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Abstract
Porcine follicle-stimulating hormone (pFSH), comprising α and β subunits, is commonly used to induce superovulation in
domestic animals in assisted reproduction technologies; however, the practical application of pFSH is inhibited by the limited
efficiency of its production. Recombinant yeast-derived FSH offers a practical alternative; however, the heterologous expression
efficiency remains disappointingly low. To improve FSH production in Pichia pastoris, a series of molecular strategies, together
with fermentation optimization, were tested in the present study. By comparing clones of the Muts phenotype strain, it was
observed that the yield of soluble pFSH increased by approximately 96% in clones of the Mut+ phenotype strain. The protein
levels of soluble pFSHβ, which confers biological specificity, increased by approximately 143 and 22% after two kinds of codon
optimization strategies, respectively. Moreover, compared with the production of soluble pFSHβ and SUMO-pFSHβ, the
production of soluble protein HSA-pFSHβ was significantly improved. Furthermore, the optimum pH and methanol concentra-
tion for expressing soluble HSA-pFSH in strain H3-3 were determined as 5.0–6.0 and 1.5–2% in shake-flask, and the yield of
soluble HSA-pFSH could reach 40.8 mg/l after purification. In vitro bioactivity assays showed that recombinant HSA-pFSH
could efficiently stimulate cAMP synthesis in HEK293 cells expressing porcine FSHR. In conclusion, our results demonstrated
that the application of phenotypic selection of aox1 mutants, combined with codon optimization, the choice of fusion partners,
and fermentation optimization, considerably increased the yield of pFSH in supernatant of P. pastoris and thus provided a
valuable reference for the large-scale recombinant expression of pFSH.
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Introduction

Follicle-stimulating hormone (FSH) is a member of the glyco-
protein hormone family, which share a common α subunit and
a unique β subunit that confers biologic specificity (Ryan et al.
1988). FSH is widely used to induce ovulation in human clinics
and superovulation in domestic animal reproductive manage-
ment. However, the limited use of FSH preparations is mainly
the result of the low production efficiency of FSH purified from
the urine of menopausal women or the pituitary of animals.

Recombinant proteins produced in Pichia pastoris have
low production costs, which could offer a practical alternative.
Expression in P. pastoris not only has the advantages of pro-
karyotic protein expression systems, such as fast reproduction,
high density fermentation, and simplified purification proce-
dure for secreting heterologous proteins, but also has charac-
teristics of eukaryotic expression systems, such as post-
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translational modification (Cregg et al. 1993; Cregg et al.,
2000). The yields of many recombinant proteins are suitable
for industrial production (Bar et al. 1992; Shekhar et al. 2008).
Many therapeutic proteins produced by P. pastoris, such as
ocriplasmin, insulin, and ecallantide, have been approved in
the USA and Europe (Shekhar, 2008; Walsh et al. 2014).

However, not every heterologous protein can be efficiently
expressed in P. pastoris, because of the genetic background of
a P. pastoris host strain, which could affect transcription,
translation efficiency, or secretion of the target protein
(Macauley et al. 2005). To solve this problem, a set of strate-
gies has been applied to improve recombinant protein expres-
sion in P. pastoris, e.g., phenotypic selection of aox1 mutants
(Kim et al. 2009), codon optimization (Huang et al., 2008a;
Teng et al. 2007; Elena et al. 2014), fusion partners (Liu et al.
2008; Esposito and Chatterjee, 2006; Gou et al. 2012), and
culture condition optimization (Holmes et al. 2009; Jahic et
al., 2003a).

P. pastoris strains can be divided according to their ability
to utilize methanol: the wild-type or methanol-utilization plus
phenotype (Mut+, rapid growth in methanol), the methanol-
utilization slow phenotype (Muts, slow growth in methanol),
and methanol-utilization minus (Mut−). The Mut− strain,
disrupted both aox1 and aox2 genes, is unable to grow on
methanol and thus is not suitable for high-level expression
of heterologous proteins in P. pastoris. Therefore, phenotypic
selection of aox1 mutants is essential to improve the produc-
tion of FSH in P. pastoris.

Codon optimization could increase heterologous protein
production, and many parameters of codon optimization, such
as codon bias toward the host, free energy, and G + C content,
can potentially affect the production of heterologous proteins
in P. pastoris (Sinclair and Choy, 2002; Huang et al., 2008b).
However, it remains unclear whether codon optimization
would improve the efficiency of recombinant pFSH produc-
tion in P. pastoris.

Additionally, fusion partners, such as small ubiquitin-
related modifier (SUMO) and human serum albumin (HSA),
could also increase heterologous protein expression by reduc-
ing degradation or improving protein folding and solubility.
Wu et al. (2009) reported that the human keratinocyte growth
factor 2 expression level could be improved by fusing it with
SUMO in Escherichia coli, and the SUMO fragment could be
removed by SUMO proteases (Wu et al. 2009). A similar
result was observed in a eukaryotic expression system
(Peroutka et al. 2008). Thus, SUMO may be a good choice
as a fusion tag to increase the production of FSH inP. pastoris.
Likewise, HSA fusion technology has also been widely used
in P. pastoris (Bloom et al. 2003; Shen et al. 2012; Wang et al.
2013). Moreover, the production level of HSA in P. pastoris
could reach 1–12 g per liter levels (Kobayashi et al. 2000;
Ohya et al. 2005; Belew et al. 2008). Therefore, using HSA
as a carrier protein might represent a promising strategy to

improving the production of heterologous proteins
(Subramanian et al. 2007).

In addition to current molecular strategies, conventional
culture condition optimization (pH ormethanol concentration)
could also increase the production of heterologous proteins in
P. pastoris. It has been reported that the yield of recombinant
protein produced in P. pastoris could increase by more than
10-fold by optimizing the culture conditions (Zhao et al. 2008;
Mao et al. 2015).

In the present study, we have systematically tested the ef-
fects of different molecular strategies, combined with culture
condition optimization, on the yield efficiency of recombinant
soluble porcine FSH (pFSH). It should be mentioned that
insoluble recombinant pFSH that remained intracellularly
was also collected and detected in the present study, but the
biological activity of pFSH may be impaired due to
misfolding and degradation (Wang et al. 2017; Idiris et al.
2010; Vanz et al. 2014).

