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Abstract: Hydrophobins are small proteins (<20 kDa) with an amphipathic tertiary structure that are
secreted by various filamentous fungi. Their amphipathic properties provide surfactant-like activity,
leading to the formation of robust amphipathic layers at hydrophilic–hydrophobic interfaces, which
make them useful for a wide variety of industrial fields spanning protein immobilization to surface
functionalization. However, the industrial use of recombinant hydrophobins has been hampered
due to low yield from inclusion bodies owing to the complicated process, including an auxiliary
refolding step. Herein, we report the soluble expression of a recombinant class I hydrophobin DewA
originating from Aspergillus nidulans, and its efficient purification from recombinant Escherichia coli.
Soluble expression of the recombinant hydrophobin DewA was achieved by a tagging strategy using
a systematically designed expression tag (ramp tag) that was fused to the N-terminus of DewA
lacking the innate signal sequence. Highly expressed recombinant hydrophobin DewA in a soluble
form was efficiently purified by a modified aqueous two-phase separation technique using isopropyl
alcohol. Our approach for expression and purification of the recombinant hydrophobin DewA in
E. coli shed light on the industrial production of hydrophobins from prokaryotic hosts.

Keywords: ramp tag (RT); soluble expression; recombinant hydrophobin DewA; aqueous two-phase
separation (ATPS); isopropyl alcohol (IPA)

1. Introduction

Hydrophobins are small proteins with an amphipathic structure that were initially
isolated from Schizophyllum commune [1]. This family of proteins is mainly composed of
100–150 amino acids, which are frequently found in the mycelia of fungi. Hydrophobins
provide a hydrophobic surface layer through self-assembly on the hydrophilic hypha of
growing mycelium, when monomers are secreted on the surface of growing mycelia. As
a result, hydrophobins serve to coat the surface of the hyphae due to the amphiphilic
nature of the protein [2–4]. In addition, hydrophobins not only enable hyphae to effectively
respond to environmental changes but also function as a shield between the cell wall and
air layer or at the interface between the cell wall and a solid surface during sporulation,
fruiting body development, and infection structure formation through host invasion [5].

Hydrophobins typically have four disulfide bonds originating from eight cysteine
residues [6], which play an important role in stabilizing the amphipathic three-dimensional
structure that imparts activity to the hydrophobin similar to that of a surfactant. Hy-
drophobins are typically divided into two classes (class I and II) depending on hydropathy,
solubility, and the structure formed during self-assembly. Both class I and II can form an
amphipathic monolayer at a hydrophilic–hydrophobic interface [7,8]. However, class I
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hydrophobins form amyloid-like rodlets that are insoluble at a hydrophilic–hydrophobic
interface, whereas class II hydrophobins form a monolayer with high solubility at a
hydrophilic–hydrophobic interface [9–13]. Due to the above features, hydrophobins have
been spotlighted in the biomaterial industry [14]. Accordingly, utilizing hydrophobins in
cosmetics or food and beverages requiring a stable and uniform foam has been well stud-
ied [15]. In addition, hydrophobins have received increased attention in various industries
as an innovative next-generation material, including use as a medical coating agent, and as
a functional particle in nanostructures applied to the living body [15–17].

Currently, various production methods, including a recombinant technique using
bacteria, yeast, and plant cells as expression hosts, or a fermentation method using the
original producer fungus have been attempted [18–22]. Although several reports described
successfully soluble expression in Pichia pastoris, recombinant hydrophobins produced in
bacteria, especially E. coli, as inclusion bodies need to be preprocessed for further utilization.
In this case, a denaturation/refolding process is required to obtain a functional protein,
which results in increased cost and time for the mass production of hydrophobins. For
example, it was reported by BASF SE in 2009 that two recombinant class I hydrophobins,
H*Protein A (yaaD-DewA-His6), and H*Protein B (truncated yaaD-DewA-His6), can be
produced in adequate amounts for industrial application, using bacteria as a host. Un-
fortunately, in this case, hydrophobins were also produced in an inclusion body form.
Until now, there have been no case reports in which recombinant hydrophobins have been
successfully overexpressed in a soluble form [23]. Additionally, a mechanical process using
HPLC or a two-phase separation method (e.g., ATPS; aqueous two-phase separation) using
a surfactant have mainly been used for purifying hydrophobins. However, this takes a
long time and requires additional cost due to complex purification procedures and use
of chemicals that are not easy to handle [24,25]. Therefore, these issues require urgent
attention.

Here, we report that soluble expression of a recombinant hydrophobin DewA was
successfully achieved by using a combination strategy of N-terminal fusion with a rationally
designed expression tag (ramp tag) and deletion of the DewA signal peptide. In addition,
we verified that the hydrophobin expressed was soluble and efficiently purified by ATPS
using IPA. Thus, time-consuming and low-efficiency protein refolding and purification
steps can be avoided.

2. Results
2.1. Preparation and Screening of Ramp Tags for Soluble Expression of Hydrophobin DewA

In our previous study, a method to prepare target gene-specific (tailor-made) ramp
tags was developed to facilitate the overexpression of several recombinant proteins [26].
Unlike the general method of codon optimization or deoptimization for difficult-to-express
proteins, it is possible to increase the expression level or solubility of the target protein by
merely fusing a ramp tag to the N-terminus of the target protein, without changing the
original codons of the open reading frame (ORF). The ramp tag comprises a set of rare
codons, deduced from codon usage preference in line with copy numbers of tRNA genes in
the genome of E. coli K12 and those present in the target gene sequence. These codons are
then intentionally located at the 5′-end of the target ORF, thereby allowing the tRNAs of
these rare codons to be primarily recruited and then reused by ribosomes for translation of
the same codon in subsequent positions, as described previously [27]. The resulting ramp
tag typically consists of DNA sequences (tandem arrangement of rare codons) encoding
1–20 amino acids.

