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Abstract: Type III interferon (IFN-As) exhibit potent antiviral activity and immunomodulatory effects in
specific cells. Nucleotide fragements of bovine ifn-A (boifn-A) gene was synthetized after codon optimization.
The boifn-A gene was then amplified by splicing by overlap extension PCR (SOE PCR), resulting in serendipitous
acquisition of the mutated bolFN-A3V18M, Recombinant plasmids pPICZaA-bolFN-A3/A3V18M were constructed
and the corresponding proteins were expressed in Pichia pastoris with high-level extracellular soluble form.
Dominant expression strains of bolFN-A3/A3V18M were selected by Western blot and ELISA, cultured on a large
scale, and the recombinant proteins purified by ammonium sulphate precipitation and ion exchange
chromatography, yielding 1.5g/L and 0.3 g/L, with 85% and 92% purity, respectively. The antiviral activities of
boIFN-A3/A3V18™ exceeded 10° U/mg, were neutralized with IFN-A3 polyclonal antibodies, were susceptible to
trypsin, and retained stability within defined pH and temperature ranges. Furthermore, bolFN-A3/A3V18M
exerted antiproliferative effects on MDBK cells without cytotoxicity at 10 U/mL. Overall, boIFN-A3 and boIFN-
A3VIM did not differ substantially in biological activity, except for reduced glycosylation of the latter.
Development of bolFN-A3 and comparative evaluation with the mutant provide theoretical insights into
antiviral mechanisms of bolFN-As and provide material for therapeutic development.
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1. Introduction

As early as 2010, IFN-A3 cDNA prediction sequences of bovine type III IFN published in NCBI
and first cloned in 2011[1]. It is located on chromosome 18 and contains 588 bases, encoding 195
amino acids and 23 signal peptides. IFN-A which is also known as IL-28B have remarkable antiviral
activity and immunomodulatory function and is expressed to varying degrees in different tissues
and organs[2]. Human IFN-A1 is a glycosylated protein while IFN-A2 and IFN-A3 are not. The two
members of the mouse type III interferon family (IFN-A2 and IFN-A3) are located on chromosome
7A3 of mice, with a 98% similarity in their genes. It is worth noting that IFN-A1 is a pseudogene,
while both IFN-A2 and IFN-A3 undergo glycosylation modification[3]. Antigen-presenting cells such
as dendritic cells are the central cells that produce IFN-A induced by virus or RNA. fn-A gene was
significantly expressed after infection with influenza virus or/and stimulation with pathogen-
associated molecular pattern, such as lipopolysaccharide or poly I: C[4,5]. In skin tissue, IFN-A is
secreted by dendritic cells and regulatory T cells and has biological effects on keratinocytes and
melanocytes[6].

P. pastoris combines the advantages of both prokaryotic and eukaryotic expression systems, with
easy preparation and purification, and is suitable for high-level expression, and is characterized not
only by intracellular and secretory expression but also by post-translational modifications[7,8]. More
than 500 proteins have been successfully expressed in P. pastoris expression system[9]. The bovine
IFN-a was efficiently expressed through codon optimization of P. pastoris, which expression yield
was about three times than that wild type at the same copies, and opti-bolFN-a showed antiviral
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activity in MDBK and IBRS-2 cells all over 105 U/mg against VSV[7]. P. pastoris expression involves
modifying precursor proteins via proper folding, disulfide bond formation, and moderate O-
glycosylation and N-glycosylation. Protein folding and disulfide bond formation are recognized as
rate-limiting steps in the expression of exogenous proteins in P. pastoris. The organism's ability to
process, fold and secrete recombinant proteins determines the productivity of the yeast expression
system. Over-glycosylation of yeast or protein in some natural active states is non-glycosylated, while
yeast expression shows glycosylation, which is an unfavorable factor for P. pastoris expression. This
type of protein often results in defects in biological activity and an increase in adverse reactions.
Genetic engineering and exogenous gene modification technology can be used to mutate or modify
glycosylation sites[10].

To achieve high-level expression of bovine IFN-A3 (bolFN-A3), we optimized bolFN-A3, and
achieved extracellular expression of optimized (opti)-bolFN-A3 in P. pastoris. We amplified the 18th
amino acid mutant of bolFN-A3 by accident. This study intends to express bolFN-A3/A3V1$M by P.
pastoris production system. We compared the biological activity of the optimized codon between
bolFN-A3 and bolFN-A3V18M, To further understand the biological function of boIlFN-A3 and provide
material for the preparation of antiviral agents.

2. Materials and Methods

2.1. Plasmid, strains, cells, virus and antibody

The competent cell DH5a were preserved and used in our laboratory P. pastoris. The host strain
GS115 and expression vector pPICZaA were obtained from Invitrogen (Carlsbad, CA, United States).
Madin-Darby bovine kidney (MDBK) cells were preserved in our laboratory. VSV (Vesicular
Stomatitis Virus) was purchased from the China Institute of Veterinary Drug Control. Rabbit
polyclonal antibodies (PAb) against human IL-28B (IFN-A3) (GTX123335) were purchased from
GeneTex (CA, USA), Rabbit PAb against bovine IL-28B (IFN-A3) is prepared by our laboratory.

