 
surfaces. By self-assembly at the interface 
between the cell wall and the hydrophobic 
solid, SC3 attaches the hyphae to this 
hydrophobic substrate (from Wessels, 
1997). 
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in attaching the fungus to the hydrophobic surface by bridging the hydrophilic cell wall and 
the hydrophobic solid (Figure 2B). Indeed, it was shown that the SC3 mutant was less firmly 
attached (Wösten et al., 1994a). In nature, attachment of S. commune to hydrophobic lignin 
may be instrumental in degradation of wood.  
 Recently, it was shown that SC3 not only functions at a hydrophobic-hydrophilic 
interface, but that it also seems to function in the matrix of the cell wall, where it may be 
involved in the linkage of (1-3)β-glucan to chitin (van Wetter, 2000). The ∆SC3 strain 
produces large amounts of mucilage (1,3/1,6-ß-glucan) in the culture medium compared to 
the wild-type strain. This was correlated with a decreased amount of 1,3/1,6-ß-glucan linked 
to the chitin in the cell wall. Reintroducing the SC3 gene resulted in the restoration of the 
wild-type cell wall composition, confirming a role of SC3 in cell wall assembly. However, 
the mechanism by which SC3 acts in cross-linking of wall components is not yet known. 
 
Use of hydrophobins in medical and technical applications 
The characteristic property of hydrophobins to form an amphipathic membrane upon contact 
with a hydrophilic-hydrophobic interface allows them to change the nature of a surface. 
Hydrophobic surfaces of liquids (e.g. oil droplets) or solids (e.g. Teflon) can be made 
hydrophilic by suspending or submerging them into a solution of hydrophobin (Wösten et al., 
1994a; 1995; Lugones et al., 1996; Figure 3AB). Conversely, by allowing such a solution to 
evaporate on glass or filter paper, these materials become hydrophobic (Wösten et al., 1993; 
Lugones et al., 1996; Figure 3C). Importantly, assembled class I hydrophobins bind strongly 
to their supports when compared to binding of e.g. BSA (Wösten et al., 1993; 1994abc; 1995; 
Lugones et al., 1996; 1998). The hydrophobin layers on paper or Teflon resist washes with 
water or extraction with detergents at 100 °C, while BSA was completely removed from 
hydrophobic surfaces by treatment with hot SDS. 
 Because of these properties hydrophobins could be used in various medical and 
technical applications (Wessels, 1997). For instance, by assembling hydrophobins on their 
surface, the biocompatibility of medical implants could be increased or microbial cell 
adhesion to e.g. catheter surfaces could be prevented. Hydrophobins could also act as an 
priming layer to attach cells or proteins to hydrophobic surfaces, as in biosensors. 
Furthermore, hydrophobic solids (Teflon beads) or liquids (oils) can be stably dispersed in 
water by coating them with hydrophobin (Wösten et al., 1994a). The property of 
hydrophobins to coat a surface with a 10 nm thin membrane also makes these proteins 
interesting candidates for use in nanotechnology as defined by Thomas (1995). Because 
hydrophobins are ingested by humans upon consumption of mushrooms and fungus-
fermented foods, hydrophobins are not expected to be toxic and can be considered as safe in 
food applications. In addition, preliminary data indicate that hydrophobins are not cytotoxic  
and not very immunogenic and can therefore be considered safe for use in medical 
applications (H.A.B. Wösten and M.I. Janssen, personal communication). 
 Genetic engineering of SC3 can be used to study structure-function relationships of 
hydrophobins or to optimize their structure for use in specific applications. For instance, 
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solubility characteristics of the hydrophobin or the biophysical properties of the hydrophilic 
or hydrophobic sides of the amphipathic membrane could be changed. Assuming that the N-
terminal part is exposed at the hydrophilic side of assembled hydrophobin, this part would be 
the first choice for modification. Deletion or addition of amino acid sequences would allow 
changes of biophysical properties of the hydrophobin or facilitate the attachment of specific 
molecules or cells (see Chapter 6).  
 

 
 
 

      
 
 
 
 
 

 
A requirement for successful application of hydrophobins is that these proteins can be 

produced in large quantities (i.e. grams per liter), although for some applications the 
quantities needed may be small (1 mg of SC3 is sufficient to coat 1 m2 of Teflon [Wösten et 
al., 1994a]). Wild-type S. commune strains secrete up to 60 mg SC3 L-1 into the culture 
medium (Wösten et al, 1999), which makes S. commune the best producer of class I 
hydrophobins to date. Extra copies of the SC3 gene were introduced in the wild-type strain of 
S. commune to improve production levels. However, silencing of both the introduced copies 
and the endogenous SC3 gene was observed when more than one copy of the SC3 gene were 

Figure 3. Hydrophobins can change the wettability of surfaces by their property to self-assemble at 
hydrophilic-hydrophobic interfaces. (A) Air bubbles or oil droplets in an aqueous solution of 
hydrophobin become coated with an amphipathic film that stabilizes them in water. (B) Similarly, 
when a sheet of hydrophobic plastic such as Teflon (θ 110 deg) is immersed in such a solution it is 
coated with a strongly adhering protein film that makes the surface wettable (θ 22-63 deg). (C) In 
contrast, hydrophobin monomers dried down on a hydrophilic surface make the surface hydrophobic 
(θ 110 deg)(from Wessels, 1996). 
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introduced (Schuurs et al., 1997). Therefore, heterologous expression of hydrophobin genes 
was investigated to increase production levels of SC3.  
 

Heterologous expression of proteins 
 
Filamentous fungi can be considered as good hosts for heterologous production of proteins. 
Filamentous fungi, like Aspergillus, Mucor, Penicillium, Rhizopus spp. and Trichoderma 
reesei, are widely used for the commercial production of proteins because of their ability to 
secrete large amounts of proteins into their culture media. Species of the genera Aspergillus 
and Trichoderma are often used for large-scale production of proteins because of their GRAS 
(Generally Regarded As Safe) status and the well developed large-scale fermentation 
processes, down-stream processing and methods for strain improvement by classical genetic 
approaches, such as mutagenesis, mitotic crossing-over and screening. Furthermore, fungi 
glycosylate proteins in a way similar to plants and animals, which offers an advantage over 
the use of bacteria. Besides, production of the hydrophobins CU and POH1 was low (a few 
µg L-1) when produced in Escherichia coli expression systems (Bolyard and Sticklen, 1992; 
Peñas et al., 1998). Finally, the fact that hydrophobins are fungal proteins is also an argument 
to explore fungal production systems.  
 The development of molecular biological techniques has opened new ways to use 
fungi for the production of homologous and heterologous proteins. It involves transformation 
of a host with an expression vector in which the gene encoding the desired protein is placed 
under control of efficient transcription regulatory sequences. This approach, in combination 
with classical mutagenesis and screening methods, has resulted in strains producing high 
amounts of homologous proteins in fermentation processes. For instance, cellulase (CBHI) in 
T. reesei (Durand et al., 1988) and glucoamylase in Aspergillus spp. (Finkelstein et al., 1989) 
were produced in quantities up to 30 g L-1. 
 Production of heterologous proteins by filamentous fungi has been extensively 
reviewed (e.g. Davies, 1991; Jeenes et al., 1991; van den Hondel et al., 1991; Gwynne and 
Devchand, 1992; MacKenzie et al., 1993; Archer et al., 1994; Davies, 1994; Verdoes et al., 
1995; Keränen and Penttilä, 1995; Gouka et al., 1997a; Archer and Peberdy, 1997). It has 
been proven to be most successful when proteins from related organisms are expressed. The 
initial level of production of heterologous fungal proteins is in the order of 10-50 mg L-1 (van 
den Hondel et al., 1991) although often lower levels were obtained. After optimizing the 
production process and applying mutagenesis and screening programs, levels in the order of 
grams per liter were obtained. For instance, an alkaline protease of Fusarium was produced to 
4 g L-1 in Acremonium chrysogenum (Morita et al., 1994) and an aspartyl protease of Mucor 
miehei was produced to 3 g L-1 in Aspergillus oryzae (Christensen et al., 1988). 

Levels of mammalian, bacterial, avian or plant proteins are generally low when 
produced in fungi (0.5-10 mg L-1) (reviewed by Jeenes et al., 1991; van den Hondel et al., 
1991; Gwynne and Devchand et al., 1992). Production can be limited at the transcriptional or 
the (post)-translational level, and several strategies have been developed to improve protein 
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yields (reviewed by Archer et al., 1994; Archer et al., 1997; Gouka et al., 1997b). Most of 
these strategies are similar to those used for fungal proteins (Verdoes et al., 1995) and 
include: (i) the introduction of a large number of gene copies, (ii) the use of strong fungal 
transcription regulatory sequences and efficient secretion signals, (iii) the construction and 
use of protease deficient host strains, (iv) development of an optimal production medium and 
(v) gene fusion strategies in which the gene of interest is fused at the 3' end of a gene 
encoding a well-secreted homologous protein. Additional strategies to improve heterologous 
protein production include optimization of codon usage, removal of AU-rich sequences to 
prevent incorrect mRNA processing and overexpression of chaperones and/or foldases to aid 
folding of the protein of interest. Some of these strategies will be discussed in the next 
sections. 
 
Optimization of heterologous protein production at the transcriptional level 
The most straightforward approach to enhance the transcription level of the introduced gene 
is to increase its copy number. Analysis of Aspergillus niger multicopy transformants for 
glucoamylase showed a gene dosage dependent expression of glucoamylase up to about 20 
copies (Verdoes et al., 1993). Studies with the glucoamylase promoter fused to a reporter 
gene suggested that transcription in multi-copy transformants was limited due to titration of 
trans-acting regulatory proteins (Verdoes et al., 1994a) and was also suggested to be a 
limiting factor in expression of other fungal genes (Gwynne et al., 1987; Kelly and Hynes, 
1987; Andrianopoulos and Hynes, 1988; Beri et al., 1990; Burger et al., 1991; Margolles-
Clark et al., 1996). In some cases this was overcome by increasing the expression level of the 
regulatory gene as well (Kelly and Hynes, 1987; Beri et al., 1990; Burger et al., 1991). 
Analysis of production levels of transformants containing a similar number of gene copies 
suggests that the site of integration also affects the expression of the introduced gene (Ward 
et al., 1990; Verdoes et al., 1993; 1994b). The effect of random integration can be overcome 
by targetting the expression vector to loci of known high transcriptional activity, like to the 
loci for glucoamylase and CBHI in A. niger and T. reesei, respectively. Harkki et al. (1991) 
and Nyyssönen and Keränen (1995) reported that in transformants giving the best production 
of endoglucanase I (EGI) and antibody Fab fragments, respectively, the expression constructs 
were integrated into the CBHI locus. 
 Limitation of heterologous protein production at the transcriptional level can also be 
caused by incorrect processing of pre-mRNA and/or a low mRNA stability. When wild-type 
α-galactosidase (aglA) was expressed in A. niger a truncated transcript was observed that 
contained only 200 bp of the aglA gene (Gouka et al., 1996). The truncated transcript was 
observed in A. niger and Aspergillus nidulans but not in Bacillus subtilis (Overbeeke et al., 
1990), Hansenula polymorpha (Fellinger et al., 1991), Saccharomyces cerevisiae (Verbakel, 
1991) and Kluyveromyces lactis (Bergkamp et al., 1992). By replacing an AT-rich sequence 
in the aglA gene with a more GC-rich sequence (aglAsyn), a full-length aglA transcript was 
produced in A. niger. Incorrect processing of heterologous genes was also shown to occur in 
Pichia pastoris (Scorer et al., 1993), Cryptococcus curvatus (J. Springer, unpublished) and S. 
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commune (Schuren et al., 1998). For instance, truncated transcripts of various reporter and 
selection genes (e.g. the hygromycin B resistance gene) were observed in S. commune 
(Schuren et al., 1998). The results suggested that AT-rich sequences in the coding region of 
heterologous genes acted as internal polyadenylation sequences. The mechanisms for 
recognizing polyadenylation signals (or AU-rich stretches in transcripts) are unclear and may 
vary between organisms and genes to be expressed. Therefore, the occurrence of premature 
termination cannot be predicted but should be considered when expression of the target gene 
is absent.   
 Low mRNA stability can be partially overcome by fusing the gene of interest to the 3' 
end of a homologous gene. For instance, by fusing human interleukin-6 (hil6) or α -
galactosidase (aglAsyn) genes behind the glucoamylase gene, mRNA levels of these genes 
increased compared to that of non-fused genes (Gouka et al., 1996). 
 
Optimization of heterologous protein production at the (post)-translational level 
The secretion pathway of proteins is complex and involves several cellular compartments. 
Ultrastructural electronmicroscopic studies of filamentous fungi suggest that the processes in 
these organisms do not essentially differ from those in yeast and mammalian cells that have 
been extensively studied (Rothblatt et al., 1994; Punt et al., 1994; Archer and Peberdy, 1997; 
Gouka et al., 1997a). Secretion of proteins is considered to involve the processes of (i) 
translation and translocation across the endoplasmic reticulum (ER) membrane into the ER-
lumen and the removal of the signal peptide from the newly synthesized protein. (ii) Quality 
control in the ER, which involves the combined action of chaperones (e.g. binding protein 
and calreticulin/calnexin/UDP-Glc transferase complex) and foldases (e.g. protein disulphide 
isomerase and peptidyl prolyl cis-trans isomerases). The chaperones and foldases assist in the 
folding of newly synthesized proteins and they prevent transport of proteins to other 
compartments before they are folded properly. Incorrectly folded proteins are recognized by 
an unknown mechanism and are degraded by proteases in the cytoplasm. As in other 
eukaryotes this process probably involves ubiquitin labeling of the protein (Coux et al., 1996) 
and transport from the ER lumen to the cytoplasm (Wiertz et al., 1996). (iii) Transport from 
the ER to the Golgi equivalent (a recognizable Golgi apparatus is absent in fungi) where 
glycosylation and processing (e.g. cleavage of propeptides from the mature protein) occur 
and (iv) transport from the Golgi to the plasmamembrane via vesicles. These vesicles fuse 
with the membrane and extrude their contents into the cell wall. The proteins may then be 
carried to the outside of the wall by the flow of wall constituents at the growing hyphal apex 
(Wessels, 1993) and released into the medium. 
 Fusion of the gene to be expressed behind a highly expressed homologous gene does 
not only increase stability of the mRNA transcript (see above) but can also resolve limitations 
at early stages in the secretion pathway (ER). Using glucoamylase of A. niger or 
cellobiohydrolase (CBHI) of T. reesei as a carrier increased levels of secreted protein 5-1000 
fold to 5-250 mg L-1 (Ward et al., 1990; Contreras et al., 1991; Roberts et al., 1992; 
Broekhuijsen et al., 1993; Jeenes et al., 1993; Nyyssönen and Keränen, 1995; Ward et al., 
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1995). The carrier improves translocation of the protein into the ER and allows proper 
folding, thereby protecting the heterologous protein from degradation. In most cases the 
fusion protein is cleaved at a later stage in the secretory pathway. Cleavage can occur by 
autocatalytic processing of the heterologous protein (Ward et al., 1990), by an unknown 
fungal protease (Roberts et al., 1992; Baron et al., 1992; Nyyssönen et al., 1993; Nyyssönen 
and Keränen, 1995) or by a KEX2-like protease for which a recognition site is introduced in 
the fusion protein (Contreras et al., 1991; Broekhuijsen et al., 1993; Ward et al., 1995). 
Another strategy to improve transport of proteins through the secretion pathway is 
overexpression of foldases and chaperones (Gouka et al., 1997a and references therein).    
 Low production levels of heterologous proteins can also be caused by the action of 
proteases. Extracellular proteases of Aspergillus, such as aspergillopepsin (Berka et al., 
1990), are responsible for the degradation of many heterologous proteins (Archer et al., 1992; 
Broekhuijsen et al., 1993). Fungal strains deficient in extracellular proteases have been 
isolated by random mutagenesis (Mattern et al., 1992; van den Hombergh et al., 1995, 1997) 
or molecular genetic approaches (Berka, 1990; van den Hombergh et al., 1997). The use of 
these protease deficient strains has resulted in improvement of production levels of 
heterologous proteins (Berka, 1991; Roberts et al., 1992; Broekhuijsen et al., 1993). 
Intracellular or cell-wall localized proteases can also be responsible for low yields of secreted 
heterologous proteins as in the case of hIL-6 in Aspergillus awamori (Gouka et al., 1996). In 
S. cerevisiae, the use of strains deficient in vacuolar proteases has led to increased levels of 
heterologous proteins (Suzuki et al., 1989; Wingfield and Dickinson, 1993). 
 Another way to improve production of heterologous proteins is medium development 
(Smith and Wood, 1991) and controlled, large-scale fermentation (reviewed by Greasham, 
1991; Dunn-Coleman, 1992). For a number of fungal proteins (e.g. glucoamylase) the 
fermentation conditions have been optimized. The use of heterologous expression signals, 
like those of the glucoamylase gene, might allow high level production of proteins under 
already optimized culture conditions, as was shown for phytase (van Gorcom et al., 1990) 
and aspartic protease (Ward and Kodama, 1991). It has been suggested (Verdoes et al., 1995) 
that the use of a promoter, which is induced under conditions that genes for proteolytic 
enzymes are repressed, may also be advantageous. 
 

Outline of this thesis 
 
The primary aim of the research described in this thesis was to improve the production level 
of the SC3 hydrophobin of S. commune by heterologous expression in A. niger and T. reesei 
and to use genetic engineering of SC3 to study structure-function relationships in 
hydrophobins and to optimize them for use in specific applications. In the course of this work 
the phenomenon of intron-dependent mRNA accumulation was discovered when S. commune 
was transformed with genomic or cDNA sequences. In addition, it was shown that the GC-
content of genes also determined expression.  
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Chapter 2 deals with the heterologous expression of SC3 in A. niger and T. reesei. A. niger 
was initially chosen because this fungus does not secrete hydrophobins into the culture 
medium, simplifying purification procedures. SC3 was expressed in wild-type and protease 
deficient A. niger strains behind the gpd promoter of A. nidulans or as a fusion with the 
glucoamylase gene (G2) of  A. niger. In all cases the level of SC3 produced was low (less 
than 1% of the amount produced by S. commune), suggesting that A. niger is not a suitable 
host for expression of hydrophobin genes. SC3 was then expressed in T. reesei using the SC3 
coding sequence and the HFBI or the HFBII promoter. HFBI and HFBII encode class II 
hydrophobins that are abundantly secreted into the culture medium of T. reesei. In both cases 
the amount of SC3 obtained was at least similar to that in S. commune. 
Chapter 3 describes a sandwiched-culture technique, which can be used to screen 
filamentous fungi for production of heterologous proteins. This technique involves culturing 
transformants between perforated polycarbonate membranes and transferring this 
sandwiched-culture to a PVDF membrane. Secreted proteins are then immobilized on the 
PVDF membrane and can be monitored by immunodetection. This technique allows detection 
of proteins that otherwise may be degraded by proteases in the medium. 
Chapter 4 describes the phenomenon of intron-dependent mRNA accumulation in S. 
commune. It was shown that mRNA did not accumulate when homologous and heterologous 
cDNA sequences were introduced in S. commune. Addition of artificial or naturally occurring 
introns restored mRNA accumulation. Run-on analysis with nuclei harboring intron-
containing and intron-less sequences showed that this effect did not occur at the level of 
transcription initiation: genomic and cDNA sequences were equally active in this respect. 
In Chapter 5 it is shown that expression of the bacterial hygromycin B resistance gene in S. 
commune depends on the GC-content of the gene. It was suggested before that the presence 
of an AT-rich region in the 5' part of the gene causes truncation of the RNA transcript 
(Schuren and Wessels, 1998). Increasing the GC-content in this region restored formation of 
full-length transcripts and resulted in hygromycin B resistance when introduced in S. 
commune. Accumulation of mRNA of the hygromycin B resistance gene was also depended 
on the presence, number and/or the position of introduced introns. 
In Chapter 6 it is shown that the hydrophilic side of assembled SC3 can be modified by 
changing the N-terminal part of the protein. Self-assembly of SC3 was not affected by 
deleting 25 N-terminal amino acids of the mature protein or by introducing the cell-binding 
domain of human fibronectin (RGD) at the N-terminus. However, the modifications did 
change the physiochemical properties of the hydrophilic side of assembled SC3. Removal of 
the 25 amino acids at the N-terminus of SC3 decreased the wettability of the hydrophilic side 
of the amphipathic membrane. The decrease in wettability of the hydrophilic side of the 
amphipathic membrane and the introduction of the RGD sequence at the N-terminus both 
were shown to stimulate growth of fibroblasts at Teflon surfaces coated with the SC3 
derivatives when compared to bare Teflon and Teflon coated with unmodified SC3. 
In Chapter 7 the results presented in this thesis are summarized and discussed. 
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Abstract 
 
Filamentous fungi secrete small (± 100 aa), moderately hydrophobic proteins called 
hydrophobins. Upon contact with a hydrophilic-hydrophobic interface they self-
assemble into a highly insoluble, amphipathic membrane. This enables hydrophobins to 
change the nature of a surface, a property that could be useful in technical and medical 
applications. To improve production levels of the SC3 hydrophobin of Schizophyllum 
commune, its gene was heterologously expressed in Aspergillus niger and Trichoderma 
reesei. SC3 was expressed in A. niger behind the gpd promoter of Aspergillus nidulans or 
as a fusion behind the G2 form of A. niger glucoamylase. Despite the fact that mRNA 
accumulated at relatively high levels, protein levels in the medium were less than 1% 
compared to that in S. commune. Levels of SC3 did not increase in strains with 
decreased protease activity in the culture medium. These data indicate that problems 
with production of the SC3 hydrophobin in A. niger occur intracellulary at the post-
transcriptional level.  
 In contrast to A. niger, levels of SC3 in the medium of T. reesei were at least 
similar to that found in S. commune when SC3 was expressed behind the HFBI 
promoter in medium containing glucose or when SC3 was expressed behind the HFBII 
promoter grown in lactose containing medium. 
 

Introduction 
 
Hydrophobins are small (± 100 aa) secreted proteins that fulfil a broad spectrum of functions 
in fungal development (Wessels 1996; 1997; Wösten and Wessels, 1997). They are 
characterized by the presence of eight cysteine residues in conserved spacing and by similar 
hydropathy patterns (Wessels, 1994; 1997; Wösten and Wessels, 1997). The SC3 
hydrophobin of S. commune is the best-characterized hydrophobin but other class I 
hydrophobins have similar properties. Upon contact with hydrophilic-hydrophobic interfaces 
SC3 monomers self-assemble into a highly insoluble, 10 nm thick, amphipathic membrane 
(Wösten et al., 1993; 1994a; 1995). By self-assembly hydrophobins change the nature of a 
surface. Hydrophobic solids (e.g. Teflon) can be made hydrophilic by submerging them in an 
aqueous solution of monomeric hydrophobin. Similarly, hydrophobins in aqueous solution 
assemble around oil droplets, thus stabilizing the suspension (Wösten et al., 1994a; 1995; 
Lugones et al., 1996; 1998; 1999b). On the other hand, hydrophobins can make hydrophilic 
surfaces, such as glass or paper, hydrophobic by assembly at the interface between the 
hydrophilic surface and the air (Wösten et al., 1993; Lugones et al., 1996; 1998; 1999b). The 
hydrophobin layer can strongly attach to these solid supports. 
 The properties of hydrophobins make them interesting candidates for use in technical 
and medical applications (Wessels, 1997). For instance, they could be used to increase 
biocompatibility of medical implants, to prevent microbial adhesion to e.g. catheter surfaces  
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or to attach cells or proteins to hydrophobic surfaces, as in biosensors. Hydrophobins can be 
considered safe in food applications because they are normally ingested by humans upon 
consumption of mushrooms and fungus-fermented foods. A requirement for successful 
application of hydrophobins is that these proteins can be produced in large quantities (i.e. 
grams per liter), although for some applications the quantities needed may be small (1 mg of 
SC3 is sufficient to coat 1 m2 of Teflon [Wösten et al., 1994a]). S. commune naturally 
produces about 60 mg L-1 SC3 in the medium. A. niger and T. reesei are widely used for the 
commercial production of heterologous proteins because of their high capacity to secrete 
proteins (up to 30 g L-1), their GRAS (Generally Regarded As Safe) status and the well 
developed large-scale fermentation processes, down-stream processing, mitotic crossing over 
and mutagenesis-screening methods (reviewed by Davies, 1991; Jeenes et al., 1991; van den 
Hondel et al., 1991; Gwynne and Devchand, 1992; MacKenzie et al., 1993; Archer et al., 
1994; Davies, 1994; Verdoes et al., 1995; Keränen and Pentillä, 1995; Gouka et al., 1997a; 
Archer and Peberdy, 1997). 
 Here, A. niger and T. reesei were examined as hosts for production of SC3. Low 
levels of SC3 were obtained in the culture medium when SC3 was expressed in A. niger, most 
probably due to a limitation occurring intracellulary at the post-transcriptional level. 
Production levels of SC3 were at least similar to that in S. commune when SC3 was expressed 
behind the HFBI or HFBII promoter and using glucose or lactose as a carbon source, 
respectively. 
 

