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Abstract Hydrophobins are a large group of low-molecu-
lar weight proteins. These proteins are highly surface-active
and can form amphipathic membranes by self-assembling
at hydrophobic-hydrophilic interfaces. Based on physi-
cal properties and hydropathy profiles, hydrophobins are
divided into two classes. Upon the analysis of amino acid
sequences and higher structures, some models suggest that
the Cys3—Cys4 loop regions in class I and II hydrophobins
can exhibit remarkable difference in their alignment and
conformation, and have a critical role in the rodlets struc-
ture formation. To examine the requirement for the Cys3—
Cys4 loop in class I hydrophobins, we used protein fusion
technology to obtain a mutant protein HGFI-AR by replac-
ing the amino acids between Cys3 and Cys4 of the class I
hydrophobin HGFI from Grifola frondosa with those ones
between Cys3 and Cys4 of the class II hydrophobin HFBI
from Trichoderma reesei. The gene of the mutant protein
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HGFI-AR was successfully expressed in Pichia pastoris.
Water contact angle (WCA) and X-ray photoelectron spec-
troscopy (XPS) measurements demonstrated that the puri-
fied HGFI-AR could form amphipathic membranes by self-
assembling at mica and hydrophobic polystyrene surfaces.
This property enabled them to alter the surface wettabilities
of polystyrene and mica and change the elemental composi-
tion of siliconized glass. In comparison to recombinant class
I hydrophobin HGFI (rHGFI), the membranes formed on
hydrophobic surfaces by HGFI-AR were not robust enough
to resist 1 % hot SDS washing. Atomic force microscopy
(AFM) measurements indicated that unlike rHGFI, no rod-
let structure was observed on the mutant protein HGFI-AR
coated mica surface. In addition, when compared to rHGFI,
no secondary structural change was detected by Circular
Dichroism (CD) spectroscopy after HGFI-AR self-assem-
bled at the water—air interface. HGFI-AR could not either be
deemed responsible for the fluorescence intensity increase
of Thioflavin T (THT) and the Congo Red (CR) absorption
spectra shift (after the THT(CR)/HGFI-AR mixed aqueous
solution was drastically vortexed). Remarkably, replacement
of the Cys3—Cys4 loop could impair the rodlet formation of
the class I hydrophobin HGFI. So, it could be speculated that
the Cys3—Cys4 loop plays an important role in conformation
and functionality, when the class I hydrophobin HGFI self-
assembles at hydrophobic—hydrophilic interfaces.

Keywords Hydrophobin - HGFI - Self-assembly -
Cys3—Cys4 loop - Rodlets structure
Introduction

Hydrophobins are a large family of small secreted proteins
that are solely produced by filamentous fungi (Morris et al.
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2011; Hakanpai et al. 2004; Wessels et al. 1991). These
proteins fulfill a wide variety of functions in fungal growth,
development and pathogenesis (Wessels 1996; Wosten and
Wessels 1997; Wosten 2001). For instance, they mediate
the emergence of aerial hyphae by reducing the surface ten-
sion which allows them to escape from the aqueous envi-
ronment (Wosten et al. 1999). They also can facilitate the
adhesion of conidiospores to host surfaces (Talbot et al.
1996; Ma et al. 2006) and gas exchange in fruiting bodies
through forming hydrophobic air channels (Lugones et al.
1998; Trembley et al. 2002).

Although the amino acid sequence and composition are
diverse among hydrophobins, there is a main unifying fea-
ture that all of them possess eight conserved cysteine resi-
dues that form four intramolecular disulfide bonds (Hakan-
pad et al. 2006; Kershaw and Talbot 1998). According to
their hydropathy pattern and biophysical properties, hydro-
phobins are classified into two classes, I and II (Wessels
1994; de Vries et al. 1999). Both classes of hydrophobins
can self-assemble at hydrophilic-hydrophobic interfaces
into amphipathic films (Linder 2009).

The class I hydrophobins are poorly soluble even under
conditions such as in 2 % boiling SDS, and can be solu-
bilized only by treatment with solvents such as 100 %
trifluoroacetic acid (TFA) and formic acid (Butko et al.
2001). Meanwhile, rodlets are typically observed by elec-
tron microscopy or atomic force microscopy (AFM) when
dilute class I hydrophobin solution drips and dries down
on a solid support (Sunde et al. 2008; Wang et al. 2010b;
Yu et al. 2008; Houmadi et al. 2008; Basheva et al. 2011).
Unlike the class I hydrophobin, the membranes formed by
assembled class II proteins can be dissociated under mild
conditions (such as 60 % ethanol or 2 % SDS) (Yang et al.
2013). Moreover, no rodlets are observed when dilute class
II hydrophobin solutions drip and dry down on a solid sup-
port (Scholtmeijer et al. 2001). But the membranes formed
by class II hydrophobins imaged by AFM show an organ-
ized structure when the dilute solutions drip and dry down
onto a mica support (Sbrana et al. 2010). Circular dichroism
(CD) shows that the class I hydrophobins contain substantial
amount of B-sheet structure in the soluble state and a signifi-
cant secondary structural changes appear after vortexing the
aqueous solution (de Vocht et al. 1998). While, except for a
slight alteration of intensity, no changes in the CD spectra of
class II hydrophobins were observed after vigorous vortex-
ing the solutions (Wdsten and de Vocht 2000).