2.2. Design and synthesis of bolFN-A3

Codon usage of predicting and cloned bolFN-A3 (GenBank Accession No. XM_002695050 and
No. HQ317919) from Bos taurus was analyzed using Dnastar Lasergene software and optimized by
replacing a base frequently used in P. pastoris with frequently used codons and changed single-
nucleotide using by PCR amplification resulting in the 18th amino acid of the mature peptide, the
former (called opti-bolFN-A3, GenBank Accession No. OQ565418) being valine (V) and the latter
(called boIFN-A3V18M, GenBank Accession No. OQ565419) methionine (M). Opti-bolFN-A3,
referring to the principle of gene splicing by overlap extension (SOE), designed 14 oligonucleotide
chains with about 20 bp overlap each other (Table 1). BGI Co., Ltd synthesized the oligonucleotide
chains.
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Table 1. Oligonucleotides for synthesizing the bolFN-A3 gene

No. Oligonucleotide fragments (5'-3")
P1 AGCTCTCGAGxaAAAAGAGTTCCAGTTCCATCTGCCCCAAGAGCTTTGCC
P AGACAAGGACTTAAATTGAGCCACGTGACAACCACGGGCTGGTGGCAAAGCTCITGG
GG
Py AGACAAGGACTTAAATTGAGCCATGTGACAACCACGGGCTGGTGGCAAAGCTCTITGG
GG
P3 GCTCAATTTAAGTCCTTGTCTCCACAAGAATTGCAAGCCTITTAAGACTGCTAGAGACG
C
P4 AGAACAGTCCCAGTCCTTTGGCAAGAAAGAGTCTTCGAAAGCGTCTCTAGCAGTCTITA
A
P5 AAGGACTGGGACTGTTCTACTCACTTGTTCCCAAGAACTAGAGACTTGAAGCACTTGC
A
P6 AGGCCAATTCAGCTTCCAAAGCAACAGGTCTTTCCCAAACTTGCAAGTGCTTCAAGTC
T

P7  GGAAGCTGAATTGGCCTTGACTTTGACTGTTITTGGAAGCTATGGCTAACTCTTCTTTGG
GTTTTGCAAAGTCAACAATGGCTGTTCCAAAGAGTGACCCAAAGAAGAGTTAGCCAT

AG
P9  CATTGTTGACTTTGCAAAACATCCACTCTAAGTTGCAAGCCTGTGTTCCAGCTCAACCA
CAACCAGTGGTGCAATCTACCTCTAGGTCTGGAAGAGGCGGTTGGTTGAGCTGGAAC

P8

P10 AC

P11 AGATTGCACCACTGGTTGCACAGATTGCAAGAGGCTAGAAAGGAATCCCAAGACTGT
TT

P12 AGTCAACAATCTCAACAAGTTGAACATAACAGAAGCCTCCAAACAGTCITGGGATTC
CT

P13 AACTTGTTGAGATTGTTGACTAGAGACTTGAAGTGTGTTGCTTCTGGTGACCAATGTGT

P14 GACTTCTAGAxa ITAAACACATTGGTCACCAGAAG

2.3. Construction of recombinant expression vector

The boifn-A3 gene was amplified with SOE PCR, each of the four oligonucleotide chains P1 ~ P4,
P5 ~ P8, P7 ~ P10 and P11 ~ P14 were fused to obtain S1 ~ 5S4 product fragments, and then 51 and S2,
S3 and S4 products were fused to obtain S12 and 534 fusion fragments, respectively. The fusion
fragments were fused to obtain the template for bolFN-A3 amplification, and then P1 and P14 were
used for ordinary PCR amplification (Figure 1). The boifn-A3/A3V18M gene fragment ligated to the
pPICZaA vector between Xho I and Xba I sites, the restriction enzyme (TaKaRa, Japan) sites are
underlined corner markers. P2 is for cloning bolFN-A3, while P2’ for bolFN-A3V18M, then recombinant
plasmid pPICAaA-bolFN-A3/A3V18M was obtained and transformed into E. coli DH5a (TIANGEN,
Beijing, China). Positive transformants identified using restriction analysis and sequencing. Then the
plasmids pPICZaA-bolFN-A3/A3V1M and pPICZa A were linearized with Sac I, and transformed into
competent P. pastoris GS5115 cells mediated by electroporation separately. After incubation in YPD
(Yeast Extract-Peptone Dextrose) medium with zeocin at 30 °C for at least 72 h, the gene integration
was verified by PCR wusing yeast genomic DNA as a template, and 5'AOX1(5-
GACTGGTTCCAATTGAGAAGC-3') and 3'AOX1(5-GCAAATGGCATTCTGACATCC-3") as
primers, and positive transformants were selected for expression.
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Figure 1. The construction of pPICZaA-boIFN-A3 by SOE with optimized codons.

2.4. Expression and identification of bolFN-A3/A3V18M

Selected positive transformants transformed in P. pastoris GS115 cells were grown in BMGY
(Buffered Glycerol-complex Medium) at 28 °C until an OD600 of between 2 and 6 was reached, and
then centrifuged and resuspended with BMMY (Buffered Methanol-complex Medium). After
induction, the entire culture supernatant was harvested by centrifuging at 3000 x g at 4 °C for 15 min.
Then SDS-PAGE was performed to analyze the expression of bolFN-A3/A3V18M, and Western blot was
used to analyze the specificity of bolFN-A3/A3V18M with rabbit PAb against human/bovine IL-28B.

2.5. Screening dominant expression strains of bolFN-A3/A3V18M

Western blot analysis was performed to screen for protein expression. Supernatant was collected
from the expressing strain after 72 h and 6 puL was spotted onto a nitrocellulose membrane and
allowed to dry naturally. PBST and supernatant from induced GS115-pPICZaA were used as
controls. The membrane was blocked with 5% skimmed milk PBST and incubated with a dilution of
rabbit anti-human IL-28B primary antibody followed by HRP-labeled goat anti-rabbit secondary
antibody. The membrane was washed and developed using a CN/DAB substrate kit (Thermo
Scientific, USA)[11].

ELISA analysis was performed to screen for protein expression. Supernatant was collected from
the expressing strain after 72 h and diluted appropriately with 0.05M carbonate buffer (pH9.6) to
serve as the coating solution. The solution was added to ELISA plates and incubated at 4 °C
overnight. The plates were then blocked with 5% skimmed milk and incubated with serial dilutions
of rabbit PAb against human IL-28B antibody. HRP-conjugated goat anti-rabbit IgG was used as the
secondary antibody. Reactivity was visualized by color development using a chromogen/substrate
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mixture of 3,3',5,5"-Tetramethylbenzidine/H202 (Sigma—Aldrich, Saint Louis, MO, USA). The reaction
was terminated using 1M H2SOs and the absorbance of each well at 450 nm was measured using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA)[12].

