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Introduction

The methylotrophic yeast Pichia pastoris is the most fre-
quently used yeast system for the production of recombinant 
protein, due to the capabilities of eukaryotic posttranslational 
modification, high cell density cultivation, and good secre-
tion capacity with low levels of endogenously secreted pro-
teins [9]. Nevertheless, heterologous protein production with 
improved yield and quality by P. pastoris due to unsolved 
bottlenecks involved in the processes of transcription, trans-
lation, folding, and secretion, possibly posttranslational mod-
ification [1]. As reported, the strong constitutive or inducible 
promoters, the controlling gene copy numbers, the effective 
natural or artificial transcription factors, the efficient inser-
tion expression cassettes, the codon-optimized synthetic 
genes, and the helper genes are all involved in increasing 
the protein folding or flux and ATP production [8, 9, 19, 20, 
22]. They could serve as typical biological components and 
devices of synthetic biology tools to allow multilevel modi-
fications of host strains with improved yield and quality of 
recombinant proteins [1]. In recent years, studies based on 
the N-linked glycosylation modification in P. pastoris have 
attracted increased attention to meet the need of improving 
the expression and stability of recombinant protein in bio-
technological industry. The approaches of reconstructing 
N-glycosylation pathways and enhancing the efficiency of 
preparations by glycan engineering in the P. pastoris play 
crucial roles in the heterologous protein production [34].

The system biology integrated functional genomics and 
“omics” analytical platforms have served as valuable tools 

Abstract In this study, the potential helper genes were 
identified through the data analysis of transcriptomic and 
proteomic profiling in recombinant Pichia pastoris cul-
tured under simulated microgravity (SMG). Co-expressing 
of four genes PRX1, YAP1, AHA1, and YPT6, involved in 
the oxidative stress response and protein folding, exhibited 
promising helper factor effects on the recombinant pro-
tein yields in engineered P. pastoris, respectively. When 
two of the above genes were co-expressed simultaneously, 
β-glucuronidase (PGUS) specific activity was further 
increased by 30.3–50.6 % comparing with that of single 
helper gene, particularly when the oxidative stress response 
and protein folding genes were both present in the com-
binations. In addition, co-expressing co-chaperone AHA1 
and transcription factor YAP1 not only enhanced PGUS 
secretion, but also affected its glycosylation. Thus, through 
deep “omics” analysis of SMG effects, our results provided 
combined impact of new helper factors to improve the effi-
cacy of recombinant protein secretion and glycosylation in 
engineered P. pastoris.

J. Huangfu and Y. Xu contributed equally to this study.

Electronic supplementary material The online version of this 
article (doi:10.1007/s10295-016-1817-8) contains supplementary 
material, which is available to authorized users.

 * Jun Li 
 junlipitt@163.com

1 School of Life Science, Beijing Institute of Technology, 
Beijing 100081, China

2 China National Research Institute of Food and Fermentation 
Industries, Beijing 100027, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10295-016-1817-8&domain=pdf
http://dx.doi.org/10.1007/s10295-016-1817-8


1430 J Ind Microbiol Biotechnol (2016) 43:1429–1439

1 3

of finding new targets for yeast engineering strategies [6, 
21, 27, 32]. Gasser et al. selected a range of significantly 
regulated genes based on the transcriptional profile under 
stress conditions and tested their Saccharomyces cerevisiae 
homologues for co-expression in a recombinant P. pasto-
ris strain. The helper factors BMH2, BFR2, SSA4, SSE1, 
CUP5, KIN2, PDI1, ERO1, HAC1, KAR2, and SSO2 were 
identified to prove their benefits by increasing specific 
production of an antibody fragment in the P. pastoris [8]. 
Baumann et al. reported the transcriptome, proteome, and 
fluoxome of a recombinant P. pastoris strain expressing an 
Fab antibody fragment under three different conditions of 
oxygen availability, and the WSC4, which was involved in 
trafficking through the ER, was identified as a novel poten-
tial target gene for strain improvement based on previous 
transcriptomic analyzing [2]. Prielhofer et al. identified 
a set of novel regulated promoters of P. pastoris enabling 
induction without methanol using DNA microarrays anal-
ysis [22]. Nocon et al. identified the helper genes which 
enhanced production of cytosolic human superoxide dis-
mutase by overexpressing or knock outing the targets in 
pentose phosphate pathway and the TCA cycle in the meta-
bolic model prediction of P. pastoris [21]. The environmen-
tal parameters of recombinant protein-producing conditions 
can affect the host cell physiologies, the volumetric produc-
tivities, and the glycosylation of heterologous proteins [15]. 
The notable cultivation level factors are the temperatures, 
pH, dissolved oxygen concentration, and composition of 
the medium [10, 35].

