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Abstract

Hydrophobins are a group of particularly surface active proteins. The surface activity is

demonstrated in the ready adsorption of hydrophobins to hydrophobic/hydrophilic inter-

faces such as the air/water interface. Adsorbed hydrophobins self-assemble into ordered

films, lower the surface tension of water, and stabilize air bubbles and foams. Hydrophobin

proteins originate from filamentous fungi. In the fungi the adsorbed hydrophobin films

enable the growth of fungal aerial structures, form protective coatings and mediate the

attachment of fungi to solid surfaces.

This thesis focuses on hydrophobins HFBI, HFBII, and HFBIII from a rot fungus Tri-

choderma reesei. The self-assembled hydrophobin films were studied both at the air/water

interface and on a solid substrate. In particular, using grazing-incidence x-ray diffrac-

tion and reflectivity, it was possible to characterize the hydrophobin films directly at

the air/water interface. The in situ experiments yielded information on the arrangement

of the protein molecules in the films. All the T. reesei hydrophobins were shown to

self-assemble into highly crystalline, hexagonally ordered rafts. The thicknesses of these

two-dimensional protein crystals were below 30 Å. Similar films were also obtained on

silicon substrates. The adsorption of the proteins is likely to be driven by the hydropho-

bic effect, but the self-assembly into ordered films involves also specific protein-protein

interactions. The protein-protein interactions lead to differences in the arrangement of the

molecules in the HFBI, HFBII, and HFBIII protein films, as seen in the grazing-incidence

x-ray diffraction data.

The protein-protein interactions were further probed in solution using small-angle x-

ray scattering. Both HFBI and HFBII were shown to form mainly tetramers in aqueous

solution. By modifying the solution conditions and thereby the interactions, it was shown

that the association was due to the hydrophobic effect. The stable tetrameric assemblies

could tolerate heating and changes in pH. The stability of the structure facilitates the

persistence of these secreted proteins in the soil.
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1 INTRODUCTION

1 Introduction

Proteins have evolved to fulfill an amazing variety of functions in nature. For instance,

proteins act as enzymes to catalyze biochemical reactions, transport molecules, are in-

volved in cell signaling and adhesion, and provide structural support in the cells. Proteins

consist of a chain of amino acid residues, which under the right conditions folds into

a generally well-defined three-dimensional structure. This folded structure dictates the

function of the protein. The structural studies of proteins therefore often serve a twofold

purpose. Firstly, knowing the structure of the protein may lead to understanding its bio-

logical function. Secondly, this information can be used to design novel biomaterials and

nanomaterials, which utilize the properties of the proteins. In a broad sense, this is also

the motivation behind this thesis.

As proteins typically contain both hydrophobic and hydrophilic amino acid residues,

they are surface active irrespective of their original biological function. Here, the term

surface activity refers to a tendency to adsorb to surfaces and interfaces, such as the

air/water interface. Traditional surface active molecules, surfactants, consist of a hy-

drophilic (”water loving”) head group and a hydrophobic (”water fearing”) hydrocarbon

tail. The hydrophobic parts cannot form hydrogen bonds with water molecules, and

therefore tend to segregate from water, a phenomenon known as the hydrophobic effect

[1–4]. The behavior of surfactants in aqueous solution and at the air/water interface is

summarized in Fig. 1. Going back to proteins, the surface activity depends on the spatial

distribution of the hydrophobic and hydrophilic amino acid residues in the protein [5].

In most proteins the hydrophobic side chains tend to be buried inside the protein, in

the so-called hydrophobic core. In adsorption, these hydrophobic areas need to become

exposed to air [5]. In the case of globular proteins, such as lysozyme, this generally leads

to conformational changes and the adsorption is irreversible [6, 7]. More flexible proteins,

such as the naturally disordered protein β-casein, can adopt different conformations more

easily, and therefore can adsorb and desorb reversibly [6, 8].

This thesis focuses on one group of very surface active proteins, hydrophobins. The sur-

face activity of the hydrophobins studied arises from the structure of the protein molecule,

where there is a patch of aliphatic (hydrophobic) side chains on the surface of the pro-

tein. Therefore these proteins adsorb to hydrophobic/hydrophilic interfaces without losing

their folded structure. In fact, because adsorption to various interfaces is an important

biological role of hydrophobins, it is no wonder that their folded structure enables easy

adsorption. Once at the interface, hydrophobins self-assemble into highly organized films.

Here, the molecular self-assembly is defined as the spontaneous organization of compo-

nents, generally mediated by non-covalent bonds [9, 10]. It is a ubiquitous phenomenon

in nature and also an important nanobiotechnological approach to building complex func-

tional structures [11].
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1 INTRODUCTION

In this thesis, hydrophobin proteins have been studied at the air/water interface, on

solid substrates, and in solution. Both the self-assembled films and solution assemblies

of hydrophobins have been characterized using x rays. X rays provide a non-destructive

way to study the structural aspects of the systems in situ. The experiments have been

conducted at synchrotron radiation facilities, where the high intensity of the synchrotron

radiation at x-ray wavelengths enables the studies of very thin films (articles I–III) or

allows short measurement times with moderate amounts of sample (articles IV–V).

The introductory part of this thesis is arranged as follows: The previous work on hy-

drophobins, including their biological role, is reviewed in the next section followed by a

statement of the specific aims of this work. The materials are described briefly. There-

after the experimental techniques used in this thesis, grazing-incidence x-ray diffraction,

reflectivity, and small-angle x-ray scattering, are discussed both in terms of theory and

the actual experimental setups. The main results are summarized, as the details can be

found in the articles. More emphasis is put on the discussion on how the results relate to

each other. Finally, some ideas for future work are described.

! !

!"#$%&'%(')*+&,--,.)
+()./-"'+/(

!"#$%&'%(')*/-,&"-,)0)123#/41/5+&)'%+-
123#/41+-+&)1,%3

6%(7*"+#)$+-* 6%(7*"+#89-/37,'' 6%(7*"+#8!&1%,$,#
:69;)$+-* :6!;)$+-*

Fig. 1: The behavior of surfactants, such as fatty acid salts. The surfactants form a film

at the air/water interface and micelles in solution above the critical micelle concentration.

The film at the interface is called a Langmuir film, and the film transferred to a solid

substrate is either a Langmuir-Blodgett or a Langmuir-Schaefer film.
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2 HYDROPHOBINS

2 Hydrophobins

2.1 Definition and properties

Hydrophobins are a group of very surface active proteins originating from filamentous

fungi [12–16]. Hydrophobins adsorb and self-assemble at interfaces between air and water

[17], water and oil [18, 19], and a hydrophobic solid and water [18]. They can coat a surface

and change its hydrophobicity, for example making filter paper hydrophobic enough to

hold a water droplet on its surface for hours [20], or turning the hydrophobic Teflon1

surface hydrophilic [18]. At the air/water interface hydrophobins lower the surface tension

of water [21]: hydrophobin SC3 from Schizophyllum commune can lower the tension from

72 mJ/m2 down to 24 mJ/m2 [14, 22], while HFBII from Trichoderma reesei lowers the

surface tension to 28 mJ/m2 [23]. Furthermore, hydrophobins also stabilize air bubbles in

water [24, 25] and can, even in small amounts, induce extensive foaming of beer [26, 16].

The first hydrophobin, cerato-ulmin from Ceratocystis ulmi, was isolated in 1973 [27],

and thereafter extensively characterized due to its potential phytotoxicity [28–30]. How-

ever, the name ”hydrophobin” was taken into use only in 1991 to describe the group of

moderately hydrophobic fungal proteins from S. commune. Based on the peptide sequece

cerato-ulmin [31] and a number of other proteins were also soon identified as hydrophobins.

A common feature of hydrophobins is that they are small proteins, containing around

100 amino acids. The primary sequence is characterized by a conserved pattern of eight

cysteine residues. These pair to create four intramolecular disulfide bridges, apparently

in a conserved manner [32–34]. Otherwise the amino acid sequence similarity between the

hydrophobins is rather small [35].