Considering the above-mentioned criteria, five specific ramp tags were initially pre-
pared by making a rare codon list according to the codon usage preference of the host cell,
E. coli BL21 (DE3). The DNA sequence of the target gene dewA was converted into codons,
and the frequency and position at which rare codons of the above list appeared in the dewA
ORF were analyzed. Finally, we collected and arranged these rare codons, randomly or in
order of appearance in the target ORF (Figure 1A). The resulting ramp tag DNA sequences,
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and their corresponding amino acid sequences, were fused to the N-terminal region of
hydrophobin DewA and are listed in Table 1.

Figure 1. Schematic diagram of the DNA construct designed for the soluble expression of hy-
drophobin DewA and protein expression behavior of a recombinant hydrophobin DewA with or
without the signal sequence. (A) Design scheme of the DNA construct used for the soluble expression
of recombinant hydrophobin DewA. The rationally designed ramp tag was N-terminally fused, and
6×His tags were fused at the C-terminal region for Western blot analysis. The deleted signal sequence
(∆SS) of DewA is represented as a dotted box. (B) SDS-PAGE analyses (15 µg of proteins) of soluble
recombinant hydrophobin expression at two different culture temperatures. Protein expressions of
three independent clones (#1–3) were induced with 0.2 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) at 37 ◦C (left panel) or at 18 ◦C (right panel). M, protein marker; T, total fraction; S, soluble
fraction; I, insoluble fraction. Black arrows indicate insoluble expression of hydrophobin RT5-DewA-
6xHis, whereas red arrows indicate soluble expression of hydrophobin RT5-DewA(∆SS1-24)-6xHis,
wherein DewA(∆SS1-24) represents that the entire predicted signal sequence (total 24 residues)
was deleted. The molecular mass of RT5-DewA-6His and RT5-DewA(∆SS1-24)-6×His are 15.7 and
13.4 kDa, respectively.

Table 1. Designed ramp tags and their corresponding amino acid sequences.

Ramp Tag (RT)

Name DNA Sequence Amino Acid Sequence

RT1 AGTCCTAATCACCCGGGA SPNHPG
RT2 AGTCCTCCGCACCTTCCC SPPHLP
RT3 CTTCCCAGTCCTAATCAC LPSPNH
RT4 AGTCCTAATCCCCCGTCC SPNPPS
RT5 CTTCACAGTCCTAATCCC LHSPNP

To induce overexpression and/or soluble expression of the difficult-to-express protein
hydrophobin DewA, without codon optimization or directed evolution, five ramp tags were
designed and fused with the DewA ORF at the 5′-terminal region using PCR, as reported
previously [26]. The resulting recombinant plasmids (pET24a_RT-DewA-6xHis) were
transformed into E. coli BL21 (DE3), and then protein expression was induced with 0.2 mM
IPTG. As expected, we observed an increase of approximately 3-fold in the expression levels
for two of the ramp tags, RT3 and RT5 (data not shown). There were marginal changes
in the expression levels of the other three tags. Looking at the solubility of recombinant
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proteins with ramp tags, almost all proteins (>95%) were detected in insoluble fraction
when the protein expression was induced at 37 ◦C (see recombinant protein with RT5,
RT5-DewA-6xHis in the left panel of Figure 1B). Recombinant protein expression with
ramp tag RT3 showed a similar result. These results suggest that N-terminal fusion of
the ramp tag did not have any beneficial effects on the soluble expression of recombinant
hydrophobin DewA, despite the considerable increase in expression.

We further designed 22 ramp tags, RT6 through RT27 (sequences not shown), based
on the above criteria. Unexpectedly, all further recombinant proteins with 22 ramp tags
showed no promising results for solubility. Based on this observation, we decided to
additionally delete the DNA sequence of the putative signal peptide of hydrophobin DewA
as this sequence was not functional in E. coli and also did not delete in cytoplasm. Thus,
inappropriate folding and/or proteolytic degradation likely occurred, thereby leading to
negative effects on the solubility and/or expression of the target protein, hydrophobin
DewA, via terminally consecutive fusion with the ramp tag. To test the possibility of allevi-
ating the negative effects of the signal sequence on the solubility of hydrophobin DewA, the
recombinant plasmid, pET24a_RT5-DewA-6xHis with the ramp tag RT5 (CTTCACAGTCC-
TAATCCC), was arbitrarily selected based on the relatively upregulated protein expression
when compared to the remaining clones. We then attempted to remove the signal sequence
by PCR, using a set of primers (Table 2).

Table 2. Nucleotide sequences of primers and DewA with or without the signal peptide.

Name Nucleotide Sequence

DewA NdeI forward primer AT CATATG CTTCACAGTCCTAATCCCAAGAACGCGAAGCTGGCC
DewA XhoI reverse primer ATA CTCGAG TTAGTGGTGGTGGTGGTGGTGCTCAGCCTTGGTACCGGCG

RT5-DewA

CTTCACAGTCCTAATCCC CGCTTCATCGTCTCTCTCCTCGCCTTCACTGCCGCGG
CCACCGCAACCGCCCTCCCGGCCTCTGCCGCA AAGAACGCGAAGCTGGCCACC

TCGGCGGCCTTCGCCAAGCAGGCTGAAGGCACCACCTGCAATGTCGGCTCGATCG
CTTGCTGCAACTCCCCCGCTGAGACCAACAACGACAGTCTGTTGAGCGGTCTGCTC
GGTGCTGGCCTTCTCAACGGGCTCTCGGGCAACACTGGCAGCGCCTGCGCCAAGGC
GAGCTTGATTGACCAGCTGGGTCTGCTCGCTCTCGTCGACCACACTGAGGAAGGCCC
CGTCTGCAAGAACATCGTCGCTTGCTGCCCTGAGGGAACCACCAACTGTGTTGCCGT
CGACAACGCTGGCGCCGGTACCAAGGCTGAG

