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Abstract 

Many characteristics of fungal hydrophobins such as an ability to change 
hydrophobicity of different surfaces have potential for several applications. The 
large scale processes of production and isolation of these proteins susceptible to 
aggregation and attachment to interfacial surfaces still needs to be studied. We 
report for the first time of a method for a gram scale production and purification 
of a hydrophobin, HFBI of Trichoderma reesei. High production level of the 
class II hydrophobin (0.6 g l-1) was obtained by constructing a T. reesei HFBI 
overproducing strain containing three copies of the hfb1 gene. The strain was 
cultivated on glucose-containing medium which induces expression of hfb1. 
HFBI hydrophobin was purified from the cell walls of the fungus because most 
of the HFBI was cell-bound (80%). Purification was carried out with a simple 
three step method involving extraction of the mycelium with 1% SDS at pH 9.0, 
followed by KCl precipitation to remove SDS, and hydrophobic interaction 
chromatography. The yield was 1.8 g HFBI from mycelium (419 g dw), derived 
from 15 l of culture. HFBI was shown to be rather unstable to N-terminal 
asparagine deamidation and also in some extent to non-specific proteases while 
its thermostability was excellent. 
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Introduction 

Hydrophobins are a family of small relatively hydrophobic fungal proteins with 
interesting properties. These secreted proteins have an ability to convert 
hydrophobic surfaces to hydrophilic and hydrophilic surfaces to hydrophobic by 
self-assembly into an amphipathic protein membrane (Wessels 1997). They also 
belong to the most surface active molecules known (Wösten and de Vocht 
2000). The surface activity of hydrophobins is in the level of the commercial 
synthetic surfactants and other biosurfactants (Lin 1996). In nature, these 
exceptional characteristics serve different functions. The hydrophobin 
membrane covers emergent fungal structures making the cell wall hydrophobic 
which facilitates attachment of hyphae to hydrophobic surfaces, aerial growth of 
the hyphae, spore dispersal, and proper gas exchange in fungal air channels 
(Wösten and Wessels 1997; van Wetter et al. 2000). The high surface activity of 
hydrophobins enables the fungal hyphae to escape from liquid media to the air 
(Wösten et al. 2000; Wösten and Wessels 1997).  

There are several possible applications for hydrophobins including use of 
hydrophobin membrane in immobilization of cells or proteins to surfaces like in 
biosensors, changing surface hydrophobicity e.g. in order to increase 
biocompatibility in tissue engineering, and acting as oil dispersing agents in 
different branches of industry (Wessels 1997). Biosurfactants have already been 
found useful in enhancing the degradation of organic pollutants in soil and 
facilitating oil recovery by mobilization of oil in oil spill (Lin 1996). 
Hydrophobin coating stabilizing oil droplets could also be useful in e.g. drug 
delivery (Wessels 1997). Many of the potential applications require large 
quantities of hydrophobin. So far, the production and purification of 
hydrophobins has shown to be difficult. Even though hydrophobins have been 
studied intensively, the research has mainly concentrated in biological aspects of 
the proteins and not in production. 

Hydrophobins are divided into two classes according to the hydropathy patterns 
and the solubility of the protein assemblages (Wessels 1994). Class I 
hydrophobins form stable aggregates soluble only in reagents like TFA and 
formic acid. The assemblages of class II hydrophobins can be dissolved in e.g. 
60% ethanol or 2% SDS. We have earlier isolated and characterized two class II 
hydrophobin genes, hfb1 and hfb2, of the cellulolytic filamentous fungus 
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Trichoderma reesei and characterized the corresponding proteins. In this paper, 
we report for the first time of a method for a large scale production and 
purification of a hydrophobin. The purified hydrophobin HFBI of T. reesei is 
also further characterized by analyzing the stability of the protein. 

