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Introduction

Most eukaryotes harbor glycosylphosphatidylinositol (GPI) 
anchoring machinery, which is used to attach proteins to 
cell surface. A few GPI-modified proteins are located in 
the plasma membrane, while the majority are processed 
further to integrate into the cell wall via covalently linked 
to cell wall β-glucans [22]. Analysis of GPI-modified pro-
teins in Saccharomyces cerevisiae showed that Man1 of the 
GPI core structure is glycosidically-linked to β-1,6 glucan, 
which in turn is attached to β-1,3 glucan and chitin [12, 25]. 
The classification of GPI proteins into cell wall proteins 
or plasma membrane proteins is regarded as relative rather 
than absolute, and most can be found in both locations. The 
position information of these proteins only indicates the 
predominant localization [36].

There are three important factors affecting the yeast 
cell-surface display system: the anchoring protein, the tar-
get protein, and the host strain. Each component affects the 
efficiency of the surface display of heterologous proteins 
[16]. GPI-modified proteins have been used for displaying 
heterologous proteins on the yeast cell wall via the covalent 
attachment, which has been developed to produce recom-
binant strains for use in the pharmacological and food 
industries. S. cerevisiae is considered one of the most suit-
able microorganisms for study the cell-surface expression 
systems, and these systems have been applied in a wide 
range of research areas [15]. The proteins displayed on the 
cell surface can be directly, conveniently, and rapidly ana-
lyzed using intact cells without the next concentration and 
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purification. This method is convenient for high-through-
put screening of protein libraries carrying comprehen-
sive mutations and genetically modified mutant proteins. 
Enzymes displayed on the cell surface can be used as an 
immobilized bio-catalyst, enabling bioconversion of sub-
strates with high- or low molecular mass. In addition, co-
displaying multiple kinds of enzyme on the cell surface can 
achieve the multistep and synergistic reactions [15].

To further this method, additional cell wall anchor pro-
teins are needed. In our previous study, 50 potential GPI-
anchored proteins were predicted from the genome of P. 
pastoris based on universal characteristics of yeast GPI-
anchored proteins. In total, 13 GPI cell wall proteins were 
confirmed by flow cytometry and western blot analysis 
[37], and were then used in the construction of P. pasto-
ris cell-surface expression systems. The proteins were 
fused with the gene encoding Candida antarctica lipase B 
(CALB), which was applied in esterification, hydrolysis, 
and transesterification reactions, amongst others [7, 10].

To further develop P. pastoris cell-surface expression 
systems, in this study, we selected endogenous cell wall 
proteins from P. pastoris GS115 for use as anchor pro-
teins to display CALB. By optimizing the gene dosage and 
combination of different anchoring proteins, we further 
improved the amount of protein displayed on the cell sur-
face, as well as the enzyme activity.

Materials and methods

Strains, plasmids, and cultivation media

Escherichia coli Top 10 and P. pastoris strain GS115 cells 
were purchased from Invitrogen (Carlsbad, CA, USA). 
For cloning purposes, E. coli Top 10 cells were grown at 
37 °C in Luria–Bertani low salt medium (0.5% w/v yeast 
extract, 1% w/v tryptone, and 0.5% w/v NaCl) supple-
mented with 25 µg/ml Zeocin. The vectors pKCALB-
GCW21, pKCALB-GCW51, and pKCALB-GCW61, 
which contained the fusion genes encoding the mature 
CALB cDNA and gene fragments of GPI-modified cell 
wall proteins, have been described previously [37]. P. pas-
toris GS115 cells were grown at 30 °C in YPD consisting 
of 1% w/v yeast extract, 2% w/v tryptone, and 2% w/v 
dextrose for sub-cultivation, in BMGY and BMMY culture 
media, containing 1% w/v yeast extract, 2% w/v peptone, 
1.34% w/v yeast nitrogen base, 100 mM potassium phos-
phate buffer pH 6.0, and 1% v/v glycerol (in the case of 
BMGY) or 1% v/v methanol (in the case of BMMY), for 
growth and recombinant protein production, respectively. 
For phenotypic analysis, the recombinants were spotted on 
several different agar plates: YPD + CR (YPD plates sup-
plemented with 35 μg/ml Congo red), YPD + CW (YPD 

plates supplemented with 10 μg/ml calcofluor white), and 
YPD + SDS (YPD plates supplemented with 500 μg/ml 
sodium dodecyl sulfate).

