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The fungal cerato-platanin protein EPL1 forms 

highly ordered layers at hydrophobic/hydrophilic 

interfaces 

K. Bonazzaa, R. Gadererb, S. Neudlc,#, A. Przyluckad, G.Allmaiera, I. S. 
Druzhininab,d

, H. Grothec, G. Friedbacher a and V. Seidl-Seibothb,* 

Cerato-platanin proteins (CPPs) and hydrophobins are two classes of small, secreted proteins 

that are exclusively found in fungi. CPPs are known as chitin-binding proteins, and were 

recently also shown to form protein layers at air/water interfaces, but the features of these 

layers were not investigated on the molecular level yet. In this study, by means of atomic force 

microscopy (AFM), EPL1, a member of the CPP family was shown to form highly ordered 

monolayers at a hydrophobic surface/liquid-interface. Furthermore, two new hydrophobins 

were analysed, and the influence of EPL1 on hydrophobin layers was studied in-situ. 

Hydrophobins are amphiphilic proteins that are able to self-assemble at 

hydrophobic/hydrophilic interfaces, thereby inverting the polarity of the surface. This renders 

fungal growth structures such as spores water repellent. The combination of AFM data and 

wettability experiments led to the conclusion that in presence of both, hydrophobins and EPL1, 

a previously unknown hybrid layer is formed. This mixed protein layer is on one hand not 

inverting but enhancing the hydrophobicity of HOPG (highly oriented pyrolytic graphite), 

typical for EPL1, and on the other hand, it is stable and water insoluble, which is reminiscent 

of hydrophobin layers.  

 

 

Introduction 

 
Self-assembly of molecules into ordered structures is one of the most 
remarkable preconditions for life. One of the most prominent three-
dimensional examples for oriented molecular assemblies are lipid 
monolayers in cell walls. Scientists of multiple disciplines have 
investigated self-assembly phenomena and even the fundamental 
studies of aliphatic self-assembled monolayers (SAM), such as 
octadecylsilane (ODS) or octadecyltrichlorosilane (OTS)1-3, which 
are meanwhile the most understood systems, can be seen in this 
general context. While SAMs are often covalently bound to the 
surface, as shown by reflection infrared spectroscopy3, 4, Langmuir 
Blodget (LB) films, which grow at air-liquid interfaces prior to be 
deposited onto a substrate, usually lack anchor groups. However, it 
has been shown by atomic force microscopy (AFM) that also ODS 
layers first assemble in liquid and then attach to the surface as pre-
formed flakes4.  

Another type of amphiphilic surface active molecules that 
has already been studied in considerable detail is the hydrophobin 
protein family. Hydrophobins are small secreted fungal proteins, 
which were also found to self-assemble at hydrophobic/hydrophilic 
interfaces5, 6. Due to hydrophobic and hydrophilic amino-acid 
patches, creating an amphiphilic protein surface, they are able to 
invert the polarity of surfaces on which they self-assemble very 
effectively. Therefore, they are handled as candidates for large scale 

applications, spanning from non-wetting coatings to biocompatible 
surfactants. Biologically their surface activity-altering properties are 
for example relevant for fungal hyphae that emerge from an aqueous 
growth environment to form aerial hyphae and produce spores, 
which are then covered with a non-wettable layer of hydrophobins. 
This facilitates the dispersal of fungal conidia (spores). The common 
feature of all these layers is that they consist of amphiphilic 
molecules which are uniformly oriented at hydrophilic/hydrophobic 
interfaces; hence their growth is self-terminating, generating 
monolayers.  

Here, a member of the cerato-platanin protein family 
(CPP), namely EPL1 from the fungus Trichoderma atroviride, was 
studied in view of its ability to form ordered self-assembled layers. 
CPPs are not related to hydrophobins with respect to their protein 
sequences or structure, but we recently found that EPL1 is also able 
to form protein biofilms at air/water interfaces 7. However, EPL1 
rather enhances the polarity effects of surfaces and solutions instead 
of inverting them, which is the opposite of what has been described 
for hydrophobins. 

