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Abstract

The inactivated vaccines have played a pivotal role in the control and eradication of foot-and-mouth disease (FMD). How-
ever, certain safety concerns remain. Recently, virus-like particles (VLPs) have gradually become a research hotspot. As the
eukaryotic expression system with the lowest production costs, the production of VLPs using Pichia pastoris has significant
potential. During the natural infection process of FMD virus (FMDV), the polyprotein P1 is cleaved by 3C protease to form
VPO, VP3, and VP1, which are subsequently assembled into VLPs. In this study, we adopted an alternative approach, co-
expressing VPO, VP3, and VP1 without 3C protease for the production of FMDV VLPs in P. pastoris. The western blot (WB)
assays showed variable protein expression on the same plasmid. VPO was the highest, while VP3 and VP1 were similar.
Furthermore, the order of proteins on the plasmid also mattered. The results indicated that His, tags at VPO, VP3, and VP1
N-termini significantly affected VLPs assembly. The three-dimensional structure of FMDV revealed that the N-terminus
of VP3 and VP1, which are situated in the external space of VLPs, can be fused with His, tag. Inserting His, tags into the
G-H loop region of VP1 did not hinder assembly, thus providing a reference for the affinity purification of capsid and VLPs
assembly. Here, FMDV VLPs were successfully produced independently of 3C protease, avoiding the uncontrollable cleavage
efficiency and toxicity of 3C protease in host cells and demonstrating the potential of P. pastoris for FMDV VLPs production.

Key points

e FMDV VLPs could be produced in P. pastoris by a 3 C protease—independent approach

e Optimal expression of FMDV VLPs in P. pastoris is achieved at pH 7 with 72-h induction

e His can be fused to the G-H region and C-terminus of VP1 and C-terminus of VP3 without affecting the VLPs assembly
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Introduction

Foot-and-mouth disease (FMD) is a highly contagious
and virulent infectious disease that mainly affects cloven-
hoofed animals such as pigs, cattle, and sheep (Alexan-
dersen et al. 2003). Once infected, animals show symp-
toms of fever and blisters appear on the mouth, nose,
tongue, hooves, or udder. These blisters then rupture and
form scabs (Arzt et al. 2011). Infection with FMD leads to
a significant reduction in the animal production capacity,
which has a negative impact on local livestock production
and economic development. Although FMD has now been
eradicated in some developed countries, it still persists in
Asia, Europe, Africa, and South America (Subramaniam
et al. 2013). The injection of inactivated FMD vaccines is
currently the most effective method of controlling FMD.
However, several challenges remain in the production pro-
cess of inactivated FMD vaccines, including the need for
expensive biosafety facilities and the potential risk of virus
leakage (Robinson et al. 2016). Therefore, the develop-
ment of a safe and highly effective FMD vaccine is of
particular importance.