Hydrophobins are further divided into classes I and II based on the hydropathy plots

(hydrophobicity profile of the amino acid sequence) [35]. The two classes differ in some

biochemical properties, such as the solubility of the aggregates. Class I hydrophobins

such as SC3 form highly insoluble complexes in the cell walls [12, 36] and at the air/water

interface [17], which can only be dissociated using strong acids such as trifluoroacetic acid.

Class II hydrophobin aggregates dissolve in diluted organic solvents, such as 60 % ethanol

[24, 37–39]. The two classes might also differ in their behavior at the air/water interface

[23]. At least for the class I hydrophobin SC3, the self-assembly is accompanied by changes

in the secondary structure, and the final film consisting of 10 nm thick rodlets is obtained

only after some hours [40]. The secondary structure of the class II hydrophobins HFBI

and HFBII does not change upon adsorption or self-assembly at the air/water interface,

and the few nanometer thick film is obtained within minutes [23, 41, 42].

1poly(tetrafluoroethylene)
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2.2 Biological roles 2 HYDROPHOBINS
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Fig. 2: Role of hydrophobins in fungal growth according to Wösten [22]: A) fungus

growing in the wet soil secretes hydrophobins, which B) adsorb and self-assemble at the

air/water interface, lower the surface tension of water and C) allow the emergence of aerial

structures. Note that the representation of the self-assembled film is purely schematical.

2.2 Biological roles

Hydrophobins carry a multitude of functions in the fungal life. Here it has to be noted that

many of the fungi studied contain more than just one hydrophobin, and therefore different

hydrophobins may be expressed at different developmental stages and have different roles

[12, 43, 44]. The most famous role of hydrophobins is probably the formation of aerial

structures. Early on it was noted that a naturally occuring spontaneous mutation, which

suppresses the formation of aerial hyphae, also affects the expression of hydrophobin SC3

in S. commune [45]. Furthermore, secreted hydrophobins were found to accumulate [46] as

films consisting of 10 nm thick rodlets on hyphal surfaces [17]. Combined with the ability

of hydrophobins to lower the surface tension of water [21], a model for the mechanism

for formation of fungal aerial structures was proposed [22] (Fig. 2), where hydrophobins

enable the aerial growth by lowering the surface tension and protecting the emerging

structures. Apparently the importance of hydrophobins is not restricted to the soil/air

interface: the chestnut blight pathogen fungus, Cryphonectria parasitica is unable to erupt

through the bark of its host tree, when the gene enconding its hydrophobin is deleted [47].

As noted in Fig. 2, hydrophobins coat the outer cell wall surface of aerial structures

[18], such as aerial hyphae [17], fruiting bodies [20], spores [48], and even air channels in

the fruiting bodies [49]. The hydrophobin film turns the cell wall surfaces hydrophobic

[12, 17] and can then mediate the attachment of these surfaces to hydrophobic solids such

as Teflon [17]. The rice pathogen fungus Magnaporthe grisea also apparently uses its

hydrophobin MPG1 to attach to the host [50, 51]. Furthermore, the hydrophobin films

also aid the dispersal of spores [48, 52]. Hydrophobins may also have structural roles, as

SC3 has been observed to affect the cell wall composition [53] in S. commune.

4



2 HYDROPHOBINS 2.3 Potential applications

2.3 Potential applications

The properties of hydrophobins have insipired a number of applications. Many of them

utilize the adsorption of hydrophobins to modify surfaces [54]. The modifications can be

aimed at increasing the wettability (hydrophilicity) of the surface [55] and thereby also

its biocompatibility [56], reduction of friction [57], or creating specific sites for protein

immobilization. Following an earlier idea [58], Zhao and coworkers built a glucose biosen-

sor in which a high efficiency of the enzyme utilization was achieved using self-assembled

HFBI film as an immobilization matrix for the enzyme [59]. In another approach, a fusion

protein of HFBI and a cellulolytic enzyme EGIc from T. reesei was shown to adsorb to

various surfaces while retaining the original activity of the fusion enzyme [60].

The surface activity of hydrophobins has also attained interest. For example, hy-

drophobins have been used to predict the gushing (overfoaming) tendency of beer [26].

The self-assembled hydrophobin films have a high surface shear elasticity and are sta-

ble [25]. Therefore hydrophobins have been proposed to be used as aeriating agents, to

stabilize bubbles and foams [25, 61].

2.4 Trichoderma reesei hydrophobins

Trichoderma reesei is a filamentous fungus belonging to Ascomycetes. The T. reesei

genome contains at least six hydrophobin genes [62]. The first T. reesei hydrophobin

protein to be isolated and purified was HFBI, which was detected in fungal cell walls [38].

Thereafter HFBII was isolated from spores [39]. It was established that HFBI has a role in

the early stages of hyphal development and HFBII in sporulation [44, 63]. Besides HFBI

and HFBII also a third hydrophobin, HFBIII, has been isolated from T. reesei [16, 62].

However, it has not been characterized as thoroughly as HFBI and HFBII, and therefore

the discussion is focused on HFBI and HFBII.

The amino acid sequences of the three T. reesei hydrophobins are shown in Table

1. About 60 % of the amino acid residues in HFBII are identical to the ones in HFBI

in the corresponding positions, while the identity between HFBIII and HFBI is smaller.

However, according to results from protein crystallography, the folded monomers of HFBI

and HFBII have almost an identical structure [33, 32]. The cysteine residue pairing is the

same and the folded structures (Fig. 3) contain one α-helix and a β-barrel. Furthermore,

both HFBI and HFBII have a so-called hydrophobic patch consisting of exposed aliphatic

amino acid residues. These residues are rather well conserved also in HFBIII (Table 1,

residues shown in italics). The hydrophobic patch gives the surfaces of HFBI and HFBII

monomers a small but significant hydrophobic area.

Returning to HFBIII, an interesting feature is that it contains an extra, ninth cysteine

residue. In the folded structures of HFBI and HFBII the disulphide network created by

the eight cysteines effectively connects the entire molecule. Whether it is free or involved

5



2.4 Trichoderma reesei hydrophobins 2 HYDROPHOBINS

Table 1: The amino acid sequences of HFBI [38], HFBII [39], and HFBIII [16]. The

sequence alignment is according to the positions of the cysteine residues, adopted from

[16]. The cysteines are marked bold and the aliphatic amino acids in the hydrophobic

patches of HFBI [33] and HFBII [32], as determined by x-ray crystallography, are shown

in italics.

10 20
HFBI Ser Asn Gly Asn Gly Asn Val Cys Pro Pro Gly —– Leu Phe Ser Asn Pro Gln Cys Cys
HFBII —– —– —– —— —– Ala Val Cys Pro Thr Gly —– Leu Phe Ser Asn Pro Leu Cys Cys
HFBIII —– —– —– —— —– —– —– Cys Pro Glu Gly Leu Leu Tyr Thr Asn Pro Leu Cys Cys

30 40
HFBI Ala Thr Gln Val Leu Gly Leu Ile Gly Leu Asp Cys Lys Val Pro Ser Gln Asn Val Tyr
HFBII Ala Thr Asn Val Leu Asp Leu Ile Gly Val Asp Cys Lys Thr Pro Thr Ile Ala Val Asp
HFBIII Asp Leu Asp Val Leu Gly Val Ala Asp Val Asp Cys Val Val Pro Pro Ala Lys Pro Ser

50 60
HFBI Asp Gly Thr Asp Phe Arg Asn Val Cys Ala Lys Thr Gly Ala Gln Pro Leu Cys Cys Val
HFBII Thr Gly Ala Ile Phe Gln Ala His Cys Ala Ser Lys Gly Ser Lys Pro Leu Cys Cys Val
HFBIII Ser Cys Lys Ser Phe Gly Ser Val Cys Ala Ser Ile Gly Arg Lys Pro Arg Cys Cys Ala

70
HFBI Ala Pro Val Ala Gly Gln Ala Leu Leu Cys Gln Thr Ala Val Gly Ala
HFBII Ala Pro Val Ala Asp Gln Ala Leu Leu Cys Gln Lys Ala Ile Gly Thr Phe
HFBIII Val Pro Val Ala Gly Val Ala Leu Leu Cys Thr Asp Pro Ile Pro Ala Ile

in an intermolecular disulphide bond, the extra cysteine in HFBIII opens up a range of

new possibilities in the structure, properties, and function of the protein.