Similar to hydrophobins, CPPs can only be found in 
filamentous fungi (moulds), i.e. fungi that produce hyphae as growth 
structures, or in fungi which have at least a pseudo-hyphal growth 
stage8. They are small, secreted proteins that are released into the 
culture filtrate, but they have also been found within the cell wall of 
fungal hyphae and spores9-11. CPPs are important factors in fungal-
plant interactions. In plant pathogenic fungi they have been reported 
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to act as phytotoxins and were also shown to induce plant defence 
responses in plant-beneficial fungi of the genus Trichoderma12-15. 
However, the presence and abundant expression of CPPs in fungi 
with all types of life-styles suggests that the main biological 
functions are not solely related to fungal-plant interactions but to 
other, more general aspects of fungal growth7, 16, 17. 

Structural analyses revealed that CPPs have a protein fold 
that is similar to expansins18. Expansins are non-enzymatic proteins 
that aid in plant cell wall extension and plant growth by loosening up 
the cellulose scaffold of the cell wall 19.  

In analogy to that, CPPs can bind carbohydrates but are 
also not enzymatically active. They were found to have an N-
acetylglucosamine binding pocket. Binding to chitin, which is a 
biopolymer consisting of N-acetylglucosamine subunits, was already 
shown for some CPPs including EPL17, 20, 21. Since chitin is a 
structural component of the fungal cell wall, it was suggested that 
CPPs might exhibit similar functions in the fungal cell wall as 
expansins do in plants7, 20. 

In addition to these carbohydrate-binding properties, we 
were recently able to show that EPL1 readily self-assembles at  
air/water interfaces and is able to form protein layers on the surface 
of aqueous liquids7.  

In this study we investigated protein layers of EPL1 and 
two new hydrophobins HFB9a and HFB9b with tapping mode 
atomic force microscopy (TM-AFM). The results from this study 
significantly increase our understanding of EPL1 protein layers and 
reveal that upon self-assembly they indeed form a regularly 
patterned protein biofilm surface. Furthermore, since both, CPPs and 
hydrophobins, can be found on/in fungal cell walls, we tested 
whether the formation and patterning of protein layers of 
hydrophobins might be influenced or perturbed by EPL1 and vice 

versa. 
 
 

Results 

 
 
Features of EPL1 protein layers on HOPG 

In a previous study we showed that EPL1 forms irregular, 
meshwork-like or large granular structures upon drying of a droplet 
of protein solution (0.06 µg/ml) on a mica surface7. Following up on 
these results we investigated the topography of EPL1 protein layers 
on HOPG (highly orientated pyrolytic graphite) by preparation and 
imaging in air as well as in-situ preparation an imaging directly in 
liquid (PBS buffer). It turned out that such irregular, meshwork-like 
protein patches can also be observed on HOPG when imaging 
samples prepared by drying a droplet in air (Fig. 1a).  

In order to circumvent limitations in imaging quality on such uneven 
surfaces (see also Fig. 1b), the following experiment was performed: 
HOPG was first imaged with AFM under PBS buffer, then a small 
amount of concentrated EPL1 solution (120 nmol/ml) was added in-

situ to achieve a final concentration of approximately 30 nmol/ml in 
the AFM liquid cell. As shown in Fig. 2, the protein immediately 
formed highly ordered, thin layers (most probably monolayers as 
indicated by the image of an edge of such an ordered EPL1 domain 
in Fig. 2c) on the hydrophobic HOPG surface. Fig. 2a shows a 
topographical image and Fig. 2b an amplitude error image of the 
same area. It can clearly be seen that the recognisability of the 
ordered domains is strongly increased in the amplitude error image. 

This is particularly valid when e.g. steps on the substrate surface are 
encountered in an image. As shown in the height profile (inset in Fig 
2b) the grooves between protein rows have a depth of only 0.2-0.3 
nm.  