RT5-DewA (∆SS1-24)

CTTCACAGTCCTAATCCC AAGAACGCGAAGCTGGCCACCTCGGCGGCCTTCGCCA
AGCAGGCTGAAGGCACCACCTGCAATGTCGGCTCGATCGCTTGCTGCAACTCCCCCG
CTGAGACCAACAACGACAGTCTGTTGAGCGGTCTGCTCGGTGCTGGCCTTCTCAACG
GGCTCTCGGGCAACACTGGCAGCGCCTGCGCCAAGGCGAGCTTGATTGACCAGCTG
GGTCTGCTCGCTCTCGTCGACCACACTGAGGAAGGCCCCGTCTGCAAGAACATCGTC
GCTTGCTGCCCTGAGGGAACCACCAACTGTGTTGCCGTCGACAACGCTGGCGCCGG
TACCAAGGCTGAG

Start codon is intentionally excluded, the RT5 sequence is shaded in yellow, and the signal sequence is shaded in green. Restriction enzyme
sites are highlighted in grey.

2.2. Construction and Expression Analyses of a Ramp Tag-Fused Hydrophobin DewA Lacking the
Signal Sequence

Considering previous reports regarding the signal sequence of class I hydrophobins [28,29],
and our signal sequence prediction, we constructed a recombinant expression vector, pET24a_
RT5-DewA (∆SS1-24)-6xHis, by PCR. The deleted signal sequence of hydrophobin DewA is
shown in Table 2.

To analyze whether deletion of the signal sequence can induce hydrophobin DewA
expression in the soluble fraction, the recombinant protein lacking the signal sequence (RT5-
DewA (∆SS1-24)-6xHis) was induced with IPTG under two different culture temperatures,
18 and 37 ◦C, at 250 rpm for 3 h. The recombinant clone carrying pET24a_RT5-DewA-6xHis
was cultured as a control under the same conditions. SDS-PAGE analysis demonstrated
that when expression was induced at 37 ◦C, the expressed amount (>98%) of recombi-
nant hydrophobin DewA in the soluble fraction was significantly higher than that in
the insoluble fraction. Thus, most of the recombinant hydrophobin was expressed in a
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soluble form when the ramp tag was fused with signal sequence-deleted hydrophobin
DewA (Figure 1B, left panel). In addition, we showed that when the recombinant protein,
RT5-DewA (∆SS1-24)-6xHis, was induced at 18 ◦C, the expression was further increased as
compared to protein induction at 37 ◦C. Further, most of the expressed protein (>96%) was
detected in the soluble fraction (Figure 1B, right panel). In comparison, the control protein,
DewA (∆SS1-24)-6xHis without the RT5 ramp tag, was expressed in the insoluble fraction.
Thus, we concluded that the recombinant class I hydrophobin, DewA, was expressed
mainly in a soluble form due to a combination of N-terminal ramp tag fusion and the
deletion of the signal sequence, regardless of differences in the culture temperature. An
additional approach for the expression of recombinant hydrophobin DewA with a different
length of deleted signal sequence, RT5-DewA (∆SS1-18)-6xHis, showed a somewhat im-
proved solubility when compared with that of the recombinant protein RT5-DewA-6xHis
(data not shown). After repeated confirmation by retransforming the plasmid into freshly
made competent cells, DNA sequencing also confirmed the correct fusion of the ramp tag
with the DewA ORF lacking the signal sequence. Based on these observations, we finally
selected pET24a_RT5-DewA (∆SS1-24)-6xHis for further analyses.

2.3. Purification of DewA by Aqueous Two-Phase Separation Using Isopropyl Alcohol

ATPS is a liquid-liquid fractionation technique that has gained interest, both in
industry and academia, because of its great potential in the separation, purification,
and enrichment of proteins, membranes, viruses, enzymes, nucleic acids, and other
biomolecules [24,25,30]. Thus, we chose ATPS as a simple method for purification of
the soluble form of recombinant DewA. To this end, we combined and partly modified
well-known protocols to optimize the ATPS/IPA procedure for easy and efficient purifica-
tion of recombinant hydrophobin DewA [24,30,31]. The resulting procedure is illustrated
in Figure 2.

Figure 2. Detailed flowchart of the ATPS purification process for soluble recombinant hydrophobin
DewA. This process was established by experimental modifications of known processes in the prior
publications. The flowchart shows that the purification procedure uses only one reagent, that is, IPA.
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During the purification procedure, we prepared seven samples (total fraction, soluble
fraction, the solubilized final white precipitate in 1 mL of 200 mM Tris-HCl (pH 8.0) buffer
following purification, and serial diluted purified protein samples using the same buffer)
to confirm the yield and purity of recombinant hydrophobin DewA using ATPS/IPA. The
results are shown in Figure 3.

Figure 3. SDS-PAGE analysis of recombinant hydrophobin DewA purified by ATPS using IPA.
Lane 1, protein size marker; 2, total fraction; 3, soluble fraction; 4, final white precipitate solubilized
in 1 mL of 200 mM Tris-HCl buffer (pH 8.0) buffer following purification; 5–8, samples obtained by
sequential dilution of previous sample (lane 4) with 1 mL of the same buffer. The arrow indicates the
purified RT5-DewA(∆SS1-24) protein.

