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Abstract

Hydrophobins are surface active proteins produced by filamentous fungi. They
fulfil a wide variety of functions in fungal growth and development. These
proteins for example render fungal aerial structures hydrophobic and affect the
attachment of fungi to solid supports. The ability of hydrophobins to modify
surface properties by interfacial self-assembly and their high surface activity
provide a potential for several applications. In this work, properties and
biological roles of the HFBI and HFBII hydrophobins produced by Trichoderma
reesei were studied. In addition, the hydrophobins were crystallized for structure
determination. Moreover, effects of these hydrophobins on the cultivation of
T. reesei in bioreactors were evaluated.

High production levels of HFBI and HFBII were obtained in 7. reesei by
introducing additional copies of the Afbl or hfb2 genes into the genome. The
T. reesei HFBI-overproducing strain (VIT D-98692) produced up to 1.4 grams
HFBI per liter on glucose-containing culture medium, the highest production
level of hydrophobin hitherto reported. The HFBII-overproducing strain (VTT
D-99745) and its parent strain secreted 0.24 and 0.03 grams HFBII per liter,
respectively, into the culture medium.

HFBI and HFBII were purified from fungal cell walls and liquid culture
medium, respectively. The purified hydrophobins were crystallized by vapour
diffusion in hanging drops for structural analysis.

Behaviour of the class II hydrophobins HFBI and HFBII of 7. reesei and the
class I hydrophobin SC3 of Schizophyllum commune was studied at various
interfaces. All the hydrophobins were surface active. HFBI and HFBII reduced



the surface tension of water faster than SC3. Self-assembly of HFBI and HFBII
at water-air interfaces induced by mixing with air was not accompanied by a
change in the circular dichroism spectra, in contrast to SC3. No clear
ultrastructure of the dried class II hydrophobin film was observed in electron
microscopy. However, the circular dichroism spectra of HFBI and HFBII
changed when they were in contact with Teflon surface, indicating formation of
o helix structure, although not to the same extent as with SC3. Both HFBI and
SC3 strongly interacted with hydrophobic Teflon surface, rendering it
completely wettable. HFBI, HFBII and SC3 all stabilized oil emulsions but
HFBI and SC3 appeared to be more effective than HFBII. The presence of HFBI
or HFBII affected the solubility of SC3 aggregates, indicating interaction
between these hydrophobins. Differences between the behaviour of class I and
class II hydrophobins at the water-air interface are proposed to be due to the
divergent size and shape of the hydrophobic parts of these proteins.

In order to study the biological roles of HFBI and HFBII, the 4fbl and Afb2
genes were deleted in 7. reesei. The Ahfbl strain formed no aerial hyphae in
static liquid cultures. Addition of purified HFBI to the medium restored the
aerial hyphae formation. The aerial growth was also restored by expressing the
gene encoding the SC3 hydrophobin of S. commune in the Ahfb1 strain. Colonies
of Ahfbl had a wettable and fluffy phenotype when grown on a solid medium. In
shaken liquid cultivation, biomass formation of AAfbl was slower compared
with the parent strain. Sporulating colonies of AAfb2 were wettable and
sporulation was only 50% of that of the parent strain. These results indicate that
HFBI facilitates aerial growth of 7. reesei, whereas HFBII is involved in
sporulation.

Process technological effects of HFBI and HFBII were studied by cultivating the
Ahfbl, Ahfb2, HFBIl-overproducing and HFBII-overproducing strains in
laboratory bioreactors. Vegetative growth properties of the hydrophobin deletion
and over-producing strains were similar to those of their parent strains. The
strains overproducing the hydrophobins foamed extensively, especially the
HFBII-overproducing strain. Foaming of the Aifb2 strain (but not Aafbl) was
lower compared with the parent strain on lactose- and cellulose-containing
media. This shows that the main cause of foaming in bioreactor cultivations is
the HFBII hydrophobin.
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Tiivistelma

Hydrofobiinit ovat rihmamaisten sienten tuottamia pinta-aktiivisia proteiineja.
Niilld on useita tehtivid sienten kasvussa ja kehityksessd. Tésséd tydssé tutkittiin
Trichoderma reesein HFBI- ja HFBII-hydrofobiinien ominaisuuksia ja biologi-
sia rooleja. Liséksi hydrofobiinit kiteytettiin, ja niiden vaikutusta 7. reesein bio-
reaktorikasvatuksiin arvioitiin.

Korkeat HFBI- ja HFBII-tuottotasot saavutettiin lisdamalla ylimaaréisia kopioita
hfbl- tai hfb2-geeneji T. reesein perimidin. HFBI:4 tuotettiin jopa 1,4 grammaa
litraa kohden, mikd on korkein tdhdn mennessa raportoitu hydrofobiinin tuotto-
taso. HFBI ja HFBII puhdistettiin ja kiteytettiin rakenneanalyysid varten.

Luokan II hydrofobiinien HFBI ja HFBII seké Schizophyllum communen luokan
I hydrofobiinin SC3 toimintaa tutkittiin useilla rajapinnoilla. Kaikki hydro-
fobiinit olivat pinta-aktiivisia. HFBI ja HFBII alensivat veden pintajannityksen
nopeammin kuin SC3. HFBI:n ja HFBIl:n kerdéntyminen vesi- ja ilmafaasien
viliin ei muuttanut niiden CD-spektrejd, toisin kuin SC3:lla. Elektroni-
mikroskopialla ei myoskddn havaittu selkedd ultrarakennetta kuivuneilla HFBI-
ja HFBII-hydrofobiinikalvoilla. Erojen ehdotetaan johtuvan ndiden proteiinien
hydrofobisten alueiden erilaisesta koosta ja muodosta. Teflonin lisdys muutti
HFBL:n ja HFBIl:n CD-spektrid viitaten o-kierrerakenteen muodostumiseen.
Sekd HFBI ettd SC3 tekivit teflonista tdysin kastuvan. Kaikki hydrofobiinit
stabiloivat 6ljyemulsioita. HFBI:n tai HFBII:n ldsndolo vaikutti SC3:n liukoisuu-
teen, mika viittaa nididen hydrofobiinien viliseen vuorovaikutukseen.



T. reeseistd poistettiin AfbI- ja hfb2-geenit. Staattisissa nestekasvustoissa Ahfbl-
kanta ei muodostanut ilmarihmoja. Puhdistetun HFBI:n lisddminen elatusainee-
seen tai SC3-geenin ilmentdminen AAfbl-kannassa palautti ilmarihmojen muo-
dostumisen. Ahfb1-pesikkeilld oli vettyvé ja pdrrdinen fenotyyppi. Ravistelluissa
nestekasvatuksissa Ahfbl:n biomassan muodostus oli iséntdkantaa hitaampaa.
[tidivat Ahfb2-pesikkeet olivat vettyvid ja itidinti oli vain 50 % iséntikannan
1tidinnistd. Nama tulokset osoittavat, ettda HFBI edesauttaa T. reesein kasvamista
ilmaan, kun taas HFBII on osallisena itidinnissd. HFBI:4 ja HFBII:a ylituottavat
kannat wvaahtosivat runsaasti bioreaktorikasvatuksissa, erityisesti HFBIL:n
ylituottokanta. Vaahtoaminen oli Ahfb2-kannalla (mutta ei Ahfb1:lla) iséntdkantaa
heikompaa. HFBIL:n osoitettiin olevan pddsyy vaahtoamiseen 7. reesei Rut-
C30:n bioreaktorikasvatuksissa.
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1. Introduction
1.1 Microbial surfactants

Surfactants (“surface active agents”) are amphiphilic molecules, which have
both hydrophilic and hydrophobic parts. They adsorb to hydrophilic-
hydrophobic interfaces, such as oil-water or air-water, where they form a
molecular film. In this way these molecules are capable of reducing the surface
tension of a liquid or the interfacial tension between two liquids, and of
stabilizing emulsions. Surfactant films can also influence interfacial mass
transfer. A wide variety of living organisms produce molecules with surface
active properties, from microorganisms and plants (e.g. saponins) to higher
organisms including the human body (e.g. bile salts). The main source of
microbial surfactants, also called biosurfactants, is bacteria (Healy et al., 1996;
Lin, 1996).

Microbial surfactants are a heterogenic group of different chemical structures
such as glycolipids, lipopeptides and lipoproteins, phospholipids, neutral lipids,
fatty acids and polysaccharide-protein complexes. The hydrophilic parts of
biosurfactants generally consist of mono-, di- or polysaccharides, carboxylic
acids, amino acids or peptides. The hydrophobic parts are usually saturated,
unsaturated or hydroxylated fatty acids with a common chain length of 10-18
carbon atoms. In proteins or peptides, a high proportion of hydrophobic side
chains can also form the hydrophobic part. The best known biosurfactants are
glycolipids, such as rhamnolipids, trehalolipids and sophorolipids, which are
carbohydrates with long-chain fatty acids or hydroxy fatty acids (Lin, 1996;
Desai and Banat, 1997; Bognolo, 1999).

The activity of microbial surfactants can be characterized in terms of changes in
surface and interfacial tensions, critical micelle concentration (CMC) and
stabilisation or destabilisation of emulsions. Many biosurfactants lower the
surface tension of water (72 mJ m™) to approximately 30 mJ m™ (Table 1).
Surfactin, a cyclic lipopeptide of Bacillus subtilis, reduces water surface tension
to 27 mJ m™ and the interfacial tension of water-n-hexadecane from 43 to
1 mJ m™ (Cooper et al., 1981; Table 1) and is thus one of the most effective
biosurfactants. Addition of surfactant to the solution reduces the surface tension
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up to a critical concentration, CMC. At concentrations above the CMC,
surfactant molecules associate readily to form structures such as micelles,
bilayers and vesicles (Lin, 1996; Desai and Banat, 1997). Emulsions have been
characterized as dispersions of microscopic liquid droplets in another liquid
continuous phase. Biosurfactants can stabilize emulsions by coating the droplets.
One of the most powerful microbial emulsifiers is emulsan, which is a complex
of anionic heteropolysaccharide and protein produced by Acenetobacter
calcoaceticus RAG-1. Emulsan stabilises very effectively hydrocarbons in water
by binding tightly to the hydrocarbon droplets (Rosenberg et al., 1979; Zosim
et al., 1982; Desai and Banat, 1997).

The properties of many biosurfactants, such as their ability to reduce surface
tension, are comparable to those of synthetic surfactants. The CMC values of
biosurfactants are approximately from 10 to 40-fold lower than those of
synthetic surfactants, which means that they are required in smaller amounts.
Some biosurfactants also have good thermal and chemical stabilities. The
biodegradability of biosurfactants makes them especially suitable for potential
environmental applications such as dispersion of oil spills and bioremediation
(Lin, 1996; Desai and Banat, 1997; Bognolo, 1999).

The physiological functions of microbial biosurfactants are not fully understood.
Biosurfactants have often been produced by microorganisms grown on water-
insoluble substrates (Lin, 1996; Desai and Banat, 1997). It has been suggested
that biosurfactants enhance the availability of hydrophobic water-insoluble
substrates by emulsification and solubilisation (Lin, 1996; Rosenberg and Ron,
1999; Ron and Rosenberg, 2001). The growth of Pseudomonas aeruginosa
mutants producing reduced amounts of extracellular rhamnolipid biosurfactant
was impared on n-paraffin and hexadecane when compared with the parent
strain (Itoh and Suzuki, 1972; Koch et al., 1991). Growth was restored by
addition of rhamnolipid to the medium. In addition, biosurfactants may be
involved in attachment of cells to interfaces by altering the cell surface
hydrophobicity (Lin, 1996; Rosenberg and Ron, 1999). Cell-bound biosurfactants
may either increase or decrease the hydrophobicity of the cell surface (Ron and
Rosenberg, 2001). Several biosurfactants, mainly lipopeptides and glycolipids,
have antimicrobial activity due to solubilization of cell membrane components
(Lin, 1996; Ron and Rosenberg, 2001).
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1.2 Hydrophobins

Filamentous fungi produce small, moderately hydrophobic proteins called
hydrophobins. Due to their surface activity and ability to form amphiphilic
protein films at hydrophilic-hydrophobic interfaces (Wessels, 1997; Wosten and
Wessels, 1997; Wosten and de Vocht, 2000; Wosten, 2001; Linder ef al., 2005),
these proteins can be considered as microbial surfactants. The interfacial self-
assembly can occur e.g. between water and air, a hydrophilic cell wall and air or
water and a hydrophobic solid. Hydrophobins have been localized on the surface
of aerial fungal structures such as long branching threads (hypha), specialized
spore-producing structures (fruiting bodies) and spores (Wessels, 1997; Wosten,
2001). The name hydrophobin was originally introduced because of the high
content of hydrophobic amino acids (Wessels et al., 1991b). Amino acid
sequences of hydrophobins contain eight cysteine residues in characteristic
pattern, with only a few exceptions. However, the amino acid similarity of
hydrophobins is rather low (Wessels, 1994, 1997; Linder et al., 2005).
Hydrophobins fulfil a variety of functions in fungal growth and development
(Wessels, 1997, Wosten and Wessels, 1997; Wosten, 2001; Whiteford and
Spanu, 2002).

During the course of this study, information concerning hydrophobins has
increased enormously. This Introduction provides an overview of hydrophobins
based on the present literature apart from the publications [-VI. Detailed
information concerning the HFBI and HFBII hydrophobins of Trichoderma
reesei is presented in the Results and Discussion section.

1.2.1 Classification and structural features of hydrophobins

Hydrophobins were divided into two classes, class I and class 1I, by Wessels
(1994). The division was based on the solubity of hydrophobin aggregates and
the characteristic distribution of hydrophobic amino acid residues. Both class I
and class II hydrophobins form, or self-assemble into, aggregates. Aggregates of
the class I hydrophobins (such as SC3 and SC4 of Schizophyllum commune and
ABHI1 of Agaricus bisporus) were found to be highly insoluble and to be
dissociated by reagents such as formic acid or trifluoroacetic acid (TFA)
(Wessels et al., 1991a,b; de Vries et al., 1993). The class II hydrophobin
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aggregates (such as those of cerato-ulmin (CU) of Ophiostoma ulmi and cryparin
(CRP) of Cryphonectria parasitica) dissociate more readily and are soluble in
e.g. 60% ethanol and 2% sodium dodecyl sulphate (SDS) (Russo et al., 1982;
Carpenter et al., 1992; Wessels, 1997; Wdsten, 2001).

These two hydrophobin classes can also be distinguished on the basis of the
characteristic spacings between their cysteine residues (Wosten and Wessels,
1997) as presented in Figure 1. The number of amino acids between cysteine
residues is more variable among class I hydrophobins than among class II
hydrophobins. In addition, compared with class Il hydrophobins, the spacing
between the third and the fourth cysteine residue of class I hydrophobins is
relatively long. The cysteine pattern, however, is similar in both hydrophobin
classes: the second and the third cysteine residue as well as the sixth and the
seventh are located next to each other (Figure 1).

Class | X25.158-C-Xs.9 -C-C-X4.44-C- X723 -C-X5.7-C-C-Xg.15 -C-X2.13

Class Il X17-165-C-X7.10-C-C- X171 -C-Xi5/16-C-Xp.9-C-C-X10/11-C-X3.8

Figure 1. Length of the amino acid sequences between eight cysteine residues in
class I and class Il hydrophobins. X represents any other amino acid than
cysteine and the subindex the number of amino acids. The formula was modified
from Wésten and Wessels (1997) based on the known amino acid sequences of
the hydrophobins listed in Table 2. It applies to each hydrophobin unit of the
trihydrophobin CFTHI1 and the pentahydrophobin CPPH1 and essentially to the
exceptions, QID3 and HFBIII, which contain 7 and 9 cysteine residues,
respectively. Signal sequences are included in the formula.

The eight cysteine residues have been reported to form disulphide bridges in the
class II hydrophobin CU of O. ulmi (Yaguchi et al., 1993). Four disulphide
bridges were suggested to be located between neighbouring cysteine residues
(between C1 and C2, C3 and C4 etc.). However, the authors acknowledged
uncertainty in their results. Nevertheless the structure of hydrophobins has been
proposed to be composed of two domains on the bases of these results. In
addition to CU, the eight cysteines in the class I hydrophobin SC3 of
S. commune have also been indicated to be connected by disulphide bridges
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(de Vocht et al., 2000). Treatment with reagents that reduce the disulphides
(1,4-dithiothreitol) and block free cysteines (iodoacetic acid or iodoacetamide)
were shown to initially unfold SC3 according to circular dichroism (CD) and
infrared (IR) spectroscopy. It is very likely that the eight cysteines in other
hydrophobins are also connected by disulphide bridges.

There is an obvious interest in determining the three dimensional (3D) structures
of hydrophobins. O. ulmi CU (Yaguchi et al., 1993), Neurospora crassa EAS
(Mackay et al., 2001) and S. commune SC3 (Wang et al., 2004a) hydrophobins
have been analysed with nuclear magnetic resonance (NMR) spectroscopy. The
results suggest that SC3 is structured in solution, whereas EAS is mostly
unstructured apart from a -sheet core. IR and Raman spectroscopies indicated a
high proportion of 3 sheet structure for CU in solution (Yaguchi et al., 1993).
A similar observation was made for the water-soluble SC3 based on IR and CD
spectroscopies (de Vocht et al., 1998).

1.2.2 Distribution of hydrophobins

Hydrophobins are found in fungi capable of hyphal growth, including
filamentous and dimorphic (i.e. capable of both filamentous and yeast-like
growth) fungi of Ascomycetes and Basidiomycetes, the two major groups of
fungi (Table 2). The first genes encoding hydrophobins were discovered in
S. commune (Dons et al., 1984a, b; Mulder and Wessels, 1986; Schuren and
Wessels, 1990). Currently, about seventy unique genes encoding hydrophobins
are available in databases (Table 2), SC3 of S. commune being one of the most
studied hydrophobins. In addition, several gene fragments of putative
hydrophobins are found. The number of genes will presumably increase further
as a result of genome-wide sequencing projects. It appears probably that all
filamentous fungi belonging to Ascomycetes and Bacidiomycetes produce
hydrophobins.

Many fungal species have more than one hydrophobin gene (Table 2). Class I
hydrophobins have been found in both Ascomycetes and Basidiomycetes,
whereas class II hydrophobins have only been observed in Ascomycetes. Both
class I and class II hydrophobins have been shown to occur within a single
species. In the tomato pathogen Cladosporium fulvum four class I hydrophobins
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and two class II hydrophobins have been identified (Spanu, 1997; Segers et al.,
1999; Nielsen et al., 2001), whereas in the corn pathogen Fusarium
verticillioides genes encoding three class I hydrophobins and two class II
hydrophobins have been found (Fuchs et al., 2004). The rice pathogen
Magnaporthe grisea contains at least one class I and one class II hydrophobin
encoding gene (Talbot et al., 1993; Kim et al., 2005). A similar situation is
expected to occur in many other Ascomycetes.

