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Abstract

Hydrophobins are relatively small proteins produced naturally by filamentous fungi with interesting biotechnological and
biomedical applications given their self-assembly capacity, efficient adherence to natural and artificial surfaces, and to introduce
modifications on the hydrophobicity/hydrophilicity of surfaces. In this work we demonstrate the efficient expression on the S.
cerevisiae cell surface of class Il HFBI of Trichoderma reesei and class I DewA of Aspergillus nidulans, a hydrophobin not
previously exposed, using the Yeast Surface Display a-agglutinin (Agal-Aga2) system. We show that the resulting modifications
affect surface properties, and also yeast cells’ resistance to several adverse conditions. The fact that viability of the engineered
strains increases under heat and osmotic stress is particularly interesting. Besides, improved biocatalytic activity toward the
reduction of ketone 1-phenoxypropan-2-one takes place in the reactions carried out at both 30 °C and 40 °C, within a concen-
tration range between 0.65 and 2.5 mg/mL. These results suggest interesting potential applications for hydrophobin-exposing
yeasts.

Key points

* Class I hydrophobin DewA can be efficiently exposed on S. cerevisiae cell surfaces.
* Yeast exposure of HFBI and DewA increases osmotic and heat resistance.

* Engineered strains show modified biocatalytic behavior
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Introduction

Biocatalysis is considered a powerful tool to perform chemical
transformations of organic compounds under very mild con-
>< Marcel i del Olmo ditions and with high chemo-, regio-, and stereoselectivity. Its

m.del.olmo@uv.es specificity results in the production of a few side products, and
water is employed as an environmentally friendly solvent (Ni
et al. 2014), with minimum waste pollutant production
(Crabtree 2009; Heus et al. 2015; Tao and Kazlauskas
2011). For all these reasons, biocatalysis has been broadly
used as a green alternative to classic chemical methods in
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Whole cells of Saccharomyces cerevisiae have been wide-
ly employed in asymmetric transformations, especially in the
synthesis of chiral alcohols by bioreduction reactions
(Bariotaki et al. 2012; Moore et al. 2007; Pscheidt and
Glieder 2008). Employing whole cells as biocatalysts offers
several advantages over the use of isolated enzymes: the nat-
ural environment in cells increases enzyme stability; no addi-
tional costs are needed for enzyme isolation and purification;
finally, and most importantly, the use of expensive external
cofactors is unnecessary because cells have systems for their
own efficient in situ recycling (Kisukuri and Andrade 2015;
Robertson and Steer 2004).

Yeast surface display (YSD) technology allows the expres-
sion of peptides and proteins of interest in the yeast cell wall
(for recent reviews see Andreu and del Olmo 2018b; Linciano
et al. 2019; Urbar-Ulloa et al. 2019). It is based on a type of
protein characteristic of the most superficial cell wall layer,
mannoproteins such as Sagl (AG«xl), a-agglutinin (Agal-
Aga2), Fig2, Flol, Sedl, Spil, Cwpl/2, Tipl, Tirl, and
Pir1/2/3/4. The protein to be exposed on the cell surface is
associated with one of them, it comes in the form of a fusion
protein, and its expression can be regulated by different sys-
tems. The choice of one or another depends on the yeast spe-
cies, the required expression level, and the size of the protein
to be placed on the cell surface (Andreu and del Olmo 2018b).
The widely used a-agglutinin system consists of two subunits
linked through two disulfide bridges: Agal is anchored via a
GPI to the cell surface, while Aga? is used to immobilize the
protein of interest on the cell surface (Cappellaro et al. 1994).
pYD1 and pYDS are vectors used for YSD with this system
(Kieke et al. 1997; Wang et al. 2005); in both, gene fusions are
expressed under the control of the GALI gene promoter and
are, hence, induced by galactose. The YSD methodology has
allowed different biomedical and biotechnological applica-
tions to be developed, including biocatalysis (Benjaphokee
et al. 2012; Boder et al. 2012; Kumar and Kumar 2019; Park
2020; Perpina et al. 2015; Tabafiag et al. 2018; Takayama
et al. 2006; Traxlmayr and Shusta 2017; Wasilenko et al.
2010; Wu et al. 2015).

Hydrophobins are relatively small proteins produced natu-
rally by filamentous fungi, whose properties allow these or-
ganisms to survive and adapt to the environment (Sammer
et al. 2016; Wessels 1997; Wosten 2001). They show inter-
esting physicochemical properties, such as surface activity
and self-assembly, and can adhere efficiently and stably to
natural and artificial surfaces. With these capacities, they are
able to convert hydrophobic surfaces into hydrophilic or hy-
drophilic into hydrophobic (Linder et al. 2005; Wessels 1997).
Their homology is not great, except they contain many hydro-
phobic amino acids and eight cysteine residues with con-
served spacing, which form a total of four disulfide bridges.
Two classes are differentiated: type I hydrophobins, which
contain between 100 and 125 amino acids, can be

@ Springer

glycosylated and can only be dissociated from membranes
by agents such as formic acid (FA) or trifluoroacetic acid
(TFA); type Il hydrophobins are formed by 50-100 residues
and are soluble in ethanol or SDS (Wessels 1997; Wosten
2001). These molecules have attracted much interest in bio-
technology for their potential applications. In fact, it has been
described that type I hydrophobins in the soluble form are able
to stabilize some compounds of medical interest (Zhao et al.
2016) and can increase the solubility of organic compounds
(Valo et al. 2010), properties that have been applied to obtain
pharmaceutical preparations.

