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Abstract: E2-Spy (abbreviated as ES) plays a vital role as a component in the Bacterial-Like Particles
(BLPs) vaccine against classical swine fever virus (CSFV). This vaccine demonstrates remarkable
immunoprotection, highlighting the importance of augmenting ES production in the development
of CSFV subunit vaccines. In this study, a Pichia pastoris strain capable of high-yield secretory
production of ES was developed through signal peptide engineering, gene dosage optimization and
co-expression of molecular chaperones. Initially, a hybrid signal peptide cSP3 was engineered, leading
to a 3.38-fold increase in ES production when compared to the control strain 1-α-ES. Subsequently,
cSP3 was evaluated for its expression efficiency alongside different commonly used signal peptides
under multicopy conditions. SDS-PAGE analysis revealed that 2-αd14-ES exhibited the highest ES
production, displaying a 4.38-fold increase in comparison to 1-α-ES. Afterwards, SSA1, YDJ1, BIP,
LHS1, and their combinations were integrated into 2-αd14-ES, resulting in a 1.92-fold rise in ES
production compared to 2-αd14-ES (equivalent to a 6.18-fold increase compared to 1-α-ES). The final
yield of ES was evaluated as 168.3 mg/L through comparison with serially diluted BSA protein bands.

Keywords: E2-Spy; hybrid signal peptide cSP3; gene dosage optimization; molecular chaperone

1. Introduction

Classical swine fever (CSF) is a highly contagious disease in pigs, primarily caused by
the classical swine fever virus (CSFV). The E2 protein is the main protective antigen [1,2].
In our previous study, a truncated form of E2 (E2-Spy, abbreviated as ES) was expressed
in a secreted manner in P. pastoris. It was then displayed on the surface of Gram-positive
enhancer matrix (GEM) particles using the SpyTag/SpyCatcher system. The resulting com-
plex was referred to as Bacterial-Like Particles (BLPs). Animal experiments demonstrated
that BLPs exhibited significantly enhanced immunogenicity compared to non-particulate
ES, indicating great potential for application [3]. Hence, enhancing the production yield of
recombinant ES antigens is presently a critical concern that necessitates attention.

Signal peptide optimization is a highly effective strategy for enhancing the production
of target proteins. The nSB signal peptide demonstrated a threefold increase in CalB
production compared to the commonly utilized α-factor signal peptide [4], while the α-
factor ∆57-70 (abbreviated as αd14) signal peptide resulted in a 1.59-fold increase in HRP
production [5]. A typical secretory signal peptide comprises a pre-region and a pro-region,
where the pre-region dictates the translocation pathway of the precursor protein into the
endoplasmic reticulum (ER), and the pro-region mediates receptor-dependent packaging
into ER-derived COPII transport vesicles [6,7]. The α-factor signal peptide guides precursor
proteins into the ER through the post-translational translocation pathway [7,8]. In this
process, the precursor protein may undergo folding and the formation of complex structures
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before entering the ER [9]. Due to the narrow diameter of the translocation channel in the
ER membrane, only proteins with an α-helical conformation or containing simple secondary
structures can pass through [9]. ES possesses a typical disulfide bond structure. The six
cysteine residues at the N-terminus form three pairs of nested disulfide bonds (Cys4–Cys48,
Cys103–Cys167, Cys129–Cys139), resulting in a tightly folded conformation [1,10]. This
conformation is unfavorable for ES to enter ER for subsequent processing.

The alternative translocation pathway is co-translational translocation. Nascent
polypeptide chains enter the ER in a “linear” form and fold into their native conformations
within the organelle [11]. This mode of protein translocation, where synthesis and trans-
membrane transport occur simultaneously, prevents premature folding of the precursor
protein and facilitates the secretion of the target protein [12–14]. Literature reports have
demonstrated that both the chicken lysozyme signal peptide (pre-cSIG) [15] and the Sac-
charomyces cerevisiae Oligosaccharyltransferase 1 signal peptide (pre-Ost1) [16] can guide
precursor proteins into the ER through the co-translational translocation pathway. The use
of the hybrid signal peptide pre-Ost1-pro-α-factor resulted in a 20-fold increase in the yield
of tetrameric red fluorescent protein E2-Crimson in the fermentation broth, and a 10-fold
elevation in the production of lipase BTL2 [7]. In our previous study, the intracellular
yield of ES was increased 17.87-fold (as determined by Western blot) using the cSIG signal
peptide. Unfortunately, ES was not secreted into the culture medium. These observations
confirm that precursor proteins prone to spontaneous folding exhibit higher efficiency in
transmembrane transport through the co-translational translocation pathway compared to
the post-translational translocation pathway.

Enhancing protein secretion through optimization of gene dosage and co-expression
of molecular chaperones presents a viable strategy. Intracellular expression often exhibits a
strong linear correlation between the yield of the target protein and the gene copy number.
For example, a strain with eight gene copies led to an 18.06-fold increase in the yield
of HBsAg [17], while a strain with fourteen gene copies resulted in a more than 30-fold
increase in the yield of tetanus toxin fragment C [18]. In the context of secretory expression
of recombinant proteins, increasing gene dosage typically results in an initial increase
in protein production followed by a decline, and the gene copy number associated with
the strain showing the highest production is termed the optimal copy number [19]. It is
hypothesized that the overexpression of precursor proteins may consume a substantial
amount of cellular resources, such as molecular chaperones, and impose stress on the yeast
cells [20]. Co-expressing molecular chaperones can mitigate cellular stress and restore
homeostasis. For instance, PDI is responsible for the isomerization of disulfide bonds
during peptide chain folding and also functions independently as a molecular chaperone
to aid protein folding [21]. The co-expression of Hsp70s (SSA1, BIP), Hsp40s (YDJ1),
and NEFs (SNL1, LHS1) may enhance the translocation competence of the recombinant
protein [22]. Additionally, SSO1 facilitates the secretion of target proteins from the Golgi to
the extracellular space [23].