Materials and Methods 
 
Strains and Plasmids 
Cloning was done in E. coli JM83. To express SC3 in A. niger, the plasmids pAN52-1NotI 
and pAN56-2 (van den Hondel et al., 1991) were used. The T. reesei expression vectors were 
constructed using plasmid pUC20. A. niger strains AB4.1, AB1.13 and D15#26 were used. A. 
niger strain AB4.1 is a cspA1pyrG1 derivative of strain ATTC 9029 (Bos et al., 1988). A. 
niger strain AB1.13 is a UV-derivative of strain AB4.1, which is deficient in extracellular 
proteases (van Hartingsveld et al., 1987; Mattern et al., 1992). Strain D15#26 is a derivative 
of strain AB1.13 containing a mutation, which leads to a reduced acidification of the culture 
medium (Mattern et al., 1992). T. reesei strain Rut-C30 (ATTC 56765 [Montenecourt and 
Eveleigh, 1979]) was used.  
 
Growth conditions and media 
For transformation, A. niger was grown at 30 °C and at 350 rpm for 24 h in complete medium 
(MM [Pontecorvo et al., 1953] + 0.5% yeast extract and 0.1% casamino acids) enriched with 
10 mM uridine. Selection of transformants was carried out on MM plates containing 100 µg 
ml-1 hygromycin B (Roche, Germany). For analysis of proteins secreted into the medium and 
mRNA analysis, A. niger was grown in either 25 ml MM+ (MM in which the glucose 
concentration was increased 5 times and 3.5 g of yeast extract was added) or MMdex (MM in 
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which the glucose was replaced by dextrin) at 30 °C (125 rpm) for 3 days. Cultures were 
inoculated with 1-2·106 spores ml-1. 
  T. reesei was grown at 28 °C under a daylight lamp on Potato dextrose (PD) plates 
(Difco). Selection of transformants was carried out on MM plates (Pentillä et al., 1987) 
containing 100 µg ml-1 hygromycin B (Roche, Germany) and 1 M sorbitol. For screening of 
transformants, mRNA analysis and analysis of proteins in the culture medium, strains were 
grown for 3-4 days in MM with 3% glucose or lactose as carbon source. Cultures were 
inoculated with 106 spores ml-1. The glucose concentration in the culture medium was 
monitored daily with Trinder reagent (Sigma, U.S.A.) and was kept above 1% by the addition 
of extra glucose, if necessary. 
 
Construction of expression vectors  
For expression of SC3 in A. niger, a complete cDNA of SC3 (424 bp) was synthesized by 
PCR using oligonucleotide primers corresponding to sense nucleotides 1 to 12, introducing a 
NcoI site in the startcodon, and antisense nucleotides 392 to 411, containing an additional 
BamHI site behind the stopcodon (Accession number SC3 sequence M32329). This fragment 
was cloned in expression vector pAN52-1NotI cut with NcoI/BamHI. This resulted in 
construct pS3AN, which contains the SC3 cDNA sequence in between the gpd promoter and 
trpC terminator of A. nidulans. To express SC3 as a fusion with the truncated glucoamylase 
gene (GlaA-G2), a 363 bp fragment encoding the mature form of SC3 was generated by PCR. 
One primer corresponded to sense nucleotides 76 to 99 and contained a NarI site and a spacer 
sequence encompassing a KEX2 site (cga atg gat aaa agg; RMDKR). The other primer 
corresponded to antisense nucleotides 392 to 411 and also contained an additional NarI site. 
The 363 bp fragment was cloned behind the truncated A. niger glucoamylase gene (glaA-G2) 
in expression vector pAN56-2 cut with NarI, resulting in construct pKXS3AN. It 
encompasses the fusion between glaA-G2 and SC3, which is under regulation of the glaA 
promoter of A. niger and the trpC terminator of A. nidulans. The orientation and sequence of 
the SC3 fragments were confirmed by sequence analysis. To allow selection of transformants, 
a hygromycin B resistance gene (Punt et al., 1987) was cloned as a NotI fragment in both 
expression vectors, resulting in constructs pS3ANh (Figure 1A) and pKXS3ANh (Figure 1B), 
respectively.  

For expression of SC3 in T. reesei, the SC3 coding sequence (see above) was cloned 
in pUC20 cut with NcoI/BamHI, resulting in plasmid pS3TR. A 929 bp fragment of the HFBI 
terminator region was amplified by PCR using oligonucleotide primers corresponding to 
sense nucleotides 1951 to 1970, containing a SacI site, and antisense nucleotides 2849 to 
2867, containing a SalI site (Accession number HFBI gene Z68124). The SacI site of this 
HFBI terminator fragment was made blunt using the Klenow fragment of DNA polymerase 
and was cloned in pS3TR cut with BamHI/SalI, of which the BamHI site was made blunt. 
This resulted in plasmid pS3TR1. The promoter regions of the HFBI and HFBII genes were 
amplified by PCR using oligonucleotide primers corresponding to sense nucleotides 142 to 
161 of HFBI or sense nucleotides 13 to 32 of HFBII, both containing a HindIII site and 
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antisense nucleotides 1501 to 1520 of HFBI or antisense nucleotides 1169 to 1188 of HFBII 
(Accession number HFBII gene Y11894). In both cases a NcoI site was introduced at the 3' 
end. The 1384 bp HFBI promoter fragment and the 1181 bp HFBII promoter fragment were 
then cloned in pS3TR1 cut with HindIII/NcoI, resulting in plasmids pS3TR1.1 (Figure 1C) 
and pS3TR1.2 (Figure 1D), respectively. 

 
 
 
 
 
 
 
 
Transformation of A. niger and T. reesei  
Co-transformation of a pyrG deficient A. niger strain (van Hartingsveld et al., 1987) with the 
expression vectors pS3ANh and pKXS3ANh and vector pAB4.1 containing the pyrG gene 
was carried out essentially as described by Punt and van den Hondel (1992). Transformants 
that were selected by complementing pyrG and growth on hygromycin B containing medium 
(100 µg ml-1) were purified through conidia. Co-transformation of T. reesei strain Rut-C30 
with the expression vectors pS3TR1.1 and pS3TR1.2 and vector pARO21, containing the 
hygromycin B resistance cassette, was carried out essentially as described by Pentillä et al. 
(1987). Transformants were purified through conidia after three rounds of selection on 
hygromycin B containing medium (100 µg ml-1). 

Figure 1. Constructs used for transformation of A. niger and T. reesei. (A) Construct pS3ANh, 
containing SC3 under regulation of the gpd promoter and trpC terminator of A. nidulans. (B) 
Construct pKXS3ANh, containing SC3 fused to a truncated A. niger glucoamylase gene (glaA-G2) 
separated by a KEX2 protease site and using the trpC terminator of A. nidulans. (C) Construct 
pS3TR1.1, containing SC3 under regulation of the HFBI promoter and terminator of T. reesei. (D) 
Construct pS3TR1.2, containing SC3 under regulation of the HFBII promoter and HFBI terminator 
of T. reesei. 
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Northern blot analysis 
RNA was isolated from mycelium that had been ground in liquid nitrogen using Trizol 
reagent (Gibco BRL, USA). It was separated on a 1% formaldehyde gel and blotted to 
Hybond-N+ membrane (Amersham, UK). The RNA was hybridized with a [32P]-labelled 
DNA fragment of the coding sequence of SC3. To compare expression levels of the SC3 gene 
or the fusion gene to that of the endogenous glucoamylase gene, RNA of A. niger was 
hybridized with a 300 bp NarI/BssHII fragment of vector pAN56-2 encompassing part of the 
truncated A. niger glucoamylase gene (glaA-G2). To compare SC3 expression levels to that 
of the endogenous HFBI and HFBII genes, respectively, RNA of T. reesei strains was 
hybridized with a 1384 bp HindIII/NcoI HFBI promoter fragment or a 1182 bp HindIII/NcoI 
HFBII promoter fragment, containing the 5' untranslated sequences of HFBI and HFBII, 
respectively. Re-hybridizing membranes with a S. commune 18S rRNA probe was carried out 
to quantify amounts of RNA loaded on the gel. 
 
Southern blot analysis 
DNA was isolated from mycelium, ground in liquid nitrogen, using the Isoplant DNA 
Extraction Kit (Eurogentec, Belgium). DNA was digested with NcoI or HindIII, separated on 
a 0.8% agarose gel, alkali denatured and blotted to Hybond-N+ membrane (Amersham, U.K.). 
The DNA was hybridized with a [32P]-labelled DNA fragment encompassing the coding 
sequence of the SC3 gene. 
 
Analysis of SC3 production in culture media and purification of SC3 
Mycelium was separated from the culture medium of shaken cultures using Miracloth 
(Calbiochem, USA). Total protein contained in the medium was precipitated with 25% TCA, 
washed with cold acetone, dried, treated with TFA and dissolved in SDS-sample buffer for 
analysis by SDS-PAGE. Purification of SC3 was performed essentially as described (Wösten 
et al., 1993; Wessels, 1997). SC3 was assembled by vortexing the culture medium for 2 min 
at room temperature. After removal of air bubbles at reduced pressure, the assembled SC3 
was spun down (30 min, 10000 g) and freeze dried. The material was treated with TFA and 
after removing the solvent with a stream of nitrogen gas taken up in 10 ml water. After 
removing insoluble material by centrifugation at 5000 g for 30 min, ethanol was added to a 
final concentration of 60% (v/v). Precipitates were removed by centrifugation, followed by 
addition of 2 volumes of 0.3 M NH4Ac in pure ethanol to the supernatant. SC3 was collected 
by centrifugation and after washing with 100% ethanol taken up in water. SC3 was re-
assembled by electrobubbling (Lugones et al., 1998) and freeze dried. 
 
Protein analysis 
After treatment with TFA samples were taken up in SDS-sample buffer containing β-
mercaptoethanol and adjusted to pH 6.8 with concentrated ammonia, if necessary. SDS-
PAGE was performed on 12.5% (w/v) polyacrylamide gels (Laemmli, 1970). The gels were 
fixed in 10% TCA for 1 h and stained with colloidal coomassie brilliant blue (G-250) for 16 h 
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(Neuhof et al., 1988) or blotted onto PVDF for immunodetection with SC3-antibodies 
(Wösten et al., 1994b). 

 
Results 

 
Cloning of a complete cDNA of SC3 
To allow heterologous expression of SC3 in A. niger, a complete coding sequence of SC3 was 
amplified. Its sequence (Figure 2) deviated from the sequence published previously (Schuren 
and Wessels, 1990). At the 5' end the cDNA contained 37 nucleotides positioned in the first 
intron as proposed by Schuren and Wessels (1990). Moreover, 4 nucleotides were missing in 
the coding sequence positioned immediately in front of this intron. It thus appears that the 
143 bp intron as proposed by Schuren and Wessels (1990) is in fact a 37 bp exon flanked by 
two introns of 53 and 57 bp. The 5' splice site of the 53 bp intron (intron 1) is situated 4 
nucleotides upstream of the site proposed before. Both small introns contain 5', 3' and internal 
splicing sequences, which are in agreement with the consensus sequences of basidiomycetous 
(Schuren, 1992) and ascomycetous genes (Gurr et al., 1987). The SC3 gene (sequence 
updated under accession number M32329) thus encodes a protein of 136 (instead of 125) 
amino acids, of which 112 are contained in the mature form after cleavage of the signal 
sequence. Residue Tyr32 (Schuren and Wessels, 1990) is absent and is replaced by 12 amino 
acids (T P P V T T T V T V T T). SC3 does not contain putative N-glycosylation sites (NXS 
or NXT) but 14 O-glycosylation sites (Thr) are predicted (de Vocht et al., 1998; Chapter 6) 
that would link the 16-22 mannose residues of SC3 (de Vocht et al., 1998). 
 
Analysis of SC3 production in A. niger 
A. niger strain AB4.1 was transformed with constructs pS3ANh and pKXS3ANh. pS3ANh 
contains the coding sequence of SC3 placed under regulation of the gpd promoter of A. 
nidulans. pKXS3ANh encompasses the SC3 cDNA encoding the mature hydrophobin fused 
in frame with the 3' end of a truncated A. niger glucoamylase gene (GlaA-G2), separated by a 
KEX2 site. After purification through conidia, transformants were screened for secretion of 
SC3 by SDS-PAGE analysis of TCA precipitated protein of culture media of 3-day-old liquid 
shaken cultures. 7 out of 15 A. niger strains containing construct pS3ANh revealed a protein 
band with an apparent molecular weight of 26 kDa, which was absent in the medium of an 
untransformed strain. This band reacted with antibodies raised against SC3 (Figure 3, lane 1). 
SC3 isolated from S. commune migrates at 24 kDa, suggesting that SC3 expressed by A. niger 
is overglycosylated. Maximal amounts of SC3 were observed after 5 days of growth, 
coinciding with glucose depletion in the medium. Southern blot analysis of 10 randomly 
chosen transformants showed that in all cases the SC3 sequence had integrated in the 
genome, with a copy number varying between 1 and 14. Of the A. niger strains transformed 
with construct pKXS3ANh 50 were selected and screened for SC3 production via slot-blot 
analysis of protein contained in the culture medium of 2-day-old microtiter cultures. Of these 
strains, 5 transformants showed a faint reaction with the SC3 antiserum. These strains were  
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purified through conidia and production of SC3 was confirmed by immunodetection on 
PVDF membranes, which were placed underneath 2-day-old sandwiched cultures (Wösten et 
al., 1991; Chapter 3). 2 transformants showing the highest immuno-signal were grown in 
liquid shaken cultures and the culture medium was analyzed by SDS-PAGE and Western 
blotting. The culture medium of both transformants showed a protein band running at the 26 
kDa position, which reacted with the SC3 antiserum (data not shown). This showed that SC3 
in the medium was correctly processed from the glucoamylase G2-SC3 fusion protein. 
Maximal amounts of SC3 were observed after 2 days of growth using dextrin as a carbon  
 

Figure 2. The corrected nucleotide sequence of the SC3 gene and its deduced amino acid sequence. 
Nucleotides are numbered with reference to the transcription start point (Schuren and Wessels, 
1990). The coding sequence is in upper case letters. Putative internal intron splicing sequences are 
underlined. The additional 37 bp sequence in the coding sequence is indicated in bold and upper 
case. The 4 nucleotides absent in the formerly published coding sequence are indicated in bold 
lower-case. Note that a previously deduced amino acid Tyr is missing. The nucleotide sequence is 
updated in databases under accesion number M32329. 
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source. However, the amount of SC3 produced 
by both types of transformants was less than 
1% compared to the amount secreted by S. 
commune. 

Heterologous proteins produced in A. 
niger are often degraded in the medium. 
Therefore, A. niger strains AB1.13 and D15#26 
were transformed with constructs pS3ANh and 
pKXS3ANh. Strain AB1.13 is a UV-derivative 
of strain AB4.1 that is deficient for both 
aspergillopepsin A and B and its derivative 
D15#26 acidifies the culture medium to a lesser 
extent (van Hartingsveld et al., 1987; Mattern et 
al., 1992). SDS-PAGE analysis showed that the 
amounts of SC3 were not increased when these 
strains instead of strain AB4.1 were used as 
hosts for expressing SC3 using pS3ANh and 
pKXS3ANh. 
Figure 3. Western blot analysis of SC3 in the 
culture medium of A. niger and T. reesei. (1) 
A. niger strain AB4.1 expressing SC3 behind 
the gpd promoter of A. nidulans using 
glucose as carbon source. (2) T. reesei strain 
Rut-C30 expressing SC3 behind the HFBI 
promoter using glucose as a carbon source. 
(3) T. reesei strain Rut-C30 expressing SC3 
behind the HFBII promoter using lactose as a 
carbon source. (4) SC3 produced by S. 
commune serving as control. The equivalent 
of 4.5 ml (1) and 0.45 ml (2-4) of culture 
medium was loaded on gel. 
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 The SC3 mRNA level in the SC3 producing A. niger strains AB4.1, AB1.13 and 
D15#26 was analyzed to investigate whether the low level of SC3 in the culture medium 
corresponds to low levels of SC3 mRNA. Northern blot analysis showed that in all types of 
transformants SC3 mRNA accumulated to a level 20-40% of the amount in wild-type S. 
commune (Figure 4). From this we conclude that the low level of SC3 in the medium can 
only to a small degree be explained by expression of the gene and/or RNA stability.  
 
Analysis of SC3 production in T. reesei 
Constructs pS3TR1.1 and pS3TR1.2 were introduced into T. reesei strain Rut-C30 using co-
transformation with vector pARO21. pS3TR1.1 and pS3TR1.2 encompass the SC3 coding 
sequence under regulation of the HFBI and HFBII promoter, respectively. pARO21 
encompasses the hygromycin B resistance cassette. After three rounds of selection on 
hygromycin B containing medium, 34 (pS3TR1.1) and 19 (pS3TR1.2) transformants were 
selected and screened for SC3 production via slot-blot analysis of the culture medium of 4 
day old microtiter cultures. Of these strains 8 and 9 transformants, respectively, showed a 
reaction with the SC3 antiserum. These strains were purified through conidia and production 
of SC3 was re-confirmed by slot-blot analysis of the culture media of two independent single 
spore colonies of each transformant grown in microtiter plate cultures. Of both types of 
transformants 10 conidia-derived strains were selected and analyzed by Western blot analysis 
of TCA precipitated protein of the culture media of 4 day old microtiter cultures, using 
antibodies raised against SC3. Of 10 transformants each, expressing SC3 behind the HFBI or 
HFBII promoter, 6 and 3, respectively, showed a clear immuno-positive band at 24 kDa 
(Figure 3, lanes 2 and 3), which is the same apparent molecular weight as that of SC3  
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Figure 4. Northern blot analysis of RNA isolated from A. niger strains expressing SC3. The RNA 
was hybridized with (A) a probe encompassing 400 bp of the 3’ part of the A. niger glucoamylase 
gene and with (B) a SC3 cDNA probe. (1-3) A. niger strain AB1.13 transformed with the 
glucoamylase-SC3 fusion construct, (4) A. niger strain AB1.13 serving as a control. (5-7) Strain 
AB1.13 transformed with SC3 under regulation of the A. nidulans gpd promoter, (8) A. niger strain 
AB1.13 serving as a control. (9-10) A. niger strain AB4.1 transformed with the glucoamylase-SC3 
fusion construct, (11) strain AB4.1 serving as a control. (12-13) Strain AB4.1 transformed with SC3 
under regulation of the gpd promoter. (14-16) A. niger strain D15#26 transformed with the 
glucoamylase-SC3 fusion construct, (17) strain D15#26 serving as a control. (18-20) Strain D15#26 
transformed with SC3 under regulation of the gpd promoter, (21) strain D15#26 serving as a control. 
(22) RNA of S. commune strain 4-39. 
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produced by S. commune (Figure 3, lane 4). Southern blot analysis of 3 immuno-positive 
strains each showed that in all cases the SC3 sequence had integrated in the genome, the copy  
number varying between 1 and 9. Of each type of transformants 1 strain was selected and 
grown in liquid shaken cultures for analysis of SC3 production and mRNA accumulation 
under more optimal conditions (i.e. a strain expressing SC3 behind the HFBI promoter with a 
copy number of 9 and a strain expressing SC3 behind the HFBII promoter with a copy 
number of 6). The culture medium of both transformants showed a protein band running at  
the 24 kDa position, which reacted with the SC3 antiserum. Maximal amounts of SC3 were 
 

Figure 5. Northern blot analysis of RNA isolated from T. reesei strains expressing SC3. (A) The 
RNA was hybridized with a probe encompassing SC3 cDNA and (B) a probe containing the HFBI 
promoter and the 5’ untranslated sequence (lanes 1-7) or the HFBII promoter (lanes 8-14). Lanes 1-5 
contain RNA from T. reesei expressing SC3 behind the HFBI promoter during 3 to 7 days of growth 
on glucose containing medium. Lane 6 contains RNA from wild-type T. reesei after 7 days of growth 
on glucose containing medium. Lanes 8-12 contain RNA from T. reesei expressing SC3 behind the 
HFBII promoter during 3 to 7 days of growth on lactose containing medium. Lane 13 contains RNA 
from wild-type T. reesei after 7 days of growth on lactose containing medium. Lanes 7 and 14 
contain RNA of S. commune wild-type strain 4-39 serving as control. 
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observed after 7 days of growth when SC3 was expressed behind the HFBI or HFBII 
promoter, using glucose or lactose as carbon source, respectively (Figure 3, lanes 2 and 3). 
The amount of SC3 produced in the culture medium was at least similar to the amount 
secreted by S. commune. Northern blot analysis showed that in both cases SC3 mRNA 
accumulated to a maximum level similar to that formed in wild-type S. commune (Figure 5). 
 T. reesei secretes various proteins in its culture medium, including the class II  
hydrophobins HFBI and HFBII (Nakari-Setälä et al., 1996; 1997). Therefore, a purification 
procedure was carried out to examine whether SC3 could be purified from these proteins. For 
this, a 7-day-old culture of a T. reesei strain expressing SC3 behind the HFBII promoter was 
used. The purification method was essentially the same as described for SC3 produced by S. 
commune (Wösten et al, 1993; Wessels, 1997; Chapter 6), except that SC3 in the culture 
medium was assembled by vortexing for 2 min, followed by evacuation of air and 
centrifugation. SDS-PAGE analysis showed that this procedure separated SC3 from the other 
proteins in the culture medium (Figure 6) with a yield of 13 mg L-1. This is similar to the 
amount purified from the medium of the S. commune ∆SC15 strain which secretes twice the 
amount of SC3 compared to the wild-type S. commune strain (O.M.H. de Vries, L.G. 
Lugones and R. Rink, personal communication). 
 

 
 

Discussion 
 
Production of SC3 in A. niger 
To increase production of the SC3 hydrophobin of S. commune, A. niger and T. reesei were 
examined as hosts. A. niger was chosen because it does not secrete hydrophobins in its 
culture medium (O.M.H. de Vries, unpublished). The known hydrophobins RodA and DewA 
and Hyp1 of  two related species, A. nidulans and A. fumigatus, respectively, are produced in 
phialides but not by submerged hyphae (Stringer et al., 1991; Stringer and Timberlake, 1995; 
Parta et al., 1994; Thau et al., 1994). Endogenously produced hydrophobins of A. niger will 
therefore not interfere with the purification from the medium of heterologously produced 

Figure 6. Purification of SC3 from the medium 
of a T. reesei strain expressing SC3 behind the 
HFBII promoter. Lane (1) TCA  precipitate of 
the culture medium. Lane (2) as (1) but after 
removal of the insoluble fraction containing 
assembled SC3. Lane (3)  part of the removed 
fraction containing assembled SC3 not soluble 
in water after TFA treatment. Lane (4) fraction 
soluble in water after TFA treatment but 
insoluble in 60% ethanol. Lane (5) fraction 
soluble in water and 60% ethanol after TFA 
treatment. Proteins were separated by SDS-
PAGE and visualized by coomassie brilliant 
blue staining. Amounts corresponding to 1 ml 
of culture medium were loaded in each lane. 
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hydrophobins. To allow heterologous production of SC3 in A. niger, the coding sequence of 
SC3 was placed under regulation of the gpd promoter and trpC terminator of A. nidulans 
(vector pS3ANh). Levels of SC3 in the culture medium of A. niger transformants were less 
than 1% compared to that produced in S. commune. Because Northern blot analysis showed 
that SC3 mRNA accumulated in A. niger to a level which was 20-40% of that in S. commune 
we conclude that production of SC3 in A. niger is mainly limited at the post-transcriptional 
level. A strategy to overcome limitations at the early stage of the secretory pathway is fusion 
of the gene of interest to the 3' end of a highly expressed homologous gene. This approach 
increased the yield of various proteins secreted in the culture medium (Ward et al., 1990; 
Contreras et al., 1991; Roberts et al., 1992; Broekhuijsen et al., 1993; Jeenes et al., 1993; 
Nyyssönen and Keränen, 1995; Ward et al., 1995). It has been suggested that the homologous 
protein serves as a carrier improving translocation of the protein into the endoplasmic 
reticulum (ER) allowing proper folding, thereby protecting the heterologous protein from 
degradation. Therefore, the coding sequence of the mature form of SC3 was cloned behind 
the coding sequence of the G2 form of glucoamylase of A. niger, separated by a KEX2 
protease site that allows cleavage of the fusion protein in the ER (vector pKXS3ANh). 
However, production levels did not increase indicating that the limitation of SC3 production 
occurs at another stage in the secretion pathway or occurs in the medium by the action of 
proteases. The main proteases secreted by A. niger are Aspergillopepsin A and B (Mattern et 
al., 1992). Aspergillopepsin A shows a broad specificity towards proteins and cuts after 
hydrophobic amino acids or lysine (http://www.chem.qmw.ac.uk/iubmb/enzyme/EC34/3423. 
html#2318). Aspergillopepsin B has been shown to cleave at the Asn3-Gln, Glu13-Ala and 
the Tyr26-Thr positions in the β-chain of insulin (http://www.chem.qmw.ac.uk/iubmb/ 
enzyme/EC34/3423.html#2318). Because Asn65 of SC3 is followed by a Gln residue and the 
broad specificity of aspergillopepsin A, SC3 may be susceptible to these proteases. 
Therefore, the protease deficient A. niger strain AB1.13 was transformed with either vector 
pS3ANh or vector pKXS3ANh. AB1.13 is a UV-derivative of the wild-type strain AB4.1 and 
is deficient in both aspergillopepsin A and B, showing a residual protease activity of 1-2% 
compared to that in the parental strain (Mattern et al., 1992). The expression constructs were 
also introduced in strain D15#26, which is a UV-derivative of strain AB1.13 (Mattern et al., 
1992) that acidifies the culture medium to a lesser extent than the parental strain (pH6 and 
pH4, respectively). Because the proteolytic activity has a pH optimum at pH 4.0 (van Noort 
et al., 1991), the residual protease activity of strain AB1.13 is likely to be inhibited in strain 
D15#26. However, production levels of SC3 in the culture media of both strains were similar 
to that in the wild-type strains, indicating that the low levels of SC3 are not caused by 
proteolytic degradation in the culture medium. This idea is supported by the observation that 
SC3 produced by S. commune is not degraded when it is added to the culture medium of A. 
niger (L.G. Lugones and H.A.B. Wösten, personal communication). 
 SC3 produced by S. commune runs at the 24 kDa position in SDS-PAGE, while 
deglycosylated SC3 has an apparent molecular weight of 14 kDa (O.M.H. de Vries, 
unpublished). The fact that SC3 produced by A. niger runs at the 26 kDa position indicates 
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that A. niger modifies SC3 in a different way. This is in agreement with the observation that 
the SC3 antiserum, which is mainly directed to the mannose residues of this hydrophobin, is 
less reactive to SC3 produced by A. niger than to SC3 produced by S. commune. To avoid 
problems with glycosylation, the non-glycosylated hydrophobin ABH3 of Agaricus bisporus 
was expressed in A. niger (K. Scholtmeijer, unpublished). This hydrophobin is found in the 
culture medium and is therefore, like SC3, expected to be relatively stable. Indeed, ABH3 
was shown not to be degraded in the culture medium of A. niger (L.G. Lugones and H.A.B. 
Wösten, unpublished). However, production levels of ABH3 were similar or even less 
compared to that of SC3 in A. niger. From this we can conclude that the problems with 
production of hydrophobins in A. niger occur intracellulary and at the post-transcriptional 
level but it is not yet clear what exactly hampers secretion. 
 