Among the hydrophobins described to date, we find the
hydrophobin of class Il HFBI of Trichoderma reesei and that
of class I DewA of Aspergillus nidulans. The former is
expressed at very high levels when that fungus is grown in
glucose-containing media (Nakari et al. 1993) and has been
genetically and biochemically characterized (Nakari-Setélad
etal. 1996). HFBI has been previously exposed on the surface
of yeast cells by using the YSD methodology to obtain slight-
ly less negatively charged cells with a more apolar cover
(Nakari-Setdld et al. 2002). There are reports showing that
the co-display of this hydrophobin with the lipase B of
Candida antarctica in Pichia pastoris allows this lipase great-
er activity due to the changes introduced in the structure and
the hydrophobic properties of the cell surface (Wang et al.
2016; Zhang et al. 2017).

Hydrophobin DewA was identified by Stringer and
Timberlake (1995). It has been described to be actively
expressed in late conidiation stages in A. nidulans
(Griinbacher et al. 2014; Stringer and Timberlake 1995),
downregulated in early vegetative growth, and differentially
expressed during the isotropic-to-polar growth switch, which
suggests that it may function in isotropic expansion during
both vegetative growth and asexual reproduction
(Breakspear and Momany 2007). It has been subsequently
expressed in 7. reesei (Schmoll et al. 2010). Some more recent
studies demonstrate its utility for the functionalization of sur-
faces to which it is capable of adhering. In this sense, variants
of DewA that contain binding sites for integrin receptors, such
as the Arg-Gly-Asp sequence (RGD) or the globular domain
of laminin LG3, and can present greater adhesion capacity of
mesenchymal stem cells, osteoblasts, fibroblasts, and
chondrocytes at no higher risk of bacterial infections may be
useful for developing medical implants (Boeuf et al. 2012).
Fokina et al. (2016) have described how biotechnologically
relevant enzymes, such as laccases, can be immobilized on
particular surfaces by their expression as fusion proteins with
DewA. These authors thus obtained interesting results for the
LcceC protein of A. nidulans in modified hydrophilic
polystyrene.

Winandy et al. (2018) expressed and purified these two,
and other soluble class I Dew hydrophobins of A. nidulans
from Escherichia coli to compare their surface binding
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properties. These authors demonstrated that all these proteins
are efficient in forming glass surface coatings to thereby in-
crease the hydrophobicity of glass. Besides, they organized a
uniform layer, except for DewE, which formed protein aggre-
gates. The results reported agree with previous studies dem-
onstrating that hydrophobins from a single organism belong-
ing to the same class can exhibit various surface binding char-
acteristics (van Wetter et al. 2000). Indeed, only DewA pro-
tein layers showed typical class I high resistance to water,
ethanol, detergent, and temperature treatments, while the
HFBI class II hydrophobin formed less stable layers on glass
surfaces. More recently, this research group also revealed that
DewA and HFBI are able to coat and reduce the water absorp-
tion of different lithotypes, independently of their chemical
nature and structure. DewA especially generated strong water
repellency on all three lithotypes without decreasing the vapor
permeability of stone samples (Winandy et al. 2019).

In this work, the cloning of the genes encoding both HFBI
and DewA hydrophobins in plasmid pYDS5 was carried out to
achieve efficient exposure on the cell surface of the yeast
S. cerevisiae. The properties of the resulting strains were char-
acterized, and their potential application as biocatalysts was
also evaluated and compared to the unmodified one.

Materials and methods
Cloning of hydrophobin genes in the pYD5 vector

Genes /fbl and dewA were cloned in pYDS (Wang et al.
2005). Previously, and in order to increase the versatility of
this vector for genetic engineering purposes, unique restriction
sites for Smal and Ncol were added close to the recognition site
for EcoRI by site-directed mutagenesis, using the “QuikChange
Lightning Site-Directed Mutagenesis Kit” (Stratagene, La Jolla,
USA) following a previously described procedure (Andreu and
del Olmo 2013). The employed oligonucleotides are included
in Table S1 in the Supplementary Material. The resulting plas-
mid was designed by pYD5M (Fig. 1a).

For hfbl cloning, the coding region for the mature protein
was amplified by PCR from plasmid pTNS23 (Nakari-Setéla
et al. 2002) using oligonucleotides HFBSMA and HFBECO
(described in Table S1 in the Supplementary Material) and
introduced between the Smal and EcoRI sites of pYD5M
(Fig. 1b). pTNS23 was previously isolated from yeast strain
VTT-C-99315 provided by the VIT Technical Research
Centre (Finland) and propagated through E. coli strain
DH5« (New England Biolabs, Ipswich, Massachusetts,
USA). The resulting plasmid was named pYD5M-HFBI.

For dewA cloning, the coding region was amplified from
plasmid pLW58 (Winandy et al. 2018) using oligonucleotides
DEWAECORVF and DEWAECORVR (Table S1 in the
Supplementary Material), digested with EcoRV, and

introduced into the Smal site of pYDSM (Fig. 1b). The
resulting plasmid was named pYD5M-DewA.

The Gibson Assembly methodology was used to introduce
a second copy of the hydrophobin-coding genes into pYD5M-
HFBI and pYD5M-DewA (Gibson et al. 2009). To this end,
these plasmids were linearized with Smal and EcoRI, respec-
tively. PCR products /fbl and dewA were generated using
oligonucleotides HfbIGibA/B and DewAGibA/B (Table S1
in the Supplementary Material), and the procedure described
in the Gibson Assembly® Cloning Kit (New England Biolabs,
Ipswich, Massachusetts, USA) was followed with the reagents
supplied by the manufacturer. The resulting plasmids were
called pYD5M-HFBI-2c and pYD5M-DewA-2c.