In this study, a three-step approach was employed to enhance the production of
ES (as depicted in Figure 1). The approach was validated through SDS-PAGE and semi-
quantitative analysis since protein quantification methods, such as indirect ELISA, were not
available. Initially, various signal peptides were fused to the N-terminus of ES, and their
pro-region sequences were combined with pre-cSIG to generate hybrid signal peptides
capable of effectively directing the secretory expression of ES. The performance of the highly
efficient hybrid signal peptide was also compared with other well-known signal peptides.
Subsequently, the yields of different signal peptide-ES combinations were evaluated under
varied copy number conditions to determine the optimal combination of signal peptide
and copy number. Finally, molecular chaperones were co-expressed to enhance the folding
and transportation of ES. This strategy is expected to provide valuable insights for future
research on recombinant envelope glycoprotein expression.
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Figure 1. Schematic presentation of the optimized production of ES. The expression elements and
partial multiple cloning sites were labeled.

2. Materials and Methods
2.1. Strains, Plasmids, and Culture Medium

P. pastoris strain GS115, E. coli strain DH5α were purchased from Invitrogen (Carlsbad,
CA, USA). Plasmids pMCO-AOXα and pMCO-AOXα-E2-Spy were stocked in this lab.
E. coli strains were cultured in LB medium (1% (w/v) NaCl, 1% (w/v) tryptone and 0.5%
(w/v) yeast extract, pH 7.0). YPD medium (2% (w/v) peptone, 2% (w/v) dextrose, 1% (w/v)
yeast extract) was used in P. pastoris culture, while YPDZ plates (YPD plus 100 µg/mL
Zeocin) were used for the selection of positive P. pastoris transformants. The P. pastoris
transformants were cultured in BMGY medium (2% (w/v) peptone, 1.34% (w/v) yeast
nitrogen base, 1% (w/v) yeast extract, 1% (w/v) glycerol), and were transferred to BMMY
medium (2% (w/v) peptone, 1.34% (w/v) yeast nitrogen base, 1% (w/v) yeast extract, 1%
(w/v) methanol) for inducing expression of the target protein. All reagents were purchased
from Sangon Biotech (Shanghai, China).

2.2. Construction of Recombinant Plasmids with Various Signal Peptides or Molecular Chaperones

The signal peptides used in this study, as detailed in Table 1, underwent codon
optimization and were subsequently synthesized in vitro and subcloned into pMCO-AOXα-
E2-Spy via EcoR I and Xho I, as depicted in Figure 1. The pro-region of these signal
peptides (highlighted in blue in Table 1) has been analyzed and predicted as previously
described [24]. The resulting plasmids were labeled as pMCO-αd14-ES, pMCO-OP-ES,
and so forth. The primers shown in Supplementary Table S1 were utilized to amplify
the molecular chaperone genes, which were integrated into pMCO-AOX via EcoR I and
Not I, as depicted in Figure 1. The resulting plasmids, expressing intracellular molecular
chaperones, were denoted as pMCO-SSA1, pMCO-YDJ1, and others.
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Table 1. Signal peptides used in this study.

Abbreviated Name Full Name Sequence Plasmid Name Yeast Strain Name

α α-factor MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASI
AAKEEGVSLEKR pMCO-α-ES 1-α-ES

αd14 α-factor ∆57-70 MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSASIAAKEEGVSLEKR pMCO-αd14-ES 1-αd14-ES

OP pre-Ost1-pro-α-factor MRQVWFSWIVGLFLCFFNVSSAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFIN
TTIASIAAKEEGVSLEKR pMCO-OP-ES 1-OP-ES

SP1 nSB MKLLSLTGVAGVLATCVAATPLVKR pMCO-SP1-ES 1-SP1-ES

SP2 254570357 MKLSTNLILAIAAASAVVSAAPVAPAEEAANHLHKR pMCO-SP2-ES 1-SP2-ES

SP3 254565023 MINLNSFLILTVTLLSPALALPKNVLEEQQAKDDLAKR pMCO-SP3-ES 1-SP3-ES

SP4 254572688 MKSQLIFMALASLVASAPLEHQQQHHKHEKR pMCO-SP4-ES 1-SP4-ES

SP5 254570078 MKISALTACAVTLAGLAIAAPAPKPEDCTTTVQKRHQHKR pMCO-SP5-ES 1-SP5-ES

SP6 254573224 MQLQYLAVLCALLLNVQSKNVVDFSRFGDAKISPDDTDLESRERKR pMCO-SP6-ES 1-SP6-ES

cSP1 pre-cSIG-pro-SP1 MRSLLILVLCFLPLAALGKVATPLVKR pMCO-cSP1-ES 1-cSP1-ES

cSP2 pre-cSIG-pro-SP2 MRSLLILVLCFLPLAALGKVAPVAPAEEAANHLHKR pMCO-cSP2-ES 1-cSP2-ES

cSP3 pre-cSIG-pro-SP3 MRSLLILVLCFLPLAALGKVLPKNVLEEQQAKDDLAKR pMCO-cSP3-ES 1-cSP3-ES

cSP4 pre-cSIG-pro-SP4 MRSLLILVLCFLPLAALGKVAPLEHQQQHHKHEKR pMCO-cSP4-ES 1-cSP4-ES

cSP5 pre-cSIG-pro-SP5 MRSLLILVLCFLPLAALGKVAPAPKPEDCTTTVQKRHQHKR pMCO-cSP5-ES 1-cSP5-ES

cSP6 pre-cSIG-pro-SP6 MRSLLILVLCFLPLAALGKVKNVVDFSRFGDAKISPDDTDLESRERKR pMCO-cSP6-ES 1-cSP6-ES

SP1 to SP6 were predicted to contain pro-regions via in-silico analysis [4,24]. Pre-region of cSIG was colored in green and pro-regions of various signal peptides were colored in blue.
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2.3. Generation of Yeast Recombinants and Shake Flask Culture

The plasmids for secretory expression of ES were linearized by Sal I and then trans-
formed into P. pastoris GS115 by electroporation, and the resultant transformants harboring
1-copy target gene were designated as 1-αd14-ES, 1-OP-ES, etc. The plasmid pMCO-AOXα
was also transformed into GS115 for generating a negative control (designated as NC).
Positive transformants were selected on YPDZ plates and then cultured in 50 mL of BMGY
liquid medium at 29 ◦C until the yeast cells reached the stationary phase. Afterward, the
yeast cells were collected and resuspended in 50 mL of BMMY liquid medium. Addi-
tional 500 µL of methanol were supplemented every 24 h. After 96 h of induction, the
supernatants of the culture medium were harvested by centrifugation.