2.6. Optimization of expression conditions

Selected recombinant strains integrated with the boifn-A3/A3V1$M gene were cultivated in 25 mL
of BMGY medium at 28 °C with constant shaking at 200 x g until OD600 was about 2. The recombinant
protein was induced in a BMMY medium with methanol at a 0.5 % final concentration. At 0 h, 6 h, 12
h,24h,36h,48h, 60 h, 72 h, 84 h, and 96 h, supernatants were collected by centrifugation at 12000 x
g for 30 min at 4 °C. Similarly, methanol was added to a final concentration of 0.5%, 1%, 1.5%, 2%,
3%, 4% to maintain induction. Clarified supernatants were collected for SDS-PAGE analysis or
protein purification.

2.7. Purification of boIFN-A3

The expressed bolFN-A3/A3V18M was purified with ammonium sulfate precipitation and ion
exchange chromatography, and dialyzed with PBS for 48 h. The final protein concentration was
determined using a BCA protein assay kit (Beyotime, Beijing, China). Detailed description is as
follows:

For the ammonium sulfate precipitation method, samples of supernatant of cleared yeast were
poured into the beakers. While stirring at 4 °C with a final concentration of 60 % ammonium sulfate.
After the addition was complete, samples were left to stand overnight at 4 °C and then centrifuged
at 5000 x g for 15 min. Next, the supernatants were carefully removed and pellets were resuspended
into 50 mM Tris-HCl buffer, pH8.0, containing 0.15 M NaCl and 1 mM CaCl: and dialyzed for 24 h to
48 h to remove NaCl. The suspensions were centrifuged at 12000 x g for 15 min to remove any
remaining debris. Supernatants and dissolved pellets were analyzed for the presence of bolFN-A3.
For the ion exchange and gel filtration chromatography, the ammonium sulfate fraction was applied
to a column (1.25 x 6 cm) of Q-Sepharose FF (Pharmacia Biotechnology) equilibrated with 20 mM
phosphate buffer, pH6.8. The column was washed with the same buffer, and bound protein was
eluted by the step wise addition of buffers containing 0.25 M, 0.5 M and 1.0 M NaCl. Fractions of 6
mL were collected dialyzed again by PBS, and the protein concentration was determined after
PEG20000 concentration. The collected solution was purified by Sephadex G-50 Sephadex (Pharmacia
Biotechnology) gel filtration chromatography. The protein equilibrium and elution by PBS.

2.8. Recombinant protein glycosylation analysis

Purified recombinant bolFN-A3 and bolFN-A3V8M were stained for glycoprotein analysis using
the Protein Stains R Glycoprotein Gel Staining Kit from Sangon Biotech (Shanghai, China).

2.9. Antiviral activity assay

Antiviral activity of the recombinant of boIlFN-A3/A3VI8M were titrated as described and
measured on the MDBK/VSV system, with modifications[13]. MDBK cells in 96-well plates were
grown to approximately 90% confluence. Then, 100 uL of purified bolFN supernatant were both
fourfold serial dilutions for 24 h, and challenged with 100TCID50 VSV for another 24~48 h. Antiviral
activity units (U) of IFN were calculated by the Reed-Muench method. The wells without viruses
were considered as the mock-treated controls, and the wells without IFNs were designated as the
virus controls. One unit of interferon activity was defined as the amount to inhibit the destruction of
the cell monolayer by 50%[14].Rabbit anti-bovine and Rabbit anti-human IFN-A3 PAb were diluted
gradiently and mixed with 100 U/mg/ bolFN-A3. Each PAb was diluted in a 96-well plate, and the
inhibition effect of PAb on IFN was determined at 37 °C for 1 h. Rabbit anti-bovine IFN-a PAb was
used as a negative control[15].
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2.10. Physicochemical characteristics analysis of boIFN-A3/A3V1sM

boIFN-A3/A3V18™M was treated with trypsin at a final concentration of 0.25% and then incubated
at 37 °C for 1 h. bolFN-A3/A3V18M was centrifuged at 15000 x g 4 °C for 20 min. The boIlFN-A3/A3VisM
samples adjusted to pH2.0, 4.0 and 10.0, 12.0 with HCl and NaOH were incubated at 4 °C for 24 h,
then the pHs were adjusted back to the original pH of bolFN-A3/A3V18M, The bolFN-A3/A3V18M samples
were separately incubated at 42 °C, 56 °C, and 63 °C for 2 h. MDBK/VSV system was used to assess
the antiviral activity with respect to that of the untreated bolFN-A3/A3V18™ samples[8,14,16].

2.11. Antiproliferative assays of bolFN-A3

The antiproliferative activity of boIlFN-A3 on MDBK cells was measured by MTT assay[8]. Cells
seeded in 96-well plates were treated with 0 U/mL, 10 U/mL, 100 U/mL, 1000 U/mL, and 10000 U/mL
bolFN-A separately and then incubated with MTT for 4 h. DMSO was added after removing the
culture medium, and OD490 was measured.

2.12. Statistical

All experiments were repeated three independent times. Data are expressed as the mean values
standard deviation (SD). Statistical analyses were performed using GraphPad Prism software.
Statistical significance of the differences between groups was determined by Student’s t-test and one-
way analysis of variance (ANOVA) tests: * p <0.05 and ** p <0.01.