The introduction of the desired sequences and their loca-
tion in the frame with the Aga2 coding sequence in the
resulting plasmids were confirmed in all cases by sequencing
with oligonucleotides AGA2SEQ and SEQPYDS5DIR (also
described in Table S1 in the Supplementary Material).

Yeast strains and growth conditions

All the experiments were carried out with the S. cerevisiae
EBY100 strain (MATa trpl leu2 Al his3A200 pepA:HIS3
prbID1.6R canl PGAL-AGAI, Wang et al. 2005) trans-
formed with the above-described pYD5-derived plasmids.
Strains were grown in SC-trp minimal medium (0.17% (w/v)
nitrogen base without amino acids and ammonium sulfate,
0.5% (w/v) (NH4),S0y4, 0.2 % (w/v) drop out mix without
Trp), containing 2% (w/v) glucose (Glu) or galactose (Gal)
as a carbon source. The solid medium also contained 2% (w/
v) agar and 2% glucose as a carbon source. Liquid cultures
were incubated at 30 °C in an orbital shaker (180 rpm). For
most experiments, an overnight liquid culture was prepared on
SC-Trp Glu medium up to an ODggg between 2 and 5; then,
cells were collected, washed, and transferred to fresh SC-Trp
Gal medium, and incubation continued for 24 h.

To carry out the growth kinetic experiments, the cells from
the overnight cultures in the SC-Trp containing glucose were
transferred to a fresh medium with glucose or galactose at an

Smal - - EcoRIl
a |
Aga2 signa -
peptide CCCGGG GAATTC Vscsz;:;pe
coding
sequence GGGCCC CTTAAG sequence
b HFBI
DewA
Aga2 V5 (G,S)
i 473 a2 coding sequence -
NH, = Signal epitope| linker Ag 8 seq COOH
peptide

Fig. 1 Scheme of the sequence modifications introduced into the pYDS5
vector (on the gray scale) to generate pYDS5M (a) and the protein fusions
expressed under the control of the GAL! promoter in pYD5M-HFBI and
pYD5M-DewA (b)
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ODgo 0f 0.2, and incubation continued for 2 days at 30 °C. In
some experiments, growth was also followed under several
stress conditions (37 °C or 0.5 M NaCl). In these cases, the
initial ODg after cell transfer from glucose to galactose me-
dium was approximately 0.3, and the stress condition was
applied 6 to 8 h later to allow the expression of the fusion
proteins. Experiments were carried out in triplicate.

Protein analysis

Samples were taken from the cultures of the strains considered
grown in glucose or galactose. Protein extracts were prepared
and analyzed by western blotting as described in Perpiiia et al.
(2015). Prior to immunodetection, the transfer of proteins to the
nitrocellulose filters was confirmed by staining with 0.1% (w/v)
Ponceau S (Sigma, St. Louis, USA) in 5% acetic acid. Anti-V5
(Invitrogen, San Diego, USA) was employed to detect the pro-
teins expressed from plasmid pYDS using a dilution of 1 : 5000
in PBS, 0.05% (v/v) Tween 20, 5% (w/v) nonfat dry milk.

Flow cytometry

The flow cytometry experiments were carried out as described
in Perpina et al. (2015) with the samples obtained from the
cultures of strains after growth under the previously described
conditions.

Fluorescence microscopy

To detect Aga2 on the cell surface by fluorescence microsco-
py, cells were prepared in a similar fashion to that used for the
FACS (fluorescence-activated cell sorting) analyses and they
were finally observed under a fluorescence microscopy
Axioskop 2 (Zeiss Inc., Jena, Germany) using the GFP filter.
Pictures were taken with a SPOT camera (Diagnostic
Instruments Inc., Sterling Heights, USA).

Assay of cell surface hydrophobicity

The cell surface hydrophobicity analysis done with the strains
herein used was carried out according to the procedures de-
scribed by Wang et al. (2016) and Zhang et al. (2017), in
which this parameter is determined from the proportion of
the yeast cells passed to an organic phase (constituted by bu-
tanol in our case). For these experiments, cells were grown in
SC-Trp medium with galactose as the only carbon source for
24 h after previous growth in Sc-Trp Glu. Experiments were
carried out 5 times.

Contact angle determination

The yeast cells from 24-h cultures in SC-Trp Gal me-
dium were freeze-dried, resuspended in 100% EtOH (w/
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w ratio 1:10 yeast/EtOH), and applied on both “nor-
mal” hydrophilic glass and silanized hydrophobic glass.
After complete solvent evaporation, WCA were mea-
sured with an OCA20 and v3.12.11 of the SCA 202
software (both DataPhysics Instruments GmbH,
Filderstadt, Germany), as described in Winandy et al.
(2018).

Flocculation assay

The flocculation ability of the strains considered in this work
was determined by the method described by Bony et al.
(1997) and Nayyar et al. (2014). The yeast cells grown in
SC-Trp Gal for 24 h were harvested by centrifugation, washed
in de-flocculation buffer (50 mM sodium acetate pH
4.5, 5 mM EDTA), incubated in this medium for 30
min, and washed again (twice in this buffer and twice
in double-distilled water). Cells were resuspended at
ODgpo of 2 in 5 mL of flocculation buffer (50 mM
sodium acetate, 5 mM CaCl,) and placed inside test
tubes (15 mm diameter, 50 mm height). They were
sealed and left in a shaking incubator at room temper-
ature and 140 rpm for 30 min. Then, the cell suspension
was left undisturbed for 6 min in a vertical position and
ODgpo was determined by taking the samples just below
the meniscus. The percentage of flocculated cells was
calculated by subtracting the fraction of cells that remained
in suspension from the total cell count. Experiments were
carried out 5 times.

