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ABSTRACT

Fungal hydrophobins are small amphiphilic proteins that can be used for coatings on hydrophilic and hydrophobic surfaces.
Through the formation of monolayers, they change the hydrophobicity of a given surface. Especially, the class I hydrophobins
are interesting for biotechnology, because their layers are stable at high temperatures and can only be removed with strong sol-
vents. These proteins self-assemble into monolayers under physiological conditions and undergo conformational changes that
stabilize the layer structure. Several studies have demonstrated how the fusion of hydrophobins with short peptides allows the
specific modification of the properties of a given surface or have increased the protein production levels through controlled lo-
calization of hydrophobin molecules inside the cell. Here, we fused the Aspergillus nidulans laccase LccC to the class I hydropho-
bins DewA and DewB and used the fusion proteins to functionalize surfaces with immobilized enzymes. In contrast to previous
studies with enzymes fused to class II hydrophobins, the DewA-LccC fusion protein is secreted into the culture medium. The
crude culture supernatant was directly used for coatings of glass and polystyrene without additional purification steps. The high-
est laccase surface activity was achieved after protein immobilization on modified hydrophilic polystyrene at pH 7. This study
presents an easy-to-use alternative to classical enzyme immobilization techniques and can be applied not only for laccases but
also for other biotechnologically relevant enzymes.

IMPORTANCE

Although fusion with small peptides to modify hydrophobin properties has already been performed in several studies, fusion
with an enzyme presents a more challenging task. Both protein partners need to remain in active form so that the hydrophobins
can interact with one another and form layers, and so the enzyme (e.g., laccase) will remain active at the same time. Also, because
of the amphiphilic nature of hydrophobins, their production and purification remain challenging so far and often include steps
that would irreversibly disrupt most enzymes. In our study, we present the first functional fusion proteins of class I hydropho-
bins from A. nidulans with a laccase. The resulting fusion enzyme is directly secreted into the culture medium by the fungus and
can be used for the functionalization of hard surfaces.

Immobilization of enzymes is of increasing importance in bio-
technology. It provides various advantages compared to the ap-

plication of free enzymes in solution, like increased stability, easy
recovery, and reuse of the enzymes (1, 2). In some cases, binding
to certain surfaces even improved enzyme activity (3). Several
methods of immobilization are distinguished and are based on
chemical and physical interactions between the enzyme and the
surface, each having its own advantages and disadvantages (1, 2).
Basic parameters, like maintenance of high enzyme activity, pre-
vention of enzyme leaching, and contamination of the product,
are relevant for choosing the right method, depending on the re-
action system. Special surface materials, chemical treatments, or
spacer molecules are often required to ensure binding of the en-
zyme in an active form (2). These specifications not only limit the
method application but also increase the procedure complexity
and costs. An ability of some proteins, like, for example, fungal
hydrophobins, to self-assemble in stable layers under physiologi-
cal conditions presents a clear advantage in the development of
enzyme immobilization systems.

Hydrophobins are small amphiphilic proteins that spontane-
ously form monolayers on hydrophilic and hydrophobic surfaces,
changing their characteristics (4–6). In fungi, hydrophobins are
secreted to reduce surface tension at the medium-air interface
during hyphal growth and are responsible for the hydrophobicity
of the aerial structures, such as aerial hyphae, conidiophores,

fruiting bodies, and spores (6). Depending on their structural
characteristics, hydrophobins are divided into two classes, with
class I protein aggregates binding strongly to surfaces and resisting
detergents and high temperatures (5, 7). In contrast, layers of class
II hydrophobins can be easily dissolved by pressure, detergents, or
ethanol. The assembly of class I hydrophobins in highly stable
monolayers is associated with the formation of amyloid fibrillar
structures and includes conformational changes of the protein
molecules upon interaction (8, 9).

The development of recombinantly produced hydrophobins
in E. coli opened the possibility to test their application in various
systems (10–12). Class I hydrophobins can be used to disperse
hydrophobic substances in water and immobilize molecules on
solid surfaces, as well as in antifouling (6). The filamentous fungus

Received 10 May 2016 Accepted 9 August 2016

Accepted manuscript posted online 26 August 2016

Citation Fokina O, Fenchel A, Winandy L, Fischer R. 2016. Immobilization of LccC
laccase from Aspergillus nidulans on hard surfaces via fungal hydrophobins. Appl
Environ Microbiol 82:6395–6402. doi:10.1128/AEM.01413-16.

