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Abstract Hydrophobins are available from natural

resources only in milligram amounts. BASF succeeded in a

recombinant production process, up-scaled to pilot plant

production in kilogram scale. Strain and protein optimi-

zation by modulation of gene expression and generation of

fusion proteins finally leads to two class I hydrophobins

called H*Protein A and H*Protein B. By analytical ultra-

centrifugation, we confirm that the self-association of

H*Proteins in solution is governed by their sequence,

because oligomerization is induced by the same mecha-

nisms (pH [ 6, temperature � 5�C, concentration [ 0.2

mg/ml) as for the well-known native hydrophobins SC3

and HFB II. Additionally, we established the triggering of

structure formation by bridging with divalent ions and the

stabilization of dimers and tetramers by monovalent ions or

surfactants. This interplay with surfactants can be exploited

synergistically: The capacity for emulsification of a

300 ppm standard surfactant solution is boosted from 0 to

100% by the addition of a mere 1 ppm of our new hy-

drophobins, with H*Protein A and H*Protein B having

specific application profiles. This astonishing performance

is rationalized by the finding that the same minute

admixtures enhance significantly the interfacial elastic

modulus, thus stabilizing interfaces against coalescence

and phase separation.
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Abbreviations

PCR Polymerase chain reaction

LB medium Lysogeny broth medium

LAS Linear alkylbenzene sulfonate

AUC Analytical ultracentrifugation

Introduction

Hydrophobins are small proteins of about 100 aa which are

characteristic for filamentous fungi (Linder et al. 2005;

Sunde et al. 2008). The major biological function is the

reduction of the surface tension of water by secreted

hydrophobins, allowing fungi to escape an aqueous envi-

ronment, as well as the hydrophobization of spores

facilitating improved dispersal of the conidiospores (Bell-

Pedersen et al. 1992; Ma et al. 2006; Wessels 2000;

Wosten et al. 1999).

Furthermore several hydrophobins are involved in the

attachment of pathogenic fungi to plant surfaces (Hamer
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and Talbot 1998; Lugones et al. 1999; Whiteford and

Spanu 2002).

Some fungi contain more than one hydrophobin, e.g.

Schizophyllum commune, Coprinus cinereus, Aspergillus

nidulans, Agaricus bisporus, Pleurotus ostreatus, involved

in different stages of fungal growth, morphogenesis and

development (Kershaw and Talbot 1998; Ma et al. 2007;

Penas et al. 2002; Van Wetter et al. 2000).

Even under in vitro conditions the proteins self-assem-

ble into an amphipathic monolayer at hydrophilic or

hydrophobic surfaces as well as interfaces (e.g. air/water,

oil/water, air/cell wall). In this process the monomers of

hydrophobin aggregate spontaneously to oligomers and

finally to a fully covered area, resulting in an inversion of

the surface polarity (e.g. hydrophilic Teflon� or hydro-

phobic glass; de Vocht et al. 1998; Lumsdon et al. 2005).

The sequence similarity between different hydrophobins

is quite low except for a characteristic pattern of eight

cysteine residues that form four intramolecular disulfide

bonds (Kwan et al. 2008; Wessels 1994, 1997).

Two major classes of hydrophobins are distinguished by

their hydropathy and the spacing between the cysteine

residues (Wessels 1994). Furthermore class I hydrophobins

show a higher stability versus solvents and detergents: even

boiling in a 2% SDS solution is acceptable for a short

period of time. Only formic acid or trifluoroacetic acid are

able to dissociate the protein layer. In contrast, a class II

hydrophobin monolayer is significantly less stable and can

readily be dissolved by SDS or 60% ethanol (Wessels

1997).

The physicochemical properties of a few hydrophobins,

especially their self-assembly and structure formation at

interfaces, have been characterized (Corvis et al. 2006; de

Vocht et al. 2002; Ma et al. 2008; Stroud et al. 2003; Wang

et al. 2004). For hydrophobin SC3, the self-association in

solution was found to increase with higher temperature and

higher pH, with an association scheme monomer–dimer–

tetramer–agglomerates (Wang et al. 2004). Due to the

enormous colloidal heterogeneity with dimers and large

agglomerates in coexistence under certain conditions, non-

fractionating characterization techniques such as dynamic

light scattering (DLS) tend to indicate stronger association

of SC3 with several 100 nm large agglomerates at lower

concentrations already (Corvis et al. 2006). Applications as

colloid stabilizer and wetting agent were tested success-

fully for SC3 and HFB II, with an industrial focus on

Teflon and Kevlar (Lumsdon et al. 2005). Many industrial

applications of hydrophobins have been discussed (Hektor

2005; Linder et al. 2005; Wosten 2001), but without a

reliable protein source none could be commercialized.

Hydrophobins are available from natural resources only

in milligram amounts. BASF succeeded in a recombinant

production process based on the generation of a fusion

protein. The optimal approach was a combination of the

hydrophobins of A. nidulans and highly expressed proteins

in E. coli as the N-terminal part of the fusion protein.