Construction of recombinant plasmids with different 
numbers of expression cassettes and expression in P. 
pastoris

pPICZαA was used to construct in vitro multimers by 
taking advantage of Bgl II and Bam HI restriction sites, 
which have four bases in common (GATC), at each end 
of the AOX1 promoter. The plasmids pKCALB-GCW21, 
pKCALB-GCW51, and pKCALB-GCW61 contained 
the FLAG tag, the mature CALB cDNA, and fragments 
of genes (without signal peptide sequences) encoding 
GPI-modified cell wall proteins (GCW21, GCW51, and 
GCW61), in addition to EcoR I and Not I restriction sites. 
The plasmids were digested using EcoR I and Not I and 
obtained fusion gene fragments CALB-GCW21, CALB-
GCW51, and CALB-GCW61, respectively. The fusion 
gene fragments, and the plasmid pPICZaA digested with 
EcoR I and Not I, were ligated overnight. The result-
ing recombinant plasmids, named pZCALB-GCW21, 
pZCALB-GCW51, and pZCALB-GCW61, respectively, 
were transformed into E. coli Top 10 for propagation. The 
extracted plasmids were verified by restriction enzyme 
digestion and DNA sequencing. Single-copy plasmids 
were digested with Bgl II and Bam HI to release the Bgl 
II-Bam HI expression cassette. Single-copy plasmids were 
also linearized with BamHI, and a single copy of the Bgl II-
Bam HI expression cassette was ligated into the linearized 
plasmid to generate plasmids containing two copies of the 
expression cassette. Three and four-copy plasmids were 
constructed in the same way. According to the combination 
of different fusion gene fragments, the multiple copy num-
ber plasmids pZCALB-GCW (21 + 21), pZCALB-GCW 
(51 + 51), pZCALB-GCW (61 + 61), pZCALB-GCW 
(21 + 51), pZCALB-GCW (51 + 61), pZCALB-GCW 
(61 × 3), pZCALB-GCW (61 × 4), and pZCALB-GCW 
(51 + 51 + 61 + 61) were constructed. The plasmids were 
transformed into P. pastoris GS115 by electroporation, 
according to the manufacturer’s instructions (Invitrogen), 
and the resulting transformants were selected by incubation 
at 30 °C for 72 h on YPDSZ plates.

Flow cytometry analysis

Flow cytometry analysis was performed using a modified 
version of Sun et al. [30]. After 120 h of methanol induc-
tion, the cells were harvested by centrifugation at 6000×g 
for 1 min and washed twice with 10 mM phosphate-buff-
ered saline (PBS, pH 7.4). Finally cells were resuspended 
in PBS supplemented with 1% (m/v) bovine serum albumin 
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(BSA) to block the cell surface. Subsequently, a monoclo-
nal antibody against the FLAG tag (DYKDDDDK) was 
used as the primary antibody. A 200 μL cell suspension 
 (OD600 = 5) was incubated with primary antibody (final 
concentration 10 ng/μL) on a rotator for 2 h at 37 °C. 
Then, cells were washed twice with PBS and resuspended 
in 200 μl of PBS (containing 1% m/v BSA) prior to being 
exposed to the secondary antibody, Alexa Fluor 488 goat 
anti-mouse IgG antibody (final concentration 10 ng/μL). 
Following incubation at 37 °C for 1 h, cells were washed 
three times with PBS, and then resuspended in 1.5 ml of 
PBS for flow cytometry analysis (Beckman Coulter, Fuller-
ton, CA). A total of ten thousand cells of each sample were 
analyzed and the data were examined using the Exp032 
software (Beckman Coulter).

Quantitative real‑time PCR (qRT‑PCR) assay 
to determine CALB copy number

qRT-PCR has been developed into an important and widely 
used analytical tool for determining gene copy number. 
qRT-PCR and the  2−ΔΔCT method were used to analyze 
CALB copy number in recombinants, as described previ-
ously [18]. The housekeeping gene GAPDH was selected 
as the internal control, and the genomic DNA of single-
copy recombinant GS115/CALB-GCW21 was chosen as 
the calibrator. Genomic DNA of yeast recombinants was 
extracted using a yeast DNA extraction kit (Omega, USA), 
and diluted to obtain an approximately 1 ng/μl solution for 
the qRT-PCR assay. Assays were performed using a SYBR 
Premix Ex Taq II Kit (Takara, Japan) and Applied Biosys-
tems 7500 fast real-time PCR instrument (Applied Biosys-
tems Inc., Foster City, CA, USA). The mean  CT values of 
CALB and GAPDH from the samples  (CT-C sample,  CT-G 
sample) and the calibrator  (CT-C control,  CT-G control) were 
entered into Eq. (1) to calculate the CALB copy number 
(ratio). Each sample was analyzed in triplicate:

Shake flask cultures and analysis of CALB activity

Transformants with a confirmed gene copy number were 
precultured in 250 mL flask with 25 ml BMGY medium. 
Cells were cultured at 30 °C to an optical density  (OD600, 
2–6) and then resuspended in BMMY medium. Pure meth-
anol was added to make a final concentration of 1% (v/v) 
every 24 h to maintain induction of the expression of fusion 
proteins.

CALB hydrolytic activity was measured using a 
modified version of a previously described assay [14, 
32]. P-nitrophenyl butyrate (pNPB; Sigma, St. Louis, 
MO, USA) was the substrate, which was emulsified by 

(1)
Ratio = 2−{(CT-C sample−CT-G sample)−(CT-C control−CT-G control)}.

sonication in ultrapure water containing 0.5% Triton 
X-100, resulting in a final concentration of 25 mM. The 
reaction solution containing 940 μl of 50 mM Tris–HCl 
buffer (pH 8.0), 50 μl of substrate solution, and 10 μl of 
the cell suspension at an appropriate dilution, was incu-
bated at 45 °C for 5 min. After centrifuging at 6000×g for 
1 min, the hydrolytic activity of CALB was determined 
by measuring the absorbance of the liberated p-nitrophe-
nol (pNP) at 405 nm using a microplate reader. One unit 
of CALB hydrolytic activity was defined as the amount of 
enzyme required to release 1 μmol pNP per min under the 
assay conditions. Average values were generated from trip-
licates of each sample.

Analysis of cell wall components in recombinant P. 
pastoris cells

Recombinant strains were grown in liquid YPD at 30 °C 
overnight. About 5 × 107 cells from each recombinant 
strain were subjected to tenfold serial dilution (from  10−1 
to  10−5 relative to the initial culture) in sterile water. Ali-
quots (5 μl) from each dilution were then spotted on the 
agar plates (YPD + CR, YPD + CW, and YPD + SDS) and 
cultured at 30 °C for 72 h.

The total cellular chitin content analysis was performed 
using the protocol of Bulawa et al., and modified by Imai 
et al. [2, 9]. At 120 h post-induction, the recombinant cells 
were harvested by centrifugation at 6000×g for 1 min, and 
the cells were washed three times with TE buffer (10 mM 
Tris–HCl, 1 mM EDTA, pH 8.0). About 50 mg of cells (wet 
weight) were collected and resuspended in 500 μl of 6% 
KOH. After incubation at 80 °C for 90 min, the 50 μl of 
glacial acetic acid was subsequently added. The appeared 
precipitation was washed twice with water and then resus-
pended in 250 μl of 50 mM sodium phosphate buffer (pH 
6.3) containing 2-mg aliquot of Streptomyces griseus chi-
tinase (Sigma, St. Louis, MO, USA). The tubes were incu-
bated at 25 °C for 2 h with gentle agitation. After centrifu-
gation at 8000×g for 5 min, 250 μl of supernatant were 
incubated with 1 mg of Helix pomatia β-glucuronidase 
(Sigma, St. Louis, MO, USA) at 37 °C for 2 h with gentle 
agitation. An aliquot of the mixture for N-acetylglucosa-
mine content was assayed according to Reissig et al. [24]. 
The cell wall chitin content was expressed as mg GlcNAc 
per  107 cells.

The β-1,3-glucan content was measured as described 
previously [27], with some modification. Induced cells 
expressing the recombinant proteins were harvested at 
120-h post-induction and diluted to  OD600 = 1 in TE buffer 
(10 mM Tris–HCl, 1 mM EDTA, pH 8.0). A 1-mL volume 
of cells was washed three times and then resuspended in 
250 μl of TE buffer. NaOH was added to the suspension 
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with a final concentration of 1 M and then incubated for 
30 min at 80 °C, followed by the addition of 1.05 ml of 
aniline blue mix consisting of 0.03% aniline blue, 0.18 M 
HCl, and 0.49-M glycine–NaOH, pH 9.5. Tubes were then 
briefly vortexed (30 s) and incubated at 50 °C for 30 min. 
Fluorescence of β-1,3-glucan was measured with excitation 
wavelength at 386 nm and emission wavelength at 460 nm 
by an Infinite M200 microplate reader (Tecan, USA).