Editor: A. A. Brakhage, HKI and University of Jena

Address correspondence to Oleksandra Fokina, oleksandra.fokina@kit.edu, or
Reinhard Fischer, reinhard.fischer@kit.edu.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

November 2016 Volume 82 Number 21 aem.asm.org 6395Applied and Environmental Microbiology

 on O
ctober 19, 2016 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/AEM.01413-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01413-16&domain=pdf&date_stamp=2016-8-26
http://aem.asm.org
http://aem.asm.org/


Aspergillus nidulans produces several class I hydrophobins, in-
cluding a well-studied protein, DewA, which already showed great
industrial potential and appears in several patent applications (13,
14). DewA has been used as an emulsion stabilizer, in optimiza-
tion of biliary stents, in the production of microcapsules, and was
even fused to peptides for selective enhancement of human cell
adhesion to surfaces (15–17). A DewA-enzyme fusion presents a
tempting alternative to conventional methods of highly stable sur-
face functionalization with an enzyme. So far, a functional enzyme
fusion was achieved to class II hydrophobins to enhance the activ-
ity of cutinases in solution and to create self-organized mem-
branes with glucose oxidase on a solid surface (18–20). Extracel-
lular fungal laccases present a suitable target for fusion with
hydrophobins for immobilization due to their monomeric struc-
ture, high stability, and great biotechnological potential (21, 22).
Different conventional immobilization methods have already
been reported for laccases with application in dye decolorization,
waste degradation, and in biological fuel cells (23).

Laccases (EC 1.10.3.2) belong to a group of blue oxidoreduc-
tases that can oxidize various aromatic and nonaromatic com-
pounds (21, 24). Their redox potential depends on the coordina-
tion of copper ions in the catalytic center and serves as a criterion
to divide them into three classes (25). A. nidulans produces several
low-redox-potential laccases with low expression levels in vegeta-
tive hyphae (26–28). Since no laccase activity can be detected in
supernatants of A. nidulans culture under normal growth condi-
tions, no interference with the heterologously expressed laccases
occurs. The overexpressed LccC laccase showed higher activity
levels in culture supernatant toward the commonly used artificial

substrate ABTS [2,2=-azino-bis-(3-ethylthiazoline-6-sulfonate)]
than those in the other characterized A. nidulans laccases (26).

In this study, we created fusion proteins of the LccC laccase
with class I hydrophobins DewA and DewB in A. nidulans. The
proteins were directly applied for surface functionalization in the
form of cell-free crude culture supernatant without additional
purification steps. We also tested different hydrophobic/hydro-
philic surfaces and experimental settings to determine the optimal
conditions for the production and immobilization of hydropho-
bin-fused laccase.

MATERIALS AND METHODS
Strains and growth conditions. The Aspergillus nidulans strains GR5
(pyrG89 wA3 pyroA4 veA1) (29) and FGSCA4 (Fungal Genetics Stock
Center, University of Missouri, Kansas City) were cultivated in supple-
mented minimal medium (MM) or yeast extract-agar-glucose (YAG) me-
dium (30). Standard cloning and transformation procedures for A. nidu-
lans were used (31–33). Escherichia coli strain Top10 (Invitrogen,
Karlsruhe, Germany) was used for molecular biology techniques. For lac-
case and fusion protein production, A. nidulans culture was incubated at
28°C and 120 rpm for 2 days in liquid YAG medium with 1% glucose or
2% straw (0.1- to 1-cm pieces) as the source of carbon.

Construction of hydrophobin-laccase fusion proteins. Hydropho-
bin genes dewA and dewB (AspGD identification [ID] 1837) from A. ni-
dulans were inserted into the A. nidulans lccC gene after the signal peptide
sequence. For this purpose, three separately amplified DNA fragments
were merged using a fusion PCR technique with the primers listed in
Table 1, as described previously (34). The construct was then cloned into
the pMCB17 vector (35) under the control of the constitutive yeast gpd
promoter with AscI and PacI restriction enzymes. As a control, the lccC