Various fusion partners have been evaluated and the focus

of this paper are two fusion proteins (H*Protein A and

H*Protein B) consisting of the class I hydrophobin DewA

and the Bacillus subtilis protein yaaD, respectively a

truncated form of yaaD. The fermentation and down stream

processing was up-scaled to pilot plant production in

kilogram scale.

In the present contribution, we evaluate their biophysi-

cal properties, namely the structure formation in solution,

with a single well-defined liquid–liquid interface, and with

multiple interfaces in emulsions. In different experiments,

always the same surfactant mixtures were used mimicing

realistic laundry and oil field conditions.

We characterize self-association with a more powerful

method than previously reported for hydrophobins, namely

analytical ultracentrifugation (AUC), which is a fraction-

ating technique and provides absolute data on molar

masses or particle sizes. The AUC approach delivers molar

mass distributions in any solvent or buffers, and has made

eminent contributions to protein interaction studies (Balbo

et al. 2005; Demeler 2005; Ohnishi et al. 2008; Stöhr et al.

2008; Walker et al. 1990; Wenta et al. 2008). Specifically

the initial aggregation of amyloid fibrils from Alzheimer’s

b-peptide, a process that is thought to be similar in

hydrophobin assembly, has been analysed by AUC (Stöhr

et al. 2008; Wiesehan et al. 2008). In the present contri-

bution, AUC experiments compare for selected environ-

ments between the H*Proteins and the much studied

hydrophobins SC3 and HFB II as benchmarks. As the next

step towards application, we subsequently characterize

interfacial tension and interfacial elasticity of oil/water

oscillating pendant drops with hydrophobins. The interfa-

cial elastic modulus was not determined before, but it is a

well-known parameter determining emulsion stability, and

hydrophobin structure formation can be expected to be an

ideal mechanism for controlling interfacial elasticity. We

then proceed from the single interface to the structure

formation at multiple interfaces. Standardized oil/water

emulsion testing demonstrates that minute amounts of

hydrophobin (1 ppm) boost the emulsifying power from 0

to 100% even though 300 ppm of an appropriate technical

surfactant is present in both cases.

Materials and methods

Benchmark materials

Hydrophobins SC3 and HFB II were purchased from Bio-

MaDe, Groningen, The Netherlands and VTT Biotechnology,
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Espoo, Finland, respectively. Their molar masses are 8.8 kDa

(HFB II) and 11 kDa (SC3; de Vocht et al. 1998; Linder

et al. 2005).

Cloning of B. subtilis yaaD

Using the oligonucleotides 1 ? 2 the DNA of yaaD could

be amplified in a PCR starting with genomic DNA from

B. subtilis strain 168 as template DNA.

The obtained fragment of the yaaD coding sequence was

surrounded by the NcoI and BglIII cleavage side. After

purification the DNA fragment was cleaved by NcoI/BglIII

and transferred to the NcoI/BglIII linearized vector pQE-60

(Qiagen).

The vector pQE60yaaD-His6 is the starting point for the

generation of the two hydrophobin fusion proteins.

Oligonucleotide 1: GCATCCATGGCTCAAACAGG

Oligonucleotide 2: GCTAGCAGATCTCCAGCCGC

Cloning of H*Protein A (yaaD-A. nidulans

hydrophobin DewA-His6)

First step was the synthetic generation of the coding

sequence of hydrophobin DewA (A. nidulans FGSCA4,

gene ID 2869124) by the company Geneart, Regensburg,

Germany. After cloning in pET17 (Stratagene) the DewA

gene could be amplified with the oligonucleotides 3 and 4

(simultaneous introduction of a protease factor Xa cleavage

side for a potential cleavage of the fusion partner after

expression and purification). The PCR fragment was puri-

fied, cleaved by the nuclease BamHI and inserted into the

BglIII linearized vector pQE60yaaD-His6 This new vector

pQE60yaaD-DewA-His6 could be used for protein

expression in E. coli using standard technologies (e.g.

Qiagen Kit 32903). The molar mass expected and mea-

sured of H*Protein A is 47 kDa.

Oligonucleotide 3: 50-CGAGCTAGGCTCGGATCCAT

TGAAGGCCGCATGCGCTTCATCGTCTCTCT-30

BamHI factor Xa side DewA

Oligonucleotide 4: 30-GCAGCCCATCAGGGATCCC

TCAGCCTTGGTACCAGCGC-50

BamHI DewA

Cloning of H*Protein B (truncated yaaD-A. nidulans

hydrophobin DewA-His6)

A fusion protein consisting of the hydrophobin DewA

and the 40 N-terminal aa of yaaD was generated by two

steps. In a first set of PCRs the truncated yaaD could be

amplified with the oligonucleotides 5 ? 6 (template DNA

pQE60yaaD-DewA-His6) and the appropriate DewA

fragment by the oligonucleotides 7 ? 8 (template DNA

pQE60yaaD-DewA-His6). The two generated fragments

were annealed by PCR with the oligonucleotides 5 ? 8

(cleavage NcoI/HindIII). The vector pQE60 (truncated

yaaD)-DewA-His6 could be used for protein expression

in E. coli using standard technologies (e.g. Qiagen Kit

32903). The molar mass expected and measured of

H*Protein B is 19 kDa.