2.4. Deglycosylation and Semi-Quantitative Analysis

The supernatant from the P. pastoris culture medium was directly treated by Endo
Hf (New England Biolabs, Beverly, MA, USA) at 37 ◦C for 12 h, and then applied onto
an SDS-PAGE gel stained with Coomassie Brilliant Blue. Subsequently, the gray intensity
value of each positive band was measured using ImageJ 1.48v (National Institutes of Health,
Bethesda, MD, USA).

2.5. RNA Extraction and Quantitative Real-Time PCR Analysis

The total RNA was extracted from the induced transformants using the Yeast Total
RNA Isolation Kit (Sangon Biotech, Shanghai, China). The concentration of total RNA was
quantified using the NanoDrop Spectrophotometer (ND-1000, Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was synthesized from 1 µg of RNA using the HiScript III RT
SuperMix for qPCR Kit (Vazyme, Nanjing, China), and genomic DNA was simultaneously
removed following the manufacturer’s instructions. To compare the transcription levels
of the target gene in different strains, real-time quantitative PCR (qPCR) was performed
with the ChamQ Universal SYBR qPCR Master Mix kit (Vazyme, Nanjing, China). The
mRNA levels of the target gene were analyzed using the 2−∆∆CT method [25], and the
mRNA level was normalized using the GAPDH (PAS_chr2-1_0437) gene as the endogenous
control (housekeeping gene). The qPCR primers used for mRNA quantification are shown
in Supplementary Table S1.

2.6. Construction of the Tandem Multicopy Expression Plasmids and Yeast Transformants

Plasmid pMCO-αd14-ES was digested via Spe I and Xba I to generate a 2.7 kb expres-
sion cassette. Simultaneously, pMCO-αd14-ES was digested by Xba I. These two fragments
were then ligated using T4 ligase to form the plasmid pMCO-2-αd14-ES, which harbors
two copies of the target genes. Similarly, plasmids like pMCO-4-αd14-ES were constructed
using the same method. Subsequently, these plasmids were transformed into P. pastoris
GS115 via electroporation, and the resulting transformants were designated as 2-αd14-ES,
4-αd14-ES, and so on. The copy numbers of the target genes in the multicopy transformants
were confirmed using qPCR and the 2−∆∆CT method, as described by Li et al. [26].

2.7. Obliteration of Resistance toward Zeocin for P. pastoris Transformants

Strain 2-αd14-ES was cultured in BMMY medium for 24 h to induce the expression
of Cre recombinase, which promotes the genetic rearrangement of lox71-PAOX1-lacO-Cre-
AOX1TT-PTEF1-PEM7-ZeoR-CYC1TT-lox66 fragment, as illustrated in Figure 1. The 24 h
BMMY cultures were streaked onto YPD plates, and single colonies were then transferred to
YPD and YPDZ plates and incubated at 28 ◦C overnight to isolate Zeocin-sensitive strains
for the generation of electrocompetent cells.

2.8. Generation of Multicopy Recombinants Co-Expressing Molecular Chaperones

The plasmids containing various molecular chaperones, as listed in Supplementary
Table S1, were linearized and subsequently introduced into Zeocin-sensitive 2-αd14-ES
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electrocompetent cells. After confirming the production of the target protein, the expres-
sion cassettes of the identified positive molecular chaperones were integrated, leading to
plasmids carrying either 2 or 4 expression cassettes of positive molecular chaperones. These
resulting plasmids were then introduced into 2-αd14-ES cells, and the production of the
target protein was evaluated. To assess the yield of the target protein in the optimized yeast
strain, the protein bands were compared with serially diluted BSA.

2.9. Statistical Analysis

The statistical differences were assessed by one-way ANOVA and the t-test, with the
statistical significance set at p < 0.05. The experiments were performed at least three times;
and all the data are expressed as mean ± SD.

3. Results
3.1. Signal Peptide Optimization of ES

In the previous study, the recombinant ES protein exhibited smeared bands ranging
from 35 to 70 kDa. However, these bands were found unsuitable for semi-quantitative anal-
ysis (Supplementary Figure S1). To address this issue, the ES protein was deglycosylated by
treatment with Endo Hf, resulting in a distinct band at approximately 25 kDa and a minor
band at 24 kDa. This observation suggests that the ES expressed in P. pastoris may undergo
heterogeneous glycosylation modification, leading to differential deglycosylation efficiency.
In this study, the culture supernatants were treated with Endo Hf prior to SDS-PAGE
analysis without any concentration.

In order to identify potential pro-regions that can function in conjunction with the
pre-cSIG, SP1 to SP6 were inserted between the AOX1 promoter and ES, and the expression
of the target gene was evaluated. As illustrated in Figure 2, ES was detected in strains
1-SP1-ES to 1-SP6-ES, with consistent transcription levels of ES observed across these strains.
Although the yields of ES with these signal peptides were lower than that of 1-α-ES, it is
speculated that these signal peptides all contain functional pro-region sequences.
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Figure 2. Expression analysis of ES with signal peptides SP1 to SP6. (A) Relative transcription level
analysis. (B) SDS-PAGE analysis. (C) Semi-quantitative analysis. Lane 1, 1-α-ES; Lanes 2–7, 1-SP1-ES
to 1-SP6-ES. NC: negative control. Equal volumes of each deglycosylated supernatant sample (20 µL)
were loaded onto each lane of the SDS-PAGE gel. To facilitate comparison, the mRNA levels and ES
expression levels were comparatively presented using relative quantification methods (normalized to
the control strain 1-α-ES, Lane 1).