Materials and methods

Strains, plasmids, reagents, and cell lines

E. coli strain Top10 (CWbio, Beijing, China), P. pastoris
strains GS115 and KM71, and vectors pPIC9K and
pPICZαA (Invitrogen, Shanghai, China) were used for clon-
ing and heterologous expression. The HEK293 cell line was
purchased from Cell Bank of Peking Union Medical College
(Beijing, China). Endoglycosdase H and peptide-N-glycosi-
dase (PNGase) F were purchased from New England
Biolabs (Beijing, China). Porcine FSH was supplied by
SIOUX Biochemical (Sioux Center, IA, US). The cAMP
levels in cells were detected using a cAMP enzyme-linked
immunosorbant assay (ELISA) kit (NewEast Bioscience
Wuhan, China). All culture media used for the cells were
purchased from Gibco (Invitrogen, Shanghai, China), and an-
alytical grade chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Codon optimization of pFSHβ

The ma tu r e pFSHβ subun i t cDNA (GenBank :
NM_213875.1) was optimized according to the codon usage
of P. pastoris (De Schutter et al. 2009). The lower frequency
codons were replaced with synonymous codons with a higher
frequency in P. pastoris, and the G + C content was altered,
accompanied by eliminating AT-rich sequences. The second-
ary structure and free energy (ΔG) of the mRNA were pre-
dicted at 30 °C using an RNA structure webserver (http://rna.
urmc.rochester.edu/RNAstructureWeb/). The codon
adaptation index (CAI) was calculated at http://www.
genscript.com/cgi-bin/tools/rare_codon_analysis. Two
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optimized genes (named as opt-FSHβ-A and opt-FSHβ-B,
GenBank: MH249032 and MH249033, respectively), which
differed mainly in their G + C contents, were used to compare
the effect of different parameters of codon optimization on the
production of pFSHβ. The coding sequences of pFSHβ,
SUMO-pFSHβ, HSA-pFSHβ, pFSHα (Gene pFSHα also
known as CGA, GenBank: MH252913), and HSA-pFSHα
were optimized according to the optimal parameters deter-
mined above.

Construction of expression plasmid
of pPIC9K-pFSHβ-pFSHα

The mature pFSHβ subunit cDNA bearing a sequence
encoding a C-terminal 6 × His-tag and the mature pFSHα
subunit cDNA were optimized according to the codon bias
of P. pastoris and synthesized by Tsingke Biological
Technology (Beijing, China). The PCR fragments of pFSHβ
and pFSHα, amplified by primer pairs P1 + P2 and P3 + P4
(all primers are shown in Table 1), respectively, were digested
with EcoRI/NotI and then ligated into corresponding site of
plasmid pPIC9K to construct vectors pPIC9K-pFSHα and
pPIC9K-pFSHβ.

The recombinant plasmid carrying both pFSHβ and
pFSHα subunit cDNAs, pPIC9K-pFSHβ-pFSHα, was con-
structed as described in Fig. 1a. The DNA fragment of the
pFSHα expression cassette (including 5′AOX1, MF-α,
pFSHα, 3′AOX1 TT) was amplified from vector pPIC9K-
pFSHα using primer pairs P5 + P6 (underlined XbaI site)
and then digested by XbaI, followed by insertion into the
linearized plasmid pPIC9K-pFSHβ cut with XbaI. The vector
pPIC9K-pFSHβ-pFSHα was used to screen the optimal Mut
phenotype ofP. pastoris strains for expressing pFSH. TheMut
phenotype of the GS115 recombinant strain was confirmed in
MM (1.34% yeast nitrogen base (YNB), 0.00004% biotin,
0.5% methanol, 1.5% Agar), and MD (1.34% YNB,
0.00004% biotin, 2% dextrose, 1.5% Agar) plates.

Construction of fusion protein expression plasmids
pPIC9K-pFSHβ, pPIC9K-SUMO-pFSHβ,
pPIC9K-HSA-pFSHβ, and coexpression plasmid
pPICZαA-HSA-pFSHα

The SUMO-encoding fragment (from vector of pY-
secSUMOstar (LifeSensors, Inc.) with BglII (G >A) mutant)
and truncated mature HSA fragment (GenBank: AAN17825.1,

Table 1 Oligonucleotides used in
this study Oligonucleotides Sequence (5′–3′)

P1 CGGAATTCTGTGAATTGACTAACATCACTATC

P2 TTGCGGCCGCTTAATGGTGATGGTGATGATGT

P3 CGGAATTCTTCCCAGACGGTGAGTTCACT

P4 TTGCGGCCGCTTAATGGTGATGGTGATGAT
GAGA

P5 GCTCTAGAAGATCTAACATCCAAAGACGAAAGG

P6 GCTCTAGATGCTCACCGCAATGC

P7 GACGAATTCATGTCCTTGCTCCT

P8 CCGCTCGAGGTTCTGGGCTAAACGGC

P9 GAAGAACGGCATCAAGGTG

P10 CTTCTCGTTGGGGTCTTTG

P11 GAAATCCCATCACCATCTTCCAGG

P12 GAGCCCCAGCCTTCTCCATG

P13 GGGTAACGCTAGAGTTGAAAAC

P14 TGCCCAACTTGAACTGAGGA

P15 CATCAACACTACTTGGTGTGCC

P16 AGCACAACCTGGAACCTTAACA

P17 ACTGGATCTTCTCTGATGCCT

P18 CATGAGGAAACCAGCCAAGG

P19 GCAAGGTTGTCCAGAATGTAAG

P20 GATCTAGCTGGAGTTGGGTAAG

P21 CACCACGCTGACTCTTTGTA

P22 AAGATGGACCCAAACCTCTAAC

P23 GGTATTAACGGTTTCGGACGTATTG

P24 GATGTTGACAGGGTCTCTCTCTTGG

1Restriction endonuclease digestion sites are underlined

Appl Microbiol Biotechnol (2018) 102:8867–8882 8869



1Asp-402Lys) were used to make N-terminal fusions with the
pFSHβ sequence with a flexible linker of Gly-Gly-Gly-Gly-Ser,
as shown in Fig. 1b, to form SUMO-pFSHβ and HSA-pFSHβ
bearing a 6 ×His-tag at the N-terminus (GenBank: MH249034
and MH249035, respectively). The DNA sequence encoding
pFSHβ, SUMO-pFSHβ, and HSA-pFSHβ fragment with
flanking EcoRI and NotI restriction enzymes sites were synthe-
sized by Tsingke Biological Technology (Beijing, China). These
DNA fragments and P. pastoris expression vector pPIC9K were
digested by EcoRI/NotI and then ligated together to construct
vectors pPIC9K-pFSHβ, pPIC9K-SUMO-pFSHβ, and
pPIC9K-HSA-pFSHβ. Similarly, the HSA-pFSHα construct
comprised the HSA truncated fragment, a LysArgGlu sequence
as a linker, the mature sequence of pFSHα, followed by a 6 ×
His-tag was subcloned into P. pastoris expression vector
pPICZαA to form pPICZαA-HSA-pFSHα (Fig. 1b). All frag-
ments above were verified by DNA sequencing before transfor-
mation. All primers used in this study are shown in Table 1.

