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ARTICLE INFO ABSTRACT

Article history: Hydrophobins (HFBs) are small surface-active proteins secreted by filamentous fungi. Being amphiphilic,
Received 4 May 2017 they spontaneously form layers that convert surfaces from hydrophilic to hydrophobic and vice versa.
Received in revised form 16 July 2017 We have compared properties of the class Il HFB4 and HFB7 from Trichoderma virens as produced in
:\C/Z‘iell;;el(el iil?nigzsstei?;;ber 2017 Escherichia coli and Pichia pastoris. Since the production in E. coli required denaturation/renaturation steps

because of inclusion bodies, this treatment was also applied to HFBs produced and secreted in yeast. The
protein yields for both systems were similar. Both HFBs produced by E. coli proved less active on PET
compared to HFBs produced in P. pastoris. HFBs produced in E. coli decreased the hydrophilicity of glass
the most, which correlated with the adsorption of a more dense protein layer on glass compared to HFBs
produced in P. pastoris. The hydrophobins produced in P. pastoris formed highly structured monolayers.
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Layers of hydrophobins produced in E. coli were less prone to self-organization. Our data suggests that
irrespective of the production host, the HFBs could be used in various applications that are based on their
surface activity. However, the production host and the subsequent purification procedure will influence
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the stability of HFB layers. In the area of high-value biomedical devices and nanomaterials, where the
formation of highly ordered protein monolayers is essential, our results point to P. pastoris as the preferred
production host. Furthermore, the choice of an appropriate hydrophobin for a given application appears

to be equally important.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Fungal hydrophobins (HFBs) are extremely surface-active,
small, secreted proteins. They are characterized by the conserved
pattern of eight cysteine residues involved in four intramolec-
ular disulfide bonds [1,2]. HFBs were initially categorized into
two classes (I and II), based on differences in physical proper-
ties and hydropathic profiles [3], but recent data show that many
HFBs do not fit into either group [4,5]. The characteristic prop-
erty of HFBs is their ability to spontaneously self-assemble at
hydrophobic-hydrophilic interfaces to form an amphipathic layer
that converts the surface from hydrophilic to hydrophobic and vice
versa [6-8].

The remarkable surface modulating activities of HFBs have been
investigated for material coating [9-11], separation technologies
[12,13], biosensors [14], production of cosmetics [15], and stabiliza-
tion of foams in the food industry [16,17]. They are also attractive
for medical applications as drug carriers [18] and as effectors that
reduce implant rejection[19]. Finally, in some conditions, HFBs
improve enzyme-catalysed polyester recycling [20,21].

The increasing demand for HFBs is faced with production chal-
lenges. In filamentous fungal hosts, produced HFBs remain largely
bound to the hyphal cell wall, necessitating a further step in down-
stream processing [22,23]. While establishing the overproduction
of the industrially interesting class Il hydrophobins in T. reesei, the
affinity to the cell wall was also observed (Przylucka, Lobanov,
Druzhinina, unpublished data). Consequently, most authors used
heterologous hosts — such as Komagataella phaffii (syn. Pichia pas-
toris [24]) or Escherichia coli — for HFB production [21,25-31]. An
E. coli-based commercial recombinant production of HFBs as fusion
proteins was developed by Wohlleben et al. [32].

The selection of which production host to use for recombinant
HFB expression has so far been chosen rather arbitrarily, mainly
based on the protein yield (Przylucka & Druzhinina, ms. submit-
ted), but the possibility that different systems may influence the
properties of the HFBs was not investigated. The objective of this
work therefore was to compare the physicochemical properties of
HFBs produced in two iconic expression systems, i.e. E. coli and
P. pastoris. As model proteins, we have chosen two novel class II
hydrophobins from Trichoderma — HFB4 [20,21] and HFB7 [33].

2. MATERIALS AND METHODS
2.1. Strains and Maintenance.

The sequences of hfb4 and hfb7 genes used in this study were
taken from the genome of T. virens Gv 29-8 [34]; the strain
is preserved in the TU Wien Collection of Industrial Microor-
ganisms (TUCIM: 3530). The verification sequences have been
deposited in Genbank under the numbers ABS59378 and ABS59373,
respectively. The strain was cultivated on 3% malt extract (MEX)
agar plates containing 100 mg/L chloramphenicol and 1.5% agar-
agar (w/v) at 28°C. E. coli Stellar™ Competent Cells (Takara Bio
Company, CA, USA) were used for plasmid propagation and mainte-
nance. The recombinant expression of HFBs was performed in E. coli
BL21(DE3) strain (GE Healthcare, Amersham, England). Cultivation
was performed in Lysogeny Broth (LB: 1% peptone, 1% sodium chlo-
ride, 0.5% yeast extract; all w/v) with 40 .g/ml kanamycin at 37 °C.
P. pastoris strain KM71H (Life Technologies, CA, USA) and recombi-
nant P. pastoris strains were maintained on yeast extract peptone
dextrose (YPD: 1% yeast extract, 2% peptone, 2% dextrose; all w/v)
agar plates containing 100 pg/ml Zeocin™ (Invitrogen) at 28 °C.

2.2. Plasmids and expression vectors

The primers given in Table S1 were used to amplify the cDNA
fragments of hfb4 and hfb7. Synthesis of cDNA has been described
previously [33].