Viability determination under several stress
conditions

The percentage of viable cells was determined from the cul-
tures grown for 24 h in SC-Trp medium containing
galactose as the only carbon source. Five ODgoo units
were collected by centrifugation, washed with distilled
water, and resuspended in 1 mL of this solution con-
taining the considered concentration of the reagent to be
tested. The analyzed conditions were temperature (37,
40, 42, and 44 °C), presence of salt (NaCl concentra-
tions between 0.7 and 1.5 M), ethanol (6 to 10%, v/v),
acetonitrile (3 to 9%, v/v), dimethylformamide (DMF, 6
to 25%, v/v), and dimethylsulfoxide (DMSO, 12-30%,
v/v). Viability was determined by using a trypan blue
reagent as previously described (Andreu and del Olmo
2019). Experiments were carried out in triplicate.

The viability for organic compound phenoxyacetone was
also determined. It was also used to analyze the ability of these
strains as biocatalysts. In this case, ten ODgo units were
employed instead of five, to work under the same conditions
in both experiments. The concentration range was between
0.65 and 5.3 mg/mL.
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General procedure for biocatalytic processes using
cell-exposing hydrophobins HFBI and DewA

The cells from the overnight cultures in SC-Trp Glu were
transferred to a fresh medium containing galactose as the only
carbon source and incubation at 30 °C continued for another
24-h period. The volume that corresponded to 100 ODggq
units from these cultures was centrifuged. Cells were washed
and suspended in 2% galactose prepared in distilled freshwa-
ter (9 mL) and transferred to a 50-mL Erlenmeyer flask. The
mixture was incubated at 30 °C or 40 °C for 30 min with
orbital shaking (180 rpm). Then, 1 mL of a freshly prepared
suspension of phenoxyacetone (1-phenoxypropan-2-one, 1) in
water at a 10-fold higher concentration than the desired final
one was added. The mixture was maintained with orbital shak-
ing for 24 h at the same temperature. Afterward, it was cen-
trifuged (3 min at 3000 rpm) and the aqueous supernatant was
extracted with methylene chloride (2 x 8§ mL). The organic
phases were combined and dried over sodium sulfate. After
solvent evaporation, the crude material was analyzed by
'"HNMR (in a Bruker DRX 300 spectrometer; Bruker,
Billerica, MA) and integrated to quantify the percentage of
all the compounds. Chiral High-Performance Liquid
Chromatography (HPLC, Merck Hitachi Lachrom system,
Darmstadt, Germany) using a Chiralcel ODH column (Hex/
iprOH 95:5, flow = 1 mL minfl, wavelength = 214 nm) was
performed to determine enantiomeric excess. In all cases, and
according to the retention times (Andreu and del Olmo
2019), the enantiomer that was mainly obtained was that
with S configuration (ee 85%). The NMR data corre-
sponding to the purified compound by flash chromatog-
raphy (Merck silica gel 60, particle size: 0.040-0.063 mm)
were fully consistent with those described in the literature
(Andreu and del Olmo 2019).

Results

Hydrophobins HFBI from T. reesei and DewA
from A. nidulans can be efficiently expressed
on the cell surface of S. cerevisiae strain EBY100

In order to understand how the exposure of hydrophobins of
classes I and II could affect the features of the S. cerevisiae cell
surface, the coding sequence of two well-known representa-
tives of these groups (class I DewA from A. nidulans and class
Il HFBI from T. reesei) were cloned into the pYDS5 yeast
display vector, as described in “Materials and Methods.” In
this way, after the transformation of strain EBY100 with the
resulting plasmids (pYD5SM-HFBI and pYD5M-DewA), the
expression of the gene fusions should occur in the presence of
galactose as the only carbon source, and fusion proteins Aga2-
HFBI1 and Aga2-DewA would remain attached to the cell

surface through the disulfide bridges established between ag-
glutinins Agal and Aga2.

The western blot shown in Fig. S1 in the Supplementary
Material demonstrates that both proteins were expressed in the
transformed yeast cells as fusions with V5 epitope-Aga2.
Migration of proteins was affected by their glycosylation,
which resulted in several bands that appeared rather fuzzy.
Flow cytometry analyses were carried out to determine the
level of expression of these fusion proteins on the cell surface.
The presence of the V5 epitope in the fusion proteins provides
an accurate determination of the percentage of cells displaying
HFBI and DewA in populations after 24 h of growth in a
minimal medium containing galactose as a carbon source.
The obtained results (Fig. 2a) indicated that efficient exposure
had been achieved. According to the integration of the peaks
corresponding to the fluorescent (the right one) and nonfluo-
rescent (the left one) cells, around 71% of them exposed Aga2
in the strain transformed with pYD5M and a slightly lower
percentage (about 67-69% approximately) was detected for
Aga2-HFBI and Aga2-DewA. The analysis of the mean fluo-
rescent intensity, shown as M in this figure, indicated
certain displacement to lower values in DewA, and in
Hfbl to a greater extent. According to this, the number
of molecules exposed per cell lowered to some extent
when hydrophobins were introduced into protein V5-
Aga2, but the values were indicative of a marked ex-
pression on the cell surface.