SC3 production in T. reesei 
In contrast to A. niger, T. reesei secretes high amounts of the class II hydrophobins HFBI and 
HFBII in its culture medium (Nakari-Setälä et al., 1996; 1997) and might therefore be a 
better host to produce hydrophobins in submerged cultures. SC3 was expressed in T. reesei 
under regulation of the HFB1 and HBFII promoters (vectors pS3TR1.1 and pS3TR1.2, 
respectively). Levels of SC3 in the culture medium of T. reesei transformants expressing SC3 
behind the HFBI or HFBII promoter, using glucose or lactose as carbon source, respectively, 
were at least similar to that produced in S. commune. Northern blot analysis showed that in 
these T. reesei strains SC3 mRNA accumulated to a level similar to that in S. commune. 
These results indicate that post-transcriptional limitations in production of hydrophobins, as 
noted in A. niger, do not occur in T. reesei.    
 The levels of SC3 produced by T. reesei and the fact that SC3 could be purified from 
the culture medium are promising. SC3 production may be further increased by (i) 
introduction of more copies of the expression vector, (ii) targetting of the expression vector to 
the cellobiohydrolase I (CBH1) locus, (iii) mutagenesis and screening methods or by (iv) 
growing the strains under more optimal conditions (e.g. in a fermentor). Furthermore, (v) 
levels of SC3 may be increased by expressing SC3 as a fusion to the highly expressed 
cellobiohydrolase I (CBHI) or endoglucanase I (EGI) genes (Nakari-Setälä, personal 
communication).   
 

Acknowledgements 
 
We thank Frank Schuren and Peter Punt of TNO, The Netherlands, for their technical help 
and valuable discussions. K. Scholtmeijer was financially supported by The Netherlands 
Technology Foundation (STW), coordinated by the Life Sciences Foundation (SLW).



 

  

 
 
 
 
 
 

Chapter 3: A sandwiched-culture technique for evaluation 
of heterologous protein production in a filamentous 

fungus 
 
 

Sigrídur A. Ásgeirsdóttir, Karin Scholtmeijer and Joseph G. H. Wessels 
Published in  

Applied and Environmental Microbiology: 65 (1999). p. 2250-2252 
 
 
 
 
 



 

  

 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 3 
 
 

 
 
 

43 

Abstract 
 
Aspergillus niger is known for its efficient excretion machinery. However, problems 
have often arisen in obtaining high amounts of heterologous proteins in the culture 
medium. Here we present a quick method using sandwiched colonies to evaluate 
transgenic strains for secretion of heterologous proteins. Using this technique it was 
shown that low production levels of the ABH1 hydrophobin of Agaricus bisporus in A. 
niger are, at least partly, due to extracellular proteolytic degradation. 
 

Introduction 
 
Because of the characteristic self-assembly of class I hydrophobins into SDS-insoluble 
amphipathic membranes, interest has arisen in possible medical and industrial applications. 
This requires an efficient method for production of hydrophobins (Wessels, 1997). 
Aspergillus niger is widely used for the commercial production of proteins because of its high 
capacity to secrete proteins (up to 30 g L-1), its GRAS (Generally Regarded As Safe) status 
and the well developed large-scale fermentation processes, down-stream processing, mitotic 
crossing over and mutagenesis-screening methods (reviewed by Davies, 1991; Jeenes et al., 
1991; van den Hondel et al., 1991; Gwynne and Devchand, 1992; MacKenzie et al., 1993; 
Archer et al., 1994; Davies, 1994; Verdoes et al., 1995; Gouka et al., 1997a; Archer and 
Peberdy, 1997). However, problems have often arisen in obtaining high amounts of 
heterologous proteins in the culture medium. Production of heterologous proteins can be 
limited at the transcriptional and the (post)-translational level, and several strategies have 
been developed to improve protein yields: (i) the introduction of a large number of gene 
copies, (ii) the use of strong fungal transcription regulatory sequences and efficient secretion 
signals, (iii) the construction and use of protease deficient host strains, (iv) development of an 
optimal production medium and (v) gene fusion strategies in which the gene of interest is 
fused at the 3' end of a gene encoding a well-secreted homologous protein (reviewed by 
Archer et al., 1994; 1997; Verdoes et al., 1995; Gouka et al., 1997b). Here we present a quick 
method using sandwiched colonies to evaluate transgenic strains for secretion of heterologous 
proteins. Using this sandwiched-culture technique we show that production of the ABH1 
hydrophobin of the edible mushroom Agaricus bisporus (de Groot et al., 1996; Lugones et 
al., 1996) in A. niger is hampered by proteolytic degradation in the culture medium. 
 

Materials and methods 
 
Strains and Plasmids 
Cloning was done in E. coli JM83. To express ABH1 in A. niger, the plasmids pAN52-1NotI 
and pAN56-2 (van den Hondel et al., 1991) were used. A. niger strain AB4.1, a cspA1pyrG1 
derivative of strain ATTC 9029 (Bos et al., 1988), was used. 
 



Chapter 3 
 
 

 
 
 

44 

Growth conditions and media 
For transformation, A. niger was grown at 30 °C and at 350 rpm for 24 h in complete medium 
(minimal medium [MM; Pontecorvo et al., 1953] + 0.5% yeast extract and 0.1% casamino 
acids) enriched with 10 mM uridine. Selection of transformants was carried out on MM 
plates containing 100 µg ml-1 hygromycin B (Roche, Germany). For analysis of proteins 
secreted into the medium and mRNA analysis, A. niger was grown in either 25 ml MM+ (MM 
in which the glucose concentration was increased 5 times and 3.5 g L-1 of yeast extract was 
added) or MMdex (MM in which the glucose was replaced by dextrin) at 30 °C (125 rpm) for 
3 days. Cultures were inoculated with 1-2·106 spores ml-1. 
 
Construction of expression vectors and transformation of A. niger   
For expression of ABH1 in A. niger, a complete cDNA of ABH1 (347 bp) was synthesized by 
PCR using oligonucleotide primers corresponding to sense nucleotides 1 to 18, introducing a 
NcoI site in the startcodon, and to antisense nucleotides 322 to 339, supplemented with a 
BamHI site (Accession number ABH1 sequence X92861; Lugones et al., 1996). This 
fragment was cloned in expression vector pAN52-1NotI cut with NcoI/BamHI. This resulted 
in construct pA1AN, which contains the ABH1 cDNA sequence in between the gpd promoter 
and trpC terminator of A. nidulans. To express ABH1 as a fusion with the truncated 
glucoamylase gene (GlaA-G2), a 297 bp fragment of the ABH1 cDNA sequence encoding the 
mature form of ABH1 was generated by PCR. One primer corresponded to sense nucleotides 
69 to 87 and contained an additional NarI site and a spacer sequence encompassing a KEX2 
site (cga atg gat aaa agg; RMDKR). The other primer corresponded to antisense nucleotides 
322 to 339 and also contained an additional NarI site. This fragment was cloned behind the 
truncated A. niger glucoamylase gene  (glaA-G2) in expression vector pAN56-2 cut with 
NarI, resulting in construct pKXA1AN. It encompasses the fusion of glaA-G2 and ABH1, 
separated by a KEX2 protease site, which is under regulation of the glaA promoter of A. niger 
and the trpC terminator of A. nidulans. The orientation and sequence of the ABH1 fragment 
was confirmed by sequence analysis. To allow selection of transformants, a hygromycin B  
 

 
Figure 1. Constructs used for transformation of A. niger AB4.1. (A) Construct pA1ANh, 
containing ABH1 under regulation of the gpd promoter and trpC terminator of A. nidulans. (B) 
Construct pKXA1ANh, containing ABH1 fused to a truncated A. niger glucoamylase gene (glaA-
G2) separated by a KEX2 protease site and using the trpC terminator of A. nidulans. 
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resistance gene (Punt et al., 1987) was cloned as a NotI fragment in both expression vectors,  
resulting in constructs pA1ANh and pKXA1ANh, respectively (Figure 1). Co-transformation 
of a pyrG deficient A. niger strain (van Hartingsveld et al., 1987) with the expression vectors 
pA1ANh and pKXA1ANh and vector pAB4.1 containing the pyrG gene was carried out 
essentially as described by Punt and van den Hondel (1992). Transformants were obtained by 
selection for complementation of pyrG and growth on hygromycin B containing medium 
(100 µg ml-1) and they were purified through conidia. 
 
Northern blot analysis 
RNA was isolated from mycelium that had been ground in liquid nitrogen using Trizol 
reagent (Gibco BRL, USA). It was separated on a 1% formaldehyde gel and blotted to 
Hybond-N+ membrane (Amersham, UK). The RNA was hybridized with a [32P]-labelled 
DNA fragment of the coding sequence of ABH1.  
 
Analysis of ABH1 production in shaken cultures  
Mycelium was separated from the culture medium of shaken cultures using Miracloth 
(Calbiochem, USA). Total protein contained in the medium was precipitated with 25% TCA 
and washed with cold acetone. TFA was added to dissociate the ABH1 hydrophobin. After 
removing the solvent with a stream of air, SDS-sample buffer (containing β-mercaptoethanol) 
was added and the samples were adjusted to pH 7 with concentrated ammonia, if necessary. 
SDS-PAGE was performed on 12.5% (w/v) polyacrylamide gels (Laemmli, 1970). The gels 
were stained with silver (Merril et al., 1981) or blotted onto a PVDF membrane for 
immunodetection with ABH1-antibodies (Lugones et al., 1996). 
 
The sandwiched-culture technique  
A perforated polycarbonate membrane (diameter 4.5 cm, pore size 0.1 µm; Poretics, USA) 
was put onto the surface of 10 ml of perfectly level solidified minimal medium (Wösten et 
al., 1991) containing 5% maltodextrin. The plate was heated to 70 °C and 1 ml of melted 
1.25% agarose was poured over the surface. The temperature of the plate was brought to 
room temperature and 5 µl of spore suspension (7 x 107 spores ml-1) was spotted at the center 
of the plate and allowed to soak into the agarose. A second perforated polycarbonate 
membrane was then put on top of the agarose layer. In all cases care was taken that no air 
bubbles were trapped. After 3 days of growth at 30 °C, the sandwiched culture was lifted 
from the agar, transferred to a PVDF membrane overlying fresh agar medium and incubated 
for 1 h at 30 °C. Secretion of ABH1 was then monitored by immunodetection using ABH1 
antiserum. 
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 Results 
 
A. niger strain AB4.1 was transformed with constructs pA1ANh and pKXA1ANh (Figure 1). 
pA1ANh contains the coding sequence of ABH1 placed under regulation of the gpd promoter 
of A. nidulans. pKXA1ANh encompasses the ABH1 cDNA encoding the mature hydrophobin 
fused in frame with the 3' end of a truncated A. niger glucoamylase gene (GlaA-G2). This 
resulted in TAN1 and TAN2 transformants, respectively. After purification through conidia, 
10 and 30 transformants, respectively, were screened for secretion of ABH1 by SDS-PAGE  
analysis of TCA precipitated protein of culture media of 2-day-old liquid shaken cultures. 
ABH1 was detected by silver staining and Western blot analysis in 70% of both types of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
transformants, but at low concentrations. No less than the equivalent of 5 ml of medium per 
lane was necessary in an SDS-polyacrylamide gel (PAGE) to obtain a clear ABH1 band. For 
comparison, 100 µl of medium is sufficient to visualize a similar amount of SC3 in  
Schizophyllum commune. Time course experiments showed the same low ABH1 protein level 
over a culture period of 5 days (not shown). Despite the low protein levels, Northern blot 
analysis showed clear ABH1 mRNA accumulation in these transformants (not shown). 

Figure 2. Sandwiched-culture technique. (A) Schematic view of a sandwiched culture. (B) 
Immunodetection of secreted ABH1 on PVDF membranes underlying sandwiched colonies of a 
TAN1 transformant, TAN2 transformant and wild-type (WT), respectively, for 1 h. 
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 To investigate whether ABH1 is degraded in the culture medium of A. niger, we used 
the so-called sandwiched-culture technique (Figure 2A) previously described (Wösten et al., 
1991; see M&M). A perforated polycarbonate membrane (pore size 0.1 µm) was put onto the 
surface of 10 ml solidified minimal medium containing 5% maltodextrin and 1 ml 1.25% 
agarose was poured over the surface. After solidifying, spores were inoculated on the center 
of the plate and a second perforated polycarbonate membrane was put on top of the agarose 
layer. After 3 days of growth, the sandwiched cultures of a wild-type strain (AB4.1) and of 
both types of transformants were transferred to PVDF membranes overlying fresh agar 
medium and incubated for 1 h. The immunosignals of ABH1 on the PVDF membranes 
(Figure 2B) showed predominant secretion at the edge of the colonies, indicating active 
secretion in the growing zone of the colony (as shown previously for glucoamylase [Wösten 
et al., 1991]) and a higher ABH1 secretion in a TAN2 transformant compared to that of a 
TAN1 transformant. No reaction was detected in the wild-type. 
 Proteins are tightly bound to PVDF membranes, but a small part of ABH1 could be 
dissociated from the membrane by incubation with 100% trifluoroacetic acid (TFA) for 30 
min at room temperature (the amount extracted was small because no decrease in the 
immuno-signal was detected on the PVDF membranes after extraction). After removal of 
TFA by a stream of nitrogen, the proteins were taken up in 1 ml SDS sample buffer, and 25 
µl was subjected to SDS-PAGE and Western blot analysis (Figure 3, lane 1). ABH1 
antibodies reacted with a protein band running at the 14-kDa position, representing 
monomeric ABH1 (Lugones et al., 1996) successfully cleaved from glucoamylase at the 
KEX2 protease site. A 10-times dilution of the sample still gave a positive signal with anti-

ABH1 antibodies (not shown). To analyze 
whether the enhanced excretion of ABH1 in 
sandwiched cultures compared to shaken 
liquid cultures was due to different culture 
conditions, a control experiment was carried 
out. A sandwiched TAN2 colony was grown 
for 3 days as described for the previous 
experiment, transferred to the surface of 10 ml 
of static liquid medium, and incubated for 24 h 
at 30 °C. The medium was harvested and a 
sample of 25 µl was subjected to SDS-PAGE. 
As in shaken cultures, no ABH1 was detected 
in the surface-grown liquid culture (Figure 3, 
lane 2). Also, no ABH1 was detected when the 
cultures were grown on 1 ml instead of 10 ml 
of medium nor when the 10 ml of liquid 
medium was concentrated 8 times prior to gel 
electrophoresis (not shown). After incubation 
of ABH1, dissociated from the PVDF 

Figure 3. Western blot analysis of 
extracellular ABH1 produced in sandwiched 
colonies of TAN2 transformants. (1) ABH1 
dissociated from a PVDF membrane by TFA 
incubation. (2) No ABH1 was detected in 
static liquid medium. (3) ABH1, dissociated 
from PVDF as in (1) was not detectable after 
24 h of incubation in a 3-day-old TAN2 
culture medium. (4) ABH1, dissociated from 
PVDF as in (1) was intact after 24 h of 
incubation in water. (5) Partially increased 
stability of ABH1 was obtained when the pH 
and medium components were adjusted. 
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membrane, in the medium of a 3-day-old TAN2 transformant for 24 h at 30 °C, the protein 
could not be detected (Figure 3, lane 3), whereas its level was not reduced after incubation in 
H2O (Figure 3, lane 4).  
 A. niger strain AB1.18 (UV mutated in the pepA gene encoding the protease 
aspergillopepsin A [Mattern et al., 1992]) was transformed with constructs pA1ANh and 
pKXA1ANh in an attempt to prevent proteolytic degradation of ABH1 in the culture 
medium. However, the use of this protease deficient strain did not yield more secreted ABH1 
(data not shown). Van Noort et al. (1991) demonstrated a pH optimum for proteolytic activity 
in the culture medium of A. niger AB4.1 at pH 4.0. We therefore analyzed the influence of 
pH on the proteolysis of ABH1 by increasing the initial pH from 6.0 to 7.0. In addition, the 
buffer capacity of the medium was increased by adding 4 times the amount of phosphate as 
indicated by Wösten et al. (1991) and adding 2% CaCO3 to the medium. This resulted in a 
final pH of the medium of 6.1 instead of pH 3 to 4 after 24 h of growth of the TAN2 
transformant. The adjustment of the pH and medium components only slightly increased the 
yield of ABH1 (Figure 3, lane 5). 
 

Discussion 
 
Because hydrophobins assemble at hydrophilic-hydrophobic interfaces and thereby change 
the hydrophobicity of a surface, these proteins are promising candidates for use in technical 
and medical applications. The ABH1 hydrophobin of the edible mushroom A. bisporus coats 
the outer surface of the mushrooms (de Groot et al., 1996; Lugones et al., 1996) as well as 
the gas channels within the fruiting bodies (Lugones et al., 1999b). Therefore, ABH1 can be 
considered a food-grade hydrophobin. To increase production of the ABH1 hydrophobin of 
A. bisporus, we have initiated heterologous expression studies in A. niger. A. niger was 
chosen for production of hydrophobins because it does not secrete hydrophobins in its culture 
medium (O.M.H. de Vries, unpublished; see Chapter 2), which will therefore not interfere 
with the purification of heterologously produced hydrophobins. Strain AB4.1 was 
transformed with constructs pA1ANh (TAN1 transformants) and pKXA1ANh (TAN2 
transformants). pA1ANh contains the coding sequence of ABH1 placed under regulation of 
the gpd promoter of A. nidulans. pKXA1ANh encompasses the ABH1 cDNA encoding the 
mature hydrophobin fused in frame with the 3' end of a truncated A. niger glucoamylase gene 
(GlaA-G2). Only low concentrations of ABH1 were detected in liquid shaken cultures of both 
types of transformants. This may be explained by (i) low expression at RNA and/or protein 
level, (ii) malfunction of translation and/or the secretory machinery, or (iii) instability of the 
protein in the culture medium. RNA analysis verified that the production of ABH1 was not 
hampered by a low expression level of the gene. To discriminate between the remaining 
possibilities, the sandwiched-culture technique (Wösten et al., 1991) was used. In this method 
a protein binding membrane (such as polyvinylidene difluoride [PVDF]) immobilizes 
proteins directly after secretion when placed under the colony. Specific antibodies allow 
detection of the newly secreted proteins. Immunosignals of ABH1 were highest in a TAN2 
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transformant indicating efficient secretion of ABH1. Only part of the protein could be 
extracted from the PVDF membranes with TFA. SDS-PAGE and Western blotting showed 
however that the amount of extracted ABH1 was considerably higher than the amount present 
in liquid shaken cultures. When a similar sandwiched TAN2 colony was transferred to the 
surface of static liquid medium, no ABH1 could be detected in the medium. This suggested 
that ABH1 is degraded in the medium, which is prevented by immobilizing the proteins (i.e. 
both ABH1 and proteases) on a PVDF membrane immediately after secretion. The 
degradation of ABH1 in the culture medium was confirmed by incubating the protein 
(extracted from the PVDF membranes with TFA) with the culture medium of A. niger. 
 The A. niger strain (AB4.1) used as a recipient for transformation experiments is 
known to contain extracellular proteases, most notably aspergillopepsin A and 
aspergillopepsin B, both belonging to the class of aspartyl proteases (Archer et al., 1992; 
Mattern et al., 1992). However the use of a protease deficient strain, AB1.18 (UV mutated in 
the pepA gene, encoding aspergillopepsin A [Mattern et al., 1992]), did not yield more 
secreted ABH1. Therefore, other proteases must be responsible for the degradation of ABH1. 
Van Noort et al. (1991) demonstrated a pH optimum for proteolytic activity of A. niger 
AB4.1 at pH 4.0. Myoglobin was efficiently degraded at pH 4.0, while no degradation was 
observed at pH 6.5 or higher. However, the amount of ABH1 only slightly increased when 
the pH of the medium was kept above 6.1. 
 The sandwiched-culture technique was also successfully used to detect the production 
of genetically engineered hydrophobins in S. commune, which in some cases could not be 
detected in the medium of liquid shaken cultures (Appendix to Chapter 6). This method 
therefore represents a rapid way to asses expression of a heterologous protein in filamentous 
fungi without interference by protein degradation. 
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Abstract 
 
The cDNA coding sequence of the Agaricus bisporus hydrophobin gene ABH1 under the 
regulation sequences of the Schizophyllum commune SC3 hydrophobin gene gave no 
expression in S. commune. In contrast, the genomic coding sequence (containing three 
introns) produced high levels of ABH1 mRNA when transformed to S. commune in the 
same configuration. Apparently, introns are needed for the accumulation of ABH1 
mRNA. A similar effect of intron-dependent mRNA accumulation in S. commune was 
observed with the homologous SC3 and SC6 genes. Run-on analysis with nuclei 
harboring intron-containing and intron-less SC6 showed that this effect did not occur at 
the level of transcription initiation: genomic and cDNA sequences were equally active in 
this respect. A single intron was introduced at various positions and in the right 
orientation into the intron-less SC3 transcriptional unit. Accumulation of SC3 mRNA 
was restored in all cases. By PCR amplification no unspliced SC3 mRNA species could 
be detected. Furthermore, addition of an intron to a cDNA of the green fluorescent 
protein (GFP) gene effected clear fluorescence of the transgenic hyphae. 

 
Introduction 

 
In the basidiomycetous fungus S. commune four genes encoding different hydrophobins have 
been isolated: SC3, which is expressed in primary (monokaryotic, sterile) and secondary 
mycelium (dikaryotic, fertile) and SC1, SC4 (Schuren and Wessels, 1990) and SC6 (Lugones, 
1998), which are only expressed in secondary mycelium (Wessels et al., 1995). The functions 
of the SC1 and SC6 hydrophobins are not yet known but SC3 has been shown to coat aerial 
hyphae with a hydrophobic rodlet layer (Wessels et al., 1991; Wösten et al., 1994a) and to 
have a role in the emergence of these hyphae from the growth medium (van Wetter et al., 
1996; Wösten et al., 1999). Furthermore, it attaches hyphae to hydrophobic surfaces (Wösten 
et al., 1994a; van Wetter et al., 2000). SC4 was shown to line gas channels in fruiting bodies 
of S. commune (Wessels, 1993; 1996; Lugones et al., 1999b).  
 The hydrophobin ABH1 confers hydrophobicity to the outermost hyphae of A. 
bisporus fruiting bodies (Lugones et al., 1996) and also lines the gas channels that traverse 
the fruiting body tissue of this mushroom (Lugones et al., 1999b). Since no significant 
differences could be found in the biophysical properties of isolated ABH1 and SC3 (Lugones 
et al., 1996) we wondered whether ABH1 could functionally replace SC3. For this we tried to 
complement a S. commune mutant bearing a disruption in the SC3 gene (Wösten et al., 
1994a; van Wetter et al., 1996) with a copy of the ABH1 gene placed under control of the 
SC3 regulatory sequences. Also placing SC6 under control of the SC3 regulatory sequences 
should allow a high expression of the SC6 hydrophobin in the primary mycelium. 
 Here we show that introns in the ABH1 gene are essential for its expression in S. 
commune. Also for the expression of the two S. commune hydrophobin genes SC3 and SC6 
the presence of at least one intron was indispensable. Moreover, insertion of an intron in the 
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transcriptional unit of the GFP gene elevates GFP expression and allows for the use of this 
reporter gene in S. commune. We further showed that the only intronic sequences specifically 
needed for mRNA accumulation were those at the splice and/or branch sites and that the 
event(s) affected by the presence of introns occur at the post-transcriptional level. 
 