Digestion of DNA with restriction endonucleases (New England
Biolabs, USA) and cloning with In-Fusion” HD Cloning (Takara Bio
Company, CA, USA) were performed following the manufacturer’s
instructions. Pure Yield™ Plasmid Midiprep System (Promega) was
used to isolate plasmid DNA, and their purification was performed
using Qiagen DNA purification kits (Qiagen, Germany).

For expression in E. coli, the hydrophobin genes were fused
between a 5’ pelB leader sequence and a 3’-sequence encoding a
6XHis Tag using the restriction sites BamHI and Xhol in the pET26b
(+) (Novagen, Germany) vector. For recombinant expression in
P. pastoris, the pPICZaA vector (Life Technologies, CA, USA) and
restriction sites EcoRI and Xbal were used according to the man-
ufacturers recommendations. pPICZaA and pET26b (+) plasmids
were maintained in E. coli Stellar™ Competent Cells grown on
low salt LB medium with 25 pg/ml Zeocin or 40 wg/ml Kanamycin,
respectively.

2.3. Molecular biological techniques

The pET26b (+) vectors containing hfb genes were transformed
to competent E. coli BL21(DE3) cells (New England BioLabs GmbH,
Germany) with a heat shock at 42°C for 45 sec. Positive clones
were selected on LB plates containing 40 wg/ml kanamycin. The
transformation of P. pastoris strain was performed according to
the instructions of the manufacturer (Life Technologies, CA, USA).
pPICZaA vectors containing HFB4 and HFB7 genes respectively
were linearized using Sacl and transformed into the appropriate
P. pastoris strain KM71H by electroporation. Transformants were
grown on YPD agar plates with 100 p.g/ml zeocin for selection of
positive clones.

2.4. Production of HFB4 and HFB7

Cultivation conditions. All fermentations were performedina2L
BiostatA fermenter (Sartorius, Gottingen, Germany) with a working
volume of 1L.

Pichia pastoris. For high cell-density fermentation of recombi-
nant P. pastoris, a fed-batch fermentation procedure was set up. A
pre-culture was grown in YPD medium for 48 hours, and then was
used (100 ml) as an inoculum for the fermenter. The fermentation
medium consisted of basal salts medium (2% (v/v) H3POg4, 4% (W/v)
glycerol, 100 mM K,SO4, 75 mM KOH, 60 mM MgS0,4-7H,0, 7 mM
CaS0y). After 16 hours, a 50% glycerol (w/v) feed containing 12 ml/L
trace salts (234 mM FeSO4-7H,0, 147 mM ZnCl,, 24 mM CuSO4-
5H,0, 18 mM MnSO4- H,0, 4 mM CoCl,, 0.8 mM biotin, 0.8 mM
Na;Mo04-2H,0, 0.5mM Nal, 0.3 mM H3BOs3, 0.5% (v/v) HySOy4)
was initiated. The expression was induced by a methanol feed
(including 12 ml/L trace salts) after further 10 hours of fermenta-
tion. The temperature was kept at 28°C constantly, and the pH
maintained automatically at 5.0 using 25% (w/v) NH4OH or H3POy,.
Dissolved oxygen was kept above 30%.

Escherichia coli. The fermentation of HFB-producing E. coli was
performed in a medium consisting of (conc. in mM) KH,PO4 (100),
(NH4),HPO4 (30), citric acid (10), glucose (167), MgS04 x 7H,0 (5),
thiamine (0.015) and 40 p.g/ml kanamycin. 10 ml/L of trace ele-
ments solution, pH 6.3, with Fe (III) citrate (40), CoCl,-6H,0 (1),
MnCl,-4H,0 (8), CuCl,-2H,0 (0.9), H3BO3 (5), NaM004-2H,0 (1),
Zn acetate-2H,0 (6) and EDTA (3) was added. A pre-culture was
grown overnight in 10 mL LB broth at 37°C and 170rpm. 10 ml
fresh LB broth were inoculated with 100 .l of the overnight cul-
ture and cultivated for further 8 hours under the same conditions.
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The final culture was then used to inoculate the fermenter. The
pH was maintained at 6.8 with 5M NaOH. The temperature was
set to 37°C for the biomass growth and subsequently lowered
to 20°C for the protein expression. Dissolved oxygen levels were
kept above 30%. After 17 hours, a 0.389 M glucose feed (contain-
ing 64 mM MgS0Oy, 2.00 ml of 100x trace metal solution, 0.15 mM
thiamine, 40 pg/ml kanamycin) of 5.8 ml/h was applied to boost
the cell density. During the following eight hours, the feed was
increased until 14.5ml/h and kept at this rate for the induction
phase. Eight hours later, the temperature was lowered to 20°C and
hydrophobin expression induced by the addition of 1mM (final
concentration) of isothiopropyl-3-D-galactoside (IPTG) in 0.14%
(w/v) yeast extract.

2.5. Downstream processing: purification

HFBs were purified using the HisTALON™ Gravity Column
Purification Kit (Takara Bio Company, CA, USA) as recommended for
the solubilization of inclusion bodies by the manufacturer. An on-
column refolding was performed using a step-wise gradient from
8 to OM urea using a washing buffer that contained additionally
1 mM reduced glutathione and 0.1 mM oxidized glutathione. For
each step, two column volumes were used until the buffer was
free of urea. Vivaspin ultrafiltration devices with 5 kDa cut-off (GE
Healthcare, Amersham, England) were used for buffer exchange to
100 mM K, HPO4/KH,PO4 buffer at pH 6.6. The culture broth from
P. pastoris was centrifuged at 936 g for 15 minutes to remove the
cells. Urea was then added to a final concentration of 8 M and the
samples purified the same way as described above over Co-charged
affinity resin. Alternatively, the cell-free culture broth was filtered
(pore size 0.22 wm, cellulose acetate membrane; Merck Millipore,
Germany) and then subjected directly to the same buffer exchange.

