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Abstract To modify the Pichia pastoris cell surface, two
classes of hydrophobins, SC3 from Schizophyllum commune
andHFBI from Trichoderma reesei, were separately displayed
on the cell wall. There was an observable increase in the hy-
drophobicity of recombinant strains. Candida antarctica li-
pase B (CALB) was then co-displayed on the modified cells,
generating strains GS115/SC3–61/CALB-51 and GS115/
HFBI-61/CALB-51. Interestingly, the hydrolytic and synthet-
ic activities of strain GS115/HFBI-61/CALB-51 increased by
37 and 109 %, respectively, but decreased by 26 and 43 %,
respectively, in strain GS115/SC3–61/CALB-51 compared
with the hydrophobin-minus recombinant strain GS115/
CALB-GCW51. The amount of glycerol by-product from
the transesterification reaction adsorbed on the cell surface
was significantly decreased following hydrophobin modifica-
tion, removing the glycerol barrier and allowing substrates to
access the active sites of lipases. Electron micrographs indi-
cated that the cell wall structures of both recombinant strains

appeared altered, including changes to the inner glucan layer
and outer mannan layer. These results suggest that the display
of hydrophobins can change the surface structure and hydro-
phobic properties of P. pastoris and affect the catalytic activ-
ities of CALB displayed on the surface of P. pastoris cells.
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Introduction

Hydrophobins, which are produced exclusively by filamen-
tous fungi, belong to a family of small amphipathic proteins.
They all contain similar hydropathy patterns and eight cyste-
ine residues at conserved positions. The amphipathic protein
layer is formed when assembly occurs on the surface and
finally changes the wettability of the solid to make the hydro-
philic surface hydrophobic and vice versa (Wösten et al.
1994b, 1993). Hydrophobins have been suggested for use in
a wide variety of biotechnological applications, including for-
mation of coatings, removal of diesel oil from contaminated
water, and promotion of tissue culture cell growth. Further
applications include acting as emulsifying agents, and as ad-
ditives in the manufacture of aerated foods, due to their
surface-modifying activities and lack of immunogenicity
(Linder 2009). Hydrophobins can be divided into two classes
based on differences in hydropathy properties, solubilities,
and the types of layers they form (Wessels 1997), although
intermediate forms between class I and class II could also exist
by bioinformatic analysis. Many hydrophobins with distinct
physicochemical characteristics may have been overlooked in
the past (Jensen et al. 2010; Littlejohn et al. 2012). The class I
hydrophobin SC3 from Schizophyllum commune has excel-
lent surface activity. At the liquid–vapor interface, SC3 causes
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a large decrease in the surface tension of water (from 72 to
43mJm−2) at a concentration of 0.1 mg/ml (Van der Vegt et al.
1996). The class II hydrophobin HFBI from Trichoderma
reesei was expressed on the surface of yeast by fusing it to
the cell wall flocculation protein Flo1 of Saccharomyces
cerevisiae to modify the cell surface properties. The results
indicated that modified cells with HFBI had a more apolar
and slightly less negatively charged surface compared with
the S. cerevisiae strain (Nakari-Setälä et al. 2002). The fact
that hydrophobins changed the surface characteristics of the
yeast cells opens the door for the development of new high-
efficiency cell catalysts.

Many studies have been performed to understand the rela-
tionships between immobilized lipase activities and surface
characteristics of solid materials. Lipases (glycerol-ester hy-
drolases, EC3.1.1.3) are one of the most widely used enzymes
in biocatalysis and scientific applications because of their di-
verse substrate specificity, stereo specificity, and tolerance of
heat and various organic solvents (Jaeger and Eggert 2002).
Most types of lipases were found that existed in the interfacial
activation phenomenon. Lipases usually adopt the following
two forms: closed form (inactive) in which the substrate ac-
cess to the active center is blocked by a hydrophobic
amino acids chain, called Blid,^ and open form (active)
in which lid polypeptide flips, opening the active center
pocket. The two forms are found in an equilibrium
shifted toward the closed state in a homogeneous aque-
ous solutions. Once meeting the hydrophobic environ-
ment, the equilibrium is shifted toward the open form
(Brzozowski et al. 1991). The interfacial activation
mechanism inspired the design of immobilized lipase
with high enzymatic activity. For example, Guisán first
reported the hyperactivation of lipase via interfacial ad-
sorption on hydrophobic supports. The activity of lipase
immobilized on the octyl-agarose gels increased by 6–
20-fold than the soluble one (Bastida et al. 1998).
Fernandez-Lafuente further reported the immobilization
that involves the open form of the lipase (Manoel et al.
2015). Schilke and Kelly presented a method for cova-
lent immobilization of Candida antarctica lipase B
(CALB) on solid surfaces using a long hydrophobic
polytryptophan tether, which resulted in 35 times greater
esterification and 5 times greater hydrolytic activity
against p-nitrophenol palmitate (Schilke and Kelly
2008). In addition, Chen et al. showed that a small
change in the hydrophobic/hydrophilic balance of the
epoxy-activated polymer films not only changed the
binding ability between polymer films and CALB but
also significantly affected the specific activity of the
bound CALB (Chen et al. 2008).