It is an attractive field to improve the metabolic con-
version efficacy of biopharmaceutical products using 
yeast as a favorable platform for the production of heter-
ologous recombinant proteins. In recent studies, reduced 
microgravity condition was reported to have significant 
effects on the heterologous proteins production [3, 23, 
30, 33]. The microgravity effects could promote protein 
expression, such as the expression of the recombinant 
β-galactosidase and the glycodelin in human cells, the 
recombinant β-glucuronidase in Escherichia coli and P. 
pastoris, and the human monoclonal antibody in Sp2/0 
myeloma mouse 200 cell line [13]. These results suggested 
that microgravity effects could be used for efficient pro-
duction of recombinant proteins from engineered microor-
ganisms. Simulated microgravity (SMG) is an exceptional 
environmental condition that can be modeled by special 
bioreactors in ground-based experiments. One such bio-
reactor is Rotary Cell Culture System (RCCS, Synthecon 
Inc., NASA), using high aspect ratio vessel (HARV) to 
model the environment of microgravity on the ground. The 
SMG and normal gravity (NG) control environment are 
created when the HARV is rotated horizontally (with the 
axis of the vessel perpendicular to the gravitational force) 
and vertically (with the axis of the vessel parallel to the 

gravitational force), respectively. Stephen et al. reported 
that the simulate microgravity (SMG) effects could 
enhance the production of recombinant proteins of LacZ 
or glycodelin by the human cell line compared to a stirred 
bioreactor [30]. Qi et al. reported that the SMG effects 
had the beneficial impact on the secretion of a recombi-
nant β-glucuronidase in P. pastoris [23]. In our previous 
study, several helper genes which could be used for strain 
improvement were identified in the recombinant P. pasto-
ris in response to SMG effects created by RCCS through 
comparative analysis of the transcriptomic data and the 
proteomic profiling. Overexpressing the gene encoding 
detoxifying enzyme of thiol peroxidase was proved to 
efficiently counteract oxidative stress arising from heter-
ologous protein production and to improve the productiv-
ity of recombinant proteins in methylotrophic P. pastors 
[13]. These studies have provided important platforms 
to define the molecular mechanisms of response to envi-
ronmental changes and thus to offer knowledge needed 
for the improvement of ground-based protein processes 
and products. Therefore, attempts have been continued to 
demonstrate the high potential of engineered yeast strains 
expressing helper genes applied to the normal gravity con-
dition for recombinant proteins production. Additional 
studies are needed to deeply analyze the “omics” data and 
further investigate the potential synergetic effects of target 
helper genes for extended yeast strain engineering strate-
gies [13, 24].

In the present work, we aim to find novel target helper 
genes related to recombinant proteins secretion and glyco-
sylation for subsequent strain improvement in normal fer-
mentation based on our previous transcriptomic and prot-
eomic data of the recombinant P. pastoris cultured under 
SMG condition. This study will facilitate engineering the P. 
pastoris strain by introducing new helper genes and utilize 
the reduced gravity effects in the fermentation industry.

Materials and methods

Strains and vectors

The P. pastoris GS115 (Invitrogen, Carlsbad, CA) was 
used in this study. The P. pastoris GS115/pPIC9 K-pgus 
and the P. pastoris GS115/pPIC9 K-atxyn which produced 
the extracellular β-glucuronidase (PGUS) and endo-β-1,4-
xylanase (AtXYN), respectively, were under control of 
methanol inducible promoter AOX1. The respective genes 
were cloned into the pPIC9 K vector (Invitrogen, Carlsbad, 
CA) and integrated into the P. pastoris GS115 genome at 
the AOX1 terminator locus. The GenBank accession num-
ber of PGUS gene was EU095019, and the GenBank acces-
sion number of AtXYN gene was JQ087496.
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Prediction of target genes

Identification of overexpressing targets genes for poten-
tially increasing recombinant proteins production was 
based on the data from the proteomic and the transcrip-
tomic profile of the recombinant P. pastoris GS115/
pPIC9 K-pgus in response to SMG effects. Targets genes 
with differentially expressed changes might have the posi-
tive impacts on specific protein synthesis and biomass 
accumulation [12, 23].