TABLE 1 Oligonucleotides used for cloning and real-time PCR

Oligonucleotide name Sequence (5=–3=)
gpd(p)fw TATAGAATTCAATCATCCTTATTCGTTGACC
gpd(p)rev TATAGGCGCGCCTGTGATGTCTGCTCAAGC
P1SP(lccC)fw TCTGGTTTCTTCTTTCTATGGG
P2SPdewABlccCfw TATAGGCGCGCCATGCTGCGTTCTTCCTTTCT
P3dewAF1fw ATGCGCTTCATCGTCTCTC
P3dewBF2fw GACAAGTTCCCCGTCCCC
P5SP(lccC)F1rev AGAGAGACGATGAAGCGCATGGCAGAAGCATAGAGTGCATA
P5SP(lccC)F2rev GGGACGGGGAACTTGTCGGCAGAAGCATAGAGTGCAT
P6dewAF1rev CTCAGCCTTGGTACCGGC
P6dewBF2rev CAGAATGGAGCCAAGGGC
P7SPdewABlccCrev TATATTAATTAACTAGACACCCGAATCATACTG
P8lccCrev TTTCACACAGGAAACAGCTATG
lccCfw TAGGCGCGCCATGCTGCGTTCTTCCTTTCT
lccCrev TCTTAATTAACTAGACACCCGAATCATACTG
QC1LccCAscIdel GCTGGCGAGCCCAGCAGTACGGGACAAC
QC2LccCAscIdel CTGGGCTCGCCAGCGGTACGTGTACTC
rtDewAfw CTCTCGGGCAACACTGG
rtDewArev GGCAACACAGTTGGTGGTTC
rtDewBfw GAGTGACCTGCTCGGTG
rtDewBrev CCACTCTTCGCACAGCAAG
rtDewALccCfw GAACCACCAACTGTGTTGCC
rtDewBLccCfw CTTGCTGTGCGAAGAGTGG
rtDewABLccCrev CGAGACATCGGTCCCAAAG
rtH2Bfw TGCCGAGAAGAAGCCTAGCA
rtH2Brev GAGTAGGTCTCCTTCCTGGT
gpdfwSeq CCCAGTCACGACGTTGTA
lccCfwSeq GATACAAACTACCACGAC
revSeq GCATGCCTGCAGGTCGAC
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gene was also cloned into the pMCB17 vector under the gpd promoter.
The AscI restriction site in the lccC gene was removed using QuikChange
PCR. Clones were checked by sequencing. A. nidulans GR5 strain was used
as the recipient strain for all plasmids.

RNA isolation and quantitative real-time PCR. Conidia (107 spores)
were inoculated in 50 ml of liquid medium with glucose or straw as the
source of carbon in 100-ml Erlenmeyer flasks. After 48 h of incubation,
the culture was filtered through Miracloth (Merck KGaA, Darmstadt,
Germany) and ground in liquid nitrogen. RNA was isolated with the
E.Z.N.A. fungal RNA minikit (Omega Bio-tek, Norcross, GA, USA). DNA
was digested with the Turbo DNA-free kit (Thermo Fisher Scientific, Wal-
tham, MA, USA) and diluted to 50 ng/�l. Quantitative real-time PCR was
performed using the SensiFAST SYBR and fluorescein one-step kit
(Bioline, Luckenwalde, Germany) on an iCycler (Bio-Rad, Munich,
Germany). Each reaction mixture contained 0.2 �M primers and 100 ng
of RNA in 25-�l total volume. The oligonucleotides are listed in Table 1.
The program included 10 min of reverse transcription at 45°C for cDNA
synthesis, followed by 2.5 min of inactivation of reverse transcriptase at
95°C and 40 PCR cycles (10 s at 95°C and 30 s at 58°C). Melting curve
analysis was performed to assess the specific amplification of DNA. The
results for each sample from cultures grown in the presence of straw were
normalized to the corresponding results with the h2b gene and to the
normalized sample obtained from cultures grown in the presence of glu-
cose. Each expression level result is the average of the results from five
independent experiments.