Both HFBI and HFBII are soluble in water at least to a high concentration of 100 mg/ml

[16]. Combined Förster resonance energy transfer spectroscopy and size-exclusion chro-

matography (SEC) has shown that the hydrophobins exist dominantly as monomers at

low concentrations, and multimerize into tetramers in a concentration-dependent manner

[64]. According to small-angle x-ray scattering (SAXS) results at 10 mg/ml, both HFBI

and HFBII tetramers have a maximum dimension of 65 Å [65].

The adsorption and self-assembly of HFBI and HFBII at the air/water interface has

been followed using circular dichroism (CD) spectroscopy [23]. The secondary structure

of HFBI and HFBII did not change in the process. This information has been used in the

modeling and interpretation of the results in this work (articles II and III).

Because the CD measurements conducted in situ at the air/water interface do not

give information on the arrangement of the protein molecules at the interface, the films

have been transferred to solid substrates for characterization (see Fig. 1 in Introduction

for definitions of the transfer techniques and Tables 4 and 5 in Discussion for the unit

cell parameters). Langmuir-Blodgett (LB) films of both proteins on mica, studied by

6



2 HYDROPHOBINS 2.4 Trichoderma reesei hydrophobins

1

Fig. 3: Left: The asymmetric unit of HFBI single crystal (2FZ6.pdb), consisting of four

almost identical monomers. The black sticks are the side chains of the amino acid residues

in the hydrophobic patch, and spheres mark the positions of the Zn2+ ions in the crystal

[33]. Middle: HFBI (top) and HFBII monomers. The solid lines indicate the disulfide

bridges. Right: Two asymmetric units of HFBII single crystal (1R2M.pdb), each consist-

ing of two similar monomers. The black sticks are again the side chains of the amino acid

residues in the hydrophobic patch, and spheres mark the positions of the Mn2+ ions in

the crystal [32].

atomic force microscopy (AFM), were polycrystalline with an oblique structure [41, 42]. A

thickness value of only 13 Å was obtained for the dried HFBI films, whereas the Langmuir-

Schaefer (LS) films on hydrophobic graphite, which had been kept in buffer prior to

imaging, had a thickness of 28 Å [42]. Thicker films were obtained by drying a hydrophobin

solution on a solid substrate [66], while upon shaking the solution needle-like crystals with

a diameter of 2-3 µmwere produced [65]. In both cases the HFBI assemblies were unstable,

but the HFBII ones had a monoclinic structure, which changed to hexagonal upon drying.

However, the rodlet films so typical for the class I hydrophobins have not been observed.

7



3 AIMS OF THE STUDY

3 Aims of the study

After describing the hydrophobins, their properties and behavior, it is now possible to

state the aims of this thesis. In a broad sense, the aim was to obtain information on

the structure of hydrophobin films and solution assemblies, with the motivation of a

deeper understanding of the biological role of the different hydrophobins and gaining

more information for possible hydrophobin-based nanomaterials. More specifically, the

precise aims of the study can be stated as follows:

• To establish the right experimental conditions enabling the studies of thin hy-

drophobin films using x rays (I). In particular, to find a way to study the self-

assembled hydrophobin films in situ at the air/water interface (II).

• To characterize structurally the self-assembled hydrophobin films at the air/water

interface and to compare the behavior of different T. reesei hydrophobins (II, III).

• To characterize the hydrophobin films on solid substrates (I, II) and to compare

their structural features to those of the films at the air/water interface.

• To study T. reesei hydrophobin assemblies in solution, and to obtain information

on their multimerization state, shape, stability, and interactions (IV).

• To contemplate the structural relationship between the solution assemblies and the

self-assembled films at the air/water interface (V).

8
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4 Materials

The hydrophobins studied in this work were native HFBI [I, III-V], HFBII [I, III, IV],

and HFBIII [II]. In addition, two engineered HFBI variants were compared to the native

HFBI in article V. All the proteins were produced and purified at VTT Biotechnology,

Espoo, Finland, in the group of M. B. Linder. The native proteins were produced in

their respective overproducing T. reesei strains, extracted using a surfactant, purified

by reversed-phase chromatography, and lyophilized [67, 41]. The variant proteins were

designed to have an added cysteine residue either at the N- or C-terminus, which was used

to form disulfide linked homodimers. The variant HFBIs were produced in the designed

T. reesei transformants and purified essentially as the native proteins [64, 42]. The author

of the thesis was not involved in the production and purification of the proteins.

5 Methods

The self-assembled hydrophobin films and solution assemblies were characterized using x-

ray reflectivity, grazing-incidence x-ray diffraction (GID), and small-angle x-ray scattering

(SAXS). In all these techniques the incoming x-ray beam impinges the sample, and the

intensity after the sample is measured as a function of the scattering angle 2θ. However,

because the scattering angle depends on the energy (or wavelength λ) of the radiation,

the scattering vector q is used instead. The length of the scattering vector is given by

q = 4π sin θ/λ (see Figs. 5, 7 and 9). The discussion here is limited to hard x rays at

around 10 keV.

The basic principles of the techniques are outlined in the following subsections. The

reflectivity and GID measurements use similar setups and were performed on the same

beamlines using the same samples. Therefore their experimental setups are described

together.

5.1 Reflectivity

X-ray reflectivity is a technique commonly used to study multilayer systems. It provides

information on the thicknesses of the different layers, their electron densities, and interfa-

cial roughnesses. The term ”layer” refers here to an area (or volume), where the electron

density and refractive index are different from those of the adjacent layers. For example,

Langmuir films of long-chain fatty acids are typically described as a two-layer system,

where the hydrophobic tail facing air is the first layer and the hydrophilic head group

with a different electron density forms the second layer [68].

The physical principle of reflectivity is depicted in Fig. 4. X rays are reflected and

refracted at interfaces, depending on the refractive index (n) difference between the layers.

9
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Fig. 4: Principle of reflectivity. The incident wave T1 from vacuum, with refractive index

n0 = 1, impinges the surface of another medium (n1) at an angle αi. The wave is reflected

(R1) at an angle αf = αi and refracted into the medium (T2) at an angle αT . The same

occurs at every interface.

For vacuum n = 1. For other media at hard x-ray energies n is slightly less than unity.

This leads to total internal reflection from a more dense material, when the incident angle

is less than the critical angle of total internal reflection, αc. For example, αc = 0.22◦ for

silicon at 8 keV. Below αc the penetration depth of x rays into the material is greatly

reduced, which enables surface sensitive measurements (see next subsection).

Fig. 5 shows a schematic reflectivity setup. The momentum transfer vector q is

perpendicular to the surface and therefore a reflectivity measurement yields information

only on that direction.
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Fig. 5: Schematic representation of reflectivity geometry. The incidenct beam, coming

from a medium with refractive index n0, hits the sample of a different density. In (specular)

reflectivity, the angle of incidence αi = αf , and the beam does not change its direction

along the surface (2θi = 2θf ).

An experimental reflectivity curve is shown in the left top panel of Fig. 6. The

oscillations, known as Kiessig fringes [69, 70], arise from the interference of the waves

reflected from different interfaces. Assuming an infinitely thick substrate, (R3 = 0 in

Fig. 4), the reflected intensity can be calculated recursively by considering the reflection

and refraction at every interface [71]. This Parrat method was used in articles I and
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Fig. 6: Interpretation of the reflectivity data.

The original reflectivity R contains weak os-

cillations arising from the protein film at the

air/water interface. Dividing the reflectiv-

ity by the background (∝ q−4) enhances the

oscillations. This form was used in the mod-

eling. The dashed and solid lines are the one

and two layer models for the electron density.