Following this, the pre-cSIG was fused with the pro-region of SP1 to SP6, the resultant
signal peptides were designated as cSP1 to cSP6, respectively. Subsequently, the expression
levels of ES were evaluated. As shown in Figure 3, ES was detected in strains 1-cSP2-ES to
1-cSP6-ES, with consistent transcription levels of ES observed across these strains. The use
of cSP3 notably enhanced the expression of ES, resulting in a 3.38-fold increase in yield. In
contrast, the yields of ES with other signal peptides were lower than the control, prompting
their exclusion from further investigations.
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levels and ES expression levels were comparatively presented using relative quantification methods
(normalized to the control strain 1-α-ES, Lane 1). ** p < 0.01.

3.2. Comparison of cSP3 with Other Commonly Used Signal Peptides

The signal peptides αd14 and OP, targeting the post-translational and co-translational
translocation pathways, are commonly utilized in recombinant expression assays. They
were employed to compare the expression efficiency of cSP3. Figure 4 illustrated that
the transcription levels of ES were consistent across these strains, and the expression
efficiency of OP is the lowest. The ES yield in strain 1-cSP3-ES significantly surpassed that
of other strains, exhibiting a 3.75-fold increase compared to 1-α-ES and a 1.61-fold increase
compared to 1-αd14-ES. However, it is uncertain whether the expression efficiency of cSP3
can exceed that of other signal peptides under multicopy conditions. Therefore, in vitro
construction of multicopy plasmids containing different signal peptides was conducted.
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Figure 4. Comparison of cSP3 with other commonly used signal peptides. (A) Relative transcription
level analysis. (B) SDS-PAGE analysis. (C) Semi-quantitative analysis. Lane 1, 1-α-ES; Lane 2, 1-αd14-
ES; Lane 3, 1-OP-ES; Lane 4, 1-cSP3-ES. NC: negative control. Equal volumes of each deglycosylated
supernatant sample (20 µL) were loaded onto each lane of the SDS-PAGE gel. To facilitate comparison,
the mRNA levels and ES expression levels were comparatively presented using relative quantification
methods (normalized to the control strain 1-α-ES, Lane 1). ** p < 0.01.

3.3. Construction of the Tandem Multicopy Expression Plasmids

The isocaudamer method, as previously described [27], was employed to generate
multicopy plasmids for α-ES, αd14-ES, OP-ES, and cSP3-ES, as illustrated in Figure S2A.
To validate the proper integration of expression cassettes, the recombinant multicopy
plasmids were subjected to digestion with Spe I and Xba I. Subsequent gel electrophoresis
analysis revealed a gradual increase in molecular weight related to the inserted expression
cassettes, while the molecular weight of the vector frame remained approximately 8.5 kb
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(as indicated by the arrow in Figure S2B). This result confirmed the precise construction of
the multicopy plasmids.

3.4. Generation of Multicopy Transformants and Expression Identification

The linearized multicopy plasmids were transformed into P. pastoris GS115 and sub-
jected to shake flask culture. The relative transcription levels of ES in the multicopy
yeast strains were confirmed using qPCR and the 2−∆∆CT method (demonstrated in
Figures 5A and 6A). Interestingly, strain 2-cSP3-ES exhibited lower ES production com-
pared to the other 2-copy strains, while the ES production of 2-α-ES and 2-OP-ES showed
improvement (Figure 5B,C). Notably, the ES production of 2-αd14-ES was the highest,
which was 4.38 times that of 1-α-ES.
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Figure 5. Comparison of ES production for 2-copy strains. (A) Relative transcription level analysis.
(B) SDS-PAGE analysis. (C) Semi-quantitative analysis. Lane 1, 1-α-ES; Lane 2, 2-α-ES; Lane 3, 2-αd14-
ES; Lane 4, 2-OP-ES; Lane 5, 2-cSP3-ES. NC: negative control. Equal volumes of each deglycosylated
supernatant sample (20 µL) were loaded onto each lane of the SDS-PAGE gel. To facilitate comparison,
the mRNA levels and ES expression levels were comparatively presented using relative quantification
methods (normalized to the control strain 1-α-ES, Lane 1). ** p < 0.01.
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Figure 6. Comparison of ES production for 4-copy strains. (A) Relative transcription level analysis.
(B) SDS-PAGE analysis. (C) Semi-quantitative analysis. Lane 1, 1-α-ES; Lane 2, 4-α-ES; Lane 3, 4-αd14-
ES; Lane 4, 4-OP-ES; Lane 5, 4-cSP3-ES. NC: negative control. Equal volumes of each deglycosylated
supernatant sample (20 µL) were loaded onto each lane of the SDS-PAGE gel. To facilitate comparison,
the mRNA levels and ES expression levels were comparatively presented using relative quantification
methods (normalized to the control strain 1-α-ES, Lane 1). ** p < 0.01.

In strains with a target gene copy number of 4, the yield of 4-cSP3-ES decreased to
an undetectable level, whereas 4-αd14-ES exhibited the highest ES yield (Figure 6B,C).
Additionally, the yield of 4-OP-ES decreased to 1.26-fold relative to 1-α-ES. Overall, the
yield of ES in 2-αd14-ES was the highest among all strains, being 4.38-fold higher than
the control strain 1-α-ES. Consequently, 2-αd14-ES was selected for molecular chaperone
co-expression experiments.
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3.5. Obliteration of Resistance toward Zeocin for P. pastoris Transformants

The pMCO plasmid and its derivatives contain specific expression elements that
allow for the expression of the Cre recombinase under methanol induction conditions. Cre
recombinase can induce genetic recombination, thereby obliterating the antibiotic resistance
gene cassette located between lox71 and lox66. The single colonies of 2-αd14-ES in BMMY
medium were isolated, and their sensitivity to Zeocin was assessed. Four Zeocin-sensitive
colonies were randomly chosen and designated as 2-αd14-ES-S#5, 2-αd14-ES-S#11, 2-αd14-
ES-S#17 and 2-αd14-ES-S#22, respectively. The transcription and expression levels of ES
in the Zeocin-sensitive yeast strain were verified to be consistent with strain 2-αd14-ES,
as demonstrated by qPCR and SDS-PAGE analyses (Figure 7). Consequently, the strain
2-αd14-ES-S#5 was selected for preparing competent cells.
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3.6. Co-Expression of a Single Molecular Chaperone in Multicopy Yeast Strains