Laccase activity assay. To measure laccase activity in crude culture
supernatant, 107 conidia spores were inoculated in 50 ml of liquid YAG
medium with glucose or straw as the carbon source. The cultures were
harvested 48 h after inoculation by filtering through Miracloth (Merck
KGaA, Darmstadt, Germany) and a 0.45-�m-pore-size membrane filter.
The laccase activity in culture supernatant was assayed using 1 mM ABTS
[2,2=-azino-bis-(3-ethylthiazoline-6-sulfonate)] in 50 mM acetate buffer
(pH 5) (36). The change in absorbance at 420 nm was detected over a
period of 10 min at 25°C with an Ultrospec III spectrophotometer (Phar-
macia) or EnSpire multimode plate reader (PerkinElmer, Rodgau, Ger-
many). The laccase activity in solution was calculated using the molar
absorption coefficient of ABTS (ε420 � 36,000 liters · mol�1 · cm�1), with
one unit of laccase catalyzing the oxidation of 1 �mol ABTS per min. The
laccase activity on the surface was calculated using the molar absorption
coefficient of ABTS in units per square centimeter of the solid surface with
immobilized enzyme. One-way and two-way analysis of variance
(ANOVA) were performed using the StatPlus:mac LE program (Analyst-
Soft, Walnut, CA, USA) to compare the effect of pH and surface hydro-
phobicity on laccase activity after the immobilization on microtiter plate
and glass surfaces. An alpha level of 0.05 was used for all statistical tests.

Surface coating. To test the immobilization of fusion proteins on
hydrophobic and hydrophilic microtiter plate surfaces, 96-well nonmodi-
fied polystyrene microtiter plates (Greiner Bio-One, Frickenhausen, Ger-
many) and cell culture plates with hydrophilic standard growth surface
(Sarstedt, Nümbrecht, Germany) were used. Coating of glass surfaces was
performed on high-precision cover glasses (Carl Roth, Karlsruhe, Ger-
many) and 0.4- to 0.85-mm glass beads (Weissker, Greiz, Germany). To
compare the immobilization on glass surfaces with different characteris-
tics, cover glasses were also treated with Sigmacote (Sigma-Aldrich,
Taufkirchen, Germany) to generate a hydrophobic surface prior to fusion
protein immobilization. The coating procedure was adapted from previ-
ous studies (15). Filtered crude culture supernatants were diluted to 0.1
U/ml laccase activity (approximately 0.1 mg/ml total protein), directly
applied on glass or polystyrene surfaces, and incubated overnight at 37°C
in 50 mM sodium acetate buffer (pH 5) or sodium phosphate buffer (pH
7) with 1 mM CaCl2. For the immobilization in the presence of DewA,
recombinant H*proteinB containing YAAD-DewA-His (BASF-SE, Lud-
wigshafen, Germany) was mixed with 0.1 mg/ml laccase-containing cul-
ture supernatant in the molar ratios 1:0, 1:0.5, 1:2.5, and 1:5 DewA-LccC:
DewA. After incubation, the nonbound proteins were removed, the

surface was washed 5 times for 10 min with 50 mM sodium acetate buffer
(pH 5), and the laccase assay was performed under standard conditions.

Determination of water contact angles. The static water contact an-
gles of uncoated and coated glass and polystyrene surfaces were measured
with an OCA20 instrument and the software SCA 202 version 3.12.11
(DataPhysics Instruments GmbH, Filderstadt, Germany). Four microli-
ters of Millipore water was put on the surfaces by the “hanging drop”
method and imaged with a charge-coupled-device (CCD) camera. An
ellipse fit was chosen to approach the droplet form, followed by determi-
nation of the contact angles.

Homology modeling. A Protein Data Bank (PDB) file of the LccC
laccase model was generated using the SWISS-MODEL Web server (http:
//swissmodel.expasy.org) by a homology modeling method (37–39). A
high-resolution structure (1.7 A) of a laccase from Botrytis aclada (PDB ID
3SQR) with 49.3% sequence identity to LccC was chosen as the template.
Figures were generated using PyMOL (www.pymol.org).

RESULTS
Design of fusion proteins. Two class I hydrophobins from A.
nidulans were chosen for fusion with the LccC laccase. The forma-
tion of monolayers on surfaces with the DewA protein is well
characterized, and the protein has been previously modified with
peptides without impairment of its coating ability (13, 15). An-
other hydrophobin from A. nidulans, DewB, has the typical class I
structure but also possesses a glycosylphosphatidylinositol (GPI)
anchor for immobilization on the spore surface, where it contrib-
utes to its hydrophobicity (14). In our constructs, the hydropho-
bin genes were inserted into the lccC gene after the signal peptide
sequence (Fig. 1a). This expression strategy was chosen because
fusion of the laccase to the C terminus of DewB would mask the
GPI anchor recognition site and prevent immobilization of DewB
on the spore surface. This fact could increase the probability of
obtaining a soluble fusion protein outside the cells. Also, the C
terminus of a laccase from Botrytis aclada, which shows the highest
sequence identity to the LccC laccase, compared to other pub-
lished crystal structures, lies in the direct vicinity of the catalytic
center inside the protein molecule (40). Therefore, a fusion of the
hydrophobins to the C terminus of the LccC laccase could im-
pair the three-dimensional structure of the enzyme and affect
its activity.