Materials and methods 
 
Strains 
Cloning was done in E. coli JM83. S. commune strains 4-39 (CBS 341.18) and 72-3 were 
used. S. commune strain 72-3 is identical to the wild-type strain 4-39 apart from a disrupted 
SC3 gene (∆SC3 strain) (Wösten et al., 1994a; van Wetter et al., 1996). 
 
Growth conditions and media 
S. commune was grown in minimal medium (MM, Dons et al., 1979) either or not solidified 
with 1.5% agar. For transformation, the ∆SC3 strain was grown from a mycelial homogenate 
for two days at 24 °C and 225 rpm in 100 ml MM in 250 ml flasks. For RNA/DNA isolation, 
colonies were grown for 2-3 days on the surface of a perforated polycarbonate (PC) 
membrane (diameter 76 mm, 0.1 µm pores, Poretics, USA) that was positioned on solidified 
MM. For microscopic observations of GFP fluorescence, colonies were grown on microscope 
slides covered with a thin layer of MM (1.5% agar). To prevent formation of aerial hyphae, 
showing strong autofluorescence, a PC membrane was placed on top of the inocula.  
 
Construction of plasmids for transformation 
All constructs harbor a phleomycin resistance cassette with the ble gene from 
Streptoalloteichus hindustanus between the promoter and terminator region from the S. 
commune GPD (Glyceraldehyde-3-phosphate dehydrogenase) gene derived from pGPHt 
(Schuren and Wessels, 1994). The constructs shown in Figure 1 were made starting from 
p3HNcI, which was kindly provided by Dr. T. Schuurs. This plasmid consists of a 1 kb 
genomic fragment from S. commune that contains the promoter region of the SC3 gene and 
the 5' non translated region of the gene down to the translation startcodon (where an NcoI site 
was introduced by PCR), cloned in pUC20. The different coding sequences used, which were 
also provided with an NcoI site at the translation startcodon by PCR, were fused to the SC3 
promoter by using NcoI and a downstream restriction site from p3HNc. All these constructs 
thus bear the 70 bp non-translated 5' region from SC3. The 3' non-translated sequences plus 
downstream sequences used (to which we will henceforth refer to as terminator region) were 
those from the ABH1 or SC3 genes. In pABH1g.1 the terminator region of ABH1 (450 bp 
downstream of the stopcodon) was amplified by PCR together with the coding sequence. In 
pSC6g and pSC6c, a shorter ABH1 terminator region (425 bp) was cloned by using a 
restriction site present 425 bp downstream of the stopcodon of ABH1. In pABH1c.3 and 
pABH1g.3 a 1.6 kb BclI/PstI fragment from the SC3 gene was used as terminator region. 
This fragment contained the coding sequence for the last 10 amino acids of SC3 and 
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downstream sequences. In all other constructs the SC3 terminator region was also used but 
the sequence encoding the last ten amino acids of SC3 was removed by PCR. pSC3ci6 and 
pGFPci6 were made by introducing a PCR fragment that contains the third intron from SC6 
directly downstream of the SC3 stopcodon of pSC3c or the GFP stopcodon of pGFPc, 
respectively. pSC3cir5' and pSC3cir3' were constructed by cloning an artificial intron, in the 
proper or reversed orientation, directly behind the stopcodon of SC3 in pSC3c. The artificial 
intron consisted of two complementary oligonucleotides which were allowed to anneal giving 
a dsDNA fragment of 50 bp with receded ends complementary to those of BamHI receded 
ends. In order to facilitate screening, reconstitution of BamHI sites after cloning was 
prevented by manipulating the sequence at the downstream end of the fragment (a C was 
added before the receded end). The artificial intron contained the consensus sequences for the 
splice and branch sites of S. commune introns. The sequences in between these three sites 
were randomly generated although the average GC content for introns of S. commune (52%) 
was obeyed. To determine the consensus splice and branch site sequences in S. commune 
introns, eighty introns from twenty genes from this organism were examined (5' splice site, 
G99T98G58A46G91T71; branch site, C85T99G49A100C68; and 3' site C54A100G100  (the numbers 
represent the percentage of occurrence of the indicated nucleotide at that position). The 
designed sequence is depicted below with the consensus splice sequences and branch site 
underlined: 
 
5'  gatccgtgagtagatctcagcctatgagtgtctccctgctgacgtgcgcttacagc      3' 
3'             cactcatctagagtcggatactcacagagggacgactgcacgcgaatgtcgctag  5'  
 
Plasmids pSC3ciu, pSC3ci5’, pSC3ci3’ and pSC3cid were constructed by introducing the 
third intron of SC6 containing slight modifications of the 5' splice site (in bold) in order to 
make it conform to the consensus sequence for this site. The sequence of this intron is 
depicted below with the splice sequences and branch site underlined: 
 
5'     gtgagtgcccacttctccaccaaaaggtcgactatactgaacgctctacag  3' 
3'     cactcacgggtgaagaggtggttttccagctgatatgacttgcgagatgtc  5' 
 
This intron was also synthesized in vitro as two complementary oligonucleotides, which were 
allowed to anneal giving a dsDNA fragment of 51 bp. Plasmids pSC3ci5’ and pSC3ci3’ were 
constructed by introducing this intron in the SmaI site in the coding sequence of the SC3 
cDNA (pSC3c) in the 5’-3’ and 3’-5’ orientation, respectively. pSC3ciu was constructed by 
cloning a similar intron containing NcoI receded ends, directly upstream of the startcodon of 
SC3 in pSC3c. pSC3cid was constructed by cloning a similar intron containing BamHI 
receded ends, directly behind the stopcodon of SC3 in pSC3c. 
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Figure 1. Constructs used for transformation of S. commune. The hatched boxes represent various 
introns, the third intron of SC6 ( ), the third intron of SC6 with modifications of the 5’ splicing 
sequence ( ), and an artificial intron ( ). The black boxes ( ) represent native introns. In the column 
Expr., the level of expression of the different constructs is given. (++) represents the level of mRNA 
accumulation as reached by the SC3 gene in the wild-type strain or higher. (-) represents low or 
undetectable levels of mRNA. 
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Transformation of S. commune 
S. commune strain 72-3 (∆SC3) was transformed essentially as described by Schuren and 
Wessels (1994), except that it was protoplasted in 1 M MgSO4 containing 1 mg ml-1 Lysing 
enzymes from Trichoderma harzianum (Sigma, USA). 5-10 µg of DNA was added to 3·107 
protoplasts in 100 µl 1 M sorbitol. Transformants were selected on MM-plates containing 40 
µg ml-1 phleomycin (Cayla, France) and 500 µg ml-1 caffeine (Sigma, USA), allowing 
selection of transformants despite the presence of another phleomycin resistance    cassette 
already contained in the ∆SC3 strain (Wösten et al., 1994a; van Wetter et al., 1996). 
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Immunodetection at the colony level 
Up to 30 colonies were grown on one polycarbonate (PC) membrane positioned on MM-agar 
medium. The PC-membrane containing the colonies was transferred to a PVDF 
(polyvinylidene difluoride) membrane overlying a fresh MM-agar plate. After 3 h incubation 
at 30 °C the PVDF membrane was removed. Secreted ABH1 immobilized at the PVDF 
membrane was monitored by immunodetection using antibodies raised against ABH1 
(Lugones et al., 1996).  
 
Fluorescence Microscopy  
To monitor GFP fluorescence, colonies grown on microscope slides were observed in an 
Axiophot microscope by epifluorescence (Carl Zeiss, Germany) using FITC filters (#K3, L4) 
with excitation and suppression ranges of 450-490 nm and 515-560 nm, respectively.  
 
RNA and DNA isolation, Blot Hybridization and Run-on analysis 
Four colonies per plate were grown on a PC-membrane until a colony diameter of 2 cm was 
reached (about three days). They were then harvested, put in 1.5 ml conical tubes and 
immediately frozen in liquid N2. They were ground in the tubes for 15 s by using a loosely 
fitting metal pestle cooled in liquid nitrogen and turning at 1000 rpm. Nucleic acids were then 
isolated following the DNA CTAB extraction protocol described by Murray and Thompson 
(1980). To isolate both RNA and DNA, nucleic acids were not precipitated directly with 
isopropanol after the high salt TE buffer step, but 1/3 volume 8 M LiCl was added to the 
samples which were then held on ice for 3 h. After centrifugation, the pellet containing the 
RNA was treated and analyzed as described in Schuren et al. (1993a). Re-hybridizing 
membranes with an 18S rRNA probe quantified RNA on gels. The genomic DNA in the 
supernatant was precipitated by adding 2/3 volume isopropanol, washed with 70% ethanol 
and further analyzed as described by Schuren et al. (1993a). Run-on experiments with 
isolated nuclei were performed as described by Schuren et al. (1993b). 
 

Results 
 
Heterologous expression of ABH1 in S. commune requires introns 
Because we were unable to target genes to defined positions in the genome, we cloned genes 
to be expressed and the phleomycin resistance cassette for selection of transformants in the 
same plasmid. This ensured that the phleomycin resistant colonies had inserted the plasmid at 
a location permitting gene activity. Initially, we compared the expression of the genomic 
sequence of ABH1 containing its own terminator region (pABH1g.1) and the cDNA sequence 
of ABH1 provided with the terminator region of SC3 (pABH1c.3), both under control of the 
SC3 promoter in the ∆SC3 strain of S. commune (Figure 1). The ∆SC3 strain was used 
because we attempted functional complementation of the SC3 gene by introducing the ABH1 
sequence. Immunodetection at the colony level showed that colonies transformed with 
pABH1g.1 produced ABH1 while those transformed with pABH1c.3 gave no reaction with 
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the antibody (results not shown). Since the ABH1 constructs contained the SC3 5' non-
translated region it was very simple to accurately compare the ABH1 mRNA levels in the 
∆SC3 strain to that of SC3 in the wild type strain. Some pABH1g.1 transformants reached an 
ABH1 mRNA level similar to that of SC3 mRNA in the wild type strain (results not shown). 
This showed that the A. bisporus termination, polyadenylation, and splicing signals were 
fully recognized by S. commune. On the other hand the lack of expression from the cDNA 
construct could be a consequence of an incompatibility of the SC3 terminator with the 
heterologous sequence or the lack of introns in the ABH1 coding region. To discriminate 
between these two possibilities the construct pABH1g.3 was made which only differed from 
pABH1c.3 with respect to the presence of the three introns of the ABH1 gene (Figure 1). 
After transformation to S. commune wild-type strain 4-39, five colonies from each type were 
randomly selected and grown for RNA and DNA extraction. Northern blotting and 
hybridization to an ABH1 probe showed that three out of five pABH1g.3-transformed 
colonies had a high level of ABH1 mRNA while none of five pABH1c.3 transformants 
showed expression except one with a very low level of ABH1 mRNA (Figure 2). Southern 

blots confirmed that all colonies contained the 
ABH1 construct and that there were no 
obvious differences in ABH1 copy number 
between the pABH1g.3 and the pABH1c.3 
transformants (results not shown). Since the 
only difference between the transformed 
constructs was the presence or absence of 
introns we concluded that the presence of 
introns is necessary for the expression of 
ABH1 in S. commune. Somewhat unexpected, 
ABH1 did not phenotypically complement 
the SC3 mutation. 
 

 
Homologous expression of SC3 and SC6 in S. commune requires introns 
To investigate whether introns were also needed for the expression of homologous genes a 
similar set of constructs to those used for ABH1 was made for SC3 (Figure 1). pSC3g 
contains the genomic coding sequence from SC3 and pSC3c encompasses the SC3 cDNA, 
both stretching between start and stopcodon. A modification was made to the terminator 
region, which in the ABH1 expression vectors had been cloned by restriction of the gene and 
still carried the sequence that codes for the last 10 amino acids of SC3. To remove this coding 
sequence, a fragment containing the sequences downstream of the stopcodon of SC3 was 
amplified by PCR and used as terminator region. The constructs were introduced in the ∆SC3 
strain. Northern analysis showed a high SC3 mRNA level in most of the transformants 
bearing a SC3 genomic coding region (Figure 3A) and a low one for all transformants that 
contained the SC3 cDNA (Figure 3B).  

Figure 2. Northern analysis of five randomly 
chosen transformants containing genomic or 
cDNA sequences encoding ABH1. ABH1 cDNA 
served as a probe. (A) pABH1g.3 transformants 
containing genomic ABH1 (1-5). (B) pABH1c.3 
transformants containing ABH1 cDNA (6-10). 
A similar amount of RNA isolated from A. 
bisporus fruiting bodies serving as a control 
(Ab). 
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 The SC6 gene, which is transcriptionally silent in monokaryotic strains (Schuren et 
al., 1993b), was also tested in this way. Two constructs were made (Figure 1): pSC6g that 
contains the genomic coding sequence from SC6 and pSC6c encompassing the SC6 cDNA, 
both stretching between start-and stopcodon. Both constructs contained the promoter region 
of the SC3 gene and terminator region of the ABH1 gene. The constructs were used to 
transform the wild type strain 4-39 and 10 randomly chosen phleomycin resistant colonies 
from each type were screened for SC6 mRNA accumulation. It was found that 7 out of 10 
pSC6g transformants showed high SC6 expression (Figure 3C) while all 10 pSC6c 
transformants failed to give any expression (Figure 3D). Southern analysis of 5 colonies of 
each type showed that all colonies contained extra SC6 copies in addition to the endogenous 
copy, and no obvious differences were found in the number of integrated copies of the two 
plasmids (result not shown). In spite of the forced expression of SC6 in the monokaryon, this 
gene could not complement the phenotype caused by the mutation in the SC3 gene. 
 
Intron-dependent mRNA accumulation in S. commune is a post-transcriptional event 
To examine whether the absence of introns in some way caused transcriptional inactivity, 
run-on analysis was performed on nuclei isolated from four transformants from the SC6 

Figure 3. Northern analysis of transformants of S. 
commune containing integrated SC3 and SC6 gene 
constructs with and without introns. Numbered lanes 
contain RNA from transformants. Lanes marked wt and 
r contain RNA from the recipient wild-type strain 4-39 
and the 72-3 strain, respectively. Strain 72-3 
transformed with (A) the intron-containing construct 
pSC3g and (B) the intron-less construct pSC3c. The 
RNA was probed with SC3 cDNA. Strain 4-39 
transformed with (C) the intron containing construct 
pSC6g and (D) the intron-less construct pSC6c. RNA 
was probed with SC6 cDNA. Equal amounts of RNA 
were loaded, as verified by hybridization with an 18S 
rRNA probe. 

Figure 4. (A) Nuclear run-on analysis. 
Nuclei were isolated from two 
transformants (4 and 8) containing pSC6g 
(SC6 gene with introns) and two 
transformants (22 and 26) containing 
pSC6c (SC6 cDNA). Run-on transcription 
was performed in the presence of [32P]-
UTP. Radioactive transcripts were 
hybridized to specific DNAs patterned 
onto hybond N+ membranes, as indicated 
on the left bottom panel. (B) SC6 mRNA 
levels of the same transformants at the 
time of isolation of the nuclei. 
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series (two containing pSC6c and two containing pSC6g), which showed similar copy 
numbers (1 to 3). As observed earlier (Schuren et al., 1993b), SC7 and SC4 were found not to 
be transcribed in the monokaryon while SC3 was active (Figure 4). SC6 was found to be 
similarly active in all four transformants. These results show that the effect of introns on the 
SC6 mRNA levels takes place at the post-transcriptional level. 
 
Introduction of an intron restores mRNA accumulation 
The third intron from SC6 was cloned directly behind the SC3 stopcodon in the cDNA 
construct pSC3c (pSC3ci6, Figure 1) and this construct was introduced into the ∆SC3 strain. 
The SC3 mRNA level in transformant colonies was found to increase to up to 100% of that of 
the wild type strain 4-39 (Figure 5A). This was also the case when the third intron from SC6 
was inserted within the coding sequence of the SC3 cDNA (pSC3ci5’, Figure 1; Figure 5B). 
When the same intron was inserted in the 3’-5’ orientation (pSC3ci3’, Figure 1), the SC3  

 
mRNA level in transformant colonies was not elevated (Figure 5C). This indicated that the 
effect of the intron on mRNA levels was not due to the presence of specific sequences (e.g. 
enhancers) apart from the splicing consensus sequences. This was tested further by using an 
artificial intron, which was cloned behind the stopcodon of the SC3 cDNA-coding region in 
pSC3c in two orientations (pSC3cir5' and pSC3cir3', Figure 1). Northern analysis of ten 
randomly chosen phleomycin resistant colonies of each type showed that colonies 
transformed with the construct bearing the intron in ‘splicing orientation’ (pSC3cir5') 
accumulated levels of SC3 mRNA up to 100% of the wild type expression level (Figure 6A). 
Unexpectedly, also the transformants with the artificial intron in the ‘non-splicing 
orientation’ (pSC3cir3') showed a higher SC3 mRNA level than transformants containing 
pSC3c (SC3 cDNA without added intron, not shown), although this level was on average 
somewhat lower than that of strains transformed with pSC3cir5' (Figure 6B). When the 
sequence of the inverted intron in the integration region was examined in detail, it became 
clear that a new intron-like element had arisen which could use splice and branch sites 
fortuitously occurring in the intron itself and the terminator region of SC3: 
 

Figure 5. Northern analysis of strains with SC3 cDNA 
constructs containing an SC6 intron. (A) 72-3 
transformed with pSC3ci6 (intron behind the stop codon 
of the SC3 cDNA sequence in the 5’-3’ orientation, lane 
1-5). (B) 72-3 transformed with pSC3ci5’ (intron within 
the SC3 cDNA sequence in the 5’-3’ orientation, lane 1-
5). (C) 72-3 transformed with pSC3ci3’ (intron within 
the SC3 cDNA sequence in the 3’-5’ orientation, lane 1-
5). Lanes marked wt and r correspond to the wild-type 
strain 4-39 and recipient strain 72-3, respectively, 
serving as controls. Equal amounts of RNA were 
loaded. SC3 cDNA served as probe. 
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To see whether this putative new intron was indeed spliced and also to confirm splicing in the 
case of the artificial intron in the 5'-3' orientation, cDNA was synthesized from mRNA of 
both types of transformants using a poly dT oligonucleotide as primer. PCR was performed 
using both RT mixtures as template and the construct pSC3cir5' (SC3 cDNA construct plus 
artificial intron) as a control. As primers, oligonucleotides were synthesized corresponding to  
sequences at both sides of the inserted intron. The amplification product that arose from each 
RT mixture was 350 bp long, which is 50 bp shorter than the PCR product using pSC3cir5' 
DNA (containing the artificial intron) as target (Figure 7). This showed that the artificial 
intron was spliced in both cases. In the case of the amplification product from the RT mixture  

 
of the transformant containing the pSC
height of the unspliced mRNA was 
suggesting that some mRNA still conta
fact that the cDNA corresponding to this
in the artificial intron (not shown). 
 To analyze whether the posi
accumulation, the third intron of SC6 wi
directly upstream of the startcodon (
(pSC3cid) or within the SC3 cDNA seq
into the ∆SC3 strain and SC3 mRNA ac
(Figure 8). When the intron was placed
the stopcodon, SC3 mRNA accumulated
Figure 6. Northern analysis of colonies transformed 
with SC3 cDNA constructs provided with an artificial 
intron. (A) pSC3cir3’ containing the artificial intron in 
the 5’-3’ orientation behind the stopcodon of SC3 
cDNA. (B) pSC3cir3’, as (A) but containing the 
artificial intron in the 3’-5’ orientation. Lanes marked 
wt and r correspond to the wild-type strain 4-39 and 
recipient strain 72-3, respectively. Numbered lanes (1-5) 
correspond to 5 randomly selected transformants. Equal 
amounts of RNA were loaded. The probe used was a 
SC3 cDNA. 
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3cir3' construct (inverted intron) also a band at the 
observed. However, this band was less intense, 

ined the inverted intron. This was confirmed by the 
 mRNA could be cut at a BglII restriction site present 

tion of an introduced intron influences mRNA 
th a modification in the 5' splice site was introduced 
pSC3ciu), directly downstream of the stopcodon 
uence (pSC3ci5'). The constructs were transformed 

cumulation was monitored by Northern blot analysis 
 either upstream of the startcodon or downstream of 
 on average to a similar level (30% and 38% of the 

Figure 7. PCR on (1) pSC3cir5’ DNA containing the 
artificial intron and on a reverse transcriptase mixture of 
(2) RNA from strain 72-3 transformed with pSC3cir5’ 
and (3) transformed with pSC3cir3’. 
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WT SC3 mRNA level, respectively). Transformants containing the construct with the intron 
in the SC3 cDNA sequence showed an average accumulation of SC3 mRNA to 60% of the 
wild-type SC3 mRNA level. These results indicate that the presence of an intron in the SC3 
cDNA coding sequence restores SC3 mRNA accumulation to a higher level compared to 
introns placed outside the translational unit. However, the position of the intron is not crucial 
in effecting an increase in mRNA accumulation. 
 
 
 
 
 
 
 
 
 
 
 

 
Introduction of an intron in GFP elevates accumulation of its mRNA  
To determine whether introns are also required for efficient expression of genes other than 
those for hydrophobins, we compared the expression of the cDNA of the gene encoding 
Green Fluorescent Protein (pGFPc, Figure 1), which does not contain introns, with 
expression of this sequence with an intron (the third intron of SC6) cloned directly behind the 
stopcodon (pGFPci6, Figure 1). In both cases the GFP sequence was placed under regulation 
of the SC3 promoter and terminator region and transformed to S. commune wild-type stain 4-
39. Northern analysis showed a higher GFP mRNA level in transformants bearing the intron-
containing GFP construct than those bearing the intron-less construct (results not shown). 
Microscopical observation showed that transformants bearing the intron-containing GFP 
construct were clearly fluorescent, in contrast to transformants bearing the intron-less 
construct (Figure 9).   
 