Nucleotide sequence similarity of hydrophobins between the two classes and
between species is usually low (Wessels, 1994, 1997; Linder et al., 2005).
Whiteford and Spanu (2002) speculated that class II hydrophobins had probably
evolved within Ascomycetes independently of class I hydrophobins, showing the
phenomenon of convergent evolution. However, the origin of the two
hydrophobin classes remains unclear.
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1.2.3 Protein properties of hydrophobins

Hydrophobins are small secreted proteins. The molecular masses of isolated
hydrophobins vary from 7 to 85 Da (the pentahydrophobin CPPH1 of Claviceps
purpurea) (Table 2). The deduced amino-acid sequence of CPPHI1 has
exceptional primary structure consisting of five class Il hydrophobin domains
(Mey et al., 2003). Correspondingly, CFTH1 has three three class II
hydrophobin domains connected by glycine- and asparagines-rich regions (de
Vries et al., 1999). Currently, most of the genes encoding hydrophobins are only
known at the nucleotide level and the corresponding proteins have not been
isolated and characterized.

The characteristic property of hydrophobins is adsorption to hydrophobic-
hydrophilic interfaces, at which they form (or self-assemble into) amphiphilic
films (Wessels, 1997; Wosten and Wessels, 1997; Wosten and de Vocht, 2000;
Linder et al., 2005). The interface can occur between solid and liquid, liquid and
liquid or liquid and vapour. Thus, hydrophobins are very surface active. In early
studies, hydrophobins were found to self-assemble into aggregates and form
various types of self-assembled structures (Wessels, 1997). Aggregates formed
by class II hydrophobins are more soluble than those of class I hydrophobins
(Wessels, 1994, 1997), as already described in Section 1.2.1.

The ability to decrease the surface tension of water has been reported for class I
hydrophobins ABH3, SC3 and SC4 and class II hydrophobins CFTH1, CRP and
HFBII (Table 3), indicating that these proteins migrate into the water-air
interface. With maximal reduction of the water surface tension from 72 to
24 mJ m™, SC3 is the most surface-active protein known (Wosten et al., 1999;
Waosten and de Vocht, 2000).

Hydrophobins are capable of stabilizing oil droplets in water. SC3 has been
shown to form a film around oil droplets in water (Wosten et al., 1994c; Wang
et al., 2005). In addition, HFBII has been reported to stabilize polyunsaturated
fatty acid oil-in-water emulsions (Lumsdon et al., 2005).

Hydrophobin films can make hydrophilic surfaces hydrophobic and vice versa

(Wosten et al., 1994c; Wosten and Wessels, 1997). The wettability of a solid
surface can be estimated from the spreading of water droplets on the solid
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surface by measuring their contact angles. A contact angle of 0° represents
complete wetting. The hydrophilic (wettable) side of hydrophobin films has been
reported to vary from moderate to highly hydrophilic (water contact angles
between 22 and 64°) (Table 3). The hydrophobic sides of most hydrophobin
films formed on a hydrophilic solid are highly water repellent (Table 3). SC3 has
been shown to be glycosylated (de Vocht et al., 1998), and the same has also
been proposed for POH2 and Vmh3 of Pleurotus ostreatus (Asgeirsdottir et al.,
1998; Peias et al., 2002). Deglycosylation of SC3 revealed that glycosylation
improved the ability to make Teflon hydrophilic (de Vocht et al., 1998).

The hydrophobic side of class I hydrophobin films has a characteristic pattern of
rodlets (Wessels, 1997; Wosten, 2001; Linder et al., 2005). This mosaic of
nanometer-sized parallel rods has been observed by electron microscopy (EM)
and atomic force microscopy (AFM). Rodlet layers have been reported on aerial
structures of fungi, and evidence for the role of hydrophobins in their formation
has been obtained by studying hydrophobin deletion and disruption mutants
(Wessels, 1997; Wosten, 2001; Linder et al., 2005). For example, deletion of
RodA of Aspergillus nidulans resulted in spores which lacked the rodlet layer
and were less hydrophobic (Stringer et al., 1991). However, other proteins, e.g.
chaplins in the bacteria streptomycetes, also form rodlet-type-structures
(Claessen et al., 2004; Linder et al., 2005). Purified class I hydrophobins have
been shown to form rodlet patterned films in vitro. When a drop of aqueous class
I hydrophobin solution has been allowed to dry down on solid support, rodlets
have been observed (Wosten et al., 1993, 1994a; Wessels, 1997; de Vocht et al.,
1998, 2000; Lugones et al., 1996; 1998, Mackay et al., 2001). The diameter of
these hydrophobin rodlets has been around 10 nm. The length of rodlets is
typically hundreds of nanometers, depending on the hydrophobin used and its
concentration (Wosten et al., 1994a; Scherrer et al., 2000; Linder et al., 2005).
A rodlet layer has also been seen on air vesicles coated with SC3 hydrophobin
(Wosten et al., 1993). Interestingly, class I hydrophobin rodlets (de Vocht et al.,
2000; Wosten and de Vocht, 2000; Butko ef al., 2001; de Vocht, 2001; Mackay
et al., 2001; Wang et al., 2005) and amyloid fibrils show similar spectroscopic
changes with the dyes Thioflavine T (ThT) and Congo Red. No rodlets have
been observed on films formed by the purified class II hydrophobins, such as
CRP (Wosten and de Vocht, 2000) and CFTHI (de Vries et al., 1999).
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The class II hydrophobin films have also been shown to be ordered structures.
Grazing incidence X-ray diffraction (GIXD) of T. reesei HFBII assembled at a
water-air interface revealed a highly ordered crystalline structure (Serimaa et al.,
2003). AFM of HFBI and HFBII surface films produced using the Langmuir-
Blodgett technique showed ordered structures for both hydrophobins, although
with some differences (Paananen et al., 2003). Fibril- and rod-shaped
microstructures have been reported to appear by shaking an aqueous solution of
the class II hydrophobin CU (Takai, 1974; Russo et al., 1982). They have been
proposed to be air bubbles of unusual shape stabilized by CU. Similar structures
have been reported for shaken aqueous solutions of CRP, HFBI and HFBII
(Carpenter et al., 1992; Torkkeli et al., 2002). The needle-like HFBII aggregates
have been shown to have a crystalline structure, which was suggested to be
composed of packed HFBII tetramers (Torkkeli et al., 2002).

The critical concentration above which the SC3 hydrophobin starts to aggregate
has been determined to be 0.004 g I based on increase in fluorescence of the ThT
dye in the presence of self-assembled SC3 (de Vocht, 2001). Size-exclusion
chromatography of the SC3 solution has indicated that dimers are the dominating
form at 1-3 g 1" (Wang et al., 2004a). HFBI and HFBII have been suggested to
exist as tetramers at relatively high concentration (10 g I'") and probably as dimers
and monomers, respectively, at 0.5 g I' on the basis of size exclusion
chromatography and small angle X-ray scattering (Torkkeli et al., 2002).

IR and CD spectroscopies have indicated that the SC3 hydrophobin is rich in
B-sheet structure in solution (de Vocht et al., 1998). Assembly at a water-air
interface has been reported to increase the proportion of [B-sheet structure
(de Vocht et al., 1998, 2002). Formation of a-helix was observed at the interface
between water and a hydrophobic solid, which was interpreted as an
intermediate state (de Vocht et al., 1998, 2002). Similar observations have been
made for the class I hydrophobins SC4 and ABH3 (Wdsten and de Vocht, 2000).
The stable B-sheet rich end form of SC3 on hydrophobic solid was obtained with
diluted detergent at elevated temperature (de Vocht et al., 2002). Formation of
a-helix has also been observed in the secondary structure of SC3 at water-air
interface before transition to B-sheet rich structure (de Vocht et al., 2002).
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1.3 The roles of hydrophobins in filamentous fungi

Hydrophobins have been found to fulfil a variety of functions in fungal growth
and development (Table 4). They are involved in e.g. escape of fungal hyphae
from aqueous environments, hydrophobicity of fungal structures, fungal
attachment, maintenance of open gas channels in fruiting bodies and
pathogenesis (Ebbole, 1997; Wessels, 1997; Wosten and Wessels, 1997;
Kershaw and Talbot, 1998; Talbot, 1999; Wessels, 1999; Wosten et al., 1999;
Wessels, 2000; Tucker and Talbot, 2001; Wosten, 2001; Whiteford and Spanu,
2002; Kazmierczak et al., 2005; Kim et al., 2005). The expression of genes
encoding hydrophobins can be very strong. For example, the gene encoding
ABH1 (HYPA) produces as high as 60% of the total mRNA in the outer peel
tissues of A. bisporus mushroom caps (de Groot et al., 1996), whereas the
CRP-encoding gene produces 25% of the total mRNA of C. parasitica during
the rapid growth phase (Zhang et al., 1994).
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1.3.1 Formation of aerial hyphae

Fungi that grow submerged in a wet environment must penetrate the water-air
interface in order to grow into the air. Then, the so-called aerial hyphae may
further differentiate to spore-forming structures, which release spores to the air.

The SC3 hydrophobin has been shown to aid fungal aerial growth. Disruption of
the SC3 gene in S. commune (yielding the ASC3 strain) (Wosten et al., 1994c; van
Wetter et al., 1996) resulted in the emergence of only a few aerial hyphae (van
Wetter et al., 1996; Wosten et al., 1999). Moreover, surface tension of the ASC3
medium did not decrease as much as that of the wild type medium (from 72 to
30 mJ m? after four days of growth) (Wésten ef al., 1999). Addition of purified
SC3 to the medium of the ASC3 strain decreased the surface tension to the normal
level and restored formation of abundant aerial hyphae (Wosten et al., 1999).

The proposed model for formation of aerial hyphae (Wosten et al., 1994a;
Wessels, 1997; Wosten et al., 1999; Wosten, 2001) can be described in three
stages (Figure 2). First, the hyphae grow in liquid culture medium (i.e.
submerged) and secrete SC3 (Wosten et al., 1994a). Secondly, the hydrophobin
molecules self-assemble as an amphiphilic film at the medium-air interface,
accompanied by a drop in surface tension. This enables hyphae to escape from
the liquid phase and grow into the air. Thirdly, SC3 secreted by the emerging
aerial hyphae self-assembles on the hyphal surface as a hydrophobic rodlet-
pattern layer (Figure 2; Wdsten et al., 1993, 1994a; van Wetter et al., 2000a).
This facilitates the aerial growth by preventing aerial hyphae from wetting.

Similarly to SC3, the class II hydrophobin CU has been shown to affect the
formation of aerial hyphae. Disruption of the gene encoding CU in O. novo-ulmi
resulted in only a few aerial hyphae that were easily wettable (Bowden et al.,
1996). Moreover, aerial hyphae formation and CU production have been
observed to correlate in different Ophiostoma strains (Brasier et al., 1995;
Temple et al., 1997). The ability of the class I hydrophobin ABH3 of A. bisporus
to restore formation of aerial hyphae of the ASC3 strain in vitro suggests a
similar role for ABH3 (Lugones et al., 1998; Wosten et al., 1999).
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Figure 2. (A) A schematic model for formation of aerial hyphae in S. commune
presented essentially as described in the literature (Wésten et al., 1994a;
Wessels, 1997, Wosten et al, 1999, Wosten, 2001). Hydrophobic and
hydrophilic parts of a hydrophobin molecule are indicated as grey and white
colours, respectively. The SC3 hydrophobin molecules secreted into the liquid
culture medium form a hydrophobin film at the water-medium interface which
decrease the surface tension of the liquid, allowing the hyphae to grow into the
air. The rodlet-patterned hydrophobin film on the cell wall renders the aerial
hyphae hydrophobic. (B) An electron micrograph of the SC3 hydrophobin film.
Hydrophobin solution (0.01 g I of SC3) was dried on an electron microscope
grid. The diameter of rodlets is approximately 10 nm. Image produced by H.A.B.
Wosten and S. Askolin.

1.3.2 Coating of fungal structures

Hydrophobins have been localized and isolated from the surfaces of different
fungal structures (Table 4). These include e.g. aerial hyphae, asexual spores, called
conidia, and fruiting bodies, which are produced above the soil level.
A connection between class I hydrophobins and rodlet layers on fungal surfaces
has been demonstrated (Wessels, 1997; Wosten et al., 1997; Wosten, 2001; Linder
et al., 2005). For example inactivation of genes encoding the class I hydrophobins
RodA of Aspergillus fumigatus (Thau et al., 1994; Paris et al., 2003), MPGI of
M. grisea (Talbot et al., 1993, 1996) and EAS of N. crassa (Bell-Pedersen et al.,
1992) has resulted in conidia, which lacked the rodlet layer.
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Hydrophobin coating confers hydrophobicity to fungal air-exposed surfaces
(Table 4). Deletion or disruption of genes encoding hydrophobins has made the
fungal structures (aerial hyphae, aerial conidia and gas channels of fruiting
bodies) wettable, resulting in so-called wettable phenotype (Stringer et al., 1991;
Stringer and Timberlake, 1995; Bell-Pedersen et al., 1992; Lauter et al, 1992;
Lugones et al., 1996; Talbot et al., 1996; Thau et al., 1994; van Wetter et al.,
2000a; Table 4). Thus, the hydrophobin film has a role in preventing aerial
fungal structures from soaking up water for example during rain.

The asexual fungal spores, conidia, formed by aerial hyphae of Ascomycetes are
generally very hydrophobic, which appears to facilitate their aerial dispersion
(Adams, 1995; Wessels, 1997). Several hydrophobins, such as RodA (HYP1) of
A. fumigatus, EAS of N. crassa and HCF-1 of Cladosporium fulvum, have been
found to be involved in the hydrophobicity of conidia (Bell-Pedersen et al.,
1992; Thau et al., 1994; Whiteford and Spanu, 2001; Table 4). Deletion of the
genes encoding RodA and EAS has been shown to impair dispersion of conidia
through the air (Bell-Pedersen et al., 1992; Thau et al., 1994). Moreover,
deletion of the gene enconing HCF-1 has decreased the ability of conidia to be
collected by water droplets (Whiteford and Spanu, 2001). Based on these
findings, the hydrophobin coating on conidia facilitates conidial spreading.

A putative role for the hydrophobin film on fungal structures is involvement in
resistance to different unfavourable environmental conditions. Production of the
CU hydrophobin has been shown to correlate with the resistance of dried yeast-
like cells of Ophiostoma strains, including e.g. the CU-overproducing and
CU deletion strain, to storage (Temple et al., 1997). This has suggested that CU
may have a role in protecting these fungal cells from desiccation. Hydrophobin
coating may also mediate the attachment of spores to hydrophobic surfaces such
as insect cuticles, thus aiding their dissemination (Wessels, 1999).

Binding of hydrophobins on fungal cell walls has been proposed to occur when
the fungus is confronted with a hydrophilic-hydrophobic interface (Wessels,
1996; Wosten et al., 1994c). This interface can occur between the hydrophilic
cell wall and e.g. air or a hydrophobic solid. This is consistent with an
immunolocalization study indicating that the SC3 hydrophobin was absent from
cell walls of S. commune hyphae grown without free contact with air in so-called
sandwich culture (Wdsten et al., 1994a). However, the class II hydrophobin CRP
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has been shown by labelling experiments to bind to the cell walls of
C. parasitica in liquid phase in the absence of hydrophilic-hydrophobic interface
(McCabe and van Alfen, 1999). This binding has been presumed to be due to the
lectin-like properties of CRP (Carpenter et al., 1992; McCabe and van Alfen,
1999). Lectins are carbohydrate-binding proteins having one or more sites highly
specific to diverse sugar structures (Peumans and van Damme, 1995; Vijayan
and Chandra, 1999). Lectin-like activity has also been shown for SC3 and SC4
hydrophobins (van Wetter et al., 2000a).

1.3.3 Cell wall maturation

The main structural components of the cell wall of filamentous Ascomycetes and
Basidiomycetes are (1-3)-B-glucan and chitin, which are secreted by the growing
hyphae (Wessels, 1992, 1994; Sietsma et al., 1995). Rigidifying of the cell wall
occurs gradually as a result of formation of (1-3)/(1-6)-p-glucan-chitin complex
(Wessels, 1986; 1994; Sietsma et al, 1995). The SC3 hydrophobin of
S. commune has been shown to affect the cell wall composition of fungal hyphae
(van Wetter et al., 2000D).

The presence of SC3 on surfaces of S. commune aerial hyphae has been
demonstrated by immunodetection (Wosten et al., 1994a). Disruption of the
gene encoding SC3 decreased the amount of the glucan-chitin complex
compared with the wild-type (van Wetter et al., 2000b). In addition, the amount
of free glucan containing both (1-3)- and (1-6)-linkages (called slime or
mucilage) increased (van Wetter et al., 2000b). Thus, SC3 appears to have a role
in maturation of the hyphal cell wall.

Implication of a similar role was recently obtained for the CRP hydrophobin of
C. parasitica (Kazmierczak et al., 2005). Deletion of the gene encoding CRP
affected growth of the fungal fruiting bodies through a rigid surface, the bark of
a host tree (Kazmierczak et al., 2005). Correspondingly to SC3, CRP may
influence maturation and rigidity of the cell wall, which allows eruption of the
fruiting bodies through the bark.
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1.3.4 Pathogenesis and attachment

Hydrophobins have been linked to diseases caused by pathogenic fungi in
several studies. The mechanisms include for example involvement in attachment
of fungal infective structures to the host for infection (Talbot et al., 1996; Tucker
and Talbot, 2001).

Plant diseases caused by fungal pathogens, such as M. grisea, start with adhesion
of the fungal spores to the host surface and their germination (Tucker and Talbot,
2001). The germ tube forms a specialised infective structure, the appressorium,
which develops hyphae that penetrate and infect the plant cell. Deletion of the
gene encoding the class I hydrophobin MPG1 in M. grisea caused absence of
rodlet layer from conidia, impaired ability to form conidia and appressoria and
reduced pathogenicity toward the host plant rice (Talbot et al., 1993, 1996).
Disruption of the gene encoding the class II hydrophobin MHP1 of M. grisea
caused similar phenotypes (Kim et al., 2005). In addition, appressoria and germ
tubes of the MPGI mutant did not attach to a hydrophobic surface as strongly as
those of the wild type strain (Talbot et al., 1996). Thus, MPG1 was proposed to
play a role in attachment of germ tubes and appressoria to the host. Whether also
MHP1 affects attachment of the infective structure, the appressorium, to the host,
like MPGT1 (Talbot et al., 1996), has not yet been reported.

A role in attachment has also been suggested for a hydrophobin of the plant-
rotting bracket fungus S. commune. Growing hyphae of S. commune were shown
to attach tightly to hydrophobic surface of Teflon (Wdsten et al., 1994c). The
SC3 hydrophobin secreted by S. commune was immunodetected between the
hyphae and the Teflon surface (Wosten et al., 1994c). Deletion of the SC3
hydrophobin of S. commune was revealed to decrease attachment of the hyphae
to Teflon (Wosten et al., 1994c; van Wetter et al., 2000a). These results
indicated that SC3 may function in adhesion of S. commune hyphae to
hydrophobic surfaces such as lignin, the hydrophobic component of wood
(Wosten ef al., 1994c¢; van Wetter et al., 2000a).