In the resulting fusion proteins, the hydrophobin parts would
be responsible for the assembly into a monolayer on the surface,
leaving the laccase freely exposed to the surrounding medium
(Fig. 1b). Due to the size difference between the LccC laccase and
the hydrophobins, we expected that additional native hydropho-
bin could be added to the coating solution to act as a spacer. These
small protein molecules would contribute to the formation of the
monolayer and prevent steric hindrance between laccase mole-
cules.

Production of hydrophobin-fused laccase. The fusion con-
structs were transformed into the A. nidulans GR5 strain. As
shown in Fig. 2a, almost no laccase was present in the culture
supernatants of transformed strains grown in submerged cultures
on glucose (DewA-LccC, 0.1 � 0.1 U/liter; DewB-LccC, 2.9 � 0.1
U/liter). It is known that glucose represses secretion, whereas en-
zyme secretion is induced by polymers, such as lignocellulose in
filamentous fungi (41). Straw was used as a single source of carbon
in submerged culture, which resulted in the highest activity of
hydrophobin-fused enzymes 2 days after inoculation (Fig. 2a).
The activity of DewB-LccC protein (520.0 � 146 U/liter) in cul-
ture supernatant was 4.5 times higher than that of DewA-LccC
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(114.7 � 10 U/liter), which could be explained by the absence of
the GPI anchor and artificial solubilization of DewB. DewA, how-
ever, does not have the GPI anchor; therefore, no increased secre-
tion of the soluble protein compared to the wild type was ex-
pected. As observed in the previous studies (26), no laccase activity
was detected in the wild-type stain culture supernatant. The LccC-
producing strain showed moderate laccase activity in culture su-
pernatant in the presence of both glucose (52.0 � 0.1 U/liter) and
straw (67.7 � 11.5 U/liter).

The expression levels of dewA and dewB genes in wild-type A.
nidulans strain, as well as the expression levels of artificial dewA::
lccC and dewB::lccC genes, were compared in submerged culture
with straw and glucose (Fig. 2b). The housekeeping gene h2b was
used for the normalization. Both the dewA and dewB genes were
expressed at higher levels in the wild-type strain cultures grown in
the presence of straw and, although the fusion proteins were ex-
pressed under the control of a constitutive promoter, their expres-
sion levels were increased as well. Using straw in submerged cul-
tures also prevented the formation of larger mycelial agglomerates
and increased the active surface of cultures, probably contributing
to the higher enzyme levels in culture supernatants.

Functionalization of polystyrene surface. Hydrophobin
DewA with N-terminal or C-terminal peptide fusions have previ-

ously been used to coat wells of 96-well microtiter plates (15).
Since fusion to a large enzyme, like laccase, could influence the
binding ability of hydrophobins, different coating conditions and
surfaces were tested. Nonmodified polystyrene microtiter plates
were used as hydrophobic surfaces and cell culture plates with
standard growth surface as hydrophilic surfaces. The highest ac-
tivity of 2.5 � 10�4 � 0.1 � 10�4 U/cm2 was achieved on a hy-
drophilic surface at pH 7 with DewA-LccC protein (Fig. 3a). The
activity on coated hydrophobic surfaces at pH 7 was slightly lower,
indicating that despite the fusion with the laccase, immobilization
on polystyrene was not impaired. After immobilization at pH 5,
the laccase activity on the surface was lower, indicating that neu-
tral pH was more preferable for coating. A two-way analysis of
variance showed that the effect of pH on DewA-LccC surface ac-
tivity was significant [F(1, 8) � 17.6, P � 0.003]. The effect of
microtiter plate surface hydrophobicity, however, was not signifi-

FIG 1 Schematic representation of hydrophobin-laccase constructs and their
immobilization on surfaces. (a) DewA-LccC and DewB-LccC constructs. Hy-
drophobin genes were inserted into the lccC gene after the signal peptide se-
quence (SP) to allow fusion to the laccase. (b) Schematic representation of
solid surface coated with hydrophobin-laccase fusion protein. Red triangles
represent enzyme substrate, and orange rhombuses represent the product.
Magnification shows the structure of DewA hydrophobin (PDB ID 2LSH),
colored in blue, and LccC laccase model, colored in green, as strings and
ribbons.