As shown in Figure 3, SDS-PAGE analysis showed a clear band for the purified
recombinant hydrophobin DewA, with over 90% purity. Obligately, 80% or more of the
protein in the soluble fraction (>250–400 mg/L) was also observed in the purified fraction
(lane 4), thereby proving ATPS an efficient purification method for soluble recombinant
hydrophobin DewA. This result strongly implies that the combination of N-terminal
ramp tag fusion and deletion of the signal sequence facilitate soluble expression of the
recombinant class I hydrophobin DewA, and easy purification thereof can be achieved by
ATPS using IPA.

To investigate the applicability of several organic solvents other than IPA, recombinant
hydrophobin DewA was also purified as described above. Consequently, there was no
comparable or considerable yield, or efficiency even when the conditions (varied protein
concentration, treatment time, and buffer) established here were modified (data not shown).
We also attempted to purify recombinant hydrophobin DewA using the well-known Triton
X-114 as a nonionic surfactant for ATPS, as reported in related work [32,33]. SDS-PAGE
of the resulting proteins also showed no considerable results, even under various testing
conditions.

3. Discussion

There is no doubt about the importance of a soluble expression system, and efficient
purification of versatile proteins, such as hydrophobins. Hydrophobins are amphipathic
proteins and thus have the ability to spontaneously self-assemble into robust rodlets at
hydrophilic–hydrophobic interfaces. Therefore, they have steadily received attention as
promising biomaterials that can be used for various purposes through surface modifi-
cation. To date, many studies have been conducted to realize soluble expression and
easy purification of recombinant hydrophobins. However, there are no reports regarding
soluble expression of recombinant hydrophobins. For efficient purification, there have
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been attempts to purify hydrophobin by ATPS using C1–C3 alcohol [31] from concentrated
fermentation broth.

This study provides a useful approach for expressing hydrophobins in a soluble form.
The combination of N-terminal ramp tag fusion, and deletion of the signal sequence renders
possible the expression of recombinant soluble hydrophobin DewA (Figure 1). Although
the ramp tag was originally developed to overexpress recombinant fusion proteins [26],
promising soluble expression of difficult-to-express proteins has been frequently observed.
This, however, is not the case for the expression of soluble protein with only a ramp tag.
When the ramp tag fusion approach was used solely, expression of soluble recombinant
hydrophobin DewA was not achieved, both at 37 and 18 ◦C following induction with
IPTG (RT5-DewA-6xHis; Figure 1B). However, when the signal sequence was deleted, we
showed that solubility of recombinant hydrophobin DewA could be achieved both at 37
and 18 ◦C (RT5-DewA (∆SS1-24)-6xHis; Figure 1B).

Unfortunately, the molecular mechanism driving the soluble expression of the recom-
binant hydrophobin DewA using this combination strategy remains poorly understood.
We can only presuppose that the combination strategy may have a certain influence on
the solubility of the recombinant hydrophobin DewA by altering the N-end rule, thus
affecting minimum free energy (MFE), tRNA adaptation index (tAI), translation initiation
rate (TIR), and so on. However, our results on the soluble expression of recombinant
hydrophobin DewA can be reasonably generalized to at least class I hydrophobins, as most
hydrophobins belonging to the same class have common features, such as the arrangement
of cysteine residues, hydropathy, position of hydrophobic residues, solubility, and the self-
assembly structural properties [34]. Considering these points, further studies are required
to elucidate the mechanisms underlying the soluble expression of difficult-to-express class
I hydrophobin proteins.

This study also provides an efficient method for purifying the highly expressed
recombinant hydrophobin DewA protein in a soluble form. The method established here,
ATPS using IPA, provides an efficient route for purifying recombinant hydrophobins, as
shown in Figures 2 and 3. This method is highly reproducible, resulting in a yield of over
80% and approximately 90% purity. The coprecipitated impurities were confirmed to be
proteolytic fragments of recombinant hydrophobin DewA, which might be avoided by
treatment with a protease inhibitor cocktail during sonication. This method was not readily
modified for use with alternative commonly used solvents, such as methanol, ethanol, and
isobutyl alcohol, because recombinant hydrophobin DewA was not comparably purified
when ATPS was carried out under varying conditions when using organic solvents other
than IPA. Additionally, using Triton X-114, a nonionic surfactant that has previously been
used in ATPS, also failed to purify recombinant hydrophobin DewA.

Although the soluble expression and easy purification of recombinant hydrophobin
DewA paves an alternative pathway for the production of difficult-to-express hydrophobins,
functional studies, such as evaluation of the coating ability (contact angle measurement) and
stability, emulsifying capacity, and ability to modify surfaces, using various tools, including
microscopy (fluorescence and/or electron microscopy), remain to be validated [35–37]. As
a preliminary attempt to determine the coating ability of recombinant hydrophobin DewA,
Ponceau staining and contact angle measurements were conducted following treatment on a
solid PDMS surface, under varying concentrations and salt conditions. As shown in Figure S1,
the structural integrity of the purified RT5-DewA (∆SS1-24) by ATPS was checked by using SEC
(size exclusion chromatograph), and the resulting profile showed a possibility that this protein
interacted with each other to form multimers in a buffer containing 200 mM Tris-HCl (pH 8.0).
Additionally, the purified protein was stable for up to 1 month. We also tentatively attempted
to access the functionality of RT5-DewA (∆SS1-24) as a surface modifier through drop shape
analyses (Figure S2A,B). Both figures illustrated the behaviors of droplets on hydrophobin non-
coated/coated hydrophilic surface (CG, cover glass), hydrophobic surface (CCD, cell culture
dish), and superhydrophobic surface (PDMS, polydimethylsiloxane). In this experiment,
BSA was also used as a control. Although the purified protein remained stable for up to one
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month in a low-temperature (4 ◦C) storage stability test and some positive interpretations
through the attempts are possible, however, these attempts did not provide convincing
evidence that recombinant hydrophobin DewA containing a ramp tag was functional. We are
currently redesigning our strategy to remove the ramp tag after purification, with a specific
protease. This work could guarantee soluble expressed recombinant hydrophobin DewA, as
a promising candidate for the broad application of versatile hydrophobins.