    

   
 

Fig. 1. (a) TM-AFM image of the dried liquid-air interface, taken 

after total dehydration of an EPL1 droplet on HOPG and (b) cross 

sectional profile along the line shown in (a). An irregular meshwork 

with a strongly corrugated surface can be seen. Image taken in air, 

height scale: 20 nm from dark to bright. 
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Fig. 2. TM-AFM images of EPL1 on HOPG. (a) Topography image and (b) amlitude error image of the same area. The layers have been 

prepared in-situ in the AFM liquid cell and imaging was performed under PBS buffer. The height profile in the inset (zoom) is derived from 

the topographical image. (c) Image across a margin of an ordered domain, suggesting that a monolayer is observed. (d) The periodicity of 

5.5 nm and two main orientation angles can be extracted from the Fourier transformation of (a). Data scale: (a) 1 nm (topography) and (b, 

c) 10 mV (amplitude error) from dark to bright. 
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For that reason only amplitude error images are shown in the 
following figures. In contrast to the experimental approach shown in 
Fig. 1, where during drying of the droplet rather large amounts of 
protein are deposited on the surface, the images shown in Fig. 2 were 
recorded directly in liquid and here solely a thin layer of EPL1 is 
deposited on an atomically flat surface. This facilitates high-
resolution imaging of the formed protein layer. The Fourier 
transformation in Fig 2d shows a periodicity of ~5.5 nm and the 
height profile in Fig 2b displays a groove depth of 0.2-0.3 nm. 
Previous works reported that hydrophobin layers adhere much 
stronger to HOPG surfaces than to mica22, indicating that the 
hydrophobic interactions are stronger than their hydrophilic 
counterparts. This is in accordance with our experiments insofar as 
no formation of EPL1 protein layers could be observed on mica 
under liquid. Ex-situ AFM measurements performed on EPL1 layers 
on hydrophilic mica and on a hydrophobic gold (111) surface in air 
yielded no ordered structures. 

Influence of EPL1 on hydrophobin protein layers 

Some members of the classes I and II of the hydrophobin family 
have been shown to form ordered monolayers5, 6, 22, 23, but most 
hydrophobins that were identified in fungal genomes in the last years 
have not been characterized by high resolution imaging methods. In 
this study, two hydrophobins, HFB9a and HFB9b from Trichoderma 

virens, belonging to a phylogenetically new section of class I 
hydrophobins in ascomycete fungi24, were analysed in this respect. 
Self-assembled layers of these two hydrophobins were produced 
using the droplet method, which is explained in the experimental 
section.  
AFM images showed that both hydrophobins are able to form 
highly ordered lattices on hydrophobic surfaces (Fig. 3 a and b). The 
surface pattern exhibits a riffled morphology, very similar to the 
EPL1 layers described above, with a separation of 5.3 nm and 5.5 
nm (extracted from the Fourier transformed images) between the 
protein rows, which reflects the similar molecular mass of the 
mature proteins (EPL1 11 kDa, HFB9a 13 kDa, HFB9b 11 kDa). 
Since both, EPL1 and HFBs, are present in/on fungal cell walls, we 
were interested whether the formation and patterning of protein 
layers of hydrophobins might be influenced or perturbed by EPL1. 
In order to elucidate this hypothesis, the effect of EPL1 on HFB9a 
and HFB9b was observed in-situ. First, the effect of EPL1 on pre-
formed hydrophobin layers was tested. As a representative example 
of several independent replications of these experiments, Fig. 3 c and 