 

Figure 8. Northern analysis of colonies transformed with (A) pSC3ciu, containing the modified third 
intron of SC6 in front of the start codon of the SC3 cDNA sequence, (B) pSC3ci5’, containing the 
same intron within the coding sequence of SC3 cDNA and (C) pSC3cid, containing the same intron 
behind the stop codon of SC3 cDNA. Numbered lanes contain RNA from transformants. Lanes 
marked wt and r contain RNA from the wild-type strain 4-39 and the recipient strain 72-3, 
respectively. Lanes marked c and g contain RNA from colonies transformed with pSC3c (cDNA) and 
pSC3g (genomic DNA), respectively. Lanes marked a1 and a2 contain RNA from two colonies 
transformed with pSC3cir5’. The blot was probed with SC3 cDNA and the relative amount of RNA 
loaded on gel was determined by hybridization with an 18S rRNA probe.  
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Figure 9. Hyphae from S. commune transformed with (A, B) pGFPc (GFP construct without an 
intron) and (C, D)  with pGFPci6 (GFP construct with the third intron of SC6 behind the stop codon). 
Pictures were taken with (A, C) phase contrast and (B, D) with UV. 
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Discussion 

 
In the present study we show that gene expression in S. commune requires introns, at least in 
the case of the four genes analyzed. After introducing the coding sequences of ABH1 (A. 
bisporus), SC3, SC6 (S. commune) and GFP (Aequorea victoria), without introns no or very 
low expression levels were observed contrasting with the expression of intron-containing 
sequences. All experiments were carried out using the SC3 promoter, but similar results were 
obtained when genomic SC3 coding sequences, SC3 cDNA coding sequences and SC3 cDNA 
coding sequences with an intron directly behind the stopcodon were expressed using the gpd  
promoter of S. commune (not shown). Placement of one intron outside the translational unit  
enhanced expression of SC3 to levels similar to those found in transformants containing an 
SC3 coding region with all native introns. This was true for both introns tested, i.e. the third 
intron from SC6 and an artificial intron. Apparently, the nature of the intron is not important. 
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 By chance, introduction of an artificial intron behind the stopcodon of the SC3 cDNA 
coding sequence in inverted orientation gave rise to a new putative intron, which contained 
all the sequences known to be required for splicing. As 3' splice site the sequence CAG 
present in the SC3 terminator region (6 bp downstream of the stopcodon of SC3) was 
probably used. By PCR it was shown that the introns in both orientations were spliced. 
However, a faint band at the height of the non-spliced mRNA was observed after 
amplification of the mRNA of the gene with the artificial intron in 3'-5' orientation. This 
could indicate that the inverted intron was less efficiently spliced than the intron in the 
normal orientation. 
 The position of an introduced intron seems to influence mRNA accumulation. When 
an intron was placed within the SC3 cDNA coding sequence the average SC3 mRNA 
accumulation was increased two times compared to situations where the intron was placed 
outside the translational unit (before the startcodon or behind the stopcodon). In plants it was 
shown that the splicing efficiency correlates with the context in which an intron was placed 
(Carle-Urioste et al., 1994), which may also hold for S. commune. The context outside of the 
transcriptional unit of SC3 is different from that of the coding sequence. The GC content of 
coding sequences of S. commune is higher (64%) than that of non-translated regions (52%) 
(Schuren, 1992). 
 For the SC6 mRNA it was shown that the presence of introns only affected 
accumulation of mRNA and not the rate of transcription, excluding a role of the inserted 
sequences as enhancers. The findings that an artificial intron can substitute for a native intron, 
and that a native intron only affects mRNA accumulation when inserted in the right 
orientation, also argues against a role as enhancers.  
 The phenomenon of intron-dependent mRNA accumulation was previously shown to 
occur in mammalian and plant cells (Simpson and Filipowicz, 1996; Koziel et al., 1996 and 
references therein). The results presented here are in agreement with the general idea that 
dependency of mRNA accumulation on introns is a post-transcriptional event (Simpson and 
Filipowicz, 1996; Koziel et al., 1996 and references therein). However, its mechanism is not 
clear. Not all genes of plant or mammalian origin contain or require introns for efficient 
mRNA accumulation and the requirement of introns in plants is species dependent. It was 
suggested (Buchman and Berg, 1988) that genes that can be expressed in the absence of an 
intron contain sequences that are recognized by a constituent of the splicing system without 
the assembly of an active spliceosome but allowing mRNA accumulation in a similar way as 
intron-containing sequences. In addition, it was suggested (Koziel et al., 1996 and references 
therein, Xu and Hall, 1994) that differences in the degree of mRNA accumulation in plants 
are related to the splicing efficiency of the intron used. This may explain the fact that not all 
introns affect mRNA accumulation equally. 
 It is not yet clear whether the splicing reaction itself is required for the increase in 
mRNA accumulation. For instance, unsplicable derivatives of the Hsp82 intron, the Adh1 
intron in maize (Sinibaldi and Mettler, 1992; Luehrsen and Walbot, 1994) or the IVS2 intron 
in mammalian cells (Buchman and Berg, 1988) were unable to increase mRNA 
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accumulation, while unsplicable derivatives of a PAT1-GUS fusion in Arabidopsis still 
increased mRNA levels (Rose and Beliakoff, 2000). Two possible mechanisms for intron 
dependent mRNA accumulation are generally accepted. One is that introns protect the pre-
mRNA from degradation (Kurachi et al., 1995), either by adopting a stable secondary 
structure or by providing binding sites for factors protecting the pre-mRNA, such as oligo-U-
binding proteins (Gniadkowski et al., 1996) or heterogeneous nuclear ribonucleoproteins 
(Krecic and Swanson, 1999). An alternative model is that spliceosome assembly onto the 
introns in pre-mRNA facilitates an association with enzymes involved in other aspects of 
RNA maturation (such as polyadenylation) and transport of the mRNA to the cytoplasm. 
Using an intron-containing and intron-less CAT-gene in mammalian cells, it was shown that 
intron-mediated mRNA accumulation most likely was caused by a mechanism, which 
favored polyadenylation and transport of mRNA’s (Huang and Gorman, 1990). Furthermore, 
for the human β-globin gene it was shown that the second intron, but not the first, was 
necessary for accumulation of its cytoplasmic mRNA and that the presence of this intron and 
not its splicing promotes efficient polyadenylation (Antoniou et al., 1998). On the other hand, 
a correlation between splicing and mRNA transport was observed when intron-containing 
and intron-less mRNA’s were introduced in nuclei of Xenopus oocytes (Luo and Reed, 2000). 
mRNA’s containing introns were, after removal of the introns (spliced mRNA), much more 
rapidly and efficiently exported than the intron-less mRNA’s (non-spliced mRNA). 
Moreover, it was shown that different ribonucleoprotein complexes assembled on the spliced 
and the non-spliced mRNA’s. From this it was concluded that splicing generates a specific 
nucleoprotein complex that targets mRNA for transport. 
 In conclusion, subtle differences in the specificity of association of ribonucleoproteins 
or spliceosomal proteins with the mRNA and the influence of splicing or spliceosome 
assembly on other events like capping, polyadenylation, turnover and transport into the 
cytoplasm may account, in a complex way that is not yet understood, for the various effects 
observed in intron-dependent mRNA accumulation. 
 Even less is known about intron-dependent mRNA accumulation in fungi. Only in 
one other fungus, Podospora anserina, the phenomenon was reported to occur (Dequard-
Chablat and Rötig, 1997). In the ascomycetous yeast Saccharomyces cerevisiae only 2-5% of 
the genes contain introns and no requirement for introns has been observed when genes from 
plants or vertebrates were expressed (Hiraiwa et al., 1997; Lin et al., 1997). However, 
characteristics and splicing mechanisms of yeast introns are different from those of 
filamentous fungi (Gurr et al., 1987). In contrast to introns in genes from animals, S. 
cerevisiae and plants, introns of filamentous fungi are characteristically short (≤100 bp). With 
respect to the degree of degeneracy of the splice and branch sites they resemble more the 
introns from animals and plants than those of S. cerevisiae (Gurr et al., 1987).  
 In filamentous fungi the proportion of genes containing introns is higher. A survey of 
the EMBL nucleotide databank showed that in the filamentous ascomycetes Aspergillus 
niger, Aspergillus nidulans, Neurospora crassa, Trichoderma reesei and Podospora anserina 
68, 82, 78, 80 and 81 % of the nuclear, protein encoding genes contain introns, respectively 
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(210 genes were analyzed in total). cDNA sequences are often used to express heterologous 
genes in A. niger and T. reesei (Carrez et al., 1990; Ward et al., 1992; Arundhati et al., 1995) 
and no data are available on requirement of introns. However, in the ascomycete P. anserina 
it was shown that the presence of at least one intron was required for expression of the gene 
encoding the ribosomal protein S12 (Dequard-Chablat and Rötig, 1997). For basidiomycetes, 
a survey of the EMBL nucleotide databank (Lugones, 1998) showed that all analyzed 
nuclear, protein encoding genes (85 genes in total) of the homobasidiomycetes S. commune, 
A. bisporus, Coprinus cinereus, Phanerochaete chrysosporium, Pleurotus ostreatus and 
Lentinus edodes contained introns. In contrast, analysis of 36 genes of the 
heterobasidiomycete Ustilago maydis showed that only 14% of the genes contained introns.  
 It is conceivable that this phenomenon of intron-dependent mRNA accumulation only 
plays a role in organisms that generally contain introns in their genes. The results presented 
for S. commune may therefore be relevant for other homobasidiomycetes, such as the 
commercially important species Agaricus bisporus (common mushroom) and Pleurotus 
ostreatus (oyster mushroom), in establishing efficient transformation of protoplasts with 
plasmids carrying bacterial selection or reporter genes. They also indicate that introducing 
introns may increase expression levels of heterologous genes in ascomycetes such as A. niger 
and T. reesei.  
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Abstract 
 
Previously, it was shown that introns are required for mRNA accumulation in 
Schizophyllum commune and that the presence of AT-rich sequences in the coding 
region of genes can result in truncation of transcripts in this homobasidiomycete. Here 
we show that intron-dependent mRNA accumulation and truncation of transcripts are 
two independent events that both affect expression of the bacterial hygromycin B 
resistance (hph) gene in S. commune. Adding introns to the unmodified hph-gene did not 
result in accumulation of full-length transcripts. However, replacing an AT-rich stretch 
in the coding region of the hph-gene by a more GC-rich sequence resulted in full-length 
transcripts and hygromycin B resistance. By introducing introns in this modified hph-
gene, mRNA levels and hygromycin B resistance could be further increased. 
 

Introduction 
 
In the homobasidiomycete Schizophyllum commune introns are needed for efficient 
expression of homologous and heterologous genes (Lugones et al., 1999a). Accumulation of 
mRNA of the SC3 and SC6 genes of S. commune, the ABH1 gene of Agaricus bisporus and 
the GFP gene of Aequorea victoria did not occur in this fungus when cDNA coding 
sequences were introduced. In contrast, the mRNA’s did accumulate when genomic 
sequences were used or when at least one intron was added to the cDNA constructs. Run-on 
analysis with nuclei harboring intron-containing and intron-less transgenes showed that 
introns affected a post-transcriptional event.  
 AT-rich stretches also hamper expression of heterologous genes in S. commune. 
When prokaryotic reporter genes (β-glucuronidase, β-galactosidase) or resistance genes 
(hygromycin B phosphotransferase) (Schuren and Wessels, 1994; 1998) were expressed in 
this fungus, no full-length transcripts were observed. Rather, they were truncated in the 5' 
part of the coding sequence at the position of AT-rich stretches. Similar observations were 
made with the expression of the  α-galactosidase (aglA) gene from Cyamopsis tetragonoloba 
in Aspergillus niger (Gouka et al., 1996) and the hph-gene of Escherichia coli in 
Cryptococcus curvatus (J. Springer, unpublished data). In both cases the truncation was 
overcome by increasing the GC-content in the AT-rich region. 
 In plants and animals evidence exists that RNA splicing and 3' end formation are 
coupled (Simpson and Filipowicz, 1996), especially when the sites of cleavage and 
polyadenylation are suboptimal (Nesic and Maquat, 1994). Analysis of 17 genes of 
homobasidiomycetes showed no conserved cleavage/polyadenylation sequence. Only in some 
cases a sequence resembling the eukaryotic consensus sequence for polyadenylation 
(AATAAA) was found (Schuren, 1992), suggesting that coupling between RNA splicing and 
3' end formation may also occur in fungi. 
 Here we show that introduction of one or two introns into the hph-gene did not allow 
for expression of this gene. However, replacing the AT-rich region in the coding sequence of 



Chapter 5 
 
 

 
 
 

70 

the hph-gene as indicated by Schuren and Wessels (1994; 1998) with a more GC-rich 
sequence resulted in hygromycin B resistant transformants that accumulated full-length hph 
mRNA. Introduction of introns in this modified hph-gene resulted in even higher mRNA 
levels and when an intron was placed downstream of the stopcodon an elevated resistance to 
the antibiotic was observed. The results indicate that intron-dependent mRNA accumulation 
and truncation of transcripts at AT-rich stretches independently affect expression of genes in 
S. commune. 
 

Materials and methods 
 
Strains, growth conditions and media 
Cloning was done in E. coli JM83. S. commune strain 72-3, containing a disrupted SC3 gene 
(∆SC3 strain) (Wösten et al., 1994a; van Wetter et al., 1996), was used. S. commune was 
grown in minimal medium (MM, Dons et al., 1979) either or not solidified with 1.5% agar. 
For transformation, the ∆SC3 strain was grown from a mycelial homogenate for two days at 
24 °C and 225 rpm in 100 ml MM in 250 ml flasks. For DNA/RNA isolation, colonies were 
grown for 2-3 days on the surface of a perforated polycarbonate (PC) membrane (diameter 76 
mm, 0.1 µm pores, Poretics, USA) that was positioned on solidified MM. 
 
Construction of plasmids for transformation 
For analysis of the effect of introns on hygromycin B expression, the third intron of SC6 was 
cloned in the NcoI site of plasmid pGPhT (Schuren and Wessels, 1994), resulting in plasmid 
pGPhTI. Plasmid pGPhT contains the phleomycin resistance gene under regulation of the gpd 
promoter and terminator sequences of S. commune. The intron was synthesized in vitro as 
two complementary oligonucleotides, which were allowed to anneal giving a double-stranded 
DNA fragment of 51 bp with receded ends complementary to those of NcoI. To allow cloning 
in the NcoI site at the 3' end of the intron, reconstitution of the 5' NcoI site was prevented by 
manipulating the sequence of this site (the last G of the NcoI site [CCATGG] at the 5' end of 
the intron was replaced by a T): 
 
5'  catgtgagtgcccacttctccaccaaaaggtcgactatactgaacgctctacagc      3' 

3'      actcacgggtgaagaggtggttttccagctgatatgacttgcgagatgtcggtac  5'  
 
 To clone the hph-gene behind the promoter (including a startcodon) of the gpd gene 
(in the absence or presence of an intron), a 245 bp fragment encompassing the 5' end of the 
coding sequence of the hph-gene was amplified by PCR with plasmid pAN7-1 (accession no. 
Z32698) as a template. Oligonucleotide primers were used corresponding to sense 
nucleotides 2305 to 2325, containing an additional EcoRV site and antisense nucleotides 
2525 to 2544, containing the EcoRI site of the hph-gene. This PCR fragment, encompassing 
nucleotides 4 to 245 of the hph-gene, was cloned in plasmid pSP72 (Promega) cut with 
EcoRV/EcoRI. This resulted in construct pHYB in which an EcoRI/BamHI fragment from 
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PAN7-1, encompassing nucleotides 246 to 1022 of the hph-gene, was cloned. This resulted in 
plasmid pHYBF, which contains the coding sequence of the hph-gene except for the 
startcodon. The EcoRV/BamHI fragment of pHYBF encompassing the hph-gene was cloned 
in plasmid pGPhT (Schuren and Wessels, 1994) and pGPhTI cut with NcoI/BamHI. The NcoI 
sites were made blunt using the Klenow fragment of DNA polymerase. This resulted in 
plasmids pHYB1 and pHYB2, respectively. Both plasmids contain the hph-gene under 
regulation of the gpd promoter. In plasmid pHYB2 the third intron of SC6 is present directly 
upstream of the hph-gene.  
 Plasmid pHYM contains a modified hph-gene in which 8 A or T residues at the 5' end 
of the hph-gene (between nucleotide 162 and 196) were replaced with G or C without 
changing the encoded amino acids (Figure 1). To introduce introns into the modified hph- 
 

 

 
gene, the coding sequence of this gene contained in plasmid pHYM was isolated as a 
NcoI/BamHI fragment and cloned in the respective sites of plasmid pGPhT (Schuren and 
Wessels, 1994) or pGPhTI. This resulted in plasmids pHYM1 and pHYM2, respectively. 
Both plasmids contain the modified hph-gene under regulation of the gpd promoter of S. 
commune. In plasmid pHYM2 the third intron of SC6 is present directly upstream of the hph-
gene. HindIII/BamHI fragments encompassing the gpd promoter and the hph-gene 
(unmodified or modified) from plasmids pHYB1, pHYB2, pHYM1 and pHYM2 were then 
cloned in front of a 1699 bp SC3 terminator sequence contained in plasmid TP10 or in front 
of a SC3 terminator sequence containing an artificial intron at the 5' end (pSC3cir5'; Chapter 
4; Lugones et al., 1999a). The constructs TP10 and pSC3cir5' also contain a 1300 bp 
phleomycin resistance cassette (Schuren and Wessels, 1994). This resulted in plasmids 
pHYB1.1, pHYB1.2, pHYB2.1, pHYB2.2, pHYM1.1, pHYM2.1, pHYM2.1 and pHYM2.2 
(Figure 2), which were used to transform S. commune. The sequences of the PCR fragments 
were confirmed by sequence analysis. 
 
Transformation of S. commune 
S. commune strain 72-3 (∆SC3) was transformed essentially as described by Schuren and 
Wessels (1994), except that it was protoplasted in 1 M MgSO4 containing 1 mg ml-1 Lysing 
enzymes from Trichoderma harzianum (Sigma, USA) and that regeneration of protoplasts 
was carried out in complete medium (CM) with 1 M sorbitol. 5-10 µg of DNA was added to 
3·107 protoplasts in 100 µl 1 M sorbitol. Transformants were selected on MM-plates 
containing 40 µg ml-1 phleomycin (Cayla, France) and 500 µg ml-1 caffeine (Sigma, USA), 

Figure 1. Nucleotide changes introduced in the region between nucleotide 160 and 195 of the 
hygromycin B gene (accession number plasmid pAN7-1 containing the unmodified hph-gene: 
Z32698). Note that the substitutions were introduced in an hph-gene that had a C instead of G at 
position 189. 
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allowing selection of transformants despite the presence of another phleomycin resistance 
cassette already contained in the ∆SC3 strain (Wösten et al., 1994a; van Wetter et al., 1996). 
Transformants were selected on hygromycin B (Roche, Germany) by adding 10-50 µg ml-1 of 
the antibiotic to MM.   
 

 
 

 
 
Southern and Northern blot analysis 
DNA was isolated from mycelium that had been ground in liquid nitrogen, using the Isoplant 
DNA Extraction Kit (Eurogentec, Belgium). DNA was digested with BamHI, separated on a 
0.8% agarose gel and blotted to Hybond-N+ membrane (Amersham, UK). RNA was isolated 
from ground mycelium using Trizol reagent (Gibco BRL, USA), separated on a 1% 
formaldehyde gel and blotted to Hybond-N+ membrane (Amersham, UK). DNA and RNA 
were hybridized with a [32P]-labelled DNA fragment encompassing the coding sequence of 
the hph-gene. Re-hybridizing Northern blots with a S. commune 18S rRNA probe was carried 
out to account for differences in amounts of RNA loaded on the gel. 
 

Figure 2. Expression vectors used for transformation of S. commune. (A) Constructs pHYB1.1 and 
pHYM1.1 containing the unmodified and the modified hygromycin B gene, respectively, under 
regulation of the gpd promoter and SC3 terminator of S. commune. (B) Constructs pHYB1.2 and 
pHYM1.2, as (A) with the artificial intron directly downstream of the stop codon. (C) Constructs 
pHYB2.1 and pHYM2.1, as (A) with the third intron of SC6 directly upstream of the start codon. (D) 
Constructs pHYB2.2 and pHYM2.2, as (A) with the artificial intron directly downstream of the stop 
codon and the third intron of SC6 directly upstream of the start codon. 
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Results 
 
The effect of introns and AT-rich sequences on expression of hygromycin B 
To examine the effect of introns on hph mRNA accumulation and 3' end formation, plasmids 
were constructed in which the hph-gene of E. coli was placed under regulation of the gpd 
promoter and SC3 terminator of S. commune (pHYB1.1) (Figure 2). Alternatively, the hph-
gene was cloned in similar constructs that contained an artificial intron directly downstream 
of the stopcodon (pHYB1.2), the third intron of SC6 directly upstream of the startcodon 
(pHYB2.1) or a combination thereof (pHYB2.2) (Figure 2). These constructs also contained 
the phleomycin resistance cassette, allowing direct or indirect selection on hygromycin B. 
The S. commune ∆SC3 strain, containing a disrupted SC3 gene (Wösten et al., 1994a; van 
Wetter et al., 1996), was transformed with these constructs and selection was carried out on 
phleomycin containing medium. None of the transformants (12 for each construct) 
accumulated hph mRNA (Figure 3, lanes 17-20) nor were they resistant to hygromycin B. 
 Similar constructs as described above (Figure 2) were made using the modified hph-
gene in which 8 conserved changes in an AT-rich stretch at the 5' end of the gene were made  
 

 

 
to increase the GC-content (Figure 1). The S. commune ∆SC3 strain was transformed with 
these constructs called pHYM1.1, pHYM1.2, pHYM2.1 and pHYM2.2 (Figure 2) and 
selection took place on phleomycin containing medium. To analyze hygromycin B resistance, 
25 transformants for each construct were inoculated on MM plates containing 15 µg ml-1 
hygromycin B after they were selected twice on phleomycin containing plates to exclude 

Figure 3. The effect of introns upon hygromycin B mRNA accumulation. mRNA of S. commune 
transformed with (lanes 1-15) the modified hygromycin B gene, (lanes 16) the recipient S. commune 
strain 72-3 and (lanes 17-20) transformed with the unmodified hygromycin B gene. The mRNA was 
hybridized with a hygromycin B probe. (A) Hygromycin B constructs containing no introns, (B) 
containing the third intron of SC6 directly upstream of the start codon, (C) containing the artificial 
intron directly downstream of the stop codon and (D) containing both the third intron of SC6 and the 
artificial intron. 
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false positives. All transformants containing the modified hph-gene, in the absence or 
presence of introns, were resistant to hygromycin B. Northern blot analysis of transformants 
containing the modified hph-gene (pHYM1.1) showed a weak hph mRNA signal of the 
expected size (1020 nt) (Figure 3A, lanes 1-15). This indicates that increasing the GC-content 
in an AT-rich sequence in the hph-gene prevents truncation of transcripts in S. commune. 
Introduction of an intron directly upstream of the startcodon (intron SC6) or directly 
downstream of the stopcodon of the hph-gene (artificial intron) both resulted in a higher level 
of hph mRNA accumulation (Figure 3BC, lanes 1-15). Moreover, when both introns were 
present in the hph construct, mRNA levels increased even further (Figure 3D, lanes 1-15). 
Figure 4 shows the effect of the integrated modified hph-gene on colony diameter of 
transformants growing on hygromycin B containing media. Transformants containing the 
modified hph-gene without introns (pHYM1.1) or transformants containing this gene with the 
artificial intron downstream of the stopcodon (pHYM1.2 and pHYM2.2) were all able to 
grow on medium containing up to 100 µg ml-1 hygromycin B. Transformants containing the 
third intron of SC6 upstream of the startcodon (pHYM2.1) grew slower on hygromycin B 
containing media than transformants containing pHYM1.1, pHYM1.2 or pHYM2.2. 
 

 

 
The modified hph-gene can be used as a selection marker for transformation of S. commune 
To investigate whether the modified hph-cassette could be used as a direct selection marker 
for transformation of S. commune, plasmid pHYM1.1 was introduced into S. commune. 
Previously, it was found that regeneration of protoplasts in 1 M MgSO4 instead of 1 M 
sorbitol increased the transformation frequency (Schuren and Wessels, 1994). This was 
confirmed in the present experiments when selection of transformants was carried out with 
phleomycin. However, when transformants were selected with hygromycin B, many false 

Figure 4. Resistance of transformants containing the modified hph-gene in the absence or presence 
of introns. The diameter of colonies grown for 3 days on plates containing various concentrations 
hygromycin B was taken as a measure for resistance and plotted against the hygromycin B 
concentration. The recipient strain S. commune 72-3, serving as a control, showed no growth. 
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positives were observed. Using 1 M sorbitol for regeneration of protoplasts, similar numbers 
of transformants (5 and 3 per µg DNA) were obtained on hygromycin B and phleomycin 
containing media. All transformants selected once on phleomycin grew on fresh phleomycin 
containing plates, while 21 out of 25 of these transformants were also able to grow on 
hygromycin B containing medium. Similarly, out of 38 transformants selected once on 
hygromycin B all grew on fresh hygromycin B containing plates, while 31 grew on 
phleomycin containing medium. Southern blot analysis of 10 transformants selected on 
hygromycin B confirmed the presence of one or more copies of the hph-gene in the genome 
(not shown).   
 