FMD virus (FMDV) belongs to the Picornaviridae
family and the genus Aphthovirus. It is a single-stranded
positive-sense RNA virus without an envelope. The diam-
eter of the virion is approximately 30 nm, and the genome
size is 8500 nts, encoding a structural protein P1 and non-
structural proteins P2 and P3. The precursor P1 is cleaved
by 3 C protease to generate VPO, VP3, and VP1 proteins.
VPO is cleaved into VP2 and VP4 during virion assem-
bly. Sixty copies of VP1-VP4 proteins are assembled into
VLPs and VP4 is located inside (Acharya et al. 1989).
Virus-like particles (VLPs) can mimic the morphological
structure of viruses but do not contain nucleic acid, mak-
ing them a very safe and ideal vaccine type (Chackerian
2007; Mignaqui et al. 2019). Currently, FMDV VLPs have
been successfully produced in mammalian cells (Mignaqui
et al. 2020; Polacek et al. 2013), insect cells (Vivek Srini-
vas et al. 2016), and plant cells (Veerapen et al. 2018).
During the processing of viral polypeptide, the 2 A pep-
tide of picornaviruses cleaves the 2 A-2B protein through
a ribosome-skipping mechanism. Expression of P1-2 A-3
C has usually been used to produce VLPs in mammalian
cells or insect cells. However, due to the non-specific
cleavage of 3 C, it can not only cleave P1 but also cleave
the host protein, resulting in transcriptional termination
and even host cell death (Belsham et al. 2000; Capozzo
et al. 2002; Mignaqui et al. 2013). Although FMDV 2 A
(F2 A) protein does not exhibit cytotoxicity like 2 A of
poliovirus (PV) or human rhinovirus (HRV), the cleavage
efficiency of F2 A is the lowest in eukaryotic cells com-
pared to that of thosea asigna virus 2 A, equine rhinitis
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A virus 2 A, and porcine teschovirus-1 2 A (de Felipe
et al. 2006; Kim et al. 2011). As the lowest cost eukary-
otic expression system, Pichia pastoris is widely used in
preparing VLP vaccines, such as hepatitis B vaccine and
human papillomavirus vaccine which are licensed for pro-
duction using P. pastoris (McAleer et al. 1984; Sasagawa
et al. 1995; Smith et al. 2011). However, several studies
have attempted to obtain VLPs of picornaviruses using
P. pastoris, such as enterovirus 71 (Zhang et al. 2015),
coxsackievirus A16 (Feng et al. 2016), and PV (Sherry
et al. 2020). Unfortunately, there has been no research on
the production of FMDV VLPs in P. pastoris so far. Our
previous research has shown that the effect of 3 C protease
on P. pastoris is different. The cleavage activity of 3C is
strongly affected in acidic environment. Regardless of the
toxicity problem of 3 C in mammalian cells or the cleav-
age efficiency problem in P. pastoris, they severely limit
the production and promotion of FMDV VLPs. Therefore,
exploring 3 C protease—independent production of FMDV
VLPs is well worthy of in-depth research (de Felipe et al.
2006; Kim et al. 2011).

Here, we investigated the possibility of producing FMDV
VLPs by directly expressing the capsid proteins VPO, VP3,
and VPI in P. pastoris, avoiding the use of 3 C protease.
After expressing these subunit proteins VPO, VP3, and VP1,
we found that the expression levels of these three proteins
varied in yeast. The expression levels of the three proteins
were optimized by adjusting the position of their expression
cassettes on the plasmid. Considering the acid resistance
characteristic of FMDV VLPs, the optimal pH and induction
time of the strain were tested. The protein expression level
was highest when induced at pH 7 for 72 h. To facilitate the
purification of the VLPs, the tertiary structure analysis of
the VLP revealed that the G-H loop region and C-terminus
of VP1 and the C-terminus of VP3 could be fused with Hisg
tags without affecting the VLPs assembly. This study pro-
vides a new technical strategy and research basis for the
production of FMDV VLPs using P. pastoris.

Materials and methods
Strains, plasmids, and reagents

The genes of VPO with the VP2 (H2145Y) mutation, VP3,
VP1 with the mutation (N1017D), VP1-GHH, VP3-CH,
and VP1-CH (see Supplementary Material for sequences)
were synthesized and inserted into pPink-HC by Nanjing
GenScript (Nanjing, China) and stored in our laboratory.
Anti-FMDV O type polyclonal antibodies were preserved at
Lanzhou Veterinary Research Institute. The pPink-HC plas-
mid and PichiaPink™ Strain 1 (P. pastoris) were purchased
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from Invitrogen (Grand Island, NY, USA) while anti-His,
antibodies were obtained from Solarbio (Beijing, China).

Plasmid construction and transformation

The DNA sequences of the N-termini of VPO, VP3, and VP1
genes were fused with the sequences for a Hisq tag. An enter-
okinase recognition site (DDDDK) inserted between the tag
and the target protein. For VP1-GHH protein, His, com-
prising (GGGGS), at its N- and C-termini was inserted at
residue 136 of VP1 protein. VP3-CH and VP1-CH proteins
had a Hiss-(GGGGS), sequence added at their C-termini.
These respective genes encoding these proteins were all
synthesized and inserted into the pPink-HC. Next, the VP3
and VPO expression cassettes were digested by Bgll/BamHI
and then inserted into pPink-VP1 plasmid. The pPink-VP1/
VP3/VPO (pPink-130) plasmid, the pPink-VP1-GHH/VP3/
VPO (GHH) plasmid, the pPink-VP1/VP3-CH/VPO (3 CH)
plasmid, and the pPink-VP1-CH/VP3/VPO0 (1 CH) plasmid
were generated using the same procedure. The plasmids
were linearized by Spel for electroporation into P. pastoris.
Yeast transformation and selection of positive colonies were
performed as previously (Zhang et al. 2015).