Exposure of fusion proteins with hydrophobins was
also confirmed by fluorescence microscopy observation
(Fig. 2b).

Exposure of hydrophobins HFBI from 7. reesei
and DewA from A. nidulans affects cell surface
properties

Hydrophobins have been described to be able to convert hy-
drophobic surfaces into hydrophilic or hydrophilic into hydro-
phobic (Wessels 1997; Linder et al. 2005).

Figure 3 shows the hydrophobicity profile provided by the
Protscale software (Gasteiger et al. 2005) for the fusion pro-
teins of Aga2 with the two hydrophobins considered in this
work compared to that corresponding to Aga2 when they are
expressed from the pYDS5-derived vectors herein used.

According to these profiles, both proteins should increase
the hydrophobicity of the cell surface. This parameter was also
determined experimentally following the procedure of Wang
et al. (2016) and Zhang et al. (2017), as described in
“Materials and Methods.” In this methodology, the hydropho-
bicity index (HI) is determined through the cell population
being distributed between butanol (organic phase) and water.
The obtained results were 0.022 + 0.012 for the EBY 100/
pYDS5M strain, 0.109 = 0.027 for EBY100/pYDSM-HFBI,
and 0.072 £+ 0.012 for EBY100/pYD5M-DewA. The
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Fig. 2 Flow cytometry (a) and fluorescence and DIC microscopy (b)
analyses of the cultures corresponding to the EBY100-derived strains
expressing the Aga2 (pYD5M) or Aga2 fusion proteins with HFBI
(pYD5SM-HFBI, pYD5M-HFBI-2¢) or DewA (pYD5M-DewA,
pYD5SM-DewA-2c). Strains were grown O/N in SC-Trp Glu at 30 °C.
Then, they were transferred to the same medium, but it contained galac-
tose as a carbon source, and were incubated for another 24-h period. An

differences between the modified and the control strain were
statistically significant considering the p values found (7.287
x 107> and 8.019 x 107>, respectively). According to this, the
exposure of the hydrophobins herein considered increased the
hydrophobicity of the cell surface, almost 5-fold in the case of
HFBI and 3.27-fold for DewA.

The contact angles with hydrophilic and hydrophobic
glass were determined for the cells grown for 24 h in a
minimal medium with galactose. According to the re-
sults shown in Fig. 4, no significant differences were
found between the considered strains. This suggests that
the addition of hydrophobins to the yeast surface had no
effect on surface hydrophobicity, unlike evidences for
the opposite situation provided by the above-described
analyses.
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accessible display of the Aga2 fusion proteins was evaluated by immu-
nofluorescence labeling with an anti-V5 antibody. Experiments were re-
peated 3 times with similar results. The figure shows the result of a
representative experiment of each strain. The first panel in each figure
is a control that corresponds to a sample of the EBY100/pYD5 cells
grown in glucose; in b, the FITC image was overexposed

Another feature of yeast cells that can provide infor-
mation about the changes on the surface associated with
hydrophobin exposure is their flocculation ability. This prop-
erty was measured by determining the percentage of cells
which did not remain on the top of the solution after floccu-
lation induction in the 24-h cultures in a galactose-containing
medium. The results were 7.40 = 1.63% for the EBY 100/
pYDS5M strain, 27.39 + 3.42% for EBY100/pYD5M-HFBI,
and 17.07 £ 2.70% for EBY100/pYD5M-DewA. The differ-
ences between the modified and the control strain were
statistically significant considering the p values found
(8.30 x 10™* and 2.22 x 1072, respectively). These data
indicate that the modified strains displayed greater floc-
culation capacity, which resulted in bigger differences
when class II hydrophobin was considered. Indeed, the
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percentage of flocculated cells in the strains exposing
DewA and HFBI was increased 2.31- and 3.70-fold,
respectively, compared to that of the control. This result
is consistent with the greater hydrophobicity of the cells
of these two strains obtained from the butanol extraction
experiments.

<« Fig. 3 Protein profile of the fusion proteins expressed from plasmids
pYD5M, pYD5SM-HFBI, and pYD5M-DewA. The amino acid scale
used to determine profiles was defined by the numeric value assigned
to each one. The Protein Translate facility was employed for the
translation of the nucleotide sequence and the Protscale to generate the
protein profile (Swiss Institute of Bioinformatics ExPASy). Vertical lines
separate the part corresponding to the introduced sequences and the Aga2
protein. According to the scale used (Hphob. / Kyte and Doolittle 1982),
the individual value for each amino acid is as follows: Ala: 1.800; Arg:
—4.500; Asn: —3.500; Asp: —3.500; Cys: 2.500; Gln: —3.500; Glu:
—3.500; Gly: —0.400; His: —3.200; Ile: 4.500; Leu: 3.800; Lys: —3.900;
Met: 1.900; Phe: 2.800; Pro: —1.600; Ser: —0.800; Thr: —0.700; Trp:
—0.900; Tyr: —1.300; Val: 4.200

HFBI and DewA exposure on S. cerevisiae influences
resistance under several adverse conditions for yeast
growth

The modification of the yeast surface associated with the ex-
posure of hydrophobins of classes I and II could result in
changes in the resistance to stress conditions produced by
physicochemical agents, including the substrates and solvents
used for biocatalysis with yeast whole cells. In this section,
viability in the presence of adverse conditions was analyzed
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N