Transformation and screening recombinant strain

The pPIC9K constructs (including vectors pPIC9K-pFSHβ-
pFSHα, pPIC9K-pFSHβ, pPIC9K-SUMO-pFSHβ, and
pPIC9K-HSA-pFSHβ) were linearized using BglII and trans-
formed into P. pastoris strains GS115 by the electroporation
method using a Bio-Rad Gene Pulser Xcell (2 kV, 25 μF,
200 Ω). Positive transformants were incubated at 30 °C for 1 h
and initially screened on MD plates. Then, 100 clones from the

MD plates were selected in YPD+G418 (Invitrogen, Shanghai,
China) plates (1% yeast extract, 2% peptone, 2% dextrose, 2%
agar and 0.6–0.8-mg/ml G418).

For coexpression with HSA-pFSHα, the plasmid
pPICZαA-HSA-pFSHα, linearized using PmeI, was intro-
duced into recombinant GS115 strains with high production
of the FSHβ fusion protein. After transformation, clones were
selected directly on YPD + Zeocin (Invitrogen, Shanghai,
China) plates (300μg/ml Zeocin instead ofG418) for 3–5 days
at 30 °C.

Recombinant protein expression in shake flasks

Clones from YPD plates containing G418 or Zeocin were pick-
ed to inoculate into 3ml BMGY (1% yeast extract, 2% peptone,
1.34% YNB, 0.00004% biotin, 1% glycerol, 100 mM potassi-
um phosphate, pH 6.0) at 30 °C and shaken at 250 rpm. After
48 h of culture, cells were harvested by centrifugation at
3000 ×g for 5 min, followed by decanting all the supernatant
carefully and resuspending in 1 ml of BMMY (same as BMGY
but replacing glycerol with 0.5% methanol) to induce expres-
sion for 72 h. Methanol was added into the BMMY cultures
every 24 h to maintain the concentration at 0.5%. After induc-
ing, the recombinant protein in 5 μl of culture supernatant was
analyzed by SDS-PAGE and western blotting.

To select the optimal pH and methanol concentration, a
strain with a high yield of both FSH subunits was picked to
inoculate in BMGYat 30 °C, with shaking at 250 rpm. After

Fig. 1 Schematic diagram of the
pPIC9K construct. aConstruction
of expression plasmid pPIC9K-
pFSHβ-pFSHα. b Schematic
representation of the pFSHβ,
SUMO-pFSHβ, and HSA-
pFSHβ expression cassettes in
vector of pPIC9K. 5′AOX1,
promoter of an alcohol oxidase 1;
MFα, an α-factor secretion
signal; 3′AOX1 TT, transcription
termination of an alcohol oxidase
1; MCS, multiple cloning site;
GGGGS, a flexible peptide linker
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48 h of growth, cells were collected and induced in BMMYat
different pH values (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0) or in
BMMYwith different methanol concentrations (0.5, 1, 1.5, 2,
2.5, and 3%). There were three repeats for each pH or meth-
anol concentration treatment. Every 24 h, methanol was sup-
plied to the culture, and the supernatants were collected after
72 h for SDS-PAGE analysis.

The recombinant protein in supernatant was purified by
using a BeaverBeads™ His-tag Protein Purification Kit
(Bioscience, Suzhou, China) following the manufacturer’s in-
structions. The purified protein was obtained by elution with
500 mM imidazole and desalting by ultrafiltration.

Expression of pFSH by fed-batch fermentation

A strain with high expression of pFSH fusion proteins and the
optimized culture conditions were used for fed-batch fermen-
tation. The strain was selected from an MM plate and culti-
vated in 50 ml of YPD overnight, followed by continuing
culture for 18 h in 600 ml YPD. The entire propagated culture
was then used for fed-batch fermentation in a 15 L fermenter
containing 9 L of fermentation broth. Fermentation was divid-
ed into four phase: glycerol batch, glycerol fed-batch, glycerol
andmethanol fed-batch, andmethanol fed-batch. The medium
used for high cell density fermentation was basal salt medium
(BSM), as mentioned in the Pichia Fermentation Process
Guidelines proposed by Invitrogen (2002). The recombinant
protein in the fermentation supernatant was collected every
24 h and analyzed by SDS-PAGE and western blotting.
After 144 h, all the fermentation broth was centrifuged at
8000 ×g, for 15 min at 4 °C, filtered through a 0.22 μmmem-
brane, concentrated, and then stored at − 80 °C until analysis.
For the glycosylation analysis and bioactivity assays, the con-
centrated supernatant was dialyzed overnight against
phosphate-buffered saline (PBS) and reconstituted in FSH-
binding buffer (Richard et al. 1998).

Polyacrylamide gel electrophoresis analysis
and western blot

The recombinant proteins in the culture supernatant induced
by methanol were analyzed on 12% SDS-PAGE and western
blotting. Gels were stained by Coomassie blue R-250. For
western blotting, a mouse anti-human FSHβ monoclonal an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
1:500) was used as the primary antibody to detect FSHβ
(SIOUX Biochemical, Inc., IA), SUMO-FSHβ, or HSA-
FSHβ protein. A mouse anti-His tag monoclonal antibody
(Abclonal Technology, Beijing, China, 1:5000) was used to
detect proteins with a His-tag. The secondary antibody
(Zhongshan Jinqiao Biotech, Beijing, China, diluted
1:5000–1:10000) was horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG. The immunoreactive proteins on

the blots were visualized with ECL and imaged on an
ImageQuant LAS 4000 instrument. The band intensities were
quantified using the ImageJ software.

Mass spectrometry analysis

The protein bands on the SDS-PAGE gel stained by
Coomassie blue R-250 were cut, and the protein digestion
was performed using FASP method with modifications
(Wiśniewski et al. 2009). Briefly, 100 μg protein was dis-
solved with 50 mM ABC (NH4HCO3), reduced with DTT
(dithiothreitol) at 56 °C for 45 min, and alkylated with IAM
(iodoacetamide) at room temperature for 30 min in the dark.
The solution was transferred into a 10 K ultrafiltration tube
(Vivacon 500, Satrorius), spinned at 14,000 ×g for 20 min. A
50 mM ABC solution was used to wash the protein for three
times. A 2 μg trypsin in 50 μL 50 mM ABC was added and
incubated at 37 °C overnight. The ultrafiltration tube was
spinned at 14,000 ×g for 20 min with a new collection tube
to collect digested peptides. ABC solution was added into the
ultrafiltration tube to wash the digested peptide into the col-
lection tube. The collected solution was diluted with 0.1% FA
for nanoLC-MS analysis.

Raw data from the mass spectrometer were preprocessed
with Mascot Distiller 2.4 for peak picking. The resulted peak
lists were searched against Sus_scrofa_uniprot_pig database
using Mascot 2.5 search engine. The search parameters are
fixed modifications: carbamidomethyl (C), variable modifica-
tions: oxidation (M), and phosphorylation (S, T, Y). Enzyme:
trypsin, maximum missed cleavages: 2, MS mass tolerance:
10 ppm, MSMS mass tolerance: 0.02 Da. Scaffold PTM was
used to evaluated phosphorylation sites of the Mascot search
results using Ascore algorithm.