SDS-PAGE and western blot analysis

SDS-PAGE and western blot were performed according to
the previous description (Li et al. 2024; Xie et al. 2019). In
brief, the expressed proteins were separated on 12% poly-
acrylamide gels and stained with Coomassie blue R250.
For western blot, the gels were transferred to nitrocellulose
membranes using a wet transfer method after SDS-PAGE.
Then, the membranes were blocked with 5% skimmed milk
and probed with a mouse-derived Hisq antibody (diluted
1:1000) or an anti-FMDV polyclonal antibody (diluted
1:1000) followed by a horseradish peroxidase (HRP)—con-
jugated second antibody (Solarbio, Beijing, China). Finally,
the 3,3',5,5'-tetramethylbenzidine (TMB) kit (Beyotime,
Shanghai, China) was used for color development.

Purification of FMDV VLPs

The positive yeast strains were inoculated into 30 mL of
BMGY medium (1% yeast extract, 2% peptone, 100 mM
potassium phosphate (pH 6.0), 1.34% yeast nitrogen broth,
0.4 mg/L biotin, 1% glycerol), and cultivated at 30 °C until
the ODg oy reached 2. Then, the samples were centrifuged
to collect the yeast pellet. The medium was replaced with
BMMY (1% yeast extract, 2% peptone, 100 mM potassium
phosphate (pH 6.0), 1.34% yeast nitrogen broth, 0.4 mg/L
biotin, 1% methanol) and the pellet was resuspended to make
the ODgg o, reach 1 for induction. Methanol was added
every 24 h to a final concentration of 0.75%, and the cells

were cultured in a shaking incubator at 30 ‘C with a speed
of 200 rpm for 72 h. After induction, the cell pellet was
disrupted by sonication at 350 W for 20 min. The superna-
tant was centrifuged at 12,000 rpm for 30 min and dialyzed
overnight (300 mM NaCl, 10 mM Tris, 50 mM KCl, 2 mM
MgCl,, 1% Triton X-100, and 0.1 mM phenylmethylsulpho-
nyl fluoride (PMSF), pH 8.0).

For sucrose gradient purification, the sample was first dia-
lyzed. Then, it was centrifuged at 12,000 rpm for 30 min.
Next, 1 mL sample was added to the top of the 15-50% (w/v)
sucrose gradient solution and centrifuged at 35,000 rpm for
3 h. Then, the samples were separated and collected in 500
UL per tube from the top to the bottom of the gradient. The
absorbance of each fraction was measured using a UV spec-
trophotometer. Fractions with the highest absorbance were
selected for further analysis.

For affinity chromatography, the supernatant was sub-
jected to affinity chromatography after dialysis and then
washed with 10 mM imidazole buffer. The target proteins
were then eluted with 300 mM imidazole buffer. For urea
treatment, the same procedure was followed, but with an § M
urea imidazole buffer. After ultrafiltration and concentration
with phosphate-buffered saline (PBS), the VLPs were col-
lected and detected.

Particle size detection and electron microscopy
observation

One milliliter of purified samples was taken and their hydro-
dynamic particle size was measured by a dynamic light scat-
terer (DLS) instrument (Malvern, Worcestershire, UK) to
evaluate the assembly efficiency. VLP samples were added
to 200-mesh copper grids and negatively stained with 3%
phosphotungstic acid. Finally, the samples were observed
by transmission electron microscopy (TEM) using a Hitachi
(Tokyo, Japan) H-7100 FA microscope (operating at 80 kV
with a field emission gun).

Quantification of FMDV VLPs by enzyme-linked
immunosorbent assay (ELISA)

The quantification of VLPs was performed as previously
described (Dong et al. 2022). In brief, 96-well plates were
coated overnight with 0.5 pg trapping antibody M170 (100
pL per well) diluted with carbonate buffer (pH 9.6) at 4 °C.
The next day, the plates were blocked with 1% bovine serum
albumin (BSA) at 37 °C for 1 h. Serially diluted antigen
samples were then added to the plates and incubated at 37
°C for 1 h, followed by the guinea pig anti-FMDV antibod-
ies and the horseradish peroxidase (HRP)—conjugated rab-
bit anti-guinea pig IgG and incubated at 37 °C for 30 min.
Finally, TMB was added for color development for 15 min
before termination with 2 M H,SO, and the OD 5, ,,, value
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was measured. According to the standard curve generated
based on the known FMDYV virion concentration, the rela-
tive antigen content in the sample was determined, and the
concentration of VLPs was then calculated.