FIG 2 Production of the hydrophobin-fused LccC laccase. (a) Laccase activity
in culture supernatant, measured with an ABTS-based assay. The cultures were
incubated with glucose (glc) or straw, as indicated. wt, wild type. (b) Expres-
sion of dewA and dewB genes in the wild type and dewA::lccC and dewB::lccC
constructs measured with real-time PCR. The results obtained with straw were
normalized to the signals obtained from cultures grown in the presence of
glucose. Error bars represent standard deviations from the results from five
experiments.
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cant [F(1, 8) � 1.06, P � 0.33], nor was the combination of these two
factors [F(1, 8) � 0.4, P � 0.55]. The maximal laccase activity on
surfaces coated with DewB-LccC was much lower, at 0.1 � 10�4 �
0.01 � 10�4 U/cm2 (Fig. 3a). The two-way analysis of variance
showed the significance of the effect of both pH [F(1, 8) � 10.25, P �
0.01] and surface hydrophobicity [F(1, 8) � 15.2, P � 0.004]. The
interaction of these two factors was not significant. However, due
to the low surface activity, the DewB-LccC fusion protein is not
suitable for surface functionalization. Similarly, the activity levels
achieved with LccC alone were low (0.1 � 10�4 � 0.1 � 10�4

U/cm2). The statistical analysis showed that the effect of both
tested factors was not significant in this case. Probably, small

amounts of laccase itself can stick to the surface and perform the
substrate oxidation.

Laccase is a relatively large protein compared to the 13-kDa
DewA hydrophobin. The immobilization with the fusion protein
alone would likely cause a reduction in the laccase activity due to
the steric hindrance between single LccC molecules. Previous
studies with the class II hydrophobin HFBI fused to a glucose
oxidase revealed that a molar ratio between 1:1 and 1:19 of GOx-
HFBI to HFBI allowed the highest enzyme activity on surfaces
(18). Therefore, we tested different ratios between DewA and the
DewA-LccC fusion protein (Fig. 3b). Nonmodified DewA had a
negative effect on the surface activity under all coating conditions.
This effect was proportional to the increasing DewA amounts,
indicating that DewA substituted for the fusion protein. Since the
immobilization was performed with crude culture supernatant
containing native exoproteins from A. nidulans, including DewA,
it can be assumed that the natural production increase of hydro-
phobins in the presence of straw (Fig. 2b) was sufficient for effec-
tive coating with laccase-fused DewA and did not require addi-
tional supplements, as was the case for heterologically produced
and purified GOx-HFBI (18).

Functionalization of glass surfaces. The ability of laccase-
fused hydrophobins to coat glass was tested with nonmodified and
siliconized glass to compare hydrophilic and hydrophobic sur-
faces. The effect of both pH and surface hydrophobicity on DewA-
LccC surface activity was significant, at F(1, 8) � 18.97, P � 0.002
for hydrophobicity and F(1, 8) � 20.5, P � 0.002 for pH, as was
the interaction of these two factors [F(1, 8) � 17.26, P � 0.003].
The highest laccase activity was achieved after the coating of non-
modified hydrophilic microscopy coverslips at pH 7, similarly to
polystyrene microtiter plates (Fig. 4a). However, the activity levels
were three times lower than those with the polystyrene coating
under the same conditions. The laccase activity after coating un-
der other conditions was more than four times lower than that
with nonmodified glass at pH 7. The activity levels on the surfaces
with DewB-LccC were comparable to those achieved on polysty-
rene. However, the laccase surface activity did not significantly
depend on immobilization conditions [F(1, 8) � 0.9, P � 0.37 for
hydrophobicity and F(1, 8) � 4.67, P � 0.06 for pH]. Similarly,
both factors had no significant effect on the surface activity of
LccC alone, at F(1, 8) � 3.85 and P � 0.09 for hydrophobicity, and
F(1, 8) � 0.38 and P � 0.55 for pH.