In our previous study, we observed that like other class
I hydrophobins, HGFI from Grifola frondosa could self-
assemble into amyloid-like rodlets on mica and polystyrene
surfaces (Yu et al. 2008; Wang et al. 2010b). The class I
hydrophobin HGFI membrane formed on the polystyrene
surface was extremely robust against washing and could
even resist hot SDS treatments (Hou et al. 2009).
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The class II hydrophobins HFBI from Trichoderma
reesei could also form aggregates at water—air interfaces;
however, they were of less regular shape and more unsta-
ble (Serimaa et al. 2003; Paananen et al. 2003). The mem-
branes formed by the class II hydrophobin HFBI on Teflon
surfaces could resist aqueous washes but not treatment with
hot SDS (Askolin et al. 2006). In addition and unlike the
class I hydrophobins, HFBI could not react with the stain
ThT and cause the fluorescence intensity of the mixture
to increase. Circular dichroism (CD) showed that class I
hydrophobins exhibited a predominant P-sheet structure
indicated by the minima at 214-217 nm when pB-sheet
structure was induced by vortexing the aqueous solution
(Wosten and de Vocht 2000; Ma et al. 2008; Paslay et al.
2013). It should be noticed that the structural changes of
class II hydrophobins at the air—water interface were not
observed due to instability of the assemblages (Askolin
et al. 2006; Wosten and de Vocht 2000; Paslay et al. 2013).

There is little available information about the three-
dimensional structure and the rodlets’ assembly mechanism
of class I hydrophobin HGFI. It was shown that the second
loop formed by the amino acid residues between the third
Cys (Cys3) and the fourth Cys (Cys4) of class I hydro-
phobins played a pivotal role in self-assembly at the hydro-
philic-hydrophobic interface (Wang et al. 2004). Moreo-
ver, the model proposed for the polymeric rodlet structure
formation of the hydrophobin EAS also suggested that the
second loop of class I hydrophobins played an important
role in the initial formation of self-assembled structures at
a hydrophilic—hydrophobic interface (Kwan et al. 2006).
However, it was demonstrated that the Cys3—Cys4 loop did
not have an integral role in the formation or structure of the
EAS rodlets (Kwan et al. 2008). Unlike the class I hydro-
phobins, in class II hydrophobin HFBI, the loop formed by
the amino acid residues between Cys3 and Cys4 is much
smaller and the number is conserved in all class II hydro-
phobins (Linder et al. 2005).

Therefore, to study the influence of Cys3—Cys4 loop on
self-assembly and rodlets structure formation in HGFI, we
used protein fusion technology to obtain a mutant protein
HGFI-AR by replacing the Cys3—Cys4 loop of HGFI with
the loop that is present in the typical class II hydrophobin
HFBI, and investigated its properties.

Materials and methods

Strains, vectors and reagents

Escherichia coli (E. coli) strain DH5a, Pichia pastoris (P.
pastoris) strain GS115 (His"Mut™), and the pPIC9 vec-

tor were purchased from Invitrogen (Beijing, China).
The recombinant class I hydrophobin HGFI (rHGFI),
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Table 1 Primers used in the current study

Name Sequence 5'-3/

Pl CGCTCGAGAAAAGACAACAGTGCACCACTGGC

P2 GTCAAGGCCGATGAGGCCAAGGACTTGGGTGGCGCAGCACTGGAGCTG
P3 GCCACCCAAGTCCTTGGCCTCATCGGCCTTGACTGCTCGCCGATCTCC
P4 CGGAATTCAGACGTTAACCGGAACAC

5'A0X GACTGGTTCCAATTGACAAGC

3’AOX GCAAATGGCATTCTGACATCC

The restriction sites and Kex2 protease cleavage site are in underline and bolditalics, respectively; the 33-bp gene fragment encoding the amino
acid sequence between Cys3 and Cys4 of HFBI and the reversed complementary sequence are in bold

pMDI19-T-hfbI, and pET-28a-hgfl were provided by our
laboratory. All restriction enzymes, Taqg DNA polymer-
ase, T4 DNA ligase and pMD19-T vector were purchased
from TaKaRa (Dalian, China). DNA fragment purification
kits, DNA markers and protein markers were supplied by
TaKaRa (Dalian, China). All primers were also synthesized
by Takara. Other chemicals and reagents were purchased
either from TaKaRa or Sigma.