Fig.4 Water contact angle measurements of the yeast-coated glass slides.
The images on the left are the WCA of the glass with no yeast on it. The
shown values correspond to mean and standard deviation, with n = 10

@ Springer



Appl Microbiol Biotechnol

a LTso
(°C)
pYD5M Ol 429
100 - * %k
x| pypsm-HFBlI | 47.9

90 1 pYD5M-DewA[]| 45.9
g 80 *® *® EXET
Q
(8]
® 70 A
Qo
©
S 60 A
>
o
8) 50 A
g
S 40 -
<]
& 30 4

20

10

0 T T T —

37 40 42 44

Temperature (°C)

b LDy, (M)
pYD5M Il 166
pYD5M-HFBI | 212
100 1 *x % *% k%
pYD5M-DewA]| 2.20
90 4
* %k
80 4 * ok
70 4
60
50
40 1
30 1
20 1
10 1
0 : : : L
07 1 1.2 15

NaCl concentration (M)

DEBY100/pYD5M BEBY 100/ pYD5M-HFBI OEBY 100/pYDS5M-DewA

Fig. 5 Resistance of the yeast cells exposing Aga2 (vector pYD5M, left
bar), Aga2-HFBI (middle bar), and Aga2-DewA (right bar) to high tem-
peratures and salt concentrations. Five ODg units of yeast cells from the
24-h cultures in galactose were incubated under the conditions described
in “Materials and Methods.” The percentage of viable cells was deter-
mined in each case by the trypan blue exclusion assay. Experiments were

by the trypan blue exclusion assay following the proce-
dure described in “Materials and Methods.” The obtain-
ed results are shown in Figs. 5 and 6 and S2 and S3 in the
Supplementary Material.

carried out 5 times, and the figure shows the mean value and the standard
deviation. * indicates those cases in which the differences compared to
the strain transformed with vector pYD5M were statistically significant
with a p value lower than 0.05; ** is included in those cases in which the p
value was lower than 0.01. The LTs, and NaCl LDs, values are also
shown; standard deviations were always lower than 5% of the mean value

First, the viability of all the strains was determined at dif-
ferent temperatures (37, 40, 42, and 44 °C). As seen in Fig. Sa,
the modified ones always showed more thermoresistance than
the control (EBY100/pYD5M), with statistically significant
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Fig. 6 Resistance of the yeast cells exposing Aga2 (vector pYD5SM),
Aga2-HFBI, and Aga2-DewA to phenoxyacetone. Ten ODggo units of
yeast cells from the 24-h cultures in galactose were incubated under the
conditions described in “Materials and Methods” with the concentrations
of the compound indicated in the figure. The percentage of viable cells
was determined in each case by the trypan blue exclusion assay.
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Experiments were carried out 5 times, and the figure shows the average
value and the standard deviation. * indicates those cases in which the
differences in relation to the strain transformed with the vector pYD5M
were statistically significant with a p value lower than 0.05; ** is included
in those cases in which the p value was lower than 0.01. The LDs, values
for this compound are also shown
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differences. Overexposure of DewA, and particularly of
HFBI, resulted in greater resistance and mainly at the highest
temperatures. Accordingly, the LTs, value was determined for
each one (temperature at which 50% viable cells were found).

Next, salt resistance was also checked and, once again, the
two strains displaying hydrophobins were more viable, with
statistically significant differences (Fig. 5b). Under this
stress condition, both showed a similar pattern with
quite close LDsq values.

Growth experiments were also carried out with strains
EBY100/pYD5M, pYDSM-HFBI, and pYD5M-DewA under
the two conditions explained above. The growth in the SC-trp
medium containing galactose as the only carbon source at 30
°C was followed as the control. As shown in Fig. S2 in the
Supplementary Material, the HFBI-expressing cells grew
slightly more slowly compared to the other strains, which
showed quite similar behavior to one another. However, when
growth was followed at 37 °C, the strains exposing
hydrophobins displayed more growth, particularly that over-
expressing DewA on the cell surface. In the experiments car-
ried out in the presence of 0.5 M NaCl, both strains exposing
hydrophobins also showed improved growth compared to the
unmodified one, in which case the better results were found by
HFBI exposure.

Resistance to several organic solvents was also analyzed.
As shown in Fig. S3 in the Supplementary Material, and after
considering all the data, no consistent and significant differ-
ences were found among the strains for ethanol, acetonitrile,
dimethylformamide, and dimethylsulfoxide under the concen-
trations tested in these experiments (6—10%, 3-9% v/v, 6-25%
v/v, and 12-30% v/v, respectively). However, it is worth men-
tioning that in some cases, exposure of hydrophobins (partic-
ularly HFBI) resulted in lower resistance to these agents (e.g.,
see the data for 6% (v/v) ethanol, 7-9% acetonitrile, and 30%
(v/v) DMSO).

The organic substrates that can be used in biocatalytic pro-
cesses carried out by yeast whole cells could be toxic for them,
which limits the charge that can be applied in the correspond-
ing reactions. Figure 6 shows the results of the viability of the
three considered strains in the presence of different amounts of
one of these substrates: phenoxyacetone 1. We can see that the
effect of the exposure of hydrophobins on the cell surface
depends on the considered substrate concentration. Increased
resistance of yeast cells to this compound was found when

0 OH
OA Biocatalyst (100 OD) ©/ O\/k
Galactose

1
(0.65 mg/mL)

(+)-(S)-1-phenoxypropan-2-ol

Scheme 1 Reduction of phenoxyacetone 1 to (+)-(S)-1-phenoxy-2-
propanol biocatalyzed by strains EBY 100/pYD5M/pYD5SM-HFBI and
pYD5M/DewA in the presence of galactose. OD refers to ODgg units

present from 0.65 to 2.6 mg/mL of the final concentration.
However, viability of the HFB1 expressing strain was more
negatively affected from around 3.9 mg/mL compared to the
other two. From these data, LDs, was calculated and included
in the same figure.