Materials and methods 

Fungal strains. T. reesei strains VTT-D-74075 (QM9414) and VTT-D-98692, 
containing three copies of the hfb1 gene for overproduction of HFBI on glucose, 
were used in this study.  The strain VTT-D-98692 was constructed by  
co-transforming QM9414 essentially as described by Penttilä and co-workers 
(Penttilä et al. 1987) using the plasmids pEA10 (Nakari-Setälä et al. 1993), 
which contains the genomic copy of the T. reesei hfb1 gene, and p3SR2 
containing the acetamidase gene (Hynes et al. 1983; Tilburn et al. 1983). The 
Amd+ transformants obtained were streaked two times onto acetamide plates 
(Penttilä et al. 1987). Thereafter, spore suspensions were made from 
transformants grown on Potato Dextrose agar (Difco). The production of HFBI 
was tested by slot blotting or Western analysis with HFBI specific antibodies 
raised against HFBI produced in E. coli (Nakari-Setälä et al. 1996) from shake 
flask or microtiter plate cultivations carried out in buffered Trichoderma 
minimal medium (Nakari-Setälä and Penttilä 1995) supplemented with 4% 
glucose. The spore suspensions of the HFBI overproducing clones were purified 
to single spore cultures on selection plates containing acetamide. 
Overproduction of HFBI was analyzed again from these purified clones as 
described above and the best transformant (VTT-D-98692) was chosen for the 
fermenter cultivation. 

Southern hybridization. Fungal DNA was isolated using the Easy-DNA Kit of 
Invitrogen. DNA (2 µg) was cleaved with i) EcoRV, ii) SspI and EcoRI, and iii) 
SspI and SalI. Both EcoRV and SspI had known recognition sequences within the 
coding and flanking regions of the hfb1 sequence whereas the recognition 
sequences of EcoRI and SalI were unknown. The cleaved DNAs were 
electrophoresed and transferred onto Magna Charge Nylon filter (Micron 
Separations Inc.) by capillary blotting. Southern hybridization with T.  reesei 
hfb1 cDNA labeled with [α-32P]dCTP was carried out in stringent conditions in 
50% formamide at 42°C overnight with 0.7 x 106 cpm of probe per ml of 
hybridization solution (Sambrook et al. 1989). The washes for the filters were in 
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2 x SSC – 0.1% sodium dodecyl sulfate (SDS) for 10 min at room temperature, 
2 x SSC – 0.1% SDS at 68°C for 1 h and in 0.1 x SSC – 0.1% SDS at 68°C for 
130 min. The washed filters were exposed on Kodak X-Omat film. 

Production of HFBI hydrophobin. T. reesei strains QM9414 and VTT-D-
98692 were cultivated in a laboratory fermenter (LF. 20, Chemap AG) with a 
working volume of 15 l at 29oC, with 400–600 rpm agitation (manual 
adjustment) and aeration of approximately 10 l min-1. The culture medium 
consisted of glucose (20.0 g l-1), peptone (4.0 g l-1), yeast extract (1.0 g l-1), 
KH2PO4 (4.0 g l-1), (NH4)2SO4 (2.8 g l-1), MgSO4⋅7 H2O (0.6 g l-1), CaCl2⋅2 H2O 
(0.8 g l-1), and trace solution (2 ml l-1) (Mandels and Weber 1969). NaOH and 
H3PO4 were used to adjust the pH to 4.5–5.0. The glucose concentration was kept 
within the limits 10–30 g l-1. The culture medium and biomass were separated by 
centrifugation (8000 g, 25 min, 6o; Heraeus Sepatech Cryofuge 8000). 