Data analysis

Data presented in the paper, and one-way analysis of vari-
ance were performed using GraphPad Prism 8 (Dotmatics,
Boston, USA). Statistically significant differences are indi-
cated in figures by asterisk (“*”for 0.01 <P < 0.05, “**»
for P< 0.01).

Results

3C protease-independent production of FMDV
structural proteins in P. pastoris

To reduce the uncontrollable cleavage effect of 3 C protease,
a 3 C protease—independent strategy was used to produce
FMDV VLPs in P. pastoris and a series of plasmids were
constructed (Fig. 1a and d). To verify whether the structural
proteins of FMDV could be successfully expressed in the
yeast P. pastoris, the cell lysate supernatant of pPink-031
and pPink-130 was analyzed by western blot (WB) after
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Fig. 1 Comparison of the expression of structural proteins of differ-
ent plasmids (pPink-031 and pPink-130). a Schematic diagram of the
engineered plasmids in this study. VPO, VP3, and VP1 proteins are
expressed under the control of three alcohol oxidase (AOX) promot-
ers. The gene expression cassettes are placed in the order VPO-VP3-
VP1 on the pPink-HC plasmid to generate pPink-031 plasmid. The
VPO and VP3 genes cassettes were switched to generate pPink-130
plasmid, and on the basis of pPink-130 plasmid, the amino acid
sequence for (GGGGS),-Hiss-(GGGGS), was inserted at residue 136
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pPink-130

Spel

of VP1 amino acid sequence to generate pPink-GHH plasmid; the
sequence for Hisg was fused to the sequence for the C-terminus of
VP3 or VPI1 to generate pPink-3 CH plasmid and pPink-1 CH plas-
mid. WB detection (b) and quantification (c) of the structural pro-
teins of pPink-031 plasmid and pPink-130 plasmid. d The map of the
pPink-HC vector, showing the AOX promoter, the CYC/ terminator,
the ade (encoding phosphoribosylaminoimidazole carboxylase, used
as the selection marker) and the Amp* marker, and the origin of rep-
lication
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induction. The results showed that three specific bands cor-
responding to VP3 (25 kDa), VP1 (27 kDa), and VPO (37
kDa) were detected for pPink-031 by WB, but the expres-
sion levels of the three proteins were not equal. VPO was the
highest, about six times higher than the other two proteins.
VP3 was the next highest and VP1 was the lowest. Subse-
quently, by exchanging the positions of the VPO and VP1
expression cassettes on the pPink-031 plasmid, the expres-
sion levels of VPO and VP1 were optimized and the differ-
ence between VPO and VP1/VP3 was diminished (Fig. 1b
and c). These results indicate that the expression of FMDV
structural proteins in P. pastoris varies, and the difference
in the expression levels of the three proteins was reduced
by switching the order of their expression cassettes on the
plasmid.

Purification and identification of FMDV VLPs

To assess whether these structural proteins could be cor-
rectly assembled into VLPs, the lysate was dialyzed and then
purified by sucrose gradient sedimentation. One milliliter of
supernatant was added to a 15-50% (w/v) sucrose gradient
and then centrifuged at 35,000 rpm for 3 h. The fractions
were then collected from top to bottom of the gradient in
tubes containing 500 pL each, and the purified VLPs were

detected by ELISA. The results showed that fraction 8 of
pPink-031 had the highest absorbance value at 450 nm.
However, fraction 9 of pPink-130 had the highest absorbance
value, which was higher than that of pPink-031, indicating
the presence of correctly assembled VLPs (Fig. 2a). Frac-
tions 5-12 were subjected to WB detection and the structural
proteins VPO, VP3, and VP1 were co-sedimented, indicat-
ing that the VLPs were composed of these three subunits
(Fig. 2b). The purified samples of pPink-031 and pPink-130
were then examined by TEM and regular particles with a
diameter of approximately 30 nm were observed (Fig. 2c).
These results show that after purification, pPink-130 had a
higher yield of VLPs than pPink-031. Only when the three
structural proteins were expressed as uniformly as possible,
the assembly of VLPs was facilitated.