3. Results

3.1. Design of pPICZaA-bolFNA3/A3V18M plasmid

To improve expression of bolFN-A3 in P. pastoris, opti-boifn-A3 gene codons were adapted to the
host genome's preferred use, maintaining the amino acid sequence (Figure 2). The transcription of
the gene contained five exons, the CDS was 588 bp, and the IFN precursor includes a signal peptide
of 19 amino acids and the mature peptide had 176 amino acids (Figure 2A). The mature peptide of
the mammalian IFN-A3 sequences contain six conserved cysteine that can form three disulfide bonds
that stabilize the IFN-A3 structure (Figure 2B). IFN-A3 from various species consists of seven a-helices
and five I]-helices, with similar signal peptide cleavage sites. Comparison of bolFN-A3 with other
IFN-A3 species shows a conservative amino acid similarity of 56.8~67.7%. After optimization, the
Codon Adaptation Index increased to 0.92, with a GC content change from 64.72% to 45.80%,
resulting in a total codon distribution exceeding 44%. (Figure 2C and 2D).
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Figure 2. Sequence alignment of codon-optimized boIFN-A3V!M and original bolFN-A3. (A). The
translation process of IFN-A3. (B). Sequence alignment of IFN-A3. GenBank Accession: HulFN-
lambda3, NM_172139.2; MulFN-lambda3, NM_177396.1; BolFN-lambda3V18M, No. OQ565419;
BoIFN-lambda3, No. 0Q565418. (C). Optimization for codon usage rate of the bovine ifn-A3 gene in P.
pastoris. The percentage distribution of codons is computed in codon quality groups. The value of 100
is set for the codon with the highest usage frequency for a given amino acid in the desired expression
organism. Codons with values lower than 30 are likely to hamper expression efficiency. (D).
Comparison of the values of index optimization. The possibility of high protein expression level is
correlated with the value of CAI (a CAI of 1.0 is considered to be ideal, whereas a CAI of > 0.8 is rated
as good for the desired expression). The ideal percentage range of GC content is between 30% and
70%. Any peaks outside this range will adversely affect transcriptional and translational efficiency.

3.2. Construction and identification of pPICZaA-boIFNA3/A3V8M plasmid

Mature bolFN-A3 was amplified 545 bp (Figure 3A and 3B). The pPICZaA-bolFN-A3/A3VisM
were amplified 545 bp and 870 bp by the specific primer pair P1/P14 and 5" AOX/P1, respectively.
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The recombinant gene fragment of 4037 bp was obtained by Xho I digestion, and two bands of 3506
bp and 531 bp were obtained by Xho I and Xba I digestion. The results suggested that enzyme
digestion was consistent with the former and the sequencing results, which were successfully
constructed (Figure 3C). A selected positive transformant was induced for expression.

fx Vi 6 7 8 E3 (: ] 7 8

bp M 1 2 3 4 M 5
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Figure 3. Identification of boIFN-A3/A3V1®™, (A) and (B). The boIFN-A3 and the boIFN-A3V18M SOE-
PCR, respectively. M: Trans2K DNA Marker; 1~4, 5~6, 7 and 8 indicate the first, second, third and
fourth PCR results, respectively. (C). The enzyme digestion and PCR identification of the P. pastoris
transformants integrated into the bolFN-A3 gene. M. Trans2K Plusll DNA Marker; 1 and 5. PCR
Result based on P1/P14; 2 and 6. Xho I digested; 3 and 7 Xho I and Xba I digested; 4 and 8. PCR result
based on 5’AOX/P14. 1~4 was the results of recombinant expression vector pPICZaA-bolFN-A3 and
5~8 indicated the pPICZaA-boIFN-A3V1EM,

3.3. High-level expression of a synthetic bolFN-A3 gene in P. pastoris

The pPICZaA-bolFN-A3 plasmid was transformed into P. pastoris GS115 competent cells,
yielding approximately 200 colonies on YPD plates (Figure S1). Thirteen white colonies exhibiting
rapid growth, moderate size, smooth surfaces, moist protrusions, and neat edges were selected for
further analysis. Eight positive recombinant strains were identified through amplification using
primers 5" AOX/3" AOX, 5" AOX/P14, P1/3" AOX or P1/P14. Six strains were confirmed after two
rounds of PCR verification and selected for subsequent expression analysis. Induced expression of
recombinant plasmid after identification by specific primer PCR. Supernatants of pPICZaA-bolFN-
A3 clarified by centrifugation showed a visible bolFN-A3 band identified using Western blot (Figure
4A) and ELISA (Figure 4B). The former was more intuitive and cumbersome, nevertheless the latter
were more sensitive. In consequence, ELISA method was used to screen high expression strains in
the later identification. Transformants with the boIFN-A3 sequences showed high-level extracellular
soluble optimized bolFN-A3 expressions with estimated masses of 25 kDa. Using the same
methodology, four strains of pPICZaA-bolFN-A3V18M were also selected for expression experiments
(data not shown).
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Figure 4. Selection of high expressed recombinant GS115-pPICZaA-bolFN-A3. 1, 2, 3, 5, 6, and 13
indicates the recombinant GS115-pPICZaA-bolFN-A3, and NC indicates the GS115-pPICZaA. (A).
Identification results of expressed recombinant GS115-pPICZaA-bolFN-A3 by Western blot. (B).
Results of supernatants of pPICZaA-bolFN-A3 were identified by ELISA.

3.4. Optimized expression of the recombinant bolFN-A3/A3"13M

There were prominent expression bands at 23 kDa and 18 kDa, and the expression level
gradually increased from 12 h and reached the peak after 72 h. The proportion of the total protein
analyzed by the gray scale showed that the target protein accounted for more than 85% of the total
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protein. The target strip of 23 kDa accounted for about 70%, while the 18 kDa strip accounted for
about 15%. Therefore, recombinant bolFN-A3 and bolFN-A3V18M were highly expressed in P. pastoris,
and appeared as glycosylated protein (23 kDa) and non-glycosylated protein (18 kDa) (Figure 5A and
5C). To compare the expression efficiency of bolFN-A3 and boIlFN-A3V8™, we performed the gray
scale analysis of the target protein expression, weighing method to measure the wet weight of the
cell, the expression curve of recombinant protein and the growth curve of yeast were obtained
respectively (Figure 5B and 5D). After 72 h, the expression no longer increased, while the expression
of miscellaneous protein increased. Therefore, the optimal induction time was 72 h in baffled flasks.
Both recombinant bolFN-A3 and bolFN-A3V1M can be expressed at 1.2 g/L, and there was no
significant difference in expression between the two.