Purification of HFBI. The wet mycelium of T. reesei VTT-D-98692 (2.15 kg 
wet weight, 19.5% dw, from 15 l of culture) was extracted three times with 
4190 ml of 100 mM Tris/HCl buffer, pH 9.0, containing 1% SDS at room 
temperature for 1 h with occasional mixing. The solution was chosen according 
to the preliminary trials in which different pH values, detergents (0.6% Triton  
X-100, 0.6% Tween 20, and SDS), and SDS concentrations were tested. The 
diluting effect of the moisture in the mycelium was taken into account in the first 
extraction by using 1.7x buffer. The mycelium was separated by centrifugation 
(8000 g, 25 min, 6oC; Heraeus Sepatech Cryofuge 8000). SDS was precipitated 
form the first extract as water insoluble potassium dodecyl sulfate by adding 0.4 
sample volumes of 2 M KCl and discarded after centrifugation. The SDS content 
was determined as described by Hayashi (Hayashi 1975) using dichloromethane 
instead of chloroform. Ammonium sulfate concentration and pH of the first 
extract were adjusted to 0.6 M and pH 7.5, respectively, and the solution 
(5110 ml) was applied to the column of high substituted Phenyl Sepharose 6 FF 
(45 x 10 cm, Pharmacia Biotech) equilibrated with 100 mM Tris/HCl, pH 7.5, 
containing 2 M ammonium sulfate. Most of the HFBI was eluted with water 
after a linear gradient from the equilibrium buffer to 20 mM Tris/HCl pH 7.5. 
HFBI-containing fractions were pooled (4590 ml). Part of the pool (3x200 ml) 
was further purified by anion exchange fast performance liquid chromatography 
(ResourceTM Q, 6 ml, Pharmacia Biotech) to separate different forms of HFBI 
after a small scale trial with 20 ml. Proteins were eluted with a linear gradient of 
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0–0.5 M NaCl in 20 mM Tris/HCl pH 9.0 buffer. The final HFBI preparation 
was concentrated by ultrafiltration (YM1 membrane, Amicon) and changed to 
water using gel filtration (Biogel P6-DG, Bio-Rad). The elution of proteins was 
monitored at a wavelength of 215 nm during all chromatography runs. 

Analysis of the HFBI content. HFBI was determined qualitatively by dot 
blotting or Western analysis using HFBI specific polyclonal antibodies (Nakari-
Setälä et al. 1996). Quantitative analysis was performed by reverse phase HPLC 
(ResourceTM RPC column, 1 ml, Pharmacia Biotech) with a 0–60% acetonitrile 
(ACN) gradient containing 0.1% trifluoroacetic acid (TFA) at a flow rate of 2 ml 
min-1 using pure HFBI as a standard. The HPLC system included solvent 
delivery equipment (Waters 6000A), sample injector (Waters 712), a detector 
(Waters 486), and Millennium 2.15 software. The amount of cell wall-bound 
HFBI was estimated by extracting the mycelium three times with 100 mM 
Tris/HCl buffer, pH 9.0 containing 1% SDS, and adding up the HPLC results of 
the extracts. The purity of the HFBI samples was also monitored using Protein 
C4 HPLC columns (0.46 x 15 cm, 0.46 x 25 cm, Vydac) with a 20–70% ACN 
gradient containing 0.1% TFA at a flow rate of 1 ml min-1 and an ÄKTAexplorer 
HPLC system (Amersham Pharmacia Biotech). Hydrophobin was detected at 
215 nm in HPLC runs. The protein content of the standard was determined by 
amino acid analysis with LKB ALPHA-PLUS amino acid analyzer after 
hydrolyzing the sample (0.2 ml) with 3 ml of 6 M hydrochloric acid containing 
norleucine as internal standard at 110oC for 24 h, evaporation to dryness, and 
dissolution in 1.5 ml 0.2 M sodium citrate, pH 2.2 buffer. The protein 
concentration obtained from the amino acid analysis was corrected by taking 
into account the eight cysteines of HFBI, because cysteine, methionine, and 
tryptophan could not be determined with this method. 