Discussion 
 
It was shown previously that introns are necessary for efficient accumulation of mRNA of 
SC3, SC6, ABH1 and GFP in S. commune (Lugones et al., 1999a). In addition, it was shown 
that truncation of RNA transcripts occurred in AU-rich stretches of various prokaryotic 
genes, including the hph-gene (Schuren and Wessels 1994; 1998). There is evidence in the 
literature suggesting a coupling between splicing and 3' end formation in plants and animals, 
especially when the sites of cleavage and polyadenylation were suboptimal (Nesic and 
Maquat, 1994; Simpson and Filipowicz, 1996). Because most of 17 genes of 
homobasidiomycetes analyzed showed no conserved cleavage/polyadenylation sequence 
(Schuren, 1992) we investigated the effect of the presence of introns on hph mRNA 
accumulation and 3' end formation. Adding introns upstream and/or downstream of the 
coding sequence of the hph-gene of E. coli did not result in hygromycin B resistant colonies 
although they were resistant to phleomycin due to a phleomycin resistance cassette that was 
also contained in the transforming constructs. Also, no hph mRNA accumulation was 
observed by Northern blot analysis. This result shows that introduction of one or two introns 
in the hph expression cassette is not sufficient to allow accumulation of the hph mRNA 
transcripts. When the α-galactosidase (aglA) gene from C. tetragonoloba was expressed in A. 
niger (Gouka et al., 1996) or when the hph-gene was introduced in C. curvatus (J. Springer, 
unpublished data) truncation of transcripts was prevented by removing an AT-rich stretch by 
replacing A and T with G and C. Indeed, the modified gene that conferred hygromycin B 
resistance in C. curvatus also conferred resistance to S. commune. Northern blot analysis of 
transformants containing the modified hph-gene showed the accumulation of full-length hph 
mRNA. Furthermore, it was shown that introduction of an intron directly upstream of the 
startcodon or directly downstream of the stopcodon of the modified hph-gene resulted in a 
higher level of hph mRNA. Apparently, intron-dependent mRNA accumulation and 
truncation of transcripts at AT-rich stretches are independent processes that can both affect 
expression of the hph-gene in S. commune. Previously, it was shown that addition of one 
intron outside the translational unit of the SC3 cDNA was sufficient to increase SC3 mRNA 
accumulation to a level similar to that observed with the genomic SC3 gene which naturally 
contains 5 introns (Lugones et al., 1999a). Here we showed that adding a second intron to the 
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hph expression cassette increased hph mRNA accumulation compared to the expression 
cassettes containing one intron (either upstream or downstream of the coding sequence). 
Because the SC3 cDNA coding sequence is shorter in length (411 bp) than the hph-gene 
(1020 bp) this suggests that more than one intron is needed for high mRNA accumulation of 
genes encoding longer transcripts.  
 All transformants (25 each) containing the modified hph-gene, both in the absence 
(pHYM1.1) and presence of introns (pHYM1.2, pHYM2.1 and pHYM2.2), were able to grow 
on medium containing up to 100 µg ml-1 hygromycin B. However, transformants containing 
only the third intron of SC6 upstream of the startcodon grew slower. Yet, hph mRNA levels 
in transformants with an intron cloned upstream of the startcodon or downstream of the 
stopcodon were similar. An explanation for this discrepancy is that the intron present directly 
upstream of the startcodon may be prone to incorrect splicing, resulting in part of the enzyme 
population being inactive.  
 Until now the phleomycin resistance cassette only could be used in S. commune as a 
selection marker. The modified hph-gene is now also available and is as efficient for 
transformant selection as the phleomycin resistance cassette. After transformation with the 
constructs containing both the phleomycin and hygromycin expression cassettes, all primary 
transformants selected on hygromycin B were able to grow on fresh hygromycin B 
containing plates, while about 80% of these transformants were also able to grow on 
phleomycin containing plates. This shows that the plasmid was incorporated. In addition, 
Southern blot analysis showed the presence of the hph-gene in hygromycin B resistant 
colonies. 
 These results suggest that other inefficiently expressed prokaryotic genes (e.g. β-
glucuronidase and β-galactosidase [Schuren and Wessels, 1998]) can also be successfully 
expressed in S. commune by replacing AT-rich sequences in the coding sequence while 
introduction of one or more introns may further increase expression levels. In addition, this 
strategy may result in efficient transformation of protoplasts of other homobasidiomycetes 
such as the commercially important species Agaricus bisporus (common mushroom) and 
Pleurotus ostreatus (oyster mushroom), which have proven recalcitrant to genetic 
transformation using plasmids carrying prokaryotic antibiotic resistance genes. However, 
hygromycin B resistance has been achieved in A. bisporus using an Agrobacterium 
tumefaciens DNA transfer system (de Groot et al., 1998). In this case too, transformation 
efficiency may be increased by using the modified hygromycin B resistance gene and 
introduction of an intron.  
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Abstract 
 
Filamentous fungi secrete small, moderately hydrophobic proteins, called 
hydrophobins. They are characterized by the presence of eight cysteine residues with 
conserved spacing and show similar hydropathy patterns. By self-assembly at 
hydrophilic-hydrophobic interfaces class I hydrophobins, like SC3, form highly 
insoluble amphipathic membranes that lower the water surface tension from 72 to as 
low as 24 mJ m-2 and deposit a hydrophilic coating on hydrophobic surfaces. Here we 
show that self-assembly and surface activity are not affected by the introduction of the 
cell-binding domain of human fibronectin (RGD) at the N-terminus of mature SC3 
(RGD-SC3) or by deletion of 25 out of the 31 N-terminal residues preceding the first 
cysteine residue (TrSC3). However, these modifications did change the physiochemical 
properties of the hydrophilic side of assembled SC3. This resulted in enhanced growth 
of fibroblasts on Teflon coated with RGD-SC3 or TrSC3 compared to bare Teflon or 
SC3-coated Teflon. Modified hydrophobins may be of significance in technical and 
medical applications. 
 

Introduction 
 
Hydrophobins are moderately hydrophobic proteins secreted by fungi. They are characterized 
by the presence of eight cysteine residues in conserved spacing and show similar hydropathy 
patterns (Wessels 1994; 1997; Wösten and Wessels, 1997). Hydrophobins fulfil a broad 
spectrum of functions. They mediate escape of hyphae from a hydrophilic environment 
(Wösten et al., 1999) and are involved in formation of hydrophobic aerial structures like 
aerial hyphae (Wösten et al., 1993; 1994b; van Wetter et al., 1996; Bowden et al., 1996; 
Temple et al., 1997) spores (Beever and Dempsey, 1978; Stringer et al., 1991; Bell-Pedersen 
et al., 1992; Lauter et al.,1992; Talbot et al., 1996) and fruiting bodies (de Groot et al., 1996; 
Lugones et al., 1996). Moreover, they provide gas channels in fruiting bodies and lichens 
with a hydrophobic layer, which probably serves efficient gas exchange under wet conditions 
(Wessels, 1993; 1996; Lugones et al., 1999b; van Wetter et al., 2000; Scherrer et al., 2000). 
Hydrophobins are also involved in attachment of hyphae to hydrophobic surfaces (Wösten et 
al., 1994a; van Wetter et al., 2000) and sensing thereof (Talbot et al., 1996), which is 
important in initial steps of pathogenic interactions before penetration and infection can 
occur. 
 The homobasidiomycete Schizophyllum commune contains at least four hydrophobin 
genes: SC3, SC1, SC4 and SC6 (Schuren and Wessels, 1990; Wessels et al., 1995; Lugones, 
1998). The corrected SC3 sequence is given in de Vocht et al. (1998) and Chapter 2. SC3 is 
involved in formation of aerial hyphae (Wösten et al., 1993; 1994b; 1999; van Wetter et al., 
1996) and in attachment of hyphae to hydrophobic surfaces (Wösten et al., 1994a; van Wetter 
et al., 2000). It is the best characterized class I hydrophobin. Upon contact with hydrophilic-
hydrophobic interfaces SC3 monomers self-assemble into a highly insoluble amphipathic 
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membrane (Wösten et al., 1993; 1994a; 1995). This is accompanied with an increase in β-
sheet structure at the water-air interface and by increased α-helical structure at the water-
hydrophobic solid interface (de Vocht et al., 1998). Upon self-assembly of SC3 at the water-
air interface the water surface tension is reduced to as low as 24 mJ m-2 which makes 
assembled SC3 one of the most powerful biosurfactants known to date (van der Vegt et al., 
1996; Wösten et al., 1999). The hydrophilic side of the membrane looks smooth in the 
electron microscope (Wösten et al., 1994a), while the hydrophobic side is typified by the 
presence of a mosaic of rodlet fascicles (Wösten et al., 1993).   
 The class I hydrophobins SC4 of S. commune and ABH1 and ABH3 of Agaricus 
bisporus have similar properties as SC3 (Lugones et al., 1996; 1998; 1999b). The mature 
forms of these hydrophobins have 8 to 12 amino acids preceding the first cysteine residue and 
are not glycosylated. In contrast, mature SC3 has 31 amino acids preceding the first cysteine 
residue and contains 16-22 mannose residues most probably linked to the 12 threonine 
residues contained in this long N-terminal stretch (de Vocht et al., 1998; Figure 1). We here 
report that introduction of a cell-binding domain of human fibronectin (RGD) at the N-
terminus of SC3 and/or deletion of 25 out of 31 N-terminal amino acids (Gly29-Gly53) does 
not affect self-assembly but changes the physiochemical properties of the hydrophilic side of 
assembled SC3.  
 

Materials and methods 
 
Strains 
Cloning was done in E. coli JM83. S. commune strains 4-39 (CBS 341.18) and 72-3 were 
used. S. commune strain 72-3 is identical to the wild-type strain 4-39 apart from a disrupted 
SC3 gene (∆SC3 strain) (Wösten et al., 1994a; van Wetter et al., 1996). 
 
Growth conditions and media 
S. commune was grown in minimal medium (MM, Dons et al., 1979) either or not solidified 
with 1.5% agar. For transformation, the ∆SC3 strain was grown from a mycelial homogenate 
for two days at 24 °C and 225 rpm in 100 ml MM in 250 ml flasks. For analysis of proteins 
secreted into the media or for purification of hydrophobins S. commune was grown in 1 L 
shaken cultures (225 rpm) for 5-7 d. In the latter case, the fungus was grown in production 
medium (MM in which asparagine is replaced by 1.3 g L-1 ammonium sulfate and containing 
36 mM phosphate). For RNA isolation, colonies were grown for 2-3 days on the surface of a 
perforated polycarbonate (PC) membrane (diameter 76 mm, 0.1 µm pores, Poretics, USA) 
that was positioned on solidified MM. 
 
Construction of derivatives of the SC3 gene. 
Three derivatives of the SC3 gene were constructed (Figure 1). (i) The RGD-SC3 gene 
contains an insertion of the coding sequence of the RGD peptide between Gly26 and His27  
and a replacement of His27 by serine, creating the GRGDSP sequence of human fibronectin.  
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(ii) In the TrSC3 gene the coding sequence of Gly29-Gly53 of SC3 is deleted. (iii) In the 
RGD-TrSC3 gene the coding sequence of the RGDS peptide is introduced in TrSC3 as in 
RGD-SC3. In all cases the coding sequence of the signal peptide (Met1-Pro24) remained  
 

 

 
intact to allow secretion of the modified hydrophobins. To construct RGD-SC3, a 618 bp 
fragment of the genomic sequence of SC3 was amplified by PCR. Oligonucleotide primers 
were used corresponding to sense nucleotides 82 to 101 (Chapter 2, accession number 
M32329), containing additional codons for GRGDS (taking into account the preferred codon 
usage of S. commune (Schuren, 1992) and antisense nucleotides 660 to 679, containing an 
additional BamHI site. This fragment was used as a template in a second PCR reaction using 
a primer corresponding to the sense codons of GRGDS, while containing nucleotides 46 to 75 
of the genomic SC3 sequence as a linker (containing a NarI site), and a primer corresponding 
to antisense nucleotides 660 to 679, containing an additional BamHI site. The resulting 645 
bp fragment encompasses nucleotides 49 to 679 of genomic SC3 with RGD incorporated 
behind the codon of Gly26 and a replacement of His27 by serine. This fragment was cloned 
in pSC3.1 cut with NarI/BamHI, resulting in construct pSC3rgd.1 (Figure 2A). pSC3.1 is a 
derivative of pGEM-T (Promega, USA) encompassing the genomic coding sequence of SC3 
with a generated NcoI site in the startcodon and a BamHI site directly downstream of the 
stopcodon. To construct TrSC3, a 422 bp fragment of the genomic sequence of SC3 was 
amplified by PCR using oligonucleotide primers corresponding to sense nucleotides 270 to 
287, containing a XmaI site, and antisense nucleotides 660 to 679, containing an additional 
BamHI site. This fragment was cloned in pSC3.1 cut with XmaI/BamHI, resulting in pSC3s.1 
(Figure 2B). pSC3s.1 contains a truncated SC3 gene in which the codons for Gly29-Gly53 
have been deleted. To construct RGD-TrSC3, a 411 bp fragment of the genomic sequence of 
TrSC3 was amplified by PCR using oligonucleotide primers corresponding to sense 
nucleotides 83 to 102 of TrSC3, containing additional codons for GRGDS, and antisense 
nucleotides 475 to 494, containing an additional BamHI site. This fragment was used as a 
template in a second PCR reaction using a primer corresponding to the sense codons of 

Figure 1. N-terminal sequence preceding the first cysteine residue of SC3 and its derivatives. In 
RGD-SC3 the RGD sequence is introduced behind Gly26 and His27 is substituted for serine, creating 
the RGDSP sequence of fibronectin. In TrSC3 the amino acids Gly29-Gly53 are removed. RGD-
TrSC3 is a derivative of TrSC3 in which the RGD sequence is introduced behind Gly26 and His27 is 
substituted for serine. –M indicates putative glycosylation sites of SC3 and its derivatives. The amino 
acids of the leader sequence that is cleaved off during transport through the secretory pathway are 
indicated in bold. 
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GRGDS, while containing nucleotides 49 to 75 of the genomic SC3 sequence as a linker 
(containing a NarI site) and the primer corresponding to antisense nucleotides 474 to 494,  
 

 

Figure 2. Construction of expression vectors for derivatives of the SC3 hydrophobin. (A) pSC3.1 is a 
derivative of pGEM-T encompassing the genomic coding sequence of SC3 with a generated NcoI site 
in the start codon and a BamHI site directly downstream of the stop codon. PSC3rgd.1 and 
pSC3srgd.1 contain native SC3 and a truncated SC3 gene in which the codons for Gly29-Gly53 have 
been deleted, respectively, with RGD incorporated behind Gly26 and a replacement of His27 by 
serine. (B) As (A) but pSC3s.1 contains the truncated SC3 gene TrSC3. (C) pSC3rgd.2, pSC3s.2 and 
pSC3srgd.2 contain the SC3 derivatives downstream of a 1022 bp HindIII/NcoI fragment 
encompassing the SC3 promoter. (D) pSC3rgd.3, pSC3s.3 and pSC3srgd.3 contain the 
HindIII/BamHI fragments encompassing the SC3 promoter and the SC3 derivatives in front of the 
BamHI/EcoRI SC3 terminator fragment as well as an EcoRI fragment containing the phleomycin 
resistance cassette. 
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containing an additional BamHI site. The resulting 460 bp fragment encompasses the 
nucleotides encoding TrSC3 with the codons of RGD incorporated behind the codon for 
Gly26 and contains a substitution of His27 for serine. This fragment was cloned in pSC3.1 
cut with NarI/BamHI, resulting in construct pSC3srgd.1 (Figure 2A). 
 The derivatives of the coding sequences of the SC3 gene were cloned as NcoI/BamHI 
fragments behind a 1022 bp HindIII/NcoI SC3 promoter fragment in pUC20 (3HNCI; 
Schuurs, 1998), resulting in constructs pSC3rgd.2, pSC3s.2 and pSC3srgd.2 (Figure 2C). The 
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HindIII/BamHI fragments encompassing the SC3 promoter and the coding sequence of RGD-
SC3, TrSC3 or RGD-TrSC3 were then cloned in front of a 1699 bp SC3 terminator sequence 
contained in the BamHI/EcoRI sites of pUC20, which also contains a 1300 bp phleomycin 
resistance cassette (Schuren and Wessels, 1994) cloned in the EcoRI site (plasmid pT3P). 
This resulted in plasmids pSC3rgd.3, pSC3s.3 and pSC3srgd.3 (Figure 2D), which were used  
to transform the S. commune ∆SC3 strain. The sequences of the used PCR fragments were 
confirmed by sequence analysis. 
 
Transformation of S. commune 
S. commune strain 72-3 (∆SC3) was transformed as described by Schuren and Wessels 
(1994), except that it was protoplasted in 1 M MgSO4 containing 1 mg ml-1 Lysing enzymes 
from Trichoderma harzianum (Sigma, USA). 5-10 µg of DNA was added to 3·107 protoplasts 
in 100 µl 1 M sorbitol. Transformants were selected on MM-plates containing 40 µg ml-1 
phleomycin (Cayla, Toulouse, France) and 500 µg ml-1 caffeine (Sigma, Germany) allowing 
selection of transformants despite the phleomycin resistance cassette already contained in the  
∆SC3 strain (Wösten et al., 1994a; van Wetter et al., 1996).  
 
Northern blot analysis 
RNA was isolated from mycelium that had been ground in liquid nitrogen, using Trizol 
reagent (Gibco BRL, USA). It was separated on a 1% formaldehyde gel and blotted to 
Hybond-N+ membrane (Amersham, UK). The RNA was hybridized with a [32P]-labelled 
DNA fragment encompassing the coding sequence of SC3. 
 
Isolation of secreted proteins and purification of hydrophobins 
Mycelium was separated from the culture medium of shaken cultures using Nylon gauze (200 
µm mesh). SC3 and RGD-SC3 were purified from the medium as described (Wösten et al., 
1993; Wessels, 1997). Purification of TrSC3 and RGD-TrSC3 was essentially the same. SC3 
and its derivatives were assembled on small hydrogen bubbles released from a Pt cathode that 
was positioned at the bottom of a container (the anode was placed a few mm under the 
surface of the medium) using a current of 150 mA for 3 h (Lugones et al., 1998). The coated 
hydrogen bubbles formed a foam, which was freeze-dried after washing twice with water. 
The material was treated with TFA and after removing the solvent with a stream of nitrogen 
gas taken up in water (±500 mg of material in 10 ml of water) and adjusted to pH 6 with 
concentrated ammonia. After removing insoluble material by centrifugation at 5000 g for 30 
min, ethanol was added to a final concentration of 60% (v/v). Precipitates were removed by 
centrifugation, followed by addition of 2 volumes of 0.3 M NH4Ac in pure ethanol. This 
resulted in precipitation of SC3 and RGD-SC3 but not of TrSC3 and RGD-TrSC3. SC3 and 
RGD-SC3 were collected by centrifugation and after washing with 100% ethanol taken up in 
water. These hydrophobins were then re-assembled by electrobubbling. In the case of TrSC3 
and RGD-TrSC3 the ethanol was removed by film evaporation under reduced pressure after 
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which the material was freeze-dried. The freeze-dried material was washed with 100% 
ethanol, treated with TFA, taken up in water and re-assembled by electrobubbling. 
 
Protein analysis 
Samples were taken up in SDS-sample buffer (containing β-mercaptoethanol) after treatment 
with TFA and adjusted to pH 6.8 with concentrated ammonia, if necessary. SDS-PAGE was 
performed on 12.5 or 15% (w/v) polyacrylamide gels (Laemmli, 1970). The gels were fixed 
in 10% TCA for 1 h and stained with colloidal coomassie brilliant blue (G-250) for 16 h 
(Neuhof et al., 1988) or blotted onto PVDF for immunodetection with SC3-antibodies 
(Wösten et al., 1994b) or staining with periodic acid-Schiff reagent (PAS, Sigma, USA) to 
detect glycoproteins. 
 
Chemical deglycosylation of SC3 
Deglycosylation of SC3 was achieved with trifluoromethanesulfonic acid (TFMSA) (Edge et 
al., 1981). A mixture of 0.5 ml TFMSA and 0.25 ml anisole was cooled on ice and added to 5 
mg of lyophilized protein. After incubation for 3 h under N2 on ice, the reaction was 
terminated by cautious addition of 1.5 ml 50% (v/v) aqueous pyridine and the mixture was 
extracted three times with diethyl ether. The aqueous phase was dialyzed exhaustively against 
water and was lyophilized. 
 
Hydrophobicity and surface tension measurements 
The degree of hydrophobicity was expressed as the contact angle (θ) of 1 µl water droplets 
(van der Mei et al., 1991). The hydrophobicity of the hydrophobic side of the hydrophobin 
membranes assembled in vitro was measured by ascending a solution of hydrophobin in a 
Whatmann paper strip (Lugones et al., 1996). In this way hydrophobin assembled at the 
paper-air interface. The hydrophilicity of the hydrophilic side of the hydrophobin membranes 
was measured after assembly of hydrophobins on sulfuric acid cleaned Teflon (Wösten et al., 
1994a). Lowering of the surface tension upon assembly of hydrophobins at the water-air 
interface was measured as described by Wösten et al. (1999). 
 
CD measurements  
Circular dichroism (CD) spectra were recorded over the wavelength region from 190-250 nm 
on an Aviv 62A DS CD spectrometer, using a 5-mm quartz cuvette. The temperature was 
kept at 25 °C and the sample compartment was continuously flushed with N2. Spectra were 
the averages of 10 scans, using a bandwidth of 1 nm, and a 5-s averaging per point and 
corrected for the signal of the solvent. Typically, a protein concentration of 3.5 µM in 20 mM 
phosphate buffer at pH 7.0 was used. For spectra of monomeric protein, the protein was 
simply dissolved in buffer. To obtain spectra of hydrophobin assembled at the water-air 
interface, the solution was vigorously shaken on a vortex or heated at 95 °C. To obtain 
spectra of hydrophobin assembled at the water-Teflon interface, colloidal Teflon was added 
to the solution. The exact protein concentration was determined by total amino acid analysis 
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(Schuster, 1988) and used to calculate the mean residue molar ellipticity. The spectra were 
not smoothed.  
 
MALDI-TOF measurements  
MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization Time of Flight) mass 
spectroscopy was done by drying 1 µl of a solution of hydrophobin (100 µg ml-1, TFA 
treated) in 0.1% aqueous TFA on a target together with 1 µl matrix (20 mg ml-1 sinapinic acid 
in aqueous acetonitrile (40% v/v) in the presence of 0.1% TFA). The spectra were recorded in 
a TofSpec E&SE Micromass mass spectrometer. 
 
Biocompatibility assay 
SC3 and its derivatives were assembled on sulfuric acid cleaned Teflon (Wösten et al., 
1994a) by placing Teflon sheets overnight in aqueous solutions of the hydrophobins (25 µg 
ml-1). Mouse fibroblasts (tumor cell line L292, 3·104 cells) were grown in 2 ml of RPMI 
medium (Gibco BRL, USA) in 6 well plates to which coated or bare Teflon sheets were 
added. After 72 h the medium with non-attached cells was removed and fresh medium was 
added. As a control the fibroblast were grown in the absence of a Teflon sheet. 
Biocompatibility was assessed by microscopically estimating the confluency of the 
fibroblasts at the various surfaces after 24, 48, 72 and 96 h. 
 
Electron microscopic techniques 
Surface shadowing was done with Pt/C at an angle of 45°. Aqueous solutions of hydrophobin 
(10 µg ml-1) were dried down directly on Formvar coated nickel grids and shadowed. Colony 
surfaces were shadowed after drying on glass. Replicas were cleaned in K2Cr2O7 saturated 
H2SO4 for two days and transferred to a Formvar coated nickel grid (Lugones et al., 1998). 
Samples were examined in a Philips CM10 electron microscope. 
 

Results 
 
Analysis of ∆SC3 strains transformed with derivatives of the SC3 hydrophobin 
Three derivatives of the SC3 gene were constructed with PCR (see methods). The RGD-SC3 
gene contains an insertion encoding the RGD tripeptide following Gly26 of SC3, while His27 
is replaced for serine. This gene thus encodes a mature hydrophobin with an RGDS sequence 
directly following the processing site of the leader sequence of SC3. By chance, like in SC3, 
in human fibronectin (accession number K00055) this sequence is preceded by G and 
followed by P. The TrSC3 gene encodes a hydrophobin in which the coding sequence of 
Gly29-Gly53 is deleted. Thus, mature TrSC3 is expected to have 6 instead of 31 amino acids 
preceding the first cysteine residue. The RGDS sequence was introduced in a similar way in 
TrSC3 as in RGD-SC3, resulting in RGD-TrSC3. The coding sequences of the SC3 
derivatives were placed between the regulatory sequences of SC3. Plasmids pSC3rgd.3, 
pSC3s.3 and pSC3srgd.3 (Figure 2), containing the RGD-SC3 gene, the TrSC3 gene and the 
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RGD-TrSC3 gene, respectively, were used to transform the ∆SC3 strain. Transformants 
containing either construct were grown on PC-membranes placed on MM-agar. After 3 d the 
PC-membranes were transferred to fresh agar plates on top of which PVDF membranes were 
placed. After 2 h these membranes were used for immunodetection of SC3. 4 out of 30 strains 
transformed with the RGD-SC3 gene gave a positive immunosignal on the PVDF membrane 
indicative for secretion of the SC3 derivative. No signals were obtained with strains 
transformed with the TrSC3 or RGD-TrSC3 genes. This can be explained by the fact that the 
antiserum reacts with the 16-22 mannose residues of SC3 (de Vocht et al., 1998; O.M.H. de 
Vries, unpublished) most probably linked to the 12 threonine residues preceding the first 
cysteine residue which are absent in TrSC3 and RGD-TrSC3. Therefore, RNA was isolated 
from these transformants and hybridized to the coding sequence of SC3. 7 out of 14 
transformants containing construct pSC3s.3 (TrSC3) and 5 out of 11 transformants containing 
construct pSC3srgd.3 (RGD-TrSC3) showed a reaction similar to that of SC3 in the wild-type 
strain (results not shown). Those colonies that showed high accumulation of the TrSC3 or 
RGD-TrSC3 mRNA formed hydrophobic aerial hyphae. In contrast, colonies that expressed 
TrSC3 or RGD-TrSC3 at a low level produced hydrophilic aerial hyphae. A similar 
correlation was found for colonies either or not secreting RGD-SC3.  
 