II. A more intuitive but less exact way of describing the reflectivity is provided by the

application of the Born approximation. In the Born approximation it is assumed that

multiple scattering events are negligible and the refraction of the transmitted beam is

ignored. Therefore the Born approximation is valid only far above the critical q value. In

this regime, the reflectivity can be written as the Fourier transformation of the derivative

of the electron density profile ρ(z) [72, 73]:

R(q) =
16π2

q4

∣∣∣∣∫ dρ(z)

dz
eiqz dz

∣∣∣∣2 . (1)

The advantage of the Born approximation over the exact Parrat formalism is that it

allows the reflectivity from any electron density profile ρ(z) to be easily computed [74].

This method was used in the analysis of the reflectivity data in article III.

Reflectivity is well suited for studies of multilayer systems with layer thicknesses from

a few to thousands of ångströms. In particular, reflectivity can be used to characterize

buried layers and interfaces, which are hardly reachable with other techniques. In a recent

example of this, x-ray reflectivity was used to probe the interface between a hydrophobic

solid and water. The presence of a hydrophobic gap, a volume of reduced density between

water and the hydrophobic solid, could be confirmed [75, 76].
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Reflectivity can be used to study both crystalline and amorphous samples as well as

liquid systems [73]. However, the samples should be laterally homogenous. Otherwise,

due to the changing footprint area of the x-ray beam, the data collected at different angles

αi correspond to effectively different samples and the interpretation becomes troublesome

[73]. In addition, the reflectivity measurements are generally rather slow, because it

takes time to scan the range of incident angles point to point. One way of reducing the

data collection time could be using polychromatic radiation with an energy dispersive

detector. In this setup the angle of incidence is held constant and the entire data set

might be recorded in less than a second, allowing time-resolved studies [77].

The oscillations in the reflectivity curve arise from the difference in the electron density

between two consecutive layers. If the difference is too small, approximately less than

10 %, then the oscillations become very hard to discern [78]. One way of overcoming this

is using neutron reflectivity combined with stepwise deuteration of the sample in order to

provide contrast variation [79]. The downside of neutron reflectivity is that much shorter

q ranges are attainable, which again impedes the interpretation of the data [74].

5.2 Grazing-incidence x-ray diffraction

In a grazing-incidence x-ray diffraction experiment the x-ray beam impinges the sample

at an angle typically below the critical angle of total internal reflection. At incident angles

below αc only a so-called evanescent wave transmits into the medium with a penetration

depth of just tens of ångströms. Therefore this geometry is sensitive to the structures

close to the surface. Here, the discussion is limited to systems on a substrate. These

systems could be separate islands or films covering the entire substrate.

One of the most common applications of grazing-incidence geometry is to study two-

dimensional structures on a substrate [68]. The evanescent wave is diffracted by the

crystalline areas in the films, leading to diffraction maxima at scattering angles 2θ along

the qy direction (see Fig. 7). The positions of these maxima give information on the

lateral order in the film, and the size and shape of the two-dimensional unit cell can be

deduced. Because the film is two-dimensional and there is no periodical order in the z-

direction, the diffraction maxima in the qz direction are not point-like, but extended lines

called Bragg rods. [68, 80, 81]

The intensity along the Bragg rods is modulated by the electron density distribution in

the vertical direction. For example, Fig. 8 shows the scattering intensity from a crystal of

hexagonally ordered spheres on a substrate calculated by the program IsGISAXS [82]. The

positions of the rods are determined by the hexagonal order, but the intensity along the

rod arises from the form factor of the spheres. If the film is not strictly two-dimensional,

but some of the components are lifted with respect to each other, then this also influences

the intensity distribution along the rods. This is discussed in articles II and III.
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Fig. 7: Schematic representation of GID geometry. The angle of incidence αi is (typically)

below the critical angle of total internal reflection of the substrate. As in reflectivity,

αf is the vertical exit angle and gives the vertical part of the scattering vector qz =
2π
λ

(sinαi + sinαf ). 2θ is the scattering angle along the surface corresponding to the

horizontal part of the q vector, qy = 4π sin θ/λ.

Fig. 8: The scattering pattern of spherical islands

(r = 12 Å) on a substrate. The spheres are ar-

ranged in a hexagonal lattice with a = b = 55 Å,

one sphere per unit cell. The diffraction pattern

has been calculated using the IsGISAXS software

[82] in the distorted wave Born approximation.

The experimental conditions (λ, αi) have been

chosen to match the conditions used at ESRF,

ID10B (see Table 2). q
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As a surface sensitive characterization technique, GID gives structural information

available also from microscopy techniques such as atomic force microscopy, AFM. An

important difference between the two is that due to the grazing angle of incidence the

area illuminated by the x-ray beam is macroscopic, up to a few centimeters, whereas AFM

is a local probe in the nanometer scale. Therefore they provide different information and

are occasionally used to complement each other [83]. A notable advantage of GID is that

it enables measurements directly, in situ, from liquid surfaces.

Langmuir films at the air/water interface have been studied very widely using GID.

The films typically consist of randomly oriented crystalline areas much smaller in size

than the footprint of the beam, meaning that they form two-dimensional powders. In the

case of fatty acids, the ordering of the molecules, the area per molecule [68, 80, 81], and

the effect of salts [84] have been determined at near atomic resolution [85]. There are also

a few studies on proteins [86–89, 83, 90] and synthetic peptides [91–93] at the air/water

interface. It is worthwhile noting that if the proteins themselves do not form ordered films
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at the air/water interface, they can be anchored there by means of a pre-assembled lipid

layer [86, 88–90].

Besides the Langmuir films, the grazing-incidence geometry is often used to study

films on a solid substrate. Added to the information available from diffraction, small-

angle x-ray scattering under grazing-incidence geometry (GISAXS) can be used to probe

the morphology of the films [94]. GISAXS has been utilized to characterize systems from

polymer films [95] to growing metal nanoparticles [96].

5.2.1 Hydrophobin reflectivity and GID experiments

The hydrophobin films on solid substrates were studied at the wiggler beamline W1.1 at

Hasylab, DESY (Hamburg, Germany). The experiments with the films at the air/water

interface were conducted at the undulator beamline ID10B at ESRF (Grenoble, France).

The films were measured in a Langmuir trough equipped with a moving barrier on one

side. A Wilhelmy balance was used to measure the surface pressure Π, which is given

by the difference between the surface tension of the clean subphase γ0 and the surface

covered by the protein film γ, i.e. Π = γ0 − γ. The subphase was either 1 or 50 mM

sodium acetate. Table 2 summarizes the experimental conditions.

Table 2: The exprimental setups at W1.1 and ID10B. αi refers to the angle of incidence

in the GID measurements. PSD means a position sensitive detector.

Beam- Energy Beamsize αi Measurement Detector Ref.

line [keV] hor × ver [◦] time [min]

[mm] GID Refl. GID Refl.

W1.1 10.50 2.2 × 0.2 0.12 10-20 10 Image Scintillation I

plate counter

W1.1 8.048 0.5 × 0.1 0.155 30 10 Image Scintillation II,

plate counter IV

ID10B 7.993 0.5 × 0.1 0.12 60 25 Linear Scintillation II,

1.0 × 0.1 0.11 PSD counter III

Radiation damage has been reported as a problem in the GID studies of proteins [87–

89]. Therefore, the measurements were planned so that the damage could be minimized.

At W1.1, a constant helium flow was directed at the sample. At ID10B the samples were

measured in helium atmosphere2 (oxygen content below 1%). The illuminated area was

2The helium atmosphere is also important for minimization of the background.
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changed between the scans. There were no visible changes in the scattering patterns or the

appearance of the samples. This implies that the radiation damage remained insignificant.

5.3 Small-angle x-ray scattering

Small-angle x-ray scattering, SAXS, dates back to the late 1930’s when the developments

in instrumentation and theory, largely by A. Guinier [97, 98], allowed one to measure

and extract information from scattering at very small angles. SAXS gives information on

the electron density differences on the nanometer length scales, from one to few hundred

nanometers. It is widely applied to structural studies of materials ranging from polymers

to metals, but here the discussion is focused on biomacromolecular solutions.

SAXS is a versatile tool for studies of macromolecules in solution [99, 100]. At low

concentrations, typically below 5 mg/ml depending on the ionic strength [101], the macro-

molecules or their assemblies can be regarded as independent of each other and their size

and shape can be probed. At higher concentrations the interactions between the assem-

blies can be studied [102, 99].