The role of the CU hydrophobin as a plant toxin has been widely studied. The
plant pathogenic fungus O. ulmi and its aggressive isolate O. novo-ulmi cause a
damaging tree disease, Dutch elm disease. Both species produce the CU protein,
which was proposed to be the toxin causing the Dutch elm disease already in
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1974 (Takai, 1974) and which proved to be a hydrophobin later on. The toxicity
of CU was based on the observation that purified CU injected to white elm was
able to produce symptoms, such as wilting, similar to those of Dutch elm disease
(Takai, 1974; Takai and Hiratsuka, 1984). The symptoms were proposed to be
due to blocking of intercellular openings, xylem vessels, by CU-coated air
bubbles (Russo et al., 1982). However, deletion of the cu gene in O. novo-ulmi
or overexpression of cu in O. ulmi did not affect the pathogenicities of the two
fungi to elm (Bowden et al., 1996; Temple et al., 1997). On the other hand,
expression of cu in O. quericus made this fungus pathogenic to elm, causing the
typical Dutch elm disease symptoms (Del Sorbo et al., 2000). One explanation is
that CU is only one of several factors or one of several hydrophobins causing the
Dutch elm disease (Wessels, 1994; Bowden et al. 1996). Overexpression and
deletion of cu have demonstrated that CU production correlates with
hydrophobicity and adherence of the fungal yeast-like cells to insects, bark
beetles (Temple et al., 1997). CU may therefore assist spreading of the fungus
from tree to tree (Temple ef al., 1997).

A protective role in pathogenesis has been proposed for the hydrophobin coating on
the walls of conidia (Paris et al., 2003). A. fumigatus is a human pathogen able to
cause several respiratory diseases (Bodey and Vartivarian, 1989). Mutant conidia of
A. fumigatus, in which the gene encoding the RodA hydrophobin has been
disrupted, were shown to be sensitive to killing by a specific type of leucocytes
(white blood cells), lung alveolar macrophages (Paris et al., 2003). This suggests
that RodA affects the resistance of conidia to the host cells (Paris et al., 2003).

1.3.5 Symbiosis

Symbiosis is a close association of two organisms which is beneficial for both
partners e.g. for nutrient supply. Hydrophobins have been suggested to be involved
in symbiosis in two cases: (1) in allowing gas exchange in lichens, symbiotic
associations of fungi and algae or cyanobacteria (Scherrer et al., 2000; Trembley et
al., 2002) and (2) in the formation of ectomycorrhiza, a complex structure of fungus
and tree roots (Tagu et al., 1996, 2001; Dupplessis et al., 2001; Mankel et al., 2002).
Supporting data is based on gene expression, protein isolation and localization
(Martin et al., 1995, 1999; Tagu et al., 1996; Tagu and Martin, 1996; Scherrer et al.,
2000; Duplessis et al., 2001; Mankel et al., 2002; Trembley et al., 2002).
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Lichen-forming fungi benefit from the symbiosis by a source of fixed carbon
from algae. The fungi are assumed to protect the algae from desiccation. Genes
encoding hydrophobins have been cloned, and corresponding proteins have been
isolated and localized from both Ascomycete (Xanthoria spp.) (Scherrer et al.,
2000) and Basidiomycete (Dictyonema glabratum) lichen-forming fungi
(Trembley et al., 2002). In the gas-filled spaces of X. parietina and D. glabratum
lichens, rodlet layers have been observed (Scherrer et al., 2000; Trembley et al.,
2002). A similar rodlet layer has been obtained in vitro by drying down the
hydrophobins, purified XPH1 of X. parietina and partially purified DGHI1 of
D. glabratum, on a solid surface (Scherrer et al., 2000; Trembley et al., 2002).
The hydrophobin layer has been suggested to prevent the gas-spaces from filling
with water. A similar role has been shown for SC4 hydrophobin lining gas
channels in fruiting bodies of S. commune (van Wetter et al., 2000a).

By colonizing tree roots and forming ectomycorrhiza, the fungus obtains
carbohydrates from the plant, whereas the uptake of water and minerals by the
plant is suggested to be improved by the fungus. Genes encoding three
hydrophobins of Pisolithus tinctorius (HYDPt-1, HYDPt-2 and HYDPt-3) have
been found to be highly expressed during early stages of ectomycorrizal
formation when the fungus is colonising the roots of Eucalyptus globulus (Tagu
et al., 1996; Duplessis et al., 2001). Correspondingly, 7. terreum was found to
express a gene encoding hydrophobin, Hyd-1, when growing in symbiosis with
pine roots (Pinus sylvestris) (Mankel et al., 2002). One of these hydrophobins,
HYDPt-1, has been immunolocalized on cell walls of hyphae in contact with the
root surface (Martin et al., 1999; Tagu et al., 2001). Thus, hydrophobins may
play a role in the formation of ectomycorrhiza.

1.4 Trichoderma reesei hydrophobins

T. reesei is a cellulolytic filamentous fungus, which degrades plant materials in its
natural environment, soil. It is widely studied and also an industrially important
fungus due to efficient secretion of cellulose- and hemicellulose-degrading
enzymes. Three genes encoding class Il hydrophobins have been found from
T. reesei (Nakari et al., 1993; Nakari-Setéla et al., 1996, 1997; Penttild et al., 2000;
Rintala, 2001). The recently published genome of T. reesei also reveals other genes
encoding hydrophobins (http://gsphere.lanl.gov/trire1/trire1.home.html). Annotation
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of the genome has not yet been finished and therefore the precise number of the
new genes encoding hydrophobins is not known.

The first 7. reesei gene encoding a hydrophobin, 4fbI, was found when genes
highly expressed on glucose-containing medium were investigated (Nakari et al.,
1993; Nakari-Setéld et al., 1996). Heterologous hybridization using Afbl as a
probe revealed the HFBII hydrophobin encoding gene, Afb2 (Nakari-Setilad
et al., 1997). The HFBIII hydrophobin was first isolated as a protein on lactose-
containing medium (M. Tenkanen, unpublished results). The expression of Afbl
diverges from that of 4fb2 and Afb3 on different carbon sources. In addition to
glucose, hfbl is expressed on sorbitol-containing medium, but not on lactose,
xylan, cellobiose or cellulose (Nakari-Setdld et al., 1997). Genes encoding
HFBII and HFBIII are expressed on cellulose- and lactose-containing media, the
carbon sources which also induce e.g. the cellulose- and hemicellulose-
hydrolyzing enzymes of 7. reesei. In addition, Afb2 and hfb3 are expressed on
sorbitol-containing medium, whereas their expression on glucose is relatively
low if detected at all (Nakari-Setéld et al., 1997; Rintala, 2001). Expression of
hfb2 is also induced in xylan- and cellobiose-containing cultures, by carbon and
nitrogen depletion and by light and sporulation (Nakari-Setild et al., 1997). The
hfb3 gene is also expressed in sporulating aerial cultures (Rintala, 2001).

HFBI and HFBII have been isolated from the cell walls of submerged hyphae
and aerial spores, respectively, as well as from the culture medium (Nakari-
Setila et al., 1996, 1997). The amino acid similarity between HFBI and HFBII is
69% (Nakari-Setéld ef al., 1997). HFBIII has been found to be mainly associated
with vegetative submerged hyphae (M. Linder and T. Nakari-Setéld, unpublished
results).

1.5 Production of hydrophobins

Hydrophobins have hitherto usually been produced and purified in laboratory
scale for analysis of their protein properties. However, larger quantities would be
required for many potential applications. Production levels of hydrophobins
secreted to the culture medium by wild-type fungi are usually rather low. In
general, production of hydrophobins has not been widely studied, but some
approaches to increase hydrophobin production have been reported.
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Production of the class II hydrophobin CU to the liquid culture medium by
O. novo-ulmi was increased from 0.025 to 0.14 g I'' by optimization of the
medium composition (Takai, 1978; Takai and Richards, 1978). Secretion of CU
by O. ulmi, in which the native CU production is low, was improved close to the
level of O. novo-ulmi by introduction of an additional gene encoding CU to the
genome, driven by the strong cu promoter of O. novo-ulmi (Temple et al., 1997).

Several attempts have been made to increase the production level of SC3
including both homologous and heterologous expression systems in fungi
(Schuurs et al., 1997; Scholtmeijer, 2000; Scholtmeijer et al., 2001). The most
promising results have been obtained from heterologous expression in 7. reesei,
which is capable of secreting large amounts of proteins into the culture medium
(Scholtmeijer, 2000; Scholtmeijer et al., 2001). Introduction of the gene
encoding SC3 under regulation of the 4fbI or hfb2 promoter yielded similar or
even higher production of SC3 to the culture medium than secreted by
S. commune (approximately 0.06 g 1) (Wosten et al., 1999; Scholtmeijer, 2000).
Heterologous expression of the gene encoding the ABHI hydrophobin of
A. bisporus in A. niger resulted in only low secretion of the protein into the
culture medium (Asgeirsdottir et al., 1999).

Heterologous hydrophobin production in bacteria, such as for example
recombinant fusion proteins of CU (Bolyard and Sticklen, 1992) and
P. ostreatus POH1 (Peias et al., 1998) in E. coli, has been low (microgram
quantities per liter culture). However, more reasonable yields have been
obtained by production of recombinant histidine-tagged proteins HCh-1 of
C. herbarum and RodA (HYP1) of 4. fumigatus in E. coli (9 and 2 milligrams
purified protein per liter culture) (Weichel et al., 2003).

1.6 Purification of hydrophobins

The hydrophobins which have hitherto been isolated are presented in Table 2.
Purification of hydrophobins has mostly been carried out in laboratory scale for
analytical purposes. The amounts of hydrophobins purified have only rarely
been reported, probably due to quantification problems.
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Purification of class I hydrophobins has usually been based on the low solubility
of their aggregates in diluted ethanol or hot diluted SDS. For purification of the
SC3 hydrophobin from the cell walls of S. commune, impurities were removed
using hot 2% SDS followed by release of SC3 with TFA or formic acid (Wessels
et al., 1991a, b; de Vries et al., 1993; Wosten et al., 1993). Soluble SC3 has been
isolated from culture medium by precipitation, using e.g. trichloroacetic acid or
mixing the medium with air, dissolution in TFA and removal of the acid by
evaporation (Wosten et al., 1993). Several other class I hydrophobins have been
purified essentially according to these methods (e.g. de Groot et al., 1996;
Lugones et al., 1996, 1998; Talbot et al., 1996; Asgeirsd()ttir et al., 1997, 1998;
Spanu et al., 1997; Penas et al., 1998; Scherrer et al., 2000; van Wetter et al.,
2000a; Trembley et al., 2002; Paris et al., 2003). Chromatographic methods
have been used for purification of class I hydrophobins such as EAS of N. crassa
(Templeton et al., 1995), RodB of A. fumigatus (Paris et al., 2003), RolA of
A. oryzaea (Takahashi et al., 2005) and SC3 of S. commune (Martin et al., 2000;
Wang et al., 2002).

Class II hydrophobins, such as CFTHI1 of Claviceps fusiformis, CRP of
C. parasitica and HFBI and HFBII of T. reesei, have been released from fungal
cell walls using diluted solution of SDS or ethanol (Carpenter et a., 1992;
Nakari-Setila et al., 1996, 1997; de Vries et al., 1999; Linder et al., 2001). Other
purification methods, including high performance liquid chromatography
(HPLC), have been used to further purify these proteins (Carpenter et al., 1992;
Nakari-Setdld et al., 1996). For isolation of the soluble class II hydrophobins
O. ulmi CU and HFBII from culture medium, a weak vacuum was applied or air
was led to the medium and the hydrophobin was collected by generating foam
(Takai and Richards, 1978; Nakari-Setild et al., 1997). HFBI and HFBII have
also been purified from liquid culture medium in aqueous two-phase systems
(Linder et al., 2001).

1.7 Application potential of hydrophobins

The ability of hydrophobins to spontaneously self-assemble at hydrophobic-
hydrophilic interfaces gives rise to several potential applications. These include
for example immobilising of cells and molecules to surfaces, modification of
wettability and biocompatibility of surfaces, use as a fusion partner facilitating
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selective protein purification and acting as emulgators (Wessels, 1997;
Scholtmeijer et al., 2001; Linder et al., 2005).

Hydrophobins are suitable molecules for immobilization and surface
modification, which could be exploited in e.g. biosensors or even in future
nanotechnology. Electrodes have been modified by immobilizing redox enzymes
on the SC3 hydrophobin-coated electrode surface (Corvis et al., 2005). Small
electroactive compounds have been immobilized on electrodes coated with
HYDPt-1 of P. tinctorius (Bilewicz et al., 2001). HFBI has been used to
immobilize 7. reesei endoglucanase EGI effectively to silanized glass and
Teflon as a fusion protein (Linder et al., 2002). Lipases have been immobilized
on hydrophilic agarose using mycelium-specific hydrophobins from P. ostreatus
as an absorbent (Palomo et al., 2003). Binding of Saccharomyces cerevisiae
cells to hydrophobic silicone-based materials has been increased by targeting
HFBI fused with Flo1p flocculin to the cell wall (Nakari-Setild et al., 2002).

The ability of hydrophobins to modify surface properties makes them attractive
candidates to increase the biocompatibility of e.g. medical implants and surgical
instruments. For example, binding of human fibroblasts, which give rise to
connective tissue, could be encouraged with a hydrophobin film. Coating Teflon
with SC4 or genetically engineered SC3 has been shown to improve the growth
of fibroblasts on the surface (Janssen et al., 2002, 2004; Scholtmeijer et al.,
2002, 2004).

HFBI has been shown to be useful as a purification tag due to its high affinity to
nonionic surfactant phases in aqueous two-phase systems (Linder et al., 2001).
Proteins, such as endoglucanase EGI, fused with HFBI were separated from
aqueous solutions in aqueous two-phase systems even in pilot scale (Penttild
et al., 2000; Collén et al., 2001, 2002; Linder et al., 2004; Selber et al., 2004).

Hydrophobins could be used as an alternative to surfactants in many applications
such as emulsifiers or foaming agents in different branches of industry. For
example HFBI has been shown to stabilize aqueous dispersion of Kevlar®
nanopulp (Lumsdon et al., 2005). Applications in the food industry may be
found at least for hydrophobins produced by edible mushrooms. Hydrophobins
have also been found to be useful as indicators of beer gushing. Hydrophobins
produced by barley-contaminating fungi have been shown to cause gushing
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problems in beer, leading to the development of a specific immunoassay
(Kleemola ef al., 2001; Linder et al., 2005).

1.8 Background and aims of the present study

Hydrophobins are proteins with many remarkable properties, which could be
exploited in several applications. These include for example high surface activity
and ability to modify surface properties. In the beginning of the present study,
the genes encoding the 7. reesei hydrophobins HFBI and HFBII had already
been isolated and their expression studied, but very little was known about the
corresponding proteins. The aim of this study was to shed light on the protein
properties of these hydrophobins and on their significance for the fungus.

Specific aims of this work were

1. production and purification of HFBI and HFBII
2. crystallization of these hydrophobins for structure determination

3. characterization and comparison of the properties of HFBI and HFBII with
those of the SC3 hydrophobin of S. commune

4. functional analysis of the genes encoding HFBI and HFBII by gene deletion

5. investigation of the process technological effects of HFBI and HFBII on
fermentation of 7. reesei.
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2. Materials and methods

Only a summary of the materials and methods used in this study is presented in
this section. More detailed information is given in the publications I-VI.

2.1 Strains, vectors and culture conditions

The T. reesei strains used in this study are presented in Table 5. The fungal

strains were grown either in liquid media in bioreactors, shake flasks or as static

cultivations, or on solid media. Only the Rut-C30-based strains were grown on
lactose medium due to poor growth of QM9414 on this carbon source. Culture
media and conditions are described in detail in the publications I, II, [IV-VL.

E. coli strain DH5a, used as a bacterial cloning host, was grown in LB (Luria
Bertani) medium (Sambrook et al., 1989) containing 100 pg ampicillin ml™.
Plasmids used as cloning vectors are listed in Table 6.

Table 5. Fungal strains used in this study.

Trichoderma reesei strain

Reference

QM9414

QM9414 Ahfbl

QM9414 Ahfb2

QM9414 Ahfb1Ahfb2
QM9414 overproducing HFBI
QM9414 Ahfb1 producing SC3
QM9414 Ahfdb2 producing SC3
Rut-C30

Rut-C30 Ahfbl

Rut-C30 Ahfb2

Rut-C30 overproducing HFBII

(VIT D-74075)
(VTT D-99724)
(VIT D-99726)
(VTT D-99725)
(VIT D-98692)
(Q139A)
(R26A)

(VTT D-86271)
(B8A)

(VTT D-99676)
(VIT D-99745)

Mandels et al., 1975

<< T << <

Montenecourt and Eveleigh, 1979
\Y%

\%

VI
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Table 6. Plasmid vectors used in this study.

Plasmid Description Reference
pEA10 Contains the genomic copy of the Afb/ gene Nakari-Setild
etal., 1996
pTNS8 Contains the genomic copy of the 4fb2 gene Nakari-Setéla
etal., 1997
pTNS24 Contains the deletion construct of the Afb/ gene, v
composed of the acetamide resistance cassette of p3SR2
in between the 2.8 kb and 2.0 kb 5 and 3’ flanking
sequences of Afb1
pTNS27 Contains the deletion construct of the 4fb2 gene, v
composed of the hygromycin resistance cassette of
pAro2l in between the 1.2 kb and 1.8 kb 5° and 3’
flanking sequences of 4fb2
pS3TRI1.1  Contains a DNA construct for expression of SC3 from S. Scholtmeijer,
commune in T. reesei, composed of the SC3 cDNA under 2000
the control of the 4fb1 promoter and terminator sequences
pS3TR1.2  Contains a DNA construct for expression of SC3 from S.  Scholtmeijer,
commune in T. reesei, composed of the SC3 cDNA under 2000
the control of the 4fb2 promoter and Afb/ terminator
sequences
pTNS31 Contains a DNA construct for overexpression of the Afb2 VI

gene in 7. reesei, composed of 4fb2 under the control of
the chhl promoter and terminator sequences

2.2 DNA techniques

Standard methods were used in DNA modification and transformation of E. coli

competent cells (Sambrook et al., 1989). T. reesei protoplasts were prepared and
transformed as described by Penttild et al. (1987). Co-transformation with a
selection plasmid pARO21 (Aro et al., 2001) or p3SR2 (Hynes et al., 1983;
Tilburn et al., 1983) was performed if the DNA constructs did not contain an
appropriate selection marker. Transformants were purified and screened as
described in I,V and VI. For DNA analysis, genomic fungal DNA was isolated
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using Easy-DNA™ Kit (Invitrogen, The Netherlands). Southern hybridizations
were performed according to standard methods (Sambrook et al., 1989) using
DNA fragments labelled with [a-**P]dCTP or digoxigenin (DIG High Prime,
Boehringer Mannheim, Germany) as probes.

2.3 Purification of hydrophobins

HFBI was purified from the cell walls of the 7. reesei strain QM9414 (VTT
D-74075) and the HFBI-overproducing strain (VTT D-98692) (I). Two different
purification methods were used. The first included extraction of the mycelia with
1% SDS at pH 9.0, removal of dodecyl sulphate as water-insoluble potassium
dodecyl sulphate by adding potassium chloride, hydrophobic interaction (Phenyl
Sepharose 6 FF, GE Healthcare) and anion exchange (Resource Q, GE
Healthcare) chromatography (I). The second purification method for HFBI
consisted of extraction of the mycelium with 1% SDS at pH 5, removal of
dodecyl sulphate, ammonium sulphate precipitation and gel filtration (Bio-Gel
P-6DG, Bio-Rad, USA) (II).

HFBII was purified from culture medium by bubbling, dissolution of the foam in
1% acetic acid (V) or 20% acetonitrile containing 0.1% trifuoroacetic acid (IV),
and gel filtration (Econo-Pac 10DG, Bio-Rad, USA). SC3 was purified as
described in the literature (Wosten et al., 1993; Wessels, 1997).