Glycosylation analysis

The glycosylation of recombinant HSA-pFSH was analyzed
using endoglycosidase H or PNGase F (NEB, Beijing, China)
digestion, following the manufacturer’s instructions. In brief,
recombinant HSA-pFSH or pituitary FSH was denatured by
heating at 100 °C for 10 min, followed by incubation for 1 h at
37 °C in the presence or absence of either 2500 U of
endoglycosidase H or PNGase F. Deglycoslated proteins were
analyzed using western blotting.

Establishment of a stable HEK293-pFSHR cell line

The porcine FSHR gene was amplified from ovarian granulo-
sa cell cDNA using specific primer pair P7 + P8 with EcoRI
and XhoI restriction sites. The PCR product was digested by
EcoRI/XhoI and then ligated into corresponding sites of
pCAGGS-EGFP-Neo (constructed in our laboratory) to gen-
erate vector pCAGGS-Neo-EGFP-pFSHR. The vector
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pCAGGS-Neo-EGFP-pFSHR was used to transfect into
HEK293 cells (maintained in our laboratory) using Vigofect
(Vigorous Biotechnology, Beijing, China) following the man-
ufacturer’s instructions. The stably transfected cell line was
screened in DMEM medium (Gibco, 11960) containing
700 μg/ml of G418 and maintained in DMEM medium in-
cluding 350 μg/ml of G418. The pFSHR expression level in
HEK293-pFSHR cell line was assessed using quantitative
real-time PCR (qPCR) analysis with primers P9 + P10 and
P11 + P12 (human GAPDH used as reference gene).

Quantitative real-time PCR

Total RNA was extracted using the TRIzol reagent
(Invitrogen, Shanghai, Beijing), and 1 μg of total RNA was
reverse transcribed using HiScript™ Q RT SuperMix for
qPCR (+gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing,
China). Quantitative real-time PCR was performed using the
CFX96 real-time system (Bio-Rad, Beijing, China) in a reac-
tion mixture containing (in a total volume 10 μl): 2× SsoFast
EvaGreen Supermix (Bio-Rad, Beijing, China), forward and
reverse primers, cDNA, and ddH2O. PCR was performed at
95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and
60 °C for 5 s, and a melting curve was constructed at the end
of the amplification. Triplicate samples of each template were
analyzed. The expression levels of pFSHα and pFSHβ in
strains with integration of both pFSH subunit genes were de-
termined using qPCR analysis with primers P13 + P14 and
P15 + P16, respectively, and primers P17 + P18 for the refer-
ence gene ARG4 for relative quantification.

Copy number quantification of gene pFSHβ
and pFSHα in strains GS115-pPIC9K-pFSHβ-pFSHα
and KM71-pPIC9K-pFSHβ-pFSHα

The copy number of gene pFSHβ and pFSHα in recombinant
strains were determined according to the method reported by
Abad et al. (2010). Genomic DNAwas isolated by using the
TIANamp Yeast DNA Kit (Tiangen, Beijing, China) follow-
ing the manufacturer’s instruction. Absolute real-time qPCR
was used to analyze the copy number of gene pFSHα and
pFSHβ in recombinant strains with primers P19 + P20 and
P21 + P22, respectively, and primers P23 + P24 for reference
gene GAPDH.

In vitro bioassays of recombinant pFSH

HEK293-pFSHR cells were seeded in 12-well plates at a den-
sity of 2 × 105/well. After 48 h, the cells were pretreated with
0.8 mM 1-methyl-3-isobutylxanthine (IBMX) for 15 min in
new DMEM medium and after 1 h, 20 ng of recombinant
HSA-pFSH or pituitary FSH (measured by ELISA) were
added, and as controls, 20 μl DPBS (Gibco) or HSA

(Sigma-Aldrich, MO, USA) was added. Subsequently, the
cells were lysed in 0.1 M HCl. The concentration of intracel-
lular cAMP was measured using a cAMP ELISA Kit
(Neweast bioscience, Inc.) with Infinite M200 (Tecan,
Sweden).

EMBL/GenBank accession numbers

The GenBank accession number of pFSHB is NM_213875.1;
the GenBank accession number of opt-pFSHβ-A, opt-pFSHβ-
B, and opt-CGA (pFSHα) are MH249032, MH249033, and
MH252913, respectively. The GenBank accession number of
SUMO-pFSHβ and HSA-pFSHβ are MH249034 and
MH249035.

Results

Effect of Mut+ and Muts strains on yield efficiency
of recombinant pFSH

To investigate the effect of strain phenotype (Mut+ orMuts) on
the protein expression of pFSH, we compared the soluble
pFSH production in supernatant of strains GS115 (Mut+) or
KM71 (Muts) transformed with pPIC9K-pFSHβ-pFSHα. To
obtain intact pFSH with both pFSHα and pFSHβ subunits,
the expression vector pPIC9K-pFSHβ-pFSHα containing
two expression cassettes (including 5′AOX1-MFα-pFSHβ/
pFSHα-3′AOX1 TT) was constructed and transformed into
strains GS115 (Mut+) or KM71 (Muts) (Fig. 1a). After trans-
formation and induction, the protein levels of soluble pFSH in
supernatant were determined using western blotting with an
anti-His monoclonal antibody, as shown in Fig. 2a. Three
protein bands were clearly observed on the western blot. The
middle protein band corresponded to the pFSHβ subunit (mo-
lecular weight approximately 23 kDa, black arrow) with a C-
terminal His-tag, and the upper and lower protein bands (mo-
lecular weights approximately 35 and 15 kDa, respectively)
were suspected to be a dimer of pFSHβ and pFSHα and a
degraded pFSH protein, respectively (Fig. 2a). To test the
possible influence of integrated copy number of the heterolo-
gous genes on protein yield, we detected the copy number of
pFSHβ and pFSHα in GS115-pPIC9K-pFSHβ-pFSHα
(Mut+) and KM71-pPIC9K-pFSHβ-pFSHα (Muts) strains
by real-time qPCR. As shown in Table 2, each strain of
Mut+-1, Mut+-2, Muts-3, and Muts-4 has a single copy of
pFSHα and two copies of pFSHβ integrated into the genome.
Therefore, it seems that the different yields of soluble recom-
binant protein in the Mut+ and Muts strains are not due to the
copy numbers. These data indicated that compared with pro-
tein level in supernatant of strain KM71 (Muts), the produc-
tion of pFSHβ in the supernatant of strain GS115 (Mut+) was
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increased by about 96%, based on densitometry of the protein
bands (Fig. 2b).