A major advantage of SAXS in studies of biological macromolecules is the easy sample

preparation [100, 103–105]. Most importantly, the sample does not have to be crystallized,

it only needs to be dissolved. The studies can be conducted in easily adjustable, near

physiological conditions. The sample volumes needed are rather small, down to 15 µl

[106] and a large variety of molecular masses, from kDa to several MDa, can be probed

[103]. The data acquisition times, down to milliseconds [107], are short enough to allow

time-resolved studies, especially when using flow setups [108].

However, a major drawback of SAXS is that monodisperse samples are required for

ab initio shape determinations. Moreover, because SAXS is inherently a low-resolution

technique, it cannot replace the atomic information available from protein crystallography

or nuclear magnetic resonance, NMR. Therefore, besides the ab initio low-resolution shape

reconstructions, SAXS is often used to determine (or validate) the biologically relevant

species in solution, to build quaternary assemblies from individual domain structures and

to add missing domains or loops to high resolution structures [103, 104].

A schematic SAXS setup is depicted in Fig. 9. The scattered intensity is recorded

using a two-dimensional area detector. Fig. 10 shows the resulting integrated intensity.

The radius of gyration and molecular mass of the particle are the easiest parameters to

determine from a SAXS curve. The radius of gyration, Rg, describes the mean square

distance from the center of gravity, and is determined from the slope of the Guinier plot

(inset in the left panel of Fig. 10). The molecular mass is proportional to the intensity

I(q = 0), which has to be known on absolute scale. A secondary standard, such as water

[109], or a protein of known molecular mass, such as bovine serum albumin or lysozyme

[105], is often used to scale the intensities. The use of the protein standard is based on
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the similarity of the the partial specific volumes of proteins in solution [110].
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Fig. 9: Schematic representation of an experimental SAXS setup.
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Fig. 10: Interpretation of SAXS data. Left: Original intensity I after background sub-

traction and the Guinier plot (ln(I) as a function of q2) in the inset. The Guinier plot

is used to determine the radius of gyration and extrapolate the data to q = 0. The ex-

trapolation is needed in the determination of the molecular mass and in the calculation

of the pair distance distribution function (p(r) function). Middle: The p(r) function can

be calculated either by direct Fourier transformation or using indirect Fourier transform

as in the program GNOM [111]. Right: Low-resolution model calculated with DAMMIN

[112].

Once the size of the molecule is determined, the next interesting feature is its shape.

The scattering profile depends on the distribution of intramolecular distances, the p(r)

function (middle panel in Fig. 10). The p(r) function extends from 0 to the maximum

distance between two points in the molecule, Dmax, and contains information on the shape

of the particle, but is often difficult to interpret. A more detailed picture can be obtained

by reconstructing a low-resolution model of the three-dimensional electron density.

The reconstruction of the three-dimensional shape of the particle from its one-dimensional

scattering pattern is not trivial. A number of assumptions has to be made. Firstly, in-
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stead of using actual atoms, the particle is depicted by a group of ”beads” or ”dummy

atoms”, each of which has the same density [113]. Secondly, all the dummy atoms are in

contact with at least one other dummy atom, so that the particle remains connected. An

example of a low-resolution modeling program based on these assumptions is DAMMIN

[112], with which the model in the right panel of Fig. 10 was obtained. Thirdly, in the

case of proteins the average size and electron density of the amino acid residues as well

as the distance between two adjacent Cα atoms are known. Therefore the dummy atoms

represent average amino acid residues and the low-resolution models are forced to compat-

ibility with a general protein structure. An example of a program incorporating all these

assumptions is GASBOR [114]. However, despite all these assumptions, the solutions are

still not unique. Different shapes can produce similar scattering patterns. Therefore, a

common practice is to run the reconstruction programs several times, check the resulting

shapes for consistency and average them [115]. This was the procedure used in article IV.

5.3.1 Hydrophobin SAXS experiments

The SAXS experiments were conducted at the bending magnet beamline X33 run by

EMBL at Hasylab, DESY. A schematic SAXS setup was represented in Fig. 9 and the

actual experimental conditions are summarized in Table 3. Because subtraction of the

background is a crucial step in SAXS data analysis, special care was taken to measure

the buffer solutions both before and after each sample. 2 mM dithiothreitol (DTT) was

added to the sample solutions in 50 mM sodium acetate buffer at pH 5 just before the

measurements to prevent radiation damage.

Table 3: The experimental setup at X33. The beam size is given at the detector, not the

sample position.

Wave- q range Sample cell Measure- Beam size Detector Ref.

lenght volume window ment hor × ver

[Å] [1/Å] [µl] material time [s] [mm]

1.5 0.01 – 0.5 100 poly- 60 – 2·120 2 × 0.6 Mar345 IV,

styrene image plate V
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6 Main results

The main results of this thesis are described in this section. The results of each article

are presented separately. To help the reading, references to the figures and tables in the

articles I-V are made where appropriate. Further discussion and comparison of the results

follows in the next section.

6.1 Langmuir-Blodgett multilayer films (I)

This was the first successful x-ray study of hydrophobin Langmuir-Blodgett films. LB

monolayer films of HFBI and HFBII had been grown and imaged using AFM previously.

Therefore the idea was to examine whether ordered multilayer structures of HFBI and

HFBII could be grown, and if so, whether they could be characterized using x rays.

The first layer of the LB films was deposited by the vertical and the subsequent 15

by the horizontal lifting methods. The films on silicon substrate were studied using GID

and reflectivity. The GID measurements showed that both HFBI and HFBII films had a

hexagonal structure with unit cell dimensions a = 54±1 Å and a = 55±1 Å, respectively

(I, Fig. 2). The elongated, Bragg rod -like shapes of the diffraction peaks suggested that

the crystalline areas were thin (I, Fig. 1). Features possibly arising from the internal

structure of the proteins were also seen. The reflectivity scans showed oscillations arising

from the films, but the thicknesses of the protein layers could not be unambiguously

determined, possibly due to non-homogeneous covering of the substrate. However, the

main oscillations corresponded to thicknesses of 30 Å for HFBI and 64 Å for HFBII (I,

Fig. 3), much less than expected. Therefore part of the protein material seemed to be

missing. The transfer ratios close to unity indicated that the right amount of protein

was transferred, but some might have been washed away with water upon lifting the next

layer. Nevertheless, highly crystalline LB films were grown and successfully characterized.

6.2 HFBIII at the air/water interface and on a solid substrate

(II)

This was the first published study concerning the biophysical characterization of HFBIII.

It was also the first x-ray study of hydrophobins at the air/water interface and thereby

established the proper conditions and procedures for obtaining high quality diffraction

patterns from hydrophobins at the interface. In this paper the self-assembled films of

HFBIII at the air/water interface were studied using GID, and the films on solid substrate

using both GID and reflectivity. The air/water interface measurements were conducted on

a Langmuir trough, while for the measurements on a solid substrate an HFBIII solution

was dried on silicon.
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The HFBIII film on a silicon substrate was hexagonally ordered, with a = b = 56 Å (II,

Fig. 3) and a thickness of about 90 Å (II, Fig. 4) depending on the preparation of the

film (concentration and size of the dried droplet). The film at the air/water interface had

a similar hexagonal ordering, which did not change with increasing surface pressure (II,

Fig. 2). The clearly distinguishable Bragg rod profiles of the diffraction peaks were used

to extract more information on the arrangement of the proteins at the interface. The

film was modeled both using a program called IsGISAXS [82] and by directly calculating

the structure factors of model films with spheres representing the HFBIII molecules. In

the IsGISAXS models the contents of the unit cells, i.e. proteins or their assemblies were

described using simple geometrical objects such as spheres or ellipsoids. The form factors

of the objects caused the intensity variations along the Bragg rods. A good model was

obtained using a hemi-ellipsoid with a surface area corresponding to four and volume

corresponding to six HFBIII molecules per unit cell (II, Fig. 5). A crucial restriction

of the program, that all the objects had to be on the same height from the surface, was

lifted using the structure factor models. Hexagonal rings formed of six molecules in space

group P65 were found as a possible arrangement (II, Fig. 5).