Characterization. SDS – polyacrylamide gel electrophoresis (SDS-PAGE) and 
isoelectric focusing (IEF) were performed with a Phast System (Pharmacia-
LKB) on a homogeneous 20% polyacrylamide gel and a gel slab with a pH 
gradient from 3 to 9, respectively, according to the manufacturer's instructions. 
Proteins were stained with silver stain (Silver Stain Kit, Bio-Rad). When 
attachment of sugar moieties to the protein was studied, the SDS-polyacrylamide 
gel was stained with glycoprotein staining (Zacharius and Zell 1969) following 
electrophoresis. Chromatofocusing of pure HFBI (0.8 mg) was carried out in a 
column of Polybuffer exchanger PBE-94 (25 ml, Pharmacia) at a flow rate of 
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1 ml min-1 and monitored at 215 nm. The column was equilibrated with 0.025 M 
imidazole/HCl pH 7.6. HFBI was eluted from the column with a self-generated 
pH gradient (7.6–4.0) using Polybuffer 74/HCl pH 4.0 (Pharmacia) at a final 
dilution of 1 in 8. Molecular masses of the purified HFBI samples were 
determined with MALDI-TOF mass spectrometry using horse heart myoglobin 
as a standard (Helin et al. 1999). N-terminal amino acids were sequenced by 
automated Edman degradation using an Applied Biosystems liquid phase 
sequencer 477A/120A. 

Protease digestibility of the purified HFBI (0.2 mg ml-1 in water) was studied 
with a method also used for SC3 hydrophobin of Schizophyllum commune 
(O.M.H. de Vries and J.G.H. Wessels, unpublished data; Wösten and Wessels 
1997) by using 0.08 mg ml-1 proteinase K (from Tritirachium album, Finnzymes), 
α-chymotrypsin (type VII from bovine pancreas, Sigma), papain (from papaya 
latex, Sigma), or pepsin (form porcine stomach mucosa, Sigma) at different pH 
values in the presence of 1% SDS. Contrary to the previous method, digestibility 
was also analyzed in the absence of SDS. Bovine serum albumin (BSA) was 
used as a control. Protease stock solutions of 0.5 mg ml-1 proteinase K (pH 8.3), 
chymotrypsin (pH 8.3), papain (pH 6.7), and pepsin (pH 3.1) were prepared in 
50 mM sodium acetate buffer. Proteinase K, chymotrypsin, and papain were 
activated prior to protease digestion by adding 10 mM CaCl2, 2 mM CaCl2, and 
5 mM DL-dithiothreitol (DTT), respectively. Papain was preincubated at 35oC 
for 15 min. Protease digestion was performed by incubating the samples at 31oC 
for 2 h or 18 h. The Proteinase K, chymotrypsin, and papain reactions were 
terminated by adding 3 µM phenylmethylsulfonyl fluoride (PMSF) and the 
pepsin reaction with 5 µl ml-1 25% ammonia. The digestion of HFBI was 
analyzed by 20% SDS-PAGE followed by silver staining. 

The effect of pH on deamidation of HFBI was studied by incubating intact HFBI 
(25 µg ml-1) in 100 mM Na2HPO4/citric acid pH 3.0; 100 mM sodium acetate, 
pH 5.0; 100 mM sodium citrate, pH 6.0; sodium phosphate, pH 7.0; and 100 mM 
Tris/HCl buffer, pH 9.0, for 4h or 26 h at 4oC. The stability of HFBI at pH 9 was 
also observed daily for a period of 14 days. 



 

 

I/7

Results 

Production of HFBI hydrophobin in a glucose-containing medium. In order 
to obtain high quantities of HFBI hydrophobin, a T. reesei strain VTT-D-98692 
overproducing HFBI was constructed by introducing multiple copies of the hfb1 
gene into the fungal genome. The expression cassette contained the hfb1 gene 
under its own regulatory sequences. Expression of hfb1 has earlier been shown 
to be regulated by the carbon source (Nakari-Setälä et al. 1997). High production 
of HFBI was achieved on glucose-based medium, which induces the expression 
of the hfb1 gene. On the basis of Southern hybridization analysis, the HFBI 
overproducing strain VTT-D-98692 harbors three copies of the hfb1 gene in its 
genome (data not shown). 