Effect of codon optimization on yield efficiency
of recombinant pFSHβ

Codon optimization has been widely applied to improve re-
combinant protein expression, but has not been used to opti-
mize the expression of pFSH in P. pastoris. To test the possi-
bility of improving pFSH production via codon optimization,

the different coding sequences of the mature pFSHβ subunit,
which mainly confers receptor specificity, were synthesized
based on different parameters (named opt-pFSHβ-A and opt-
pFSHβ-B). After optimization, a total 63 and 82 nucleotides
were changed in the opt-pFSHβ-A and opt-pFSHβ-B se-
quences, respectively, which showed 80.73 and 74.92% iden-
tity with wild-type pFSHβ (wt-pFSHβ). Moreover, compared
with the wt-pFSHβ sequence, the G + C content and ΔG of
mRNA folding decreased from 52 to 48.3% and from − 122.4
to − 114.3 kcal mol−1 respectively, and the CAI increased
from 0.67 to 0.84 in the opt-pFSHβ-A sequence (Table 3).
The parameters were changed to 37.9% for G + C content, −
91.8 kcal mol−1 for ΔG, and 0.96 for the CAI in the opt-
pFSHβ-B sequence (Table 3). The wild-type and optimized
coding sequences were subcloned into vector pPIC9K and
then expressed in strain GS115. After 72 h of induction, the
yield of soluble pFSHβ in the supernatant of each strain was
compared using western blotting analysis (based on the aver-
age densitometry of the protein bands; Fig. 3a). As shown in
Fig. 3b, compared with the GS115-pPIC9K-wt-pFSHβ strain
(the GS115 strain transformed with the wild-type pFSHβ
gene), the yield of pFSHβ in GS115-pPIC9K-pFSHβ-A and
GS115-pPIC9K-pFSHβ-B strains (the GS115 strain trans-
formed by gene opt-pFSHβ-A or opt-pFSHβ-B) increased by
approximately 143 and 22%, respectively, indicating that the
parameters optimized in gene opt-pFSHβ-A were better for
expressing pFSHβ in P. pastoris (Fig. 3c).

Effect of SUMO or HSA fusion partners on yield
efficiency of recombinant soluble pFSHβ

Next, we investigated whether the recombinant production of
pFSHβ in P. pastoris could be further improved by fusion
with SUMO or HSA. The expression vectors pPIC9K-
pFSHβ, pPIC9K-SUMO-pFSHβ, and pPIC9K-HSA-
pFSHβ were constructed and transformed into P. pastoris
strain GS115 (Fig. 1b). To investigate the effect of the fusion
partner on the yield of pFSHβ, four GS115-pPIC9K-pFSHβ
strains, five GS115-pPIC9K-SUMO-pFSHβ strains, and four
GS115-pPIC9K-HSA-pFSHβ strains were selected for the in-
duction of pFSHβ expression. After 72 h, the protein levels of
soluble pFSHβ, SUMO-pFSHβ, and HSA-pFSHβ in the su-
pernatant of each strain were determined by SDS-PAGE with
Coomassie brilliant blue staining. As shown in Fig. 4a, two
protein bands for HSA-pFSHβ were clearly observed in su-
pernatant of the GS115-pPIC9K-HSA-pFSHβ strains. The
upper band and the lower band corresponded to intact HSA-
pFSHβ (molecular weight approximately 68 kDa) and the
truncated HSA fragment (molecular weight approximately
45 kDa), respectively, which was confirmed by western blot-
ting (Fig. 4b) and mass spectrometry analysis (data not
shown). However, no protein band of pFSHβ and SUMO-
pFSHβ was detected in Coomassie brilliant blue-stained

Fig. 2 Effect of methanol-utilization plus (Mut+) and methanol-
utilization slow (Muts) phenotypes on pFSH expression in Pichia
pastoris. a The recombinant protein in supernatant from GS115-
pPIC9K-pFSHβ-pFSHα (Mut+) or KM71-pPIC9K-pFSHβ-pFSHα
(Muts) strains was analyzed using western blotting with a His-tag
antibody. Lane M represents protein markers, lanes 1–2 represent the
proteins in the supernatant of GS115-pPIC9K-pFSHβ-pFSHα strains,
and lanes 3–4 represent the proteins in the supernatant of KM71-
pPIC9K-pFSHβ-pFSHα strains. The middle protein band corresponds
to the pFSHβ subunit with a C-terminal His-tag (marked by an arrow).
b The relative amounts of FSHβ protein in each strain were estimated
using ImageJ analysis software, which values were normalized to the cell
density at 600 nm

Table 2 Copy number of gene pFSHβ or pFSHα in GS115-pPIC9K-
pFSHβ-pFSHα (Mut+) and KM71-pPIC9K-pFSHβ-pFSHα (Muts)
strains

Gene Mut+-1 Mut+-2 Muts-3 Muts-4

pFSHα 1.07 ± 0.06 1.02 ± 0.22 1.13 ± 0.09 1.06 ± 0.08

pFSHβ 1.92 ± 0.06 2.13 ± 0.08 2.30 ± 0.17 2.07 ± 0.24
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SDS-PAGE, but it was successfully expressed in supernatants
of recombinant strains GS115-pPIC9K-pFSHβ or GS115-
pPIC9K-SUMO-pFSHβ, respectively (Fig. 4a, b, molecular
weights approximately 23 and 36 kDa). These data indicated
that fusionwith HSA can significantly improve the production
efficiency of soluble pFSHβ.

Coexpression of HSA-pFSHβ and HSA-pFSHα

A previous study showed that the bovine FSHβ subunit
expressed by P. pastoris had no bioactivity to stimulate
cAMP production in rat Sertoli cells, unless assembled with
an ovine α subunit of luteinizing hormone to form a hetero-
dimer (Samaddar et al. 1997). To obtain biologically active
HSA-pFSH, we construct the vector pPICZαA-HSA-pFSHα,
which was transformed into strain GS115-pPIC9K-pFSHβ
(named as H3). Four strains, which were defined as H3-1,
H3-2, H3-3, and H3-4, were selected in media containing
300 μg ml−1 Zeocin plates after transformation. At 72 h fol-
lowing methanol induction, the protein level in supernatants
of strains H3, H3-1, H3-2, H3-3, and H3-4was analyzed using

SDS-PAGE and western blotting (using an anti-FSHβ mono-
clonal antibody). As shown in Fig. 5a, b, the protein band of
intact HSA-pFSHβ was found in the supernatant of strains
H3-1, H3-2, H3-3, and H3-4, indicating that the HSA-
pFSHβ gene was not replaced by the HSA-pFSHα gene in
those strains after transformation. However, the yield of HSA
fragment in supernatant of those strains increased significantly
compared with the yield in supernatant of strain H3. This
might be related to the KRE amino acid sequence of the
kex2 protease cleavage site, which was present between the
HSA truncated fragment and pFSHα.