The display of lipase on yeast cell surface is currently a
very active topic in the field of organic bioconversion. It can
be used as a whole-cell biocatalyst, which is a promising

alternative to conventional immobilized lipase, and have been
used in the synthesis of chiral compounds (Matsumoto et al.
2002), biodiesel (Jin et al. 2013), and flavor esters (Jin et al.
2012). However, the surfaces of yeast cells are relatively hy-
drophilic because of the presence of various polysaccharides
and proteins. When lipases displayed on the cell surface were
used to catalyze an esterification reaction of triglyceride, the
glycerol by-products would be absorbed on support and form
a hydrophilic layer, leading to cell aggregation, poor
dispersibility of displayed lipase, and decreased catalytic ac-
tivity (Jin et al. 2013). Séverac developed a lipase immobili-
zation system on the support of Accurel MP, which is found
very hydrophobic. The new immobilized lipase could not ab-
sorb the glycerol and permit long-lasting continuous
transesterification reactions (Séverac et al. 2011).

On the base of their characteristics, hydrophobins SC3 and
HFBI from S. commune and T. reesei, respectively, were
displayed on the surface of Pichia pastoris cells to modify
the surface structure. After co-displaying CALB on the cell
surfaces, the hydrolytic and synthetic activities of CALBwere
examined. The results indicated that the hydrophobin HFBI
increased the catalytic activity of CALB obviously. Finally,
the hydrophobicity, structure, and effect of CALB displayed
on P. pastoris cells were investigated.

Materials and methods

Strains and culture conditions

P. pastoris strain GS115 and Escherichia coli TOP10 were
purchased from Invitrogen (Carlsbad, CA, USA). E.coli
TOP10 cells were used in plasmid construction and were in-
cubated at 37 °C in Luria-Bertani low salt medium
(1 % w/v tryptone, 0.5 % w/v yeast extract, and
0.5 % w/v NaCl) supplemented with 100 μg/ml zeocin.
P. pastoris yeast strains were cultured at 30 °C in the
following media: YPD (1 % w/v yeast extract, 2 % w/v
peptone, and 2 % w/v glucose) for sub-cultivation,
BMGY (1 % w/v yeast extract, 2 % w/v peptone,
100 mM potassium phosphate pH 6.0, 1.34 % w/v yeast
nitrogen base (YNB), and 1 % v/v glycerol) for cell
growth, and BMMY (same as BMGY but substituting
1 % v/v glycerol for 1 % v/v methanol) for recombinant
protein production.

Construction and fermentation of the yeast transformants

The codon-optimized S. commune SC3 gene sequence
(GenBank KU173824) and the T. reesei HFBI gene sequence
(GenBank KU173825) were synthesized by Sangon Biotech
Corporation (Shanghai, China). All primers used for plasmid
construction are listed in Table S1. The SC3 gene was
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amplified by polymerase chain reaction (PCR) using the
primers PS-1/PS-2, containing an EcoR I site at the 5′-terminus
and a Mlu I sites at the 3′-terminus. The HFBI gene was
amplified using the same method with primers PH-1/PH-2, con-
taining the same restriction sites. The GCW61 gene (NCBI
accession no. XM_002494287.1) was amplified from the ge-
nomic DNA of P. pastoris GS115 using primers P61–1/P61–2
containingMlu I and Not I restriction sites. The PCR products
were gel-purified and digested with corresponding restriction
enzymes. The digested fragments (SC3/HFBI and GCW61),
along with plasmid pPICZaA digested with EcoR I and Not I,
were ligated overnight. The resulting recombinant plasmids,
named pZS61 and pZH61 (Fig. 1a), were transformed into
chemically competent E. coli TOP10 cells. The plasmids from
positive clones were purified and verified by restriction en-
zyme digestion and sequencing. The recombinant plasmids
were then linearized with Sac I and subsequently transformed
into the host strain GS115 by electroporation, according to the
manufacturer’s instructions (Invitrogen). The recombinants
were named GS115/SC3-GCW61 and GS115/HFBI-
GCW61. CALB was amplified from the plasmid pKNS-

CALB (Su et al. 2010) using primers PfC-1/PfC-2, containing
a FLAG tag, EcoR I and Mlu I restriction sites. The GCW51
gene (NCBI accession no. XM_002493737.1) was amplified
from the genomic DNA of P. pastoris GS115 using primers
P51–1/P51–2 containing Mlu I and Not I restriction sites. With
the same ligated method, the digested fragments CALB,
GCW51, and plasmid pPIC9K digested with EcoR I
and Not I were ligated overnight. The resulting recom-
binant plasmid, named pKfC51 (Fig. 1b), was linearized
with Sac I and transformed into GS115, GS115/SC3-
GCW61, and GS115/HFBI-GCW61 cells. The recombi-
nant strains were named GS115/CALB-GCW51, GS115/
SC3–61/CALB-51, and GS115/HFBI-61/CALB-51, re-
spectively. All the P. pastoris strains used in the present
study are described in Table 1.

The strains were pre-cultured in BMGY medium to an
optical density (measured at 600 nm) of 2 to 6. The cultures
were then centrifuged at 6000×g for 1 min, and the cells were
resuspended in BMMY medium containing 1 % (v/v) metha-
nol to an OD600 of 1. Pure methanol was added to the culture
medium every 24 h to maintain the induction of the proteins

Fig. 1 Schematic diagram of plasmid construction and outline of the
vector expression cassette used in this study. a The vectors pZS61 and
pZH61 contained a SC3-GCW61 fusion and a HFBI-GCW61 fusion,

respectively. b The vector pKfC51 contained a CALB-GCW51 fusion.
S alpha signal sequence, TT transcription termination
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for 120 h. All fermentations were carried out in shakers
(250 rpm) at 30 °C.