2.6. Protein quantification

Protein concentration was determined using the BCA protein
assay kit (Thermo Fisher Scientific GmbH, USA) and bovine serum
album as standard according to the manufacturer’s instructions.

2.7. Comparative characterization of HFB4 and HFB7

SDS-PAGE. Purified proteins and culture filtrates were ana-
lyzed on 15% SDS-polyacrylamide gels [35]. Silver and glycoprotein
staining were performed using the SilverQuest™ Kit (Invitrogen,
CA,USA) and the Pierce™ Glycoprotein Staining Kit (Thermo Fisher
Scientific GmbH, USA), respectively.

Protein immunoblotting assay. Proteins, separated on 15% SDS
PAGE gels as described above, were blotted onto 0.45 pm nitrocel-
lulose membranes. Immunological visualization of HFB4 and HFB7
was performed using a mouse anti-his-tagHRP antibody. The tar-
get proteins were visualized following the protocol supplied with
Clarity™ Western ECL. All products and devices were purchased
from Biorad or Life Technologies.

Protein identification and glycopeptide analysis using LC-ESI-MS.
Protein bands were cut out and digested in gel with sequencing
grade modified trypsin (Promega) or sequencing grade chy-
motrypsin (Promega) after S-alkylation with iodoacetamide [36].
The peptide mixture was separated on a Dionex Ultimate 3000 sys-
tem directly linked to a QTOF instrument (maXis 4G ETD, Bruker)
equipped with the CaptiveSpray nanoBooster source in the positive
ion, DDA mode (i.e. switching to MSMS mode for eluting peaks).
MS-scans were recorded in the range of 150-2200 Da, and the six
dominant peaks selected for fragmentation. Instrument calibration
was performed using ESI calibration mixture (Agilent). For separa-
tion of the peptides a Thermo Acclaim PepMap RSLC C18 separation
column (2 pm particle size, 100 A, 250*0.075 mm) was used (with a

Thermo Acclaim PepMap300 C18 w-precolumn, 5 pum particle size,
300 A Wide Pore, 5*0.3 mm). A gradient from 95% solvent A to 5%
solvent B (Solvent A: 65 mM ammonium formiate buffer, B: 100%
ACCN) to 32% B in 45 min was applied, followed by a 15 min gra-
dient from 32% B to 80% B that facilitates elution of large peptides,
at a flow rate of 0.3 pL/min. Data Analysis 4.0 (Bruker). The analy-
sis files were converted to XML files, which are suitable to perform
MS/MS ion searches with MASCOT (embedded in ProteinScape 3.0,
Bruker) for protein identification, with the software Data Analy-
sis 4.0 (Bruker). Only proteins identified with at least two peptides
with a protein score higher than 80 were accepted. For the similar-
ity searches, the SwissProt and NCBI databases were used.

For the measurement of the molecular weight, the proteins were
directly injected to a LC-ESI-MS system (LC: Dionex Ultimate 3000
LC). A gradient from 10 to 80% acetonitrile in 0.05% trifluoroacetic
acid (using a Thermo ProSwift™ RP-4H column (0.2 x 250 mm)) at
a flow rate of 8 wL/min was applied. Detection was performed with
a Q-TOF instrument (Bruker maXis 4G) equipped with the stan-
dard ESI source in positive ion, MS mode (range: 400-3000 Da).
Instrument calibration was performed using ESI calibration mix-
ture (Agilent). The data were processed using Data Analysis 4.0
(Bruker) and the spectrum was deconvoluted by MaxEnt.

Circular dichroism (CD) spectroscopy. Solutions of HFB4 and
HFB7 (5 M in 10 mM potassium phosphate pH 6.6) were used
for CD spectroscopy measurements. Measurements were carried
out in 0.2 cm SUPRASIL” quartz cells (Hellma Analytics, Miillheim,
Germany) in aJ-815 CD Spectrometer (Jasco, Tokio, Japan) at 20°C.
CD spectra of the proteins were collected from 260-190 nm as
average of five scans and baseline subtracted in order to exclude
buffer influences. Data are presented as the mean residue elliptic-
ity [0]in deg-cm?-dmol~!, i.e. (millidegrees x MRW)/(pathlength in
mm x concentration in mg/ml), where MRW is the mean residue
weight. Secondary structure prediction was performed employ-
ing the analysis programme K2D3 [37] (http://cbdm-01.zdv.uni-
mainz.de/~andrade/k2d3//index.html). CD spectra were plotted
and analyzed to determine the folding state using a CD Analysis
and Plotting Tool Capito [38] without further smoothing (http://
capito.nmr.leibniz-fli.de/).

Structural models. Both HFB4 and HFB7T. virens Gv 29-8 were
homology modelled with Modeller9v2 [39] using the ultra-high
resolution structure of the hydrophobin HFB2 from T. reesei (pdb ID:
2B97) as the modelling template. Secondary structure values were
calculated from PDB files of the homology modelled proteins using
StrucTools (https://hpcwebapps.cit.nih.gov/structbio/) for compar-
ison with the secondary structure information obtained with CD
spectroscopy.