6.3 HFBI and HFBII at the air/water interface (III)

Using the protocol established in the previous work, the behavior of HFBI and HFBII

was studied in detail at the air/water interface. In addition to the GID and reflectivity

experiments, also Brewster angle microscopy (BAM) was utilized to probe the interfacial

films in micrometer length scales.

Both HFBI and HFBII self-assembled into micrometer sized rafts already in zero pres-

sure (III, Fig. 1). The rafts contained hexagonally ordered crystallites with unit cell

parameters of a = 55 Å for HFBI and a = 56 Å for HFBII. According to reflectivity, the

HFBI film had a thickness of 28± 1 Å, whereas HFBII was only 24± 1 Å thick (III, Fig.

7). Increasing the surface pressure up to 30 mN/m did not affect the hexagonal order-

ing. The stable films could also be transfered to a solid substrate using the LS technique

without destroying the ordering (III, Fig. 4).

The Bragg rod profiles of the self-assembled films of HFBI and HFBII indicated differ-

ences in the arrangement of the proteins in the unit cells between the two films (III, Fig.

5). In an attempt to elucidate the positions of the molecules, the protein molecules were

represented by spheres and structure factors of model systems in different space groups

were calculated. Both HFBI and HFBII films were suggested to contain six molecules in

the unit cell, but the arrangement of the proteins was different (III, Fig. 5), probably

due to specific protein-protein interactions.
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6.4 HFBI and HFBII in solution (IV)

After interfacial studies, in this paper HFBI and HFBII were studied in aqueous solution

using SAXS. In the concentration range 0.5 - 10 mg/ml both proteins formed mainly

tetramers (IV, Figs. 1-3). The shapes of the tetramers were modeled using DAMMIN

[112], and while the solution tetramer of HFBII was quite similar to the tetramer found

in the single crystal, the tetramer of HFBI was more extended in solution than in crystal

(compare the left panel of Fig. 3 to right panel of Fig. 10) (IV, Fig. 3). The tetramers

of HFBI were found to be more stable than those of HFBII, as they could stand larger

variations in the conditions than those of HFBII (IV, Table 2). The association of hy-

drophobins was proposed to mainly be driven by the hydrophobic effect, because addition

of ethanol broke the tetramers into monomers (without unfolding) (IV, Fig. 6), while

salts induced formation of larger aggregates (IV, Fig. 7).

6.5 Relation between surface activity and solution association

(V)

In an attempt to understand the relationship between self-assembly at the air/water

interface and association in solution, the behavior of native HFBI was compared to that

of two HFBI variants. The first variant, NCys-HFBI, had 13 extra amino acid residues

added to its N-terminus, and the second, HFBI-CysC, three amino acid residues linked to

the C-terminus (V, Fig. 1). In both cases, the second-to-last amino acid was a cysteine,

which was then used to form disulfide linked homodimers from the variants. The variants

were in the dimeric form in all the studied conditions.

The solution association of the dimeric variants was studied using size-exclusion chro-

matography (SEC) and SAXS. As noted also previously [64], native HFBI exists as

monomers in low concentrations and multimerizes into tetramers as the concentration

increases. According to SAXS results, the variant assemblies at 2.5 mg/ml resembled the

native HFBI tetramers closely (V, Fig. 4). However, the dissociation into monomers was

not seen even at the lowest SEC injection concentration, 0.5 µM (below 10 µg/ml) (V,

Fig. 3).

The surface activities of the native and variant HFBIs were very similar. All low-

ered the surface tension of water, (V, Figs. 5 and 6) even though the variants did this

slower (possibly due to the slower diffusion of the larger assemblies to the surface) and the

CysC variant did not reach quite as low surface tension values as the two other proteins.

The surface pressure - area isotherms of all the proteins were similar (V, Fig. S1). All

hydrophobins also adsorbed to polystyrene (V, Fig. S2) and formed familiar [65] micro-

scopic needle-like aggregates upon shaking the sample solutions (V, Fig. S3). Therefore

it was concluded that the marked change in the solution association equilibrium towards

tetramers did not affect the surface activity of the proteins.
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7 Discussion

7.1 Comparison of the results

7.1.1 Solution behavior

The solution association of hydrophobins was studied in this thesis using small-angle

x-ray scattering. HFBI, HFBII, and disulfide-linked HFBI dimers were shown to form

mainly tetrameric assemblies in solution [IV, V], as reported also previously [65, 64].

Here we were able to determine the low-resolution structure of the assemblies, and follow

their evolution as a function of concentration, temperature, pH, and in ethanol or salt

solutions. The HFBI tetramers were found to be slightly more stable than those of HFBII,

which were broken at pH 3 or 25 % ethanol [IV]. The size and shape of the variant HFBI

tetramers resembled the tetramers of the native HFBI [V]. The behavior of these T.

reesei hydrophobins is quite similar to solution association of the class I hydrophobin

SC3. According to light scattering at 1 mg/ml, SC3 forms mainly elongated dimers in

solution [116].

Corroborating the earlier findings [64], the association of HFBI and HFBII in solution

was shown to be mainly driven by the hydrophobic effect [IV]. The formation of assem-

blies, in this case tetramers, allows the hydrophobins to bury the hydrophobic surface

areas. Addition of ethanol broke the native tetrameric assemblies into monomers [IV].

Salts induced formation of larger aggregates [IV], and the effect was along the Hofmeister

series of salts [117, 118]. Even though the hydrophobic effect favors the formation of as-

semblies in aqueous solution, at concentrations low enough the tetramers break down to

dimers and eventually monomers [64]. This is due to the entropic gain from mixing of the

molecules throughout the solution volume, which exceeds the driving force of assembly

[1]. Therefore, it is somewhat surprising that the disulfide linked HFBIs did not break

into dimers at low concentrations [V].

The native and variant HFBIs had similar surface activities despite the evident differ-

ences in solution behavior [V]. The native and variant HFBIs start to lower the surface

tension of water at around 0.2 µM, where the native HFBI exists as monomers, but the

variants form tetramers3. Both, the native and variant HFBIs, adsorb to the air/water

interface, which indicates that both monomers and tetramers are surface active. Ear-

lier it has been suggested that because the hydrophobin monomers have an amphiphilic

structure, they could adsorb to the air/water interface as monomers to form a monomolec-

ular film [32]. However, here the tetrameric variants were as surface active as the native

monomers, which suggests that the dissociation into monomers is not crucial for adsorp-

tion [V]. Still, some reorganization of the molecules is likely to take place upon adsorption,

3The lowest SEC injection concentration was 0.5 µM, which roughly corresponds to a ten-fold lower
concentration in the eluted sample, i.e. 0.05 µM.
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because in solution the tetramers should have their hydrophobic surfaces buried in the

contact areas between the molecules.

The stability of hydrophobin proteins is remarkable. Here, for example, HFBI tetramers

were shown to tolerate changes in pH from 3 to 9, temperatures from 5◦ to 60◦ C and

addition of 25 % ethanol. Addition of 65 % ethanol broke the tetramers into monomers,

but did not cause unfolding of the protein [IV]. For comparison, the class I hydrophobin

SC3 can stand heating to 90◦ C and variation of pH from 3 to 12 without changes to its

secondary structure in solution [119]. The stability of the individual monomers may be at-

tributed to the high number of disulfide bridges in the small hydrophobin proteins and be

related to the biological role of hydrophobins. As secreted proteins, hydrophobins are ex-

posed to the environment and have to tolerate changes in temperature and pH. In the soil

hydrophobins may also meet interfaces and self-assemble into films. The self-assembled

films of particularly class I proteins are extremely stable and can only be dissolved using

strong acids [12]. Due to their stability and high expression, it has been suggested that

hydrophobins may be one cause of hydrophobization of soil [120].