2.4 Crystallization of HFBI and HFBII

Hydrophobins were crystallized by the vapour diffusion method in hanging
drops (initial volume of 4.5-10 pul). Initial screening was carried out using a
crystallization screening kit (HR2-110, Hampton Research) at 15°C. HFBI was
also crystallized by microbatch methods in a volume of 40 pl. Each batch was
seeded with a few HFBI crystals.
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2.5 Quantification of HFBI and HFBII

HFBI and HFBII contents were analysed by analytic reverse phase HPLC.
Proteins were eluted with an acetonitrile gradient containing 0.1% TFA and pure
hydrophobins were used as standards. HFBI was assayed using Resource RPC
column (GE Healthcare). The amount of cell-bound HFBI was estimated by
extracting HFBI from the mycelium three times with 1% SDS at pH 9 or 6 and
analysing the extracts by HPLC (I). HFBII was quantified by a Protein C4
column (Vydac, USA) (VI). Prior to the analysis, HFBII was purified from the
culture supernatant using 2% of the non-ionic surfactant Berol 532 (Linder et al.,
2001) to remove the closely eluting molecules (VI). HFBI was also quantified on
the basis of determination of amino acid content by amino acid analysis.

2.6 Biochemical characterization of hydrophobins

Hydrophobins and their purity were analysed on the basis of molecular mass by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 20% polyacrylamide
gels using a Phast System (GE Healthcare) (I) or on 17.5% polyacrylamide gels
(IV). Proteins were stained with silver stain (Silver stain kit, Bio-Rad, USA) or
Coomassie Brilliant Blue. Possible glycosylation of HFBI was determined on
SDS-polyacrylamide gels stained with glycoprotein staining (Zacharius and Zell,
1969). HFBI and SC3 were detected qualitatively by Western analysis, slot
blotting and dot blotting using HFBI-specific polyclonal antibodies (Nakari-
Setild et al., 1996) or antiserum raised against SC3 (Wosten et al., 1994a) and
further purified by incubating in 1-2 w/v-% acetone powder (Harlow and Lane,
1988) of the T. reesei QM9414 strain (IV). Isoelectric focusing and
chromatofocusing were performed as described in I.

Stability of HFBI at different pH values was studied using intact HFBI incubated
at pH 3, 5, 6, 7 and 9 (I). Protease digestibility of HFBI was determined as
described in I. HPLC (Protein C4 column, Vydac, USA) was used for analysing
homogeneity and purity of hydrophobin samples (I). The N-terminal amino acids
of purified HFBI were sequenced by automated Edman degradation using an
Applied Biosystems liquid phase sequencer 477A/120A at the University of
Kuopio. Molecular masses of purified HFBI samples were determined with
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matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Helin et al., 1999).

2.7 Biophysical characterization of hydrophobins

Surface tension of aqueous hydrophobin solutions was measured by
axisymmetric drop-shape analysis by profile (ADSA-P) as described by
Noordmans and Busscher (1991). CD spectroscopy was performed using an
Aviv 62A DS CD spectrometer to study changes in the secondary structure of
hydrophobins (IV).

Assembly of hydrophobins at the water-air interface was studied by rotating
hydrophobin solutions for 1-24 h. Samples were examined by light or
fluorescent microscopy or analysed by SDS-PAGE after centrifugation. SC3 was
labelled with dansyl according to Wang et al. (2002). To study emulsifying
properties olive or paraffin oil (1 v/v-%) was emulsified in aqueous hydrophobin
solution by sonication. Binding of hydrophobins on a hydrophobic solid was
assessed by incubating cleaned Teflon sheets (fluorinated ethylene propylene,
FEP, Norton Fluoroplast B.V, the Netherlands) in hydrophobin solution
overnight at room temperature. Teflon pieces were washed three times for 10 min
with water using a rotary shaker with or without prior extraction with 2% SDS
for 10 min at 100°C. For assembly at the paper-air interface, hydrophobin
solution was allowed to rise up along vertical filter paper strips essentially as
described by Lugones et al. (1996). Wettability of non-modified or
hydrophobin-coated materials, Teflon or filter paper, was determined as the
contact angle of water droplets. The methods are described in detail in IV.

2.8 Microscopy

A light microscope and Analysis software imaging tool (Soft Imaging System,
Germany) were used for determination of the diameter of fungal hyphae. Prior to
microscopy, the culture samples were fixed in 1% formaldehyde and stained with
lactophenol blue as described in V. Light microscopy was also used for examining
hydrophobin crystals, hydrophobins mixed with air and oil emulsions stabilized by
hydrophobins. Fungal colonies were examined using a stereo microscope.
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For transmission electron microscopy of fungal hypha, culture samples were
fixed, dehydrated, embedded in LX112 Epon, sectioned and stained with uranyl
acetate and lead citrate as described in IV and examined in a JEM 1200 EX or a
JEM 1200 EX II (Jeol, Japan) electron microscope. Transmission electron
microscopy of assembled hydrophobin was performed by drying aqueous
hydrophobin solutions on electron microscope grids, surface shadowing with
platinum and carbon and examining the grids in a CM10 electron microscope
(Philips, the Netherlands) (V).

2.9 Other analyses

Soluble protein concentrations were determined by the method of Lowry ef al.
(1951) after precipitation of proteins with an equal volume of 10% trichloracetic
acid. The precipitation step was omitted when the protein concentration of pure
SC3 was determined.

Glucose and lactose concentrations were measured using GOD-Perid (Roche,
Germany) and lactose/B-D-galactose (Boehringer-Mannheim, Germany)
analysis kits, respectively, according to the manufacturer's instructions. Overall
cellulase activity (filter paper units, FPU), B-1,4-endoglucanase activity (IUPAC
1987) and endo-f3-1,4-xylanase activity (Bailey et al., 1992) were assayed using
standard methods.

The amount of fungal biomass on liquid glucose- or lactose-containing media
was measured gravimetrically (VI). Sporulation efficiency of fungal strains was
determined by plating spores on potato dextrose agar (PDA, Difco, USA) plates
and incubating the plates in light, followed by collecting and calculating the
spores using a haemocytometer (IV).
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3. Results and discussion

3.1 Production and purification of HFBI and HFBII
(1, 1, 1V, VI)

High production of hydrophobins is required for many potential applications. In
order to increase production of HFBI, two additional copies of the gene
encoding HFBI were introduced into the genome of 7. reesei QM9414 (I). The
HFBI-overproducing strain was cultivated in a bioreactor on glucose-based
medium, which has previously been shown to induce production of HFBI
(Nakari-Setéld et al., 1996). For comparison, the parent strain QM9414 was also
cultivated under similar conditions. Most of the HFBI (80-100%) was bound to
the fungal cell walls in these submerged cultures of both strains (I, IV).
Overproduction of HFBI in T. reesei increased the HFBI production almost three
times up to 1.4 grams HFBI per liter culture (Table 7), which is the highest
production level of hydrophobin hitherto reported.

HFBII was overproduced in 7. reesei by introducing three extra copies of the
gene encoding HFBII into the genome of the efficient cellulase-producing strain
Rut-C30 (VI). The additional genes were under the regulation of the strong
promoter of the gene encoding cellobiohydrolase I (CBHI). Lactose is known to
induce production of both HFBII and cellulose-hydrolyzing enzymes, such as
CBHI of T. reesei (Nakari-Setdld et al., 1997). Thus, the HFBII-overproducing
strain was cultivated on lactose-containing medium in a bioreactor. High HFBII
production was obtained, up to 0.24 grams of HFBII per liter culture, compared
with 0.03 g I of the parent strain Rut-C30 (Table 7).

Production of other hydrophobins in as high amounts as HFBI (I, VI) and HFBII
(VI) has not been published. S. commune has been reported to secrete 0.06 g 1"
SC3 and less than 0.01 g 1" SC4 into the culture medium (Wosten ef al., 1999;
van Wetter et al., 2000a). Secretion of CU by O. novo-ulmi has been estimated
to be 0.14 g I'' (Takai, 1978). The ability to secrete high amounts of proteins
makes 7. reesei a potential host for heterologous production of hydrophobins.
Promising results have already been obtained for production of SC3 in 7. reesei
(Scholtmeijer, 2000).
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Table 7. Production of HFBI and HF BII by different T. reesei strains.

T. reesei strain Carbon HFBI HFBII  Reference

source conc.? conc.’

el (gl

QM9Y%414 VTT D-98692 glucose 1.4 nd VI
overproducing HFBI
QM9%414 VTT D-74075 glucose 0.5 nd VI
Rut-C30 VTT D-99745 lactose nd°® 0.24 VI
overproducing HFBII
Rut-C30 VTT D-86271 lactose nd°® 0.03 VI

* includes both hydrophobin secreted into culture medium and bound to the cell walls of
submerged hyphae (cell-bound HFBI was quantified by HPLC based on three sequential
extractions of mycelium with 1% SDS in buffer)

"hydrophobin secreted into the culture medium

‘the gene encoding HFBI is not expressed in submerged growing cultures on lactose-
containing medium (Nakari-Setéld et al., 1997); nd, not determined

In addition to applications, purified proteins are needed for example in protein
crystallization and determination of protein properties. For purification of HFBI
and HFBII, fungal hyphae from submerged cultures and cell-free culture
medium were chosen as starting materials, respectively (I, 1, IV). HFBI was
purified from the mycelium by extracting proteins with 1% SDS and removing
SDS as water-insoluble potassium dodecyl sulphate by precipitation using
potassium chloride (I, II). Purification was continued either with hydrophobic
interaction chromatography and anion exchange chromatography (I) or
ammonium sulphate precipitation (II). HFBII was isolated from the culture
medium by bubbling (IV). Accumulation of hydrophobin by generation foam
has also been used as a purification method for CU in the early days (Takai and
Richards, 1978).
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3.2 Structural investigation of HFBI and HFBII
3.2.1 Crystallization of HFBI and HFBII (ll, unpublished results)

The 3D structure of a protein provides valuable information needed to
understand its biological function. The purified HFBI and HFBII hydrophobins
were crystallized for the purposes of structural analysis carried out by x-ray
crystallography. The hydrophobins were crystallized in hanging drops by vapour
diffusion. Both the HFBI and HFBII crystals obtained were applicable to x-ray
crystallography.

HFBI was crystallized as long 3D crystals with a hexagonal sectional area
(Figure 1/II). The HFBI crystals were obtained with 30% polyethylene glycol
(PEG) 4000, 0.1 M sodium acetate buffer, pH 4.3, containing 0.2 M ammonium
acetate and CYMAL-5 detergent (initial concentration 2.4 mM). The X-ray
diffraction data was collected at a resolution of 2.5 A in the European Synchrotron
radiation Facility (ESRF) in Grenoble. The HFBI crystals belong to the hexagonal
crystal system and space group P6; (or P6s) with dimensions of the repeating
asymmetric unit, unit cell, a = b = 45.9 A, ¢ = 307.2 A (II). Determination of the
3D structure of HFBI is under work.

HFBII was crystallized in several crystal forms using different crystallization
reagents. Thus it appeared to crystallize more readily than HFBI. However, most
of the crystals were needle-shaped and thus not suitable for x-ray analysis. The
size of the needles varied with different reagents, reaching even several hundreds
of micrometers in length (Figure 3A). The needle-shaped crystals were often
found in the presence of ammonium salts (phosphate, sulphate and acetate) and
divalent cations (Ca*", Mg®" and Zn*"). Small angle x-ray scattering (SAXS) and
wide-angle x-ray scattering of needle-shaped crystals of HFBII obtained by
shaking in the presence of divalent cations (Cu®") has revealed that they have a
monoclinic structure, which changes to hexagonal when the material has been
dried (Torkkeli et al., 2002). Correspondingly, different crystal forms have also
been observed by grazing incidence X-ray diffraction analysis of the HFBII film
coating water drops (Serimaa et al., 2003). The coating of HFBII on water drops
was crystalline, having a monoclinic structure which changed to hexagonal when
dried.
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Cubic HFBII crystals were obtained for example with 30% PEG 4000, 0.1 M
sodium citrate buffer, pH 5.6, containing 0.2 M ammonium acetate. The amount
of gelatinous precipitate in the hanging drops was reduced by lowering the PEG
concentration. Crystals of good quality were obtained with the crystallization
reagent 16% PEG 4000, 0.1 M sodium acetate buffer, pH 5.5, containing 1.3 M
ammonium acetate (Figure 3B). The hanging drop was incubated at 15°C for two
weeks followed by incubation at 4°C for two months. The drop consisted of
2.5ul of HFBII (4.8 g I"" in water) and 2 ul of the crystallization reagent.
Incubation at room temperature prior to nucleation decreased the time needed for
the crystallization process.

- %‘ ;?‘a‘ \g:_ .'.' : | \ :
VA s

Figure 3. HFBII crystals. A. Crystals were obtained by vapour diffusion in a
hanging drop at 15°C with 30% meta-phenylenediamide, 0.1 M sodium citrate
buffer, pH 5.6, containing 0.2 M ammonium acetate. The drop consisted of 5 ul
aqueous HFBII solution (4.8 g I'') and 4 ul of the crystallization reagent. B. The
crystal was grown with optimized crystallization reagent 16% PEG 4000, 0.1 M

sodium acetate buffer, pH 5.5, containing 1.3 M ammonium acetate. See text for
details. Thick bar represents 200 um (A) and thin bar 50 um (B).

The HFBII crystals (Figure 3B) were analyzed at the University of Joensuu.
However, the diffraction results obtained indicated that they had suffered from
the transport. The crystallization of HFBII was therefore continued at the
University of Joensuu by Hakanpii et al. (2004), where crystals rectangular in
shape were grown. These HFBII crystals were monoclinic, belonging to the
space group C2 with unit cell parameters a =78.7 A, b=463 A, c=34.6 A,
a=7=90.0°, p=112.2° and diffracted to the resolution of 1.0 A with a
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synchrotron-radiation source (Hakanpédd et al., 2004). They were used for
structure determination of HFBII (I1I).

3.2.2 Three dimensional crystal structure of HFBII (lll)

The first 3D atomic-resolution structure of a hydrophobin, HFBII of 7. reesei,
was resolved by x-ray crystallography at the University of Joensuu (Figure
2/1I1). No high resolution structure of a hydrophobin has previously been
reported, possibly due to problems caused by the high tendency of hydrophobins
to aggregate. The 3D structure of the class II hydrophobin HFBII is globular and
amphiphilic, having a flat hydrophobic area in an otherwise hydrophilic surface.
The dimensions of the single domain protein are approximately 24 x 27 x 30 A.
The structure contains four antiparallel (3 strands and one o helix. The
hydrophobic part consists mainly of amino acid residues near the loops of two 3
hairpins. In the primary structure, the amino acids on the hydrophobic area are
situated between the following cysteine residues: C3-C4 and C7-C8 (Figure 4).
The structure of the hydrophobin is stabilized by four disulphide bridges, which
occur between the cysteine residues as shown in Figure 4.

Figure 4. Characteristic pattern of eight cysteine residues in hydrophobins. The
arrangement of disulphide bonds found in the three dimensional structure of
T. reesei HFBII is indicated with dashed lines. The flat hydrophobic area on the
protein surface is composed of amino acids located between the 3" and 4" as
well as the 7" and 8" cysteine residues.

In aqueous environment, hydrophobic regions of proteins tend to cluster together
to form a water-free environment. This was also observed in the crystal structure
of HFBII (Figure 6A/IIl). The asymmetric unit contained two HFBII molecules,
a dimer. The hydrophobic areas of the two molecules were aligned towards each
other so that approximately half of the hydrophobic part was still exposed to the
aqueous environment. Oligomerization of hydrophobins in aqueous solutions,
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such as HFBII and the class I hydrophobin SC3, has been studied by size-
exclusion chromatography (Torkkeli et al., 2002; Wang et al., 2004a). The
results have indicated that HFBII occurs as tetramers at high hydrophobin
concentrations (Torkkeli ef al., 2002), whereas dimers were the dominating form
of SC3 studied at 1-3 g I'' (Wang et al., 2004a). Orientation of the hydrophobic
areas towards each other in the HFBII dimer indicates that the molecules would
prefer a situation in which the whole hydrophobic part would be buried in a
water-free environment. This situation is obtained at the hydrophobic-
hydrophilic interface, such as water-air.

In addition to the well-conserved spacings between cysteine residues (Figure 1;
Wessels, 1994; Wosten and Wessels, 1997), the amino acids forming the
hydrophobic surface of HFBII have been found to be highly conserved as
hydrophobic amino acids among class Il hydrophobins (Linder et al., 2005).
Moreover, the class II hydrophobins form a more uniform group with respect to
variation in amino acid sequences than class I hydrophobins (Linder et al.,
2005). These facts indicate that the class II hydrophobins are structurally related.
Therefore, the proposal of disulphide bridges in the class II hydrophobin CU is
probably incorrect (Yaguchi et al., 1993). Whether class I hydrophobins also
have a similar structure has not yet been established. However, proportions of
structural elements in the secondary structure of the class I hydrophobin SC3
(23% a helix, 41% [ sheet, 16% P turn and 20% random coil) estimated using
IR sprectroscopy (de Vocht et al., 1998) are surprisingly similar to those
observed in the 3D structure of HFBII (20% o helix, 39% 3 sheet, 0% [ turn and
41% random coil) (J. Rouvinen, personal communication). These observations
urge on structural determination of SC3.

The structural information provides a basis for modifying these proteins and

broadens the usefulness of the proteins in potential medical and technical
applications or even in nanotechnology.
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3.3 Comparison of the class Il hydrophobins HFBI and
HFBII with a class | hydrophobin

Class I and class II hydrophobins have only little sequence similarity apart from
the eight cysteine residues (Linder et al., 2005). Moreover, their solubility
characteristics are different (Wessels, 1994). Here, the behaviours of the class II
hydrophobins HFBI and HFBII of 7. reesei and the class I hydrophobin SC3 of
S. commune were compared with each other at various interfaces.

3.3.1 Behaviour at water-air interface (1V)

Amphiphilic molecules reduce the water surface tension by migrating to the water-
air interface. The class I hydrophobins HFBI and HFBII were found to be surface
active and capable of reducing the surface tension of water, similarly to the class I
hydrophobin SC3 (Table 8; Figure 3A/IV). The lowest surface tensions measured
for HFBI (37 mJ m™) and HFBII (28 mJ m™) (Table 8) are in the range that has
been reported for other hydrophobins, including SC3, (24-37 mJ m™?) (Table 3).
The ability of hydrophobins to reduce the surface tension of a liquid is
comparable to other microbial surfactants (Table 1) and conventional surfactants
(Jonsson et al., 1998; Beneventi et al., 2001), and the ability of SC3 is even
lower. Since experimental conditions such as pH and ionic strength affect
surface activities, determination of the optimal conditions for each hydrophobin
would allow more detailed comparison.