Overexpression of target genes

The target genes were amplified from GS115 genomic 
DNA and cloned under control of the GAP promoter into 
the pGAPZB vector (Invitrogen, Carlsbad, CA, USA) con-
taining zeocin (Invitrogen, Carlsbad, CA, USA) resistance 
cassette. Primers were given in the Supplementary Table S1. 
The vectors were integrated into the GAP terminator locus 
of the P. pastoris GS115/pPIC9 K-pgus/atxyn genome, 
respectively. The co-expressing genes were expressed under 
control of the constitutive promoter of GAP in vivo. The 
pGAPZB vector was used for constructing expression cas-
settes of two target genes. The expression cassettes were 
introduced into the P. pastoris GS115/pPIC9 K-pgus for 
PGUS production using the Gibson assembly reaction. See 
Supplementary Table S2 for details.

Shaker flask cultivation

A single colony of the engineered strain was inoculated in the 
50 ml YPD (1 % yeast extract, 2 % peptone, 2 % glucose, and 
2 % agar) in a 250 ml shaker flask at 28 °C for 20 h to get 
the seed liquid cells. The seed yeast cells were first cultured in 
the BMGY medium (1 % yeast extract, 2 % peptone, and 1 % 
glycerol) for 12–24 h with the initial optical density (OD600) 
of 0.5, and grew until OD600 reached 10. The cells were then 
harvested and suspended in 50 ml BMMY medium [1 % yeast 
extract, 2 % peptone, 100 mM phosphate buffer saline (pH 
6.0), 1.34 % YNB, 1.61 μM biotin, 1 % methanol]. Metha-
nol concentration was maintained around 1 % by feeding 
methanol at 12 h intervals for producing the reporters at 28 °C, 
220 rpm. After 48–96 h of induction, the culture medium was 
sampled and centrifuged at 5000 rpm for 5 min to determine 
the specific productivities of the reporters. The engineered 
strains of harboring the single copy target gene, respectively, 
were chosen for comparison. Each engineered strain was cul-
tured through triplicate independent experiments.

Quantification of recombinant protein concentration

1 ml aliquots of cells were sampled at the time point of cul-
tivation. Cell density was tested periodically by measuring 

OD600 and the dry cell weight was determined through the 
standard curve. The reporter protein concentration and cor-
related total protein content in the supernatant were quan-
tified by SDS–PAGE semi-quantitative determination by 
Coomassie Protein Assay. Bovine serum albumin was used 
as an internal standard. All the experiments from the bio-
logical samples were carried out in triplicate.

Enzyme assay

The β-glucuronidase activity was determined using para-
nitrophenyl β-d-glucuronide (pNPG) (Sigma-Aldrich, St. 
Louis, USA) as an activated substrate, which converted 
pNPG to p-nitrophenol and gave a yellow color meas-
ured by micro-plate reader at 405 nm. The reaction mix-
ture, consisting of 10 μl of supernatant fermentation 
broth which contained recombinant PGUS and 40 μl of 
1.25 mM pNPG sodium acetate buffer (pH 5.0), was incu-
bated at 40 °C for 5 min. The reaction was halted by adding 
200 µl 0.4 M Na2CO3 butter. One unit (U) PGUS activity 
was defined as 1 nmol p-nitrophenol liberated per minute. 
The xylanase activity was assayed using birchwood xylan 
(Sigma-Aldrich, St. Louis, USA) as the substrate [12]. The 
amount of reducing sugars released was determined by the 
standard dinitrosalicylic acid method. One unit of AtXYN 
activity was defined as the amount of enzyme producing 
1 μmol of xylose per minute. All the experiments from the 
biological samples were carried out in triplicate.

Glycosylation analysis by peptide‑N‑glycosidase F

Peptide-N-glycohydrolase F (NEB, Ipswich, MA, USA) 
was used for deglycosylating the recombinant PGUS. The 
PGUS in the supernatant was deposited with the equal vol-
ume of acetone, and then was concentrated in phosphate 
buffer (100 mM, pH 6.0). The reaction mixture of 20 μg 
PGUS was treated with 100 IU PNGase F and incubated 
for 24 h at 37 °C according to the manual. The bound frac-
tion and the unbound were denoted as the control and the 
deglycosylated protein.