Dynamic light scattering (DLS). The soluble-state of
hydrophobins in distilled water (HPLC gradient quality; Carl
Roth GmbH & Co, Germany) was measured in a Zetasizer (Malvern)
at a concentration of 0.6 g/L. The samples were passed through
a Whatman® Anotop® syringe filter (Sigma-Aldrich, USA) with a
0.2 wm pore size and shortly before the measurement centrifuged
at 13 000rpm for 30 min at 4°C. The supernatant was used for
the measurement at 25 °C. Fifteen spectra were recorded for each
sample.

Water contact angle (WCA) measurement. The measurements
were performed as described previously [20] using a Kriiss Easy
Drop DSA20E. Surfaces were prepared in three replicates and
washed thoroughly before each measurement.

Atomic force microscopy (AFM). Protein layers were prepared and
imaged as described previously [40]. Surfaces were rinsed before
the measurement was performed.

Quartz crystal microbalance with dissipation monitoring (QCM-
D). Quartz crystal sensors (4.95 MHz, AT-cut, gold electrode from
LOT Quantum Design, Darmstadt, Germany), coated with a homo-
geneous film of either borosilicate or polyethylene terephthalate
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(PET), were used. All measurements were conducted at 25 °C with
a Q-Sense E4 (4 sensor system) system (Biolin Scientific, Vds-
traFrolunda, Sweden). Each HFB was prepared in three biological
replicates. At least five measurements were performed per HFB
and expression system. The measurement cell was injected with a
solution containing 5 .M hydrophobins until the surface was sat-
urated. Thereafter, the stability of the adsorbed protein layer was
tested by rinsing with potassium phosphate buffer for 30 minutes.
The changes in resonance frequency (Af) and energy dissipation
(AD) after the deposition of hydrophobins on the surfaces were
measured at 6 overtones (n=3,5,7,9, 11 and 13). The Q-Tools 3.1
software package (Biolin Scientific, VastraFrolunda, Sweden) was
used to extract and normalize data.

3. RESULTS

3.1. Production of HFB4 and HFB7 in P. pastoris and E. coli cell
factories results in similar protein yields

To produce HFB4 or HFB7 in P. pastoris, an inducible expression
secretion system following a fed-batch strategy with a glycerol car-
bon source was used (vide supra). Thus, the AOX1 promoter and the
a-mating factor signal peptide were used for induction and secre-
tion, respectively (Fig.S1 A). This resulted in the production of about
0.6 g/L of total extracellular protein with a total cell mass of 45 g/L,
corresponding to a final specific production of 13.3 mg protein/g
cell dry weight. The concentrations of HFB4p, and HFB7p, (“Pp”
subscript for P. pastoris) in the broth were 6.9 and 8.1 mg/g of dry
cell weight, respectively.

In E. coli, the inducible (lacZ promoter) intracellular produc-
tion in following a fed-batch strategy (Fig. S1 B) resulted in a final
cell density of 40 g/L. The HFBs were trapped in inclusion bodies.
After solubilizing, renaturation and purification 1.9 mg HFB4g. and
3.0 mg HFB7g, respectively, could be obtained from one gram of
biomass (“Ec” subscript for E. coli).

A calculation of the specific production rates during the induc-
tion periods (P. pastoris: 45 hours, E. coli: 13 hours) showed that
they were in the same range (mg/g-h): HFB4p), (0.14), HFB7p,, (0.23),
HFB4g (0.15), HFB7g. (0.18), Fig. S1.

The purified HFB4g. and HFB7g. and the P. pastoris culture fil-
trates with HFB4p, and HFB7p, were analyzed by SDS-PAGE (Fig. 1).
At this stage, their identities were confirmed by immunoblotting
using an antibody against the 6xHis Tag (further LC-MS verifi-
cation vide infra). The HFBs were observed in their monomeric
(12-13 kDa) as well as putative dimeric (20-25 kDa) forms. Both
HFBs from the culture filtrate expressed by P. pastoris displayed
dispersed bands between 12 and 13 kDa. In the P. pastoris culture
filtrates, only small amounts of background protein were detected
by silver staining. After purification, putative dimeric bands were
also visible on the gels. We note that HFB4p;, and HFB7p, were not
glycosylated (Fig. S2). The high molecular weight band observed in
the glycostain is likely an endogenous P. pastoris protein, because
it was also secreted by the untransformed strain.

To check whether the proteins produced by E. coli and P. pastoris
contained the correctly processed amino acid sequence, LC-ESI-
MS analysis was performed. Although the sequence recovery was
variable (HFB4p, — 62.5%; HFB7p, — 25.3%; HFB4g. — 45.8%; and
HFB7g. — 75.4%; see Fig. S3 A), the sequences of the tryptic frag-
ments perfectly matched those theoretically present in the mature
hydrophobins. Only small amounts of common contaminations
were detected [mainly trypsin and human keratin type I, [41]).

E. coli produced HFBs were located in inclusion bodies (vide
supra). In order to check whether the on-column refolding indeed
fully renatured the proteins, the oxidation state of the four disulfide
bonds was investigated. The theoretical average mass of the mature

hydrophobins with all disulfide bonds in their reduced state was
calculated as 10659.13 Da and 9721.21 Da for HFB4g. and HFB7k,
respectively. The actual protein mass measured in solution was
8 Da smaller than these values, thus proving that the eight hydro-
gen atoms were no longer present on the cysteine residues, and
therefore four disulfide bonds had been formed (Fig. S3 B). The mea-
sured values of 10651.37 Da for HFB4g. and 9713.59 Da for HFB7
correspond to the theoretical mass calculated for both monomeric
hydrophobins with all eight cysteines in an oxidized state.