7.1.2 Self-assembled films

The self-assembled films of the T. reesei hydrophobins were characterized in this thesis

using grazing-incidence x-ray diffraction and reflectivity. In particular, the film formation

at the air/water interface could be followed in situ. All the hydrophobins, HFBI, HFBII,

and HFBIII, were extremely surface active, and formed crystalline rafts at the air/water

interface already at zero surface pressure [II, III]. Increasing the pressure did not affect

the ordering, it only brought the rafts closer to each other. The crystalline rafts of all

the proteins were hexagonally structured with similar unit cell sizes. The same hexagonal

ordering was found also on the HFBI and HFBII LB films [I] and the dried films of HFBIII

[II]. The diffraction patterns of the studied films are collected in Fig. 11, and the unit

cell parameters in Table 5.

Fig. 11: Diffraction patterns of HFBI, HFBII, and

HFBIII at the air/water interface and on solid sub-

strates reveal the similarity of the film structures.

The air/water interface measurements were con-

ducted at Π = 30 mN/m [II, III], the multilayer

HFBI and HFBII films on silicon were prepared

using the LB technique [I], and the HFBIII film

by drying a solution on the substrate [II]. 0.1 0.2 0.3 0.4 0.5 0.6
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Despite the same hexagonal ordering with similar unit cell parameters, the arrange-

ment of the proteins within the unit cell was different in the HFBI, HFBII, and HFBIII

films [II, III]. All the proteins have similar sizes. In addition, the folded monomers of at

least HFBI and HFBII have also similar shapes [33, 32]. Therefore the differences can-

not be attributed simply to size or shape of the proteins. Instead, the differences in the

arrangement of the proteins indicate that there are specific protein-protein interactions,

which determine the positions of the hydrophobin molecules in the the unit cell. These

protein-protein interactions might also account for the self-assembly of the proteins into

ordered films already in zero surface pressure, when the proteins are, on average, far away

from each other [II, III]. The stability and high surface shear elasticity [25] of the films

might also be explained by the strong protein-protein interactions.

Whereas the adsorption at the air/water interface does not change the secondary

structure of the hydrophobins, the adsorption at the solid surface leads to some degree

of conformational change [23]. The (partial) unfolding of proteins upon adsorption is a

common phenomenon [121]. However, according to the results of the Langmuir-Schaefer

films of HFBI and HFBII [III], Langmuir-Blodgett multilayers of HFBI and HFBII [I],

and dried films of HFBIII [II], the hexagonal ordering in the films is the same at a solid

substrate and at the air/water interface. Therefore it is reasonable to assume that the

adsorption to solid surfaces leads to only minor conformational changes.

The reflectivity results showed that the dried HFBIII film had a thickness of 93 Å [II].

Because the size of HFBIII is similar to the two other T. reesei proteins, the thickness

value indicates that there are at least three layers of HFBIII on the surface. However, the

diffraction pattern and in particular the Bragg rod profiles were similar to the ones ob-

tained from the monolayer film at the air/water interface [II]. A change from a monolayer

to three layer structure should be clearly visible in the Bragg rod profiles as sharpening

of the peaks. Therefore it seems that the crystalline part of the dried film is mostly only

a monolayer thick. There must be amorphous material beneath the crystalline film to

account for the thickness obtained from reflectivity. Similarly, the GID patterns of the

HFBI and HFBII LB films [I] indicate only thin crystalline areas. Accordingly, these

experiments do not provide clear evidence for formation of crystalline multilayer coatings

of hydrophobins. From a biological point of view, the advantage of monolayers over mul-

tilayers would be minimization of the amount of protein needed to cover the large surface

areas.

In addition to the experiments presented here, HFBI and HFBII have been structurally

characterized also using various other x-ray methods and AFM. Tables 4 and 5 collect

most of the published crystal structures of HFBI and HFBII, obtained under different

conditions. In the high resolution structures [33, 32, 122], the folds are the same, indicating

that the different arrangements of the proteins in the crystals are due to the crystallization

conditions, for example the presence of salts or detergents.
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7.1.3 T. reesei hydrophobins

This work discusses three different hydrophobin proteins from the same fungus, Tricho-

derma reesei. At the level of primary structure the proteins share a conserved pattern

of eight cysteine residues, which translates into four conserved intramolecular disulfide

bridges and a similar fold in the cases of HFBI and HFBII [33, 32]. HFBIII contains an

extra cysteine residue in addition to the eight conserved ones. No high resolution struc-

ture is available for HFBIII so its cysteine pairing is not known with certainty. However,

the circumstantial evidence presented in this thesis - the similarity of film structures both

at the air/water interface and on solid substrate to those of HFBI and HFBII - strongly

suggest that the cysteine pairing is the same as in the other hydrophobins and the fold of

HFBIII resembles those of HFBI and HFBII.

The functional role of the extra, ninth cysteine residue of HFBIII is currently not

known. It may be free or form a disulfide bridge with another HFBIII monomer. In the

latter case a dimer, much like those used in article V, would be created. The grazing-

incidence x-ray diffraction data of the self-assembled HFBIII films are compatible with

both the monomeric and dimeric forms of the protein, and therefore do not provide clear

evidence for the presence of the intermolecular disulfide bridge. If the extra cysteine

residue does not form an intermolecular disulfide bridge to another HFBIII molecule,

it may bind to something else, another protein or molecule. Free, reactive cysteines in

proteins are rare, and therefore genetically engineered protein mutants are often used

when the thiol (-SH) group chemistry is needed. For instance, Ikkala and coworkers used

a genetically engineered cysteine mutant of HFBI to attach a dendron to when creating

synthetic DNA binding domains [123].

The biological roles of HFBI and HFBII have been studied using knock-out fungi,

where either of the genes encoding the proteins has been deleted [44]. Deletion of the hfb1

gene reduced the overall biomass, and prevented the formation of aerial hyphae, while

deletion of the hfb2 gene affected the sporulation. Furthermore, the different genes are

expressed in the different growth conditions. For example, the hfb1 gene is expressed in

medium containing glucose but not lactose, whereas the opposite is true for the hfb2 gene

[39]. Therefore, when a mutant with the hfb2 gene deleted produces aerial hyphae on

medium containing lactose, it indicates that there are other hydrophobins compensating

for the absence of the deleted gene [44]. The effectiveness of the compensation is likely to

depend on the structural similarity of the different proteins, which would account for the

similitude of the self-assembled films.

41-S-octyl-β-D-thioglucoside
5heptyl-β-D-thioglucoside
6heptyl-β-D-thioglucoside
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Table 4: The crystal structures of HFBI and HFBII in different conditions.

Protein Structure Details on preparation Ref.
Single crystals, atomic resolution. Method: protein crystallography
Protein Crystal: Unit cell: Crystallization: Deter- Ref.
PDB-ID form a, b, c [Å] precipitant & gent

space group α, β, γ [deg] buffer
HFBI monoclinic 108.9, 49.6, 85.7 0.1 M zinc sulfate yes4 [33]
2FZ6 C2 90, 129.4, 90 0.1 M sodium cacodylate

pH 6.5
HFBII monoclinic 78.66, 46.31, 34.59 0.2 M lithium sulfate no [32]
1R2M C2 90, 112.16, 90 10 mM MnCl2

25 % polyethylene glycol
0.1 M Na-HEPES, pH 7.5

HFBII monoclinic 61.08, 66.41, 79.77 0.1 M lithium sulfate yes5 [122]
2PL6 P21 90, 99.23, 90 20% polyethylene glycol

0.1 M Tris, pH 8.48
HFBII orthorhombic 25.3, 57.1, 72.1 0.1 M lithium sulfate yes6 [122]
2PL7 P212121 90, 90, 90 20% polyethylene glycol

0.1 M Tris, pH 6.91
Powder samples. Method: wide-angle x-ray scattering
Protein Crystal Unit cell: ”Crystallization”: Dry Ref.

form a, b, c [Å] salt &
α, β, γ [deg] buffer

HFBI unstable - 20 mM CuSO4 - [65]
0.1 M acetate, pH 5.0

HFBII monoclinic 38.0, 46.6, 27.9 20 mM CuSO4 no [65]
90, 90, 112 0.1 M acetate, pH 5.0

HFBII hexagonal 38.8, 38.8, 80 20 mM CuSO4 yes [65]
90, 90, 120 0.1 M acetate, pH 5.0

Thick coatings on silicon substrate. Method: grazing-incidence x-ray diffraction
Protein Crystal Unit cell: ”Crystallization”: Dry Ref.

form a, b, c [Å] salt &
α, β, γ [deg] buffer

HFBI unstable - 20 mM CuSO4 - [66]
0.1 M acetate, pH 5.0

HFBII monoclinic 38.14, 46.08, 54.6 20 mM CuSO4 no [66]
P1121 90, 90, 122.3 0.1 M acetate, pH 5.0

HFBII hexagonal 38.7, 38.7, 16 20 mM CuSO4 yes [66]
90, 90, 120 0.1 M acetate, pH 5.0
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Table 5: The different crystal structures of HFBI and HFBII in thin films. HOPG =

highly oriented pyrolytic graphite.