Immunofluorescence microscopy and flow cytometry
analysis

The strains containing a FLAG tag were harvested
following120 h of methanol induction. Flow cytometry anal-
ysis was performed as described by Sun et al. (Sun et al.
2012). Cells were centrifuged at 6000×g for 1 min, and the
supernatant was discarded. The cells were washed three times
with 10 mM phosphate-buffered saline (PBS, pH 7.4) and
then resuspended in PBS containing 1 % (m/v) bovine serum
albumin (BSA) to block the cell surface. A monoclonal anti-
body against the FLAG tag (DYKDDDDK) was used as the
primary antibody (diluted 1:200 in PBS). The antibody was
added to 200 μl of cell suspension (OD600 = 5) and then
incubated on a rotator for 2 h at 37 °C. Cells were then washed
three times with PBS by centrifugation and resuspended in
200 μl of PBS (containing1 % BSA) prior to being exposed
to Alexa Fluor 488 goat anti-mouse IgG antibody (diluted
1:200 in PBS). Following incubation for 1 h at 37 °C, cells
were washed with PBS three times by centrifugation and then
resuspended in 1.5 ml of PBS. Finally, a 2-μl cell suspension
was loaded onto a glass slide and directly examined using a
fluorescence microscope (BX51, Olympus, Japan). The re-
maining cell suspension was used for flow cytometry analysis
(Beckman Coulter, Fullerton, CA). Ten thousand cells per
sample were counted and analyzed using Exp032 software
(Beckman Coulter).

Assay of cell surface hydrophobicity

The hydrophobic nature of the outermost surface of the yeast
cells was determined by microbial adhesion to hydrocarbon
(MATH), which is modified from the protocol in reference
(Hama et al. 2010). In this method, the proportion of the yeast
cells passing into the organic phase reflects the adsorption of
the yeast cells to the organism. The yeast solutions were
washed twice and then resuspended to an OD600 = 2 in PBS
(pH = 8.0, 1 mM). The absorbance of the cell suspension was
accurately measured and defined as A1. Two milliliters of n-

butyl alcohol was then added to 2 ml of the cell suspension in
a 15-ml screw-capped bottle. After vortexing for 30 s, the
mixture was allowed to stand for 3 min to enable the complete
separation of the two phases. The absorbance of the lower
aqueous phase at 600 nm was measured and defined as A2.
Hydrophobicity is then given as percentages calculated from
the following equation: hydrophobicity (%) = (A1 − A2)/A1.

The analysis of CALB activity

A modified lipase hydrolytic activity assay was used (Zhang
et al. 2013). After induction with BMMY for the expression of
CALB, the hydrolytic activity was measured spectrophoto-
metrically using p-nitrophenyl butyrate (pNPB; Sigma, St.
Louis, MO, USA) as the substrate. pNPB was emulsified by
sonication in ultrapure water containing 0.5 % Triton X-100,
resulting in a final concentration of 25 mM. The 1 ml reaction
solution, consisting of 940 μl of 50 mM Tris-HCl buffer (pH
8.0), 10 μl of cell suspension with appropriate dilution, and
50 μl pNPB, was incubated for 5 min at 45 °C. After the
reaction was completed, the assay mixture was centrifuged
at 6000×g at room temperature for 1 min. A 200-μl aliquot
of the supernatant was added to a 96-well plate, and the ab-
sorbance was measured using a kinetic microplate reader
(Molecular Devices, Sunnyvale, CA, USA). Average values
were generated from triplicates of each sample. The cell den-
sity was confirmed by OD600 measurement. The hydrolytic
activity of CALB was defined as the amount of enzyme that
released l μmol p-nitrophenol (pNP) per minute from pNPB
under the assay conditions.

The synthetic activity was performed using the ester syn-
thesis method as described by Sun and Xu (Sun and Xu 2008)
with modification. The recombinant P. pastoris was induced
with BMMY for the expression of CALB. The cells were
harvested, then washed three times, and resuspended with
50 mM Tris-HCl buffer (pH 8.0). The cell suspension was
lyophilized overnight in a Christ Alpha 2–4 freeze dryer
(Christ, Osterode, Germany). A 0.05-g aliquot of lyophilized
whole-cell lipase powder was added to 10 ml of heptane con-
taining 0.6 M hexanoic acid and 0.6 M ethanol. The reaction
was performed in 50-ml Erlenmeyer shake flasks at 50 °C for
30 min with shaking at 200 rpm. Ethyl hexanoate present in

Table 1 Strains used in this study

Strains Essential properties Reference
GS115 Host strain Invitrogen

GS115/SC3-GCW61 GS115 displaying hydrophobin SC3 with anchoring protein GCW61 This study

GS115/HFBI-GCW61 GS115 displaying hydrophobin HFBI with anchoring protein GCW61 This study

GS115/CALB-GCW51 GS115 displaying CALB with anchoring protein GCW51 This study

GS115/SC3–61/CALB-51 GS115/SC3-GCW61 co-displaying CALB with anchoring protein GCW51 This study

GS115/HFBI-61/CALB-51 GS115/HFBI-GCW61 co-displaying CALB with anchoring protein GCW51 This study
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the reaction mixture was assayed using an Agilent 7890 A gas
chromatography apparatus equipped with a DB-FFAP silica
capillary column (0.25 mm × 30 m; Agilent, Santa Clara, CA,
USA) and a hydrogen flame-ionization detector. The column
temperature was held at 80 °C for 0.5 min, then increased to
120 °C at 40 °C/min, and maintained for 0.5 min. The tem-
perature was then increased to 160 °C at 40 °C/min and held
for 0.5 min. The injector and detector temperatures were both
set at 250 °C. The carrier gas was nitrogen. One unit of lipase
synthetic activity was defined as the amount of enzyme cata-
lyzed to produce 1 μmol of ester per minute. All reported data
are averages of the values obtained from experiments that
were performed at least in triplicate.