Purification and characterization of SC3 derivatives 
One transformant each, showing high expression of RGD-SC3, TrSC3 or RGD-TrSC3, was 
selected for further analysis. Strains were grown for 5 days in liquid shaken cultures and the 
SC3 derivatives contained in the culture medium were purified in mg quantities. The 
purification method was essentially the same as described for wild-type SC3 (Wösten et al., 
1993; Wessels, 1997; see Methods). In contrast to SC3 and RGD-SC3, TrSC3 and RGD-
TrSC3 did not precipitate in 83% ethanol but required 90-100% ethanol at the concentrations 
used (50-100 µg ml-1). SDS-PAGE revealed a protein band at 24 kDa in the RGD-SC3 strain 
(Figure 3A, lane 2) at the same position as SC3 in the wild-type strain (lane 1). As expected, 
both proteins reacted with the SC3 antiserum (Figure 3B, lane 1,2). Proteins with apparent 
molecular weights of 6.4 kDa (Figure 3A, lanes 3,4) were secreted by the TrSC3 and the  
RGD-TrSC3 strains and did not react with the SC3 antiserum (Figure 3B, lanes 3,4). N- 
terminal sequencing revealed the identity of the proteins. The expected N-terminal sequences 
for RGD-SC3 and TrSC3 were obtained: (G) G R G D S P and (G) G H P G T X T T G S 
 

 

Figure 3. SDS-PAGE of 
SC3 and its derivatives 
purified from the culture 
medium. (1) Wild-type SC3, 
(2) RGD-SC3, (3) TrSC3 
and (4) RGD-TrSC3. (A) 
Coomassie brilliant blue 
staining and (B) Western 
blot analysis using 
antibodies raised against 
SC3. 
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respectively, in which X most probably is a cysteine residue (see Figure 1). In both cases an 
additional form of SC3 was identified containing the two last amino acids of the leader 
sequence (Leu23Pro24). N-terminal sequencing of the RGD-TrSC3 protein revealed a 
complex mixture of proteins with the expected form G G R G D S P G T X but also a 
truncated form G D S P G T X, together amounting to 39% of the mixture. The remaining 
61% contained truncated forms of the sequence such as D S P G T C and S P G T C. 
 MALDI-TOF mass spectroscopy of SC3 revealed 12 peaks, which can be explained 
by the presence of 16-22 mannose residues and the presence or absence of Gly25 (de Vocht 
et al., 1998). The mass spectrum of RGD-SC3 revealed 6 main peaks, which were in good 
agreement with the expected masses of the protein starting at Gly25, considering the presence 
of 16-22 mannose residues. The forms starting at Gly26 and Leu23 found by N-terminal 
sequencing were not detected. Glycosylation was confirmed by PAS-staining (not shown). 
The mass spectrum of TrSC3 showed only 2 peaks. These masses correspond to the two  
forms identified by N-terminal sequencing (starting at Gly26 and Leu23) assuming the 
absence of mannose residues. Indeed, the protein did not react with PAS (not shown). The 
form starting at Gly25 found by N-terminal sequencing was not detected. The MALDI-TOF 
spectrum of RGD-TrSC3 was complex as expected from the highly variable N-terminal part 
of the protein identified by N-terminal sequencing.  
 The surface activities of RGD-SC3, TrSC3 and the RGD-TrSC3 mixture were similar 
to that of SC3 (Table 1). In all cases the water surface tension was lowered from 72 to 30-32 
mJ m-2 at 100 µg ml-1. Modification of the N-terminus also did not affect the hydrophobicity 
of the hydrophobic side of assembled SC3 (Table 1). However, assembled TrSC3 had a water 
contact angle of 69 ±2 at its hydrophilic side, which is considerably higher than that of SC3 
(36 ±1) and RGD-SC3 (46 ± 8). The water contact angle of the hydrophilic side of the  
assembled RGD-TrSC3 mixture (57 ± 4) was somewhat lower than that of TrSC3. The lesser  

Table 1. Surface activity (γlv) at the water-air interface (100 µg ml-1) and water contact angles (θ) at 
both sides of assembled membranes. Note that the surface tension of water is 72 mJ m-2. 
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hydrophilicity of the truncated SC3-derivatives can be explained by the absence of the 
mannose residues because chemically deglycosylated SC3 had a similar water contact angle 
as TrSC3 and RGD-TrSC3. The increased hydrophilicity of the hydrophilic side of RGD-
TrSC3, compared to TrSC3, may be explained by the presence of the RGD-tripeptide. 
 Surface shadowing revealed (Figure 4) that RGD-SC3, TrSC3 and RGD-TrSC3 dried 
down on Formvar coated grids are characterized by rodlets similar to those formed by SC3. 
The diameter of the TrSC3 and RGD-TrSC3 rodlets, however, ranged between 8-10 nm 
instead of the 10 nm observed for SC3 and RGD-SC3. These rodlets were also shown at the 
surface of aerial hyphae (not shown). No rodlets were observed after drying down a solution 
of chemical deglycosylated SC3 (Figure 4).  
 

 

Figure 4. Rodlets of (A) SC3, (B) RGD-SC3, (C) TrSC3 and (D) RGD-TrSC3 as visualized by 
surface shadowing. (E) No rodlets were shown in case of chemically deglycosylated SC3. The bar 
indicates 100 nm. 
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 The conformational changes that RGD-SC3, TrSC3 and RGD-TrSC3 undergo during 
self-assembly were analyzed using circular dichroism (CD) and compared to those observed 
for SC3 and deglycosylated SC3 (de Vocht et al., 1998). The spectra indicate that all of the 
monomeric proteins are rich in β-sheet (Figure 5A). Maximal absorbance of the proteins in 
water was seen at slightly different wavelengths; 208 nm for SC3, 209 nm for RGD-SC3, 205 
nm for TrSC3, 207 nm for RGD-TrSC3 and 203 nm for deglycosylated SC3. However, in 
25% trifluoroethanol (TFE) maximal absorbance of the proteins was seen at the same 
wavelength as SC3 in water (208 nm, not shown). This could be explained by a difference in 
hydrophobicity of the N-terminal parts of the full-length forms and the truncated forms of 
SC3, which would be neutralized in a hydrophobic solvent like TFE. Assembly of RGD-SC3, 
TrSC3 and RGD-TrSC3 and deglycosylated SC3 at colloidal Teflon was accompanied by an 
increase in α-helix structure (Figure 5B), while at a water-air interface β-sheet structure was 
increased (Figure 5C), as was earlier observed for SC3 (de Vocht et al., 1998). 
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Figure 5. CD spectra of SC3 and its derivatives. (A) Spectrum of SC3 and its derivatives in the 
monomeric form, (B) as (A) but assembled at the water-Teflon interface, (C) as (A) but assembled at 
the water-air interface. SC3 is indicated in a thick black line, RGD-SC3 in a thin, interrupted black 
line, TrSC3 in a thin grey line, RGD-SC3 in a thin, grey interrupted line and deglycosylated SC3 in a 
thin black line. 
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Biocompatibility can be increased by changing the N-terminal part of the mature SC3 
hydrophobin  
Fibroblasts were grown on surfaces of bare Teflon or Teflon coated with SC3 or its 
derivatives. Growth of fibroblasts was followed microscopically and compared to growth of 
these cells at the bottom of a 6 wells tissue culture plate that served as a control. The latter 
surface was covered with a confluent layer of cells after 48 h. Confluency on bare Teflon and 
SC3-coated-Teflon gradually increased to a maximum of 50% after 96 h. In contrast, RGD-
SC3 and TrSC3 surfaces were almost completely covered with fibroblasts after 96 h (Figure 
6). These data show that the biocompatibility of surfaces can be increased by coating them 
with the hydrophobins modified in the N-terminal part. 
 

 

Discussion 
 
The property of hydrophobins to self-assemble at hydrophobic-hydrophilic interfaces makes 
them interesting candidates for use in medical and technical applications (Wessels, 1997). For 
instance, hydrophobins could be used to increase the biocompatibility of medical implants or 
to prevent microbial cell adhesion to e.g. catheter surfaces. Hydrophobins can also be used as 
an intermediate to attach cells, proteins (e.g. antibodies) or other molecules to hydrophobic 
surfaces, as in biosensors. Moreover, hydrophobic solids or hydrophobic liquids such as oils 
can be stably dispersed in water by coating them with hydrophobin (Wösten et al., 1994a). 
Because hydrophobins are ingested by humans by eating mushrooms and fungus-fermented 
foods, hydrophobins (derived from GRAS fungi) could be used safely in foods and drinks. 
Moreover, the property of hydrophobins to coat a surface with a 10 nm thin film makes these 

Figure 6. Growth of fibroblasts at surfaces of bare Teflon and Teflon coated with SC3, RGD-SC3 and 
TrSC3. Growth of fibroblasts at the bottom of a 6-well tissue culture plate served as a control. 
Photographs were taken after 96 h of growth. 
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proteins interesting candidates for use in nanotechnology as defined by Thomas (1995). In all 
applications, surfaces are primed with a strongly binding membrane making hydrophobic 
surfaces hydrophilic and hydrophilic surfaces hydrophobic (see Wessels, 1996; 1997).  
 The number of amino acids preceding the first cysteine residue in hydrophobins is 
highly variable. For instance, in mature SC6 of S. commune this N-terminus is expected to 
contain 85 amino acids (Lugones, 1998), while in SC4 of S. commune (Schuren and Wessels, 
1990) and POH1 of P. ostreatus (Ásgeirsdóttir, et al., 1998) it contains 9 and 5 amino acids, 
respectively. X-ray photo-electron spectroscopy (XPS) indicated that the N-terminal part of 
the SC3 hydrophobin is exposed at the hydrophilic side after self-assembly (Wösten et al., 
1994c). These data therefore suggest that the peptide chain at the hydrophilic side of 
assembled forms of these hydrophobins can be highly variable. In this study we made 
derivatives of the SC3 gene in which 25 out of 31 amino acids preceding the first cysteine 
residue of mature SC3 were deleted (TrSC3) and/or in which the cell-binding domain of 
human fibronectin (RGD) was introduced at the N-terminal end of the hydrophobin (RGD-
SC3 and RGD-TrSC3, respectively). These genes were introduced in a ∆SC3 strain of S. 
commune that does not secrete hydrophobin in its culture medium. All three derivatives of the 
SC3 hydrophobin were recovered from the culture medium in mg L-1 quantities. The nature 
of the proteins was confirmed by N-terminal sequencing and mass spectroscopy. Biophysical 
characterization of the SC3 derivatives showed that the gross properties of the hydrophobins 
were unaffected. They self-assembled at the water-air and Teflon-water interface and showed 
conformational changes similar to SC3 as indicated by their CD-spectra. The hydrophobicity 
of the hydrophobic sides of the assembled SC3 derivatives and their surface activity were 
also unaffected. They also formed the characteristic rodlet layer, although the rodlets formed 
by the truncated forms of SC3 were smaller (8-10 nm in diameter) than those of SC3 and 
RGD-SC3 (10 nm in diameter). However, the biophysical properties of the hydrophilic side 
of the assembled SC3 derivatives did change. TrSC3 and the RGD-TrSC3 mixture showed an 
increased hydrophobicity at their hydrophilic side (θ 69 ±2 and 57 ±4) compared to that of 
SC3 (θ 36 ±1) and RGD-SC3 (θ 46 ± 8). A similar increase in hydrophobicity was observed 
for chemically deglycosylated SC3 (θ 66 ±6) indicating that the mannose residues are 
responsible for the high hydrophilicity of the hydrophilic side of assembled SC3. 
  The changed biophysical properties of the exposed side of the assembled SC3 
derivatives affected the growth of fibroblasts. Biocompatibility of Teflon was not increased 
by coating Teflon with SC3 but was considerably increased by coating with RGD-SC3 or 
TrSC3. Earlier experiments with another cell line (primary fibroblasts) gave different results. 
In these experiments the biocompatibility of Teflon was increased by coating it with SC3 
(H.A.B. Wösten, unpublished). In case of RGD-SC3, the increase in biocompatibility is likely 
due to the presence of the cell-binding domain (RGD) of human fibronectin, which interacts 
with integrin in the fibroblast plasma membrane. In case of TrSC3 the absence of mannose 
residues and/or the decreased hydrophilicity at the coated surface might stimulate cell binding 
compared to the SC3 coating.  
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 We also tested whether the SC3 derivatives functioned in vivo. In all cases escape of 
hyphae from the hydrophilic environment as well as coating of hyphae was unaffected. 
However, TrSC3 could not fully complement for SC3 in attachment of hyphae to 
hydrophobic surfaces like Teflon (not shown). A similar observation was made with a ∆SC3 
strain expressing the SC4 hydrophobin (van Wetter et al., 2000), suggesting that the N-
terminal part of SC3 is involved in attachment of the hydrophobin to the cell wall, possibly 
via a lectin-like activity. 
 The reported data show that by changing the N-terminal part of a hydrophobin we can 
alter the biochemical/physiochemical nature of the hydrophilic side of assembled 
hydrophobin and introduce new functionalities. This may be of significance in the use of 
hydrophobins in medical and technical applications. 
 

Acknowledgements 
 
We thank Henriek Beenen for making some of the constructs and for performing the 
biocompatibility assays and Meike Janssen for purifying some of the SC3-derivatives. K. 
Scholtmeijer was financially supported by The Netherlands Technology Foundation (STW), 
coordinated by the Life Sciences Foundation (SLW). 
 
 
 



 

  

 
 
 
 
 
 

Appendix to Chapter 6: 
Genetic engineering of the SC3 hydrophobin of  
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In chapter 6 it was described that the N-terminal part of the SC3 hydrophobin is exposed at 
the hydrophilic side after self-assembly and that its modification affects the physiochemical 
properties. To investigate the role of the highly conserved cysteine residues in hydrophobins, 
a derivative of SC3 was constructed in which Cys130 (which is the 8th cysteine residue of 
SC3) was replaced by a glycine residue (CG-SC3). A Schizophyllum commune strain in 
which the SC3 gene is disrupted was transformed with this construct. Northern blot analysis 
showed that some transformants accumulated mRNA of the derivative in amounts similar to 
that of SC3 in the wild-type strain. However, immunodetection at the colony level with the 
sandwich technique (see Chapter 3) and analysis of proteins in the medium and the cell wall 
showed that these S. commune strains did not secrete the SC3 derivative. Recently, the role of 
disulphide bridges in hydrophobins was examined by irreversible opening of the disulphide 
bridges of SC3 using a reductant and iodoacetamide (IAM-SC3; de Vocht et al., 2000). It was 
shown that IAM-SC3 in water spontaneously assembles in the absence of a hydrophobic-
hydrophilic interface. This indicates that the disulphide bridges keep hydrophobins soluble in 
the aqueous phase of the fungal cell. Thus, in the absence of at least one disulphide bridge, 
CG-SC3 may assemble within the cell and then be degraded by an intracellular degradation 
pathway recognizing incorrectly folded or aggregated proteins. This may explain the failure 
to detect CG-SC3 despite the fact that the gene is highly expressed. 
 It has been shown that upon assembly of SC3 on a hydrophobic solid surface, α-helix 
structure is formed (de Vocht et al., 1998). Amino acids 75-87 of SC3 can be fitted into a 
helical wheel forming an amphipathic α-helix. This sequence is part of the relatively large 
region between the third and fourth cysteine residue, which is typical for class I hydrophobins 
(see Figure 1, Chapter 1). In class II hydrophobins this region is smaller (11 vs 17-39 amino 
acids). To investigate whether amino acids 75-87 of SC3 are responsible for the typical class 
I properties (e.g. SDS-insolubility of the assembled form), derivatives of SC3 were 
constructed in which the region between the third and the fourth cysteine residue, including 
the codons for amino acids 75-87, was replaced by the corresponding sequence of cerato 
ulmin (CU-SC3) or in which only the codons for amino acids 76-86 were deleted (HW-SC3). 
Immunodetection at the colony level (see Chapter 3) showed that these SC3 derivatives were 
secreted. However, neither of them could be found in the media of liquid shaken cultures or 
standing cultures, indicating that these derivatives were proteolytically degraded in the 
medium. To prevent degradation, the colony was brought in close contact with a PVDF 
membrane or with colloidal Teflon (diameter 198 nm, Teflon surface 1.5 m2 ml-1). In the first 
case the hydrophobin is physically separated from proteolytic enzymes (Chapter 3), in the 
second case the protein may self-assemble before it is degraded. However, only low levels of 
the SC3 derivatives could be obtained by TFA extraction of the PVDF membranes or the 
Teflon beads. The amounts were not sufficient for biophysical characterization. Using the 
Trichoderma reesei expression system (see Chapter 2) we hope to be able to produce these 
hydrophobins in the near future.  
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Upon contact with hydrophilic-hydrophobic interfaces, hydrophobins self-assemble into a 10 
nm thick amphipathic membrane (Wösten et al., 1993; 1994a; 1995). As a result, 
hydrophobins change the nature of a surface, which makes them interesting for use in 
medical and technical applications (Wessels, 1997). A requirement for successful application 
of hydrophobins is that they can be produced in large quantities (i.e. grams per liter) and that 
the assembled membranes meet specific biophysical and biochemical requirements (e.g. a 
certain hydrophilicity at the exposed side of the membrane). Therefore, the primary aim of 
the research described in this thesis was to improve the production levels of hydrophobins 
and to use genetic engineering to modify the properties of hydrophobins. During the course 
of this work the phenomenon of intron-dependent mRNA accumulation was discovered when 
Schizophyllum commune was transformed with genes either or not containing introns. In 
addition, it was shown that in S. commune the GC-content of a gene is crucial for mRNA 
accumulation. 
 
Heterologous expression of hydrophobins 
A wild-type strain of S. commune secretes up to 60 mg L-1 SC3 in its culture medium, which 
is the highest accumulation of a class I hydrophobin in a fungus ever observed. In an attempt 
to increase production of this hydrophobin, S. commune was transformed with additional 
copies of the SC3 gene. However, this resulted in silencing of both the introduced and the 
endogenous genes when more than one copy were introduced (Schuurs et al., 1997). 
Proteolytic degradation of hydrophobins in the culture medium of S. commune may also 
hamper production of hydrophobins. This would explain why some of the genetically 
engineered derivatives of SC3 could not be detected in the medium of liquid shaken cultures, 
although it was shown that they were secreted into the medium (Appendix to Chapter 6). 
Production of the dikaryon-specific S. commune hydrophobins SC1, SC4 and SC6 in 
monokaryotic strains also has proven difficult (Lugones, 1998; van Wetter, 2000; W.S. Kong, 
unpublished data). mRNA levels similar to that of SC3 were observed when these genes were 
placed under regulation of the SC3 promoter. However, only small amounts of protein, if any, 
could be detected in the medium of liquid shaken cultures. This indicates that the proteins are 
degraded or that production of these hydrophobins is limited at the post-transcriptional level. 
Attempts to produce hydrophobins in Escherichia coli and Hansenula polymorpha have also 
been unsuccessful. Production levels of the hydrophobins CU and POH1 in E. coli were low 
(µg quantities per liter) (Bolyard and Sticklen, 1992; Peñas et al., 1998) while we were 
unable to express the SC3 in this bacterium (R. Rink, unpublished) and in H. polymorpha (K. 
Scholtmeijer and E. de Bruin, unpublished). In addition, expression of the hydrophobins SC3 
of S. commune (Chapter 2) and ABH1 and ABH3 of Agaricus bisporus (Chapter 3) in 
strains of Trichoderma reesei and/or Aspergillus niger was examined. These fungi have a 
high capacity to secrete proteins (up to 30 g L-1) and are generally regarded as safe (GRAS). 
Moreover, large-scale fermentation, down-stream processing, mitotic crossing-over and 
mutagenesis-screening methods are well developed (reviewed by Davies, 1991; Jeenes et al., 
1991; van den Hondel et al., 1991; Gwynne and Devchand, 1992; MacKenzie et al., 1993; 
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Archer et al., 1994; Davies, 1994; Verdoes et al., 1995; Keränen and Pentillä, 1995; Gouka et 
al., 1997a; Archer and Peberdy, 1997). 
 Initially, A. niger was chosen as a host for heterologous production of hydrophobins 
because it does not secrete hydrophobins in its culture medium (O.M.H. de Vries, 
unpublished data), although it produces a hydrophobin that coats conidia. This would 
simplify purification of the hydrophobin from the medium. SC3 was expressed in A. niger 
behind the gpd promoter of Aspergillus nidulans or as a fusion with the G2 form of 
Aspergillus niger glucoamylase (Chapter 2). Although mRNA accumulated at relatively 
high levels (20-40% of that observed in S. commune), SC3 levels in the culture medium were 
less than 1% of the amount secreted by S. commune. Heterologous proteins are often 
degraded in the culture medium of A. niger by the action of proteases. When SC3 was added 
to the medium of A. niger it was not degraded. Accordingly, when SC3 was expressed in 
protease deficient strains levels of SC3 did not increase. Similar results were obtained when 
ABH3 was expressed in wild-type or protease deficient strains. This indicates that problems 
with the production of hydrophobins in A. niger arise intracellularly and at the post-
transcriptional level.  
 In Chapter 3 a sandwiched-culture technique is described, which can be used to 
screen filamentous fungi for production of heterologous proteins irrespective of proteases in 
the medium. This technique involves culturing of transformants between perforated 
polycarbonate membranes and transfer of this sandwiched-culture to a PVDF-membrane 
(Wösten et al., 1991). In this way secreted proteins, including proteolytic enzymes and the 
protein of interest, are immobilized on the PVDF membrane shortly after they have been 
secreted. This technique thus allows detection (e.g. by antibodies or activity assays) of 
secreted proteins that otherwise would be degraded. By using this technique it was shown 
that at least the production of the ABH1 hydrophobin of A. bisporus in A. niger was 
hampered by proteolytic digestion in the culture medium. This shows that, apart from 
intracellular, post-transcriptional problems (Chapter 2), heterologous expression of 
hydrophobins in A. niger may be hampered by degradation of the protein in the medium 
(Chapter 3). 
 In contrast to A. niger, T. reesei secretes high amounts of class II hydrophobins (HFBI 
and HFBII) in its culture medium (Nakari-Setälä et al., 1996; 1997). If hydrophobin 
production is dependent on the presence of specific proteins such as foldases or chaperones in 
the submerged mycelium, T. reesei would be a preferred host for hydrophobin production. 
Indeed, when SC3 was expressed in T. reesei behind the promoters of HFBI or HFBII 
(Chapter 2), levels of SC3 in the culture medium were similar or even higher than in S. 
commune ( 60 mg L-1). Importantly, the protein could be purified from the medium of T. 
reesei by a procedure similar to that used to purify SC3 from the medium of S. commune; the 
presence of the class II hydrophobins HFBI and HFBII did not interfere. Production of SC3 
in these strains may be further increased by (i) introduction of extra copies of the expression 
vector, (ii) targetting the vector to the cellobiohydrolase I (CBH1) locus, (iii) mutagenesis or 
(iv) by growing these strains under more optimized conditions (i.e. in a fermentor). 
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Furthermore, (v) the SC3-gene may be fused to a highly expressed endogenous gene (e.g. 
CBHI or EGI) in a similar way as was attempted for expression of SC3 in A. niger by fusion 
with the glucoamylase gene (Chapter 2). At the moment we are testing whether T. reesei is a 
generic host for production of hydrophobins. 
 