Three cytoplasmic proteins (SSA1, YDJ1, SNL1), three lumenal ER proteins (PDI, BIP,
LHS1), and one plasma membrane t-SNARE protein (SSO1) were selected. The expression
plasmids corresponding to these molecular chaperones were integrated into the genome
of the 2-αd14-ES-S#5 strain, resulting in yeast strains capable of co-expressing specific
molecular chaperones. The mRNA levels of ES were primarily examined to ensure that
changes in ES production in recombinant yeast strains were caused by the introduction
of specific molecular chaperones, as depicted in Figure 8. The co-expression of SSA1,
YDJ1, BIP, and LHS1 led to a significant increase in ES production compared to the control
strain 2-αd14-ES. Notably, the ES yield of 2-αd14-ES-LHS1 was 1.34 times higher than that
of 2-αd14-ES. The increase in ES production for 2-αd14-ES-SSA1, 2-αd14-ES-YDJ1, and
2-αd14-ES-BIP ranged from 1.11 to 1.29 times. In contrast, the co-expression of SNL1, PDI,
and SSO1 led to a decrease in ES production compared to the control strain 2-αd14-ES,
although these yields were still higher than that of the initial strain 1-α-ES.

3.7. Co-Expression of Molecular Chaperone Combinations in Multicopy Yeast Strains

To investigate the potential improvement in ES production by co-expression of SSA1,
YDJ1, BIP, and LHS1, we examined the impact of co-expressing different combinations
of these molecular chaperones: SSA1-YDJ1, BIP-LHS1, and SSA1-YDJ1-BIP-LHS1. As
depicted in Figure 9, the mRNA levels of ES were confirmed to be consistent among strains
co-expressing molecular chaperone combinations. Co-expression of SSA1-YDJ1 and BIP-
LHS1 led to a 1.28-fold and 1.51-fold increase in ES production, respectively, compared to
2-αd14-ES (equivalent to a 4.11-fold and 4.86-fold increase compared to 1-α-ES). Further
validation was performed to assess the effects of co-expressing SSA1-YDJ1-BIP-LHS1 on
ES production. The results indicated a significant 1.92-fold increase in the ES yield of the
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2-αd14-ES-SSA1-YDJ1-BIP-LHS1 strain compared to 2-αd14-ES, representing a 6.18-fold
increase compared to 1-α-ES. Compared to a series of diluted BSA bands, the final ES yield
of the 2-αd14-ES-SSA1-YDJ1-BIP-LHS1 strain reached 168.3 mg/L (Figure 10).
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Lane 1, 1-α-ES; Lane 2, 2-αd14-ES; Lane 3, 2-αd14-ES-SSA1; Lane 4, 2-αd14-ES-YDJ1; Lane 5, 2-
αd14-ES-SNL1; Lane 6, 2-αd14-ES-PDI; Lane 7, 2-αd14-ES-BIP; Lane 8, 2-αd14-ES-LHS1; Lane 9,
2-αd14-ES-SSO1. Equal volumes of each deglycosylated supernatant sample (20 µL) were loaded
onto each lane of the SDS-PAGE gel. To facilitate comparison, the mRNA levels and ES expression
levels were comparatively presented using relative quantification methods (normalized to the control
strain 2-αd14-ES, Lane 2). * p < 0.05.
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Figure 9. Validation of ES production for the strains co-expressing specific molecular chaperone
combinations. (A) Relative transcription level analysis. (B) SDS-PAGE analysis. (C) Semi-quantitative
analysis. Lane 1, 1-α-ES; Lane 2, 2-αd14-ES; Lane 3, 2-αd14-ES-SSA1-YDJ1; Lane 4, 2-αd14-ES-BIP-
LHS1; Lane 5, 2-αd14-ES-SSA1-YDJ1-BIP-LHS1. Equal volumes of each deglycosylated supernatant
sample (20 µL) were loaded onto each lane of the SDS-PAGE gel. To facilitate comparison, the mRNA
levels and ES expression levels were comparatively presented using relative quantification methods
(normalized to the control strain 2-αd14-ES, Lane 2). ** p < 0.01.
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4. Discussion

The study aims to increase the yield of recombinant antigen ES. Both constitutive and
induced expression pathways were considered during the experimental planning stages.
Strangely, unlike the initial strain 1-α-ES in this study, yeast transformants expressing ES
under the constitutive promoter PGAP could not grow normally on YPDZ plates. This was
supported by a 90% reduction in the quantity of positive transformants, and the limited
number of positive transformants did not exhibit growth following the transfer to liquid
YPDZ medium. In the constitutive expression strategy, cell growth and target protein
expression occur simultaneously, so the presence of nested disulfide bonds in ES may cause
a cellular stress response of yeast cells when overexpressed. Therefore, opting for the
utilization of the inducible promoter PAOX1, instead of constitutive promoters like PGAP
and PPMA1 [28], for controlling the expression of ES is a preferable option. This approach
will allow yeast cells to attain a higher density under non-induced conditions before
commencing the production of the target protein, ultimately resulting in a higher yield.

The cSP3 peptide exhibited superior performance in the initial selection of leader pep-
tides but demonstrated decreased efficiency as the expression cassette copy number was
increased. Explaining this phenomenon poses a particularly challenging issue. The review
conducted by Delic et al. compared the differences in the secretion pathways among vari-
ous yeast hosts and highlighted the lack of available information on the essentiality of the
co-translational translocation pathway in P. pastoris [20]. Additionally, other studies have
only mentioned that four proteins may utilize both co- and post-translational translocation
pathways in P. pastoris [29], and that utilizing the pre-Ost1-pro-α-factor signal peptide
can significantly enhance the production of target proteins through the co-translational
translocation pathway targeting [7,30–33]. However, these successful cases have not con-
firmed that knocking out key components of the signal recognition particle (SRP) further
reduces the yield of the target protein, thus failing to provide conclusive evidence of the
effectiveness of the co-translational translocation pathway. Therefore, we propose several
hypotheses to explain the observed phenomenon in this study.