Oligonucleotide 5: AATTAACCATGGCTCAAACA

Oligonucleotide 6: AAGCGCATGCGGCCTTCAATGA

CAGCTCCAGCTTCTTCAG

Oligonucleotide 7: CTGAAGAAGCTGGAGCTGTCAT

TGAAGGCCGCATGCGCTT

Oligonucleotide 8: CTAATTAAGCTTAGTGATGGT

Fermentation

The recombinant E. coli strains were incubated in 3 ml LB

medium ? 100 lg/ml Ampicillin for 8 h at 37�C with

200 rpm. This inoculum was transferred to two 250 ml LB

medium ? 100 lg/ml ampicillin in 1 l shake flasks and

incubated for another 9 h at 37�C at 180 rpm. Finally it

was transferred to a 20-l fermentor (13.5 l LB-med-

ium ? 100 lg/ml ampicillin), incubated at 37�C and

induced by the addition of 140 ml IPTG 100 mM at

OD600nm = 3.5. After 3 h the fermentation was stopped at

an OD600nm of about 150 by cooling down to 10�C and the

separation of the biomass (about 1 kg) was achieved by

centrifugation.

Purification

Hundred grams of the cell pellet was resuspended in

200 ml 50 mM phosphate buffer, pH 7.5 and dissociated

by ultraturrax treatment for 10 min (type T25, Janke &

Kunkel), nucleic acids were removed by Benzonase (1 h

incubation at room temperature with 500 U Benzonase;

Merck, Darmstadt). The cells were disrupted by triple

homogenization at 1,500 bar (Microfluidizer M-110EH,

Microfluidics Corp.).

After centrifugation (Sorvall RC-5B, 60 min, 4�C,

23,000 g) the supernatant was discarded. The pellet was

resuspended and centrifuged three times, each in 100 ml

phosphate buffer, pH 7.5 (last step in 100 ml phosphate

buffer, pH 7.5 ? 1% SDS). After stirring for 60 min at 4�C

the combined supernatants were centrifuged for a last time.

For further purification 50 ml supernatant was applied on a

50 ml nickel sepharose column (Amersham High Perfor-

mance, 17-5268-02), equilibrated with 50 mM Tris–HCl,

pH 8.0. After washing with 50 mM Tris–HCl, pH 8.0 the

protein eluted by 50 mM Tris–HCl, pH 8.0 buffer,
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200 mM imidazole. The imidazole was removed by dia-

lysing against 50 mM Tris–HCl pH 8.0.

Co-surfactants and buffers

Two different buffer systems have been used, which were

selected to mimic typical laundry applications. They both

contain a primary surfactant (emulsifier), to which the

hydrophobin proteins under study could be added in ppm

amounts. Buffer 1 is composed of a mixture of 100 ppm

LAS and 150 ppm Lutensit AS2230, with 1 mM CaCl2 and

a pH buffer at pH 7.5 (Na2HPO4, KH2PO4). Buffer 2

contains 300 ppm of generic C10-alkylsulfate and 3 mM

CaCl2, to simulate increased water hardness, buffered at pH

10 (boric acid, KCl, NaOH).

Analytical ultracentrifugation (no interface)

Analytical ultracentrifugation is used to quantify self-

association in a hydrophobin solution. AUC was performed

at an acceleration of up to 300,000 g (at 60,000 rpm).

Under these conditions solutes, proteins or nanoparticles

sediment in fractions that are separated according to their

size in the range from 0.5 nm (or 500 Da) to 3,000 nm

diameter. Simultaneous detection by synchronized optics

quantifies the amount and diameter of each fraction inde-

pendently (Cölfen 2004). Our AUCs are based on Beckman

models XL and have been modified at BASF for the online

recording of sedimentation with turbidity, interference,

Schlieren or UV detection (Mächtle and Börger 2006).

Here we use interference optics (Beckman XLI) in order to

quantify the potentially present monomer and small olig-

omers in the presence of larger agglomerates. Especially

for the high-salt buffers it is tempting to use an UV

absorption optics with a wavelength where only hydro-

phobins, but not the slowly developing salt gradient are

detected. However, the slow scanning speed of the UV

optics prohibits their use for the extremely polydisperse

hydrophobin distributions, where fast scanning is essential

to capture all components. The raw sedimentation signals

were evaluated with the c(M) model of Sedfit (Schuck

2005). The chosen rotational speed of 40,000 rpm sets an

upper detection limit around 5 MDa, and agglomerates

were detected only indirectly by the loss of concentration

in the dispersed fraction with lower masses. For ease of

comparison, all distributions are shown normalized to their

biggest peak.

The AUC evaluation requires the buoyant density of the

solute and its frictional ratio. The later is set to f/f0 = 1.2,

corresponding to a globular, but not quite spherical shape,

in the lack of precise computational models. The more

critical parameter, the density of hydrophobin, is deter-

mined experimentally in an analytical density gradient with

25% Nycodenz, detected with the synchronized Schlieren

optics and evaluated with the calibration refinement of the

ideal Hermans–Ende theory (Mächtle and Börger 2006).