Quantification of CALB displayed on the cell surface

The amount of CALB displayed on the cell surface was de-
termined using 4-methylumbelliferyl hexylphosphonate (4-
MUHP) and a method described previously (Jin et al. 2014).
The reaction system contained 0.1 g of lyophilized cells, 25 μl
of 1 mM lipase irreversible inhibitor 4-MUHP, 25 μl of dis-
tilled H2O, and 1950 μl of anhydrous ethanol. The reaction
was carried out at 40 °C for 6 days with shaking at 200 rpm.
Once the reaction was complete, the reactant was centrifuged
at 6000×g for 5 min to collect the reaction liquid. Cells were
resuspended in 2 ml of anhydrous ethanol at 40 °C for 1 h
before the extract was collected. The procedure was repeated
four times. The total reaction liquid and extract were com-
bined and diluted to a certain volume with absolute ethanol.
Finally, 200 μl of reaction liquid was added to a black 96-well
plate. The fluorescence intensity of the sample solution was
detected using an Infinite M200 multi-function microplate
reader (TECAN, Männedorf, Switzerland), with an excitation
wavelength of 320 nm and an emission wavelength of
380 nm. The data are averages of at least triplicate experi-
ments. The amount of enzyme displayed on the cell surface
was the mass ratio of CALB and cells.

The adsorption of glycerol by-product on the cell surface

The hydrophilic by-products of the transesterification reac-
tion, such as water and glycerol, are easily adsorbed on the
cell surface, which can seriously affect cell dispersion and
block the contact between enzyme and substrate. The detec-
tion of glycerol by-product was adsorbed as described by Jin
et al. (Jin et al. 2013), with some modifications. The reaction
mixtures were as follows: soybean oil (0.965 g), isooctane
(0.9 % v/v, soybean oil), lyophilized cells (0.19 % w/w, soy-
bean oil), and methanol (3.65 % mol/mol, soybean oil).
Methanol was added in equal amounts using a two-step pro-
cedure at 0 and 8 h. The reactions were performed in 10-ml
Erlenmeyer shake flasks at 50 °C for 20 h with shaking at
200 rpm. The amount of glycerol adsorbed on the cell surface

was assessed by rinsing the immobilized lipase with tert-
butanol to remove the glycerol. The sample was then subject-
ed to gas chromatography (GC) analysis.

An Agilent 7890 A gas chromatograph equipped with a
hydrogen flame-ionization detector and a DP-17 column
(0.32 mm × 30 m; Agilent, Santa Clara, CA, USA) was used
for GC analysis. Injector and detector temperatures were set at
320 and 350 °C, respectively. The carrier gas was nitrogen.
When glycerol samples were analyzed, the column tempera-
ture was held at 50 °C, then raised to 320 °C at 15 °C/min, and
maintained for 2 min. All reported data are averages of exper-
iments performed at least in triplicate.

Detection of the cell wall components of yeast

Congo red (CR) stain was first used to qualitatively check the
β-1,3-glucan content of the cells. Cells were grown in liquid
YPD at 30 °C overnight. About 5 × 107 cells were diluted in a
10-fold series (from 10−1 to 10−5 relative to the initial culture)
in water. Aliquots (5μl) from each dilution series were applied
onto the surface of YPD agar and incubated at 30 °C for 48 h.

The β-1,3 glucan content was measured as previously de-
scribed (Sekiya-Kawasaki et al. 2002) with some modifica-
tions. In brief, cells were grown to OD600 = 1.0. A 1-ml vol-
ume of cells (5 × 106 cells) was washed twice with TE (10mM
Tris-HCl and 1 mM EDTA, pH 8.0) and then resuspended in
250 μl of TE. NaOH (6M) was added to the cells to achieve a
final concentration of 1 M and then incubated at 80 °C for
30 min. A 1.05-ml aliquot of AB mix (0.03 % aniline blue
(Sangon, Shanghai, China), 0.18 M HCl, and 0.49 M glycine/
NaOH, pH 9.5) was then added to the cell mixture. The tube
was vortexed briefly, then incubated at 50 °C for 30 min.
Fluorescence of β-1,3-glucan was then quantified using a
spectrofluorometer with excitation wavelength 400 nm and
emission wavelength 460 nm.