DuetothelowyieldofpFSHα(Fig.5a,noproteinbandwas
detectedat~ 24kDa)and lackofcommerciallyavailableanti-
body against pFSHα, the expression level of genepFSHα, as
well aspFSHβ, in recombinant strainH3-3,was evaluated by
real-timeqPCRafter induction for different times.Compared
with 0 h (before being induced bymethanol), the expression
levelsofpFSHβandpFSHαincreasedsignificantlyafterinduc-
tion bymethanol (Fig. 5c, d), indicating that both pFSHβ and
pFSHα had been successfully integrated and substantially
expressedinstrainH3-3.

Table 3 Comparison of
parameters betweenwt-FSHβ and
opt-FSHβ-A/B

Construct G + C content (%) Codon adaptation index (CAI) mRNA (kcal mol−1)

Wt-pFSHβ 52 0.67 − 122.4
opt-pFSHβ-A 48.3 0.84 − 114.3
opt-pFSHβ-B 37.9 0.96 − 91.8

Fig. 3 Comparison of the
production of pFSHβ in GS115
strains transformed with different
wild-type pFSHβ (wt-FSHβ) or
optimized pFSHβ (opt-pFSHβ-A
or opt-pFSHβ-B). a Three strains
carrying each gene integration
were picked and induced for 72 h;
the pFSHβ yields in supernatant
were determined by western
blotting. Lanes 1–3: wt-pFSHβ;
lanes 4–6: opt-pFSHβ-A; lanes
7–9: opt-pFSHβ-B. b The
relative amounts of pFSHβ
protein in each strain was
estimated using ImageJ analysis
software, which values were
normalized to the cell density at
600 nm
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Effect of pH andmethanol concentrations on the yield
efficiency of recombinant soluble pFSHβ

Based on the tested molecular strategies, we next evaluated
the effect of pH (from 5.0 to 8.0) and methanol concentration
(from 0.5 to 3.0%) on the production of soluble HSA-pFSH in
strain H3-3. After 72 h induction, the protein levels in the
supernatants were analyzed using SDS-PAGE. As shown in
Fig. 6a, with increasing pH, the protein level of soluble HSA-
pFSHβ in the supernatant of strain H3-3 did not change sig-
nificantly; the intensities of the protein bands at approximately
180 and 100 kDa changed obviously, which may be related to

the formation of multimers (marked by arrows). To decrease
the formation of multimers, which may be associated with
enhanced degradation, the optimum pH in the medium for
soluble HSA-pFSH protein expression in strain H3-3 was set
at 5.0 to 6.0 (Nordén et al. 2011). Similarly, the highest yield
of soluble HSA-pFSH protein in the supernatant of strain H3-
3 was obtained when the methanol concentration was between
1.5 and 2% in the medium (Fig. 6b). However, the final HSA-
pFSH production decreased when the methanol concentration
was more than 2.5% or less than 1.5%. These results showed
that the optimum pH and methanol concentration were 5.0–
6.0 and 1.5–2.0%, respectively, to express HSA-pFSH.

Fig. 4 Comparison of protein expression of pFSHβ, SUMO-pFSHβ, and
HSA-pFSHβ in strains transformed with each gene. a and b SDS-PAGE
(a) and western blotting (b) analysis of recombinant proteins in the
supernatants from GS115-pPIC9K-pFSHβ, GS115-pPIC9K-SUMO-

pFSHβ, or GS115-pPIC9K-HSA-pFSHβ strains. Lane M: protein
marker, lanes 1–4, 5–9, and 10–13: culture supernatants from
recombinant GS115-pPIC9K-pFSHβ, GS115-pPIC9K-SUMO-pFSHβ,
and GS115-pPIC9K-HSA-pFSHβ strains, respectively

Fig. 5 Effect of coexpression
HSA-pFSHα on the production
of the HSA-pFSHβ fusion
protein. a and b SDS-PAGE (a)
and western blotting (b) analysis
of proteins in the supernatant of
GS115-pPIC9K-HSA-pFSHβ
strain (named as H3) transformed
with pPIC9K-HSA-pFSHα. Lane
M: protein marker, lane 1:
supernatant from H3, lanes 2–5:
supernatants from positive
transformants named as H3-1,
H3-2, H3-3, and H3-4,
respectively. c and d
Transcription level of pFSHα (c)
and pFSHβ (d) at different
induction times. H3-3 engineered
strain was picked for induction,
and intracellular pFSHα and
pFSHβ expression was
determined using real-time PCR
at 24 h intervals
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Protein expression and purification in shake-flask

On the basis of the high protein yield in the supernatant of
strain H3-3, we further purified the recombinant HSA-pFSH
protein using a His-tag Protein Purification Kit. A total
0.94 mg of recombinant soluble HSA-pFSH was obtained
from 23 ml of supernatant. The purified protein was analyzed
by SDS-PAGE and western blotting. As shown in Fig. 6c,
three protein bands were found on SDS-PAGE. The upper
band (molecular weight approximately 68 kDa) corresponded
to the HSA-pFSHβ fusion protein, which was confirmed by
western blotting using a mouse monoclonal antibody against
hFSHβ (Fig. 6d, lane 2). Likewise, the middle band (molec-
ular weight approximately 45 kDa) corresponded to the trun-
cated HSA fragment (Fig. 6d, lane 3). There is no His-tag on
the end of pFSHβwhen HSA-pFSHβwas disconnected, thus
we speculated that the protein band at approximately 24 kDa
was the pFSHα subunit with a His-tag in its C-terminus,
which corresponded with the observed size of the protein
band. (Fig. 6d, lane 3).

High-density fermentation of the recombinant
HSA-pFSH fusion protein

To improve the concentration and yield of the fusion
protein, strain H3-3 was selected for recombinant protein
expression in 9 L of culture medium. The fermentation

medium was sampled at 24 h intervals and the cell wet
weight and total protein were measured in the medium.
As a result, the cell wet weight and total protein in-
creased with time, indicating that the cells were growing
and secreting proteins (Fig. 7a). In addition, the fusion
protein of soluble HSA-pFSHβ began to degrade after
48 h, and the levels of the degraded protein products of
HSA-pFSHβ in the fermentation supernatant, such as
HSA and pFSHβ, increased up to 120 h, indicating that
the HSA-pFSH fusion protein began to disconnect after
48 h and was degraded after 120 h (Fig. 7b, c).
However, when the protein band at 23 kDa was detected
by mass spectrometry, we found that approximately 10%
of the fraction was ubiquitin not than pFSHβ (data not
shown). Thus, we speculated that a large number of pro-
teases were generated in large-scale fermentation, which
could degrade the HSA-pFSH recombinant fusion
protein.

The N-glycosylation analysis of the recombinant HSA-
pFSH protein was performed by enzymatic digestion
followed by western blotting with an anti-pFSHβ anti-
body. As shown in Fig. 7d, recombinant soluble pFSHβ
and HSA-pFSHβ protein could be cleaved by both
PNGase F and Endo H enzymes, whereas pituitary FSH
could only be cleaved by PNGase F. This result indicated
that N-glycosylation of recombinant soluble HSA-pFSH
was the high mannose-type.