Results

Effect of anchoring protein on the display of CALB 
on the cell surface

To examine the effect of anchoring protein on enzyme 
activity and the amount of fusion protein expressed on 
the P. pastoris cell surface, CALB was used as the target 
protein. The GPI-modified cell wall proteins GCW21, 
GCW51, and GCW61 were selected as the anchoring based 
on previous findings that these proteins have an excellent 
effect on the display of heterologous proteins [37].

Based on our previous research, we constructed three 
recombinant strains with two copies of the fusion protein 
expression cassette. qRT-PCR assays were performed to 
precisely determine the fusion gene copy number in the 
genomes of the recombinant strains. Finally, six strains 
with either one or two copies of the fusion gene were ana-
lyzed, and the strains are presented in Table 1. As shown 
in Fig. 1, the hydrolytic activity of GS115/CALB-GCW61 
was higher than that of GS115/CALB-GCW21 and GS115/
CALB-GCW51 at 120 h. In addition, the CALB hydrolytic 
activity of strain GS115/CALB-GCW (61 + 61), contain-
ing two copies of the fusion protein expression cassette, 
was higher than that of the other four recombinant strains 
containing two copies of the gene at 120 h.

The flow cytometry was used to analyze the amount of 
fusion protein on yeast cell surfaces by indirect immuno-
fluorescence using the FLAG tag. The amount of fusion 
protein on the cell surface of double-copy strains was 
higher than in single-copy strains, but there were no sig-
nificant differences among strains based on the type of 

GPI-modified cell wall protein, regardless of whether the 
strains were single copy or double copy. Therefore, GPI-
modified cell wall proteins appear to have a greater influ-
ence on enzyme activity than on the amount of fusion pro-
tein expressed on the cell surface.

Effect of gene dosage on the display of CALB  
on the cell surface

To examine the effect of gene dosage on the amount of 
CALB displayed on the cell surface, we constructed recom-
binant strains with either homogeneous or heterogeneous 
anchor protein fusions. qRT-PCR assays were performed 
to precisely determine the fusion gene copy number in 
the genomes of the recombinant strains. An eight-copy 
GCW61 strain was confirmed with qRT-PCR when the 
plasmid pZCALB-GCW (61 × 4) was transformed into 
the host strain GS115. We compared seven recombinant 
strains, as shown in Table 2. As shown in Fig. 2a, b, the 
growth curve of the two-copy strain GS115/CALB-GCW 
(61 + 61) and GS115/CALB-GCW (51 + 61) shares a 
remarkable similarity to that of the strain GS115/CALB-
GCW61. While the growth curves decreased when there 
were more than three copies of the fusion gene in the cells, 
regardless of whether the anchoring proteins were homoge-
neous or heterogeneous.

The hydrolytic activity of the CALB displayed on the 
cell surface was measured in each of the recombinant 
strains. When GPI-modified cell wall protein GCW61 was 
used as the anchor protein, maximum CALB hydrolytic 
activity (4451 U/g dry cell weight) was observed at 120-h 
post-induction in strain GS115/CALB-GCW (61 + 61), 
which contained two copies of the fusion protein (Fig. 2c). 
The two-copy strain showed a 1.88-fold increase in hydro-
lytic activity compared with the single-copy strain GS115/
CALB-GCW61, while three and four-copy GCW61 strains 
GS115/CALB-GCW (61 × 3) and GS115/CALB-GCW 
(61 × 4) showed 1.74 and 1.84-fold increases, respectively, 
in CALB activity compared with the single-copy strain at 
120 h. However, the CALB hydrolytic activity decreased 
dramatically in the strain GS115/CALB-GCW (61 × 8).