RNA extraction and qRT‑PCR analysis

Yeast cells were harvested during the exponential growth 
phase. Approximately 1 × 107 cells were used for the 
total RNA extraction using the Yeast RNA Kit (OMEGA, 
Doraville, GA). Genomic DNA contamination was elimi-
nated by DNase I treatment. RNA concentration was 
quantified by measuring the absorbance at 260 nm using 
NanoDrop 2000c (Thermo Scientific, Waltham, MA, 
USA). Five hundred nanogram of RNA from each sam-
ple was used as template for the Transcript First Strand 
cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). 
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Quantitative PCR analysis was performed with the Light-
Cycler SYBR Green I Master Kit (Roche, Indianapolis, 
IN, USA) according to the manufacturer’s instructions. 
The reactions were run with the LightCycler 480 real-time 
System using fast 96 well plates (Roche, Indianapolis, IN, 
USA). The data were analyzed using the LightCycler Soft-
ware (v.1.5). The housekeeping gene GADPH was used 
as the reference gene. The data were normalized using 
GADPH as the endogenous control. The reaction without 
reverse transcriptase was used as the negative control. All 
real-time qPCR reaction assays were performed in biologi-
cal replicates to allow for statistical confidence in differ-
ential gene expression (see Supplementary Tables S3 for 
details).

Results and discussion

Mining and prediction of potential target helper genes

In the previous studies, we demonstrated that the recom-
binant PGUS producing strain P. pastoris GS115/
pPIC9 K-pgus showed an increased secretion capacity of 
PGUS under SMG. The transcriptomic and the proteomic 
profiles of the P. pastoris response changes were compared 
under the SMG and NG conditions [12, 23, 24]. The pre-
dicted target genes were selected for potential effects on 
improving PGUS expression based on the magnitude of 
their regulation (relative fold change thresholds) between 
SMG and NG conditions, also based on their potential rel-
evance for heterogeneous expression. The detailed analysis 
of data mining could provide a library of potential helper 
genes for the improvement of P. pastoris. These genes were 
selected for further analysis of their effects on the recom-
binant protein production by co-expression methods. Over-
all, 23 potentially interesting genes that were classified into 
four functional categories (Table 1): (1) carbon metabo-
lism; (2) oxidative stress response; (3) transcription factors; 
and (4) protein folding and secretion.

Overexpressing the genes related with the TCA cycle 
and the pentose phosphate pathway could increase TCA 
cycle flux to further enhance the recombinant protein pro-
duction in P. pastoris [32]. The research demonstrated that 
overexpressing of glucose 6-phosphate dehydrogenase 
(ZWF1), the initial enzyme of the PPP pathways, and the 
malate dehydrogenase (MDH1), an important enzyme of 
TCA cycle, was proved to have the beneficial effect on 
the hSOD production in a P. pastoris strain [21]. Fructose 
1,6-bisphosphate aldolase (FBA), an important enzyme for 
cofactor regeneration, catalyzed the formation of fructose 
1,6-bisphosphate from dihydroxyacetone and glycerade-
hyde-3-phosphate to replenish the xylulose-5-phosphate 
in the downstream reactions of the methanol metabolism. 

The FBA overexpressing strain, leading to a strong impact 
on PGUS production, was presented in our latest published 
work [12]. In this study, the genes FBA, GPM, ENO, ICL1, 
GLO1, and ZWF1 categorized as the carbon metabolism 
were exploited by data mining.

Protein folding in the ER generally involves a chain of 
oxidative folding processes [5]. The strategy of balancing 
cytosolic redox homeostasis was reported to increase the 
recombinant protein production capacity [5]. In our previ-
ous study, we have indicated that co-expressing the gene 
TPX that encoding the thiol peroxidase might efficiently 
counteract oxidative stress arising from heterologous pro-
tein production [7, 12]. The genes involved in oxidative 
stress response may be useful to recombinant proteins 
secretion. In this study, we selected several genes of this 
category for the first time to evaluate their effects on 
recombinant protein secretion.

Transcription factors (TFs) as expression helpers could 
improve the secretion of the recombinant protein when 
they are overexpressed in engineered strains [32]. One of 
the transcription factor HAC1, which is involved in the 
UPR (unfolded protein response), has been demonstrated to 
overcome expression bottlenecks by Guerfal et al. [11]. In 
addition, the overexpression of the gene encoding the tran-
scription factor NRG1 is reported to positively influence the 
secretion of recombinant porcine and human trypsinogen 
as well as the antibody Fab fragment 2F5 [29]. In addition, 
AFT1, an activator of ferrous transport, was also proved 
to be an interesting candidate for improving secretion [4]. 
Therefore, the biotechnological potential of using tran-
scription factors might improve bioprocesses of heterolo-
gous proteins. In this study, we selected the transcription 
factors PAS_chr4_0169, IRE1, MIG1, YAP1, HSF1, and 
RPN4 for the first time to test their functions on recombi-
nant protein secretion.