In conclusion, we showed that a combination strategy of N-terminal fusion with
rationally designed ramp tags and deletion of the predicted signal sequence of class I
hydrophobin DewA allows for its soluble expression and efficient purification by ATPS
using IPA. Although further characterization of the purified protein without the ramp
tag remains to be performed, we anticipate that this study will be a stepping stone for
breaking the hurdle, “Inclusion body formation followed by refolding for the production
of recombinant hydrophobin.”

4. Materials and Methods
4.1. Strains, Plasmids, and Culture Conditions

The E. coli strain used for gene cloning and maintenance in this study was XL1-
Blue (recA1 endA1 gyrA46 thi-1 hsdR17 supE44 relA1 lac F’[proAB laclqZM15 Tn10(Tetr)c])
(Stratagene, La Jolla, CA, USA). E. coli BL21 (DE3) (ompT gal dcm lon hsdSB(rB-mB-) λ
(DE3 [lacI, lacUV5-T7p07, ind1, sam7, nin5]) (New England Biolabs, Hitchin, UK) was used
as a host for the expression of recombinant hydrophobins. The pET24a backbone vector
was used for sub-cloning and expression of the recombinant hydrophobins (Novagen Inc.,
Madison, WI, USA).

Recombinant E. coli was cultured aerobically in Luria-Bertani (LB) medium (10 g/L
of tryptone, 5 g/L of yeast extract, and 10 g/L of NaCl) supplemented with 50 µg/mL
kanamycin on a rotary shaker (220 rpm) at 18 or 37 ◦C. Cell growth was routinely moni-
tored by measuring optical density (OD) at 600 nm using a spectrophotometer (UV-1700,
Shimadzu, Japan). Recombinant proteins were induced by adding 0.2 mM IPTG at the
early exponential phase of cell growth (OD600 of approximately 0.4–0.6).

4.2. Gene Cloning and Manipulation

The gene sequence encoding class I hydrophobin, DewA, was obtained from GenBank
(Gene ID: 2869124, NCBI GI number: 67902037) and commercially synthesized (Bioneer
Inc., Dea-Jeon, Korea). To amplify the corresponding DNA fragment, a set of primers listed
in Table 1, and Phusion® High-Fidelity DNA Polymerase (New England Biolabs, Hitchin,
UK) were used for polymerase chain reaction (PCR). The resulting DNA was purified using
a DNA Clean-Up System (Promega, Madison, WI, USA). Restriction enzyme recognition
sites added to each primer were used for cloning into the plasmid digested with the same
restriction enzymes. Alternatively, cloning was also performed using an In-fusion cloning
kit (New England Biolabs, Hitchin, UK) when required.

To induce overexpression, and/or soluble expression of the recombinant hydrophobin
DewA, several ramp tags were designed according to the principle described in a previous
report [26], and are summarized in Table 1. A brief procedure was described in the results
section of this work. The ramp tag was fused to the N-terminus of the gene encoding
DewA by PCR. The deleted N-terminal signal sequence of DewA was either determined
by a reported result [28,29], or bioinformatically deduced by in silico prediction using
SignalP software (http://www.cbs.dtu.dk/services/SignalP, accessed on 4 October 2016).
The reported and predicted signal sequences deleted here are summarized in Table 2. The
specific deletions of the signal sequences were carried out using conventional PCR and
then the signal sequences were fused with ramp tag 5 (RT5) by PCR using a set of synthetic
primers.

http://www.cbs.dtu.dk/services/SignalP
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4.3. Expression and Analyses of the Soluble Fraction

To analyze the expression and solubility of the ramp tag fused recombinant hy-
drophobin DewA, with or without the signal sequence, each plasmid was transformed into
E. coli BL21 (DE3), and then inoculated onto a solid LB medium containing 50 µg/mL of
kanamycin and cultured at 37 ◦C for 12 h. Thereafter, a single colony was inoculated into
3.5 mL of the same liquid medium and pre-cultured at 37 ◦C at 220 rpm for 5–6 h, following
which 100 µL of the pre-culture were re-seeded in 3.5 mL of fresh LB medium. This was
then cultured at 37 ◦C and 220 rpm, and when the absorbance (OD600) reached 0.4–0.6,
0.2 mM IPTG was added to induce protein expression. The culture was then incubated for
a further 3 h at 250 rpm. For comparative analyses, protein expression was monitored at
18 ◦C under the same conditions.

The expressed recombinant hydrophobin DewA was recovered from the bacterial
culture as follows: (a) 3.5 mL of each culture medium was centrifuged at 4 ◦C and 10,000× g
for 10 min, and the resulting pellet was suspended in 200 mM Tris-HCl (pH 8.0) buffer and
then lysed by ultrasonication using a pulse of 2 s for 20 s; (b) the cell lysate was centrifuged
at 4 ◦C and 12,500× g for 30 min, thereby obtaining a supernatant from which cell debris
was removed. Both samples (a) and (b) were used for SDS-PAGE to analyze protein
expression in the total and soluble fraction, respectively. The residual fraction following
the centrifugation of cell lysate indicated an insoluble protein fraction. All protein samples
were analyzed by SDS-PAGE on a 15% (w/v) polyacrylamide gel. Gels were then stained
with Coomassie Brilliant Blue dye and the protein concentration determined using a
Bradford assay, with bovine serum albumin as protein standard.