The hydrophobin productivity of the HFBI overproducing strain VTT-D-98692 
was compared to the wild type host strain QM9414 by cultivating both strains in 
a glucose-containing medium in 15-l fed-batch fermentations. The overall 
production of HFBI initiated after about 24 h and stabilized to a fairly constant 
level in 80–100 h in the 167 h cultivation of the strain VTT-D-98692 (data not 
shown). The wild type strain QM9414 was cultivated for 114 h according to a 
commonly used procedure. Although the length of the two cultivations is 
divergent we can still estimate the difference in their HFBI production as 
discussed below. The HFBI production of the overproducing strain, VTT-D-
98692, was 0.60 g l-1 of which 81% was cell bound. The remainder of the 
hydrophobin was found in the culture medium. The production level of the 
overproducing strain was distinctly higher compared to the wild type strain 
production level 0.17 g l-1. All the hydrophobin produced by the wild type strain 
QM9414 was bound to the mycelium.  

Purification of HFBI. The mycelium of T. reesei HFBI overproducing strain 
VTT-D-98692 was chosen as the starting material of the purification, because 
most of the HFBI was attached to the fungal cell walls. HFBI was purified from 
the mycelium in three main steps: 1) Proteins from the mycelium were extracted 
with 1% SDS, 2) SDS used in the extraction buffer was removed by KCl 
precipitation, and 3) the purification was continued with hydrophobic interaction 
chromatography (HIC). The purification procedure is summarized in Figure 1. 
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T. reesei VTT-D-98692 mycelium
419 g dw, 6.4 g HFBI, 100%

Extraction
1% SDS at pH 9

3.3 g, 51%

Removal of SDS
Precipitation with KCl

3.6 g 57%

Hydrophobic interaction chromatography
Phenyl Sepharose 6 FF

1.8 g, 28%

Pure HFBI

0.23 g

HFBI
74 mg

Degraded forms
of HFBI

Anion exchange chromatography
Resource Q
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3.6 g 57%
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1.8 g, 28%
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Degraded forms
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Anion exchange chromatography
Resource Q

Anion exchange chromatography
Resource Q

 

Figure 1. Purification of HFBI hydrophobin. Total amount of HFBI and HFBI 
yield from starting material are reported for the first three steps. Different forms 
of HFBI were further separated from part of the purified HFBI. Notice that the 
amount of HFBI in the mycelium is based on three times extraction with a buffer 
containing 1% SDS. 

The HFBI extraction capacity of SDS increased at alkaline pH, but there was no 
significant improvement at SDS concentrations above 1%. The two other tested 
detergents, Triton X-100 and Tween 20, did not reach the extraction efficiency 
of SDS at the concentration of 0.6% (results not shown). Therefore, the 
mycelium of T. reesei overproducing strain VTT-D-98692 was extracted with 
100 mM Tris/HCl buffer, pH 9.0, containing 1% SDS using three sequential 
extractions. The purification was continued only with the first extract containing 
most (51%, 1.0 mg ml-1) of the HFBI. The HFBI concentrations of the second 
and the third extract were 0.4 and 0.1 mg ml-1, respectively. The extracts 
contained yellow pigment released from the mycelium as reported previously 
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(Nakari-Setälä et al. 1996). Removal of SDS form the first extract improved the 
yield of HFBI in the subsequent chromatographic step. The KCl precipitation 
removed 78% of the SDS without loosing any HFBI. Most of the HFBI was 
eluted with water from the Phenyl Sepharose 6 FF column in HIC. Pooled 
fractions contained 1.8 g of HFBI and gave a yield of 28% from the total HFBI 
obtained from the mycelium. Small amounts of the hydrophobin were also 
eluted with the equilibration buffer and with the lowering salt gradient. 
According to silver-stained SDS-PAGE gels, the HFBI preparation did not 
contain any contaminating proteins (Figure 2, lane 1). On the basis of amino acid 
analysis, the amino acid composition also corresponded to that of HFBI. 
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Figure 2. The purity of HFBI on 20% SDS-polyacrylamide gel and protease 
digestibility of HFBI. HFBI after HIC (0.05 µg) (lane 1). HFBI (0.05 µg) after 
incubation at 31oC for 18 h in water (lane 2), in 1% SDS (lane 3) or in the 
presence of the following proteases (0.02 µg) with or without 1% SDS: 
proteinase K (lane 4), proteinase K with 1% SDS (lane 5), chymotrypsin (lane 7), 
and chymotrypsin with 1% SDS (lane 8). Protease controls (0.05 µg), proteinase 
K (lane 6), and chymotrypsin (lane 9) were incubated in water. 