With the increase of methanol concentration, the expression level of the target protein increased
relatively and reached the peak at 1.5% methanol concentration, while the expression level of
heteroprotein also increased seriously. 4% methanol concentration seriously inhibited foreign
protein, especially recombinant bolFN-A3 yeast strain tended to over glycosylation when the
methanol concentration increased. These results indicate that glycosylated proteins are mainly
expressed forms (Figure 5E and 5F).
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Figure 5. Optimization of expression conditions of the recombinant boIFN-A3/A3V18M, (A, C) The SDS-
PAGE analysis of different induction time of the recombinant bolFN-A3 and bolFN-A3Vi&M,
respectively. (B, D). The protein weight analysis of different induction time of recombinant boIFN-A3
and boIFN-A3V8M, respectively. (E, F). The SDS-PAGE analysis of recombinant P. pastoris GS115 under
different methanol concentrations. (E). GS115-pPICZaA-boIFN-A3. (F). GS115-pPICZaA-bolFN-
A3Vi8M M. Unstained protein molecular weight Marker; NC. The induced protein of GS115-pPICZaA.
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3.5. Expression and purification analysis of the recombinant bolFN-A3/A3V18M

SDS-PAGE and Western blot analysis revealed that the glycosylated and non-glycosylated
proteins of recombinant bolFN-A3 (Figure 6A~C) and bolFN-A3Vi8M (Figure 6D~F) was mainly
expressed as a soluble expression, which had good reactivity with anti-human IFN-A3 and anti-
bovine IFN-A3 antibodies, indicating that bolFN-A3 antigen had certain species conservation, and the
variation of amino acid 18th of mature peptide did not affect its antigenicity.

BoIFN-A3/A3VisM were purified by ammonium sulphate precipitation and ion exchange
chromatography, respectively, both of which could reach a purity of over 80%, with the latter
reaching a purity of over 90%, however, the purified protein expression of the latter was much lower
than that of the former; furthermore, there was no difference in the amount purified by bolFN-A3 and
bolFN-A3V18M on the same purification method (Table 2).

Table 2. The purification of the recombinant boIFN-A3 and boIlFN-A3V1&8M

Total Target
100 mL volume protein protein Purity (%)
(mg) (mg)
Ammonium sulfate
180 152.1 84.5
precipitation
BoIFN-A3
Ion exchange
32 29.44 92
chromatography
Ammonium sulfate
175 148.75 85
precipitation
BoIFN-A3 VisM
Ion exchange
34 31.45 92.5

chromatography

3.6. Glycosylation analysis of the recombinant boIFN-A3/A3V18M

After dialysis, recombinant bolFN-A3 protein was subjected to cation exchange chromatography
(Figure 6G). The glycoprotein of 23 kDa was dyed red non-glycosylated at 18 kDa was not stained. It
proved that most of bolFN-A3 expressed in the form of glycoprotein (Figure 6H). Prediction of bolFN-
A3VIsM was consistent with that of bolFN-A3, so the change of amino acid 18 of mature peptide did
not change its glycosylation site (Figure S2).
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Figure 6. Protein identification and glycoprotein analysis of recombinant bolFN-A3/A3V18M, (A). SDS-
PAGE for recombinant bolFN-A3 strains 5 and 13. M. Unstained protein molecular weight Marker, 1.
The induced protein of G5115-pPICZaA, 2 and 3 is the induced protein of GS115-pPICZaA-bolFN-
A3 strains 5 and 13, respectively. (B, C). Western blot analysis of Rabbit anti bovine IFN-A3 polyclonal
antibody (B) and Rabbit anti human IFN-A3 polyclonal antibody (C) for immune response of
recombinant bolFN-A3. M. PageRuler Marker; 1. The induced protein of GS115-pPICZaA; 2,3. The
induced protein of GS115-pPICZaA-bolFN-A3 strains 5 and 13, respectively. (D). SDS-PAGE for
recombinant bolFN-A3V!®™ strain 2. M. Unstained protein molecular weight Marker; 1. The induced
protein of GS115-pPICZaA-bolFN-A3V18M strain 2. (E, F). Western blot analysis of Rabbit anti bovine
IFN-A3 polyclonal antibody (E) and Rabbit anti human IFN-A3 polyclonal antibody (F) for immune
response of recombinant bolFN-A3V1®™M, M. PageRuler Marker; 1. The induced protein of GS115-
pPICZaA; 2. The induced protein of GS115-pPICZaA-bolFN-A3V!®™ strain 2. (G). SDS-PAGE analysis
of the purification of the recombinant bolFN-A3 and boIFN-A3V!®™M. (H). Glycoprotein staining the
recombinant bolFN-A3 and bolFN-A3VsM,

3.7. Antiviral activities of the recombinant bolFN-A3/A3V18M

The results showed that the recombinant protein could effectively inhibit the pathogenicity of
VSV to MDBK cells (Figure 7A). The antiviral activities of bolFN-A3 and boIlFN-A3VI®™ were > 106
U/mg, bolFN-A3 by ammonium sulfate precipitation was 2.14 x 106 U/mg and by ion-exchange
chromatography was 2.39 x 10¢ U/mg, bolFN-A3V1®M by ammonium sulfate precipitation was 1.93 x
106 U/mg and by ion-exchange chromatography was 2.15 x 106 U/mg. The difference of antiviral
activity between bolFN-A3 and boIlFN-A3V8M was not significant, so the difference of amino acid at
18th of mature peptide did not affect the biological activity of bol[FN-A3 on MDBK-VSV.