The density gradient results are reported in the Online

Supporting information (Supplementary Figure 12).

Interfacial tension and interface elasticity (single

interface)

Interfacial tension at a single, well-defined interface has

been measured with the pendant-drop-method: Automated

video-analysis of the shape of a drop of one liquid pendant

on a capillary immersed in another liquid directly gives

access to the interfacial tension (del Rio and Neumann

1997). This also allows the time-resolved measurement of

dynamic interfacial tension c and of interfacial dilatational

modulus e (Myrvold and Hansen 1998), which is deter-

mined every *30 s by inducing a periodic modulation of

the drop volume with a frequency of 0.1 Hz and analyzing

the response in c.

Emulsification capacity (multiple interfaces)

Emulsion tests have been run according to the following

procedure: 95 ml of buffer solution (without or with

hydrophobin addition) has been mixed with Voil = 5 ml oil

(5 vol%) and shaken five times by hand. After 24 h, the rest

oil volume Vrest (not emulsified) was measured, giving an

emulsification capacity of (Voil - Vrest)/(Voil). Except for

palmin, all experiments were performed at room tempera-

ture. For palmin, the experiments were performed at 35�C,

where palmin is melted.

Results

Production and purification of H*Protein A and B

The two hydrophobin fusion proteins were produced as

inclusion bodies which could be easily separated by cen-

trifugation after disruption of the E. coli cells. The example

of Fig. 1 demonstrates the purification of the fusion protein

yaaD-DewA-His6 (H*Protein A) with a molecular weight

of about 50 kDa, in reasonable agreement with the

expected mass of 46.5 kDa (analogue procedure with

H*Protein B). Lower bands represent degradation products

of the hydrophobin (western blot, not shown).

Characteristic self-association in solution

In this chapter we evaluate the performance of the two

fusion hydrophobin proteins H*Protein A and B com-

pared to the well-known characteristics of hydrophobin
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self-association, and then proceed to examine more

involved situations as occurring in specific applications.

Previously it has been pointed out that hydrophobin SC3

shows increased self-association at higher temperature

(Wang et al. 2004). When AUC measurements of H*Pro-

tein A were performed in aqueous solution at pH 9 and

5�C without further additives, we observe predominantly

dimers at 100 kDa, around 10% tetramer at 200 kDa, and a

vanishing concentration of hexamer at 300 kDa (Fig. 2). At

room temperature under otherwise identical conditions, the

mass spectrum is dominated by the tetramer at 200 kDa,

and higher oligomers have formed. Agglomeration into

larger structures proceeds further at 40�C, where structures

beyond 1,000 kDa appear. The AUC result of a dimer at

100 kDa is supported by the monomer mass of 50 kDa

found in the SDS-PAGE (Fig. 1), in close agreement with

the value of 46.5 kDa expected from the sequence.

Qualitatively the same behaviour is observed for the

natural hydrophobin SC3, which had been studied exten-

sively in previous literature (Wang et al. 2004). Even at the

concentration of 1.5 mg/ml, which is high in the context of

the very pronounced surface activity, the incubation (for

1 h at 5�C) and measurement at 5�C reduces the mass

spectrum to the dimer at 22 kDa exclusively (Fig. 2). At

ambient temperature, oligomers up to *100 kDa are

present, and at 40�C, agglomeration proceeds further. The

experimental resolution does not allow distinguishing

between tetramer and higher oligomers for SC3 (Fig. 2).

These results confirm previous reports on SC3 self-asso-

ciation (Linder et al. 2005; Wang et al. 2004), but they

contradict DLS measurements that reported many orders of

magnitude larger agglomerate diameters (Corvis et al.

2006), presumably due to the overscattering cross-section

of non-fractionated agglomerates in light scattering.

Although under the conditions tested mainly dimer

and higher associations were observed, the monomer of

H*Protein A can be detected upon increasing the incuba-

tion time at low temperature from 1 to 20 h (Fig. 3). Note

that the measurement is also performed at 5�C, because the

entire AUC rotor is cooled. Monomers were even detected

when incubation was performed first at 40�C (1 h) with

subsequent cooling to 5�C. After 1 h at low temperature,

the spectrum is still dominated by the dimer, but after 20 h

at 5�C, a peak at the monomer mass is observed (Fig. 3),

and this mass corresponds within a few per cent to the mass

Fig. 2 Similarity of self-assembly, shown by the molar mass

distribution (AUC) of H*Protein A (left panel) and SC3 (right
panel), both at 1,500 ppm concentration and pH 9. Even though

H*Protein A includes a long fusion partner protein, its self-assembly

is determined by the hydrophobin sequence. The dimer of H*Protein

A at 100 kDa dominates only at 5�C (black line), then forms the

tetramer at 25�C (red line) and higher oligomers at 40�C (green line).