Vector construction

A three-step procedure was used to obtain hgfl-ar gene
by PCR. First, to obtain gene Al, a pET-28a-hgfl vector
containing a class I hydrophobin gene hgfl from G. fron-
dosa was used as a template, and P1/P2 were used as for-
ward and reserves primers, respectively. The sequences
of the primers used are shown in Table 1. The KEX?2 pro-
tease cleavage site following the Xhol restriction site was
inserted at the 5’-terminal of P1, and a 33 bp gene fragment
encoding the amino acid sequence between Cys3 and Cys4
of HFBI was added to the 5’ end of P2.

Second, a pMD19-T-ifbI vector containing the class II
hydrophobin HFBI from Trichoderma reesei was used as
a template and P3/P4 as forward/reserves primers to obtain
gene A2. A 33-bp gene sequence reversed complementary
with the one added to the 5’ end of P2 was added to the
5" end of P3, and an EcoRI restriction site sequence was
added to the 5’ end of P4.

Third, the hgfl-ar coding sequence which contained an
Xhol restriction site and Kex2 protease cleavage site at 5’
end and an EcoRI restriction site at 3’ end was amplified by
PCR using the A1l and A2 together as templates and P1/P4
as forward/reserves primers. Then, they were cloned into
pMD19-T. The recombinant plasmid was transformed into
E. coli DH5a and the plasmids containing the insert hgfI-
ar coding sequence were verified by both double-enzyme
(Xhol and EcoRI) cleavage method and sequencing. The
hgfl-ar gene in pMDI19-T was then subcloned into the
pPIC9 vector using the engineered Xhol and EcoRlI sites,
yielding pPIC9-hgfI-ar. In the recombinant pPIC9-hgfl-ar

vector, the hgfl-ar gene was located downstream from the
AOX1 promoter, which can be induced using methanol
as sole carbon source. To ensure secretion of HGFI-AR,
the o-factor secretion signal was placed upstream of the
expressing gene and the final recombinant vector pPIC9-
hgfl-ar was verified by the Xhol and EcoRI cleavage and
gene sequence analysis using primer pairs 5’ AOX/3" AOX.

Transformation and expression

The plasmid pPIC9-hgfl-ar was linearized with Stul, and
transfected into P. pastoris GS115 (His") cells by elec-
troporation using a Bio-Rad gene pulser apparatus (25uF,
200 €2, 2.0 kV) according to the manufacturer’s instruc-
tions. Transformants were plated on minimal dextrose
(MD) medium to screen for the His™ clones. Fifty Hist
clones were selected and subsequently patched on MD
and minimal methanol (MM) plates to determine the His™
Mut™ phenotypes. Colony PCR and sequencing were per-
formed using the primers 5'AOX1 and 3’AOX1 to confirm
the integration of hgfl-ar into the P. pastoris genome. The
positive clones were chosen for future work.

Fermentation and purification of recombinant HGFI-AR

The selected fast-growing strains (His™ Mut™) were incu-
bated in 50 mL buffered minimal glycerol (BMG) medium
and cultured at 30 °C and 250 rpm until the ODg, reached
6. The cells were then harvested by centrifugation for
30 min at 8,000g and resuspended in 100 mL buffered
minimal methanol (BMM) medium and cultured at 28 °C
and 250 rpm. The expression of HGFI-AR was induced by
methanol supplementation to a final concentration of 0.5 %
at 24 h intervals for 5 days. The supernatants were gathered
for purification and analysis of the recombinant protein
HGFI-AR. The expression levels of HGFI-AR from the 10
clones were analyzed by Tricine—-SDS-PAGE, and the clone
that expressed the highest level of HGFI-AR was chosen
for large-scale production following the procedure reported
previously (Niu et al. 2012b). After 96 h of induction time,
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the culture was centrifuged at 8,000g to obtain the super-
natant. A two-step process was used to purify the protein
HGFI-AR (Wang et al. 2010a). The first step was ultra-
filtration using a hollow fiber membrane module with
4 kDa molecular weight cut-off (Tianjin MOTIMO Mem-
brane Technology Ltd., China) and then lyophilized. RP-
HPLC was used to further purify the protein HGFI-AR
with a Vydac C4 reversed-phase column (4.6 x 250 mm,
GRACE, China) (Yu et al. 2008). The purified HGFI-AR
was identified by 16 % Tricine—SDS-PAGE, Western blot-
ting and mass spectra.

Water contact angle (WCA) measurements

The surfaces of hydrophobic polystyrene and hydrophilic
mica coated with purified HGFI-AR were analyzed using
WCA measurements. 20 pL of 0.02 mg/mL protein solu-
tion was used to coat the polystyrene (25 mm x 25 mm)
and mica surfaces (25 mm x 25 mm). After incubating at
room temperature for 30 min, the solution was removed
gently and the modified polystyrene and mica surfaces
were dried under a nitrogen stream. The surfaces were kept
at room temperature overnight. WCA measurements of
unmodified and HGFI-AR-modified polystyrene surfaces
were performed after rinsing with water or 1 % hot SDS.
WCA measurements of unmodified and HGFI-AR-modi-
fied mica surfaces were also carried out after rinsing them
with water or 1 % hot SDS. WCAs were measured with a
SpL of water droplet on the modified and unmodified sur-
faces using an optical contact angle meter (Kruss, DSA100)
at room temperature. The average values of WCA measure-
ments were obtained from three water droplet readings at
different locations.