Some of the genes involved in the protein folding and 
subsequent secretion were identified as novel helper fac-
tors in the previous study [8]. In this study, we selected the 
genes AHA1, SBA1, SIS1, YPT6, and PAS_chr3_0292 to 
determine general secretion helpers with potential benefits 
for heterologous proteins.

Comparing the PGUS production in the engineered 
and the parental strains

The recombinant protein β-glucuronidase PGUS was used 
as one of the reporter proteins for screening target helper 
genes. The PGUS secretion yield was evaluated in five 
clones per strain that harboring a single copy of co-express-
ing target gene to preclude the clonal variation. The PGUS 
specific activities in the supernatant reached a maximum at 
48 h of methanol induction, and the PGUS concentration 
reached a maximum at 96 h of methanol induction (data not 
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shown). The effects of the co-expressing target genes on 
the PGUS concentration in the supernatant at 96 h of meth-
anol induction were varied (Fig. 1). Among 23 co-express-
ing target genes, 12 genes displayed significantly positive 
impacts. These genes were FBA, GPM, TPX, PRX1, RPN4, 
PAS_chr4_0169, YAP1, AHA1, and YPT6, leading to 20.5–
80.4 % increase in the product titers per liter of superna-
tant, while no significant effects were seen by overexpress-
ing other genes (Table 2). Notably, the genes FBA, TPX, 

and GPM were proved to have the positive effects on the 
PGUS secretion in the present study which is in accord-
ance with the previous study [12]. Consequently, the effects 
on the product titers of co-expressing other helper target 
genes demonstrated that six of the genes PRX1, YAP1, 
PAS_chr4_0169, AHA1, YPT6, and RPN4 had the dominant 
positive impacts (Fig. 2a). The engineered strains overex-
pressing the above genes significantly increased the PGUS 
specific activities (Fig. 2b).

Table 1  List of predicted target genes for co-expression

S stationary phase, L mid-exponential growth phase

Gene ID Name Description Proteomic fold 
change

Transcriptomic 
fold change

Carbon metabolism

 PAS_chr1-1_0072 FBA Fructose1,6-bisphosphate aldolase 2.00 (S)

 PAS_chr3_0826 GPM 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase 2.32 (S)

 PAS_chr3_0082 ENO Enolase 3.19 (S)

 PAS_chr1-4_0338 ICL1 Isocitrate lyase 3.16 (S) 1.56 (S)

 PAS_chr4_0842 GLO1 Monomeric glyoxalase 4.24 (L) 2.23 (S)

 PAS_chr2-1_0308 ZWF1 Glucose-6-phosphate dehydrogenase 3.74 (L)

Oxidative stress response

 PAS_chr2-2_0382 TPX Thiol peroxidase that functions as a hydroperoxide receptor 2.59 (S)

 PAS_chr4_0433 AKR_E NADPH-dependent alpha-keto amide reductase 5.69 (L) 2.33 (L)
1.50 (S)

 PAS_chr2-1_0553 LIA1 Deoxyhypusine hydroxylase 4.81 (S)

 PAS_chr2-1_0723 Transcriptional activator related to Msn2p 2.16 (S)

 PAS_chr3_1011 GLR1 Cytosolic and mitochondrial glutathione oxidoreductase 3.12 (L)

 PAS_chr3_0906 PRX1 Mitochondrial peroxiredoxin (1-Cys Prx) with thioredoxin 
peroxidase activity

4.15 (L)

Transcriptional factors

 PAS_chr4_0169 IRE1 Transcription factor that controls expression of many ribosome 
biogenesis genes

8.54 (L)

 PAS_chr2-2_0202 Transcription factor that activates transcription of genes involved 
in stress response

3.08 (L)

 PAS_chr4_0334 MIG1 Transcription factor involved in glucose repression 3.52 (L)
1.15 (S)

 PAS_chr4_0601 YAP1 Basic leucine zipper (bZIP) transcription factor required for 
oxidative stress tolerance

1.357 (L)

 PAS_chr2-1_0026 HSF1 Trimeric heat shock transcription factor, activates multiple genes 
in response to stresses

1.837 (L)
2.03 (S)

 PAS_chr3_0689 RPN4 Transcription factor that stimulates expression of proteasome 
genes