4.4. Purification of Recombinant Protein by ATPS Using IPA

Recombinant hydrophobin DewA expressed in the soluble form was purified by ATPS
using IPA as follows: (a) a culture medium in which recombinant hydrophobin DewA was
expressed was centrifuged at 4 ◦C and 12,500× g to harvest cells; (b) the harvested cells
were resuspended in 200 mM Tris-HCl (pH 8.0) buffer and sonicated to lyse the cells, and
the total fraction sample was harvested; (c) the lysed cells were then centrifuged at 4 ◦C
and 12,500× g for 1 h to obtain the first supernatant, and a soluble fraction sample was
taken; (d) a volume of isopropyl alcohol greater than 2.5 times that of the first supernatant
was slowly added to the first supernatant to obtain mixture 1; (e) mixture 1 was shaken
at 200–250 rpm at 30 ◦C for 15 min; (f) following this, mixture 1 was centrifuged at room
temperature at 12,500× g for 10 min to obtain a second supernatant; (g) isopropyl alcohol,
the volume of which was the same as that of the second supernatant, was slowly added
to the second supernatant to obtain mixture 2; (h) mixture 2 was shaken at 30 ◦C at
200–250 rpm for 15 min; and (i) following shaking, the mixture 2 was centrifuged at room
temperature at 12,500× g for 10 min to separate recombinant hydrophobin DewA. The
resulting white precipitate was solubilized in 1 mL of 200 mM Tris-HCl (pH 8.0) buffer.
When required, 1 mL of the same buffer was further added (to a final volume of 4 mL) to
fully solubilize the precipitated protein. The resulting samples were analyzed by SDS-PAGE
for purity and yield.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22157843/s1.

Author Contributions: G.-J.K. designed research, analyzed data, and wrote the paper. S.-O.A. and
H.-D.L. designed research, performed experiments, analyzed data, and wrote the paper. D.-E.C.
designed research and analyzed the data. S.-H.Y. performed the research experiments and analyzed
the data. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Marine Biotechnology Program (Grant
number: 20170305) funded by the Ministry of Oceans and Fisheries, Korea. This work was also
supported by the Basic Science Research program of the National Research Foundation of Korea (NRF;
Grant Number: 2021R1A2C1006734), funded by the Ministry of Education, Science and Technology
of Korea (MEST).

https://www.mdpi.com/article/10.3390/ijms22157843/s1
https://www.mdpi.com/article/10.3390/ijms22157843/s1


Int. J. Mol. Sci. 2021, 22, 7843 10 of 11

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scholtmeijer, K.; Wessels, J.; Wösten, H. Fungal hydrophobins in medical and technical applications. Appl. Microbiol. Biotechnol.

2001, 56, 1–8. [CrossRef]
2. Stübner, M.; Lutterschmid, G.; Vogel, R.F.; Niessen, L. Heterologous expression of the hydrophobin FcHyd5p from Fusarium

culmorum in Pichia pastoris and evaluation of its surface activity and contribution to gushing of carbonated beverages. Int. J. Food
Microbiol. 2010, 141, 110–115. [CrossRef]

3. Wösten, H.A.B.; de Vocht, M.L. Hydrophobins, the fungal coat unravelled. Biochim. Biophys. Acta (BBA) Rev. Biomembr. 2000,
1469, 79–86. [CrossRef]

4. Wessels, J.G.H. Hydrophobins: Proteins that Change the Nature of the Fungal Surface. In Advances in Microbial Physiology;
Poole, R.K., Ed.; Academic Press: Waltham, MA, USA, 1996; Volume 38, pp. 1–45.

5. Bayry, J.; Aimanianda, V.; Guijarro, J.I.; Sunde, M.; Latgé, J.-P. Hydrophobins—Unique Fungal Proteins. PLoS Pathog. 2012, 8,
e1002700. [CrossRef] [PubMed]

6. De Vocht, M.L.; Reviakine, I.; Wösten, H.A.B.; Brisson, A.; Wessels, J.G.H.; Robillard, G.T. Structural and Functional Role of the
Disulfide Bridges in the Hydrophobin SC3*. J. Biol. Chem. 2000, 275, 28428–28432. [CrossRef] [PubMed]

7. Khalesi, M.; Gebruers, K.; Derdelinckx, G. Recent Advances in Fungal Hydrophobin towards Using in Industry. Protein J. 2015,
34, 243–255. [CrossRef] [PubMed]

8. Hektor, H.J.; Scholtmeijer, K. Hydrophobins: Proteins with potential. Curr. Opin. Biotechnol. 2005, 16, 434–439. [CrossRef]
[PubMed]

9. Linder, M.B. Hydrophobins: Proteins that self assemble at interfaces. Curr. Opin. Colloid Interface Sci. 2009, 14, 356–363. [CrossRef]
10. Morris, V.K.; Kwan, A.H.; Mackay, J.P.; Sunde, M. Backbone and sidechain 1H, 13C and 15N chemical shift assignments of the

hydrophobin DewA from Aspergillus nidulans. Biomol. NMR Assign. 2012, 6, 83–86. [CrossRef] [PubMed]
11. Morris, V.K.; Linser, R.; Wilde, K.L.; Duff, A.P.; Sunde, M.; Kwan, A.H. Solid-State NMR Spectroscopy of Functional Amyloid

from a Fungal Hydrophobin: A Well-Ordered β-Sheet Core Amidst Structural Heterogeneity. Angew. Chem. Int. Ed. 2012, 51,
12621–12625. [CrossRef]