Transmission electron microscopy

Strains co-displaying hydrophobin and CALB were harvested
following BMMY induction for 120 h. Cell cultures were
centrifuged at 6000×g, and the supernatant was discarded.
The pellets were washed once with water and then immedi-
ately frozen using a Bal-Tec HP10 high-pressure freezer (Bal-
Tec AG, Balzers, Liechtenstein). Freeze substitution was per-
formed in Leica EM AFS2 as described previously
(McDonald and Webb 2011). First, the specimen carrier was
placed into the substitution solution (1 % OsO4, 0.1 % uranyl
acetate, and 2 % water in acetone) vials under liquid nitrogen.
Then, the frozen water in the specimens was gradually re-
placed within a series of steps, −140~−90 °C (30 min),
−90 °C (48 h), −90~−80 °C (2 h), −80 °C (24 h),
−80 ~ −20 °C (12 h), −20 °C (12 h), −20 ~ 0 °C (4 h), 0 °C
(2 h), 0 ~ 4 °C (1 h), and 4 °C (2 h, rinse three times with pure
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acetone). Subsequently, the specimens were brought to room
temperature within 2 h and then rinsed three times with pure
acetone for 30 min per rinse. The resubstituted samples were
infiltrated with Epon resin/pure acetone in steps of 10 % (1 h),
20 % (1 h), 50 % (2 h), and 75 % (8 h) and pure resin (12, 12,
and 12 h) and then polymerized for 48 h at 60 °C. The blocks
were then cut into 100-nm sections with a diamond knife on a
Leica EM UC6 microtome (Leica, Darmstadt, Germany) and
collected on formvar-coated copper slot grids. All specimens
were examined on a JEOL 1400 electron microscope operat-
ing at 120 keV.

Results

Display of hydrophobins on the cell surface

To display the hydrophobins on the surface of P. pastoris
GS115, the genes encoding hydrophobins SC3 and HFBI
were separately fused with GCW61, encoding the cell wall
anchor protein. The α-factor secretion signal sequence from
S. cerevisiaewas placed upstream of the hydrophobin genes to
guide the target proteins in the secretion process. The resulting
plasmids pZS61 and pZH61 (Fig. 1a) were linearized and
transformed into the host strain GS115. Following screening,
the recombinant strains GS115/SC3-GCW61 and GS115/
HFBI-GCW61 were obtained.

First, the surface hydrophobicities of the three strains,
GS115/SC3-GCW61, GS115/HFBI-GCW61, and GS115,
were examined, respectively.We observed different interfacial
phenomena for the three strains (Fig. 2a). The hydrophobin-
modified cells showed obvious bubbles between the layers of
n-butyl alcohol and cell suspension. The results of the cell
hydrophobicity assays are presented in Fig. 2b. The hydro-
phobicity of host strain GS115 was 0.28, while strain
GS115/SC3-GCW61 exhibited a hydrophobicity of 0.39
(128 % of that of the host strain). Strain GS115/HFBI-
GCW61 showed even stronger hydrophobicity (0.47), which
corresponded to 168 % of that of the host strain. Therefore,
cell surface display of hydrophobins affected the hydropho-
bicity of the P. pastoris cell surface.

Following modification of the cell surface with
hydrophobins, we examined the sensitivity of the strains to
the cell wall-disrupting reagent CR (Fig. 3b), which can detect
additional defects in the β-1-3-D-glucan assembly (Kopecká
and Gabriel 1992). Strain GS115/SC3-GCW61 showed an
increased sensitivity, and quantitative analysis showed that
the strain had a slight decrease (91 % of that of the wild type)
compared with GS115 (Fig. 3a). No obvious CR sensitivity
increase was observed for strain GS115/HFBI-GCW61, but a
slight increase in the amount of cell wall component β-1,3-
glucan was noted.

Co-display of CALB and hydrophobins on the cell surface

We attempted to co-display CALB on the surface of
P. pastoris cells that were already functionally displaying both
hydrophobins. The plasmid pKfC51 (Fig. 1b) containing
CALB was transformed into GS115, GS115/SC3-GCW61,
and GS115/HFBI-GCW61 cells, generating recombinant
strains GS115/CALB-GCW51, GS115/SC3–61/CALB-51,
and GS115/HFBI-61/CALB-51. Results from fluorescence
microscopy and flow cytometry confirmed the successful dis-
play of CALB on the cell surface (Fig. 4).

After the CALB and hydrophobins were confirmed to be
co-displayed, the hydrophobicity of cell surface and the activ-
ities of CALB were quantitatively analyzed. To further inves-
tigate the reasons for the changed CALB activities, we exam-
ined the amount of CALB and absorbed glycerol on the yeast
cell surface.

Firstly, we investigated the cell surface hydrophobicity of
the recombinant strains to determine the interaction between
the cell surfaces and the environment. The hydrophobicities of
three strains, GS115/SC3–61/CALB-51, GS115/HFBI-61/
CALB-51, and GS115/CALB-GCW51, are presented in
Fig. 5. The hydrophobicity of strain GS115/CALB-GCW51
was 0.19. Strain GS115/SC3–61/CALB-51 exhibited a slight
increase in hydrophobicity (0.22) compared with GS115/
CALB-GCW51 (116 % of that of the hydrophobin-minus
control). Strain GS115/HFBI-61/CALB-51 showed the larg-
est increase in hydrophobicity (0.38), corresponding to an
increase of 100 % compared with GS115/CALB-GCW51.
Compared with strains displaying only the hydrophobins,
the hydrophobicity of the co-displaying strains was slightly
reduced.