Introduction of a second copy of the HFBI and DewA
hydrophobins does not affect the properties

of the yeast cell surface and viability under adverse
conditions

Improvement in the cell surface properties and stress resis-
tance associated with the exposure of one copy of the
hydrophobins herein considered prompted us to analyze if
the introduction of a second copy fused to the first one could
provide additional positive effects. The Gibson Assembly
strategy was used to construct the corresponding strains as
explained in “Materials and Methods.” The efficient expres-
sion of the two copies of HFBI or DewA on the cell surface
was confirmed by western blot, flow cytometry, and micros-
copy (Fig. S1 in the Supplementary Material, and Figs. 2a and
2b, respectively). The data obtained in the last analyses indi-
cated that the percentage of cells exposing hydrophobins was
not affected by the addition of the second copy. However, the
mean fluorescence intensity decreased, which suggests that
the number of proteins per cell lowered. The experiments
carried out with these strains revealed no significant differ-
ences in terms of the above-described properties, such as the
HI, flocculation ability, and heat resistance (data not shown).
Accordingly, further analyses were restricted to the strains
exposing one copy of the herein analyzed hydrophobins.

Behavior of hydrophobin-exposing strains
EBY100/pYD5M-HFBI and EBY100/pYD5M-DewA
in biocatalysis

The effect of the hydrophobin expression on cells’ surface
during the biocatalytic processes carried out by yeast whole
cells in an aqueous medium was determined. For this purpose,
the reaction reduction of the ketone 1-phenoxypropan-2-one 1
(Scheme 1) was taken as a benchmark.

When the reaction was carried out at the optimal growth
temperature for S. cerevisiae (around 30 °C), the transforma-
tion was more marked with the modified strains than in the
control one, particularly with EBY100/pYD5M-HFBI, with a
statistically significant difference in this case (Fig. 7a). Given
the greater viability of the YSD modified strains at 40 °C, the
ability of whole cells to reduce this substrate was also tested at
this temperature. Under this condition, transformation was
lower in all cases, although these two strains showed en-
hanced reactivity compared to the control one, with statistical-
ly significant differences once again for the HFBI-exposing
strain (Fig. 7b).
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Fig. 7 Comparative results among the three strains studied for the
reduction reaction of ketone 1. Experiments were carried at 30 °C or 40
°C for 24 h using 100 ODggp units of whole cells in 10 mL of 2%
galactose and 0.65 mg/mL of a substrate. The mean value and standard
deviation for the transformation ratio of five independent experiments are
shown in this figure. The transformation ratio was determined as the

The effect of the substrate charge on the development of
the reaction was also analyzed. As shown in Fig. 8, biocata-
lytic activity was greater at 30 °C in both hydrophobin-
exposing strains than in the control one by at least up to 2.5
mg/mL of the substrate final concentration, with statistically

1.6

1.4 % %k k %k * ¥ %k kk k kk

1.2
1
0.8

0.6

Transformation ratio

0.4

0.2

0.65 1.3 1.9 25
Substrate concentration (mg/mL)

OEBY100/pYD5M BEBY 100/ pYD5M-HFBI OEBY 100/pYD5M-DewA

Fig. 8 Effect of the substrate concentration on the biocatalytic
transformation by the yeast whole cells of the strains herein considered.
Reactions were carried out for 24 h using 100 ODg units of whole cells
in 10 mL of 2% galactose. Substrate 1 was used at the final concentration
indicated in each case. The mean value and standard deviation of five
independent experiments are shown in the figure. The transformation
ratio was determined as in Fig. 7
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relation between the conversion (expressed as pmol of product/mg cells
dry weight) obtained with the hydrophobin-modified strains vs. the con-
trol one, for which a value of 1 was assigned. Conversion was calculated
based on the integration of "HNMR spectra. Cell dry weight was deter-
mined after the lyophilization of the aliquots containing 100 ODgq units
of whole cells

significant differences in all cases. Higher substrate concen-
trations were not considered because of the sharp drop in cell
viability described in a previous section (Fig. 6).

Discussion

Hydrophobins are proteins with interesting biotechnological
and biomedical applications, and research about their
properties and utilities has increased in the last few
years (Bayry et al. 2012; Berger and Sallada 2019;
Khalesi et al. 2015a, 2015b; Maiolo et al. 2017; Niu et al.
2012; Valo et al. 2010; Wosten and Scholtmeijer 2015).
Several reports have analyzed the effects of displaying
hydrophobins of class 1 (SC3 of Schizophyllum commune)
and class II (HFBI de Trichoderma reesei) on the surface of
yeast cells belonging to the Saccharomyces cerevisiae and
Pichia pastoris species (Nakari-Setdld et al. 2002; Wang
et al. 2016; Zhang et al. 2017).

The results described in this work indicate that the two
considered hydrophobins, HFBI and DewA (a hydrophobin
of class I of A. nidulans not previously exposed), were accu-
rately displayed on the yeast surface of S. cerevisiae (Fig. 2).