Different times were needed to reach the minimum water surface tension with
HFBI, HFBII and SC3 (Table 8; Figure 3B/IV). Contrary to the class I
hydrophobin SC3, the class II hydrophobins HFBII and HFBI reached the
minimal water surface tension almost instantly or within minutes, behaving like
conventional surfactants. In addition, HFBII was needed in a lower amount than
HFBI or SC3 to reach the minimum water surface tension (Table 8; Figure
3A/IV). On the basis of size-exclusion chromatography of aqueous hydrophobin
solutions (Torkkeli et al., 2002; Wang et al., 2004a), HFBII appears to have a
lower tendency to oligomerize than HFBI or SC3. This could affect the amount
of hydrophobin needed. The mobility of commercial surfactants to interfaces has
been shown to depend on the chain length of their hydrophobic part, increase in
the chain length causing loss of mobility (Beneventi et al., 2001). Thus, faster
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decrease of water surface tension by HFBI and HFBII compared with SC3 might
be due to faster mobility to the water-air interface caused by the smaller
hydrophobic part, as discussed in Section 3.3.6.

Table 8. Physicochemical properties of HFBI, HFBII and SC3.

Hydrophobin | Surface  Conc. Equilibrium | Changes in CD Clear
tension time spectra after ultrastructure on
in water® mixing with air® hydrophobin
film observed*
(mJm?) (gl
Class 11
HFBI 37 0.2 several no no
minutes
HFBII 28 0.02 less than no no
one minute
Class I
SC3 24 0.05 several yes yes
hours (de Vocht et al., (Wosten et al.,
1998) 1993)

“Surface tension of pure water is 72 mJ m™

Aqueous hydrophobin solutions with and without mixing with air were analysed by CD
spectroscopy.

°A drop of aqueous hydrophobin solution was allowed to dry on an electron microscope
grid, surface shadowed and examined by EM.

HFBI and HFBII are not glycosylated or otherwise post-translationally modified,
as judged by molecular mass analysis and glycoprotein staining (I; Linder ef al.,
2001). The surface activity of HFBI and HFBII is thus based solely on amino
acid residues. By contrast, SC3 is a glycoprotein, carbohydrate residues of which
have been assumed to be mainly located on the hydrophilic side of the protein
(Wosten et al., 1994b; de Vocht ef al., 1998). Other microbial surfactants
generally have fatty acids in their hydrophobic part (Lin, 1996; Desai and Banat,
1997; Bognolo, 1999) and thus differ structurally from the hydrophobins.
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In nature, several hydrophobins may be present in the culture medium
simultaneously. Interestingly, higher surface activities have been reported for
mixtures of anionic and cationic surfactants than for the individual components,
probably due to strong interaction between the opposite charges (Li et al., 1996).
However, this did not apply to mixtures of the class I hydrophobin SC3 and the
class II hydrophobins HFBI or HFBII. The surface activities of these
hydrophobin mixtures were between those of the individual hydrophobins (Figure
3B/IV). Moreover, several hours were needed to reach the final equilibrium.

The secondary structures of water-soluble and assembled HFBI and HFBII were
studied by CD spectroscopy. CD spectra of the water-soluble HFBI and HFBII
were similar to those after assembly at the water-air interface induced by mixing
with air (Table 8; Figure 4A, B/IV). In contrast, the CD spectra of aqueous
solutions of class I hydrophobins SC3, SC4 and ABH1 have been shown to
change after vigorous vortexing, having minima at 215-217 nm indicating
[ sheet formation (Figure 4C/IV; de Vocht et al., 1998; Wosten and de Vocht,
2000). These observations indicate that the secondary structures of class II
hydrophobins do not change when confronting the water-air interface, in contrast
to class I hydrophobins. Absence of a conformational change could also explain
why the class II hydrophobins HFBI and HFBII reduced the water surface
tension faster than the class I hydrophobin SC3.

The HFBI and HFBII films did not have an apparent ultrastructucture on the
hydrophobic side on the basis of EM (Table §; Figure SA, B/IV). The hydrophobin
films were prepared in vitro by drying down a drop of aqueous hydrophobin
solution on solid support and therefore most probably represented the water-air
interface of a drop. By contrast, the hydrophobic sides of many class I
hydrophobin films, including that of SC3, have been shown to be composed of
mosaic of a parallel rodlets (Figure SC/III; Wosten et al., 1993, 1994a; Wessels,
1997; de Vocht et al. 1998, 2000; Lugones et al., 1996, 1998; Mackay et al.,
2001). Similar to the films of HFBI and HFBII, those of the class II
hydrophobins CRP and CFHI1 did not have rodlet structures (de Vries et al.,
1999; Wosten and de Vocht, 2000). However, grazing incidence X-ray
diffraction analysis (Serimaa et al., 2003) and AFM (III) revealed that the HFBII
film at the water-air interface was crystalline and highly ordered. Lack of
apparent ultrastructure on the hydrophobic side of the film may be a general
feature of class II hydrophobins.
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Light microscopy of aqueous HFBI and HFBII solutions mixed with air revealed
needle-like structures, which appeared to have air trapped inside (Figure 1A,
E/1IV). These structures were suggested to be air bubbles stabilized by
hydrophobin coating. They were readily dissociated by adding ethanol or
applying pressure. Two other class II hydrophobins, CU and CRP, have been
reported to behave similarly (Richards and Takai, 1973; Takai and Richards,
1978; Russo et al., 1982; Carpenter et al., 1992; Richards, 1993). By contrast,
mixing an aqueous SC3 solution with air aggregated the protein (Figure 1D/IV;
Wosten et al., 1993). The higher tendency of the class I hydrophobin SC3 to
aggregate may be due to the different size and shape of the hydrophobic part of
the protein compared with class II hydrophobins, as discussed in section 3.3.6.

3.3.2 Binding to a solid surface (IV)

Secondary structures of the class II hydrophobins HFBI and HFBII in the presence
of an interface between water and a hydrophobic solid were studied by CD
spectroscopy. Adding colloidal Teflon to aqueous hydrophobin solutions changed
the CD spectra of HFBI and HFBII (Figure 4A, B/IV). The intensity of the signal at
190 nm increased and the negative signal shifted to 205-207 nm and another weak
negative signal close to 225 nm appeared, especially in the CD spectra of HFBIL.
This possibly indicates formation of o helix. Correspondingly, presence of colloidal
Teflon has caused changes in the CD spectra of class I hydrophobins SC3, SC4 and
ABH3 and class II hydrophobin CRP indicating formation of a helix (Figure 4C/1V;
de Vocht et al., 1998; Wosten and de Vocht, 2000).

Binding of HFBI, HFBII and SC3 to hydrophobic (Teflon) and hydrophilic
solids (filter paper) was compared. Teflon pieces were incubated in aqueous
hydrophobin solutions (0.1 g I'") overnight and washed with water. HFBI and
SC3 rendered Teflon wettable as shown by the water contact angles (Table 9).
By contrast, Teflon incubated in an HFBII solution and washed with water was
still hydrophobic, with water contact angles similar to those of bare Teflon
(Table 9). These results and the observations of Linder et al. (2002) indicate that
adsorption of HFBII to hydrophobic solids is weaker than that of HFBI.
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Table 9. Binding of hydrophobins to hydrophobic (Teflon) or hydrophilic (filter
paper) solids.

Hydrophobin Water contact angles (°) Changes in CD spectra
of hydrophobin-coated materials after adding
Teflon® Filter paper” Teflon®
Class 11
HFBI 59+13 60-70 yes
HFBII 109 +2 60-64 yes
Class I
SC3 40+ 4 100-130 yes

(de Vocht et al., 1998)

Pieces of FEP Teflon were incubated in aqueous hydrophobin solution overnight and
washed with water three times for 10 min. The water contact angle of bare FEB Teflon is
110 £2°.

®The water contact angle of bare filter paper is 0°.

‘Secondary structure of hydrophobin with or without addition of colloidal perfluoro
alkoxy Teflon to aqueous hydrophobin solution was analyzed by CD spectroscopy.

Solubility of the hydrophobin coating on Teflon differs between class I and class
IT hydrophobins. The HFBI film responsible for the decrease of surface
hydrophobicity was removed with hot diluted SDS. Similar results have been
obtained with the class II hydrophobins CRP and CFTH1 (de Vries ef al., 1999;
Wosten and de Vocht, 2000). The SC3 film on Teflon was more resistant to
extraction with hot diluted SDS (water contact angles of 53 + 7° after the
treatment) than the class II hydrophobins, similar to the class I hydrophobins
ABHI1, ABH3 and SC4 (Lugones et al., 1996, 1998, 1999).

The HFBI and HFBII coatings reduced the hydrophilicity of filter paper,
whereas the SC3 coating made the surface highly hydrophobic (Table 9). Based
on the capability of HFBI to bind both on hydrophobic and hydrophilic surfaces
and being part of hyphal wall structure, HFBI might affect attachment of
T. reesei to hydrophobic surfaces.
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3.3.3 Emulsification of oils (IV)

HFBI and HFBII were found to stabilize oil emulsions, as has been observed for
SC3 (Wosten et al., 1994c¢). HFBI and SC3 appeared to stabilize both olive and
paraffin oil-in-water emulsions more effectively than HFBII (Figure 5).
Recently, HFBII has been reported to be able to stabilize polyunsaturated fatty
acid oil-in-water emulsions (Lumsdon et al., 2005).

Figure 5. Paraffin oil-in-water (1 v/v-%) emulsions stabilized by the class Il
hydrophobins HFBI (A) and HFBII (B) and the class I hydrophobin SC3 (C).
The bar represents 250 um.

3.3.4 Stability (1, IV)

As secreted proteins, hydrophobins need to resist diverse unfavourable
conditions outside the cell wall. CD spectroscopy of aqueous HFBI and HFBII
solutions at high temperatures revealed that these proteins are extremely
temperature stable (IV). The CD spectra of HFBI and HFBII were similar both
at 25 and 90°C, except for a slight decrease in the intensity at 90°C. This showed
that the secondary structures of both hydrophobins remained unchanged even at
90°C, the highest temperature studied. Similar results have been obtained for
SC3 (de Vocht et al., 2000). Moreover, no changes in the CD spectra of SC3
were found at pH values between 3 and 12 (de Vocht et al., 2000). The stability
of HFBI, HFBII and SC3 most probably derives from the compact structure
stabilized by disulphide bridges. This is in agreement with the 3D structure of
HFBII (IIT) and the observed unfolding of SC3 after treatments which reduce
disulphide bridges (de Vocht et al., 2000).
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Purified HFBI treated at high pH values was found to be heterogeneous on the
basis of HPLC chromatograms (I). In addition to intact HFBI, MALDI-TOF
mass spectrometry and N-terminal amino acid sequencing revealed a form of
HFBI in which the first two N-terminal asparagines (Asn-2 and Asn-4) were
deamidated into aspartic acids (Figure 3A/I; Table 1/I). In addition, a similar
deamidated form lacking the two first amino acids in the N terminus was found.
Cleavage of the peptide bond at asparagine has been assumed to occur through
succinimide, an intermediate of the deamidation reaction (Tyler-Cross and
Schirch, 1991). Deamidation of proteins and peptides has been reported to
depend on environmental conditions, such as pH and ionic strength, and protein
structure (Kossiakoff, 1988; Tyler-Cross and Schirch, 1991; Wright, 1991).
Indeed, HFBI was shown to remain intact at acidic pH (I). Moreover, the
N-terminus of HFBI may locate on the outer surface of the protein, similar to
HFBII (III), making the asparagines susceptible to deamidation. Furthermore,
the N-terminal asparagines of HFBI are flanked by glycine and serine residues,
which have been reported to considerably increase their deamidation rate (Tyler-
Cross and Schirch, 1991). Interestingly, chemical modifications, including
deamidation, have been used as methods to improve the surface activity and
emulsifying properties of proteins (Garti, 1999). Heterogeneity and especially
lack of one or more amino acids in the N terminus has also been found to occur
in other hydrophobins (Wessels et al., 1991b; Yaguchi et al., 1993; Pefias et al.,
1998; de Vocht et al., 1998; de Vries et al., 1999; Mackay et al. 2001; Paris
et al.,2003).

3.3.5 Interaction between class | and class Il hydrophobins (1V)

To study whether the class I and class Il hydrophobins interact with each other,
the behaviour of hydrophobins in mixtures was analyzed. Interestingly, the
presence of a class II hydrophobin (either HFBI or HFBII) was found to affect
the solubility of a class I hydrophobin (SC3). A significant fraction of SC3
mixed with air together with HFBI or HFBII in an aqueous solution remained in
the supernatant after centrifugation without aggregating (Figure 2B/IV).
Fluorescence microscopy of dansyl-labeled SC3 mixed with air in the presence
of either HFBI or HFBII showed the fluorescently labelled protein in the needle-
like structures (observed for the class Il hydrophobins), in addition to aggregates
(Figure 1/IV). Electron microscopy of SC3 dried down on surfaces together with
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HFBI or HFBII showed regions of rodlet pattern structures, typical for SC3.
They were surrounded by regions without apparent ultrastructure, characteristic
for HFBI and HFBII (Figure 5/IV). This indicates that these class I and class II
hydrophobins assemble independently, competing for the available interface.
Moreover, both the class II hydrophobins HFBI and HFBII improved the
solubility of the class I hydrophobin SC3.

Both class I and class II hydrophobins have been shown to be expressed at the
same developmental stage in a single fungus, e.g. in C. fulvum and M. grisea
during sporulation (Talbot et al., 1993; Segers et al., 1999; Nielsen et al., 2001;
Kim et al., 2005). If both class I and class II hydrophobins were secreted
simultaneously to liquid growth medium in nature, premature unwanted
aggregation of class I hydrophobins might be avoided.

3.3.6 Hyphothetical models explaining the main differences
between class | and class Il hydrophobins

Properties of the class II hydrophobins HFBI and HFBII of 7. reesei and the
class I hydrophobin SC3 of S. commune differ from each other in three principal
ways. These are solubility of hydrophobin aggregates in e.g. hot diluted SDS
(Wosten et al., 1993; 1V), ultrastructure of the hydrophobic side of the
hydrophobin film (Wdsten et al., 1993; 1V) and conformational changes after
mixing with air (de Vocht et al., 1998; IV). Two hyphothetical models are
presented to explain these differences.

The first model concerns two characteristics at water-air interfaces reported only
for class I hydrophobins, including SC3 and SC4 of S. commune and ABH3 of
A. bisporus. These are the rodlet-patterned ultrastructure on the hydrophobic
side of the hydrophobin film (Wosten et al., 1993, 1994a; Wessels, 1997;
Lugones et al., 1998) and the changes in the secondary structure after assembly
at water-air interfaces observed by CD or IR spectroscopy (de Vocht et al.,
1998, 2002; Wosten and de Vocht, 2000). Neither of these properties has been
observed for the class II hydrophobins HFBI and HFBII of T. reesei (IV).
A schematic model presented in Figure 6 proposes that rodlet formation is
caused by conformational changes of the hydrophobin molecules together with
intermolecular interaction. The reason for the conformational change may be
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stabilization of the hydrophobin film by strengthening of the interaction between
individual molecules. This model is supported by the observations of de Vocht
et al. (2002) indicating that changes in secondary structure of SC3 occur prior to
rodlet formation.

Rodlet-forming class | hydrophobin Class Il hydrophobin

EE&S monomer D as monomer

E as oligomer % as oligomer

rodlet patterned

hydrophobin film

hydrophobin film

N}

water water I:l | | | | ]
change in T
conformation
(more B sheet I_:EI—I —> Iil
— <
E - El signature)

Figure 6. Proposed model of the formation of hydrophobin film at water-air
interfaces. Hydrophobic and hydrophilic parts of a hydrophobin molecule are
indicated as grey and white colours, respectively. As amphiphilic molecules,
hydrophobins tend to hide their hydrophobic parts from the hydrophilic phase,
such as water. Conformational change of class I hydrophobins, such as SC3,
SC4 and ABH3, indicative of formation of B sheet structure, at the water-air
interface is proposed to lead to formation of rodlet-patterned hydrophobin film.
Neither conformational change nor rodlet patterns have been observed in the
case of class Il hydrophobins, such as HFBI and HFBII.
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The second model concerns the solubility differences of class I and class II
hydrophobins (Wessels, 1994). For example, aggregates of the class I
hydrophobin SC3 bound to Teflon were shown to have lower solubility in
diluted hot SDS compared to the class I hydrophobin HFBI of T. reesei (IV).
Hot detergents, such as SDS, have been reported to cause conformational change
in the class I hydrophobin SC3, resulting in even stronger binding (de Vocht et
al., 2002). Due to the amphiphilic nature of hydrophobin molecules,
hydrophobic interaction is here assumed to be the main factor affecting sticking
of hydrophobins to each other or to hydrophobic solids. This model proposes
that the higher tendency of class I hydrophobins to resist hot detergent when
bound to hydrophobic solid is due to the larger hydrophobic area on the protein
surface compared with class Il hydrophobins, as presented in Figure 7.

This model is supported by the observation that the class I hydrophobin SC3
aggregated more readily by mixing with air than the class II hydrophobins HFBI
and HFBII (IV). Moreover, on the basis of EM the class I and class II
hydrophobins did not appear to co-assemble (IV), suggesting different sizes and
shapes of the hydrophobic surface regions. In addition, the 3D structure of the
class II hydrophobin HFBII, the first and hitherto only atomic resolution
structure of a hydrophobin (III), supports this model. The hydrophobic part of
this amphiphilic molecule is strikingly small (only 12% of the total surface area)
(IIT). The hydrophobic region on the protein surface is composed of most of the
hydrophobic amino acids between the 3 and 4" as well as the 7" and 8"
cysteine residues in the amino acid sequence (III). The average total length of
amino acids between the two loops composing the hydrophobic area of HFBII is
remarkably well conserved both among class I and class II hydrophobins (Table
10). Interestingly, in class I hydrophobins the average of the total length of these
two loops is approximately twice that found in class II hydrophobins. The results
of Wang et al. (2004b) also support this model indicating binding of the loop
between the 3™ and 4™ cysteine residues of the class I hydrophobin SC3 to
hydrophobic solid. Moreover, on the basis of fluorescence resonance energy
transfer SC3 molecules have been indicated to be closer to each other after
applying hot detergent (Wang et al., 2002).
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Figure 7. Proposed model of binding of class I and class Il hydrophobins, such
as SC3, HFBI and HFBII, to a hydrophobic solid in aqueous solution.
Hydrophobins, as amphiphilic molecules, tend to bury their hydrophobic parts
(indicated with grey colour) into water-free environment by oligomerization or
by forming molecular layers. Upon binding to a hydrophobic solid, the
hydrophobic part of a hydrophobin molecule faces the hydrophobic solid
whereas the hydrophilic part (white) is towards the aqueous solution such as
water or growth medium. When hydrophobins are in contact with a hydrophobic
solid, such as Teflon, conformational change occurs (de Vocht et al., 1998; 1V).
Hot detergent (e.g. 2% SDS) solubilizes the class I hydrophobin coating from
the hydrophobic solid (IV). By contrast, conformation of the class I hydrophobin
changes, resulting in even stronger binding (de Vocht et al., 2002). The
solubility difference between class I and class Il hydrophobins could be
explained by the different size and shape of the hydrophobic parts.
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Table 10. Length of the amino acid sequence of hydrophobins between the 3™
and 4™ as well as the 7" and 8" cysteine residues. The hydrophobic area on the
surface of HFBII is composed of most of the hydrophobic amino acids in these
two loops. The number of amino acids has been calculated for all hydrophobins
listed in Table 2 apart from the exceptions QID3 (7 cysteine residues) and
HYDA and HFBIII (9 cysteine residues).