The same behaviour is observed for SC3, in good agreement with

previous studies (Linder et al. 2005; Wang et al. 2004). Temperatures

were equilibrated for 1 h

Fig. 1 SDS-PAGE analysis of H*Protein A. Lane 1 loading sample;

Lane 2 flow through fraction; Lane 3–Lane 5 elution; Lane 6 protein

molecular marker [MW (kDa) 194, 116, 54, 37, 29, 20, 7]
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observed with SDS-PAGE (Fig. 1). These results indicate

that the agglomeration occuring at 40�C is reversible.

Examination of intermediate time steps indicated that the

dissociation from high oligomers into monomers takes over

10 h (not shown).

The acidity is another important parameter to control

self-association. Even at room temperature, the dimer is

made predominant by adjusting to acidic pH (Fig. 4).

The dominance of dimer at room temperature and acidic

pH, the slow formation of monomer at low temperatures,

and the significantly increased association at elevated

temperature or alkaline pH were perfectly comparable for

both H*Protein A from BASF and the native hydrophobin

SC3 as studied by the Robillard group (Wang et al. 2004).

Even though H*Protein A includes a long fusion partner

protein, its self-association thus is determined by the

hydrophobin sequence.

The composition of the surrounding medium can be

drastically different in various potential applications of

hydrophobins, but has not been studied in detail before.

Therefore, in the following the presence of surfactants and

variations of ionic strength were analysed.

A striking example of the influence of ionic strength is

the application of hydrophobins as additive on an oil dril-

ling station, where the aqueous phase is composed of 50%

North Sea water and 50% formation water, i.e. water that

occurs naturally within the pores of oil-bearing rock. The

resulting buffer carries a high salt load of 180 mM Ca2?

and 1 M Na? (and other salts in much smaller amounts). At

a realistic application temperature of 40�C, the tetramer of

H*Protein B is still present under these conditions, but

oligomers up to and beyond the 100-mer appear even at

acidic pH (results not shown). These may seem like large

agglomerates, but they are still rather small compared to

the structures formed without Na. With only 3 mM Ca and

no other salts at 25�C, strong association and thus structure

formation of both H*Protein A and H*Protein B was

observed up to the 100-mer, whereas the high-salt system

at the same temperature restricts the structure formation

to low oligomers. Obviously, charge screening by 1 M

monovalent ions significantly reduces the bridging effect of

divalent ions.

For the following studies, we suspended the hydropho-

bins at 25�C and a concentration of 250 ppm in surfactant

solutions, in order to mimic the behaviour in a laundry

process. The concentration of surfactants in buffer 1 and

buffer 2 is 250 and 300 ppm, respectively (Sect. ’’Materi-

als and methods’’). Hard water conditions are reproduced

by the addition of Ca2? at 1 and 3 mmol respectively.

Surprisingly, at all concentrations tested low molecular

weight oligmers were observed as predominant species in

these buffers for both H*Protein A and H*Protein B and

also for the native HFB II (Figs. 5, 6).

For comparison, the hydrophobins were suspended in

the respective buffers without surfactants, and we found

that more than 60% of the protein is agglomerated beyond

1 MDa. Also in ultrapure Milli-Q-water without pH control

we observe a strong agglomeration beyond the 40-mer

for H*Protein B, and a slightly better stability against

agglomeration for H*Protein A, where most of the material

is below the 20-mer (results not shown).

We conclude that the formation of very large agglomer-

ates is triggered by bridging due to small amounts of divalent

ions (Ca2?), and is prevented either by the addition of sur-

factants (*0.3 mg/ml in the original buffer composition), or

by charge screening with monovalent ions.

As a final axis of variation, self-association is generally

expected to be driven by concentration. Using our fusion

hydrophobins and AUC mass distribution, we observe a

critical concentration of around 250 ppm (Fig. 5). Pre-

sumably, the technical surfactant hetero-associates with the

biophysical amphiphil and thus keeps apart the proteins

Fig. 3 Molar mass distribution (AUC) of H*Protein A at pH9,

1,500 ppm, after temperature treatment at 40�C for 1 h, then cooling

at 5�C for 1 h (red line) and for 20 h (blue line). The higher oligomers

can be reversibly dissociated down to the monomer at 50 kDa

Fig. 4 Molar mass distribution (AUC) of H*Protein A at 1,500 ppm

and 25�C with pH variation. Acidic pH induces an effective

stabilization of dimer (100 kDa) and tetramer (black line), and

association is comparable at pH7 (red line) or pH9 (green line)
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that otherwise would self-associate at lower concentrations

already.

All of the above environments are summarized in Fig. 6

together with a few complementary results. The depen-

dence on protein concentration is not represented, but

shown for a uniform concentration of 250 ppm. This mass

concentration was chosen because the extreme effective-

ness in interface activity and emulsification boosting (see

below) suggested to measure mass distributions simply at

the lowest concentration still provoking good signal to

noise ratios. Thus, adjustment was restricted to concen-

trations below 0.1 mg/ml for the smaller hydrophobins. In

the graph, the average molar mass is shown normalized by

the known protein mass, such that the state of agglomer-

ation can be compared between the very different

hydrophobins. Interestingly, the significantly longer fusion

partner of H*Protein A (compared to H*Protein B) does

not lead to a dramatic deviation from the structure for-

mation of the native proteins HFB II and SC3 (Fig. 6).