3.2. HFBs produced in P. pastoris and E. coli differ in secondary
structure motifs

The 2D structure of class II hydrophobins typically consists of
four B-sheets and a single a-helix [42,43]. We used far-UV CD spec-
troscopy to test whether the expression systems have an impact
on HFB4 and HFB7 secondary structure after all necessary down-
stream processing steps. Generally, and irrespectively of the host
used, the CD spectra of the HFB4 and HFB7 showed a maximum
ellipticity close to 190 nm and a minimum around 200 nm. Specif-
ically, HFB4g. and HFB7g. exhibited a minimum close to 204 and
203 nm, respectively (Fig. 2), which resembles the typical spectra
of intrinsically disordered proteins [44]. This was further verified
by the double wavelength analysis performed with CAPITO web
server, where [0],7; is plotted against [0],0o to determine the fold-
ing state of each protein. The double wavelength plot of HFB4
revealed that its production in E. coli and P. pastoris both resulted
in a pre-molten globule-like state in solution. Oxidative refolding
steps during purification shifted HFB4p,, towards a native-like state.
On the other hand, the double wavelength plot of HFB7 reveals
different characteristics: as explained above, both HFB7g. purified
through denaturation and renaturation steps and HFB7p, obtained
from supernatant without purification exhibit pre-molten globule-
like states. However, when HFB7p, was purified through oxidative
refolding steps, it was found in a coil-like state (Fig. 2). Overall, CD
spectra recorded for both proteins, irrespective of the host, show
high similarity to those of T. reesei HFB1 and HFB2 [23]. Neverthe-
less, a comparison of the CD spectra revealed major variations in
the predicted secondary structures of the proteins (Table 1) com-
pared to the theoretical secondary structure of HFB4 and HFB7. The
percentage of a-helices was considerably lower than theoretically
predicted (e.g. 2.92-4.01% vs. 13.7-11.7%), which is likely because
the a-helices are only formed when hydrophobins bind to a solid
surface [23,45]. On the other hand, the B-sheet content of HFB4
produced in either host match the theoretically calculated values
after the purification and oxidative refolding steps. This is also valid
for HFB7gc. Although oxidative refolding of HFB7p, increased the
[3-sheet percentage, it was still lower than the theoretical values.

3.3. Aggregation of hydrophobins in solution is influenced by the
expression system and varies between HFBs

We used DLS to estimate the aggregation behavior of HFB4 and
HFB7 produced in the two expression systems. Volume-weighted
size distributions are shown in Fig. 3. The clear majority of HFB4g,
displayed a hydrodynamic size of 8.3 +£4.0 nm. However, a minor-
ity of the protein was also found in large aggregates with a size
>5000 nm as seen in the intensity distribution (data not shown).
The small fraction could correspond to monomers, dimers or small
clusters. When the size of the structurally similar HFB1 (2-3 nm
[42]) is used as a reference, this corresponds to the formation of
dimers or small oligomers. HFB4p, formed larger aggregates with
a dynamic size of 105.6+51.3 nm. However, when HFB4p, was
oxidatively refolded like HFB4g, it again displayed a small hydro-
dynamic size of 4.1 +£0.2 nm, which could correspond to dimers
or even monomers. A very small amount of the protein was also
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Fig. 2. Above: CD spectra of HFB4 (A) and HFB7 (B) produced in P. pastoris (black) and purified with an oxidative refolding step (blue) and E. coli (green). CD spectra are
averages of five scans. Below: double wavelength analysis performed with CAPITO web server for the determination of the folding state of each protein.

here found in large aggregates with a size >100 nm in the inten-
sity distribution (data not shown). HFB7g. displayed a dynamic size
of 7.5+ 0.5 nm, while HFB7p,, formed aggregates of 58.8 +34.2 nm

(70% of estimated protein mass) and 368.2 & 174.7 nm (30% of esti-
mated protein mass) respectively (Fig. 3B). Interestingly, HFB7p,
did not form aggregates after arefolding step, but displayed a size of
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around 6.6 & 0.13 nm with only a minor aggregate presence around
400 nm.

3.4. The surface modulation activity of individual HFBs is
influenced by structural differences

All HFB4 and HFB7 preparations could decrease hydrophobic-
ity of PET, yet the proteins produced in P. pastoris were more
effective in this regard (Table 2). HFB4p, and HFB7p, displayed no
significant difference in their surface modulating activity neither in
purified nor in non-purified form. The ability to render glass more
hydrophobic was stronger for both HFB4 and HFB7 when produced
in E. coli than when produced in P. pastoris. In particular, HFB4p,
had no surface modulating effect.