The purity of the HIC preparation was further analyzed by a Protein C4 HPLC 
column (0.46 x 15 cm). The HPLC chromatogram revealed that the preparation 
was heterogeneous containing three peaks eluting close to each other (Figure 
3A). The heterogeneity was preliminary examined with MALDI-TOF mass 
spectrometry of fractions collected from the HPLC. The preparation turned out 
to contain several HFBI forms differing in their molecular masses. The 
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molecular mass of the peak 1 (Figure 3A) seemed to be in accordance with the 
theoretical molecular mass of HFBI. In order to remove the degraded fractions 
of the protein, part of the HIC preparation was further purified with an anion 
exchange column Resource Q (Figure 3B), which separated the peaks from each 
other. The chromatographic steps removed most of the pigment, but the final 
HFBI preparation was still slightly yellowish. 
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Figure 3. HPLC chromatograms (C4 column, 0.46 x 15 cm) of HFBI 
preparations. HFBI after HIC (A) and anion exchange chromatography (B). 
Different forms of HFBI eluted with 33–34 ml. 

The different HFBI forms in the three peaks separated by anion exchange 
chromatography were further studied using MALDI-TOF mass spectrometry and 
N-terminal amino acid sequencing (Table 1). The molecular mass of the peak 
1 (7537 ± 3 Da) is close to the theoretical molecular mass of HFBI (7533 Da). 
The sequence analysis of the ten amino acids showed, however, that the two first 
asparagines (Asn-2 and Asn-4) in the N-terminus of the mature protein had 
deamidated into aspartic acids. The peak 2 contained a similar deamidated form 
of HFBI which was cleaved after Asn-2 and therefore lacked two amino acids in 
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the N-terminus. Molecular masses of both the proteins were in agreement with 
the N-terminal sequences. The deamidation reaction of asparagine to aspartic 
acid is known to have an intramolecular succinimide intermediate (Wright 1991) 
the formation of which can lead to peptide bond cleavage at asparagine (Tyler-
Cross and Schirch 1991). Therefore, the lack of two N-terminal amino acids was 
presumably caused by deamidation. The mass decrease of approximately 17 Da 
and resistance to Edman degradation in amino acid sequencing are indications of 
a succinimide intermediate formation from asparagine (Bischoff et al. 1993). 
Both the 7517 and 7521 Da compounds can be assumed to be HFBI having 
succinimide at position 2 and Ans-4 deamidated to aspartic acid (7517 Da) 
within the accuracy of the mass spectroscopy (approximately ± 3 Da). The 7320 
Da compound may be the corresponding succinimide carrying form for HFBI 
lacking two N-terminal amino acids. These forms did not give any signal in the 
N-terminal sequencing. The N-terminal amino acid sequence of peak 3 showed 
that besides the possible intermediate forms it also contained a form where HFBI 
was cleaved between Lys-50 and Thr-51, probably by proteolytic degradation. 
No molecular mass was obtained for this peptide from the mass spectrometry. 

Table 1. Different forms of HFBI purified by HIC. The HFBI forms were eluted 
in three peaks from the C4 HPLC column. Calculation of the theoretical 
molecular masses is based on the assumption of the four disulfide bonds in 
HFBI. Underlining indicates the deamidation of asparagine to aspartic acid. 