Optimization of expression conditions for pPink-130

To optimize the expression of pPink-130, a screening of
its culture conditions was performed. First, the strain was
inoculated into buffered glycerol-complex medium for yeast
(BMGY) and cultured until the ODg, ., reached the range
of 2 to 6. Cells were then harvested and resuspended in buff-
ered methanol complex medium for yeast (BMMY) at pH
5 to 8 to adjust the initial ODgg ,,, to 2. At 12-h intervals,

Fig. 2 Purification and TEM of a b
pPink-031 and pPink-130 VLPs. F .
Analysis of the thirteen sucrose 159 PINk-130 -0 bPiINk-031 raction
gradient fractions by ELISA (a) g P kDa M 56 7 8 9101112
and WB (b). ¢ TEM observation 1.2+ | . ..‘ Y #* «—VPO
of the purified VLPs. VLPs are £ 35
marked with red triangles. Scale § 03] 25— : —VP1
bar shows 100 nm =) : Y ~VP3
8 0.6 - pPink-031
0.3 ' ~s =VPO
35—
| —a - —VP1
0.0 r r 11 111 1rrrrrrri 25 —. _VP3
01234567 8 9101112131415 pP|nk_130
Fraction
C .
pPink-0

31

pPink-130
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200 pL aliquots of the culture broth were sampled to meas-
ure ODg oy and at the same time, 100 uL of the culture
was collected and pelleted. An equal volume of acid-washed
glass beads (0.5 um) was added, followed by vortexing to
disrupt the cells. The supernatant was then collected by
centrifugation at 12,000 rpm for 10 min for WB analysis.
By measuring ODg, ., and protein expression at different
time points, it was observed that strain growth and protein
expression showed a positive correlation with time. After
72 h, the strain ODg, ., did not increase. The ODgy, .
showed minimal variation at pH 5 and 6. However, at pH
7, the ODg ., Value dropped from 11 to 9. Growth of the
strain was severely inhibited, resulting in cell death at pH
8 (Fig. 3a and b). The WB results showed that the protein
expression level increased with time within a specific time
period. Moreover, it was worth noting that the target proteins
were barely detectable at pH 8, while the peak was reached
after 72 h of induction under other suitable pH conditions
(Fig. 3c—e). Overall, pPink-130 achieved the most favorable
expression level at pH <7 after induction for 72 h.

Optimization of purification process for FMDV VLPs

Traditionally, a sucrose gradient centrifugation has been
commonly used for the purification of FMDV VLPs (Vivek
Srinivas et al. 2016), which involves complex procedures.
To investigate the possibility of affinity chromatography for

FMDV VLPs and simplify the purification method, His,
tags were added to the N-terminus of VPO, VP3, and VP1,
respectively. After the samples were treated with urea, the
amount of protein bound to nickel ions increased signifi-
cantly, and only the VPO, VP3, and VP1 subunit proteins
could be detected, indicating that the His, tags at the N-ter-
minus of the subunits hindered assembly (Fig. 4b). TEM
results showed that when His, tags were fused to the N-ter-
minus of these 3 proteins, almost no VLPs could be seen
and a large number of pentameric structures were present.
When the Hisq tags were removed, assembled VLPs could be
detected (Fig. 4c). These results proved that the His, tags at
the N-terminus of VPO, VP3, and VP1 had a great influence
on VLP assembly. Structural analysis of VPO, VP3, and VP1
revealed that residue 136 of VP1 and the C-terminus of VP1
and the C-terminus of VP3 were all located on the surface
of the VLPs, while the C-terminus of VPO was located at
the interface of the twofold axis. This region contained a
large number of histidines affecting VLPs stability (Fig. 4a).
Based on these findings, we further explored the purification
process. After induction and cell disruption, the superna-
tant of GHH, 3 CH, and 1 CH was collected and dialyzed
overnight. The eluent was collected after affinity chroma-
tography and detected by WB. The results showed that when
detected with anti-Hisg antibodies, only single target bands
could be detected (Fig. 4d). When detected with anti-FMDV
polyclonal antibodies, three target bands were detected at
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Fig.3 Optimization of the expression conditions for pPink-130. a
WB detection of pPink-130 at different time points and pHs. b OD
values of the pPink-130 strain under different conditions. The expres-
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sion levels of VPO (¢), VP3 (d), and VP1 (e) under different condi-
tions were detected by and quantified by Image J (NIH, Bethesda,
MD, USA)
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Fig.4 Optimization of the
purification for VLPs. a Tertiary
structure display of the protom-
ers, pentamers, and twofold