H*Protein B self-associates into larger complexes than

H*Protein A in ultrapure water with or without pH-control

at all temperatures (results not shown). Furthermore,

H*Protein B requires significantly higher ionic strength for

the reduction of association by charge screening. This

shows that electrostatic interactions play a more important

role for H*Protein B than for H*Protein A.

One may suspect that some systematics arise from

the association being driven by molarity or number con-

centration, whereas our data compares identical mass

concentration. Experimental evidence, however does not

support this hypothesis, because the state of association is not

systematically lower for H*Protein A as the hydrophobin

with the highest monomer mass and hence lowest number

concentration, especially not in comparison to the much

smaller SC3. The data (Fig. 6) rather suggests that chemical

differences determine the different extent to which the

hydrophobins follow the common general trends.

In summary of the self-association studies in solution,

we confirm that the hydrophobin sequence determines the

structure formation in good qualitative accord with a

scheme proposed earlier by the Robillard group (Wang

et al. 2004), extending themselves the previous scheme by

the McCormick group (Stroud et al. 2003). We enlarge the

previous knowledge on decisive factors of hydrophobins

Fig. 5 Molar mass distribution (AUC) of H*Protein A (left) and

H*Protein B (right) in surfactant buffer 1 with protein concentrations

of 100 ppm (black), 250 ppm (red) and 1,500 ppm (green). Despite

the presence of divalent cations, the hydrophobins do not agglomerate

at technically relevant concentrations below 200 ppm, but instead

hetero-associate with the added surfactants

Fig. 6 State of association of

different hydrophobins under

various suspension conditions

with 250 ppm hydrophobin.

Note the logarithmic scale after

the break in the mass axis. From

the molar mass distribution

(measured by AUC), the

average Mw of the dispersed

proteins has been formed and

normalized by the known

monomer mass
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structure formation with our new results on surfactant

mixtures and high salt conditions, resulting in the scheme

of Fig. 7.

Characterization of hydrophobin as co-emulsifier

by interfacial tension and interfacial dilational modulus

Understanding structure formation of hydrophobin in

solution is a first step to approach its most remarkable

properties unfolding at the interface between two phases.

Hydrophobin’s ability to reverse the polarity of surfaces by

self-assembly in the interface and the astonishingly high

surface activity of the protein have already been mentioned

(Lumsdon et al. 2005; van der Vegt et al. 1996). The air/

water surface tension for example is lowered down to about

30 mN/m in only lM concentrations (Cox et al. 2007).

Such surface activity is the driving force for exploring the

use of hydrophobin as a novel industrial performance

chemical. The application examined in the last sections of

this contribution is as co-emulsifier, where hydrophobin

shows remarkable effects in smallest concentrations, for

example to improve laundering processes.

In almost any practical application of a surface-active

material like hydrophobin the knowledge of the equilib-

rium interfacial properties such as surface tension is not

sufficient, but their dynamic behaviour has to be known

(Lucassen-Reynders 1981). In this context, it has been

shown that hydrophobin exhibits a surface elasticity

(interface air/water) by far exceeding other proteins and

can therefore be used to efficiently stabilize air bubbles in

foams (Cox et al. 2007). Likewise, the dynamic behaviour

of interfacial tension and the interfacial elasticity of

hydrophobin in a two-phase liquid/liquid system in the

presence of generic surfactant will be decisive for its use in

emulsification and laundering, and is vital to develop an

understanding of structure formation at the interface and

the mechanism of hydrophobin action.

The most direct dynamic measurement is the time-

resolved determination of the interfacial tension c12(t)

between two phases, which gives insight into the time

scales of interface organization. The second important

dynamic quantity, interfacial elasticity e, describes the

response of an interface to an induced change in the

interfacial area A, and is defined as

e ¼ dc12

d ln A
ð1Þ

where e is the interfacial dilatational modulus (also often

termed interfacial or surface elasticity) and c12 the inter-

facial tension between two phases (Lucassen-Reynders

1981). It simply represents the change in interfacial tension

induced for a change of relative surface dA/A, mathemat-

ically equivalent with dlnA. A time-resolved measurement

of the interfacial tension for a deliberate modulation of the

interfacial area A therefore gives access to e.
Interfacial elasticity measurements thus give informa-

tion on the rigidity of the interface, which in turn is

important for emulsion stability towards rupture and

coalescence.