And then, the hydrolytic activity of CALB was qualitative-
ly analyzed on a tributyrin agar plate. After culturing the three
recombinant strains for 3 days at 30 °C, halos were observed
around the edge of the clones (Fig. 4). We confirmed that
CALB expressed and functioned successfully. After being in-
duced with BMMY 120 h, the CALB activities of the three
recombinant strains at maximum activity were examined
quantitatively (Fig. 6). The hydrolytic activity and synthetic
activity of recombinant strain GS115/SC3–61/CALB-51, con-
taining the class I hydrophobin SC3, were decreased, but the
strain GS115/HFBI-61/CALB-51, containing the class II
hydrophobin HFBI, appeared the increasing trend, compared
with strain GS115/CALB-GCW51. The hydrolytic activity of
strain GS115/SC3–61/CALB-51 was 1192 U/g, correspond-
ing to a decrease of 26 %, and the strain GS115/HFBI-61/
CALB-51 was 2198 U/g, corresponding to an increase of
37 %, compared with strain GS115/CALB-GCW51
(1606 U/g). The synthetic activity of strain GS115/SC3–61/
CALB-51 was 180 U/g, corresponding to a 43 % decrease,
while that of strain GS115/HFBI-61/CALB-51 was 664 U/g,
corresponding to an increase of 109 %, compared with strain
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GS115/CALB-GCW51 (180 U/g). These results suggest that
CALB activity depends on the hydrophobin with which it is
co-displayed.

Finally, we examined the amount of CALB displayed on
the surface of the yeast cells to determine the relationship

between activity and amount of CALB. The amount of
CALB displayed on the surface of strain GS115/CALB-
GCW51 was 2.7‰ g/g cell. Both strains GS115/SC3–61/
CALB-51 and GS115/HFBI-61/CALB-51 showed a decrease
in the amount of displayed CALB, corresponding to 75.2 and
74.4 % of the amount present in strain GS115/CALB-
GCW51, respectively. This confirmed that co-expression of
hydrophobins on the host strain GS115/CALB-GCW51 af-
fected the expression of CALB.

Because the yeast cell wall consists of mannoprotein
and β-glucan, the yeast cell surface is relatively hydro-
philic. When yeast cells are used as a whole-cell cata-
lyst and reacted in organic solvent, the by-products,
such as glycerol, are easily adsorbed on the hydrophilic
cell surface. This blocks contact between enzymes and
their substrates. During transesterification reactions, a
considerable amount of glycerol by-product attached it-
self to the surface of strain GS115/CALB-GCW51.
However, following modification with hydrophobins,
the amount of attached glycerol on the cell surface sig-
nificantly decreased. Strain GS115/SC3–61/CALB-51
showed little adsorption, while glycerol adsorption was
completely abolished on the surface of strain GS115/
HFBI-61/CALB-51(Fig. 7).

Analysis of cell wall structure of recombinant strains
co-displaying CALB and hydrophobins

As described above, surface properties varied among the re-
combinant strains co-displaying CALB and hydrophobins.
We examined the phenotypes of the three strains using cell
wall-disrupting reagent CR. Strain GS115/SC3–61/CALB-51
exhibited an increased sensitivity to CR (Fig. 8b), which sug-
gested a defect in the β-1-3-D-glucan assembly (Kopecká and
Gabriel 1992). The amount of cell wall component β-1,3-

Fig. 2 Analysis of the surface hydrophobicity of the three strains.
Recombinant cells were induced to display CALB in BMMY medium
containing 1 % (v/v) methanol for 120 h. a The interfacial phenomena of

the recombinant cells. b Hydrophobicity of the cells as measured by the
modified microbial adhesion to hydrocarbon method. Data was obtained
from three independent experiments

Fig. 3 Analysis of cell wall composition of three strains. a Levels of β-
1,3-glucan as a percentage of the amount present in strain GS115. b
Sensitivity of the three strains to Congo red in YPD medium
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glucan was further analyzed (Fig. 8a). Results showed that
strain GS115/SC3–61/CALB-51 had a slightly decreased
amount of β-1,3-glucan, only 92 % of that of strain GS115/
CALB-GCW51. Strain GS115/HFBI-61/CALB-51 was not
sensitive to CR and showed a slight amount increase of cell
wall componentβ-1,3-glucan (114% of the amount present in
strain GS115/CALB-GCW51).

The surface property differences indicate structural differ-
ences among the strains. Therefore, transmission electron mi-
croscopy (TEM) was carried out to analyze the cell wall struc-
tures of the recombinant strains co-displaying CALB and
hydrophobins. As shown in Fig. 9, both the cell wall inner
layers of the strains GS115/SC3–61/CALB-51 and GS115/
HFBI-61/CALB-51 are thicker than that of strain GS115/
CALB-GCW51, while the cell wall outer layer of strain
GS115/SC3–61/CALB-51 had slightly longer mannan
fibrils (Fig. 9b, e). However, strain GS115/HFBI-61/
CALB-51 showed dramatically shorter outer mannan fi-
brils (Fig. 9c, f).

Discussion

Because of their amphiphilic nature and self-assembly prop-
erties, free hydrophobins have been used as emulsifiers in
food processing and surfactants, as well as in surface coating
and enzyme immobilization, and may have future applications
in nanotechnology. They have even been used as indicators
for beer gushing (Scholtmeijer et al. 2001; Wessels 1997). In
this study, we attempted to modify the cell surface hydropho-
bicity of P. pastoris and improve the activity of CALB
displayed on the yeast cell surface by co-displaying
hydrophobins SC3 and HFBI.