X-ray photoelectron spectroscopy (XPS) measurements

HGFI-AR sample at a concentration of 100 pwg/ml in Milli-
Q™ water (MQW) was used. The elemental composi-
tion of bare and HGFI-AR coated siliconized glasses was
analyzed by XPS (Kratos Axis Ultra DLD) spectrometer
employing a monochromated Al-Ka X-ray radiation source
(hv = 1486.6 eV), hybrid (magnetic/electrostatic) optics
and a multi-channel plate and delay line detector (DLD).
All XPS spectra were recorded using an aperture slot of
300 x 700 pm. The survey spectra were recorded with a
pass energy of 160 eV, and high-resolution spectra with a
pass energy of 40 eV.

Atomic force microscope (AFM) measurements
Tapping mode images of dried droplets were obtained

using a NanoScope IIla Multimode atomic force micro-
scope (Veeco Instruments, NY, USA) and silicon nitride
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cantilevers with a nominal force constant of 50 N/m. Scan
rates were approximately 1 Hz. The damping ratio (set-
point amplitude/free amplitude) was typically about 0.7—
0.8. The Scanning Probe Image Processor (SPIP; Image
Metrology, Lyngby, Denmark) was used for image analy-
sis. All of the collected images were flattened to rule out
any possible tilt.

Circular dichroism (CD) spectropolarimetry

HGFI-AR samples at a concentration of 50 pg/ml in MQW
were used in this study, and the class I hydrophobin rHGFI
was used as a positive control. The CD spectra of the
assembled suspension were obtained after vigorously shak-
ing on a vortex for 5 min to promote the formation of the
B-sheet structure.

The spectra were recorded over the wavelength range
from 190 to 250 nm on a Jasco J-715 CD spectrometer
(Jasco, Japan), using a 1-mm quartz cuvette. The tempera-
ture was kept at 25 °C, and the sample compartment was
continuously flushed with nitrogen gas. Samples’ spectra
are the result of averaging 5 scans obtained using a 5-s
averaging per point, a bandwidth of 1 nm and a step width
of 0.5 nm. The spectrum of the reference solution without
the protein was used to correct for the background signal.

Thioflavin T (ThT) staining

All the samples used in the rodlet formation assays were
tested using fluorescence emission spectroscopy. The sam-
ples were excited at 435 nm, and the emission spectra were
recorded over the wavelength range of 450-600 nm with
emission and excitation slits set at 10 nm. Lyophilized
HGFI-AR and rHGFI were dissolved in MQW and added
to a stock ThT solution prepared with MQW. The final
concentrations in each sample were 5 WM ThT and 40 pg/
mL HGFI-AR or rHGFI, respectively. The spectra were
recorded using 5 WM ThT aqueous solution alone as a con-
trol. All the samples were measured using a Cary Eclipse
Fluorescence Spectrophotometer (Varian Optical Spectros-
copy Instruments, Mulgrave, Australia) before and after
vortexing for 5 min.

Congo red (CR) binding assays

CR binding was performed using a BIO-TEK Microplate
Reader model (BioTek U.S., Winooski, VT, USA); all
measurements of the absorption spectra were recorded
within a 300-700 nm range. The instrument was blanked
using phosphate buffer (pH 4.0).

Both CR and the proteins were dissolved in 50 mM
phosphate buffer (pH 4.0). Mixtures of CR and HGFI-AR
or rHGFI were incubated at room temperature for 30 min
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and shaked for 5 min prior to spectral analysis. The final a M 1 2 3
concentrations in each sample consisted of 10 pg/ml CR . .
and 100 pg/mL HGFI-AR or rHGFI, respectively. The
absorbance spectra were also measured using 10 pg/ml CR
solution alone as a control.
Results and discussion
b 1 2

Expression and purification of heterologously expressed
HGFI-AR

A 80 bp gene Al and a 162 bp gene A2 coding sequences
were amplified by PCR using pET-28a-hgfl and pMD19-
T-hfbl vectors, respectively, as templates. A 33-bp gene
fragment encoding the amino acid sequence between Cys3
and Cys4 of HFBI was fused downstream of the gene A/
and upstream of the gene A2. A 209 bp HGFI-AR coding
sequence was obtained using the A/ gene sequence and the
A2 fragment together as the template. The amplified HGFI-
AR gene was inserted into the P. pastoris expression vector
pPIC9 to construct the pPIC9-hgfl-ar. The corrected con-
struction vector was identified by double enzymatic diges-
tion with Xhol and EcoRI and DNA sequencing analysis.
To ensure that the full-length HGFI-AR was secreted to the
extracellular space without undesirable additional N-ter-
minal amino acids, a Lys—Arg sequence specifically rec-
ognized and cleaved by the KEX2 protease was designed
to be placed after the Xhol. The hgfl-ar gene was located
downstream of the AOX1 promoter, which can be induced
using methanol as sole carbon source (Burrowes et al.
2005).