d show the samples already shown in Fig. 3 a and b, respectively, 
after addition of EPL1 solution to the AFM’s liquid cell. Significant 
structural changes could not be observed even after one hour of 
scanning. Thus, it can be concluded that EPL1 neither destroys 
ordered HFB layers nor sticks onto their surface to grow layers on 
top of them. Evidently, already existing HFB layers are stable under 
this treatment. Next, the effect of EPL1 on the growth of HFB9a/b 
layers was studied. The respective hydrophobins were mixed with 
EPL1 in a molar ratio of 1 : 1 and the droplet method (see 
experimental section) was applied. As shown in Fig. 4, periodic 
structures were formed, which, at least by AFM, cannot be 
distinguished from those of either pure HFB9a/b or EPL1 alone. 
Image analysis by Fourier transformation (analogous to Fig 2d) 
revealed a periodicity of 6.2 nm and 5.3 nm and the height profiles 
showed groove depths < 1 nm.     
Wettability experiments. Despite their topographical similarity to 
pure hydrophobins, layers composed of HFB9a/EPL1 or 
HFB9b/EPL1 mixtures, exhibited unprecedented macroscopic 
properties: On one hand they were stable upon washing of the 
surface with ultrapure water. This was also found to be the case for 
HFB9a/b layers, whereas EPL1 layers are readily re-solubilized (this 
study and 7). On the other hand the mixed layers were interestingly 
not inverting the hydrophobicity of a HOPG surface anymore (Fig. 
5), which is reminiscent of EPL1 layers. Fig. 5 shows different 
shapes of water drops deposited on pure HOPG and HOPG 
substrates covered either with pure HFB9a/b or with mixed 
HFB9a/EPL1 and HFB9b/EPL1 layers. It can be seen that pure 
HFB9a/b significantly increased the wettability of HOPG, while in 
case of layers mixed with EPL1 the substrate remains hydrophobic. 
These observations were further verified by contact angle 
measurements using 2µl droplets of ultrapure water. In agreement 
with the macroscopic observations, the results (Tab. 1) showed that 
hydrophobin layers on HOPG strongly reduced contact angles, 
whereas hybrid protein layers were more water repellent and yielded 
larger contact angles with similar values as HOPG without protein. 
These results indicate that a new type of hybrid layer was formed. 
Due to the solubility of EPL1 in water, measurements with EPL1 
layers could not be performed. Preliminary experiments with 
MALDI-TOF-MS (Matrix assisted laser desorption ionization - time 
of flight - mass spectrometry in the positive linear ion mode) 
confirmed the presence of two different proteins (hydrophobin and 
EPL1) on the surface but were not conclusive in terms of a further 
characterization of the layers (data not shown). 

 

 

Page 4 of 11Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Soft Matter ARTICLE 

This journal is © The Royal Society of Chemistry 2014 Soft Matter., 2014, 00, 1-3 | 5 

     
 

     
 
 
Fig. 3. AFM amplitude error images of hydrophobin layers produced by the “drop method” imaged under PBS buffer. (a) HFB9a and (b) 

HFB9b. Height profiles in the insets (zooms) are derived from the corresponding topographical images. (c) HFB9a protein layer of (a) after 

in-situ addition of EPL1 and (d) HFB9b protein layer of (b) after in-situ addition of EPL1. Morphological changes upon addition of EPL1 

cannot be observed. The ~5 nm high steps running across the images are terraces of the underlying, cleaved HOPG substrate. Data scale: 

10 mV from dark to bright. 
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Fig. 4. AFM amplitude error images of hybrid layers of (a) EPL1/HFB9a and (b) EPL1/HFB9b. Ordered layers which cannot be 

distinguished from pure EPL1 or HFB9 layers are observed. Height profiles in the insets (zooms) are derived from the corresponding 

topographical images. Data scale: 10 mV from dark to bright. 
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Fig. 5. Photographs of 50-µl and 2-µl water drops deposited on (a) pure HOPG, (b) a HFB9a layer, (c) a HFB9b layer, (d) a HFB9a/EPL1 

hybrid layer, and (e) a HFB9b/EPL1 hybrid layer. The hydrophobins clearly invert the hydrophobicity of HOPG, rendering the surface more 

hydrophilic, while in case of the hybrid layers the surface remains hydrophobic. The insets show 2 µl droplets on the respective surfaces. The 

images were taken during contact angle measurements with the camera integrated in the contact angle device. 

 

 

Type of layer Contact angle [°] 

HOPG surface (without protein) 59 ± 10 

HFB9a 22 ± 9 

HFB9b 27 ± 5 

hybrid layer EPL1 / HFB9a 53 ± 8 

hybrid layer EPL1 / HFB9b 61 ± 7 

 

Tab. 1. Contact angles of 2-µl water droplets on HOPG coated with hydrophobin or hybrid protein layers.  