Based on their characteristics and sequence analysis,
hydrophobins have been grouped into two main classes, class
I and class II. Overall, the two classes share similar structural
properties, but they differ in the way in which they form as-
sembled structures, and consequently show differences in the
properties of these structures. Class II hydrophobins have only
been identified inAscomycetes, while class I hydrophobins are

Fig. 4 Fluorescence microscopy, flow cytometry, and halo formation
analysis of the expression of CALB on the surface of recombinant
P. pastoris strains. The x axis of flow cytometry represents the

fluorescence intensity, and the y axis represents the cell count. Strain
GS115 was set as the background, and the gray-filled peaks show
increased fluorescence intensity on the cell surface
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present in both Basidiomycetes and Ascomycetes species. In
class II hydrophobins, hydrophobic amino acids follow the
cysteine doublets, while the cysteine doublets are followed
by hydrophilic amino acids in class I hydrophobins (Wessels
1997). Therefore, less variation is seen in the cysteine spacing
of class II hydrophobins than in class I (Kershaw and Talbot
1998). Class II hydrophobins form 2D crystalline films on the
air-water interface but do not show rodlet structures (Kisko
et al. 2008).

The class II hydrophobin HFBI from T. reesei has a com-
pact globular fold with many of the aliphatic hydrophobic side
chains collected in one patch on the surface. The patch com-
prises about 18 % of the surface area and leads to an amphi-
philic structure (Kallio et al. 2007). Thus, HFBI from T. reesei
was chosen for display on the cell surface of P. pastoris in the
current study. Our findings showed a stronger interface activ-
ity and hydrophobicity between n-butyl alcohol and water in
strain displaying HFBI, as shown in Fig. 2a. The results con-
firmed that amphiphilic hydrophobins can interact with sur-
faces and lower surface tension. Importantly, display of HFBI
improved the hydrolytic and synthetic activities of CALB on
the cell surface of P. pastoris (Fig. 6). Palomo et al. bound
Pleurotus ostreatus hydrophobins to a hydrophilic glyoxyl-
agarose and then immobilized lipase on the modified agarose.
They verified that the lipase was mediated by the bound
hydrophobin, and the open lid is the active form, which ex-
poses hydrophobic patches on the lipase surface. It was sug-
gested that an Binterfacial activation^ mechanism of
hydrophobins on lipase may exist (Palomo et al. 2003), be-
cause the internal face of the lid and the surroundings of the
active center existed in CALB (Sarda and Desnuelle 1958).
When lipases are immobilized on yeast cell surface, it was
suggested that the mechanism can be similar to the immobili-
zation on other hydrophobic carriers, i.e., by interfacial acti-
vation of the lipase through interaction of the hydrophobic
surfaces (Linder et al. 2005). Recently, Stauch et al. observed
the lid open and closed conformations of CALB at atomic
resolution (Stauch et al. 2015). Manoel et al. immobilized
lipase on hydrophobic octyl agarose and confirmed that the
open form of the lipase became stabilized after adsorption, and
its maintenance was no longer dependent on the medium con-
ditions (Manoel et al. 2015). We inferred that the hydrophobic
environment caused by HFBI made the conformations of co-
displaying CALB open, and finally, the activities of CALB
increased. To further indicate the conformations of CALB, we
explored the effect of different substrates on the activities of
CALB, such as pNPB, p-nitrophenyl caproate (pNPC), and p-
nitrophenol octanoate (pNPO; Fig. 10). Among the three sub-
strates, they all presented the same trend of lipase activities
comparedwith the strainGS115/CALB-GCW51. The optimal
substrate was pNPB, and the carbon chain length of substrate
pNPO could affect its access to the active site. We thought that
CALB kept the stable conformations after modification with
hydrophobins, because different chain lengths of substrates
accessed into the CALB showed different activities. The
hydrophobin HFBI promoted the conformations and interfa-
cial activation of CALB, which also seem to be propitious to
longer-chain substrates than that of GS115/SC3–61/CALB-51
and GS115/CALB-GCW51. The results were alike with the
report from Zisis (Zisis et al. 2015).

The class I hydrophobin SC3 self-assembles at the aerial
hyphal surface and forms a protein membrane constituting the

Fig. 5 Analysis of the surface hydrophobicity of the three strains co-
displaying CALB and hydrophobins. Recombinant cells were induced
to display CALB in BMMY medium containing 1 % (v/v) methanol for
120 h. The hydrophobicity of the cells was measured using the modified
microbial adhesion to hydrocarbonmethod. Data was obtained from three
independent experiments