In previous studies, higher hydrophobicity was observed in
EBY100 cells overexpressing Aga2 in the cell surface
(Andreu and del Olmo 2013). Herein, we found that the ex-
posure of both hydrophobins, especially HFBI, resulted in an
additional increase of the hydrophobicity of the cell surface
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(Fig. 9). Nakari-Setild et al. (2002) described the display of
HFBI on S. cerevisiae and also found that hydrophobin-
expressing yeast was much less hydrophilic than the control
ones. Unfortunately, it is not possible to compare our results to
those found by these authors for different reasons; e.g., they
were unable to determine the level of HFBI exposure by
FACS and used a different yeast display system based on
Flol anchoring and the constitutive ADHI promoter to
regulate expression; besides, the methodology followed to
determine this property was different. Wang et al. (2016) also
exposed HFBI in Pichia pastoris and observed a higher HI
value (1.68-fold change). We also found a greater tendency of
flocculation for the strains exposing hydrophobins, mainly
HFBI, which is consistent with hydrophobicity differences
(Fig. 9). Jin and Speers (1998) reported that a high cell surface
hydrophobicity (CSH) level facilitates better cell-cell contact
in an aqueous medium, which results in a more specific lectin-
carbohydrate interaction. Nayyar et al. (2014) also described a
correlation between increased CSH and the initiation of
flocculence during fermentation for four industrial
S. cerevisiae strains used to produce beer, champagne, wine,
and fuel alcohol.

Despite these results, all the strains considered herein obtain-
ed quite close water contact angle values (WCA, around 19—
20) on hydrophilic glass, which were similar to those found for
other unmodified yeast strains reported in the literature (20.7
for H2155, Nakari-Setila et al. 2002; 18.4 for NCYC 1681,
White and Walker 2011). It is difficult to explain the reason
for the discrepancies that appear among the hydrophobicity
data obtained from solvent extraction analyses and WCA de-
terminations, but they have also been reported by other authors
(White and Walker 2011). Nakari-Setdla et al. (2002) only de-
tected quite a modest increase, which was probably not statis-
tically significant, in the contact angle in water when expressing

OEBY100/pYD5M BEBY 100/ pYD5M-HFBI OEBY 100/pYD5M-DewA

protein HFBI on the surface by the Flol anchoring system
(32.8 £ 2.1 compared to 30.0 + 1.9). We cannot rule out that
the treatment with ethanol used to prepare samples could bring
about changes in the association or conformation of the
hydrophobins that could affect the WCA determinations.
Besides, there is the possibility of a capillary effect due to
spaces between cells or channel-like structures that form be-
tween multiple yeast layers depending on coating density.

We also analyzed the effect of displaying these proteins on
cell surfaces on their resistance to stress conditions, like high
temperatures and presence of salt or organic compounds. As
expected, the increased stressing agent diminished cell
viability, but this effect was less marked on the strains
exposing hydrophobins than on the control one in all cases.
By means of transmission electron microscopy, Wang et al.
(2016) observed that exposure of HFBI and type I hydrophobin
SC3 resulted in cell wall structure differences. These authors
found that the cell wall inner layers of the recombinant strains
displaying these hydrophobins were thicker than those of the
reference strain. There were also slightly longer mannan fibrils
on the cell wall outer layer of the strain exposing SC3 and
shorter ones in that displaying HFBI. Perhaps, these differences
lie behind the increased resistance to high temperatures and salt
solutions of the EBY 100 cells transformed with pYD5SM-HFBI
and pYD5M-DewA reported in this work (Fig. 5, S2 and S3 in
the Supplementary Material).

Exposure of a second copy of HFBI or DewA
hydrophobins fused to the first one did not provide any addi-
tional improvement to surface properties and resistance to
high temperatures. Although this second copy introduced
more hydrophobic residues, the structure adopted when the
whole protein was associated extracellularly to the cell wall
by the linking Agal-Aga2-hydrophobin is not known.
Besides, the flow cytometry analyses revealed fewer copies
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per cell when the second copy was introduced (see the M
value in Fig. 2a).

Improved biocatalytic activity in lipases co-expressed with
hydrophobins SC3 or HFBI on the cell surface has been dem-
onstrated (Wang et al. 2016; Zhang et al. 2017). These authors
considered that this can be explained by the change in the
surface structure and hydrophobic characteristics, which re-
sulted in an effect on the catalytic features of the lipase
displayed. In this work, we analyzed how exposing proteins
HFBI and DewA on the yeast cell surface influenced the bio-
catalytic reduction reaction of ketone 1 carried out by whole
cells. Thus, we demonstrated that the exposure of both pro-
teins resulted in enhanced activity when phenoxyacetone con-
centrations went up to 2.5 mg/mL, possibly because greater
surface lipophilicity makes its entry in the cell easier. No
reactions were carried out at higher substrate charges given
the toxic effect on cells (Fig. 6).

Relevant results were found when reactions were carried
out at 40 °C (Fig. 7). At this temperature, reactions were
slower than at 30 °C, but stercoselectivity remained (ee
85%). Once again, greater thermotolerance was observed for
the hydrophobin-exposing strains as in the viability experi-
ments. This result is important for the biocatalytic processes
that employ whole cells because it offers the possibility of
using high lipophilic substrates in an aqueous medium to in-
crease their solubility by raising the reaction temperature.
Further analysis should be performed to understand the appli-
cations of the new strains described herein and the possibility
of introducing these modifications into other more convenient
yeast species for biotechnological processes.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11090-8.
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