 Molecular mass (Da) N-terminal amino acid sequence 
 Experimental Theoretical  

HFBI  7533 SNGNGNVCPP 
Peak 1 7537 ± 3 7535 SDGDGNVCPP 
Peak 2 7521 ± 3   

 7335 ± 3 7332 GDGNVCPPGL 
Peak 3 7517 ± 3   

 7320 ± 3   
 nd  TGAQPLCCVA 
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Characteristics of the purified HFBI. In order to find a reason for the 
heterogeneity of the HIC preparation of HFBI both the pH and protease stability 
of HFBI were studied. Intact HFBI was incubated at different pH values and the 
sample was analyzed by a Protein C4 HPLC column (0.46 x 25 cm, Vydac) 
covered with a 45oC heat jacket. After 4 h and 26 h incubation periods the 
elution profile seemed to be unaltered at pH 3, 5, and 6. Heterogeneity of the 
sample was discovered at pH 7 and 9 after 4 h. There was an additional peak in 
the chromatograms, which had a molecular mass reduction of 17 Da compared 
to the molecular mass of the intact HFBI according to the MALDI-TOF mass 
spectrometry. The decrease in the molecular mass was possibly caused by 
formation of a stabile aspartyl succinimide intermediate in the deamidation of 
susceptible asparagine (Bischoff et al 1993). After 14 days approximately 40% 
of the HFBI had converted to the deamidation form (Figure 4A and B). Short 
treatments at high pH did not alter the sample significantly (Figure 4A). 
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Figure 4. Deamidation of HFBI at pH 9. HFBI was incubated in 100 mM Tris/HCl 
buffer, pH 9 for 1–14 days at 4oC. The resulting products were analyzed by 
reverse phase HPLC (C4 column, 0.46 x 25 cm). The portion of intact HFBI as a 
function of the incubation time (A). HPLC chromatographs of the starting 
material HFBI in water and HFBI at pH 9 after 14 days of incubation (B). 
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Resistance of HFBI to a few non-specific proteases was tested and the structure 
of the protein was observed to be cleaved by proteinase K and α-chymotrypsin 
after 18 h of incubation (Figure 2) and also to a smaller extent in 2 h. 
Surprisingly, in the presence of 1% SDS either the proteolysis rate was greatly 
reduced or the proteolysis did not occur. BSA used as a control was degraded 
under the same conditions. Papain and pepsin treatments did not degrade HFBI. 
The degradation of the small HFBI fraction in the HIC preparation between  
Lys-50 and Thr-51 was presumably caused by proteases produced by T. reesei. 

On the basis of the determined molecular mass and glycoprotein staining, the 
purified HFBI was not glycosylated. The calculated pI of HFBI is 5.7. The pI 
could not be determined either by IEF or chromatofocusing. 

Discussion 

Hydrophobins have several potential applications, many of which require large 
quantities of hydrophobin. The potential applications are based on the interesting 
characteristics rarely witnessed with other proteins: ability to change the 
wettability of different materials, to attach cells, proteins or other 
macromolecules to surfaces, and to act as biosurfactants and oil stabilizers 
facilitating the dispersion of hydrophobic liquids and solids (Wessels 1997). The 
large scale production and purification of hydrophobins has not earlier been 
reported. According to Wösten and co-workers (Wösten et al. 1999) S. commune 
secretes up to 0.06 g l-1 of class I hydrophobin SC3 to the aqueous medium. This 
study represents for the first time the production and purification of a 
hydrophobin in high quantities. The high production of the class II hydrophobin 
HFBI (0.6 g l-1) was obtained by inserting two additional copies of the hfb1 gene 
into the genome of the T. reesei wild type strain. Despite the fact that 
hydrophobins are surface active proteins (Wösten et al. 2000, Wösten and 
Wessels 1997) HFBI was overproduced successfully without severe problems 
with foaming, which may be due to most of the hydrophobin being cell bound. 
Excess HFBI on the mycelium did not significantly interfere with the growth of 
the fungus. The capacity of the fungal cell walls to bind HFBI may have been 
saturated when hfb1 was overexpressed, because some HFBI (20%) was found 
in the culture medium unlike in the cultivation of the parent strain. 
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The purification methods of hydrophobins have usually been based on the 
characteristic solubility of hydrophobin assemblages. Mycelium-bound class I 
hydrophobins ABH3 of Agaricus bisporus (Lugones et al. 1998), MPG1 of 
Magnaporthe (Talbot et al. 1996), POH2 and POH3 of Pleurotus ostreatus 
(Ásgeirsdóttir et al. 1998), and S. commune SC3 (de Vries et al. 1993) have been 
isolated from the cell wall with 100% TFA after removal of impurities and other 
wall proteins with hot 1–2% SDS. The same method has been used in 
purification of Agaricus bisporus ABH1 (Lugones et al. 1996), P. ostreatus 
POH1 (Ásgeirsdóttir et al. 1998), and S. commune SC4 (de Vries et al. 1993) 
from fruiting bodies. The class II hydrophobin T. reesei HFBI has been extracted 
from the mycelia sequentially with 50 mM sodium citrate pH 6.0, containing 2% 
SDS, 1% SDS (100oC), and 0.1% TFA / 20% ACN (Nakari-Setälä et al. 1996), 
Ophiostoma ulmi cerato-ulmin with water (Takai and Hiratsuka 1980), and 
Cryponectria parasitica cryparin with 60% ethanol (Carpenter et al. 1992). 
Purification of cerato-ulmin and cryparin were continued with ion exchange 
chromatography and HPLC, respectively.  