3.8. Antibody neutralization for the recombinant bolFN-A3/A3V1sM

After bolFN-A3 and bolFN-A3V18M were incubated with Rabbit anti-bovine and Rabbit anti-
human IFN-A3 PAb at 37 °C for 1 h, the antiviral activity of 100 U/mL IFN-A3 could be completely
neutralized by the high concentration of antibody, while Rabbit anti-bovine IFN-a pAb could not
reduce the antiviral activity of IFN-A3 (Figure 7B and 7C).
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Figure 7. Antiviral activity analysis of the recombinant boIFN-A3/A3VIM (A) and Antibody
neutralization test for the recombinant bolFN-A3(B) and bolFN-A3V8M(C).

3.9. Physicochemical characteristic of bolFN-A3/A3V18M

After treatment with 0.25% trypsin, the antiviral activity of boIFN-A3/A3V1SM entirely
disappeared, suggesting they are highly sensitive to trypsin. The bolFN-A3 was centrifuged at 15000
x g at4 °C for 20 min, and its biological activity on MDBK/VSV was unchanged, and its titer was 2.32
x 10 U/mg/ indicating existed in soluble form.

The lower degree of decrease in protein activity at different temperatures indicates that
recombinant bolFN-A3/A3V18M is less sensitive to heat, and the results are shown in Figure 8A.

The antiviral activity of boIFN-A3 was slightly decreased by different pH, and it was more acid
tolerant than alkali. The antiviral activity of the recombinant protein merely decreased more than two
times at pH2 and even more decreased about 1.5 times at pH4 and 12 (Figure 8B). The
physicochemical properties of bol[FN-A3V18M were consistent with those of bolFN-A3.
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Figure 8. The characteristics of the recombinant boIFN-A3 and boIFN-A3V18M, (A). The results of the
thermal stability test of the recombinant protein. (B). The acid and alkali resistance of the recombinant
protein.
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3.10. Antiproliferative of bolFN-A3/A3V1sM

Microscopic observation showed that there was no difference between the cells treated with
bolFN-A3 and normal cells (Figure 9 and Figure S3). MTT assay showed that MDBK cells were treated
with gradient diluted purified bolFN-A3 for 72 h. It was found that the cell activity of the
experimental group was slightly decreased compared with that of the non-IFN treated group. BoIFN-
A3 of 100 U/mL, 1000 U/mL and 10000 U/mL on MDBK cells decreased by 0.89%, 2.45% and 8.56%,
respectively. It was considered that the dose used had no cytotoxicity, and the high dose of > 10000
U/mL had little effect proliferation inhibition and cytotoxicity. Similarly, bolFN-A3V18™ had almost no
cytotoxicity. 100 U/mL, 1000 U/mL and 10000 U/mL of boIlFN-A3V8™ on MDBK cells decreased by
1.21%, 5.45% and 8.25%, respectively.

-

N

o
1

Bl bolFN-A3
B2 bolFN-A3VEM

=

(=]

(=]
1

(=]
o
1

B
o
1

N
o
1

Percentage of cell growth(%)
[=1]
o
1

o
1
I

0 100 1000 10000
Activity concentration of bolFN-A3 and bolFN-A3""8M (U/mL)

Figure 9. Antiproliferative analysis of boIFN-A3/A3V18M,

4. Discussion

IFN-As, as a type III interferon family, has potential development in the treatment of viral
infection, which with more excellent antiviral and immunomodulatory effects than type I IFN[17]. To
obtain a large number of bioactive bolFN-A3 similar to native bolFN-A3. We prepared the optimized
boifn-A3 gene by considering the yeast codon usage preference, the mRNA free energy, and secondary
structure[18], which was designed and developed. After optimization, the codon adaptation index
was improved and the GC content was decreased. However, the free energy after optimization is not
lower than before, in other words, the structure is not stable after optimization, indicating that the
natural conformation is the most suitable structure for preferential stability.

We optimized the methanol concentration and induction time which play an essential role in the
amount of protein secreted and expressed by P. pastoris. Methanol is the principal carbon source and
gene expression inducer in P. pastoris fermentation strategy, and its level affects cell growth and
productivity. The expression of recombinant protein requires at least 0.5% methanol concentration,
methanol-induced expression of the optimal concentration of up to 2~2.5%. Low concentration of
methanol will cause the proteolytic degradation of the expressed protein. In addition, methanol with
a concentration greater than 5% is toxic to cells[19]. Our results showed that with the increase of
methanol concentration, the expression of the target protein also increased, and after a certain
methanol concentration reached the peak, the expression of the protein was significantly inhibited
under high concentration of methanol, indicating that with the increase of methanol concentration,
the cell may be damaged and its expression decreased. This is basically consistent with the above
reviews.

Incubation time is one of the factors affecting the highest protein expression in P. pastoris
expression system. About 100 h of production time is relatively long. The incubation time was related
to the number of yeast cells and the degree of target protein degradation. Studies have shown that P.
pastoris cells grow fastest at 96 h, whereas protein expression is highest at 48 h. It is likely that longer
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incubation time cause more proteolytic digestion of the expressed protein. Some studies suggest that
optimal time for protein expression at 72 to 96 h[19]. Our results confirm this, we can get the optimal
expression time within 100 h, and determine the optimal expression at 72 h, with the further extension
of time, the expression level is not obvious and showed a downward trend, may be caused by protein
hydrolysis. In addition, such as AOX gene subtypes, sorbitol concentration and temperature factors
will affect the expression of the target protein, which is what we need to consider in the future to
further optimize the expression.