Table 1  Strains with different anchoring protein used for CALB production in this study

Strains Essential properties References

GS115/CALB-GCW21 GS115 displaying lipase CALB with anchoring protein GCW21. [37]

GS115/CALB-GCW51 GS115 displaying lipase CALB with anchoring protein GCW51. [37]

GS115/CALB-GCW61 GS115 displaying lipase CALB with anchoring protein GCW61. [37]

GS115/CALB-GCW (21 × 2) GS115 displaying two copies of lipase CALB with anchoring protein GCW21 This study

GS115/CALB-GCW (51 × 2) GS115 displaying two copies of lipase CALB with anchoring protein GCW51 This study

GS115/CALB-GCW (61 + 61) GS115 displaying two copies of lipase CALB with anchoring protein GCW61 This study
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When GPI-modified cell wall proteins GCW51 and 
GCW61 were used in conjunction, the highest CALB hydro-
lytic activity (4920 U/g dry cell weight) at 120 h was observed 
in strain GS115/CALB-GCW (51 + 51 + 61 + 61). In strains 
with fewer than four fusion gene copies, the CALB hydrolytic 

activity was positively correlated with the gene dosage. 
GS115/CALB-GCW (51 + 61) and GS115/CALB-GCW 
(51 + 51 + 61 + 61) showed increases of approximately 
1.59- and 2.08-fold, respectively, compared with the single-
copy strain GS115/CALB-GCW61 at 120 h post-induction 

Fig. 1  Properties of recombinants with either one or two copies of 
the fusion protein expression cassettes. a CALB hydrolytic activity 
curves of single-copy number recombinants with different anchor-
ing proteins. b CALB hydrolytic activity curves of two-copy recom-
binants with the same or different anchoring proteins. c Flow cytom-

etry analysis of single-copy recombinants with different anchoring 
proteins. d Flow cytometry analysis of two-copy recombinants with 
the same or different anchoring proteins. Data were obtained from 
three independent experiments

Table 2  Strains with different gene dosages used for CALB production in this study

Strains Essential properties References

GS115/CALB-GCW61 GS115 displaying lipase CALB with anchoring protein GCW61 [37]

GS115/CALB-GCW (61 + 61) GS115 displaying two copies of lipase CALB with anchoring protein GCW61 This study

GS115/CALB-GCW (61 × 3) GS115 displaying three copies of lipase CALB with anchoring protein GCW61 This study

GS115/CALB-GCW (61 × 4) GS115 displaying four copies of lipase CALB with anchoring protein GCW61 This study

GS115/CALB-GCW (61 × 8) GS115 displaying eight copies of lipase CALB with anchoring protein GCW61 This study

GS115/CALB-GCW (51 + 61) GS115 displaying two copies of lipase CALB with anchoring protein GCW51 and 
GCW61

This study

GS115/CALB-GCW (51 + 51 + 61 + 61) GS115 displaying four copies of lipase CALB with two anchoring protein GCW51 
and two anchoring protein GCW61

This study
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(Fig. 2d). These results indicated that the hydrolytic activity 
of CALB could be improved by optimizing the gene dosage. 
However, the level of CALB activity of multi-copy strains 
varied depending on the anchor proteins used.

The amount of fusion protein on yeast cell surfaces was 
also analyzed by indirect immunofluorescence using the 
FLAG tag and flow cytometry. As shown in Fig. 2e, f, the 
amount of fusion protein on the cell surface increased with 

increasing fusion gene copy number. For recombinant strains 
with less than three fusion gene copies, the amount of fusion 
protein on the yeast cell surface was positively correlated 
with the gene dosage, regardless of whether the anchoring 
proteins were homogeneous or heterogeneous. The amount 
of fusion protein on the surface of GS115/CALB-GCW 
(61 × 4) and GS115/CALB-GCW (61 × 8) cells was very 
similar to that of GS115/CALB-GCW (61 × 3).

Fig. 2  Growth characteristics and protein expression properties of 
recombinants with different gene dosages. a Growth curves of strains 
with different GCW61 gene dosages. b Growth curves of strains 
with different GCW51 and GCW61 gene dosages. c CALB hydro-
lytic activity curves of strains with different GCW61 gene dosages. 

d CALB hydrolytic activity curves of strains with different GCW51 
and GCW61 gene dosages. e Flow cytometry analysis of strains 
with different GCW61 gene dosages. f Flow cytometry analysis of 
strains with different GCW51 and GCW61 gene dosages. Data were 
obtained from three independent experiments
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Analysis of cell wall components of recombinant  
strains

To further characterize changes in the cell wall intro-
duced by anchoring proteins, the co-expression recom-
binants with homogeneous or heterogeneous GPI-modi-
fied cell wall protein were observed on plates containing 
cell-wall-destabilizing reagents CW (calcofluor white), 
CR (congo red), and SDS (sodium dodecyl sulfate). 
Disruption or overexpression of a gene related to chitin 
synthesis makes the cell more resistant to CW [1, 21], 
whereas chitin is the primary binding target for CR in 
yeast [9]. As shown in Fig. 3, growth of the recombinant 
strains was unchanged on YPD + CW and YPD + CR 
plates, confirming that the chitin content of the inner 
layer of the cell wall showed no obvious change com-
pared with P. pastoris GS115. Interestingly, recombinant 
strains were more resistant to SDS than wild-type cells, 
indicating that the outer layer of the cell wall in these 
strains, which is composed predominantly of mannopro-
teins, was strengthened.