 

 

Discussion 
 
In this study, we analysed the formation of EPL1 protein layers in-

situ during their formation in buffer, i.e. at solid/liquid interfaces. Up 
to now it was only known that EPL1 self-assembles at air/water 
interfaces 7 but highly ordered structures on the molecular level were 
not observed. We were able to show that upon self-assembly of 
EPL1 indeed highly ordered layers, most likely monolayers (see Fig. 
2c) are formed. In the light of the structural analysis of CPPs18, 21, 
which did not reveal any significant similarities to the amphiphilic 
surface architecture of hydrophobins18, it is a curiosity that EPL1 
nevertheless shows surface active properties. The coarse meshwork-
like structure of the EPL1 protein layer observed in Fig. 1 might 
result from drying of the EPL1 protein droplet and could be caused 
by a rather stiff protein film that is already formed on the surface of 
the droplet (prior to adsorption on the substrate) which is 
subsequently deformed by the shrinkage of the droplet during drying 
and adsorption. The stiffness of this surface film is indicative for a 
stable protein assembly at the air/water interface.  

In this study also two new hydrophobins were analysed, and the 
influence of EPL1 on hydrophobin layers was observed. Both, EPL1 
and HFBs used in this study, were derived from the fungal genus 
Trichoderma. Hydrophobins are conventionally grouped into two 
classes (class I and II) according to their solubility in solvents, 
hydropathy profiles, and spacing between their conserved cysteines. 
In general, protein aggregates of class I hydrophobins are more 
stable and can only be dissolved in strong acids such as TFA, while 
class II aggregates can be dissolved using aqueous dilutions of 
organic solvents25. Previously, in ascomycete fungi only class II 
hydrophobins were detected, but the wealth of fungal genomes that 
became available in the past few years led to the discovery of large 
numbers of new hydrophobins. This included the description of a 
novel sub-set of class I hydrophobins in ascomycetes, such as 
Trichoderma24 and Aspergillus species26. These hydrophobins show 
also the typical eight cysteines which are characteristic for 
hydrophobin sequences. Further, structural predictions revealed the 
typical amphipathic surface that is responsible for the biochemical 
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properties of hydrophobins24. We found that, in analogy to what has 
been shown for other hydrophobins before, also HFB9a and HFB9b 
are able to form highly ordered (mono-)layers. These layers 
dramatically increase the wettability of HOPG surfaces, as was 
shown by the strong alteration of droplet shapes (Fig. 5). This can be 
explained much more straightforward than in the case of EPL1, 
because these proteins indeed have hydrophilic and hydrophobic 
surface patches and therefore behaved like typical hydrophobins. 

 
With respect to EPL1 layers, several aspects of our results indicate 
that the formed protein layers have a monomolecular thickness. At 
the margins of the highly ordered EPL1 layers (see Fig. 2c) higher 
step heights which would be indicative for thicker layers could not 
be observed. Moreover, the flat films with an exceptional long 
distance order (up to micrometers) suggest a self-terminating 
growth, most likely leading to monolayers. Furthermore, in case of 
the amphiphilic hydrophobins the monolayer nature has already been 
shown22. Nevertheless, for EPL1 layers a less probable alternative 
assembly (e.g. double layers) cannot be fully excluded. 

The addition of an EPL1 solution had no effect on pre-
formed hydrophobin layers, whereas when HFB9a/9b and EPL1 
were present in the adsorption solution simultaneously, the resulting 
layers showed interesting, mixed properties. We suggest that an 
alternating pattern of single proteins, subunits or protein rows is 
more likely than a sandwich stack of hydrophobins and EPL1, 
because sandwiches would probably also be formed if EPL1 was 
added to an already formed hydrophobin layer, which was not the 
case. 