In this study, HFBI was purified from the cell walls of T. reesei overproducing 
strain by a simple three step method: 1) extraction with 1% SDS at pH 9, 2) 
removal of SDS by precipitation, and 3) HIC. The high pH value was discovered 
to improve the extraction capacity possibly by increasing the negative charge of 
the protein. The whole purification method (extraction-precipitation-
chromatography) proved to be an easy way to obtain pure hydrophobin.  

The purified HFBI preparation was discovered to be heterogeneous containing 
different forms of HFBI deamidated in the N-terminal asparagines. 
Heterogeneity in a protein can affect its properties and thus complicate the 
application studies. Deamidation of asparagine to aspartic acid is a phenomenon 
known to occur in proteins and peptides (Wright 1991), and the deamidation rate 
is suggested to depend on the identity of the nearby amino acid residues, protein 
conformation, pH, ionic strength, and certain buffers (Kossiakoff 1988, Tyler-
Cross and Schirch 1991). Our results suggest that the deamidation in HFBI and 
thereby also the heterogeneity correlate strongly with pH. By storaging and 
purifying HFBI at pH less than 6–7 the heterogeneity caused by the deamidation 
could be prevented. The occurence of the deamidation only in the two  
N-terminal asparagines can be explained by following glycine residues. The  
Asn-Gly-sequence has been shown to be particularly susceptible to deamidation 
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(Tyler-Cross and Schirch 1991). Heterogeneity of the purified HFBI was 
probably also in minor extent caused by proteases of T. reesei. The proteolytic 
degradation of HFBI might be prevented by e.g. changing the cultivation 
conditions of T. reesei not to support production of proteases, using protease 
inhibitors, or shortening cultivation and storage times. HFBI was found to be 
degraded by some proteases in the absence of SDS, but interestingly SDS was 
found to inhibit the action of proteases on HFBI. It can be speculated that the 
binding of the amphipathic SDS molecules on the hydrophobin surface hindered 
the interaction of the hydrophobin with proteases.  

Even if HFBI is found to be rather sensitive to deamidation and also in some 
extent to proteases, HFBI has been proven to be very temperature stable protein. 
According to the CD measurements the structure of HFBI does not denature 
even at 90oC (S. Askolin and M. L. de Vocht, unpublished data). The disulfide 
bridges of HFBI may be instrumental in keeping the protein folded. Disulfide 
bridges have been detected in cerato-ulmin (Yaguchi et al. 1993), and it is 
proposed that the eight cysteine residues of other hydrophobins are also 
connected with disulfide bridges. The secondary structure of SC3 has been 
determined to share the similar thermal stability with HFBI (de Vocht et al. 
2000) and therefore this characteristic may also apply to other hydrophobins.  

We have reported here for the first time to be able to produce and purify gram 
amounts of hydrophobin HFBI, which provides scope for different application 
experiments in the future. The resistance of HFBI to high temperatures broadens 
the usefulness of the protein in different applications.  
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