The chitin and β-1,3-glucan content of each recombi-
nant strain were also measured. As shown in Fig. 4a, b, 
compared with P. pastoris GS115, there were no signifi-
cant differences in the chitin content of the cell wall of 
multi-copy strains, regardless of whether homogeneous 
or heterogeneous anchoring proteins were used. How-
ever, the β-1,3-glucan content in the cell wall of strains 
with more than two copies of the fusion gene was higher 
than that of control strain GS115, single-copy strains, 
and two-copy strains, irrespective of whether homoge-
neous or heterogeneous anchoring proteins were used 
(Fig. 4c, d).

Discussion

Yeast cell-surface display technology has been used to pro-
duce enzymes by attaching the proteins to the outer side 
of the yeast cell wall [13]. The enzymes displayed on the 
cell surface are synchronously produced and immobilized 
in a single step [5, 35]. Yeast cell-surface display can also 
be used to construct multiple enzymes on a single cell and 
to catalyze a series of bio-reactions. For these applications, 
many cell wall proteins have been used as anchors, includ-
ing α-agglutinin and Flo1 from S. cerevisiae [13]. The 
covalent binding of the anchor protein to the cell wall is 
strong [31], and exogenous anchoring proteins from yeast 
have been used to improve the efficiency of enzyme display 
[29]. In this study, endogenous cell wall proteins from P. 
pastoris were used to display the lipase CALB. Compared 
with the enzyme activity of strains using different GPI-
modified cell wall proteins, we found that GPI-modified 
cell wall protein GCW61 produced the best results for dis-
playing CALB on the surface of P. pastoris. This anchoring 
protein also exhibited high efficiency in the display of other 
heterologous proteins on the surface of P. pastoris, includ-
ing hydrophobins [34], phytase [17], and β-glucosidase [6].

However, the performance of bio-catalyst can be affected 
by many factors, such as promoter strength, signal peptide 
source, type and size of the anchor, host secretion sys-
tem, size and conformation of enzyme, availability of the 
active site, and so on. As such, it is not easy to find a bal-
ance between these aspects [8]. Previous studies have sug-
gested that the conformation of the enzyme and its interac-
tion with the anchor on the cell surface play an important 
role on the activity of the bio-catalyst [26]. As shown by 
Sun et al., the catalytic efficiency can also be affected by the 

Fig. 3  Sensitivity of the strains to different cell wall-interfering agents in YPD medium



1362 J Ind Microbiol Biotechnol (2017) 44:1355–1365

1 3

interactions with the active site of the protein [30]. Based 
on our previous work, we investigated whether a combina-
tion of different anchor proteins could be used to display 
CALB on the cell surface. Strain GS115/CALB-GCW 
(51 + 51 + 61 + 61) contained the CALB fusion protein 
with two GCW51 anchor proteins and two GCW61 anchor 
proteins. The maximum hydrolytic activity (4920 U/g) of 
CALB from GS115/CALB-GCW (51 + 51 + 61 + 61) 
was 1.13 times that of strain GS115/CALB-GCW (61 × 4) 
(4338 U/g), even though the two strains both contained 
four copies of the fusion gene construct. To compare 
the efficiency of other combinations of anchor pro-
teins, we constructed another strain GS115/CALB-GCW 
(12 + 51 + 61), containing the CALB fusion protein with 
anchor proteins GCW12, GCW51, and GCW61. The hydro-
lytic activity of GS115/CALB-GCW (12 + 51 + 61) was 
similar to that of the strains containing four copies of the 
fusion gene construct and 1.08 times that of strain GS115/
CALB-GCW (61 × 3). However, the two-copy strains 

GS115/CALB-GCW (21 + 51) and GS115/CALB-GCW 
(51 + 61) did not show an increase in hydrolytic activity 
compared with GS115/CALB-GCW (61 + 61). We specu-
lated that using different anchoring proteins to display 
enzymes on the cell surface could promote proper enzyme 
conformation and increase the availability of the active sites, 
usually in high levels of protein expression.