First, the limited abundance of co-translational translocation-associated proteins
within P. pastoris cells may lead to a scarcity or inefficient cycling of the SRP-related proteins
when the target protein is overexpressed, resulting in decreased secretion efficiency. The
second potential explanation could be that the co-translational translocation pathway of P.
pastoris is not as efficient as in other eukaryotic hosts. Yarrowia lipolytica yeast exhibits a
more developed co-translational translocation mechanism, indicated by a strong tendency
for the nascent polypeptide to translocate to the ER lumen co-translationally. This was
evidenced by approximately 75% of the translocation pores being co-fractionated with
ribosomes [34], a much higher percentage compared to only 30% in S. cerevisiae [35]. In Y.
lipolytica yeast, the inactivation of the two genes encoding the 7S RNA component of the
SRP is lethal [36], while the deletion of the SRP54 and SEC65 genes results in a markedly
slow growth rate [37]. Additionally, it has been demonstrated that the components of the
SRP-dependent targeting are not indispensable for S. cerevisiae cell survival. Although
the absence of any elements of SRP ribonucleoprotein led to slower growth and impaired
protein translocation, the cells remained viable [38].

The third potential explanation for the observed phenomena may lie in the inadequacy
of the current experimental design, wherein this study fails to investigate the influence of
terminators on protein yield. Previous research on terminators has mainly concentrated
on comparing termination strengths and examining the impact of secondary structures on
termination efficiency [39,40]. The AOX1 terminator is generally recognized as the most
widely used and strongest terminator in P. pastoris, commonly employed in recombinant
expression experiments [39]. However, a recent study uncovered a phenomenon of SRP
pre-recruitment [41]. Experimental evidence, along with previous studies, led to the
conclusion that the terminators of PMP1 and PMP2 facilitated binding with the SRP even
before the emergence of the secretion signal, indicating that SRPs can be pre-recruited
independently of the signal [42]. It is important to note that the 3′UTR is not sufficient
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for SRP-mediated targeting, as binding of the leader peptide to the SRP54 hydrophobic
groove is important during the co-translational translocation process [41]. Furthermore,
another study found that the combined use of a multicopy plasmid, Ost1-pro-MFα1 signal
peptide, and PMP1 terminator increased the secretion level of CelA by 5-fold [30]. This
data not only underscores the effectiveness of SRP pre-recruitment but also demonstrates
that the use of multicopy and the co-translational translocation signal peptide Ost1 can
synergistically enhance protein yield.

The engineering of strains with molecular chaperones often entails a trial-and-error
approach that is highly specific to the considered protein [43]. The identification of expres-
sion bottlenecks for different target proteins is associated with changes in the protein yield
and the functions of molecular chaperones that enhance yields [44]. Thus, methods that
can universally enhance the production of target proteins hold significant promise and are
highly relevant for reference. Staudacher et al. demonstrated a substantial increase in the
expression of the target protein by overexpressing factors associated with the closed-loop
conformation, a structure that improves stability and translation initiation rates. Further-
more, the co-expression of eIF4E, eIF4A, eIF4G, and PAB1 under the control of the GAP
promoter resulted in a 2.5-fold increase in the target protein yield, concurrently enhancing
global translational activity [45]. Moreover, a push-and-pull strategy has recently been
utilized to improve the secretory expression of heterologous proteins [22]. Concurrently
expressing Hsp70s, Hsp40s, and nucleotide exchange factors (NEFs) enhanced both the
translocation competence and targeting of the recombinant protein to the ER membrane, fa-
cilitating protein transportation into the ER and subsequent folding in the ER lumen. Using
this strategy, the yield of Fab increased by 4.77-fold, scFv by 2.71-fold, and carboxylesterase
by 2.75-fold. It is important to note that the expression strengths of different molecular
chaperones vary. Hsp70s and Hsp40s utilized very strong constitutive promoters like PGAP,
PGAPn, and PMDH3, while NEFs used a medium strong promoter, PPOR1. Earlier studies
have found cellular abundances of approximately 336,941 for BIP, 2420 for SIL1, and 139 for
LHS1 [46,47]. This suggests that uniformly regulating the expression of different molecular
chaperones using the AOX1 promoter in this study may not be entirely appropriate. This
could be an explanation for the decrease in ES production observed with the co-expression
of SNL1, PDI, and SSO1.

In future research, would be valuable to investigate specific strategies aimed at en-
hancing the ES production in more effective ways. For instance, integrating plasmids into
the yeast genome at specific sites, such as the nontranscribed intergenic spacer (NTS) in
the rDNA repeat locus [48], may lead to higher transcription levels of ES proteins, as the P.
pastoris genome contains around 16 copies of the rDNA repeat region [49]. Furthermore,
the optimization of expression elements warrants further exploration. Prielhofer et al. have
documented a promoter (PGTH1) that enables the separate regulation of cell growth and
heterologous protein expression by varying glucose concentrations in the culture medium,
offering potential advantages for sustaining protein production under low oxygen and low
nutrient conditions [50]. Utilizing mutated variants of the AOX1 promoter [51] to regulate
the expression of molecular chaperones may offer advantages, as well as considering the
use of the PMP1 terminator [30] to pre-recruit the SRPs in P. pastoris. It is also important to
explore the use of additional molecular chaperones (e.g., eIF4G, PAB1) to increase the ES
yield. Finally, further experimentation on the strategies proposed in this study is crucial to
improving the expression of antigen proteins for various enveloped viruses, such as dengue
virus [52] and hepatitis C virus [53], both of which have limited yields of the protective
antigen E protein in P. pastoris. These studies will significantly advance the research and
implementation of subunit vaccines for flaviviruses.

5. Conclusions

A hybrid signal peptide, cSP3, was constructed and employed to improve the produc-
tion of ES, demonstrating superior expression efficiency compared to other signal peptides.
Strain 2-αd14-ES showed the highest yield under multiple copy conditions, exhibiting
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a 4.38-fold increase compared to the initial strain 1-α-ES. Furthermore, co-expression of
molecular chaperones further increased the production of ES to 6.18-fold compared to
1-α-ES. Following multiple optimization steps, the final yield of ES reached 168.3 mg/L.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation10020099/s1, Table S1: Primers used in this study;
Figure S1: SDS-PAGE analysis of the deglycosylation for ES; Figure S2: Construction and identification
of the multicopy plasmids.

