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Hydrophobins are small proteins that function in the growth and de-
velopment of fungi. The structures of class II hydrophobins HFBI
and HFBII from Trichoderma reesei were studied using grazing inci-
dence X-ray diffraction. HFBI was weakly ordered but HFBII formed
a highly crystalline coating on water surface. Change from monoclinic
to hexagonal structure was observed as the sample dried. The three-
dimensional structures differed from the oblique two-dimensional
structures observed in Langmuir-Blodgett monolayers of both HFBI
and HFBII by atomic force microscopy.
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1. Introduction

Hydrophobins are fungal proteins, which have remarkable biophysical
properties and diverse roles in fungal growth and development. They
work as adhesive agents, as coatings, and lower the surface tension.
They function also within the cell wall matrix affecting the wall com-
position (van Wetteret al.,2000; Wösten 2001). In general the proper-
ties of hydrophobins seem to be related to their ability to self-assemble.
Hydrophobins show large sequence variation within the group but al-
ways have four intrachain disulfide bridges in a special pattern (Fig.
1b). Depending on the hydrophobicity distribution of the primary se-
quence, hydrophobins can be divided into two classes, I and II. Class
I hydrophobin SC3 is the most surface active protein known. Class I
hydrophobins form highly insoluble coatings consisting of rodlets of
50–120Å in diameter, which have shown to fulfill criteria for amy-
loid assemblies (de Vocthet al., 2000; Mackayet al., 2001). Class II
hydrophobins form also assemblies at hydrophobic/hydrophilic inter-
faces, but dissociate in e.g. ethanol and sodium dodecyl sulfate (SDS).
Amyloid-like rodlets have not been observed in coatings of class II
hydrophobins (W¨osten 2001).

The assemblages of class I hydrophobins have not been character-
ized by X-ray scattering even though there are several studies on amy-
loid rodlets (e.g. Blakeet al.,1996). Torkkeliet al.(2002) studied class
II hydrophobins HFBI and HFBII from Trichoderma reesei (Nakari-
Setälä et al.,1997), by X-ray scattering and observed that samples of
HFBI were amorphous but that those of HFBII were crystalline in the
solid state. HFBII was observed to form needle-like crystals with di-
ameters of 2-3µm and lengths of 15-25µm on an air bubble after
mixing of the sample. In some cases needles up to several hundredµm
were observed. HFBI also formed aggregates upon mixing but they
were of less regular shape and more unstable than those of HFBII and
dissolved during standing. In dilute aqueous solution both HFBI and

HFBII existed mainly as monomers and dimers but in concentrated so-
lutions they formed assemblages which have a radius of gyration of
about 24Å and a maximum dimension of about 65Å, corresponding
to a size of a tetramer (Torkkeliet al.,2002). Monolayers of HFBI and
HFBII were also made by Langmuir-Blogdett technique and according
to atomic force microscopy (AFM) results both films were crystalline
(Paananenet al.,2002).

Figure 1
a) The primary sequences of HFBI and HFBII using the standard one-letter

abbreviation for amino acids. b) The drawing shows how the Cys-residues form
disulfides and the loops thus formed by the peptide chain. More detailed mod-
els of the structures of the proteins are not available. The sizes of the HFBI and
HFBII monomers are 7.5 kDa and 7.2 kDa, respectively.

In this work spontaneously formed coatings of HFBI and HFBII at
the air-water interface were studied by grazing incidence X-ray diffrac-
tion (GIXD). Grazing incidence diffraction is a powerful tool for struc-
tural studies of thin films and coatings and gives information on struc-
tures both parallel and perpendicular to the film surface (Als-Nielsen
et al.,1994). Two-dimensional structures of several protein monolay-
ers at the air-water interface have been determined using synchrotron
radiation (e.g. Weygand 1999; Verclaset al.1999; Lenneet al.,2000).
Electron microscopy and atomic force microscopy give also informa-
tion on the in-plane structure of protein monolayers (e.g. Avila-Sakar
et al.,1996; Czajkowskiet al.,1998; Reviakineet al.,1998; Scheuring
et al.,1999). GIXD results are compared with results of AFM studies
of HFBI and HFBII monolayers (Paananenet al.,2002).