12. Morris, V.K.; Kwan, A.H.; Sunde, M. Analysis of the Structure and Conformational States of DewA Gives Insight into the
Assembly of the Fungal Hydrophobins. J. Mol. Biol. 2013, 425, 244–256. [CrossRef]

13. Zykwinska, A.; Guillemette, T.; Bouchara, J.-P.; Cuenot, S. Spontaneous self-assembly of SC3 hydrophobins into nanorods in
aqueous solution. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2014, 1844, 1231–1237. [CrossRef]

14. Wösten, H.A.B.; Scholtmeijer, K. Applications of hydrophobins: Current state and perspectives. Appl. Microbiol. Biotechnol. 2015,
99, 1587–1597. [CrossRef]

15. Khalesi, M.; Deckers, S.M.; Gebruers, K.; Vissers, L.; Verachtert, H.; Derdelinckx, G. Hydrophobins: Exceptional proteins for
many applications in brewery environment and other bio-industries. Cerevisia 2012, 37, 3–9. [CrossRef]

16. Piscitelli, A.; Cicatiello, P.; Gravagnuolo, A.M.; Sorrentino, I.; Pezzella, C.; Giardina, P. Applications of Functional Amyloids from
Fungi: Surface Modification by Class I Hydrophobins. Biomolecules 2017, 7, 45. [CrossRef] [PubMed]

17. Berger, B.W.; Sallada, N.D. Hydrophobins: Multifunctional biosurfactants for interface engineering. J. Biol. Eng. 2019, 13, 10.
[CrossRef]

18. Wang, Z.; Feng, S.; Huang, Y.; Qiao, M.; Zhang, B.; Xu, H. Prokaryotic expression, purification, and polyclonal antibody
production of a hydrophobin from Grifola frondosa. Acta Biochim. Biophys. Sin. 2010, 42, 388–395. [CrossRef]

19. Gandier, J.A.; Master, E.R. Pichia pastoris is a suitable host for the heterologous expression of predicted class I and class II
hydrophobins for discovery, study, and application in biotechnology. Microorganisms 2018, 6, 3. [CrossRef] [PubMed]

20. Kulkarni, S.; Nene, S.; Joshi, K. Production of Hydrophobins from fungi. Process Biochem. 2017, 61, 1–11. [CrossRef]
21. Häkkinen, S.T.; Reuter, L.; Nuorti, N.; Joensuu, J.J.; Rischer, H.; Ritala, A. Tobacco BY-2 Media Component Optimization for a

Cost-Efficient Recombinant Protein Production. Front. Plant Sci. 2018, 9, 45. [CrossRef] [PubMed]
22. Kulkarni, S.S.; Nene, S.N.; Joshi, K.S. A comparative study of production of hydrophobin like proteins (HYD-LPs) in submerged

liquid and solid state fermentation from white rot fungus Pleurotus ostreatus. Biocatal. Agric. Biotechnol. 2020, 23, 101440.
[CrossRef]

23. Wohlleben, W.; Subkowski, T.; Bollschweiler, C.; von Vacano, B.; Liu, Y.; Schrepp, W.; Baus, U. Recombinantly produced
hydrophobins from fungal analogues as highly surface-active performance proteins. Eur. Biophys. J. 2010, 39, 457–468. [CrossRef]

24. Linder, M.; Selber, K.; Nakari-Setälä, T.; Qiao, M.; Kula, M.-R.; Penttilä, M. The Hydrophobins HFBI and HFBII from Trichoderma
reesei Showing Efficient Interactions with Nonionic Surfactants in Aqueous Two-Phase Systems. Biomacromolecules 2001, 2, 511–517.
[CrossRef]

http://doi.org/10.1007/s002530100632
http://doi.org/10.1016/j.ijfoodmicro.2010.03.003
http://doi.org/10.1016/S0304-4157(00)00002-2
http://doi.org/10.1371/journal.ppat.1002700
http://www.ncbi.nlm.nih.gov/pubmed/22693445
http://doi.org/10.1074/jbc.M000691200
http://www.ncbi.nlm.nih.gov/pubmed/10829014
http://doi.org/10.1007/s10930-015-9621-2
http://www.ncbi.nlm.nih.gov/pubmed/26208665
http://doi.org/10.1016/j.copbio.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15950452
http://doi.org/10.1016/j.cocis.2009.04.001
http://doi.org/10.1007/s12104-011-9330-5
http://www.ncbi.nlm.nih.gov/pubmed/21845363
http://doi.org/10.1002/anie.201205625
http://doi.org/10.1016/j.jmb.2012.10.021
http://doi.org/10.1016/j.bbapap.2014.04.003
http://doi.org/10.1007/s00253-014-6319-x
http://doi.org/10.1016/j.cervis.2012.04.002
http://doi.org/10.3390/biom7030045
http://www.ncbi.nlm.nih.gov/pubmed/28672843
http://doi.org/10.1186/s13036-018-0136-1
http://doi.org/10.1093/abbs/gmq033
http://doi.org/10.3390/microorganisms6010003
http://www.ncbi.nlm.nih.gov/pubmed/29303996
http://doi.org/10.1016/j.procbio.2017.06.012
http://doi.org/10.3389/fpls.2018.00045
http://www.ncbi.nlm.nih.gov/pubmed/29434617
http://doi.org/10.1016/j.bcab.2019.101440
http://doi.org/10.1007/s00249-009-0430-4
http://doi.org/10.1021/bm0001493


Int. J. Mol. Sci. 2021, 22, 7843 11 of 11

25. Schmoll, M.; Seibel, C.; Kotlowski, C.; Wöllert Genannt Vendt, F.; Liebmann, B.; Kubicek, C.P. Recombinant production of an
Aspergillus nidulans class I hydrophobin (DewA) in Hypocrea jecorina (Trichoderma reesei) is promoter-dependent. Appl. Microbiol.
Biotechnol. 2010, 88, 95–103. [CrossRef]

26. Kim, G.-J.; Park, W.J.; You, S.-H.; Lee, J.-Y.; Lee, E.-B.; Min, S.-Y. Universal Protein Overexpression Tag Comprising Ramp Function,
and Application Thereof. U.S. Patent 10,227,595, 12 March 2019.