Author Contributions: Conceptualization, D.L.; methodology, B.L. and Y.Z. (Yiheng Zheng); vali-
dation, B.L., S.Z. and Y.Z. (Yaohan Zhang); formal analysis, B.L.; investigation, B.L.; resources, D.L.;
data curation, B.L. and D.L.; writing-original draft preparation, B.L.; writing-review and editing, B.L.
and D.L.; supervision, D.L.; project administration, D.L.; funding acquisition, D.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (Grant No.
32002316).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and supplementary materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Huang, Y.L.; Deng, M.C.; Wang, F.I.; Huang, C.C.; Chang, C.Y. The challenges of classical swine fever control: Modified live and

E2 subunit vaccines. Virus Res. 2014, 179, 1–11. [CrossRef]
2. Lin, G.J.; Liu, T.Y.; Tseng, Y.Y.; Chen, Z.W.; You, C.C.; Hsuan, S.L.; Chien, M.S.; Huang, C. Yeast-expressed classical swine fever

virus glycoprotein E2 induces a protective immune response. Vet. Microbiol. 2009, 139, 369. [CrossRef] [PubMed]
3. Li, D.; Zhang, H.; Yang, L.; Chen, J.; Zhang, Y.; Yu, X.; Zheng, Q.; Hou, J. Surface display of classical swine fever virus E2

glycoprotein on gram-positive enhancer matrix (GEM) particles via the SpyTag/SpyCatcher system. Protein Expr. Purif. 2020, 167,
105526. [CrossRef] [PubMed]

4. Vadhana, A.K.P.; Samuel, P.; Berin, R.M.; Krishna, J.; Kamatchi, K.; Meenakshisundaram, S. Improved secretion of Candida
antarctica lipase B with its native signal peptide in Pichia pastoris. Enzym. Microb. Technol. 2013, 52, 177–183. [CrossRef] [PubMed]

5. Lin-Cereghino, G.P.; Stark, C.M.; Kim, D.; Chang, J.; Shaheen, N.; Poerwanto, H.; Agari, K.; Moua, P.; Low, L.K.; Tran, N. The
effect of α-mating factor secretion signal mutations on recombinant protein expression in Pichia pastoris. Gene 2013, 519, 311–317.
[CrossRef]

6. Owji, H.; Nezafat, N.; Negahdaripour, M.; Hajiebrahimi, A.; Ghasemi, Y. A comprehensive review of signal peptides: Structure,
roles, and applications. Eur. J. Cell Biol. 2018, 97, 422–441. [CrossRef]

7. Barrero, J.J.; Casler, J.C.; Valero, F.; Ferrer, P.; Glick, B.S. An improved secretion signal enhances the secretion of model proteins
from Pichia pastoris. Microb. Cell Fact. 2018, 17, 161. [CrossRef] [PubMed]

8. Barrero, J.J.; Pagazartaundua, A.; Glick, B.S.; Valero, F.; Ferrer, P. Bioreactor-scale cell performance and protein production can be
substantially increased by using a secretion signal that drives co-translational translocation in Pichia pastoris. New Biotechnol. 2021,
60, 85–95. [CrossRef]

9. Bush, G.L.; Meyer, D.I. The refolding activity of the yeast heat shock proteins Ssa1 and Ssa2 defines their role in protein
translocation. J. Cell Biol. 1996, 135, 1229–1237. [CrossRef]

10. Van Rijn, P.; Bossers, A.; Wensvoort, G.; Moormann, R. Classical swine fever virus (CSFV) envelope glycoprotein E2 containing
one structural antigenic unit protects pigs from lethal CSFV challenge. J. Gen. Virol. 1996, 77, 2737–2745. [CrossRef]

11. Nyathi, Y.; Wilkinson, B.M.; Pool, M.R. Co-translational targeting and translocation of proteins to the endoplasmic reticulum.
Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2013, 1833, 2392–2402. [CrossRef] [PubMed]

12. Voorhees, R.M.; Hegde, R.S. Toward a structural understanding of co-translational protein translocation. Curr. Opin. Cell Biol.
2016, 41, 91–99. [CrossRef] [PubMed]

13. Gloge, F.; Becker, A.H.; Kramer, G.; Bukau, B. Co-translational mechanisms of protein maturation. Curr. Opin. Struct. Biol. 2014,
24, 24–33. [CrossRef]

14. Kramer, G.; Boehringer, D.; Ban, N.; Bukau, B. The ribosome as a platform for co-translational processing, folding and targeting of
newly synthesized proteins. Nat. Struct. Mol. Biol. 2009, 16, 589–597. [CrossRef] [PubMed]

15. Kuroda, S.I.; Otaka, S.; Miyazaki, T.; Nakao, M.; Fujisawa, Y. Hepatitis B virus envelope L protein particles. Synthesis and
assembly in Saccharomyces cerevisiae, purification and characterization. J. Biol. Chem. 1992, 267, 1953–1961. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/fermentation10020099/s1
https://www.mdpi.com/article/10.3390/fermentation10020099/s1
https://doi.org/10.1016/j.virusres.2013.10.025
https://doi.org/10.1016/j.vetmic.2009.06.027
https://www.ncbi.nlm.nih.gov/pubmed/19625145
https://doi.org/10.1016/j.pep.2019.105526
https://www.ncbi.nlm.nih.gov/pubmed/31689499
https://doi.org/10.1016/j.enzmictec.2013.01.001
https://www.ncbi.nlm.nih.gov/pubmed/23410929
https://doi.org/10.1016/j.gene.2013.01.062
https://doi.org/10.1016/j.ejcb.2018.06.003
https://doi.org/10.1186/s12934-018-1009-5
https://www.ncbi.nlm.nih.gov/pubmed/30314480
https://doi.org/10.1016/j.nbt.2020.09.001
https://doi.org/10.1083/jcb.135.5.1229
https://doi.org/10.1099/0022-1317-77-11-2737
https://doi.org/10.1016/j.bbamcr.2013.02.021
https://www.ncbi.nlm.nih.gov/pubmed/23481039
https://doi.org/10.1016/j.ceb.2016.04.009
https://www.ncbi.nlm.nih.gov/pubmed/27155805
https://doi.org/10.1016/j.sbi.2013.11.004
https://doi.org/10.1038/nsmb.1614
https://www.ncbi.nlm.nih.gov/pubmed/19491936
https://doi.org/10.1016/S0021-9258(18)46039-5
https://www.ncbi.nlm.nih.gov/pubmed/1370486