In this study, P. pastoris secreted bolFN-A3 and the target protein accounted for more than 85%
of the total protein. Therefore, in the aspect of purification, the ammonium sulfate salting-out method
was first selected for crude extraction. Then, depending on the theoretical isoelectric point of bolFN-
A3 for the characteristics of 8.31 and the molecular weight between 17~23 kDa, the crude protein was
purified by cation exchange chromatography and gel filtration chromatography. Unfortunately, only
the former purity 92% of the target protein. Gel filtration chromatography did not further obtain the
target protein. Even if the gel medium was Sephadex G-50, the upper column’s volume and eluent
were not obtained. It may pertain to the way of purification and the quality of gel. Even so, the
purified recombinant protein was achieved by ammonium sulfate salting out and ion-exchange
chromatography. By and large, recombinant proteins secreted by P. pastoris are released into the
culture supernatant and are easily purified due to limited production of endogenous secretory
proteins[19]. This yeast system is convenient, it also has relatively rapid expression times,
cotranslational and posttranslational processing, especially for large-scale industrialization.

For interferon therapeutic proteins to attain their complete biological activity, glycosylation
must play an important role. P. pastoris is capable of performing posttranslational modifications like
both N- and O-linked glycosylation[18]. From glycosylation sites prediction and glycoprotein
staining, we could conclude that recombinant bolFN-A3 was expressed in glycosylated and non-
glycosylated forms, consistent with the literature reports[20]. SDS-PAGE and western blot showed
that it mainly expresses in glycosylated form. In the expression and purification of bolFN-A3V18M, the
glycosylation protein was reduced. The glycosylated bolFN-A3 has good water solubility and the
purified bolFN-A3 results in less non-glycosylation, better hydrophilicity, and higher yields.
Although bolFN-A3V18M whose alteration site was not at the glycosylation site was purified, the non-
specific bands were decreased and its level of glycosylation was higher, indicating better water
solubility. This is consistent with our general consensus that N-linked glycosylation constitutes plays
a pivotal role to its hydrodynamic volume in therapeutic proteins and therefore to its
pharmacodynamics behavior, which further reflects even the change of the 18th amino acid affected
its glycosylation level[18]. Moreover, very little O-linked glycosylation has been observed in P.
pastoris[19]. Inconsistent with the number of glycosylation site categories predicted by software
(Putative: One N-gly; two O-gly). Interestingly, there was no difference in the good performance of
the physicochemical properties and antiviral activity of boIlFN-A3/A3VI®™. In future production
practice, boIFN-A3/A3V18M can be mixed and used together, which can achieve both increased yield
and increased solubility as well as antiviral activity. To further explore the effect of glycosylation on
bolFN-A3, the subsequent work needs to use glycosidase decomposition to obtain a single protein for
research.

Physicochemical properties of recombinant bolFN-A3 are neutralized by specific antibodies,
heat-resistant, and acid and alkali-resistant[8]. These properties are comparable to those of known
type I interferon, confirming the functional similarity between IFN-A and IFN-a[21]. In this study,
the effect of the 18th amino acid (V-M) change on the expression and activity of recombinant bolFN-
A3 was analyzed and showed that the difference of amino acid 18th of mature peptide did not affect
the biological activity and physicochemical properties of recombinant bolFN-A3. Gad’s research team
found that each of the 16 amino acids exposed to IFN-A3 at the helix A, D, F, and the corner of AB
was mutated into alanine, which showed that the activity of the mutant was different after the
mutation, 158th amino acid was the critical amino acid for its binding receptor, and it was inactivated
after mutation[22]. Therefore, 18th amino acid of the mature peptide is a dispensable amino acid for
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IFN-A3 to play its role, which neither the structural characteristics of bolFN-A3 nor hinders its
antiviral activity.

5. Conclusions

In conclusion, we successfully constructed the glycosylation-modified bolFN-A3 and incidental
boIFN-A3V18M with only 18th amino acids changed from valine to methionine by optimizing the
design of the bolFNA3 sequence and by optimizing expression conditions of P. pastoris. With
ammonium sulphate precipitation method, bolFN-A3 and boIlFN-A3V8™ were 2.14 x 106 U/mg and
1.93 x 106 U/mg, respectively, by ion-exchange chromatography method, they were 2.39 x 106 U/mg
and 2.15 x 106 U/mg, respectively. The expression, purification, physicochemical properties and cell
proliferation of recombinant bolFN-A3/A3V8M protein were consistent amino acid changes that did
not affect their characteristics. This study provides a theoretical basis for further understanding of
the antiviral mechanisms of bolFN-As and provide material for the preparation of therapeutic agent.

Supplementary Materials: Figure S1: The selection and identification of recombinant GS115-pPICZaA-bolFN-
A3; Figure S2: The predicted N-linked and O-linked glycosylation sequence of bolFN-A3; Figure S3: Inhibation
of VSV in MDBK cell by recombinant boIFN-A3

Author Contributions: Conceptualization, JJW. and M.G.; methodology, R.Z.; software, R.Z. and R.A;
validation, M.G., ].W. and Y.G.; formal analysis, R.Z. and R.A ; investigation, J.G.; resources, Y.G., M.G.; data
curation, M.S.; writing —original draft preparation, R.Z. and R.A.; writing—review and editing, M.G., Y.G., R.Z,,
and R.A.; visualization, R.Z.; supervision, M.G. and Y.G.; project administration, Y.G. and M.G.; funding
acquisition, Y.G. and M.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant number
32002296; China Postdoctoral Science Foundation, grant number 2021M690583; Postdoctoral Science Foundation
of Heilongjiang Province, grant number LBH-Z21099; the Earmarked Fund for CARS36, and the Shuangcheng
Nestle Dairy Farming Institute, grant number NEAU-JKYZYJY-2020-5.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made available by
the authors without undue reservation.

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

References

1. Diaz-San, S.F.; Weiss, M.; Perez-Martin, E.; Koster, M.].; Zhu, J.; Grubman, M.].; de Los, S.T. Antiviral
activity of bovine type III interferon against foot-and-mouth disease virus. Virology 2011, 413, 283-292.