For the growth and protein expression of multi-copy 
strains, we found that the cell growth was decreased when 
there were more than three copies of the fusion gene in the 
cells, regardless of whether the proteins were homogene-
ous or heterogeneous. Cos et al. [4] and Sha et al. [28] 
also reported that increasing gene copy number decreased 
growth of recombinant strains. From the analysis of flow 
cytometry, the amount of fusion protein expressed on the 
yeast cell surface could be improved by optimization of 
the gene dosage. However, the amount of fusion protein 
on the cell surface was reduced when the fusion gene copy 
number reached a certain limit. This phenomenon might be 

Fig. 4  Analysis of cell wall 
composition of recombinant 
strains. a, b Chitin levels as 
a percentage of that of strain 
GS115. c, d Levels of β-1,3-
glucan as a percentage of that of 
strain GS115
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caused by limitations in the number of binding sites avail-
able for anchoring proteins on the cell wall. When the copy 
number reached eight, cell growth and heterogeneous pro-
tein production may be inhibited because of overloading.

Of the many fungal GPI-modified proteins, most are 
integrated into the cell wall by covalent attachment to cell 
wall glucans via a remnant of their GPI anchor. The GPI 
of a membrane-anchored protein is thought to be released 
from the plasma membrane within its glycan, and an inter-
mediate form appears, whose GPI remnant is then trans-
ferred to cell wall β-1,6-glucan. The glucan portion is in 
turn covalently cross-linked to β-1,3-glucan [11, 19, 20, 
33]. When fusion proteins containing GPI-modified pro-
teins were overexpressed in P. pastoris, the β-1,3-glucan 
portion was needed to support more linkage sites to display 
fusion proteins, which might lead to an increase in β-1,3-
glucan. Meanwhile, if increasing numbers of fusion pro-
teins are displayed on the cell surface, the outer layer of the 
cell wall could become more compact. It has been reported 
that if the chitin (or glucan) content of the cell wall is 

reduced, the cell wall mutant strain synthesizes excessive 
glucan (or chitin). The result may be explained by a com-
pensatory response to ensure cell integrity [3, 23]. How-
ever, in our study, the overexpression of fusion proteins 
with GPI-modified cell wall proteins led to an increase in 
β-1,3-glucan in the cell wall compared with P. pastoris 
GS115, while the chitin content remained unchanged. The 
β-1,3-glucan level in the cell wall was increased when GPI-
modified cell wall proteins were overexpressed, regardless 
of whether homogeneous or heterogeneous anchor proteins 
were used to display CALB. Similar results were obtained 
by TEM study for the GCW51 displaying, as shown in 
Fig. 5. The outer layer of the cell wall was compact and 
dense in recombinant strains GS115/CALB-GCW51 and 
GS115/CALB-GCW (51 × 4) compared with P. pastoris 
GS115, and the thickness of the cell wall inner layer was 
greater in the GS115/CALB-GCW (51 × 4) recombinant 
strain. These findings were in accordance with the esti-
mated β-1,3-glucan content in the strains with high levels 
of cell wall protein expression, and indicated that the high 

Fig. 5  Electron microscopy of the three recombinant yeast strains. 
The structural preservation was very good, as demonstrated in the 
whole-cell micrographs of a GS115, b GS115/CALB-GCW51, and 

c GS115/CALB-GCW (51 × 4). Images were further magnified 
respectively in d GS115, e GS115/CALB-GCW51, and f GS115/
CALB-GCW (51 × 4)
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level expression of GPI-modified cell wall fusion proteins 
increased the amount of β-1,3-glucan and altered the thick-
ness of the inner layer of the cell wall.

In summary, endogenous GPI-modified proteins from P. 
pastoris could be used as anchors to construct a cell-sur-
face display system, and increase the expression and activ-
ity of lipase in a multi-copy gene strategy. The conforma-
tion and activity of lipase were better when heterogeneous 
GPI-modified proteins were used as anchors than when 
homogeneous anchors were used, most likely because the 
heterogeneous GPI-modified proteins reduced the steric 
hindrance and the competition with each other on the cell 
surface. This co-expression system is the starting point for 
further research that may have great value for the devel-
opment of high efficiency whole-cell biocatalysts, multi-
enzyme complexes, and vaccines.
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