The distances of periodical rows of HFB9a- and HFB9b- 
surfaces is 5.3 nm and 5.5 nm, and therefore slightly smaller than 
those of previously published HFB I and II surfaces, which had 
lattice parameters ranging from 5.9 nm to 6.1 nm22, 23. EPL1 
structures revealed a very similar periodicity of 5.5 nm. The 
HFB9a/EPL1 hybrid layers had a slightly increased distance between 
protein rows (6.2 nm) in contrast to the HFB9b/EPL1 hybrids (5.3 
nm). However the differences are not significant enough to allow 
any interpretations on the organization of these hybrid layers. This is 
also the case for height differences, as profiles show similar sub-
nanometer grooves for both, pure-protein and hybrid-layers. The 
organisation and distribution of the two protein species in those 
hybrid layers will be an important and interesting aspect for further 
investigations. The fact that the wettability of hybrid layers was the 
opposite of what was observed for hydrophobin layers suggests the 
orientation of hydrophilic/hydrophobic patches of the proteins was at 
least slightly altered. Protein-protein interactions between EPL1 and 
the hydrophobins are the likely driving force for that, but detailed 
investigations on the single-molecule level will probably be 
necessary to elucidate that further. 

The observation of hybrid layers has interesting 
implications for potential biotechnological applications as well as for 
the biological roles of EPL1 and CPPs in general. Hybrid layers, 
which are not as water-soluble as pure EPL1 layers, could be used to 
enhance the wettability-properties of surfaces in applications where a 
uniform moistening of a moderately hydrophobic surface is of 
interest, e.g. in cleaning agents or in spraying applications of plant 
protection products. 

Concerning the biological functions of CPPs it has 
previously been suggested that they might play a role in fungal 
growth and development due to their chitin-binding properties and 
abundant expression during many different growth conditions7, 16, 21. 
Interestingly the epl1 gene in T. atroviride, as well as its orthologues 
in other fungi, are abundantly expressed during hyphal growth 
whereas expression of hydrophobins is usually rather related to 
sporulation, but this has not been tested for the specific case of hfb9a 

and hfb9b yet. However, since EPL1 is in our experience relatively 
stable, also in fungal cultivations, and in addition other CPPs such as 
epl2 are also expressed during sporulation7, it is presumable that 
CPPs and hydrophobins also interact in vivo. In this context it is 
interesting that EPL1 does not affect existing hydrophobin layers, 
but modifies surface properties in a more subtle way. The biological 
consequence of mixed hydrophobin/CPP layers would be that fungal 
growth structures could, under certain conditions, be covered with a 
protein biofilm which does not invert the polarity of the surface. For 
polar or hydrophilic molecules, such as those found in the fungal cell 
wall (carbohydrates and proteins), this would mean an increase of 
the wettability and hydrophilicity. Most fungi prefer moist growth 
conditions and therefore an enhancement of the wettability of fungal 
hyphae might be advantageous for the fungus. Such properties could 
also aid in the adherence of hyphae to certain surfaces and thus in a 
better adaptation of the fungus to a growth environment that has 
zones with varying water content, as might be found in natural 
environments such as soil.  

With respect to the potential roles of CPPs and/or mixed 
hydrophobin/CPP layers in fungal growth it has to be mentioned 
that, e.g. for epl1 gene knockout strains so far no growth defects or 
phenotypes related to the formation of hyphae or spores were 
detected, also not during stress growth conditions such as osmotic 
stress7. This shows that epl1 is a non-essential gene despite the 
abundant production of EPL1 during fungal growth. In contrast to 
that, epl1 knockout strains, as well as knockout strains of its 
orthologue in T. virens, sm1, show a reduced induction of plant 
defense responses27, (Romana Gaderer, Netta L. Lamdan, Alexa 
Frischmann, Benjamin A. Horwitz and Verena Seidl-Seiboth, 
manuscript submitted). Whether this is solely due to the fact that 
CPPs such as EPL1 or SM1 effectively signal the presence of a 
fungus for plants or whether CPPs are directly involved in the 
physical interaction of fungal hyphae with plant roots remains to be 
investigated. While Trichoderma species are not pathogenic for 
plants but rather plant-beneficial fungi, in plant pathogens it was 
already reported that knockout strains of CP-genes showed reduced 
virulence and necrosis of plant tissue15, 17, 28. The attachment and 
interaction of fungal hyphae with plants, e.g. during the infection 
process of plant leaves or roots by plant pathogenic fungi could be 
influenced by either mixed layers of hydrophobins and CPPs, as 
shown in this paper, which would have a direct effect on the 
attachment-abilities of hyphae, or possibly also by the interaction of 
CPPs with plant surface proteins, which could alter the surface 
properties of the plant leave, thereby aiding in the pathogenic attack 
of the fungus. The findings of this study provide a possible starting 
point towards understanding the mechanistic effects of CPPs in 
fungal-plant interactions in more detail.  
 