1.65 (L)
2.067 (S)

Protein folding and secretion

 PAS_chr3_0170 AHA1 Co-chaperone that binds to Hsp82p and activates its ATPase 
activity

2.70 (S) 1.48 (L)

 PAS_chr1-4_0043 SBA1 Co-chaperone that binds to and regulates Hsp90 family  
chaperones

3.94 (L)

 PAS_chr2-2_0151 SIS1 Type II HSP40 co-chaperone that interacts with the HSP70 
protein Ssa1p

0.31 (S) 3.35 (L)
2.97 (S)

 PAS_chr4_0165 YPT6 GTPase, Ras-like GTP binding protein involved in the secretory 
pathway

 PAS_chr3_0292 Essential protein possibly involved in secretion 10.16 (L)
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PRX1, the gene encoding the mitochondrial peroxire-
doxin with the thioredoxin peroxidase activity, is as one of 
the most important enzymes in the cellular redox homeosta-
sis [28]. YAP1, a transcription factor, plays an important role 
in response to oxidation and DNA damage. Marizela et al. 
indicated that overexpressing or engineering of YAP1 could 
be a promising target to counteract oxidative stress arising 
from heterologous protein production [16]. In addition, the 
function of transcription factor PAS_chr4_0169 is control-
ling expression of many ribosome biogenesis genes. These 
genes have not been studied in the regulation of protein 
expression in yeast. The function and interaction of AHA1 

of with Hsp90 and its co-chaperones may play roles in mod-
ulating RNA splicing and DNA repair to prompt protein 
correct folding, in addition to other cellular processes [25]. 
The GTPase YPT6 is involved in the intracellular transport 
of vesicles and their fusion with the trans-Golgi network 
and has tolerance under physiological stress conditions [17]. 
The functions of the transcription factor RPN4 are stimulat-
ing the expression of proteasome genes and promoting the 
regulation of several genes involved in DNA repair, anti-
oxidant response, and glucose metabolism [26]. Notably, it 
was first reported that these genes except YAP1 could affect 
recombinant protein secretion in the P. pastoris.

Fig. 1  Coomassie-stained SDS-
PAGE (10 %) examination of 
PGUS yields (76.7KD) of the 
engineered strains co-express-
ing different target genes. a 
Carbon metabolism, b oxidative 
stress response, c transcription 
factors, and d protein folding 
and secretion

Table 2  PGUS production in different strains co-expressing target helper genes

Target gene Protein concentration Specific activity  
(U/mg)

Target gene Protein concentration Specific activity 
(U/mg)

G/gYDM G/L G/gYDM G/L

Control 0.20 0.61 26.18 YAP1 0.25 1.10 57.56

FBA 0.38 0.93 44.13 AHA1 0.29 0.97 48.91

GPM 0.31 0.93 42.92 SIS1 0.28 0.75 37.85

ENO 0.22 0.66 22.72 SBA1 0.29 0.84 40.69

GLO1 0.23 0.72 35.28 YPT6 0.31 0.95 46.52

ICL 0.21 0.65 16.93 PAS_chr3_0292 0.26 0.72 35.89

ZWF1 0.19 0.76 31.23 TPX 0.46 0.95 49.16

IRE1 0.14 0.58 31.82 PRX1 0.74 1.12 54.98

HSF1 0.16 0.58 30.19 GLR1 0.12 0.37 17.64

RPN4 0.50 0.92 45.55 PAS_chr2-1_0723 0.12 0.33 15.75

MIG1 0.15 0.58 35.52 AKR_E 0.22 0.55 20.77

PAS_chr4_0169 0.20 0.92 43.67 LIA1 0.25 0.60 26.24
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Verification of helper target genes by AtXYN 
production