Fig. 6 Expression and
purification of the recombinant
HSA-pFSH fusion protein. a and
b Influence of pH (a) and
methanol concentration (b) on the
expression of HSA-pFSH in the
supernatant of strain H3-3. c and
d SDS-PAGE (c) and western
blotting (d) analysis of purified
recombinant HSA-pFSH. Lane
M: protein marker; lane 1:
recombinant HSA-pFSH protein
purified using a His-tag protein
purification magnetic bead kit;
lanes 2, 3: purified HSA-pFSH
detected bywestern blotting using
a mouse monoclonal antibody
against hFSHβand using a mouse
anti-His-tag monoclonal
antibody, respectively
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In vitro bioactivity assay of recombinant soluble
HSA-pFSH

FSH bioactivity can be determined by testing its ability to
induce cyclic AMP production in HEK293 cells expressing
FSHR (Kutteyil et al. 2015). To evaluate the bioactivity of
recombinant HSA-pFSH, we constructed a cell line that con-
stitutively expressed pFSHR. As shown in Fig. 8a, the plas-
mid harboring the pFSHR gene was successful transformed
into HEK293 cells, as indicated by GFP expression in the
cells. Moreover, compared with HEK293 cells transfected
with pCAGSS, the expression level of pFSHR was signifi-
cantly increased in HEK293 cells transfected with
pCAGGS-pFSHR (Fig. 8b). These results indicated that
pFSHR was successful expressed in HEK293.

The bioactivity of the purified soluble HSA-pFSH fusion
protein was detected by measuring the cAMP levels in the
HEK293-pFSHR cell line after treating with dialyzed super-
natant or pituitary FSH for 1 h. As a result, the intracellular

cAMP concentration after treatment with soluble rHSA-pFSH
was dramatically increased compared with that treated with
DPBS or HSA, although it was significantly lower than that in
cells treated with pituitary FSH (Fig. 8c), indicating that re-
combinant HSA-pFSH has a satisfactory biological activity to
induce FSHR signal transduction.

Discussion

FSH is essential to maintain follicular growth in females and
to initiate spermatogenesis in males. To date, many bioactive
FSH from different species has been successfully expressed in
different protein expression systems, such as the baculovirus
system (Van de Wiel et al. 1998), the Chinese hamster ovary
cell expression system (Keene et al. 1989), plant systems
(Dirnberger et al. 2001), P. pastoris expression systems
(Richard et al. 1998), and transgenic rats or rabbits
(Greenberg et al. 1991; Coulibaly et al. 2002). Until now,

Fig. 7 Production of recombinant protein HSA-pFSH in Fed-batch
fermentation of strain H3-3. The fusion protein HSA-pFSH in the
supernatant of strain H3-3 was collected every 24 h and centrifuged at
12,000 ×g, 4 °C, 3 min. a Time curve of cell wet weight and total protein
concentration at 30 °C. Cell wet weight and total protein concentration
were detected by a weighing test and a BCA protein assay, respectively. b
and c SDS-PAGE (a) and western blotting (c) analysis of the recombinant
protein in the supernatant of strain H3-3 at different induction times. The

upper and lower arrows indicate the HSA-pFSHβ protein band and the
pFSHβ or pFSHα protein bands, respectively. d Deglycosylation
analysis of recombinant HSA-pFSH. Supernatant harvested at 144 h
was concentrated 10-fold, dialyzed against PBS and reconstituted in
binding buffer. Plus(+) indicates pituitary FSH or recombinant HSA-
pFSH treated with PNGase F or Endo H, otherwise the data is marked
as minus (−)
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although recombinant FSH has been used in clinical trials, the
cost per oocyte is higher than that of human chorionic gonad-
otropin because of the low production efficiency in recombi-
nant expression systems (Devroey et al., 2012; Kutteyil et al.
2015; Mountford et al. 1994). To decrease the cost of FSH
preparation, we applied molecular strategies, combined with
culture condition optimization, to improve the production of
recombinant pFSH in P. pastoris.

Different proteins are suitable for expression in different
Mut phenotype P. pastoris hosts (Kim et al. 2009; Pla et al.
2006). In the current study, compared with the Muts pheno-
type host KM71, we found that the Mut+ phenotype of host
GS115 was more suitable for expressing soluble pFSH. The
codon bias and mRNA folding energy in mammals are differ-
ent from those in P. pastoris, which might influence mRNA
stability and translation efficiency (Kim et al. 1997). Similarly,
codon optimization and altered G + C content could also in-
crease the yield of recombinant luciferase (Sinclair and Choy,
2002). In the present study, we compared different parameters
of codon optimization, especially the G + C content, for their
effects of the production of soluble pFSHβ. As a result, a
higher yield of soluble pFSHβ was obtained from gene opt-
pFSHβ-A with 48.3% G + C content. Similarly, the protein

level of truncated 1,3-1,4-β-D-glucanase also improved when
the G + C content was adjusted to 48–49% in P. pastoris
(Huang et al., 2008a). Moreover, the yield of a heterologous
protein could be increased by altering the G + C content only,
which could affect the expression of the protein by limiting the
transcription level (Newman et al. 2016; Sinclair and Choy,
2002). Likewise, our results indicated that the protein level
decreased when the G + C content was less than 40%. Thus,
we speculated that the G + C content might be the major pa-
rameter that influences the expression of soluble pFSHβ in P.
pastoris. Collectively, our data suggested that phenotypic se-
lection of aox1 mutants and codon optimization could im-
prove the yield of pFSHβ in P. pastoris.

The yield of recombinant bovine FSH could be improved
in the baculovirus system when the expressed sequence in-
cluded a major part of the FSHβ gene 3′ untranslated region
(Van de Wiel et al. 1998). This provides a way to increase the
expression of FSH by fusion at the N- or C-terminus of FSHβ
using a fusion partner. Based on the observation that SUMO
could increase the expression of recombinant proteins in yeast
(Hughes et al. 2008), we fused the SUMO sequence to the N-
terminus of pFSHβ and found that SUMO did not significant-
ly increase the production of pFSHβ. Likewise, it has been