Protein Structure Details on preparation Ref.
Langmuir-Blodgett films on mica. Method: atomic force microscopy
Protein Unit cell: Thickness Subphase Dry Ref.

a, b [Å] d [Å]
γ [deg]

HFBI 59.2, 49.9 13 1 mM acetate, pH 5.0 yes [41]
118.9

HFBII 58.7, 44.1 - 1 mM acetate, pH 5.0 yes [41]
122.6

HFBI monolayer films. Method: atomic force microscopy
Film Unit cell: Thickness Subphase / Substrate Dry Ref.
type a, b [Å] d [Å] solution

γ [deg]
LB 60.7, 50.5 13 1 mM sodium acetate mica yes [42]

118.9 pH 5.0
LS 61.1, 66.1 28 1 mM sodium acetate HOPG no [42]

125.6 pH 5.0
LS from 59.2, 43.1 20 100 mM sodium phosphate HOPG no [42]
drop 116.8 150 mM sodium chloride
surface pH 7.0
Multilayer Langmuir-Blodgett films. Method: GID
Protein Unit cell: Thickness Subphase Substrate Dry Ref.
type a, b [Å] d [Å]

γ [deg]
HFBI 54, 54 - 1 mM sodium acetate silicon yes I

120 pH 5.0
HFBII 55, 55 - 1 mM sodium acetate silicon yes I

120 pH 5.0
Langmuir films at the air/water interface. Methods: GID and reflectivity
Protein Unit cell: Thickness Subphase Dry Ref.
type a, b [Å] d [Å]

γ [deg]
HFBI 55, 55 28 1 mM sodium acetate, pH 5.0 no III

120
HFBII 56, 56 24 1 mM sodium acetate, pH 5.0 no III

120
HFBIII 56, 56 - 1 mM sodium acetate, pH 5.0 no II

120
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7.1.4 Class I hydrophobins

Hydrophobins were divided into two classes based on their hydropathy plots [35]. The two

classes differ at least in the solubility of their aggregates and structure of the interfacial

films, as only those of the class I proteins consist of rodlets. Here it might be mentioned

that many of the properties assigned to class I hydrophobins have been observed only in

the most studied member of that class, SC3 from S. commune. The same holds true for

the class II and T. reesei hydrophobins. Therefore, here it might be more accurate to

compare the T. reesei proteins directly to SC3.

The solution behavior of SC3 resembles that of the T. reesei hydrophobins. SC3 asso-

ciates [124] into dimers [116] above a critical concentration. In contrast, the proteins differ

in their self-assembly at the air/water interface: The secondary structure of the T. reesei

proteins does not change upon adsorption and self-assembly, and the film structure re-

mains the same for at least the first ten hours (time span of the longest GID measurement

series of the same sample at different surface pressures). SC3, on the other hand, under-

goes conformational changes following adsorption at the air/water interface [125, 40]. The

final film structure with rodlets of a diameter of 10 nm, as seen with electron microscopy,

is obtained only after an incubation time of hours [40].

7.2 Conclusions

Before discussing the possible directions for future studies, it is appropriate to summarize

the main conclusions obtained in this thesis. The surface active hydrophobin proteins

HFBI, HFBII, and HFBIII from T. reesei were characterized in solution, at the air/water

interface, and on a solid substrate using synchrotron radiation. HFBI, HFBII, and disul-

fide linked HFBI dimers formed stable tetramers in solution. The association was driven

by the hydrophobic effect. At the air/water interface all the T. reesei proteins formed

similar hexagonally ordered films with thicknesses of about 30 Å. Small differences in

the arrangement of the proteins in the HFBI, HFBII, and HFBIII films were attributed

to specific protein-protein interactions. The stable films at the air/water interface could

also be transferred to a silicon substrate. These secreted T. reesei proteins may need the

stability of the structures when facing the outer environment, while the similarity of the

proteins could ease their compensation for each other.

7.3 Future directions

In articles II and III of this thesis self-assembled films of the hydrophobin proteins HFBI,

HFBII, and HFBIII were studied separately at the air/water interface. From a biological

point of view (Fig. 2), the self-assembly of individual proteins is a simplification: All the

three hydrophobins studied here, in addition to the three so far unstudied hydrophobins
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[62], other secreted proteins, nutrients etc., may co-exist in the environment of the actual

fungus. For example, Müller and coworkers identified 29 secreted proteins from Ustilago

maydis, including both hydrophobins and repellents7 [127]. Therefore, there is a complex

interplay of different proteins and chemicals in the soil. It would be truly fascinating to

study an actual growing fungus in situ, and to correlate the morphological changes with

the evolution of the protein films on the surface.

The work presented in this thesis is focused on the behavior of class II hydrophobins.

Class I hydrophobins have been shown to differ from the class II especially in terms of

their interfacial films with 10 nm thick rodlets. Grazing-incidence x-ray diffraction studies

combined with reflectivity in situ at the air/water interface, as a function of time [40],

could help to quantify the differences and help to understand why the structurally rather

similar proteins in one case form monolayer films, and in the other rodlets. Furthermore,

it would be interesting to see whether the behavior can be interchanged under suitable

conditions.

Finally, the surface activity of hydrophobins combined with their stability has given

rise to numerous potential applications. The surface activity of hydrophobins is used to

create and stabilize foams [25, 26, 61], whereas the adsorption of hydrophobins to solid

substrates is employed to modify surfaces [56, 57] or immobilize other substances on the

substrates [58–60]. Undoubtedly the number of application will grow, and with a better

understanding of the behavior of the proteins, the emphasis will shift from representing

ideas to actual prototypes. These new, complex systems will require multiple techniques

for their characterization, including the methods used in this thesis.

Much of today’s structural knowledge on proteins comes from the study of three-

dimensional protein crystals using protein crystallography. However, the use of crys-

tallography is limited by the difficulty of crystallizing proteins. Therefore alternative

characterization methods, even at lower resolution, can significantly contribute to our

understanding of the protein structure and function. Small-angle x-ray scattering allows

one to probe the size and shape of proteins in near physiological solution conditions.

Grazing-incidence x-ray diffraction and reflectivity can be used to characterize adsorbed

protein films at substrates and interfaces. In particular GID could be used to a much

larger extent, as it has so far been applied to only a few protein films. Added to the

amphiphilic proteins, which naturally adsorb to the air/water interface, other proteins

may be anchored there by means of a pre-assembled lipid monolayer. The monolayer can

be chosen to mimic biological membranes, creating a natural environment to probe the

arrangement of the proteins.

7The repellents are surface-active proteins, which at least in U. maydis have functionally replaced
hydrophobins [126].
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[32] J. Hakanpää, A. Paananen, S. Askolin, T. Nakari-Setälä, T. Parkkinen, M. Penttilä,
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nen, R. Serimaa, and M. B. Linder (2003) Structural hierarchy in molecular films

of two class II hydrophobins. Biochemistry 42: 5253 – 5258.

[42] G. R. Szilvay, A. Paananen, K. Laurikainen, E. Vuorimaa, H. Lemmetyinen, J. Pel-

tonen, and M. B. Linder (2007) Self-assembled hydrophobin protein films at the

air-water interface: Structural analysis and molecular engineering. Biochemistry

46: 2345–2354.
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