 
 
 
Experimental 
 
Production and purification of EPL1 

The protein EPL1 was purified from culture supernatants of 
Trichoderma atroviride P1 as described in9. Briefly, culture 
supernatants were concentrated via ultrafiltration using a membrane 
with 10 kDa cut-off and subsequently purified via cation-exchange 
chromatography. Purification steps were checked with SDS-PAGE 
29. The protein was stored at 4 °C in sodium acetate buffer, pH 4.5. 
This pH is close to that of T. atroviride cultivations from which 
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EPL1 is purified and the protein was found to be very stable under 
these conditions. 
 
Overexpression and purification of hydrophobins  

The hydrophobins that were used in this study are Trichoderma 

virens HFB9a and HFB9b. The respective NCBI/EMBL/DDBJ 
accession number, derived from the genome sequencing project of T. 

virens Gv29-8 v2.0 (http://genome.jgi-
psf.org/TriviGv29_8_2/TriviGv29_8_2.home.html) are  EHK16816  
for HFB9a and EHK25899 for HFB9b. In order to amplify cDNA 
fragments of T. virens hfb9a and hfb9b the primers hfb9a-fw 
(CAACAAGGGCAAAGGTGGCAA), hfb9a-rv 
(TCGTAGATGTTGATGGTGATGGG) and hfb9b-fw 
(CAACAACAACTGGCAGAGCAAC) and hfb9b-rv 
(GTAAACGACCTTGGACTGTCCG) were used. The hydrophobin 
genes were fused between an N-terminal pelB leader directing the 
proteins to the bacterial periplasm and a C-terminal 6xHis-Tag for 
rapid purification by affinity chromatography. Overexpression of 
hydrophobins was carried out in Escherichia coli BL21 DE3 strain 
(GE Healthcare, Amersham, England). Bacterial strains were 
cultivated in LB broth containing 40 µg/mL kanamycin at 37 °C and 
170 RPM, expression was induced by the addition of isothiopropyl-
β-D-galactoside at a final concentration of 0.05 mM. The culture 
was incubated for 5 hours and the cells were harvested by 
centrifugation (5000 g, 4°C, 10 min). Cell pellets were resuspended 
in 5 mL buffer and purified using the HisTALON™ Gravity Column 
Purification Kit (Takara Bio Company, Mountain View, CA, USA). 
Purification was carried out according to the manufacturer’s 
instructions. Sonification was used to lyse the cells (10 cycles; 30 
sec pulse with 1 min on ice between pulses) and the supernatant 
separated by centrifugation at 5000 g for 30 min at 4 °C. The pellet 
was washed twice with the equilibration buffer containing 2 M urea. 
After the final centrifugation (5000 g, 10 min at 4 °C) inclusion 
bodies were solubilised in the equilibration buffer containing 8 M 
urea and refolded while bound to the column. The proteins were 
loaded onto 2 mL of Co2+-charged affinity resin (TALON® Metal 
Affinity Resin, Takara Bio Company, Mountain View, CA, USA) 
and subsequently washed with 10 column volumes of equilibration 
buffer containing 8 M urea. An on-column refolding was performed 
using a step-wise gradient from 8 M to 0 M urea using a refolding 
buffer that contained 1 mM reduced glutathione and 0.1 mM 
oxidized glutathione. For each step 2 column volumes were used 
until the buffer was free of urea. The beads were then washed with 
10 column volumes of equilibration buffer containing 20 mM 
imidazole to remove histidine-rich impurities. The elution was 
performed using 300 mM imidazole elution buffer. PD-10 desalting 
columns (GE Healthcare, Amersham, England) were used to 
exchange the buffer to 100 mM K2HPO4/KH2PO4 buffer at pH 7. 
Protein concentration was determined using the Bio-Rad Protein 
Assay (Biorad, Hercules, CA, USA) and bovine serum albumin as 
standard. The purified proteins were analysed with SDS-PAGE and 
staining was performed with Coomassie Brilliant Blue R-250 29.  
  