A second extracellular model protein, endo-β-1,4-xylanase 
(AtXYN), was chosen to verify the effect of prediction on 
protein production to preclude a reporter protein specific 
effect. The six target helper genes PRX1, YAP1, PAS_
chr4_0169, AHA1, YPT6, and RPN4 were thus ligated 
into the pGAPZB vectors and were transformed into the 
recombinant AtXYN producing strain P. pastoris GS115/
pPIC9 K-atxyn, respectively. Five verified co-expressing 
clones were randomly chosen and cultured. After 72 h of 
methanol feeding, the xylanase protein concentration and 
specific activity were detected. The co-expressing target 
genes PRX1, YAP1, AHA1, and YPT6 favored the AtXYN 
concentration and the specific activity in the supernatant, 
while the other mutants showed a slight increase or negative 
impacts on AtXYN protein concentration (Fig. 3a). Nota-
bly, the genes PRX1, YAP1, AHA1, and YPT6 could pro-
mote the AtXYN specific activities prominently (Fig. 3b). 
Taken together the results of both PGUS and AtXYN, the 
target helper genes PRX1, YAP1, AHA1, and YPT6, may 
have universal application for the improving recombinant 
protein productions and specific activities. These identi-
fied helper genes were responsible for regulating oxida-
tive stress response and correct protein folding. Therefore, 
more target helper genes could be mined out from these 
two functional categories for recombinant protein produc-
tion study. The hypothesized cause for the enhancement of 
recombinant protein expression is the genomic response of 
yeast cells to the extreme environment of SMG, which may 

alter the global gene transcription especially those related 
to oxidative stress response and protein folding.

Gene cassettes designed for the co‑expressing two target 
helper genes

To detect the effects of overexpressing two target genes on 
the recombinant protein production, several gene cassettes 
combining two target helper genes were inserted into the 
pGAPZB vector. The vectors of pGAPZB-AHA1-YAP1, 
pGAPZB-AHA1-YPT6, pGAPZB-PRX1-YPT6, pGAPZB-
PRX1-YAP1, pGAPZB-PRX1-AHA1, and pGAPZB-
YPT6-YAP1 were thus constructed and introduced into the 
recombinant P. pastoris-PGUS strain (Fig. 4a). The strains 
overexpressed two genes demonstrated promising effects in 
the PGUS specific activities. The PGUS specific activities 
were increased by nearly 30.3–50.6 % in the strains of co-
expression two genes, comparing with that of single genes 
(Fig. 4b). The expression levels of recombinant PGUS 
production were increased particularly when the oxidative 
stress response genes and protein folding helper genes were 
present in the combination. PRX1 and YAP1 could provide 
an antioxidant defense by reducing hydro peroxides, thus 
higher protein production was achieved. Co-expression 
of PRX1 and YAP1 might efficiently counteract oxidative 
stress arising from heterologous protein production. Similar 
effect can be seen on the co-expression of protein folding 
and secretion helper genes AHA1 and YPT6. AHA1 (activa-
tor of Hsp90 ATPase) acted as an autonomous chaperone 
and associated with stress-denatured proteins to prevent 
them from aggregation similar to the chaperonin GroEL 

Fig. 2  Impact of the target helper genes on PGUS expression level after 96 h of methanol induction (a) and PGUS specific activity after 48 h of 
methanol induction (b). Data were represented as mean ± standard deviation (SD)
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[25]. YPT6 may very well function in the yeast Golgi main-
tenance [17]. Our results indicated that the co-expression of 
AHA1 and YPT6 might promote disposal of folding defec-
tive proteins by the cellular protein quality control. Addi-
tional studies should further deeply investigate the poten-
tial synergetic actions of the individual helper factors in the 
future.

Target helper genes affect PGUS glycosylation

Recombinant proteins overexpressed in P. pastoris GS115 
are often N-linked glycosylated with high mannose struc-
tures [34]. In this study, the PGUS gene was cloned from 
the Penicillium purpurogenum Li-3 and it was determined 
that PGUS (β-glucuronidase) contains four potential 

Fig. 3  Impact of the target helper genes on AtXYN expression level after 72 h of methanol induction. a Protein concentration and b specific 
activity. Data were represented as mean ± standard deviation (SD)