Coating of nonmodified glass beads resulted in the highest lac-
case surface activity with DewA-LccC at pH 7 (Fig. 4b). The effect
of pH on laccase activity was significant for all tested proteins, as
determined by the one-way analysis of variance: DewA-LccC,
F(1, 4) � 26.08, P � 0.007; DewB-LccC, F(1, 4) � 40.0, P �
0.0004; and LccC, F(1, 4) � 23.14, P � 0.009.

In previous studies, the coating of glass with recombinantly
produced DewA showed lower protein immobilization efficiency
at room temperature than at 80°C (13). Due to the structural
characteristics of glass surfaces, the hydrophobin immobilization
could be impaired at lower temperatures than those with micro-
titer plates and would require fixation through the application of
higher temperatures during the incubation.

Determination of water contact angles. We anticipated that
coating with DewA would render hydrophilic surfaces hydropho-
bic and that coating with the DewA-laccase fusion protein would
change the polarity to hydrophilic due to the exposure of the hy-

FIG 3 Coating of polystyrene microtiter plates. (a) Crude culture superna-
tants containing LccC, DewA-LccC, and DewB-LccC proteins with 0.1 U/ml
laccase activity were used for coating 96-well microtiter plates with hydropho-
bic/hydrophilic surface characteristics at pH 5 and 7. Laccase surface activity
was measured using the ABTS assay. Uncoated plates were used as a control.
(b) Different DewA-LccC:DewA molar ratios were used to determine optimal
coating conditions on hydrophobic/hydrophilic surface at pH 5 and 7. Recom-
binantly produced H*proteinB (DewA) was mixed with DewA-LccC-contain-
ing culture supernatant in rations of 1:0, 1:0.5, 1:2.5, and 1:5, as indicated.
Standard deviations from three independent experiments for each data point
are indicated by error bars.
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drophilic enzyme. To test this hypothesis, we performed contact
angle measurements on different surfaces. Therefore, 4 �l of Mil-
lipore water was spotted onto uncoated and coated glass and poly-
styrene surfaces and visualized with a CCD camera (Fig. 5a). The
contact angles of the droplets were measured (Fig. 5b). Coating
with DewA generated slightly more hydrophobic surfaces on non-
modified glass and polystyrene. On siliconized glass, DewA coat-
ing lowered the hydrophobicity. This result can be explained by
the amphiphilic nature of hydrophobin. The protein-surface in-
teraction mechanism is different for hydrophobic and hydrophilic
surfaces, leaving different parts of hydrophobin exposed. All sur-
faces coated with DewA-LccC showed a reduction in hydropho-
bicity compared to the uncoated surfaces, because of the exposed
laccase. This effect was strongest on polystyrene, which also
showed the highest enzymatic activity.

DISCUSSION

Class I hydrophobins are suited for the establishment of highly
stable monolayers on surfaces (5). Compared to previously pub-
lished studies that presented combinations of peptides and tags
bound to hydrophobins for improved production, detection, or
surface functionalization, fusion with enzymes is more problem-
atic (11, 15). Not only could the ability of the hydrophobin to
self-assemble into monolayers be impaired, but the enzyme also
could lose its activity due to conformational changes caused by the
fusion. Using bioinformatic tools, we came to the conclusion that
fusions of the laccase LccC to the C terminus of the hydrophobins
should allow the functionality of both protein parts of the result-
ing fusion product. Unfortunately, due to the vicinity of the lac-

FIG 4 Coating of glass. (a) Microscopy coverslips were coated using culture
supernatants containing LccC, DewA-LccC, and DewB-LccC with 0.1 U/ml
laccase activity at pH 5 and 7. Hydrophobic glass surface was generated though
siliconization. Laccase activity on surfaces was measured using the ABTS assay.
(b) Glass beads with 0.4- to 0.85-mm diameter were coated with laccase-con-
taining culture supernatants at pH 5 and 7. Standard deviations from three
independent experiments for each data point are indicated by error bars.

FIG 5 Water contact angle measurements. (a) Four microliters of Millipore
water was put on untreated glass, siliconized glass, and polystyrene. Surfaces
were tested uncoated, coated with DewA, and coated with DewA-LccC. (b)
The angle (degree) between the surface and the droplet was measured. The
mean of 10 measurements is displayed, and the error bars represent the stan-
dard deviation.
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case C terminus to the catalytic center, no C-terminal fusion of a
detection tag to the enzyme was possible. However, laccase activity
assays could easily substitute for immunodetection assays to show
immobilization and functionality of the fusion proteins.