Hydrophobin class Number of amino acids

between between sum of the two loops
C3 and C4 C7 and C8

I 4-44 6-18 42.0+84

II 11 10/11 21.1+£0.3

3.4 Biological roles of HFBI and HFBII (V, Vi)

In order to determine the biological roles of HFBI and HFBII, T. reesei strains
were constructed in which either the Afb1 gene (AhfbI) or hfb2 (Ahfb2) or both
the hydrophobin genes (Ahfb1AhfD2) were deleted (Table 5). The deletion strains
were studied on several carbon sources due to the divergent expression of Afbl
and Afb2 (Nakari-Setild et al., 1997). In addition, the ability of SC3 to substitute
for HFBI and HFBII was investigated. Proposed biological roles of HFBI and
HFBII are presented in Table 11.

Table 11. Biological functions of the HFBI and HFBII hydrophobins of T. reesel.

Hydrophobin Biological function

HFBI (1) Aids formation of aerial hyphae.
(2) Affects hydrophobicity of hyphae.

HFBII (1) Involved in sporulation and
(2) hydrophobicity of spores and hyphae.
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3.41 Effect of HFBI and HFBII on hydrophobicity of aerial fungal
structures (V)

The QM9414 Ahfb1, Ahfb2, Ahfb1Ahfb2 and the parent strain were cultivated on
glucose- (the Afbl gene expressed and expression of the Afb2 gene low if
detectable) and cellulose-containing solid media (the Afb2 gene expressed
(Nakari-Setéld et al., 1997)). On glucose, the non-sporulating colonies of the
Ahfbl, Ahfb2 and Ahfb1Ahfb2 were wettable whereas the parent strain remained
dry. On cellulose-containing medium, on which the fungi were sporulating, the
Ahfb2 and Ahfb1Ahfb2 colonies had an easily wettable phenotype in contrast to
the parent strain and AAfbI. These results showed that on glucose medium both
HFBI and HFBII had a role in making fungal hyphae hydrophobic. In addition,
HFBII affected the hydrophobicity of spores on solid cellulose medium. Thus,
HFBI and HFBII appear to prevent these air-exposed fungal structures in
soaking up water during wet weather.

Expression of 4fb2 on glucose-containing medium has previously been observed
to be induced by depletion of nitrogen or glucose (Nakari-Setélé et al., 1997).
Thus, the effect of HFBII on water repellency of aerial structures may be more
pronounced in the older parts of colonies. Similar to HFBI and HFBII,
disruption of the cu and SC3 hydrophobin genes has resulted in wettable
phenotypes of aerial hyphae (Bowden et al., 1996; van Wetter et al., 1996).
HFBII is the first class II hydrophobin shown to affect spore wall
hydrophobicity. The class I hydrophobins involved in spore wall hydrophobicity
include DewA (Stringer and Timberlake, 1995), HCf-1 (Whiteford and Spanu,
2001), RODA (Thau et al., 1994), RodA (Stringer et al., 1991), EAS (Bell-
Pedersen et al., 1992; Lauter et al., 1992) and MPG1 (Talbot ef al., 1996).

In addition to making fungal structures water repellent a hydrophobin layer may
mediate fungal attachment to hydrophobic surfaces. Expression of HFBI on
yeast cell surfaces has been shown to increase binding of the cells to
hydrophobic materials (Nakari-Setdld et al., 2002). T. reesei degrades plant
material by producing cellulolytic enzymes. Addition of a surfactant has been
found to increase the enzymatic hydrolysis of the cellulose component of
lignocellulose into soluble sugars (Eriksson et al., 2002). Surfactant decreased
the adsorption of the enzyme (CBHI) to hydrophobic lignin, probably by binding
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to the hydrophobic surface itself. In nature, the hydrophobins of 7. reesei may
have a similar function and thereby enhance the survival of the fungus.

3.4.2 Role of HFBI in the formation of aerial hyphae (V)

After the filamentous fungus has colonised the moist substrate it needs to escape
from water and grow into the air. This is facilitated by a drop in water surface
tension (Wosten et al., 1999). Both HFBI and HFBII are able to decrease the
surface tension, at least when added to pure water (Figure 3/IV). The role of
HFBI and HFBII in the formation of aerial hyphae by 7. reesei was studied in
static liquid cultivation. On the AfbI-inducing carbon source, glucose, the Afbl
deletion strains (Akfbl and AhfbIAhfb2) did not form any aerial hyphae on the
liquid surface, in contrast to the parent strain QM9414 and AAfb2. Addition of
purified HFBI to the liquid culture medium of the 4fb/ deletion strains restored
the formation of aerial hyphae (Figure 5/V). These results showed that HFBI
aids formation of aerial hyphae of 7. reesei on glucose medium. The capability
of HFBI to render aerial hyphae hydrophobic may prevent the hyphae from
sinking again in moist substrate.

Purified HFBII only partly restored aerial hyphae formation when added to the
culture medium of the Afb1 deletion strains (Figure 5/V). The reason for inability
of HFBII to complement HFBI completely remains unclear. It is possible that
different compounds in the medium affected the surface activity of HFBII. On
lactose medium, which induces expression of the 4fb2 gene, Ahfbl, Ahfb2 and
the parent strain Rut-C30 all produced aerial hyphae. On this carbon source,
emergence of aerial hypha is probably aided by another hydrophobin present in
the culture medium. Based on these observations, HFBII has only a minor role in
the emergence of aerial hyphae.

The hydrophobins CU of O. novo-ulmi and SC3 of S. commune have also been
shown to affect aerial growth of the corresponding fungi using gene disruption
(Bowden et al., 1996; van Wetter et al., 1996; Wosten et al., 1999). In addition
to SC3, some other surface active molecules, such as the class I hydrophobins
ABH3 and SC4, have been capable of restoring the formation of aerial hyphae
when added to the culture medium of the ASC3 strain (Wosten ef al., 1999).
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3.4.3 Effect of HFBI on hyphal growth and morphology (V, Vi)

In shaken liquid glucose-containing cultures, the QM9414 AAfbl strain formed
less biomass than the parent and Ahfb2 strain, especially during exponential
growth (Figure 3A/V). In addition, the hyphae of AAfbl were thinner,
particularly after two days of growth (Figure 4/V). On the basis of electron
microscope examination, only the overall diameter of the hyphae was affected,
not the thickness of the cell wall (Figure 4B/V). In bioreactor cultivation on
glucose medium, the hyphal diameters of the Afbl deletion and HFBI-
overproducing strains were similar to that of the parent strain (VI). The
differences presumably occurred earlier during the 3-day cultivation of the
inoculum. On Afbl repressing carbon source, lactose, no distinct differences
between the growth and hyphal diameter of Rut-C30 Akifbl, Ahfb2 and the
parent strain were observed. On solid glucose-containing medium, the 3-days
old colonies of the QM9414 Afbl deletion strains (Ahfbl and AhfbIAhfb2)
showed fluffy appearance in contrast to the parent and the AAfb2 strain (Figure
1/V). This suggested that deletion of the AfbI gene also affected hyphal growth
on the solid medium. The amount of biomass was not determined but formation
of aerial hyphae was found to be delayed. Based on these results, HFBI affects
the appearance of hyphae both in liquid and on solid medium and biomass
formation in liquid glucose-containing medium, possibly by influencing cell
wall composition as has been shown for SC3 of S. commune (van Wetter et al.,
2000b).

The effects of deletion of the Afbl gene on biomass formation and hyphal
thickness in liquid cultures as well as on colony morphology on solid media
were most obvious in the early growth phase of the fungus (after 2-3 days of
cultivation), when the production of HFBI had already been initiated in the
parent strain (Nakari et al., 1993; Nakari-Setéla et al., 1997; VI). The differences
were less obvious, if present at all, after seven days of growth. It is possible that
some other hydrophobin of 7. reesei takes over the functions of HFBI in the late
growth phase.
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3.4.4 Effect of HFBI and HFBII on sporulation (V, VI)

Both HFBI and HFBII were found to affect sporulation of 7. reesei. On potato
dextrose agar medium, on which QM9414 sporulates extensively, sporulation of
both Ahfbl and Ahfb2 was approximately 50% compared with that of the parent
strain (Figure 2/V). The effect was even more striking when both the
hydrophobin genes were deleted. The influence of HFBI on sporulation is
probably indirectly caused by reduced formation of aerial hyphae (see Section
3.4.2), whereas the effect of HFBII is proposed to be more direct.

Reduced sporulation has also been observed in M. grisea due to inactivation of
either the MPG1 or MHPI hydrophobin gene (Talbot et al., 1993, 1996; Kim
et al., 2005). Similar to HFBII, MPG1 also affects spore hydrophobicity (Talbot
et al., 1996). In contrast to the MPGI mutant, the viability of the MPHI mutant
conidia was affected as shown by its decreased ability to germinate (Kim et al.,
2005). Whether viability of the spores of the ifbl and Afb2 deletion strains was
affected has not been studied. SC3 also seems to indirectly influence sporulation
of S. commune. Deletion of SC3 in dikaryons decreased the number of fruiting
bodies, the spore-producing structures, and delayed their formation (van Wetter
et al., 2000a).

After depletion of the carbon source, lactose, in liquid bioreactor cultivation of
the Rut-C30 Ahfb2 strain, sporulation unexpectedly increased (VI). Starvation
stress together with the absence of HFBII seemed to have an important role in
changing the sporulation behaviour of the strain. However, the actual
mechanism of how HFBII controls sporulation of these liquid cultures is unclear.

3.4.5 Complementation of a phenotype of Ahfb1 by SC3 (V)

In order to investigate the ability of the class I hydrophobin SC3 of S. commune
to substitute for the class II hydrophobins HFBI and HFBII, Akifbl and Ahfb2
strains expressing SC3 under the Ahfbl or hfb2 regulatory sequences were
contructed (Table 5). Expression of SC3 in the Afb1 and Afb2 deletion strains did
not to restore biomass formation (Figure 3A/V) or hyphal thickness (Figure
4A/V) in submerged glucose-containing cultures, sporulation on solid medium
(Figure 2/V), colony morphology or hydrophobicity of aerial hyphae and spores
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in glucose- and cellulose containing cultures, respectively. However, the Ahfbl
strain expressing SC3 formed aerial hyphae (Figure 5/V), showing that SC3 can
partially substitute for HFBI in vivo. Concistently with this, when purified SC3
was added to the culture medium of the AifblI strain aerial hyphae was formed.
In contrast, HFBI and HFBII were unable to substitute for SC3 when added to
the liquid culture medium of S. commune, since they were proteolytically
degraded (S. Askolin and H.A.B. Wdsten, unpublished results).

Class I hydrophobins have been reported to partially complement for each other
(Kershaw et al., 1998; van Wetter et al., 2000a). The ability of SC3 to
complement the aerial hyphae-deficent phenotype of Ahfbl showed for the first
time that the class I and class II hydrophobins can partially replace each other.

3.5 Process technological effects of HFBI and HFBII in
bioreactor cultivations of T. reesei (VI)

T. reesei is an important producer of industrial enzymes. Its high secretion
capacity can also be exploited for heterologous protein production. However,
foaming can cause problems during the production processes. The roles of HFBI
and HFBII in foaming of the culture broth of 7. reesei in bioreactors were
studied. The T. reesei QM9414 and Rut-C30 strains in which the 4fb] and hfb2
genes were either deleted or amplified (Table 5) were cultivated on medium
containing glucose (the Afb! gene expressed), lactose or cellulose (the 4fb2 gene
and genes encoding cellulolytic enzymes expressed (Nakari-Setild et al., 1997)).

Both the HFBI and HFBII hydrophobins caused foaming of the culture broths of
T. reesei. The strains overproducing HFBI and HFBII foamed extensively (Table
12). Due to severe problems caused by extremely intense foaming on cellulose-
containing medium, the HFBII-overproducing strain was cultivated only on
lactose. On this medium, consumption of antifoam agent in the cultivation of the
parent strain Rut-C30 and the HFBII-overproducing strain were 0.3 and 24 ml I,
respectively. In agreement with this result, deletion of the 4fb2 gene decreased
the antifoam consumption (Table 12). In cultivation of the HFBI-overproducing
strain the amount of antifoam agent used was almost double that needed by the
parent strain QM9414. The low level of foaming observed in cultivations of both
Ahfbl and QM9414 (2.7 and 2.3 ml antifoam consumed per liter; 70 and 73 ml
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antifoam per milligram dry weight) was possibly due to other molecules such as
for example another hydrophobin in the medium. Unlike HFBII, HFBI is mainly
bound to the hyphal cell walls.

Deletion or amplification of the Afb] gene did not affect either the growth or the
amount of proteins secreted into the glucose-containing culture medium of
T. reesei QM9414 in bioreactor cultivations. Correspondingly, growth parameters
of the Ahfb2, HFBII-overproducing strain and parent strain Rut-C30 resembled
each other on lactose-containing culture medium. The biomass formation was
not measured on the cellulose-containing medium due to interference of
unsoluble particles with the measurement. Production of cellulases on cellulose
medium by the Aifb2 strain was similar to that of Rut-C30, whereas on lactose it
was slightly poorer (Table 2/VI). Difference might also be due to normal
variation in cultures. Overproduction of HFBII under control of the strong chhl
promoter caused slight decrease in enzyme production on lactose medium
compared with the parent strain Rut-C30, probably due to the presence of
several copies of the cbhl promoter in the fungal genome. This factor has been
shown to limit protein production probably due to insufficient transcription
and/or regulation factors (Karhunen et al., 1993; Margolles-Clark et al., 1996).

Similarly to bioreactor cultivations, overfoaming is also a problem in brewing.
Consistently with the results of bioreactor cultivations, when HFBII was added
to a bottle of beer, the beer gushed and burst out of the bottle during opening
(Linder et al., 2005). Hydrophobin preparations of the fungal barley pathogens
Fusarium poae and Nigrospora sp. also caused beer gushing, suggesting that the
actual cause of gushing of bottled beer are hydrophobins produced by fungi
contaminating barley and malt (Kleemola ef al., 2001).
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Table 12. Antifoam consumption in bioreactor cultivations of the T.reesei
parent strains and the strains in which either the hibl or hfb2 gene was deleted

or amplified.
T. reesei strain Carbon source Antifoam
consumption
(ml 1)
QM9%414 (VTT D-74075) glucose 2.3
QM9414 Ahfbl (VTT D-99724) glucose 2.7
QM9414 overproducing HFBI (VTT D-98692) glucose 4.7
Rut-C30 (VTT D-86271) cellulose 3.7
Rut-C30 Ahfb2 (VTT D-99676) cellulose 0.4
Rut-C30 overproducing HFBII (VTT D-99745) cellulose nd*
Rut-C30 (VTIT D-86271) lactose 0.3
Rut-C30 Ahfb2 (VTT D-99676) lactose 0.0
Rut-C30 overproducing HFBII (VTT D-99745) lactose 24.0

* not determined due to severe problems caused by extreme foaming

The impact of HFBI and HFBII on foaming can be explained by the high surface
activity of the hydrophobins (see Section 3.3.1) (IV). In bioreactor cultivation,
the effect was most pronounced in the case of HFBII, which is in agreement with
its higher surface activity, at least when measured in water, and with the fact that
HFBI is mainly cell bound. On the basis of these results, HFBII is the main
cause of foaming in bioreactor cultivations of 7. reesei used for production of
cellulolytic enzymes. Thus, the problems caused by foaming during cultivation
of T. reesei could be overcome by using strains in which the gene encoding the
HFBII hydrophobin has been deleted.
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4. Conclusions

Hydrophobins are surface active proteins produced by filamentous fungi. The
properties of hydrophobins, including strong adhesion, high surface activity and
ability to modify materials, give rise to several application possibilities. In this
work, biophysical properties of individual hydrophobins were described. In
addition, structural information was obtained by crystallizing hydrophobins and
their biological roles were investigated. Increased production of hydrophobins
was obtained by construction of new production strains. Moreover, hydrophobin
was shown to be the main cause of foaming in bioreactor cultivation of the
industrially important enzyme producer 7. reesei.

Biophysical properties of the HFBI and HFBII hydrophobins of 7. reesei were
rather similar (Section 3.3; Table 13). Both hydrophobins were surface active,
able to stabilize oil-in-water emulsions and bound to a hydrophilic material,
filter paper. Differences were observed in their ability to decrease water surface
tension, stabilize oil emulsions and bind to a hydrophobic material, Teflon. CD
spectra of both aqueous HFBI and HFBII solutions changed when confronting
Teflon, indicating possible formation of a helix.

Comparison of the class Il hydrophobins HFBI and HFBII with the class I
hydrophobin SC3 of S. commune revealed differences and also similarities,
despite low sequence similarity. All these hydrophobins were for example
surface active and able to stabilize oil emulsions. However, more time was
needed to reach the minimum water surface tension using SC3 compared with
HFBI and HFBII. In contrast to HFBI and HFBII, CD spectra of SC3 have been
shown to change after mixing with air (de Vocht et al., 1998). In addition, the
dried SC3 film had a clear ultrastructure observed by EM (Wdsten et al., 1993,
1994a), by contrast to HFBI and HFBII films. Moreover, most SC3 bound to
Teflon did not dissolve in hot detergent, unlike HFBI. Models were presented
proposing that these differences between class I and class II hydrophobins were
due to the different size and shape of the hydrophobic region on the protein
surface (Figure 6 and 7).

The presence of HFBI and HFBII affected the solubility of SC3 aggregates,
indicating an interaction between these hydrophobins. Both class I and class II
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hydrophobins have been shown to occur in a single fungus. If both class I and
class I hydrophobins are present simultaneously in nature, class II hydrophobins
might decrease premature aggregation of class I hydrophobins.

Table 13. Overview of properties of the T. reesei hydrophobins studied.

Property Hydrophobin
HFBI HFBII
Ability to reduce water surface tension ++ +++
Change in CD spectra after mixing with air no no
Rodlet pattern layer on hydrophobin film at the no no
water-air interface
Ability to stabilize oil emulsions +++ +
Change in CD spectra after confronting Teflon yes yes
Able to make Teflon wettable after extensive yes no
washing with water
Ability to reduce wettability of filter paper ++ ++
Temperature stability +++ +++

* +++ high; ++ intermediate; + low

High hydrophobin production is needed in many potential applications of
hydrophobins. High production of HFBI and HFBII was obtained by introducing
additional Afbl or hfb2 genes into the genome of 7. reesei. The HFBII-
overproducing strain containing three additional /4fb2 genes under the regulation
of the strong promoter of the gene encoding cellobiohydrolase 1 production
resulted in up to 0.24 grams of HFBII per liter of culture. The
HFBI-overproducing strain containing two additional copies of the Afbl gene
under the regulation of its own promoter reached a production level of 1.4 grams
HFBI per liter, the highest production of hydrophobin hitherto reported. The
production level might be increased even further by optimization of the medium
composition and the production process.

HFBI and HFBII, purifed from fungal cell walls and culture medium,
respectively, were crystallized for structure determination. The HFBI crystals
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were hexagonal and belonged to space group P6; (or P6s), with unit-cell
parameters a = b = 45.9, ¢ = 307.2 A. However, the detailed 3D structure of
HFBI could not be determined using these crystals. Crystallization of HFBII was
continued at the University of Joensuu where the 3D crystal structure was
resolved. The 3D structure allows detailed study of the roles of the individual
amino acids in the hydrophobic region on the protein surface by targeted amino
acid substitution or deletion. Moreover, it enables modification of the protein to
broaden its usefulness.