2. Experimental

2.1. Samples
HFBI was extracted from Trichoderma reesei strain VTT-D-98492

mycelium with 1% SDS in 0.2 M Na-acetate buffer pH 5.0. Buffer ex-
change to 15 mM Tris pH 9.0 buffer was then done by desalting on
10DG columns (BioRad, Hercules, CA). The sample was then loaded
on a Resource Q column (Amersham Pharmacia Biotech, Uppsala,
Sweden) and eluted with a linear salt gradient from 0 to 0.2 M NaCl.
The HFBI peak fraction was then loaded onto a 1× 20 cm Vydac C4
(Grace Vydac, Hesperia, CA) high performance liquid chromatogra-
phy (HPLC) reversed phase column equilibrated with 0.1% TFA and
eluted with a linear gradient of acetonitrile with 0.1% TFA. The HFBI
peak fraction was finally lyophilized. HFBII was purified from the cul-
ture medium of a fermentation of Trichoderma reesei strain QM9414
by extraction with 2% of the non-ionic surfactant Berol 523 (Akzo-
Nobel, Sweden). The extracted fraction was further purified by HPLC
as described above and then lyophilized. Lyophilization was in all cases
continued for 20 h at 0.2 mbar and a final temperature of 293 K.

Assemblages of hydrophobins are formed easily by shaking in most
hydrophobin solutions. A concentration of 7.5 mg/ml hydrophobin was
used in 0.1 M acetate buffer pH 5.0 with 20 mM CuSO4 in a final vol-
ume of 0.9 ml. The solution was mixed on a laboratory shaker for one
hour and then centrifuged using 5000×g for 5 min. The pellet was then
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characterized as such (Linderet al.,2001). The primary sequences of
HFBI and HFBII are shown in Fig. 1(a).

The Langmuir-Blodgett films were prepared with a KSV minitrough
LB system (KSV Instruments). A 1 mM acetate buffer (pH = 5.0) in
water purified by a Milli-Q system (Millipore) was used as a subphase.
The temperature of the subphase was 18.0±0.5 ◦C. HFBI and HFBII
were spread on the subphase from water solutions. After the surface
pressure had stabilized for 20 min the monolayers were compressed at
a rate of 10 mm/min to the deposition pressure of 30 mN/m. The films
were transferred onto mica substrates by the vertical lifting method at
a rate of 10 mm/min with transfer ratios near unity. AFM experiments
are described in Paananenet al. (2002).

2.2. Grazing incidence X-ray diffraction experiments
GIXD experiments were performed at beamline W1.1 at Hamburger

Synchrotronstrahlungslabor (HASYLAB) in Hamburg, Germany, with
a wavelength of 1.24̊A. The beam was monochromatized by a double
crystal Si(111) monochromator and focused on the sample, where its
height and width were 1.5 and 4 mm, respectively. The beam was fur-
ther reduced with slits to 0.1×1.5 mm. The scattering intensities were
measured with a scintillation counter and the incident flux was moni-
tored using an ionization chamber. The scans were performed both in
the plane of the substrate surface (in-plane), which is horizontal, and in
the plane containing the surface normal and the incident beam (out-of-
plane). In both cases, the angle of incidence was held constant, 0.16◦,
during the scan and in the in-plane scans the vertical (take-off) angle
was also 0.16◦. The angular step was between 0.01 and 0.02◦ and re-
ceiving slits equivalent of 0.12 and 0.03◦ were used for in-plane and
out-of-plane scans, respectively. The magnitudes of the scattering vec-
tor q were from 0.12 to 1.00̊A−1, whereq = (4π/λ) sinθ, 2θ is the
scattering angle andλ the wavelength.

Hydrophobin was mixed in a drop of water on a silicon substrate.
The in-plane and out-of-plane diffraction patterns were measured di-
rectly from the surface of the drop and from the deposited, dehydrated
coating on the Si surface after dehydration. Note that in the former case
the angle of incidence with respect to drop surface is not well defined.
The measuring times were about 25 min/scan.

3. Results

The in-plane diffraction pattern of HFBI is shown in Fig. 2. Only one
broad interference maximum is observed corresponding to Bragg dis-
tance of about 15.5̊A. The upturn of intensity towardsq = 0 is mainly
due to background scattering, which has not been subtracted.