Fermentation 2024, 10, 99 14 of 15

16. Forte, G.M.; Pool, M.R.; Stirling, C.J. N-terminal acetylation inhibits protein targeting to the endoplasmic reticulum. PLoS Biol.
2011, 9, e1001073. [CrossRef]

17. Vassileva, A.; Chugh, D.A.; Swaminathan, S.; Khanna, N. Effect of copy number on the expression levels of hepatitis B surface
antigen in the methylotrophic yeast Pichia pastoris. Protein Expr. Purif. 2001, 21, 71–80. [CrossRef]

18. Clare, J.; Rayment, F.; Ballantine, S.; Sreekrishna, K.; Romanos, M. High-level expression of tetanus toxin fragment C in Pichia
pastoris strains containing multiple tandem integrations of the gene. Bio/Technology 1991, 9, 455–460. [CrossRef]

19. Zhu, T.; Guo, M.; Tang, Z.; Zhang, M.; Zhuang, Y.; Chu, J.; Zhang, S. Efficient generation of multi-copy strains for optimizing
secretory expression of porcine insulin precursor in yeast Pichia pastoris. J. Appl. Microbiol. 2009, 107, 954–963. [CrossRef]

20. Delic, M.; Valli, M.; Graf, A.B.; Pfeffer, M.; Mattanovich, D.; Gasser, B. The secretory pathway: Exploring yeast diversity. FEMS
Microbiol. Rev. 2013, 37, 872–914. [CrossRef]

21. Ahmad, M.; Hirz, M.; Pichler, H.; Schwab, H. Protein expression in Pichia pastoris: Recent achievements and perspectives for
heterologous protein production. Appl. Microbiol. Biotechnol. 2014, 98, 5301–5317. [CrossRef]

22. Zahrl, R.J.; Prielhofer, R.; Ata, Ö.; Baumann, K.; Mattanovich, D.; Gasser, B. Pushing and pulling proteins into the yeast secretory
pathway enhances recombinant protein secretion. Metab. Eng. 2022, 74, 36–48. [CrossRef]

23. Puxbaum, V.; Mattanovich, D.; Gasser, B. Quo vadis? The challenges of recombinant protein folding and secretion in Pichia
pastoris. Appl. Microbiol. Biotechnol. 2015, 99, 2925–2938. [CrossRef] [PubMed]

24. Massahi, A.; Çalık, P. In-silico determination of Pichia pastoris signal peptides for extracellular recombinant protein production. J.
Theor. Biol. 2015, 364, 179–188. [CrossRef] [PubMed]

25. Nolan, T.; Hands, R.E.; Bustin, S.A. Quantification of mRNA using real-time RT-PCR. Nat. Protoc. 2006, 1, 1559–1582. [CrossRef]
[PubMed]

26. Li, D.; Wu, J.; Chen, J.; Zhang, D.; Zhang, Y.; Qiao, X.; Yu, X.; Zheng, Q.; Hou, J. Optimized expression of classical swine fever
virus E2 protein via combined strategy in Pichia pastoris. Protein Expr. Purif. 2020, 167, 105527. [CrossRef] [PubMed]

27. Li, D.; Zhang, B.; Li, S.; Zhou, J.; Cao, H.; Huang, Y.; Cui, Z. A novel vector for construction of markerless multicopy overexpression
transformants in Pichia pastoris. Front. Microbiol. 2017, 8, 1698. [CrossRef] [PubMed]

28. Cox, H.; Mead, D.; Sudbery, P.; Eland, R.M.; Mannazzu, I.; Evans, L. Constitutive expression of recombinant proteins in the
methylotrophic yeast Hansenula polymorpha using the PMA1 promoter. Yeast 2000, 16, 1191–1203. [CrossRef] [PubMed]

29. Massahi, A.; Çalık, P. Endogenous signal peptides in recombinant protein production by Pichia pastoris: From in-silico analysis to
fermentation. J. Theor. Biol. 2016, 408, 22–33. [CrossRef]

30. Besada-Lombana, P.B.; Da Silva, N.A. Engineering the early secretory pathway for increased protein secretion in Saccharomyces
cerevisiae. Metab. Eng. 2019, 55, 142–151. [CrossRef]

31. Donelan, W.; Li, S.; Dominguez-Gutierrez, P.R.; Anderson, I.V.A.; Yang, L.-J.; Nguyen, C.; Canales, B.K. Expression and secretion
of glycosylated barley oxalate oxidase in Pichia pastoris. PLoS ONE 2023, 18, e0285556. [CrossRef]

32. Chien, M.-L.; Yu, C.-F.; Huang, C.-T. Extracellular Production of the Taiwan-Native Norovirus P Domain Overexpressed in Pichia
pastoris. Fermentation 2023, 9, 498. [CrossRef]

33. Fitzgerald, I.; Glick, B.S. Secretion of a foreign protein from budding yeasts is enhanced by cotranslational translocation and by
suppression of vacuolar targeting. Microb. Cell Fact. 2014, 13, 125. [CrossRef]

34. Boisramé, A.; Kabani, M.; Beckerich, J.-M.; Hartmann, E.; Gaillardin, C. Interaction of Kar2p and Sls1p Is Required for Efficient
Co-translational Translocation of Secreted Proteins in the Yeast Yarrowia lipolytica. J. Biol. Chem. 1998, 273, 30903–30908. [CrossRef]
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