The constructed plasmid pPIC9-hgfl-ar was linearized
with Stul, following its transfection into P. pastoris GS115
(His") cells using a Gene Pulser (Bio-Rad) apparatus (25 IF,
200 X, 2.0 kV) following the manufacturer’s instructions.
Fast-growing of the selected transformants (His™Mut™)
was continued as described by Niu et al. (Niu et al. 2012a).
After being selected on MD and MM media plates, fifteen
fast-growing transformants (His™ Mut%) were chosen,
identified by PCR and then sequencing using the primers
5'AOX/3'AOX.

Twelve positive transformants were induced in BMM
with 0.5 % methanol at 28 °C for 96 h. The clone with the
highest production of HGFI-AR was obtained after the
supernatants of fermentation medium were analyzed by
RP-HPLC. The purified HGFI-AR was obtained using a
two-step procedure. The first step was ultrafiltration which
was used to remove small impurities and concentrate the
supernatant. Further purification was accomplished by RP-
HPLC separation. The lyophilized HGFI-AR after ultrafil-
tration or RP-HPLC purification was analyzed on 16 % Tri-
cine—-SDS-PAGE. A clear band of about 6 kDa was found

Fig.1 a Silver-stained Tricine-SDS-PAGE of purified HGFI-AR
expressed in P. pastoris. M molecular weight standards. Lane I the
lyophilisate from control strains. Lane 2 the lyophilisate of HGFI-AR
purified by ultrafiltration. Lane 3 HGFI-AR purified by RP-HPLC; b
Western blotting analysis of HGFI-AR using rHGFI as control. Lane
1, the purified HGFI-AR. Lane 2 the purified rHGFI

in all transformants, which coincided with the expected
HGFI-AR theoretical size, while the same band was absent
in the control strains (P. pastoris transformed with pPIC9
vector) (Fig. 1a). The sequences of HGFI,HFBI and HGFI-
AR are shown in Table 2. The purified protein HGFI-AR
was analyzed by Western blotting using polyclonal anti-
HGEFI antibody, and the protein rHGFI was used as the pos-
itive control. The results showed that both proteins could
specifically bind to the antibody (Fig. 1b).

To estimate the molecular weight of HGFI-AR precisely,
the purified HGFI-AR protein was also analyzed with mass
spectrometry. Its molecular weight was 5,989.43 Da. This
value was less than the calculated molecular weight of
5,995.96 Da. This discrepancy may be attributed to the fact
that the protein HGFI-AR is rich in cysteine residues and
after its translation, intramolecular disulfide bonds could
form which lead to the release of H ions. The results men-
tioned above indicated that the heterologous protein was
correctly folded in P. pastoris and also efficiently secreted
from the cells without undesirable extra N-terminal amino
acids.

WCA measurements

Wettability changes of the solid surfaces were probed
before and after protein modification by WCA measure-
ments (Fig. 2). The WCA of the bare polystyrene sur-
face was 84.3 £ 2.5°. However, after self-assembling
of HGFI-AR on the surface and rinsing with water, the
WCA of the polystyrene surface was dramatically reduced
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Table 2 The sequences of HGFI, HFBI and HGFI-AR

Hydrophobins Sequence

HGFI QQCTTGQLQCCESTSTANDPATSELLGLIGVVISDVDALVGLTCSPISVIGVGSGSACTANPVCCDSSPIG
GLVSIGCVPVNV

HFBI SNGNGNVCPPGLFSNPQCCATQVLGLIGLDCKVPSQNVYDGTDFRNVCAKTGAQPLCCVAPVAGQALL
CQTAVGA

HGFI-AR QQCTTGQLQCCATQVLGLIGLDCSPISVIGVGSGSACTANPVCCDSSPIGGLVSIGCVPVNV

The amino acids between third Cys and the fourth Cys of the class I hydrophobin HGFI from G. frondosa and of the class II hydrophobin HFBI

from T. reesei are in underline. The conserved cysteine residues are in bold

Fig.2 WCA on a a bare polystyrene surface; b a HGFI-AR-modi-
fied polystyrene surface with water washing; ¢ a HGFI-AR-modified
polystyrene surface with SDS washing; d a native mica surface; e a

to 37.3 £ 1.9°, this value was close to that of the rHGFI-
coated polystyrene (Niu et al. 2012a). This result indicates
that like class I hydrophobin rHGFI, the protein HGFI-AR
could convert the surface of polystyrene from hydropho-
bic to hydrophilic. In comparison to the bare mica surface,
the WCA value of HGFI-AR coated mica surface slightly
increased from 6.4 + 2.2° to 11.9 £ 1.7°, this result is also
similar to that of the rHGFI-coated mica.