3.5. HFBs expressed in P. pastoris form regular rows of dimers on
a flat hydrophobic surface

Investigations of HFB4 and HFB7 by atomic force microscopy
(AFM) amplitude error images (Fig. 4) show far-distance ordered
(crystalline) hydrophobin protein self-organization on a hydropho-
bic surface of highly ordered pyrolytic graphite (HOPG). HFB4p, and
HFB7p, form regular rows with a separation of about 5.8 + 0.2 and
6.5+ 0.8 nm, respectively. Assuming a monomeric size of 2-3 nm
(vide supra), the above values correspond to a HFB dimer (double
rows). Patches of unidirectional rows are typically some 100 nm
long and surrounded by narrow “grain boundaries”. In some cases,

also smaller disordered patches can be observed between the
“grains”. The “blobs”, which can be seen in the images, are most
probably due to an excess of hydrophobin that was not fully rinsed
off. They appear to overlay the crystalline film as they do not
interrupt the underlying rows. HFB4g. shows a two-phase system
with some crystalline regions and large disordered regions. In the
crystalline regions, the lattice parameter is ~5.7 £ 0.2 nm. HFB7g.
also shows two phases, both of which are crystalline but clearly
differ by the periodicities of rows that are either 7.3 +£0.8 nm or
3.4+ 0.5 nm. Moreover, a more frequent formation of grain bound-
aries, including more “blobs” compared to hydrophobins expressed
in P. pastoris, can be observed.

3.6. HFBs expressed in E. coli form more rigid films on both
hydrophilic and hydrophobic surfaces compared to HFBs
expressed in P. pastoris

Typical kinetic traces for the hydrophobin adsorption recorded
using QCM-D is shown in Fig. 5A and 5B. The displayed
decrease in frequency is roughly proportional to an increase in
adsorbed HFB layer mass including trapped water according to
the Sauerbrey formular Am=—KkAf, where k~18ng/cm2-Hz.
Both HFBs adsorbed to both borosilicate and PET crystals to
form layers of different mass that correspond approximately
to monolayers of the protein (Fig. 5). While HFBs expressed
in E. coli bind more mass to hydrophilic borosilicate, rena-
tured hydrophobins expressed in P. pastoris bound very similar
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Fig. 4. Tapping mode atomic force microscopy amplitude error images of surface layers formed by HFB4 and HFB7 expressed in E. coli and P. pastoris cell factories.

amounts of protein to both types of surfaces (Fig. 5): HFB7g.
bound 480.4 + 55.8 ng/cm? to PET and 777.0 + 19.9 ng/cm? to glass
before rinsing, whereas HFB7p, deposited 637.7 +26.2 ng/cm?
on PET and only 362.5+60.7ng/cm? on glass. After the renat-
uration step, HFB7p, bound 491.76 +25.63 ng/cm? on PET and
521.64 +27.95 ng/cm? on glass, showing a very small decrease in
surface coverage on PET compared to on glass.

HFB4r. bound to PET at 625.5+66.7ng/cm? and to
glass at 747.0+44.0ng/cm?, while HFB4p, adsorbed at 481.
7+73.3ng/cm? to PET and initially at 574.5+71.9ng/cm? to
glass. After the rinsing step, the mass of HFB4p, bound to glass
was reduced to 324.0 ng/cm? revealing a large fraction of weakly
bound hydrophobin to the hydrophilic surface. Renatured HFB4p,
bound 547.38 +22.52 ng/cm? on PET and 588.24 + 8,44 ng/cm? on
glass, thus displaying similar mass deposition as the untreated
HFB4pp. Renatured HFB4p, was more easily removed from the
surface during washing, a phenomenon particularly pronounced
when using a glass surface.

The significant difference in the mass of the adsorbed layer
before and after rinsing signifies that loosely bound HFB4p, are
present on the presumed HFB monolayer when a large excess of
HFB4p;, is present in solution. HFB7g. binds more mass than HFB7p,
to glass, but HFB7py, binds more mass than HFB7g, to PET. These dif-
ferences are constant before and after rinsing. That is, rinsing does
not lead to significant mass loss for any substrate version of HFB7.

4. DISCUSSION

In this study, we investigated whether the expression of two
class II hydrophobins from the ascomycete T. virens — HFB4
and HFB7-in two canonical production systems for heterologous
eukaryotic proteins, i.e. E. coli and P. pastoris, result in proteins with
similar properties. Both systems have already been used for class I
and I hydrophobin production before [21,25,27-32] but the prop-
erties of resulting proteins were not compared. Both HFB4 and HFB7
were produced in similar quantities and specific concentrations
(mg/g host biomass). Hydrophobins from P. pastoris were displayed
in multiple dispersed bands around 10 kDa on SDS-polyacrylamide
gels. Since the form with the highest molecular weight matches that
of the protein produced in E. coli, we propose that the additional
forms are due to posttranslational processing. Similar modifica-
tions have been shown to occur both at the N- as well as C-terminal
ends of hydrophobins of T. reesei [46] and T. atroviride [47].

Despite the use of a pelB leader sequence for secretion to
the periplasmic space in the expression vector for E. coli, both
HFB4 and HFB7 were still concentrated in inclusion bodies. The
leader sequence was not present in mature proteins, indicating
that they had indeed been translocated to the periplasmic space.
However, the formation of inclusion bodies in the periplasma has
been reported previously [48]. Therefore, it was necessary to purify
the proteins under denaturing conditions and subsequently refold
them. The determination of molecular weight of the final protein
product using mass spectrometry showed that all eight cysteines
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were in a fully oxidized state. We should note, however, that this
does not rule out that they may have formed S-S bridges in a differ-
ent way from that in the native protein. In order to make a direct
comparison of hydrophobins derived from both expression sys-
tem, both HFB4p, and HFB7p;, were purified analogously. However,
HFB4p, and HFB7p, were also directly subjected to the analysis
pipeline after buffer exchange of the culture filtrates, since qualita-
tive analysis on SDS-PAGE showed that the proteins were secreted
with little protein background in the culture filtrate and thus would
be the most suitable for applications.