Fig. 4  Gene cassettes used for the co-expression in recombinant PGUS strains (a) and the impact of them on PGUS expression levels after 72 h 
of methanol induction (b). Data were represented as mean ± standard deviation (SD)
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N-glycosylation sites (N28, N251, N383, and N594). The 
precise molecular masses of glycosylated and completely 
deglycosylated PGUS enzymes were 78.84 and 67.83 kDa, 
respectively [36]. The PGUS expressed in the P. pastoris 
strains of co-overexpressing target helper genes AHA1 and 
YAP1 was deglycosylated with PNGase-F. The character-
istics of deglycosylated PGUS was enlisted in Fig. 5. The 
PGUS (lane 5 and lane 9) expressed in the P. pastoris strain 
without any target helper gene was also deglycosylated and 
was set as one of the control. The PGUS expressed in the 
E.coli (PGUS-E) (lane 7) and the PGUS with all glyco-
sylation site-directed mutations (PGUS-M, N28Q/N251Q/
N383Q/N594Q) (lane 8) were set as another two controls. 
The PGUS-E and PGUS-M were both non-glycosylated 
proteins. The bands of PGUS-AHA1 (lane 9) and PGUS-
YAP1 (lane 3) were much lower than the band of PGUS 
before deglycosylation with PNGase-F and were close to 
the bands of PGUS-E and PGUS-M. The band of PGUS-
AHA1 was below the band of PGUS-YAP1. After degly-
cosylation with PNGase-F, there were obvious migrations 
of the bands of PGUS (lane 6) and PGUS-YAP1 (lane 3). 
However, there was no migration of PGUS-AHA1 (lane 2), 
indicating that no N-linked oligosaccharides of glycosyla-
tion occurred when the target helper gene AHA1 is co-over-
expressed. In addition, overexpressing the target gene YAP1 
made the PGUS glycosylate at a low level. In this study, 
co-overexpression of AHA1 and YAP1 not only enhanced 
recombinant protein secretion, but also altered the glyco-
sylation of the recombinant proteins. Other studies reported 
that the microgravity condition could alter protein post 
translation, such as phosphorylation and glycosylation [14, 
18, 31]. Joshi et al. demonstrated the mechanism of SMG-
mediated changes in the eukaryotic N-linked glycosyla-
tion pathway of recombinant protein in insect cells. The 
oligosaccharide structures were similar to those produced 
in human placental cells. Insect cells cultured in T-flasks 
only performed incomplete oligosaccharide processing 

[14]. Notably, this study is known to be first reported that 
recombinant protein glycosylation could be affected by 
overexpressing of either target helper genes co-chaperone 
AHA1 or transcription factor YAP1 in P. pastoris. Our result 
suggested that genes responding to SMG effects could be 
applied for recombinant therapeutic glycoproteins produc-
tion in industrial fermentation.

Transcription level of relative genes

The relative transcription levels of the genes 
β-glucuronidase (PGUS), alcohol oxidase I (AOX), and 
protein disulfide isomerase (PDI) were investigated in 
engineered PGUS expressing P. pastoris strains (shown in 
Fig. 6). Notably, the mRNA levels of PGUS were down-
regulated (ranging from 10.4 to 40.5 %) in the strains co-
expressing the helper genes, indicating that the improve-
ment of target protein production was not due to the 
increasing level of PGUS gene transcription, but solely 
resulted from the enhancement of protein secretion. 
Instead, the significant increased transcription levels of 
AOX across all the engineered helper gene co-expressing 
strains implied significant physiological changes of metha-
nol consumption in help factor co-expressing strains com-
pared with control. Likewise, the relative transcriptional 
level of PDI gene encoding the disulfide isomerase, a chap-
erone that catalyzes the formation of disulfide bonds, was 
also upregulated in almost all the co-expressing strains. 
Furthermore, this pattern of upregulation was dominant 
in the strains co-expressing two genes, especially when 

Fig. 5  SDS-PAGE (10 %) analysis of recombinant protein treated 
with PNGaes F (− denoted untreated by PNGase F, + denoted 
treated by PNGase F)

Fig. 6  Relative gene transcriptional level of PGUS, AOX and PDI 
in PGUS expressing P. pastoris and other strains co-expressing tar-
get help factors. All the mRNA levels were tested by qRT-PCR after 
strains undergoing 48 h of methanol induction. Data were represented 
as mean ± standard deviation (SD)
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oxidative stress response gene PRX1 was combined with 
either protein folding and secretion genes YPY6 or tran-
scription factor YAP1 (Fig. 6), which is in accordance with 
the observation of the promising effects of PGUS specific 
activities when PRX1 gene was present in the combination 
(Fig. 4b). Together, these results indicate that the strains 
overexpressing selected target helper genes probably 
underwent better protein folding and menthol utilization, 
which facilitated the enhancement of recombinant protein 
secretion ability in engineered strains.

Conclusions

In this study, we examined the comparative data of tran-
scriptomic and proteomic profiling of recombinant P. pas-
toris cultured under SMG and NG to identify potential 
helper genes which could affect both the heterogeneous 
recombinant protein production and the protein glycosyla-
tion in engineered P. pastoris by gene co-expression. These 
target helper genes are mainly involved in glycolytic path-
way, oxidative stress response, transcription factors, and 
protein folding and secretion. Our results have provided 
many novel helper factors and the relevance of simulated 
microgravity on microbial cells as new tools for subsequent 
strain engineering and microbial fermentation.
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