HFBII was more ordered. On the droplet (Fig. 3) its structure is
monoclinic, which has been determined earlier from an isotropic ’pow-
der’ sample (Torkkeliet al.,2002) as being either space group 3 or 4
using a conventional X-ray source and a small angle X-ray scattering
setup. The higher resolution of the synchrotron radiation based setup
allows one to resolve more reflections and to confirm space group 4,
P1121, as the appropriate choice. The crystallites lie with theirc-axis
along the interface which is shown by the relative magnitude of the
hk0 reflections and lack of 00l reflections in this scan (Fig. 3) which is
made in the out-of-plane direction. The lattice constants area = 38.14
Å, b = 46.08 Å, c = 54.6 Å andγ = 122.3◦.

Subsequent scans were made from the dehydrated sample about
10 min later (Fig. 4). The out-of-plane scan now shows fewer and
broader reflections indicating two dimensional hexagonal order with
a = b = 38.7Å. The in-plane scan reveals additional reflections which
show that the structure is three-dimensional hexagonal. The third axis,
c = 16.0Å, is oriented parallel to the surface. The broadening of the re-
flections indicates that the size of the crystallites has diminished. The

estimated size of the crystallites in the dry coating is roughly 600Å
which was determined from reflection 100 of the out-of-plane pattern
using the Scherrer formula. The structure is essentially the same as in
the lyophilized powder sample of the previous work (Torkkeliet al.,
2002), but the size of the crystallites is larger in the coating.
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Figure 2
Scattering intensity of HFBI from the surface of a water droplet measured in the
in-plane direction. The single reflection occurs atq = 0.405Å−1.

0.1 0.2 0.3 0.4 0.5 0.6
q   [1/Å]

In
te

ns
ity

   
[a

.u
.]

01
0

1− 10
10

0
01

1
1− 11

10
1

1− 20
01

2
1− 12

1− 21
11

0
02

0
2− 10

2− 20
1− 22 20

0
1− 30

2− 22
2− 30

2− 31
12

0
11

3
1− 32

2− 13
03

0
03

1

03
2

1− 33
2− 40

2− 41 1− 40
1− 41

3− 33
04

0

Figure 3
Scattering intensity of HFBII crystals on a water droplet measured in the out-
of-plane direction. The indexation is based on monoclinic space group P1121
using lattice constantsa = 38.14 Å, b = 46.08 Å, c = 54.6 Å andγ = 122.3◦

4. Discussion

The results of GIXD experiments show that especially HFBII sponta-
neously forms ordered layers at the air-water interface. HFBI was ob-
served to form a weakly ordered coating on a water droplet. The only
peak in the diffraction pattern (Fig. 2) might arise from a short range
order of monomers. We cannot exclude that also HFBI crystallizes to
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some extent, but its structure is unstable. Macromolecular crystals are
held together by weak intermolecular interactions and can disintegrate
in unfavorable conditions. In the previous X-ray scattering study on
powder samples we were not able to detect long range order in HFBI
samples. However, HFBI was observed to form unstable fibrillar as-
semblies in micrometer scale (Torkkeliet al.,2002).
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Figure 4
Scattering intensity of dehydrated HFBII on silicon surface. The indexation is
according to hexagonal structure witha = b = 38.7 Å, c = 16.0 Å and
γ = 120◦. The thick curve below is the intensity from the out-of-plane scan
and the two upper curves are in-plane scans, lower of which is measured with
better angular resolution using a receiving slit of 0.03◦

HFBII was observed to be crystalline both on the droplet and as a
dry coating (Fig. 2 and 3). The change from monoclinic to hexagonal
form was observed as the sample dried. Previously it was observed that
the crystal habit of HFBII is needlelike, which leads easily to preferred
orientation of crystallites on the coating. The lattice constants could be
determined more accurately in this work using synchrotron radiation.
Polymorphism is not rare for protein crystals and may result from vari-
ation in crystallization conditions. In addition to humidity, temperature
and pH may lead to different crystal forms for the same protein (e.g.
Durbin & Feher 1996; Vilenchiket al.,1998).

Little is known about the conformations and the shapes of the
monomers. According to SAXS results of the previous study (Torkkeli
et al.2002) both HFBI and HFBII existed in concentrated solutions as
tetramers, which were similar in size but different in shape. Low res-
olution shapes for HFBI (Paananenet al.,2002) and HFBII (Torkkeli
et al., 2002) tetramers were resolved from solution SAXS data using
the program Dammin (Svergun 1999). HFBI was torus-like and HFBII
elongated with four branches. A similar tetramer conformation was ob-
served to fit also to the SAXS intensity curve of the monoclinic powder
sample at small values ofq (Torkkeli et al., 2002). We are trying to
grow single hydrophobin crystals for a high resolution structure deter-
mination, but have not yet been succesful.