Fig. 8 Detection of recombinant protein HSA-pFSH’s biological activity.
a Effect of the transfection of HEK293 cell with plasmid pCAGGS or
pCAGGS-pFSHR. HEK293 cells were transfected using Vigofect with
plasmid pCAGGS or pCAGGS-pFSHR (containing EGFP) and the
transfection efficiency was determined by assaying EGFP. The
HEK293-pFSHR stable cell line was screened in DMEM with 700 μg/

ml G418 and maintained in DMEM with 350 μg/ml G418. Scale bars:
100 μm. b Relative mRNA expression level of pFSHR in HEK293 cells
transfected by pCAGGS or pCAGGS-pFSHR. c cAMP concentration in
HEK293-pFSHR cell treated with pitFSH or recombinant HSA-pFSH.
Different letters above the bars indicate a significant difference at p < 0.05
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reported that fusion with HSA could improve bikunin expres-
sion in P. pastoris (Gou et al. 2012). In the present study, the
production of the soluble HSA-pFSHβ fusion protein was
higher than that of SUMO-pFSHβ and pFSHβ. However,
an HSA truncated fragment (~ 45 kDa), in addition to the
intact HSA-pFSHβ protein, was detected in supernatant of
strain H3, indicating that the fusion protein had been degrad-
ed. Similar degradation phenomena occurred for other HSA
fusion proteins expressed in P. pastoris (Yao et al. 2009). The
~ 45 kDa fragment could be reduced or even eliminated when
the FQNALLVRYTKK (403Phe-414Lys) sequence of HSA
was mutanted in Saccharomyces cerevisiae (Kerry-Williams
et al., 1998); however, this would not work in P. pastoris
because a large part of ~ 45 kDa fragment was detected in
our assay. Thus, fusion with HSA could increase the produc-
tion of soluble pFSHβ, but it was accompanied by degrada-
tion. In addition to the optimization of phenotypic selection of
AOX1 mutants, codon, and fusion partners, the yield of solu-
ble HSA-pFSHβ protein in the culture supernatants can be
further improved through increasing the secretion efficiency
of soluble HSA-pFSHβ (Idiris et al. 2010), coexpressing with
molecular chaperone (Sha et al. 2013), or increasing the copy
number of gene HSA-pFSHβ (Mansur et al. 2005).

After optimization using molecular strategies, the recombi-
nant soluble HSA-pFSH protein in the supernatant was puri-
fied and the yield reached 40.8 mg/l in the shake-flask, which
was significantly higher than the 10 mg/l reported by Richard
et al. (1998). Furthermore, the total protein in the supernatant
from high-density fermentation reached 6 g/l; however, it in-
cluded many degraded fragments of the fusion protein
(Fig. 7b).

Intracellular and extracellular degradation is a prominent
limitation to achieve high-efficiency recombinant protein pro-
duction (Van de Wiel et al. 1998). It has been reported that
intracellular degradation of recombinant bovine FSHβ might
be related to hyposecretion, which can be improved by
coexpression with FSHα or chaperone molecules
(Mountford et al. 1994; Pajot-Augy et al. 1995). Moreover,
extracellular degradation in a protease deficient strain was also
observed by expressing HSA (Kang et al. 2000). In this study,
HSA-pFSHβ and HSA-pFSHα fusion proteins were
coexpressed in strain H3-3, which may be reduced intracellu-
lar degradation; however, the extracellular degradation of sol-
uble HSA-pFSHβ still occurred when protein was expressed
in shake-flask cultures (Fig. 5c, d), indicating that the soluble
HSA-pFSH fusion protein expressed in P. pastoris was unsta-
ble. Likewise, the degradation phenomenon of recombinant
HSA or cellulose-binding module and lipase B fusion protein
was also reported in P. pastoris, which could be overcome by
adjusting the pH of the culture medium (Kobayashi et al.
2000; Kang et al. 2000; Jahic et al., 2003b). In the present
study, the effect of pH from 5.0 to 8.0 on the production of
soluble HSA-pFSH was investigated in shake-flask

fermentation (Damasceno et al. 2012; Dueck et al. 2004;
Hiyama and Renwick, 1990). However, the production and
degree of degradation of soluble fusion protein HSA-pFSH
were not obviously improved when pH was varied between
5.0 and 8.0. Thus, whether the degradation of soluble HSA-
pFSH produced in bioreactor cultures was associated with pH
requires further study. Interestingly, a protein at approximately
180 kDa appeared when the pH was greater than 6.5, which
might represent covalently-linked multimers formed among
HSA-pFSHβ, pFSHα, and pFSHβ. Multimers and degrada-
tion fragments were also detected in addition to the intact
protein in supernatants when aquaporins were expressed in
P. pastoris, suggesting that there may be some link between
multimer formation and degradation (Nordén et al. 2011). The
reason for this phenomenon is not clear; however, it may be
related to the culture environment, such as the pH or temper-
ature, which may not be suitable for soluble HSA-pFSH ex-
pression in the bioreactor. Moreover, a large amount of ubiq-
uitin related to protein degradation was found in the fermen-
tation supernatant, indicating that proteases such as
metallopeptidases might be a major factor affecting the stabil-
ity of the recombinant protein (Vad et al. 2005). In addition to
optimizing the pH of the culture medium, fermentation tem-
perature optimization, and fermentation using YPS1 (encoding
a protease the specifically cleaves at the C-terminal side of
basic amino acids) and PEP4 (encoding proteinase A) defi-
cient strains could also solve the degradation problem (Jahic et
al., 2003a; Yao et al. 2009; Wu et al. 2013). Thus, the degra-
dation problems associated with HSA fusion could be im-
proved by reducing intracellular protease activity or optimiz-
ing the culture conditions.

Furthermore, CHO or HEK293 cell lines expressing differ-
ent species of FSHR are widely used to detect the biological
activity of recombinant FSH (Richard et al. 1998; Kim et al.
2007; Kutteyil et al. 2015). In the present study, we
established an HEK293 cell line expressing porcine FSHR
to detect the bioactivity of recombinant HSA-pFSH in vitro.
By measuring intracellular cAMP after stimulating HEK293-
pFSHR cells with recombinant HSA-pFSH, we found that
recombinant soluble HSA-pFSH has biological activity; how-
ever, its activity was less potent than pituitary FSH, indicating
that the bioactivity of HSA-pFSH was affected by the pres-
ence of HSA. It has been reported that fusion with HSA can
decrease the protein’s bioactivity because of increased spatial
interference (Bloom et al. 2003; Huang et al., 2008b), which
could not be improved using different linkers between HSA
and hGH177–191 (Wang et al. 2013). However, recombinant
fusion proteins with HSA such as Albugon (GLP-1/albumin
fusion protein) exhibited the full spectrum of biological activ-
ities in preclinical studies, albeit with reduced bioactivity in
vitro (Baggio et al. 2004). Therefore, whether HSA fusion at
the N-terminus of pFSH affected the bioactivity of pFSH re-
quires further confirmation using in vivo assays. Nevertheless,
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the recombinant HSA-pFSH protein expressed in P. pastoris
is biologically active.

In conclusion, we have systematically optimized the ex-
pression of pFSH in P. pastoris. By integrating several molec-
ular strategies, combined with optimizing the culture condi-
tion, we achieved a satisfactory efficiency for producing re-
combinant pFSH. To the best of our knowledge, this is the first
report of the expression of pFSH fused with HSA in P.
pastoris.
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