We tested how the differences in downstream processing would
influence the secondary structure and function of HFB4 and HFB7.
The structural features were characterized by CD spectroscopy and
showed protein-specific effects: HFB4g,, refolded HFB4py,, HBF7g
displayed a [3-sheet percentage that comes close to the theoreti-
cal value, suggesting that most of the [3-sheets have been formed.
In contrast, a much lower percentage of [3-sheets was detected
for renatured HFB7py. It should be noted, however, that secondary
structure predictions from CD spectra in the case of hydrophobins
are prone to errors because the secondary structures are extrap-
olated from CD spectra based on known 3D structures in the
database. As only a few hydrophobin structures have so far been
resolved, and due to the intrinsically disordered [3-sheet regions
of the hydrophobins, these predictions may not fully reflect the
actual situation. This could only be shown by X-ray crystallogra-
phy or nuclear magnetic resonance spectroscopy. CD analysis by
the CAPITO web server revealed that oxidative refolding of HFB7p,
resulted in a coil-like, unfolded state whereas all other forms of
HFB4 and HFB7 were largely disordered and occurred in a pre-

molten globule like-state. Proteins in the native pre-molten globule
state are known to be more compact than random coils and exhibit
ordered secondary structures that can be detected by far-UV CD
spectroscopy to some extent. Their CD spectrum is characterized
by having a minimal ellipticity in the vicinity of 200 nm, which is
typical for disordered protein chains and is also valid for HFBs pro-
duced in both hosts. Additionally, we have observed different CD
signal intensities at the same protein concentrations, which could
be due to differences in protein aggregation tendencies. DLS data
indicates that indeed aggregates were present. Moreover, the DLS
data indicate that P. pastoris produced proteins are more prone to
aggregation before the denaturation-oxidative refolding step. Dis-
ordered proteins would be more prone to large-scale aggregation,
which supports the hypothesis that the refolding step produces
HFBs closer to their natural fold and stability. While the oxidative
refolding step has an impact on aggregation and protein structure,
it had a minor effect on the surface activity of HFB4. On the other
hand, as QCM measurements indicate, surface activity of HFB7
is affected more depending on if it is refolded or not. de Vocht
et al. [50] have shown that disulfide bridges of Schizophyllum com-
mune hydrophobin SC3 (Class I) were not directly involved in the
self-assembly but were instead required to keep the monomeric
state inside the cells or aqueous environments. Pronounced sur-
face modulation activities were observed on both hydrophilic as
well as hydrophobic surfaces. Both HFBs produced by E. coli proved
much less active on PET than those HFBs produced by P. pastoris.
We assume that this could be related to the formation of highly-
oriented surface layer in HFBs produced by P. pastoris, while those
produced in E. coli showed large unstructured areas (HFB4) or depo-
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sition of aggregates (HFB7). The HFBs produced in E. coli decreased
the hydrophilicity of glass more strongly, which also correlates with
the binding of more mass of HFB4g. and HFB7g. to glass in QCM
analysis.

The structures of hydrophobin layers revealed by AFM on the
hydrophobic HOPG material show that the hydrophobins produced
in P. pastoris formed highly structured layers with long-distance
order. Hydrophobins produced in E. coli produced showed less
self-organization in adsorbed surface layers. HFB4g. formed mostly
unstructured protein layers on the hydrophobic surface infused
with small patches of ordered formation with similar lattice param-
eters as HFB4p,. Here, no deposition of large aggregates was
observed, which also correlates to the finding that HFB4g. occurs
mainly in dimers in solution and does not form large aggregates.
During binding to the HOPG surface, HFB7g. layers also differed
from the regular formation made by hydrophobins expressed in P.
pastoris. Two different lattice parameters are observed. Probably
the geometrical match is not perfect and hence the formation of
large ordered layers of double rows as seen in HFB4py,, HFB7pp and in
the non-class Il hydrophobin HFB9 [40] would result in mechanical
stress. This could be reduced either by a different organization (the
double row 7.3 nm distance does not match two single row 3.4 nm
distances) or by frequent directional change. Also, depositions of
large protein aggregates were more frequent on HFB7g. layers com-
pared to HFB7p, layers. The hydrophobin layers observed by AFM
showed great differences in structural organization and matched
the surface activity observed on the hydrophobic substrate PET.

DLS, and especially AFM data, suggest that HFBs subjected
to denaturation and subsequent refolding have two coexisting
phases: fractions of large and small aggregates in DLS and differ-
ently organized regions in AFM. A potential explanation is that
a different recombination of cysteins results in two different,
coexisting disulfide patterns. HFBs consist of a stable and rigid
barrel-shaped backbone of four 3-strands and a charged a-helix
that might only be stabilized in the surface bound state [42,43].
According to the crystal structures of HFB1 and HFB2, two disulfide
bridges (C3-C4 and C7-C8 counting cysteins form the N-terminus)
only connect neighboring [3-strands and, thus, we think they are not
essential for correct folding, explaining observations that disulfides
may not be required for self-assembly although they are the only
highly conserved feature of HFBs. Given the geometry of the rigid
backbone, C2 is virtually impossible to combine with C6. There-
fore, only two different S-S crosslinking patterns may be expected:
Pattern 1 (C1-C6, C2-C5, C3-C4, C7-C8) which results from the pub-
lished crystal structures and pattern 2 (C1-C2, C3-C4, C5-C6, C7-C8)
[50]. We find it probable that HFBs secreted into the medium by
Pichia pastoris show strictly pattern 1, whereas a refolding process
allows for an equilibrium between patterns 1 and 2 resulting in
two phases. The effect of swapping C1-C6, C2-C5 to C1-C2, C5-C6
is putatively minor in terms of 3-D structure and surface electro-
statics but may destabilize the a-helix by pulling it towards C2.
This is plausible only assuming the a-helix is formed in solution.
While this feature exists in a NMR structure of the structurally sim-
ilar chimeric hydrophobin NChi2 [51], it has been proposed that it
may only form on surfaces. Our AFM data may give a first hint in
resolving these contradictions. If HFBs with crosslinking pattern
1 would form the a-helix in solution, and crosslinking pattern 2
would require the surface to stabilize the helix, then in solution the
pattern 1 HFBs represent more on-pathway intermediates towards
the surface bound state whereas pattern 2 HFBs would require
a conformational change during self-assembly. Indeed, only self-
assembled surface structures of refolded HFBs, which may contain
pattern 2, show signs of mechanical stress. It will be interesting to
prove this model with solution structures of HFBs with different
disulfide patterns.