The presented results suggest that after the Cys3—
Cys4 loop was replaced, HGFI-AR exhibited properties
of amphipathic proteins that contained hydrophobic and
hydrophilic patches. When HGFI-AR coats the hydropho-
bic polystyrene surface, a hydrophobic patch is induced by
hydrophobic forces, and adsorbed onto the hydrophobic
surface followed by the hydrophilic part which is exposed
to the outside making the polystyrene surface hydrophilic.
In turn, when HGFI-AR coats the hydrophilic mica surface,
the hydrophilic patch is adsorbed onto the hydrophilic sur-
face, leading to the exposure of the hydrophobic part to the
outside making the mica surface hydrophobic.

To further investigate the resistance of the self-assem-
bled film formed by HGFI-AR to be removed from poly-
styrene and mica surfaces, the HGFI-AR-coated polysty-
rene and mica surfaces were rinsed thoroughly with 1 %
hot SDS. Unlike rHGFI and other class I hydrophobins,
the WCA value of HGFI-AR coated polystyrene dramati-
cally increased from 37.3 4 1.9° to 82.3 &£ 2.6°, this value
is close to that of the bare polystyrene surface. Meanwhile,
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HGFI-AR -modified mica surface with water washing; f a HGFI-AR-
modified mica surface with SDS washing

the WCA value of HGFI-AR coated mica surface was also
close to that of the bare mica surface after washing with hot
SDS.

An explanation for this behavior is provided as follows.
First, after the Cys3—Cys4 fragment has been replaced, the
number of hydrophobic amino acids was reduced from 14
to 6, which could lead to a decrease of interaction forces
between HGFI-AR and polystyrene. The weaker membrane
formed by HGFI-AR therefore becomes more susceptible
to 1 % hot SDS washing. Second, in class I hydrophobins,
the loop formed by the amino acids located between Cys3
and Cys4 plays a pivotal role in the rodlet structure for-
mation and the self-assembly at hydrophilic—hydrophobic
interface (Wang et al. 2004). When the number of amino
acids between Cys3 and Cys4 is reduced from 32 to 11, the
long disordered loop existing in class I hydrophobin HGFI
may disappear which might result in losing self-assembly
property that could form robust membranes at the polysty-
rene interface.

XPS measurements

The XPS survey spectra of the bare and HGFI-AR-mod-
ified siliconized glass are shown in Fig. 3. The relative
elemental composition of the bare and HGFI-AR-modified
siliconized glass is shown in Table 3.

In the spectrum of bare siliconized glass, a high intensity
of O 1s and Si 2p signals and a low intensity of C 1s signal
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Fig.3 XPS spectra of siliconized glass surfaces before and after
HGFI-AR modification

were detected, which is typical of the bare siliconized glass
composition. In addition, and as expected, the N 1s and S
2p signals were not observed. After HGFI-AR modification
and water rinsing, the elemental composition significantly
changed. The intensity of the Si 2p peak dramatically
decreased, and the C ls and N 1s signals became pre-
dominant. In addition, a high intensity of N ls and a weak
intensity of S 2p were detected. Obviously, there is no Si
element in the protein HGFI-AR, it only existed in the sili-
conized glass, but the elements N and S only correlate to
the presence of the protein. Therefore, HGFI-AR showed a
similar behavior as the class I hydrophobin rHGFI (Wang

et al. 2010a), which could form a robust membrane on solid
surfaces and tolerate rinsing with water.

Yet, the phenomena above described were limited to
the treatment that only involved a water wash. When the
HGFI-AR-modified siliconized glass was washed with
1 % hot SDS, the elemental composition reverted back to
the bare siliconized glass (data not shown). This meant that
the robust membrane formed by HGFI-AR on siliconized
glass surface did not resist the hot SDS wash. The result of
the XPS measurements also supported the conclusion we
obtained from the WCA measurements that Cys3—Cys4 of
class I hydrophobin HGFI played an important role when
self-assembled at hydrophilic/hydrophobic interfaces.

Atomic force microscope measurements

When a droplet of HGFI-AR solution was placed on a freshly
cleaved mica surface, the formation of a distinctive monolayer
of protein was clearly observed (Fig. 4a). This hydrophobin
film seemed to be compact, except for some irregular holes
embedded in it. Moreover, no rodlet structure was observed.

While, typical rodlet structures were visualized when
rHGFI solution was dried on a freshly cleaved mica surface
(Fig. 4b). Like the native HGFI, most of the rodlets that
rHGFI formed were about 100 nm in length and extended
in different directions.