To progress from last section’s findings on hydrophobin

structure formation in solution and its strong temperature

dependency, the next step is to look at the consequences of

this behaviour in the organization of the surface-active

protein at an interface. Therefore, the dynamic interfacial

tension c and the surface dilatational modulus e have been

measured for a 0.4% solution of H*Protein A in deminer-

alized water at pH 9.5 against the model non-polar solvent

octane. The mentioned conditions correspond to a regime

where a very strong tendency towards aggregate formation

has been shown in solution in the previous section. These

data have been obtained at 24, 40, 60 and 80�C and are

summarized in Fig. 8. In the interfacial tension c (Fig. 8a)

one can discern a dynamic decrease within the first 100–

200 s, reaching an almost constant level afterwards for all

Fig. 7 Scheme of hydrophobin

self-assembly in solution

without interfaces, building on

the results of Robillard (Wang

et al. 2004) and McCormick

(Stroud et al. 2003) and

extended with our results on

surfactants and ionic strength
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measured temperatures below 80�C. At 80�C, the curve

starts at the highest starting value of c, its decrease

continuing well after 200 s reaching the lowest interfacial

tension of all the measured data. These findings give a time

scale for hydrophobin structure formation at the interface

of about 100 s, but the temperature dependence of c alone

is not very conclusive. The changes are, however, much

more dramatic looking at the interfacial dilatational mod-

ulus e (Fig. 8b). Here, e at 24�C almost remains constant at

3–4 mN/m, while it strongly increases for all higher tem-

peratures, reaching values above 15 mN/m in the case of

60 and 80�C. This drastic increase in the ‘‘elasticity’’ of the

interface can directly be related to elevated aggregate

formation at these temperatures. Also, the initial build-up

of e suggests a time scale of *100–200 s for structure

formation. Again, there is also another, slower process at

80�C, leading to a continuing increase of e even at later times.

This slower process could be related to the formation of the

b-sheet II state reported by de Vocht et al. (2002).

Together with the results from the characterization in

solution phase this data gives another strong indication that

structure formation at the interface is a very important

factor for the protein’s surface activity.

Although the surface activity of hydrophobin is very

high for a protein, it is not in the same league as com-

mercial surfactants. However, its remarkable surface

properties also come into play in a synergistic application

with a primary surfactant. To study effects of a small

amount of hydrophobin in a buffer already containing such

a surfactant, the changes in dynamic interfacial tension and

interfacial dilatational modulus upon hydrophobin addition

have been studied. In order to approach a later application

in laundering, such a system has been measured versus two

model oily phases heptane and triolein, comparing pure

buffer and addition of 5 ppm of H*Protein A. The results

are shown in Fig. 9.

In the case of a heptane oily phase (Fig. 9a) the pure

buffer (thick grey curve) shows an interfacial tension

slowly decreasing from a starting value of *3.35 mN/m at

the earliest measured times to *2.4 mN/m at 1,000 s.

(Note that the interfacial tension is already lowered dras-

tically due to the primary surfactant in the buffer, without

it, it would lie in the range of 40 mN/m for heptane.) Upon

addition of 5 ppm H*Protein A (black solid curve), the

starting interfacial tension is higher, but shows a distinct

dynamic decrease intersecting the value of the pure buffer

at 0.5 s. From there, it reaches a similar plateau as the pure

buffer at *100 s, but always remains slightly lower. The

most dramatic reduction compared to the pure buffer,

however, is between 1 and 10 s. In triolein (Fig. 9b), the

dynamics of both pure buffer (thick grey curve) and with

H*Protein A addition (black solid curve) are more pro-

nounced and showing a greater reduction of interfacial

tension over time. In this medium, the effect of H*Protein

A co-surfactant is also stronger, leading to an interfacial

Fig. 8 Dynamic interfacial tension (a) and dilatational modulus e (b)

between a 0.4% solution of H*Protein A at pH 9.5 versus octane. For

the measurement series, the temperature was raised from 24�C (black
open circles), to 40�C (red open squares), 60�C (grey filled circles)

and finally 80�C (blue filled squares)

Fig. 9 Dynamic interfacial tension between a surfactant containing

aqueous buffer with and without addition of hydrophobin, and two

different oily phases heptane (a) and triolein (b). The interfacial

tension of the pure buffer (grey thick curve) is compared in both cases

with buffer containing 5 ppm H*Protein A (black solid curve)
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tension initially higher by more than 0.2 mN/m, which then

becomes markedly lower than in the case of the buffer for

times greater 20 s. The previously measured typical

equilibration times of hydrophobins at interfaces were

100–1,000 s, in reasonable agreement with our data

(Lumsdon et al. 2005).

Depending on the time scales of emulsification, one

would infer from this data of dynamic interfacial tension a

better emulsification upon addition of hydrophobin,

although the effects do not look dramatic. However, one

has to keep in mind that these significant changes are the

signature of the addition of only 5 ppm of hydrophobin and

its remarkable surface activity! Clearly, the dynamics of

interfacial tension reveal larger differences than the equi-

librium value for larger times.