The easy formation of coatings is an unusual feature of hy-
drophobins. The difference in crystallinity of HFBI and HFBII may
be related to their different roles in fungal development. HFBI is found
in aggregated form in fungal cell wall and HFBII is found on spores
(Nakari-Setäläet al.,1997). According to Linderet al. (2000) some of
their properties are different as well, e.g. HFBI has a higher affinity to
surfactants and HFBII is more hydrophobic than HFBI.

AFM images of both HFBI and HFBII monolayers showed micro-
pores of roughly 10–20̊A in diameter in a regular two-dimensional
order. The depth of the pores could not be determined but the thickness
of the layer is estimated roughly as 15Å. This porous structure may be
of importance from the point of view of applications. For example, Vi-
lenchiket al.,(1998) have proposed that useful microporous materials
can be obtained by using protein crystals, with a pore size range of 20
Å to more than 100̊A in diameter.

AFM data indicates an oblique structure for both HFBI and HF-
BII monolayers (Paananenet al.,2002). The lattice constants of HFBI
are a = 59.2Å, b = 49.9Å, γ = 118.9◦ and those of HFBII are
a = 58.7Å, b = 44.1Å, γ = 122.6◦. The area of the unit cell
of HFBI is slightly larger than that of HFBII, which may be due to
different shapes and sizes of the deposited hydrophobins. In the two-
dimensional lattices the angleγ is roughly 120◦, which is close to the
angle between the lattice vectorsa andb in both three-dimensional lat-
tices of HFBII, but lengths of lattice vectorsa in the two-dimensional
and three-dimensional unit cells differ notably.

It is interesting that HFBII has different structures as a monolayer
and as a bulk coating and that HFBI was crystalline only as a mono-
layer. This may indicate that the protein conformations are not the same
in bulk and monolayers. During the assembly of the monolayer onto
surface the conformation of the monomers may change in such a way
that hydrophilic and hydrophobic groups orient themselves at opposite
sides on the coating. For Class I hydrophobin SC3 three different con-
formations have been revealed. One is observed in solution and two in
the solid state. SC3 adoptsα-helical state upon binding to a hydropho-
bic solid andβ-sheet state, which is formed at the air-water interface
(de Vochtet al.,2002). The hydrophobin EAS was found to be largely
unstructured in solution and to form amyloid-like structures (Mackay
et al.,2001).

5. Conclusions

HFBII was observed to form spontaneously a crystalline coating on a
droplet and a change from monoclinic to hexagonal crystal form was
verified as the sample dried. HFBI was weakly ordered on the air-water
interface. However, both proteins have a tendency to self-organize on
substrates, since crystalline monolayers could be produced from of
them using Langmuir-Blodgett technique. It is known that interactions
with the hydrophobic surface of the substrate and the buffer may affect
the obtained two-dimensional structure (Lenneet al.,2000). Thus in-
teractions with the surface may stabilize the ordered structure of HFBI
monolayer. The relation of the protein natural functions to the struc-
tures of the coatings is not yet known and deserves further studies. This
study indicating different nanostructures for HFBI and HFBII is a step
towards understanding of the assembly and functions of hydrophobins.
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Dencher, N.A., & Lösche, M. (1999).J. Mol. Biol.287, 837-843.

Vilenchik, L.Z., Griffith, J.P., St. Clair, N., Navia, M.A., & Margolin, A.L.
(1998).J. Am. Chem. Soc.120(18), 4290 -4294.

Wang, X., De Vocht, M.L., De Jonge, J., Poolman, B., Robillard, G.T. (2002).
Protein Science11(5), 1172-1181.

van Wetter, M.-A., W¨osten, H.A.B., Sietsma, J.H. & Wessels J.G.H. (2000).
Fungal Genetics and Biology31, 99-104.

Weygand,M., Wetzer, B., Pum, D., Sleytr, U.B., Cuvillier, N., Kjaer, K., Howes,
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Wösten, H. (2001).Annu. Rev. Microbiol.55, 625-646.


	mk1