According to the previous studies, the characteristic
rodlet structure only was present in class I hydrophobins,
and it was also a key difference between class I and class 11
hydrophobins (Linder et al. 2005; Linder 2009). So, it can
be speculated that the amino acids between Cys3 and Cys4

Table 3 The relative elemental

. Spectra sample Cls (%) N1ls (%) Ols (%) Si2p (%) S 2p (%)
compositions of the bare and
HIGFI-ArIf{ modified siliconized Siliconized glass 8.96 0.90 55.34 22.50 0.00
glass surtaces Siliconized 55.89 12.06 28.10 3.18 0.77

glass + rHGFI-AR

Fig.4 AFM images of different
hydrophobins dried onto mica,
image size is 1 x 1 pm and
height scale is 10 nm. a HGFI-
AR; b rtHGFI
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of HGFI play a decisive role in the rodlet structure form-
ing process of class I hydrophobin HGFI. This result dif-
fers from the data that the Cys3—Cys4 loop of Hydrophobin
EAS was not required for rodlet formation (Kwan et al.
2008). Although there is no clear explanation for the dis-
crepancy of our results from previous studies, it might be
attributed to the following: First, the number and composi-
tion of amino acids between HGFI and EAS are fairly dif-
ferent. Second, the process used to obtain the mutant pro-
tein HGFI-AR is different for truncated versions of class I
hydrophobin EAS (Wessels 1994; de Vries et al. 1999).

Secondary structure changes upon self-assembly
of HGFI-AR and HGFI

CD spectroscopy was used to study the secondary struc-
tural changes of HGFI-AR and rHGFI between their mono-
meric and self-assembled forms at the water—air interface.
CD spectra of the monomeric HGFI-AR in water showed a
maximum ellipticity close to 190 nm and a minimum close
to 205 nm (Fig. 5a, thick line). After vigorous shaking, the
CD spectra were similar to that of the original HGFI-AR
aqueous solution, except for a slight decrease in the inten-
sity of the spectrum. CD spectra of the rHGFI in water had
a maximum ellipticity close to 190 nm and a minimum close
to 205 nm (Fig. 5a, dotted line). Contrary to HGFI-AR, great
changes were observed in the CD spectra of rHGFI after vig-
orous shaking of the solutions (Fig. 5b). It is presumed that
the assemblages acquire a predominately p-sheet structure
indicated by the minima shifted from 205 to 215-217 nm,
which is the same as the value found from all other class I
hydrophobins studied to this date (Askolin et al. 2006; Ma
et al. 2008; Janssen et al. 2004; De Vocht et al. 2002).

The lack of structural changes observed after HGFI-
AR self-assembled at the water—air interface might be
explained as follows. After the Cys3—Cys4 of HGFI was
replaced, the number of hydrophobic amino acid decreased
which led to a reduction in the hydrophobic interaction
between hydrophobins/hydrophobins and hydrophobins/
air bubbles. Therefore, when the assemblages of HGFI-AR
were formed at water—air interface, their inherent instabil-
ity precluded any structural change.

Self-assembly and surface activity of the HGFI-AR

ThT is known to greatly increase its fluorescence yield
upon binding to stacked B-sheets (LeVine lii 1999) and
Congo red (CR) exhibits a significant shift in its absorp-
tion spectrum in the presence of stacked P-sheets (Klunk
et al. 1999). So, to identify whether the purified HGFI-AR
retained the ability to self-assemble into amyloid-like struc-
tures as class I hydrophobins, CR and ThT-binding assays
were performed as described in the Materials and methods