To look at the system more closely, in a following step

the interfacial dilatational modulus e has been determined

for pure buffer, containing surfactant as primary emulsifier,

and with addition of 5 ppm of H*Protein A and H*Protein

B, as shown in Fig. 10. There, one can see that the surface

dilatational modulus for all samples is mostly constant over

time, with an indication of some dynamic behaviour in the

first 50 seconds in the case of H*Protein A in heptane

(Fig. 10a, blue filled squares), H*Protein A in triolein

(Fig. 10b, blue filled squares) and H*Protein B in trio-

lein (Fig. 10b, red open squares). Compared to the buffer,

both H*Protein A and H*Protein B show an increased e in

heptane (Fig. 10a), while in triolein only H*Protein A

shows a higher value. This is summarized in Fig. 10c as a

bar graph, containing the average e for t [ 100 s. Looking

at the significant changes of the surface dilatational modulus

upon addition of such low concentrations of hydrophobin, a

visible effect on emulsion stability can be expected for

experiments, although e might not be the single determining

criterion.

Emulsification characterization of hydrophobin

co-emulsifier

Emulsification tests were performed according to the proce-

dure described in the experimental section. For the oily phase,

several model substances have been used: heptane, triolein,

sunflower oil, olive oil and palmin oil. For each of these

phases, the emulsification capacity was determined for pure

buffer, addition of 1 and 5 ppm of H*Protein A (Fig. 11b), as

well as the same amounts of H*Protein B (Fig. 11c).

For H*Protein A, one can already see a dramatic effect

of hydrophobin addition (Fig. 11b): While pure buffer 1

does not emulsify a measurable amount of heptane, 1 ppm

of H*Protein A already leads to 40% emulsification, and

5 ppm to a yet higher value of 60%. In triolein, the effect is

not as pronounced: increasing the H*Protein A concen-

tration from 0 to 5 ppm leads to an increase of the

emulsification capacity from 20 to 40%. In sunflower oil,

pure buffer 1 is already capable of emulsifying the com-

plete amount of oil, so an additional effect of hydrophobin

cannot be expected. However, if the buffer is changed to a

different surfactant and a threefold increased background

concentration of CaCl2, this picture changes dramatically:

pure buffer 2 is not capable of emulsifying sunflower oil at

all under these conditions, but addition of 5 ppm of

H*Protein A mitigates this and yields 100% emulsification

capacity. Marked increase is also achieved for olive oil and

palmin oil, the latter being completely emulsified at 1 ppm

of H*Protein A already, compared to 0% for pure buffer 2.

In the case of H*Protein B (Fig. 11c) the results are

similar, with even better performance as ‘‘efficiency

booster’’ in all cases shown. 1 ppm is already capable of

increasing the emulsification capacity of n-heptane in

buffer 1 from 0 to 100%! Also, for triolein in buffer 1,

100% emulsification was achieved with 5 ppm H*Protein

B. Again, buffer 1 is already capable of completely

emulsifying sunflower oil, but buffer 2 fails and needs

addition of hydrophobin to achieve this.

Fig. 10 Interfacial dilatational modulus e (interfacial elasticity) of a

surfactant containing aqueous buffer with and without addition of

hydrophobin in heptane (a) and triolein (b). The interfacial tension of

the pure buffer (grey filled circles) is compared with buffer containing

5 ppm H*Protein A (blue filled squares) and 5 ppm H*Protein B (red
open squares). The average interfacial dilatational moduli e are shown

in (c)
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In summary, the emulsification tests show huge effects

of hydrophobin addition in ppm amounts, even larger than

one might perhaps expect from the findings on interfacial

tension characterizations. This proves hydrophobin as

novel, attractive industrial performance protein for uses

such as laundering. The exact prediction of application test

results from the physical characterization, however, needs

some further study on the mode of action and structure

formation of hydrophobin.

Conclusion

We find that the structure formation and interface activity

of the recombinantly produced hydrophobins H*Protein

A and H*Protein B is not hindered by the attached fusion

protein of comparable sequence length. The dominance of

dimer at room temperature and acidic pH, the slow for-

mation of monomer at 5�C, and the much increased

association at elevated temperature or alkaline pH are

perfectly analogous between the fusion partner hydropho-

bin H*Protein A and the native hydrophobin SC3 as

studied by the Robillard group (Wang et al. 2004). Even

though H*Protein A includes a long fusion partner protein,

its self-association is determined by the hydrophobin

sequence. For the H*Proteins, but also for HFB II and SC3,

we find that dimer and tetramer are stabilized by surfac-

tants and monovalent salt. We have thus successfully

transferred the unique properties of hydrophobins from a

scarce natural product to an industrial scale-up of designed

hydrophobins.

Standardized emulsion testing under realistic laundry

conditions demonstrates that minuscule amounts of

hydrophobin (1 ppm) can boost the emulsifying power from

0 to 100% even though 300 ppm of an appropriate technical

surfactant are present. The application tests in emulsion also

show that the fusion partner influences the protein perfor-

mance, because it induces different amounts of emulsion

stability boosting for specific oils. This astonishing perfor-

mance is rationalized by the finding that the same minute

admixtures enhance significantly the interfacial elastic

modulus, thus stabilizing interfaces against coalescence and

phase separation. Being effective in extreme dilution jus-

tifies the term ‘‘performance protein’’ for the technical

hydrophobins H*Protein A and H*Protein B.
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