QCM-D analysis has become a powerful analytical method for
the interaction of microorganisms or biomolecules with surfaces
[52,53] and was here used to illuminate variations in total amount
of adsorbed protein and qualitative differences in the adsorp-
tions kinetics. The deposited mass on glass was clearly higher for
hydrophobins expressed in E. coli. The high density of adsorbed of
both HFB expressed in E. coli correlates with a strong change in
the wettability of glass rendering it more hydrophobic. HFB7 had
a particular strong effect on the hydrophilic surface by changing
its WCA from 12° to 62°. Also, even though HFB4p, and HFB7p,
had a similar lower mass deposition on glass, HFB7p, still showed
arather high surface modulating activity resulting in a WCA of 43¢,
while HFB4p, did not produce a measurable change in the wet-
tability of hydrophilic glass. Also this observation correlates with
the QCM data as a large fraction of HFB4p, is removed from the
surface of glass, but not from PET after rinsing, additionally demon-
strating a looser association with the hydrophilic surface. Thus, the
negligible change in WCA is likely due to a low surface coverage
of HFB4p,, on glass after rinsing and reorganization of the loosely
bound protein at the interface during the contact angle measure-
ment. The QCM data of the E. coli film indicate the formation of
protein layers with high stability upon rinsing. There are notable
differences in the adsorption kinetics on glass between the native
and renatured HFBs expressed in P. pastoris. The native protein
adsorbs much more slowly and the adsorption kinetics suggests
that a defined monolayer might not be formed, but rather that slow
continuous aggregation might occur on the surface. The renatured
protein on the other hand, displays well-defined fast adsorption
and formation of a stable monolayer. The slower and more ill-
defined adsorption is likely due to slower mass transport of the
native HFBpy, due to the prevalence of large aggregates of the native
protein (cf. Fig. 3). Aggregates have lower mobility and adsorb to
the surface at a lower rate for the same protein concentration as
the measurements are performed under diffusion controlled kinet-
ics conditions. However, it cannot be ruled out that additionally a
more ill-defined protein conformation of the native HFBp, yields
a weaker interaction with the hydrophilic surface. It should also
be noted that when reversible adsorption is observed after rinsing,
the renatured HFBpp, show a fast and well-defined desorption. Thus,
a larger fraction of the protein binds without denaturation to the
interface and is in equilibrium with the bulk protein concentration.
Interestingly, the HFBs expressed in E. coli on all surfaces showed
higher stability to rinsing than HFBs expressed in P. pastoris, despite
that the differences before rinsing between HFBs expressed in E. coli
and renatured HFBs expressed in P. pastoris were minor. This differ-
ence in desorption kinetics was most pronounced for HFB4 on glass.
Irreversible protein adsorption on solid surfaces is generally associ-
ated with either surface-induced partial denaturation or stabilizing
protein-protein interactions. This indicate that the renatured HFBs
from P. pastoris show higher structural stability and less formation
of strongly associated dimers and oligomers on the surface than
what is the case for HFBs expressed in E. coli. DLS also shows for-
mation of oligomers of HFB4 already in solution, which correlates
with the observation regarding the adsorbed protein layer stability.

We demonstrated that class II hydrophobins produced in
two canonical hosts differ strongly in their surface modulating
activities at hydrophilic and hydrophobic interfaces. Although all
hydrophobins produced displayed the typical characteristics of
adsorption and even partial self-organization as protein monolay-
ers at interfaces, the affinity for hydrophilic versus hydrophobic
surfaces showed significant variation. The differences in the stabil-
ity and organization of self-assembled protein layers were not only
HFB-specific but also production-host specific and the resulting
structural features that varied due to the differences in downstream
processing. Both HFBs expressed in P. pastoris required renatur-
ing to achieve a native-like fold and avoid aggregation. The lack of
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structure and presence of aggregates prevented rapid and defined
surface assembly in particular on glass, leading to lack of surface
modulation. Our data suggests that HFBs could be used in the vari-
ous applications such as immobilization of enzymes for biosensors
[54-60] irrespective of the production host, based on their surface
activity. Stability, however, would depend also on the production
host and subsequent purification method selected. Nonetheless, in
the area of high-value biomedical devices and nanomaterials where
the formation of highly-ordered protein monolayers is essential for
a successful application, results of AFM-resolved structures would
indicate that Pichia pastoris is the more appropriate host.
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