The choice of A. nidulans as a production strain also had sev-
eral advantages and disadvantages. Heterologous production of
hydrophobins, especially DewA, has already been established in E.
coli; however, it includes a protein purification procedure that
would denature enzymes (11). Also, E. coli is not suited for the
production of highly glycosylated proteins, like fungal laccases. A.
nidulans, on the other hand, produced and secreted the fusion
proteins in amounts suitable for direct application on surfaces.
The lack of additional purification steps reduces the cost and effort
for protein recovery. Since all hydrophobins from A. nidulans are
present on the spore surface in the wild-type strain (14), an addi-
tional class I hydrophobin, DewB, was chosen for fusion with the
LccC laccase. The GPI anchor that is normally present at the C
terminus of this hydrophobin in its native form and responsible
for its immobilization on spores was substituted by LccC. As ex-
pected, the resulting DewB-LccC protein was present in culture
supernatants at much higher concentration than DewA-LccC,
probably due to the disturbance of its immobilization mechanism.
Unfortunately, however, the DewB-LccC protein failed in creating
stable coatings on the tested surfaces. The concentration of DewA-
LccC in crude culture supernatant was, however, sufficient for
conducting immobilization experiments. Cultivation of the fun-
gus with straw under conditions that stimulate protein secretion
and increased expression of both hydrophobins and fusion pro-
tein genes contributed to the high protein yield. A. nidulans also
provided an unexpected advantage as a homologues hydrophobin
producer. Probably due to the presence of native DewA in the
culture supernatant, no addition of recombinant DewA protein
was needed to achieve maximum laccase activity on the surfaces.

The immobilization experiments on different surfaces showed
that despite the C-terminal fusion to a laccase, DewA retained its
coating abilities on both hydrophilic and hydrophobic surfaces.
The coating of hydrophilic glass and polystyrene surfaces showed
the highest laccase activity after immobilization. This results of
these enzymatic activity assays are in agreement with the results
obtained by contact angle measurements. The reduction in hydro-
phobicity of DewA-LccC-coated surfaces, compared to uncoated
or with recombinant DewA-coated surfaces, are probably caused
by the highly glycosylated laccase. The highest decrease in hydro-
phobicity and the highest laccase activity were both observed on
the polystyrene surface. Therefore, polystyrene has proven to be
the best surface for immobilization of the fusion protein. The pH
conditions during coating were modified in comparison to previ-
ous studies, performed at pH 8 (13, 15), due to the acidic pH
optimum profile of fungal laccases (21). Although pH 5 had a clear
negative effect on the immobilization, laccases are generally stable
at neutral pH, and pH 7 was suitable for the assembly of the hy-
drophobin layer. The polystyrene surface proved to be more suit-
able for coating at low temperatures. Fusion of DewA to thermo-
stable enzymes would provide a possibility for fixing the
hydrophobin layer on glass at higher temperatures. Since DewA
forms stable coatings after 16 h of incubation at 80°C (13), it is
perfectly suited for fusion with thermostable enzymes.

The LccC laccase itself is a low-redox-potential laccase with
relatively low activity (26) and is not suited for industrial applica-
tion. Due to a conserved three-dimensional structure and a con-

served reaction mechanism, its fusion to a class I hydrophobin and
successful coating serves as proof of principle for a possibility of
enzyme immobilization using this system. LccC can be substituted
with other laccases that are of interest in, for example, dye decol-
orization, phenolic waste degradation, or biofuel cells (22). Also,
other monomeric enzymes, like lipases, dehydrogenases, or decar-
boxylases, can be fused to hydrophobins for surface functionaliza-
tion. Class I hydrophobins, like DewA, provide not only a stable
binding to the surface, but they create an ordered protein mono-
layer with even enzyme exposure to the surroundings. Therefore,
overloading of the surface, which often leads to the inhibition of
enzyme activity in other immobilization techniques, is prevented.
Hydrophobins also do not require additional treatment, because
their coating ability is caused by a natural process of transforma-
tion from the soluble form to monolayer aggregates at the air-
liquid and liquid-surface interfaces.
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