Intron-dependent mRNA accumulation in S. commune 
In an attempt to produce ABH1 heterologously in S. commune, the phenomenon of intron-
dependent mRNA accumulation was observed (Lugones et al., 1999a; Chapter 4). When the 
genomic and the cDNA coding sequences of ABH1 of A. bisporus were introduced in S. 
commune, mRNA accumulated only in transformants containing the genomic ABH1 
sequence. A similar effect was observed with the homologous hydrophobin genes SC6 and 
SC3. The presence of one intron within the coding sequence or upstream or downstream of 
the translational unit of the SC3 cDNA was sufficient to obtain SC3 mRNA levels similar to 
those obtained with the genomic coding sequence naturally containing 5 introns. Addition of 
an intron to a cDNA of the GFP-gene of Aequorea victoria was necessary to produce this 
protein in S. commune. Run-on analysis showed that the presence of introns in SC6 only 
affected mRNA accumulation and not the rate of transcription, showing that intron-dependent 
mRNA accumulation in S. commune is a post-transcriptional event. The fact that an artificial 
intron (containing consensus splice-and branch sites in an otherwise randomly generated 
sequence) could substitute for a native intron and that an intron only increased mRNA 
accumulation when inserted in the right orientation argues against the role of the introduced 
sequence as an enhancer.     
 The phenomenon of intron-dependent mRNA accumulation was previously shown to 
occur in mammalian and plant cells (Simpson and Filipowicz, 1996; Koziel et al., 1996 and 
references therein). The results presented in this thesis are in agreement with the general idea 
that the dependency of mRNA accumulation on introns is a post-transcriptional event 
(Simpson and Filipowicz, 1996; Koziel et al., 1996 and references therein). However, its 
mechanism is not clear. Not all genes of plant or mammalian origin contain or require introns 
for efficient mRNA accumulation and the requirement of introns in plants is species 
dependent. The mechanism involved in intron-dependent mRNA accumulation may depend 
on subtle differences in the specificity of association of ribonucleoproteins or spliceosomal 
proteins with the mRNA and the influence of splicing or spliceosome assembly on other 
events like capping, polyadenylation, turnover and transport into the cytoplasm. 
 Previously, short aberrant RNA’s were observed upon introduction of prokaryotic 
genes (e.g. the hph resistance cassette) in S. commune (Schuren and Wessels, 1994; 1998). It 
was suggested that this was due to AT-rich regions within the coding sequences of these 
genes. Indeed, truncation of transcripts in Aspergillus niger (Gouka et al., 1996) and 
Cryptococcus curvatus (J. Springer, unpublished data) was prevented by increasing the GC-
content of AT-rich stretches. To examine whether introns could protect against truncation of 
transcripts with AT-rich stretches, S. commune was transformed with a construct containing 
the hph-gene with one or two introns outside the translational unit (Chapter 5). This, 
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however, did not result in accumulation of full-length hph transcripts and in resistance to 
hygromycin B. Introduction of a modified hph-gene in which an AT-rich sequence was 
replaced by a more GC-rich sequence, without affecting the encoded amino acid sequence, 
resulted in accumulation of full-length hph transcripts and resistance to hygromycin B. In 
fact, the modified hph-gene appeared to be as efficient for selection of transformants as the 
phleomycin resistance cassette and is now the second available selection marker in S. 
commune. In addition, mRNA levels could be increased by introducing a single intron in the 
modified hph-gene, either upstream of the startcodon or downstream of the stopcodon. When 
both introns were present, mRNA levels were even further increased.  
 The results thus show that intron-dependent mRNA accumulation and truncation of 
transcripts are independent events that both can affect expression of the hph-gene in S. 
commune. It was shown that for SC3 (411 bp) addition of one intron outside the translational 
unit was sufficient to restore mRNA accumulation to wild-type levels (Chapter 4), while one 
intron in the hph-gene (1020 bp) was not sufficient to reach maximal accumulation. This 
suggests that more than one intron is needed for efficient expression of genes encoding long 
transcripts. 
 The data also suggest that other prokaryotic genes not expressed in S. commune, like  
β-glucuronidase and β-galactosidase (Schuren and Wessels, 1998), can be successfully 
expressed in S. commune by replacing AT-rich stretches in the coding sequence with more 
GC-rich sequences in the presence or absence of one or more introns. This strategy may also 
result in increased efficiency of transformation of the commercially important basidiomycetes 
Agaricus bisporus (common mushroom) and Pleurotus ostreatus (oyster mushroom), which 
have proven recalcitrant to protoplast transformation using plasmids with prokaryotic 
antibiotic resistance genes. However, hygromycin B resistance has been achieved in A. 
bisporus using an Agrobacterium tumefaciens DNA transfer system (de Groot et al., 1998). 
In this case too, transformation efficiency may be increased by using the modified 
hygromycin B resistance gene and introduction of an intron.  
 
Genetic engineering of the SC3 hydrophobin of S. commune 
 To examine structure-function relationships and to see whether properties of 
hydrophobins can be changed, derivatives of the SC3 hydrophobin were made: (i) a 
derivative of SC3 in which Cys130 (which is the 8th cysteine residue of SC3) was replaced 
by a glycine residue (CG-SC3), (ii) in which the region between the third and the fourth 
cysteine residue was replaced by the corresponding sequence of cerato ulmin (CU-SC3) and 
(iii) from which the codons for amino acids 76-86 of SC3 were deleted (HW-SC3). However, 
these modified proteins could not be detected in the culture medium (see Appendix to 
Chapter 6). This was probably caused by degradation of CG-SC3 at the intracellular level 
and of CU-SC3 and HW-SC3 at the extracellular level. Derivatives of SC3 with a modified 
N-terminus could be produced in S. commune (Chapter 6). In TrSC3 25 out of 31 amino 
acids preceding the first cysteine residue of mature SC3 were deleted. In addition, the cell-
binding domain of human fibronectin (RGD) was introduced at the N-terminal end of mature 
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SC3 (RGD-SC3) and TrSC3 (RGD-TrSC3). Biophysical characterization of the SC3 
derivatives showed that the gross properties of the hydrophobins were unaffected. Self-
assembly, hydrophobicity of the hydrophobic side and surface activity after assembly were 
unaffected. They also formed the characteristic rodlet layer, although the rodlets formed by 
the truncated forms of SC3 were smaller (about 8-10 nm in diameter) than those of SC3 and 
RGD-SC3 (10 nm in diameter). However, the biophysical properties of the hydrophilic side 
of the assemblage did change. TrSC3 (θ 69 ±2) and RGD-TrSC3 (θ 57 ±4) had a decreased 
wettability at their hydrophilic side compared to that of SC3 (θ 36 ±1) and RGD-SC3 (θ 46 
±8). The changes at this side of the membrane were shown to affect biocompatibility. Growth 
of fibroblasts (a tumor cell-line) on SC3-coated Teflon was similar to that on bare Teflon but 
was considerably increased by coating with RGD-SC3 or TrSC3. In the near future the 
biocompatibility of RGD-TrSC3 will be examined. Recently, it was shown that the presence 
of the RGD-tripeptide at the surface of a bone implant resulted in an enhanced and 
accelerated tissue integration (Schaffner et al., 1999). In these experiments the RGD-
tripeptide was cross-linked to bovine serum albumin that had been adsorbed to the implant. 
Alternatively, a polymethylmethacrylate (PMMA) surface was functionalized via acrylic acid 
coupling. The use of hydrophobin derivatives in coupling the RGD-tripeptide to 
(hydrophobic) surfaces may offer advantages over these methods. Hydrophobic surfaces can 
be uniformly coated with hydrophobin independent of reactive groups at the surface. In 
addition, in contrast to for instance BSA, hydrophobins bind strongly (not being replaced by 
blood proteins) and in a preferred orientation to the surface while the use of genetically 
engineered hydrophobins eliminates the need for subsequent cross-linking steps. 
 Our results obtained with the derivatives of the SC3 hydrophobin indicate that 
engineered hydrophobins may be used in a broad range of medical and technical applications 
(e.g. biosensor or implant technology). Hydrophobins with altered biophysical properties 
(e.g. the wettability of the hydrophobic side of the assemblage) or exposing certain functional 
groups (e.g. peptides, proteins or antibodies) could be engineered. Using these engineered 
hydrophobins or blends of different kinds of hydrophobins may create surfaces that 
specifically bind certain molecules or cells. 
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Samenvatting 
 
Hydrofobines zijn kleine eiwitten (± 100 aminozuren) die 8 cysteïne residuen bevatten en een 
karakteristiek patroon vertonen van afwisselend hydrofobe (waterafstotende) en hydrofiele 
(waterminnende) aminozuurvolgordes (Wessels, 1994; 1997; Wösten en Wessels, 1997). 
Deze eiwitten werden ontdekt in de paddestoelvormende schimmel Schizophyllum commune 
(het waaiertje) maar blijken algemeen voor te komen in filamenteuze (draadvormige) 
schimmels. Hydrofobines vervullen diverse functies bij groei en ontwikkeling van deze 
organismen. Ze zorgen er bijvoorbeeld voor dat de hyfen (schimmeldraden) kunnen 
ontsnappen aan hun vochtige omgeving door de oppervlaktespanning te verlagen (ze werken 
in dit geval als een zeep). Daarnaast vormen ze een waterafstotend laagje op 
schimmelstructuren die in contact zijn met de lucht zoals het oppervlak van luchthyfen en 
sporen of het oppervlak van luchtkanalen in paddestoelen en korstmossen. In het geval van 
sporen maakt het laagje verspreiding door de lucht mogelijk, terwijl in het geval van de 
luchtkanalen gas-uitwisseling verzekerd is tijdens natte omstandigheden. Hydrofobines zijn 
tevens betrokken bij de hechting van hyfen aan en het waarnemen van waterafstotende 
(hydrofobe) oppervlakken wat bijvoorbeeld van belang is wanneer een ziekteverwekkende 
schimmel zich op het hydrofobe oppervlak van een gastheer bevindt en deze wil 
binnendringen.  
 Het SC3 hydrofobine van S. commune is het best onderzocht, maar andere 
hydrofobines hebben soortgelijke eigenschappen. SC3 wordt als monomeer (individueel 
eiwitmolecuul) uitgescheiden in het medium. Wanneer deze monomeren in contact komen 
met een hydrofoob-hydrofiel grensvlak, bijvoorbeeld de overgang tussen water en lucht, 
water en olie of water en Teflon, assembleren ze tot een sterk onoplosbare, enkelvoudige laag 
(monolaag) die gekarakteriseerd wordt door een hydrofobe en een hydrofiele zijde. De 
hydrofobe zijde richt zich naar de hydrofobe kant van het grensvlak en de hydrofiele zijde 
naar de hydrofiele kant. Hierdoor kan het hydrofobine de eigenschappen van een oppervlak 
veranderen. Zo kan het oppervlak van hydrofoob plastic of oliedruppels hydrofiel gemaakt 
worden door deze materialen in contact te brengen met monomere hydrofobines in water. 
Omgekeerd kunnen hydrofiele materialen zoals glas of papier hydrofoob gemaakt worden 
door een hydrofobine oplossing te laten indrogen op het oppervlak. Bij dit proces hechten de 
hydrofobines zich sterk aan het oppervlak. Op grond van deze eigenschappen zijn diverse 
medische en technische toepassingen van deze eiwitten denkbaar. Het oppervlak van 
medische implantaten zou dusdanig veranderd kunnen worden dat deze meer verenigbaar 
worden met het lichaam (verhoogde biocompatibiliteit), of dat hechting van ongewenste 
(schadelijke) micro-organismen aan bijvoorbeeld catheter oppervlakken wordt voorkomen. 
Hydrofobines zouden ook gebruikt kunnen worden als hechtlaag in biosensoren, waarbij 
cellen of eiwitten aan het hydrofobe oppervlak van de sensor gebonden moeten worden. 
Tenslotte zouden deze eiwitten kunnen fungeren als emulgator. Belangrijk voor eventuele 
toepassing van hydrofobines in voedingsmiddelen is dat deze eiwitten als bestanddeel van 
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eetbare schimmels (bijvoorbeeld de champignon) reeds millennia lang geconsumeerd worden 
door de mens.  
 Om ervoor te zorgen dat hydrofobines inderdaad toegepast kunnen gaan worden is het 
nodig dat deze eiwitten in voldoende mate geproduceerd kunnen worden. Verder is het van 
belang om de eigenschappen van hydrofobines aan te kunnen passen aan specifieke eisen van 
bepaalde toepassingen. Het hoofddoel van het onderzoek beschreven in dit proefschrift was 
dan ook het verhogen van de produktie van hydrofobines (Hoofdstuk 2 en 3) en het 
veranderen van de eigenschappen van hydrofobines door middel van genetische modificatie 
(Hoofdstuk 6). Gedurende het onderzoek werd bovendien gevonden dat intronen (sequenties 
in genen die niet voor aminozuren coderen) en het GC-gehalte van exonen (het eiwit- 
coderende deel van genen) van belang zijn voor de expressie van genen in S. commune 
(Hoofdstuk 4 en 5).  
 
Heterologe expressie van hydrofobines    
Een wild-type S. commune stam scheidt ongeveer 60 mg L-1 SC3 uit in het medium. Om het 
produktieniveau te verhogen werden extra kopieën van het SC3-gen in S. commune 
geïntroduceerd. Een stam met één extra SC3-gen bleek tweemaal zoveel SC3 te produceren 
als de wild-type stam. Introductie van meer SC3-genen resulteerde echter in uitschakeling 
van zowel de geïntroduceerde genen als het van nature aanwezige (endogene) gen en 
afwezigheid van SC3 in het medium (Schuurs et al., 1997). Daarom werd gezocht naar een 
andere gastheer voor de produktie van SC3. Produktie van het SC3 hydrofobine in de gist 
Hansenula polymorpha en de bacterie Escherichia coli bleek niet succesvol. De meeste 
aandacht werd besteed aan de produktie van hydrofobines in de filamenteuze schimmels 
Aspergillus niger en Trichoderma reesei. Deze schimmels werden gekozen omdat bekend is 
dat ze bepaalde eiwitten in grote hoeveelheid kunnen uitscheiden (bijvoorbeeld glucoamylase 
in A. niger en cellulase in T. reesei tot wel 30 g L-1 [Durand et al., 1988; Finkelstein et al., 
1989]). Verder hebben deze schimmels, in tegenstelling tot S. commune, de GRAS (generally 
regarded as safe, algemeen als veilig beschouwd) status en zijn grootschalige fermentatie, 
opwerking en mutagenese voor deze schimmels goed ontwikkeld (Gouka et al., 1997a; 
Archer en Peberdy, 1997).  
 In eerste instantie werd SC3 tot expressie gebracht in A. niger omdat deze schimmel 
geen hydrofobines in het medium uitscheidt (O.M.H. de Vries, niet gepubliceerd), wat de 
zuivering van het eiwit zou vereenvoudigen. SC3 werd in A. niger tot expressie gebracht 
onder regulatie van de gpd promoter van A. nidulans of gekoppeld aan het glucoamylase-gen 
van A. niger (G2) (Hoofdstuk 2). Het SC3 mRNA bereikte relatief hoge waarden (20-40% 
van het niveau in S. commune) maar de hoeveelheid SC3 in het medium was ruim 100 keer 
minder dan in S. commune. Afbraak van het heterologe eiwit door proteasen in het medium is 
vaak een oorzaak van lage produktieniveaus. SC3 geproduceerd door S. commune werd niet 
afgebroken wanneer het werd toegevoegd aan het medium van A. niger. Omdat het SC3 
geprocuceerd door A. niger iets verschilde van het SC3 geproduceerd door S. commune 
(andere samenstelling van suikers) en niet bekend was of deze vorm ook resistent was tegen 
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afbraak door proteases, werden de SC3 constructen in A. niger stammen gebracht die geen of 
weinig proteasen maken. De produktie van SC3 in deze stammen lag echter op hetzelfde 
niveau als in de wild-type stam. Hieruit werd geconcludeerd dat problemen bij het 
produceren van hydrofobines in A. niger in de cel ontstaan (intracellulair) en dat deze 
plaatsvinden nadat het gen is afgeschreven (post-transcriptioneel). 
 In tegenstelling tot A. niger is T. reesei in staat grote hoeveelheden hydrofobines 
(HFBI en HFBII) uit te scheiden in het medium (Nakari-Setälä et al., 1996; 1997) en zou 
daarom een betere gastheer voor de produktie van hydrofobines kunnen zijn. SC3 werd in T. 
reesei tot expressie gebracht onder regulatie van de HFBI en de HFBII promoter. De 
hoeveelheid uitgescheiden SC3 was tenminste vergelijkbaar met de hoeveelheid SC3 
geproduceerd door S. commune maar zou in de toekomst verder verhoogd kunnen worden 
door (i) het inbrengen van meer kopieën van het expressie-construct, (ii) het expressie 
construct naar specifieke plaatsen van het genoom te brengen, (iii) mutagenese of (iv) de 
stammen te kweken onder optimale omstandigheden (zoals in een fermenter). Tenslotte zou, 
(v) zoals in A. niger werd geprobeerd, het SC3-gen gekoppeld kunnen worden aan een 
endogeen gen van T. reesei dat nog sterker tot expressie komt (bijvoorbeeld CBHI of EGI).  
 In Hoofdstuk 3 wordt een techniek beschreven die geschikt is om te onderzoeken of 
bepaalde schimmelstammen heterologe eiwitten uitscheiden, terwijl het probleem van afbraak 
van deze eiwitten door proteases in het medium omzeild wordt. Tijdens deze procedure wordt 
de schimmel eerst tussen twee poreuze membranen op een voedingsbodem gekweekt, waarna 
de membranen met daartussen de kolonie geplaatst worden op een eiwitbindend filter 
(PVDF) dat zich op een verse voedingsbodem bevindt (Wösten et al., 1991). Op deze manier 
worden eiwitten, waaronder de heterologe eiwitten en de proteasen, na uitscheiding direct 
gebonden aan het filter, waardoor afbraak wordt voorkomen. Door middel van deze techniek 
werd aangetoond dat de lage produktie van het hydrofobine ABH1 uit Agaricus bisporus 
(champignon) in A. niger gedeeltelijk veroorzaakt wordt door afbraak in het medium. Het 
lage niveau van expressie van hydrofobines in A. niger kan derhalve veroorzaakt worden 
door post-transcriptionele processen die intracellulair plaatsvinden en door afbraak in het 
medium. 
 
Intron-afhankelijke mRNA accumulatie in S. commune 
Tijdens een poging om het ABH1 hydrofobine van A. bisporus tot expressie te brengen in S. 
commune werd waargenomen dat intronen van belang zijn voor mRNA accumulatie 
(Hoofdstuk 4). Wanneer genomische (intron-bevattende) en cDNA (intron-loze) sequenties 
coderend voor ABH1 in S. commune werden gebracht, bleek ABH1 mRNA alleen te 
accumuleren in transformanten die de genomische sequentie hadden ontvangen. Hetzelfde 
verschijnsel werd waargenomen met de SC6 en SC3 genen van S. commune en het GFP gen 
(groen fluorescerend eiwit) uit Aequorea victoria (een kwal). De aanwezigheid van één intron 
voor of na de intron-loze SC3 sequentie was voldoende voor het herstel van mRNA 
accumulatie tot een niveau vergelijkbaar met dat van de genomische sequentie (met 5 
intronen).  
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 “Run-on” experimenten lieten zien dat de aanwezigheid van een intron in SC6 alleen 
de accumulatie van het mRNA beïnvloedt en niet de vorming. Dit toont aan dat, in S. 
commune, intron-afhankelijke mRNA accumulatie een post-transcriptioneel proces is, dat wil 
zeggen dat het plaatsvindt nadat het gen is afgeschreven. Dat het effect niet veroorzaakt 
wordt door de aanwezigheid van transcriptie-stimulerende volgordes (enhancers) in de 
intronen volgt ook uit het feit dat een natuurlijk intron vervangen kon worden door een 
kunstmatig gevormd intron (dat alleen de volgordes bevat waardoor het als intron herkend 
wordt, in een voor het overige volstrekt willekeurige volgorde). Bovendien werd de mRNA 
accumulatie alleen gestimuleerd wanneer het intron in de juiste oriëntatie aanwezig was.  
 Intron-afhankelijke mRNA accumulatie werd eerder al aangetoond in plante-en 
zoogdiercellen (Simpson en Filipowicz, 1996; Koziel et al., 1996). De resultaten beschreven 
in dit proefschrift zijn in overeenstemming met het algemene idee dat het een post-
transcriptioneel verschijnsel is. Het mechanisme is echter nog niet duidelijk. Men weet 
bijvoorbeeld niet of het proces waarbij het intron verwijderd wordt uit het pre-mRNA 
(‘splicing’) nodig is voor mRNA accumulatie of dat het binden van onderdelen van het 
splicing-systeem aan het pre-mRNA volstaat. 
  In het verleden werd waargenomen dat wanneer bepaalde bacteriële, intron-loze 
genen (ß-glucuronidase, ß-galactosidase) in S. commune werden gebracht, verkorte mRNA’s 
accumuleerden (Schuren en Wessels, 1994; 1998). Gesuggereerd werd dat dit veroorzaakt 
werd door de aanwezigheid van AT-rijke regio’s in het coderende deel van de genen. In A. 
niger (Gouka et al., 1996) en Cryptococcus curvatus (J. Springer, niet gepubliceerd) werd het 
ontstaan van deze verkorte transcripten inderdaad voorkomen door het GC-gehalte van de 
AT-rijke gebieden te verhogen. Om te onderzoeken of de aanwezigheid van intronen in 
dergelijke genen het ontstaan van de verkorte transcripten kan verhinderen werd het 
hygromycine B resistentie gen (hph) voorzien van één of twee intronen en daarna in S. 
commune gebracht (Hoofdstuk 5). Dit resulteerde echter niet in het onstaan van volledige 
hph-transcripten en resistentie tegen hygromycine B. Wanneer echter een gemodificeerd hph-
gen (waarin de AT-rijke regio vervangen is door een meer GC-rijke sequentie) werd gebruikt, 
accumuleerden volledige mRNA transcripten en was de schimmel resistent tegen 
hygromycine B. Het mRNA niveau van het gemodificeerde hph-gen kon wel verhoogd 
worden door introductie van een intron voor het startcodon of achter het stopcodon. Wanneer 
beide intronen aanwezig waren werd het mRNA niveau zelfs nog verder verhoogd. Gebleken 
is bovendien dat het gemodificeerde hph-gen even efficiënt is als de phleomycine resistentie 
cassette voor selectie van S. commune transformanten. Het is nu de tweede selectie marker 
die in S. commune gebruikt kan worden.  
 Uit de resultaten kan geconcludeerd worden dat intron-afhankelijke mRNA 
accumulatie en het ontstaan van verkorte transcripten onafhankelijke gebeurtenissen zijn die 
beide de expressie van het hph-gen in S. commune beïnvloeden. De resultaten suggereren 
bovendien dat andere genen die voorheen niet tot expressie konden worden gebracht in S. 
commune wel efficiënt tot expressie kunnen komen door zowel het vervangen van AT-rijke 
volgordes als introductie van intronen. Deze aanpak zou ook van belang kunnen zijn voor de 
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expressie van genen bij de commercieel belangrijke basidiomyceten A. bisporus 
(champignon) en Pleurotus ostreatus (oesterzwam). 
 
Genetische modificatie van het SC3 hydrofobine van S. commune. 
Bepaalde modificaties in het SC3 hydrofobine gen werden gemaakt om de relatie tussen 
structuur en functie van het eiwit te onderzoeken en om erachter te komen of eigenschappen 
van het hydrofobine hierdoor veranderen. Een aantal gemodificeerde SC3-volgordes kon 
echter niet aangetoond worden in het medium van S. commune (CG-SC3; waarin de laatste 
cysteïne vervangen is door een glycine, CU-SC3; waarin de regio tussen de derde en de 
vierde cysteïne vervangen is door de sequentie van een ander hydrofobine (cerato-ulmin) en 
HW-SC3; waarin de codons voor de aminozuren 76-86 verwijderd zijn) (Appendix bij 
Hoofdstuk 6). Dit werd zeer waarschijnlijk veroorzaakt door intracellulaire afbraak in het 
geval van CG-SC3 en extracellulaire afbraak in het geval van CU-SC3 en HW-SC3. SC3-
afgeleiden waarbij de N-terminale sequentie was veranderd konden wel in S. commune 
worden geproduceerd (Hoofdstuk 6). In TrSC3 werd het DNA coderend voor 25 van de 31 
aminozuren, die voor de eerste cysteïne van het uitgescheiden SC3 aanwezig zijn, uit het gen 
verwijderd. Verder werd het celbindend domein van humaan fibronectine (RGD) 
geïntroduceerd aan het N-terminale uiteinde van SC3 (RGD-SC3) en TrSC3 (RGD-TrSC3). 
Aangetoond werd dat de eigenschappen van deze SC3-afgeleiden grotendeels gelijk zijn aan 
die van het SC3 hydrofobine. Het assembleren (het vormen van de enkele laag), de 
waterafstotendheid van de hydrofobe kant van het assemblaat en de oppervlakte-activiteit 
waren onveranderd. Verder vormden ze, net als SC3, een staafjespatroon (rodlets) dat 
waargenomen kan worden door middel van electronenmicroscopie. De staafjes van TrSC3 en 
RGD-SC3 waren wel iets kleiner dan die van SC3 en RGD-SC3. De eigenschappen van de 
hydrofiele kant van de geassembleerde hydrofobines waren echter wel veranderd. Zo bleek 
de hydrofiele kant in het geval van TrSC3 en RGD-TrSC3 in vergelijking tot SC3 en RGD-
SC3 minder waterminnend. De veranderde eigenschap uitte zich in de groei van fibroblasten 
(bindweefselcellen) op stukjes plastic (Teflon) bedekt met deze hydrofobines. Fibroblasten 
groeiden slecht op zowel kaal Teflon als Teflon bedekt met SC3; slechts 50% van het 
oppervlak werd uiteindelijk begroeid met cellen. Wanneer het Teflon bedekt was met RGD-
SC3 of TrSC3 konden de fibroblasten het gehele oppervlak begroeien. Kortom, de 
biocompatibiliteit van het Teflon werd verhoogd door het te bedekken met RGD-SC3 of 
TrSC3. In het eerste geval wordt dit geweten aan het feit dat het RGD-domein wordt 
geëxposeerd, terwijl in het laatste geval de hydrofobiciteit is veranderd. Binnenkort zal RGD-
TrSC3 op zijn biocompatibiliteit worden getest.  
 De verkregen resultaten kunnen van belang zijn voor het gebruik van hydrofobines in 
diverse medische en technische toepassingen (bijvoorbeeld biosensoren of implantaten). Het 
lijkt mogelijk om hydrofobines zodanig te veranderen dat ze nog steeds kunnen assembleren, 
terwijl de eigenschappen van de hydrofiele zijde van de monolaag gewijzigd worden. 
Voorbeelden hiervan zijn bijvoorbeeld verandering van de bevochtigingsmogelijkheid of het 
presenteren van een bepaalde functionele groep (bijvoorbeeld peptiden, of eiwitten zoals 
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antilichamen en enzymen). Misschien is het mogelijk om mengsels te maken van dit soort 
veranderde hydrofobines en zo oppervlakken te verkrijgen die bepaalde moleculen of cellen 
specifiek kunnen binden. 
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