 

AFM sample preparation and imaging 

Samples were prepared by 3 different methods: i) Completely drying 
a drop of protein solution on the HOPG substrate, ii) Droplet 
method: Ordered hydrophobin layers were obtained by the following 
procedure: A 50-µL drop of 1 nmol/ml solution was first pipetted 
onto a freshly cleaved HOPG surface. After 2 h of incubation in 
humid environment the hydrophobin layer, which had self-
assembled on the drop surface, was transferred and thereby inversed, 

by gently touching the drop with another freshly cleaved HOPG 
substrate. Before imaging, the samples were extensively washed 
with buffer. iii) In-situ preparation: Ordered layers of EPL1 were 
generated in-situ adding a small amount of concentrated EPL1 
solution (120 nmol/ml) to the liquid cell to achieve a final 
concentration of approximately 30 nmol/ml. For this purpose 
scanning was interrupted for approximately 30 seconds at a tip-
sample separation of 300 nm. 
AFM images where recorded in tapping mode with a NanoScope V 
(Bruker, Santa Barbara, CA, USA) either in air or under PBS 
(phosphate buffered saline) buffer. In both cases the same type of 
cantilevers was used in order to increase comparability: Etched 
single crystal silicon probes (NCH from Nanoworld, Neuchatel, 
Switzerland) with a spring constant of 42 N/m. A free oscillating 
amplitude of approximately 50-100 mV and a drive frequency of 
either ~180 kHz (liquid) or 298 kHz (air) were chosen. Images were 
taken with set-points corresponding to a damping of approximately 
90% of the free amplitude. The pixel size of 500 nm x 500 nm 
images was set to 512 x 512. In order to enhance the contrast and to 
increase the visibility of the ordering in the domains, instead of 
topography images amplitude error images have been chosen for 
presentation in this paper. The scanner was frequently calibrated and 
confirmed to have a tolerance of less than 5%. When periodical 
surface structures were imaged, artefacts due to oscillation were 
excluded by controlling the correct size scaling and by changing the 
scanning angle. AFM experiments described in this study were 
repeated at least two times on independent samples and 
representative images are shown. 
 
Surface Contact Angle Measurements 

 
Contact angle measurements were performed on a contact angle 
device DSA 100 (KRÜSS, Hamburg, Germany) using the sessile 
drop method. For the analysis of the surface properties of protein 
layers, 2 µl drops of ultrapure water were set down on a HOPG 
substrate which was either freshly cleaved or coated with 
hydrophobins or hybrid layers. Drop shapes were modelled with the 
software program DSA1 (KRÜSS) using a polynomial function. 
From each surface at least 2 independent samples were prepared, the 
formation of layers was checked by AFM and 7-15 drops were 
analysed. 
 

Conclusions 

 
In this study we showed with AFM that the CPP EPL1 readily 
forms highly ordered (mono)layers at liquid/solid interfaces 
which is remarkable, considering that this molecule has no 
evidently amphiphilic structural features. This is a clear 
indication for fast and efficient self-assembly of EPL1. 
Furthermore, from a phenomenological point of view it was 
observed that hybrid layers with mixed properties are formed 
upon simultaneous presence of both, hydrophobins and EPL1, 
in solution, whereas pre-formed hydrophobin layers are not 
perturbed by subsequent addition of EPL1. This unprecedented 
mixture of properties provides a promising starting point for 
future investigations of their detailed structure and organisation 
as well as for potential biotechnological applications of CPPs. 
Furthermore, CPPs might act as antagonists for hydrophobins 
by subtly modifying their surface activity-altering properties.  
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