27. Tuller, T.; Carmi, A.; Vestsigian, K.; Navon, S.; Dorfan, Y.; Zaborske, J.; Pan, T.; Dahan, O.; Furman, I.; Pilpel, Y. An Evolutionarily
Conserved Mechanism for Controlling the Efficiency of Protein Translation. Cell 2010, 141, 344–354. [CrossRef]

28. Grünbacher, A.; Throm, T.; Seidel, C.; Gutt, B.; Röhrig, J.; Strunk, T.; Vincze, P.; Walheim, S.; Schimmel, T.; Wenzel, W.; et al. Six
Hydrophobins Are Involved in Hydrophobin Rodlet Formation in Aspergillus nidulans and Contribute to Hydrophobicity of the
Spore Surface. PLoS ONE 2014, 9, e94546. [CrossRef]

29. Kottmeier, K.; Ostermann, K.; Bley, T.; Rödel, G. Hydrophobin signal sequence mediates efficient secretion of recombinant
proteins in Pichia pastoris. Appl. Microbiol. Biotechnol. 2011, 91, 133–141. [CrossRef]

30. Iqbal, M.; Tao, Y.; Xie, S.; Zhu, Y.; Chen, D.; Wang, X.; Huang, L.; Peng, D.; Sattar, A.; Shabbir, M.A.B.; et al. Aqueous two-phase
system (ATPS): An overview and advances in its applications. Biol. Proced. Online 2016, 18, 18. [CrossRef]

31. Schelle, M. Methods of Purifying Hydrophobin. U.S. Patent 20150057434A1, 18 October.
32. Dosemeci, A.; Rodnight, R. Demonstration by phase-partitioning in Triton X-114 solutions that phosphoprotein B-50 (F-1) from

rat brain is an integral membrane protein. Neurosci. Lett. 1987, 74, 325–330. [CrossRef]
33. Joensuu, J.J.; Conley, A.J.; Linder, M.B.; Menassa, R. Bioseparation of Recombinant Proteins from Plant Extract with Hydrophobin

Fusion Technology. In Recombinant Gene Expression; Lorence, A., Ed.; Humana Press: Totowa, NJ, USA, 2012; pp. 527–534.
34. Kwan, A.H.; Macindoe, I.; Vukašin, P.V.; Morris, V.K.; Kass, I.; Gupte, R.; Mark, A.E.; Templeton, M.D.; Mackay, J.P.; Sunde, M.

The Cys3–Cys4 Loop of the Hydrophobin EAS Is Not Required for Rodlet Formation and Surface Activity. J. Mol. Biol. 2008, 382,
708–720. [CrossRef]

35. Hou, S.; Li, X.; Li, X.; Feng, X.-Z.; Wang, R.; Wang, C.; Yu, L.; Qiao, M.-Q. Surface modification using a novel type I hydrophobin
HGFI. Anal. Bioanal. Chem. 2009, 394, 783–789. [CrossRef] [PubMed]

36. Rieder, A.; Ladnorg, T.; Wöll, C.; Obst, U.; Fischer, R.; Schwartz, T. The impact of recombinant fusion-hydrophobin coated surfaces
on E. coli and natural mixed culture biofilm formation. Biofouling 2011, 27, 1073–1085. [CrossRef]

37. Winandy, L.; Hilpert, F.; Schlebusch, O.; Fischer, R. Comparative analysis of surface coating properties of five hydrophobins from
Aspergillus nidulans and Trichoderma reseei. Sci. Rep. 2018, 8, 12033. [CrossRef] [PubMed]

http://doi.org/10.1007/s00253-010-2710-4
http://doi.org/10.1016/j.cell.2010.03.031
http://doi.org/10.1371/journal.pone.0094546
http://doi.org/10.1007/s00253-011-3246-y
http://doi.org/10.1186/s12575-016-0048-8
http://doi.org/10.1016/0304-3940(87)90318-1
http://doi.org/10.1016/j.jmb.2008.07.034
http://doi.org/10.1007/s00216-009-2776-y
http://www.ncbi.nlm.nih.gov/pubmed/19370343
http://doi.org/10.1080/08927014.2011.631168
http://doi.org/10.1038/s41598-018-29749-0
http://www.ncbi.nlm.nih.gov/pubmed/30104653

	Introduction 
	Results 
	Preparation and Screening of Ramp Tags for Soluble Expression of Hydrophobin DewA 
	Construction and Expression Analyses of a Ramp Tag-Fused Hydrophobin DewA Lacking the Signal Sequence 
	Purification of DewA by Aqueous Two-Phase Separation Using Isopropyl Alcohol 

	Discussion 
	Materials and Methods 
	Strains, Plasmids, and Culture Conditions 
	Gene Cloning and Manipulation 
	Expression and Analyses of the Soluble Fraction 
	Purification of Recombinant Protein by ATPS Using IPA 

	References