@ Springer

a 104
—— HGFI-AR
5 - HGFI-AR (vortexing)

~~~
2]
13}
g
on
[5)
=]
E
N’
e

-20 T T T T T 1

190 200 210 220 230 240 250
Wavelength (nm)
b 80+
rHGFI
rHGFI (vortexing)

60
@
3]
L 40+
on
)
=
g
N
<=

-40

T T T T T 1
190 200 210 220 230 240 250
Wavelength (nm)

Fig. 5 CD spectra of the mutant protein HGFI-AR (a) and the class 1
hydrophobin rHGFI (b) in water (thick line) and after vigorous shak-
ing (dotted line). CD spectra were the averages of 5 scans

section. The maximum fluorescence intensity of ThT and
hydrophobin—ThT mixed solution was observed at 485 nm
before and after vortexing for 5 min (Fig. 6).

The fluorescence intensity of ThT and rHGFI mixed
solution was twofold higher than that of pure ThT water
solution before vortexing. Progressively this difference
became more pronounced reaching a 4.5-fold after vor-
texing (Fig. 6a). This phenomenon correlates well with
the results obtained during the study of some other class
I hydrophobins (Stroud et al. 2003; Macindoe et al. 2012).
When compared to rHGFI, no significant increase in the
fluorescence intensity of ThT/HGFI-AR solutions was
observed after vortexing (Fig. 6b). The maximum fluo-
rescence intensities of HGFI-AR/THT mixed solutions
at 485 nm were tested after vortexing for 10, 20, 30 and
40 min in different pH (3, 5, 7, 9). There was also no signif-
icant increase in the fluorescence intensity of ThT/HGFI-
AR solutions observed after vortexing.
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Fig. 6 Fluorescence emission spectra of thioflavin T in the presence
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Similar to ThT, CR can also bind to ordered stacks of
B-sheets and cause absorption spectra shifts. Although the
details of the interaction between the two dyes and stacked
B- sheets have not been yet elucidated, in principle it can be
speculated that the two dyes may not bind to the same sites
on proteins due to their opposite charges.

Since both the hydrophobins and CR are negatively
charged at neutral pH, the existing electrostatic repulsion
may prevent the binding from happening. Therefore, to
avoid repulsion, the CR assay was performed at a lower pH
(4.0). The spectra of protein/CR and CR alone are shown in
Fig. 7. BSA was used as a negative control since this pro-
tein only presents a limited extent of B-structure. Contrary
to CR, rHGFI/CR showed a spectrum shift from 490 to
530 nm. It should also be noticed that no appreciable dif-
ference in spectra was observed from HGFI-AR and BSA.

wavelength (nm)

Fig. 7 The adsorption spectra of different Congo red solutions

The higher fluorescence intensity of ThT in mixed pro-
tein solutions without vortexing indicated that both rHGFI
and HGFI-AR might contain some stacked B-sheets even in
the monomeric structure or that the protein solutions were
not completely monomeric before the assay. The increased
fluorescence intensity was hardly detected in HGFI-
AR mixed solution after vortexing. In this case, it can be
hypothesized that unstable or no amyloid-like structures
were formed. Although further studies should be conducted
to explain why HGFI-AR did not cause a fluorescence
intensity increase and a CR absorption spectrum shift, pro-
tease digestion and hydrogen—deuterium exchange studies
could contribute to explain these observations (Wang et al.
2004). They had already indicated that the second loop of
class I hydrophobin SC3 plays a pivotal role in self-assem-
bly at hydrophilic-hydrophobic interface.

From the comparison of sequence alignment between
class I and II hydrophobins, we know that in class I hydro-
phobins, the segment of amino acids between Cys3 and
Cys4 is the least conserved portion in terms of size and
make-up. In addition, the loop formed by them is largely
disordered and extremely hydrophobic. Of interest, this
loop formed by the corresponding amino acids in class II
hydrophobins is much smaller, conserved (11 residues
between Cys3 and Cys4) and binds less tightly to hydro-
phobic surfaces.

Therefore, a noticeable change in functionality and
behavior was expected in the class I hydrophobin HGFI
structure after the 32 residues between Cys3 and Cys4 were
replaced by 11 residues between Cys3 and Cys4 of class
II hydrophobin HFBI. The replacement might lead HGFI-
AR to acquire properties of class II hydrophobins as shown
in the above reported studies. In addition, in our research
both rodlet formation and surface activity were modified
after the residues were replaced. The nature of the altera-
tions differed from the results reported using another class
I hydrophobin EAS (Kwan et al. 2008). Although, there is
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little amino acid sequence homology in class I and class II
hydrophobins, they share very similar folds, which have
almost identical B-barrel folds that are composed of four
antiparallel p-strands (Sunde et al. 2008; Zampieri et al.
2010). When the three-dimensional structure of class I and
class II hydrophobin formed, the disordered Cys3—Cys4
loop of the class I hydrophobin EAS was on the protein sur-
face. In contrast, the Cys3—Cys4 loop of the class II hydro-
phobin HFBI was located inside (Zampieri et al. 2010). So,
after deletion of the residues from Cys3—Cys4 loop of the
class I hydrophobin EAS, the rest of the residues of this
loop might be still on EAS surface, which could facilitate
the rodlet formation of EAS. While, after the Cys3—Cys4
fragment has been replaced, the Cys3—Cys4 loop of HGFI-
AR might be located inside, which led to that HGFI-AR
could not form rodlet structures.

Conclusions

In this work, a mutant protein HGFI-AR was obtained by
replacing the amino acids between Cys3 and Cys4 of class
I hydrophobin HGFI from Grifola frondosa with those ones
between Cys3 and Cys4 of class II hydrophobin HFBI from
Trichoderma reesei. The gene of HGFI-AR was success-
fully expressed in methylotrophic yeast P. pastoris GS115.

We have demonstrated that like the native hydrophob-
ins, the mutant protein HGFI-AR could form amphipathic
membranes at different surfaces to alter their wettabilities.
In comparison to rHGFI, the film formed by HGFI-AR at
a hydrophobic surface was less stable. Moreover, the self-
assembly of HGFI-AR at the water—air interface was not
accompanied with a increase of B-sheet conformational
change in secondary structure, and no typical rodlet struc-
ture was observed after HGFI-AR coating on solid sur-
faces. Thus, it could be speculated that the Cys3—Cys4 loop
in HGFI plays an important role in its conformation and
functionality, when HGFI self-assembles at hydrophobic—
hydrophilic interfaces.
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