The biological roles of HFBI and HFBII in 7. reesei were found to be divergent.
The results obtained suggested that HFBI has a role in hyphal development and
HFBII in sporulation. Deletion of the AfbI gene resulted in absence of aerial
hyphae in static liquid cultures on glucose-containing medium, showing that
HFBI facilitated aerial growth of 7. reesei. The class 1 hydrophobin SC3 of
S. commune complemented the aerial hyphae deficient phenotype of AafbI. This
showed for the first time that class I and class II hydrophobins can partially
complement each other. Colonies of Ahfbl showed a wettable and fluffy
phenotype, and in shaken liquid cultures slow biomass formation and reduced
hyphal thickness were observed. Absence of HFBII by deletion of the 4fb2 gene
correlated with wettability of spores and sporulation efficiency. Functional
analysis of other genes encoding hydrophobins of 7. reesei, in addition to Afbl
and Afb2, would allow more detailed information of the effect of hydrophobins
on the survival of the fungus. The complete 3D structures of other hydrophobins,
besides HFBII, would be required in order to relate differences in structure to
different functions.

Foaming often causes problems in bioreactor cultivations of the industrially
important fungus 7. reesei. Secretion of HFBII into the culture medium was
shown to correlate clearly with amount of foam produced by cultivating Ahfb2,
HFBII-overproducing strain and the parent strain. Thus, problems caused both
by foaming and by chemical antifoam agents added to the cultures can be
overcome by using production strains in which hydrophobin production is
inactivated.

The results of this work increase the level of knowledge of the biochemical,

biophysical and molecular properties of hydrophobins. Furthermore, they
provide information concerning their biological roles, function and interaction as
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well as means to improve fungal strains used in industrial protein production.
This work will stimulate new studies concerning biological functions of
hydrophobins and facilitate the development of future applications.
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Hydrophobin HFBI

Sanna Askolin®, Tiina Nakari-Setald, and Maija Tenkanen
VTT Biotechnology, P.O. Box 1000, 02044 VTT, Finland

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 11 hydrophobin (0.6 g I'*) was obtained by constructing a T. reesei HFBI
overproducing strain containing three copies of the hfbl gene. The strain was
cultivated on glucose-containing medium which induces expression of hfbl.
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 KCI precipitation to remove SDS, and hydrophobic interaction
chromatography. The yield was 1.8 g HFBI from mycelium (419 g dw), derived
from 151 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.

* E-mail: Sanna.Askolin@vitt.fi
Phone: +358 20 722 5139
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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 (Wdsten 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
(Wosten 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
(Wosten et al. 2000; Wdsten 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 |
hydrophobins form stable aggregates soluble only in reagents like TFA and
formic acid. The assemblages of class Il hydrophobins can be dissolved in e.g.
60% ethanol or 2% SDS. We have earlier isolated and characterized two class Il
hydrophobin genes, hfbl 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 hfbl 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 Penttild and co-workers
(Penttild et al. 1987) using the plasmids pEAL10 (Nakari-Setala et al. 1993),
which contains the genomic copy of the T. reesei hfbl 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
(Penttila 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-Setdld et al. 1996) from shake
flask or microtiter plate cultivations carried out in buffered Trichoderma
minimal medium (Nakari-Setdld and Penttila 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 ug) was cleaved with i) EcoRV, ii) Sspl and EcoRlI, and iii)
Sspl and Sall. Both EcoRV and Sspl had known recognition sequences within the
coding and flanking regions of the hfbl sequence whereas the recognition
sequences of EcoRI and Sall 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
hfbl cDNA labeled with [o-*P]dCTP was carried out in stringent conditions in
50% formamide at 42°C overnight with 0.7 x 10°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,
2xSSC-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 151 at 29°C, with 400-600 rpm agitation (manual
adjustment) and aeration of approximately 10 I min™. The culture medium
consisted of glucose (20.0 g 1), peptone (4.0 g I™Y), yeast extract (1.0 g I™),
KH,PO, (4.0 g I'), (NH,),SO, (2.8 g I'Y), MgS0,-7 H,0 (0.6 g I'"), CaCl,-2 H,0
(0.8 g I, and trace solution (2 ml I'Y) (Mandels and Weber 1969). NaOH and
H3PO,4 were used to adjust the pH to 4.5-5.0. The glucose concentration was kept
within the limits 10-30 g I'*. The culture medium and biomass were separated by
centrifugation (8000 g, 25 min, 6° 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 | of culture) was extracted three times with
4190 ml of 100 mM Tris/HCI 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, 6°C; 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 KCI 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/HCI, 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/HCI 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
(Resource™ 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/HCI 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-
Setdld et al. 1996). Quantitative analysis was performed by reverse phase HPLC
(ResourceT"’I 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™? 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/HCI 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™and an AKTAexplorer
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 110°C 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™ and monitored at 215 nm. The column was equilibrated with 0.025 M
imidazole/HCI pH 7.6. HFBI was eluted from the column with a self-generated
pH gradient (7.6-4.0) using Polybuffer 74/HCI 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™ 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; W&sten and Wessels
1997) by using 0.08 mg ml™ proteinase K (from Tritirachium album, Finnzymes),
o-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™ 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 CaCl,, 2 mM CaCl,, and
5 mM DL-dithiothreitol (DTT), respectively. Papain was preincubated at 35°C
for 15 min. Protease digestion was performed by incubating the samples at 31°C
for 2 h or 18 h. The Proteinase K, chymotrypsin, and papain reactions were
terminated by adding 3 puM phenylmethylsulfonyl fluoride (PMSF) and the
pepsin reaction with 5 pl ml* 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 pg ml™) in 100 mM Na,HPO./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/HCI buffer, pH 9.0, for 4h or 26 h at 4°C. The stability of HFBI at pH 9 was
also observed daily for a period of 14 days.
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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 hfbl
gene into the fungal genome. The expression cassette contained the hfbl gene
under its own regulatory sequences. Expression of hfbl has earlier been shown
to be regulated by the carbon source (Nakari-Setéld et al. 1997). High production
of HFBI was achieved on glucose-based medium, which induces the expression
of the hfbl gene. On the basis of Southern hybridization analysis, the HFBI
overproducing strain VTT-D-98692 harbors three copies of the hfbl 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 15-1 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 ¢ I* 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 I". 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 KCI
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
3.39,51%

!

Removal of SDS
Precipitation with KCI
3.6957%

!

Hydrophobic interaction chromatography
Phenyl Sepharose 6 FF
1.8 g, 28%

Pure HFBI
i 023g

2
Anion exchange chromatography
Resource Q

Degraded forms
of HFBI

HFBI
74 mg

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/HCI 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™) of the HFBI. The HFBI concentrations of the second
and the third extract were 0.4 and 0.1 mg ml™, respectively. The extracts
contained yellow pigment released from the mycelium as reported previously
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(Nakari-Setald et al. 1996). Removal of SDS form the first extract improved the
yield of HFBI in the subsequent chromatographic step. The KCI 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.

kDa

94 —
67 —
43 —

30 —

201
14.4 o

8.1 — 4 e
&3 T E

2.5

Figure 2. The purity of HFBI on 20% SDS-polyacrylamide gel and protease
digestibility of HFBI. HFBI after HIC (0.05 pg) (lane 1). HFBI (0.05 pg) after
incubation at 31°C for 18 h in water (lane 2), in 1% SDS (lane 3) or in the
presence of the following proteases (0.02 pg) 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 ug), 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.

8007 A

600+
2

400- 1
] 3
200

04

A5 nm (MAU)

30 31 32 33 34 35 36 37
Eluant (ml)

8004 B
600
400
200

215 nm (MAU)

< 04

T T T T T T 1

30 31 32 33 34 35 36 37
Eluant (ml)

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

1/11



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 45°C 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).

100
A intact HFBI B
3
90 1 \/
<&
X t =14 days
— 801 P
m
L :
t; 70 T . :
S i I 0.05 Agignm
£ ’ '
60 T
50 - t =0 days
40 T T T T T T | e e |
0 2 4 6 8 10 12 14 31 32 33 34
Incubation time (days) Eluant (ml)

Figure 4. Deamidation of HFBI at pH 9. HFBI was incubated in 100 mM Tris/HCI
buffer, pH 9 for 1-14 days at 4°C. 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 a-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 pl of HFBI is 5.7. The pl
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 Wasten and co-workers (Wasten et al. 1999) S. commune
secretes up to 0.06 g I™ of class | 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 Il hydrophobin
HFBI (0.6 g I'*) 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 (Wosten et al. 2000, Waosten 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 hfbl 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 |
hydrophobins ABH3 of Agaricus bisporus (Lugones et al. 1998), MPG1 of
Magnaporthe (Talbot et al. 1996), POH2 and POH3 of Pleurotus ostreatus
(Asgeirsdattir 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 (Asgeirsdottir et al. 1998), and S. commune SC4 (de Vries et al. 1993)
from fruiting bodies. The class 11 hydrophobin T. reesei HFBI has been extracted
from the mycelia sequentially with 50 mM sodium citrate pH 6.0, containing 2%
SDS, 1% SDS (100°C), and 0.1% TFA / 20% ACN (Nakari-Setala 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 90°C (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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ABSTRACT

Transformants of the Trichoderma reesei strains QM9414 and Rut-C30 were
constructed in which the genes for the two major hydrophobin proteins,
hydrophobins I (HFBI) and II (HFBII), were deleted or amplified by molecular
biological techniques. Growth parameters and foam production of the
transformant strains were compared with the corresponding properties of the
parent strains by cultivation in laboratory bioreactors under conditions of
catabolite repression (glucose medium) or induction of cellulolytic enzymes and
other secondary metabolites (cellulose and lactose media). All the transformed
strains exhibited vegetative growth properties similar to those of their parent.
The Ahfb2 (but not the Ahfbl) transformant showed reduced tendency to foam,
whereas both strains overproducing hydrophobins foamed extensively,
particularly in the case of HFBII. Enzyme production on cellulose medium was
unaltered in the Ahfb2 transformant VIT D-99676, but both the Ahfb2 and
HFBII-overproducing transformants exhibited somewhat decreased enzyme
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production properties on lactose medium. Production of HFBI by the multi-copy
transformant VTT D-98692 was almost 3-fold that of the parent strain QM9414.
Overproduction of HFBII by the transformant VTT D-99745, obtained by
transformation with three additional copies of the Afb2 gene under the cbhl
promoter, was over 5-fold compared to production by the parent strain Rut-C30.
The Ahfb2 transformant VTT D-99676 produced a greatly increased number of
spores on lactose medium compared with the parent strain, whereas the HFBII-
overproducing transformant VTT D-99745 produced fewer spores.

INTRODUCTION

Trichoderma reesei, in common with many other fungi, produces extracellular
hydrophobins. These low molecular weight proteins have a high cysteine content
and high surface activity and amphiphilic properties (Wessels 1997, Wosten and
Wessels 1997). Hydrophobin I (HFBI) of T. reesei is believed to be located on
cell walls, whereas hydrophobin II (HFBII) is present on spore walls (Nakari-
Setdld et al. 1996, 1997). Mature fungal spores generally have a hydrophobic
surface that protects the spores from drying and aids their dispersal. In T. reesei,
HFBI is produced in the presence of glucose in the growth medium. HFBII,
along with extracellular enzymes such as cellulases and xylanases, is produced
in enzyme-inducing conditions on complex plant-derived materials or e.g.
lactose, along with extracellular enzymes such as cellulases and xylanases
(Nakari-Setéla ef al., 1997). Whereas in liquid cultures HFBI is mainly cell wall-
bound in liquid cultures (Askolin et a/. 2001), HFBII is mainly secreted into the
medium as an extracellular protein (Linder et al. 2001). Small microgram
amounts of hydrophobins of, for example, Fusarium have been shown to cause
gushing in beer (Kleemola et al. 2001). By analogy, foaming in fermentations
for the production of extracellular enzymes by 7. reesei under hydrolase-
inducing conditions is probably due largely to production of HFBII.

Although hydrophobins may cause problems in both the brewing and the
fermentation industries due to their foam-production properties, they also have
interesting physico-chemical properties. They are able to self assemble on solid-
liquid or solid-gas interphases, where they form highly stable amphipathic
protein membranes (Wessels, 1994). Due to their interesting protein properties, a
variety of different applications ranging from protein immobilization and surface
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modification to tissue engineering have been suggested for hydrophobins
(Wessels 1997, Scholtmeijer et al. 2001). Therefore there is interest in
producing, on the one hand, fungal strains totally lacking a particular
hydrophobin protein and on the other hand, strains overexpressing hydrophobin
proteins for harvesting and utilisation in application studies.

In this work, transformants of 7. reesei strains were produced in which either the
hfbl or the hfb2 gene was either deleted or amplified by molecular biological
techniques. The transformed strains were cultivated in laboratory fermenters for
assessment of the process technological effects of deletion and amplification and
for harvesting of hydrophobin proteins for application experiments. The effects
of deletion or amplification of the Afb genes were evaluated with respect to
growth parameters, foaming and, in the case of the Afb2 gene, production of
extracellular enzymes.

MATERIALS AND METHODS
Strains

Trichoderma reesei QM9414 (VTT D-74075) (Mandels et al. 1975), its Ahfbl
transformant VTT D-99724 (Askolin et al., MS in preparation) and the HFBI-
overproducing transformant VIT D-98692 (Askolin et al. 2001) were used for
investigation of the effects of deletion and amplification of the Afb/ gene in a
strain generally accepted as being rather similar to the wild-type isolate QM6a.
The strain Rut-C30 (VTT D-86271) (Montenecourt and Eveleigh 1979), its
Ahfb2 transformant VIT D-99676 (Askolin ef al., MS in preparation) and the
HFBII-overproducing transformant VIT D-99745 were used to examine the
effects of deletion and overexpression of HFBII in this efficient cellulase-
producing strain.

DNA construction

The Afb1 and hfb2 genes were replaced with genes coding for Aspergillus nidulans
acetamidase (amdS) and Escherichia coli hygromycin B phosphotransferase (hph)
in the AAfbl and the AAfb2 transformants, respectively. In pTNS24 (Ahfbl
construct) the amdS cassette is flanked by 2.8 and 2.0 kb of 4fb/ 5' and 3' non-
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coding sequences, respectively, whereas in pTNS27 (Ahfb2 construct) the hph
cassette is flanked with 1.2 kb and 1.75 kb of 4fb2 5' and 3' flanking sequences
(Askolin et al., MS in preparation).

HFBII was overexpressed in strain Rut-C30 using the strong promoter of the
cellobiohydrolase gene, cbhl. The hfb2 coding region was amplified with PCR
using the primers 5' AGA ACC GCG GAC TGC GCA TCA TGC AGT TCT
TCG CCG TC (sense) and 5' TCA TTG GAT CCT TAG AAG GTG CCG ATG
GC (antisense) and phfb2 as a template (Nakari-Setélé et al. 1997). The purified
PCR fragment was cut with Kspl and BamHI and ligated with pMQ121 (Linder
et al., 2001), which was similarly digested to replace Afb! with Afb2 in the
vector. In the resulting expression vector pTNS31, 4fb2 is under the regulatory
control of the chhl promoter and terminator sequences. Prior to fungal
transformation, the plasmid pTNS31 was digested with EcoRI and Sphl to
release the expression cassette.

Fungal transformation

T. reesei Rut-C30 was co-transformed according to Penttild ef al. (1987) using
10 pg of digested pTNS31 together with 3 pg of the hygromycin selection
plasmid pARO21 (Aro et al. 2001). Transformants were streaked three times on
selective medium and then transferred to potato dextrose agar for sporulation.
Spore suspensions were plated out on selective medium to obtain single spore
colonies for further analysis by Southern blotting.

Southern analysis

Southern blotting was used to screen fungal transformants for integration of the
DNA constructs into the genome. Fungal DNA was isolated using the Easy-
DNA Kit (Invitrogen). DNA of the HFBII-overproducing transformants was cut
with Xbal and with Nsil, which have known recognition sequences within the
hfb2 flanking regions and within the c¢bhl promoter and terminator sequences.
DNA fragments were size-fractionated by agarose gel electrophoresis and
blotted onto nylon membranes using standard methods. Blots were hybridised
with [a-*P]dCTP labelled fragments of the Afb2 coding region. Hybridisation
was performed under stringent conditions according to Sambrook ef al. (1989)
and the blots were then exposed to Kodak XAR-5 X-ray film.
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Cultivation methods

The cultivation media used contained, in g I"": (1) lactose (Valio Ltd, Finland) or
glucose (Cerestar, Denmark) 40, peptone 4.0, yeast extract 1.0, KH,PO, 4.0,
(NH4),SO4 2.8, MgS04x7H,0 0.6, CaCl,-2H,O 0.8 (sterilised separately in
distilled water), with 2x trace elements (Mandels and Weber 1969), or (2) Solka
floc cellulose (James River, Hackensack, N.J.) 40, distiller’s spent grain 20,
KH,PO, 5.0, (NH4),SO, 5.0. Inocula (spore suspensions in 50% glycerol at
-80°C) were grown on the same medium with only 20 g I carbon source,
buffered with 15 g I'' KH,PO,, in two stages of 1x200 ml (2 days, 200 rpm,
30°C) and 5x200 ml (to 15 or 20 litres) or 3x200 ml (to 10 1) (2.5% v/v transfer,
1 day, 200 rpm, 30°C). The glucose concentration was kept within the limits of
10-25 g I'" by addition of sterile 50% glucose solution when glucose was used as
a carbon source.

The fermenters used were Chemap LF 20 (working volume 15 1) and CF 2000
(10 1) fermenters and in one cultivation of the AAfb2 transformant VTT D-99676
a Braun Biostat C30 (20 1). The LF 20 fermenter was not equipped with
automatic control of dissolved oxygen (DO). DO control (>20%) in the CF 2000
fermenter was by agitation (500-800 rpm) and in the Braun Biostat by both
agitation and enrichment of the incoming air with pure oxygen (0-25%).
Oxygen enrichment reduces the need for agitation to maintain the setpoint DO
level and therefore the tendency to foaming. Other cultivation conditions were:
T=28°C, pH 4-5 (lower limit controlled by addition of NaOH in the cultivations
with glucose feeding and by NH4OH in cultivations in inducing conditions,
upper limit by H;PO,), aeration 0.5 1 I'' min™ overall gas flow. Foaming was
controlled by automatic addition of Struktol J633 polyoleate antifoam agent
(Schill & Seilacher, Germany). All media contained 0.2 ml I antifoam agent
(AF) to prevent foaming during sterilisation.

Analyses

Measurement of biomass on glucose and lactose media was performed
gravimetrically after filtration of a known volume of culture through a tared
Whatman GF/A filter, rinsing with the same volume of distilled water, drying at
103°C for 6 h or overnight and reweighing. Glucose and lactose were assayed
using GOD-Perid (Roche, Germany) and lactose/B-D-galactose (Boehringer-
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Mannheim, Germany) analysis kits, respectively, following the manufacturer’s
instructions. The assays for overall cellulase activity (filter paper units, FPU)
and B-1,4(1,3)-endoglucanase using hydroxyethyl cellulase (HEC) as substrate
(IUPAC 1987) and for endo-B-1,4-xylanase (XYL, Bailey et al. 1992) were
carried out at pH 5.0 using the standard methods. Soluble protein was assayed by
the method of Lowry et al. (1951) after precipitation of proteins with an equal
volume of 10% trichloracetic acid.