Fig. 6 Analysis of the hydrolytic and synthetic activities of cells co-
displaying CALB and hydrophobins on the cell surface. Recombinant
cells were induced to display CALB in BMMY medium containing
1 % (v/v) methanol for 120 h. The hydrolytic activity was measured
using pNPB as the substrate, and the synthetic activity was evaluated
by the synthesis of ethyl hexanoate. Data was obtained from three
independent experiments
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Fig. 7 Analysis of the degree of
glycerol adsorption on the surface
of recombinant cell with gas
chromatography. The
recombinant cells were used in
the transesterification reaction as
whole cell catalysts. After the
reactions were finished, cells were
rinsed with tert-butanol to remove
the glycerol adsorbed on the cell
surface, and then, the amount of
glycerol was detected. a GS115/
CALB-GCW51, b GS115/SC3–
61/CALB-51, and c GS115–51/
HFBI-61/CALB-51
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hydrophobic rodlet layer (Wösten et al. 1994a). All
hydrophobins contain eight cysteines that form four disulfide
bonds in the pattern Cys1-Cys6, Cys2-Cys5, Cys3-Cys4, and
Cys7-Cys8. Unlike class II hydrophobins, the Cys3-Cys4
loop of SC3 varies considerably in length (Kwan et al.
2006). Usually, class I hydrophobins have highly characteris-
tic structures, named rodlets, and can form highly insoluble
membranes in water, organic solvents, and 2 % SDS. In the
present study, SC3 from S. commune was displayed on the
yeast cell surface, maintaining relative hydrophobicity
(Fig. 2), and formed an active interface between water and
the organic solvent. Although SC3 has excellent surface ac-
tivity, this activity was reduced when the level of surface ex-
pression was decreased. In addition, the SC3 displayed on the
surface of the cells was not found in the typical rodlet struc-
tures but had longer outer mannan fibrils (Fig. 9b). In solution,
hydrophobins behave in a way that resembles typical surfac-
tants, forming different types of aggregates in a concentration-
dependent manner. We therefore suggest that in the current
study, the amount of SC3 displayed on the cell surface was
not sufficient to form the typical rodlet structure.
Unfortunately, co-displaying SC3 and CALB decreased both
the hydrolytic and synthetic activities of CALB.

We also compared the amount of CALB displayed on the
surfaces of strains GS115/SC3–61/CALB-51 and GS115/

HFBI-61/CALB-51 with that of strain GS115/CALB-
GCW51. Strains GS115/SC3–61/CALB-51 and GS115/
HFBI-61/CALB-51 displayed 75.2 and 74.4 %, respectively,
of the amount of CALB displayed by the control strain.
Therefore, co-display of hydrophobins decreased the amount
of CALB on the yeast cell surface. However, the hydrolytic
and synthetic activities of CALB on the surface of GS115/
HFBI-61/CALB-51 cells were increased by 30 and 109 %,
respectively, compared with GS115/CALB-GCW51. In con-
trast, the hydrolytic and synthetic activities of strain GS115/
CALB-51/SC3–61 decreased by 26 and 43 %, respectively,
compared with the control strain. Combined with the changes
of cell wall structure and adsorption of glycerol to cell surface,
it indicates that co-display of hydrophobin mainly affects the

Fig. 9 Electron microscopy of the three recombinant yeast strains. The
cells were rapidly frozen after methanol induction for 96 h. Following
freeze substitution, infiltration, and polymerization, the sample blocks
were serially sectioned to a thickness of about 100 nm. The structural
preservation is very good as demonstrated in the whole-cell micrographs
in aGS115/CALB-GCW51, bGS115/SC3–61/CALB-51, and cGS115–
51/HFBI-61/CALB-51. The cell wall regions, marked by the dashed line
squares in the left figure column, are further magnified in d GS115/
CALB-GCW51, e GS115/SC3–61/CALB-51, and f GS115–51/HFBI-
61/CALB-51, respectively. The differences of the inner layers and the
outer mannan fibrils are visible among the three strains

Fig. 8 Analysis of recombinant yeast cell wall composition. a Levels of
β-1,3-glucan as a percentage of that of strain GS115/CALB-GCW51. b
The sensitivity of the three strains to Congo red in YPD medium
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structure of the yeast cell surface and the microenvironment
surrounding CALB. The hydrophobin gene expression affect-
ing the hyphal cell wall structure also exists in S. commune.
The amounts of water-soluble (1–3) β-glucan and alkali-
resistant glucan were changed (Wetter and Han 2000). In ad-
dition, the kinetic parameter Km of CALB display on strain
GS115/HFBI-61/CALB-51 was 34 mM, compared with
54mM for strain GS115/CALB-GCW51. These data illustrate
that the increase in affinity between substrate and CALB ob-
served in strain GS115/HFBI-61/CALB-51 likely led to the
increase in hydrolytic and synthetic activities. Strain GS115/
SC3–61/CALB-51 showed an increased Km (72 mM), consis-
tent with the decreased CALB activities. From this, we in-
ferred that the affinity between substrate and CALB was
weakened following modification with hydrophobin SC3.
Espino-Rammer et al. reported that when fused with glutathi-
one S-transferase, the class II hydrophobins HFB4 and HFB7
showed subtle differences in structure, and the hydrophobicity
plots were correlated with unequal hydrophilicity and hydro-
phobicity (Espino-Rammer et al. 2013). They also concluded
that HFB4 can stimulate enzymatic hydrolysis of PET by fun-
gal cutinase. Chen et al. also showed that lipase activity was
associated with the hydrophobicity of the immobile surface
(Chen et al. 2008).

To summarize, surface display of fungal hydrophobins
SC3 and HFBI successfully modified the hydrophobicity of
the surface of P. pastoris cells. The hydrolytic and synthetic
activities of CALB were affected by SC3 and HFBI in a dif-
ferent manner when co-displayed on the cell surface.
Recombinant strain GS115/HFBI-61/CALB-51 showed fa-
vorable catalytic activity compared with the control. The cell

wall characterizations for these recombinant strains suggested
that changes to the microenvironment are caused by display of
the hydrophobins, which affected the activity of CALB. We
therefore confirmed that hydrophobin HFBI from T. reesei can
improve the hydrophobicity of the yeast cell surface and in-
crease the catalytic activity of CALB.
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