2. Kelly, C.; Klenerman, P.; Barnes, E. Interferon lambdas: The next cytokine storm. Gut 2011, 60, 1284-1293.

3. Zhou, J.H.; Wang, Y.N.; Chang, Q.Y.; Ma, P.; Hu, Y.; Cao, X. Type III interferons in viral infection and
antiviral immunity. Cell. Physiol. Biochem. 2018, 51, 173-185.

4. Andreakos, E.; Zanoni, I; Galani, I.E. Lambda interferons come to light: Dual function cytokines
mediating antiviral immunity and damage control. Curr. Opin. Immunol. 2019, 56, 67-75.

5. Lozhkov, A.A.; Klotchenko, S.A.; Ramsay, E.S.; Moshkoff, H.D.; Moshkoff, D.A.; Vasin, A.V.; Salvato, M.S.
The key roles of interferon lambda in human molecular defense against respiratory viral infections.
Pathogens 2020, 9.

6. Wolk, K.; Witte, K.; Sabat, R. Interleukin-28 and interleukin-29: Novel regulators of skin biology. |
Interferon Cytokine Res 2010, 30, 617-628.

7. Tu, Y.; Wang, G.; Wang, Y.; Chen, W.; Zhang, L, Liu, Y,; Jiang, C.; Wang, S.; Bu, Z.; Cai, X. Extracellular
expression and antiviral activity of a bovine interferon-alpha through codon optimization in Pichia
pastoris. Microbiol. Res. 2016, 191, 12-18.

8. Gao, M.; Guo, Y.; Luo, X,; Du J; Wang, Y.; Cao, C.; Wang, J.; Han, W. Design, biological activity and


https://doi.org/10.20944/preprints202304.0454.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 April 2023 d0i:10.20944/preprints202304.0454.v1

signaling pathway of bovine consensus omega interferon expressed in Pichia pastoris. Mol. Immunol. 2019,
106, 46-52.

9. Yang, Z.; Zhang, Z. Engineering strategies for enhanced production of protein and bio-products in Pichia
pastoris: A review. Biotechnol. Adv. 2018, 36, 182-195.

10. Damasceno, L.M.; Huang, C.J.; Batt, C.A. Protein secretion in Pichia pastoris and advances in protein
production. Appl Microbiol Biotechnol 2012, 93, 31-39.

11.  Qu, Z; Li, M,; Guo, Y,; Liu, Y.; Wang, J.; Gao, M. Expression, purification, and characterisation of
recombinant ferritin in insect cells using the baculovirus expression system. Biotechnol. Lett. 2020, 42, 57-
65.

12.  Gao, MJ; Zheng, Z.Y.; Wu, ].R;; Dong, S.J; Li, Z,; Jin, H.; Zhan, X.B.; Lin, C.C. Improvement of specific
growth rate of Pichia pastoris for effective porcine interferon-alpha production with an on-line model-
based glycerol feeding strategy. Appl Microbiol Biotechnol 2012, 93, 1437-1445.

13.  Guo, Y.; Song, Z.; Cheng, X.; Wang, Y.; Luo, X,; An, R; Wang, J.; Gao, M. Molecular and functional
characterization of ovis aries IFN-epsilon. Mol. Immunol. 2020, 119, 1-7.

14.  Gao, M,; Liu, Y.; Guo, Y.; Wang, Y.; Dai, H.; Song, Z.; Wang, J.; Han, W. Identification and characterization
of a rabbit novel IFN-alpha unlocated in genome. Dev. Comp. Immunol. 2018, 78, 91-99.

15. Guo, Y.; An, D; Liu, Y,; Bao, J.; Luo, X.; Cheng, X.; Wang, Y.; Gao, M.; Wang, J. Characterization and
signaling pathway analysis of interferon-kappa in bovine. Dev. Comp. Immunol. 2017, 67, 213-220.

16. Guo, Y,; Song, Z; Li, C; Yu, Y.; Dai, H,; Luo, X;; Wang, Y.; Wang, J.; Gao, M. A novel Type-I interferon
family, bovine Interferon-Chi, is involved in Positive-Feedback regulation of interferon production. Front
Immunol 2020, 11, 528854.

17.  Major, J.; Crotta, S.; Llorian, M.; Mccabe, T.M.; Gad, H.H.; Priestnall, S.L.; Hartmann, R.; Wack, A. Type I
and III interferons disrupt lung epithelial repair during recovery from viral infection. Science 2020, 369,
712-717.

18.  Juturu, V.; Wu, J.C. Heterologous protein expression in pichia pastoris: Latest research progress and
applications. Chembiochem 2018, 19, 7-21.

19.  Karbalaei, M.; Rezaee, S.A.; Farsiani, H. Pichia pastoris: A highly successful expression system for optimal
synthesis of heterologous proteins. J. Cell. Physiol. 2020, 235, 5867-5881.

20. Li M.L; Xu, WW.; Gao, Y.D.; Guo, Y.; Wang, W.].; Wang, C,; Jiang, S.Y.; Willden, A.; Huang, ].F.; Zhang,
H.T. Interferon-lambda3 (IFN-lambda3) and its cognate receptor subunits in tree shrews (Tupaia
belangeri): Genomic sequence retrieval, molecular identification and expression analysis. PLoS One 2013,
8, e60048.

21.  Lazear, HM.; Schoggins, ].W.; Diamond, M.S. Shared and distinct functions of type i and type III
interferons. Immunity 2019, 50, 907-923.

22.  Gad, H.H.; Dellgren, C.; Hamming, O.].; Vends, S.; Paludan, S.R.; Hartmann, R. Interferon-lambda is
functionally an interferon but structurally related to the interleukin-10 family. J. Biol. Chem. 2009, 284,
20869-20875.


https://doi.org/10.20944/preprints202304.0454.v1