Hyphal thickness was determined as described by Askolin et al. (MS in
preparation). The culture samples were fixed in 1% formaldehyde, stained with
lactophenol blue (Fluka 61335, Switzerland), and examined with a light
microscope and Analysis software imaging tool (Soft Imaging System).

Assay of HFBI and HFBII

HFBI and HFBII were quantified by analytic reversed phase high performance
liquid chromatography (RP-HPLC). HFBI was assayed using a Resource RPC
column (Pharmacia Biotech, Sweden) with a 0—60% acetonitrile gradient containing
0.1% trifluoroacetic acid and detection of HFBI at 215 nm (Askolin et al. 2001).
HFBI was extracted from the mycelium three times with 100 mM sodium citrate /
citric acid, pH 6.0 containing 1% SDS and the extracts were analysed by HPLC.

Prior to analytical HPLC, HFBII was extracted and purified from the culture
supernatant using 2% of the non-ionic surfactant Berol 532 (Linder et al 2001).
The extraction was made to avoid problems caused by closely eluting peaks.
Berol 532 (20 mg; Akzo-Nobel, Sweden) was added to 10 ml of supernatant and
the solution was mixed gently for 1 hour at 21°C on a laboratory shaker. The
tubes were centrifuged for 10 minutes at 5000 x g and the lower phase was
removed. One millilitre of 50 mM acetete buffer pH 5.5 and 150 pl isobutanol
were added to the remaining surfactant phase and the centrifugation was repeated.
HFBII was quantified from the lower aqueous phase using a 4.6 mm x 25 cm
Vydac protein C4 analytical column (Vydac, Hesperia, Calif.) using a stepwise
gradient of 0.1% trifluoroacetic acid in water (A) and in acetonitrile (B). The
steps of the gradient were: 0—13 ml 0% B, 13-18 ml 0-20% B, 1848 ml
20-70% B and 48-51 ml 70-100% B. Detection was by UV at 205 nm, 215 nm
and 280 nm. Concentrations were calculated from the integrated peaks using a
calibration curve.
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RESULTS

Effect of HFBI on growth parameters, protein production and foaming
of T. reesei QM9414 in fermenter cultivations

To investigate the effect of HFBI on growth parameters, protein production and
foaming in the cultivation of 7. reesei, the host strain QM9414, its Ahfbl
transformant VIT D-99724 and the HFBI-overproducing transformant VTT
D-98692, carrying three copies of the native Afbl gene with its own promoter,
were cultivated in the 10 1 fermenter for 92 h. Since glucose induces the
expression of HFBI, glucose medium was used in these fed-batch cultivations.
The measured growth parameters of all three strains were very similar. The
maximum value of biomass production (Table 1) had been reached by all the
strains at 92 h and was within the normal range of variation observed for the host
strain QM9414. Mycelial morphology was studied under a light microscope after
fixation in 1% formaldehyde and lactophenol blue staining. No differences in
morphology or in hyphal thickness were observed between the three strains.
According to these results HFBI has no effect on growth or hyphal morphology
of T reesei in fermenter cultivations.

Table 1. Consumption of antifoam agent (AF) and maximum production of biomass,
total soluble extracellular protein and HFBI by Trichoderma reesei OM9414, its
Anfbl  transformant VIT D-99724 (Ahfbl) and the HFBI-overproducing
transformant VTT D-98692 (hfbl+++) in 92 h laboratory fermenter cultivations on
glucose medium. The HFBI concentration includes both soluble and mycelium-
bound HFBI. The assay of mycelium-bound HFBI was based on three sequential
extractions with a buffer containing 1% SDS. nd, not determined.

Strain Biomass AF Soluble protein HFBI
gl! ml I'! gl! gl!
QM9414 32.9 23 0.2 0.5
QM9414 Anfbl 37.0 2.7 0.1 nd
QM9414 hfb1+++ 37.8 4.7 0.2 1.4

vI/7



HFBI concentrations were assayed both from mycelial extracts and culture
supernatants using HPLC (Askolin ef al. 2001). Mycelium was extracted three
times with 100 mM sodium citrate buffer, pH 6.0, containing 1% SDS. The
HFBI-overproducing strain produced 1.4 g I HFBI, which was almost three
times higher than the amount produced by the host strain QM9414. Most of the
HFBI was cell wall-bound in both strains (Fig. 1). The host strain secreted 0.2 g
I total soluble protein into the culture medium, half of which was HFBI. This
explains the lower total protein concentration (0.1 g 1) in the culture medium of
the Ahfb1 transformant (Table 1).

12 F

.
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T

HFBI (g 1)
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Cultivation time (h)

Figure 1. Distribution of HF BI between mycelium and growth medium. HFBI on
mycelium (closed symbols) and in growth medium (open symbols) of
Trichoderma reesei QM9414 (squares) and the HF Bl-overproducing strain VIT
D-98692 (triangles), respectively. The amount of HFBI on mycelium was
estimated by three mycelial extractions with a buffer containing 1% SDS.

Foaming of bioreactor cultures was compared on the basis of consumption of
antifoam agent (AF). The medium contained 0.2 ml I"' AF prior to sterilisation.
Addition of AF was automatically controlled during the cultivations. However,
the fermentation broth was supplemented manually with 2 ml I" AF after 21 h of
cultivation in order to minimize the possible effects of varying amounts of AF
added automatically at different times. A clear difference in consumption of AF
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was observed between the host strain QM9414 and the HFBI-overproducing
strain (Table 1). The overproducing strain consumed almost twice the amount of
antifoam agent (124 ml per mg dry weight) as that required by the host strain
(70 ml per mg dry weight). However, deletion of the Afbl had no effect on
antifoam consumption (73 ml per mg dry weight) compared to the host strain.
These results show that the HFBI protein causes foaming in fermentation
cultivations of 7. reesei when produced in high amounts into the glucose-
containing medium. Growth parameters and fungal morphology were not
affected by HFBI overproduction.

Effects of deletion and amplification of the hfb2 gene on growth
parameters, sporulation, foaming and protein production

Growth

According to the results of dry weight measurements, carbon source
consumption and culture pH, growth of the AAfb2 transformant VIT D-99676
on lactose medium in the 15 litre fermenter was similar to that of the parental
strain Rut-C30 (Fig. 2). Maximum dry weights reached by Rut-C30 and VTT
D-99676 were 16.5 (55 h) and 17.3 (47 h) g I, respectively. As a result of
manual adjustment of agitation (to 400, 600 or 800 rpm at different cultivation
stages), the level of DO in both cultivations was above 20% at all times (results
not shown). Growth of the HFBII-overproducing transformant VIT D-99745 on
lactose medium in the 10 litre fermenter with DO control (by agitation only) was
also similar to that of the control strain Rut-C30. The curves of lactose
consumption and culture pH were almost identical to those of the control (Fig.
2). The apparently increased level of maximum biomass (22 g 1" compared to 16
g I'' for the control) was almost certainly an artefact caused by the observed
incomplete rinsing of the considerable amount of AF present in the culture (see
below) in the dry weight analysis. This conclusion is supported by the fact that
the apparent increase in biomass between 50 and 72 h occurred after exhaustion
of lactose from the medium (Fig 2). Maximum biomass production by the
transformant VIT D-99745 in the repeat cultivation with oxygen enrichment
and reduced addition of AF was 16.4 g I'' (result not shown), i.e. very similar to
the corresponding value for the control strain Rut-C30.
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Figure 2. Lactose consumption (triangles), biomass formation (circles) and pH
changes (squares) in fermenter cultivations of Trichoderma reesei Rut-C30
(dotted lines), its Ahfb2 transformant VIT D-99676 (open symbols) and its
HFBIl-overproducing transformant VIT D-99745 (filled symbols) on lactose
medium in a laboratory fermenter.

On cellulose medium, estimation of growth was limited to measurement of DO
and changes in culture pH. No attempt was made to analyse biomass on the
complex lignocellulosic medium that contained solid particles interfering with
the measurement. According to the on-line parameters, growth of the Ahfb2
transformant VIT D-99676 was similar to that of the control strain Rut-C30
(results not shown).

Sporulation

On lactose medium, the culture of the Ahfb2 transformant VTT D-99676 became
intensely green very soon after consumption of the carbon source. The results of
microscopy and of agar plating on Plate Count Agar confirmed that this was not
due to contamination. Microscopical observation revealed that the reason for the
observed green colour was extensive sporulation of the culture. In contrast,
production of spores by the control strain Rut-C30 was less intense, although
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some spore formation was clearly evident. In logical progression, the culture of
the HFBII-overproducing strain VIT D-99745 produced no free spores visible
under the microscope. Similar differences in sporulation behaviour compared
with the control strain were observed in repeat cultivations of both transformants
(results not shown). Further examination of the effects of deletion and
amplification of the 4fb2 gene on sporulation was not made in this work.

Foaming

Deletion of the 4fb2 gene had a considerable effect on foaming in the fermenter
cultivations. This was particularly true in the case of the cellulose medium:
consumption of AF was 3.7 ml I"' in the case of the control strain compared to
only 0.4 ml I"' for the Ahfb2 transformant (Table 2). Higher consumption of AF
in the cultivation of the control strain was not due to fouling of the foam probe:
no over-feeding of antifoam agent occurred at any stage of the cultivation.
Foaming was clearly less of a problem on the lactose medium, but the difference
beween the control and Ahfb2 strains was evident: whereas the control strain
required 0.3 ml "' AF, the Ahfb2 transformant did not consume any AF during
the cultivation (Table 2).
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Table 2. Maximum production of total soluble extracellular protein, enzyme activities and HFBII and consumption of
antifoam agent (AF) by T. reesei Rut-C30, its Ahfb2 transformant VIT D-99676 (Ahfb2) and its HFBIll-overproducing
transformant VIT D-99745 (hfb2+++) on cellulose (7 day cultivations) and lactose media (4 days). HEC activity against
hydroxyethyl cellulose, FPU filter paper units; XYL xylanase, nd not determined. The observed specific production rates of
total soluble protein (g I'' h”') and HEC activity (nkat mI”" ') during the linear production phase are also shown.

Strain Medium  Protein HEC FPU XYL HFBII AF
gl’ gl"h! nkatmlI’ nkatml’h' uml’ nkatml’ mgl’ ml I'!
Rut-C30 cellulose 13.9 0.16 1,600 21.6 10.9 1,870 nd 3.7
Rut-C30 4hfb2 cellulose 16.4 0.16 1,715 18.7 9.0 2,240 nd 0.4
Rut-C30 lactose 7.6 0.23 890 23.1 4.5 640 30 0.3
Rut-C30 4hfb2 lactose 6.5 0.21 690 21.1 4.1 500 0 0.0
Rut-C30 Afb2+++ lactose 4.0 0.08 290 59 1.3 180 100 24.0
Rut-C30 Afb2+++ lactose” 6.8 0.13 580 11.0 2.9 530 240 25

*Result uncertain due to interference by the high content of surface-active antifoam agent
PRepeat cultivation in a fermenter with DO control by agitation and oxygen enrichment, see text.



Due to the severe problems anticipated in the cultivation of an HFBII-
overproducing strain on cellulose medium, the transformant VIT D-99745 was
grown only on the lactose medium. Even on this medium, in the fermenter
equipped with DO control by agitation (but not by oxygen enrichment, see
Materials and Methods), consumption of AF was as high as 24 ml I"' (Table 2).
On the basis of frequent inspection of the condition of the headspace and of the
probe, there was never any evidence of unnecessary addition of AF due to
fouling of the probe. Evidently, the observed phenomenon was due to
overproduction of HFBII.

A repeat cultivation of the strain VIT D-99745 overproducing HFBII was
performed in the 20 litre fermenter equipped with DO control by agitation and
oxygen enrichment. In this experiment the maximum agitation required for DO
control to >20% was limited to 450 rpm (cf. 800 rpm in the previous cultivation)
by using oxygen enrichment up to a maximum of 25% of the incoming air. For
the greater part of this cultivation, the agitation was below 400 rpm (min 250
rpm). Although the culture evidently had a strong tendency to foam formation,
the low agitation sufficed to ensure that addition of AF could be kept within an
acceptable range. The total addition of AF to the culture was 2.5 ml I (Table 2),
approximately one tenth of that in the first cultivation with this transformant.

Enzyme production

Production of cellulases (soluble protein, HEC) by the AAfb2 transformant VTT
D-99676 on cellulose medium was similar to that by the control strain Rut-C30
(Fig. 3). The maximum values of all the enzyme activities assayed, along with
soluble protein, are displayed in Table 2. The level of xylanase production in the
Ahfb2 transformant was slightly elevated, although the result for FPU (a rather
imprecise assay with an accuracy of only ca. £ 20%) was somewhat below that
obtained with the control strain Rut-C30. The observed differences in production
of enzyme activities and soluble protein by the control and transformant strains
probably represented normal between-batch variation rather than any significant
differences in enzyme production properties.
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Figure 3. Production of cellulase (HEC, triangles) and total soluble protein
(circles) by Trichoderma reesei Rut-C30 (open symbols) and its Ahfb2
transformant (filled symbols) on cellulose-spent grain medium in a laboratory
fermenter.

On the lactose medium, enzyme production by the Ahfb2 transformant was
slightly poorer than by the control strain (Table 2). This result was confirmed in
repeat cultivations of both strains on the same medium (data not shown).
Maximum specific production rates HEC and protein by the transformant strain
were similar to those for Rut-C30 (see Table 2), but the length of the linear
production phase was shorter (results not shown). Note that whereas the
cultivations on cellulose medium were continued for 7 days, a cultivation time of
4 days was sufficient for the attainment of maximum activities on lactose in all
cases.

Production of cellulases by the HFBII-overproducing strain VTT D-99745 in the
first cultivation on lactose medium was considerably poorer than by the control
strain (Table 2). In the repeat cultivation in the fermenter with DO control by
oxygen enrichment and lower addition of antifoam agent, the production was

clearly improved. However, some depression of enzyme production was still
observed (Table 2).
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Production of HFBII

Production of HFBII was investigated on the lactose medium. In the first
cultivation of the HFBII-overproducing transformant VTT D-99745, with heavy
addition of AF (see above), the observed production of about 100 mg 1" was
approximately 3-fold that of the control cultivation (30 mg 1", see Table 2),
despite the lower level of enzyme production. When the cultivation was repeated
with lower agitation and reduced addition of AF agent, the production level of
HFBII was still higher, at 240 mg 1. The HFBII-overproducing transformant
contains both endogenous Afb2 and the three extra copies of 4fb2 introduced to
the genome under the cbhl promoter (data not shown).

DISCUSSION

Hydrophobins are highly surface active proteins of filamentous fungi (Wosten
and de Vocht 2000), which were first isolated and characterised in the 1990s
(Wessels 1997). Foaming can cause serious problems in fermentation processes,
for example, by blocking the air outlet filter and by displacing biomass from the
fermenter. Repeated additions of AF decrease the availability of DO, due to the
collapse of bubble structures within the culture broth, necessitating increased
agitation and thereby increasing the tendency to foam. AF in the culture filtrate
may also cause severe problems in the various unit operations of downstream
processing, e.g. in membrane filtration. Our results show that in the case of
T. reesei, the hydrophobins HFBI and especially HFBII play a major role in
foaming of the culture broth. However, in this study we showed that foaming
can be controlled even in the case of overproduction of hydrophobin protein for
harvesting. The extensive foaming of the HFBII-overproducing transformant
was effectively reduced by lower agitation achieved with oxygen enrichment, a
technique already adaptable to production scale.

Deletion of Afb2 resulted in a clear decrease in consumption of AF, whereas
amplification of the gene caused very high consumption. In the experiment with
the highest consumption of AF, massive addition occurred during the phase of
enzyme production, after the growth phase (result not shown). This was logical
because the excess production of HFBII was governed by the chhl promoter, the
homologous product of which normally appears in the culture filtrate after the
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phase of maximum growth. The impact of HFBI on foaming was not as
pronounced as in the case of HFBII. This may be due to the fact that most of the
HFBI produced was cell wall-bound. In addition, the foam stabilisation
characteristics of these two proteins may differ. HFBI was observed to affect
foaming only when it was produced in high amounts by the HFBI-overproducing
transformant, leading to increased secretion of HFBI into the culture medium.
The AF consumption of the Ahfb transformant and the host strain were similar.
It is possible that this low level of foaming was in fact caused mainly by factors
other than HFBI, and that the effect of Afbl deletion was therefore difficult to
detect within the limits of the accuracy of the measurement method used.

No major differences were observed in growth parameters, biomass formation or
hyphal thickness between the AAfbl transformant, the HFBI-overproducing
transformant and the host strain in the controlled fermentation cultivation. The
deletion of Afbl was previously shown to decrease biomass formation and
hyphal thickness in the early growth phase of the fungus in shake flask
cultivations (Askolin et al., MS in preparation). This effect was possibly not
observed in the fermenter cultivations because the early growth phase had
already been superseded during the inoculation cultivations and the growth was
effectively controlled in the fermenter, in contrast to shake flasks.

On the basis of the experiments reported in this work, neither deletion nor
amplification of the 4fb2 gene had a significant effect on the rate or final level of
biomass accumulation on lactose medium in bioreactor cultivation. However, a
clear difference was observed in sporulation. Deletion of A4fb2 caused early and
massive sporulation, whereas amplification of the gene appeared to result in
decreased ability of the fungus to produce free spores in the liquid culture
medium. On agar plates, the outward appearance of colonies of all three strains
was rather similar, including spore production.

Production of cellulases was apparently unchanged on cellulose medium when
the Afb2 gene was deleted, but a slight decrease in enzyme activities was
observed on lactose medium. The maximum rate of enzyme production on
lactose medium was approximately the same in the Ahfb2 transformant VTT
D-99676 as in the control strain Rut-C30 (Table 2) but the length of the linear
production phase was shorter, probably due to the observed early onset of
sporulation. Improved and considerably prolonged production of cellulases by
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the Ahfb2 strain VIT D-99676 in continuous cultivation with process control to
prevent the onset of sporulation will be reported in a later work. Interestingly,
amplification of the Afb2 gene also caused a slight decrease in enzyme
production on lactose medium, even in the repeat cultivation in which AF
consumption was successfully minimised by oxygen enrichment of the incoming
air. This may have been due to the depressing effect of overproduction of HFBII
protein under the chhl promoter on homologous enzyme production. It has been
suggested that several copies of the cbhl promoter may be sufficient to titrate
out regulatory or transcription factors needed for high enzyme production
(Karhunen et al., 1993, Paloheimo et al., 1993, Margolles-Clark et al., 1996).
The transformant VTT D-99745 carries three extra copies of the chhl promoter
in addition to that contained in the endogenous cbhl gene.

Foaming in fermentation processes based on 7. reesei Rut-C30 was clearly
demonstrated to be due mainly to production of HFBII, rather than to the much
greater amount of other extracellular proteins (cellulases and hemicellulases)
produced by this organism on inducing media. Traditionally, cellulase
production has generally been considered to be the prime cause of foaming,
rather than the only relatively recently identified hydrophobins. However,
despite the strong foaming tendency of HFBII, this protein can be successfully
overproduced (by even 8-fold) in a bioreactor equipped with oxygen enrichment
to avoid excessive agitation and therefore minimise foaming. The HFBII
produced in this work using the overproducing strain VIT D-99745 will be
purified for use in application studies.
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