axis interfaces of FMDV VLPs.
VP3(_.;m means C-terminus of
VP3, VP15 136 means residue
136 of VP1, VPl ., means
C-terminus of VP1, VPO is
shown in magenta, VP3 in cyan,
VP1 in green, the C-terminus of
VPI in yellow, the C-terminus
of VP3 in red, and residue 136
of VP1 in blue. b WB detection
of the structural proteins of
FMDYV under conditions with or
without urea treatment. ¢ TEM
of the three subunit proteins
with or without the Hisg tags
fused to the N-terminus. Pen-
tamers are marked with blue tri-
angles, while VLPs are marked
with red triangles. d WB detec-
tion of GHH, 3CH, and 1 CH
after affinity chromatography.
Scale bar shows 100 nm
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25-35 kDa. These results indicate that three subunit pro-
teins with Hisg tags at appropriate positions could be puri-
fied simultaneously.

His, tags in the G-H region or the C-terminus of VP1
or the C-terminus of VP3 without affecting assembly

To confirm whether the three purified structural proteins
could assemble correctly, the samples were detected by TEM
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35—
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Remove Hisg tag
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Anti-His Anti-His
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35— VP1 35— " mm——\/P1
—VP3 | —-VP3
Anti-FMDV Anti-FMDV

and ELISA. Spherical particles with a diameter of approxi-
mately 30 nm could be seen in all samples (Fig. 5a), consist-
ent with the previous TEM images of insect cell-derived
VLPs (Porta et al. 2013). Particles were present in GHH,
3CH, and 1 CH with average diameters of 31.24 nm, 30.67
nm, and 30.29 nm, respectively (Fig. 5b and c). VLPs in all
samples were quantified by measuring the absorbance values
using ELISA established in our laboratory. Compared with
pPink-130, the VLP antigens per unit volume of GHH and
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a " pPink-GHH

30 —— pPink-130

25 + —— pPink-GHH
< 204 —— pPink-3CH
5 15 —— pPink-1CH
K]
£ 10
=]
Z 54

0
T T T T
0.1 1 10 100 1000
Size (d.nm)

Fig.5 Assembly of VLPs produced by GHH, 3CH and 1 CH. Obser-
vation by TEM (a), DLS detection (b), determination of the average
particle size (c), and measurement of the VLPs per unit volume (d)
of GHH, 3CH, and 1CH after affinity chromatography. “d.nm” rep-
resents “diameter in nanometers.” For each construct, the diameters

3 CH were not lost but slightly increased after affinity chro-
matography. However, the VLP antigens of 1 CH decreased
by 50% (Fig. 5d). These findings show that inserting His,
tags into the C-termini of VP1 or VP3, as well as the G-H
region of VP1, does not affect the stability of FMDV VLPs.
Leveraging the His affinity tags at these sites, VLPs can be
effectively purified by affinity chromatography. Moreover,
compared with inserting Hisq tags into the C-terminus of
VPI, placing His, tags in the G-H region of VP1 or the
C-terminus of VP3 enables a significantly higher yield of
VLPs.

Discussion

Although some developed countries in Europe and the
Americas have eradicated FMD, FMD still causes huge
losses to livestock production and economic development
in some developing countries, especially low-income coun-
tries (Maradei et al. 2013). Currently, inactivated vaccines
are the most effective type of vaccine for the prevention and
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of particles were measured using Image J (n= 20 for particle diam-
eter measurements). Results are presented as means + standard devia-
tion. Statistical analysis determined by one-way analysis of variance
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control of FMD, but they still have some drawbacks in the
manufacturing process. VLP vaccines, which have similar
immunogenicity to whole virus and do not contain nucleic
acids, are the most likely candidates to replace inactivated
vaccines (Wang et al. 2016). Although FMD VLPs have
been successfully produced in mammalian and baculovirus
expression systems, these eukaryotic expression systems
also have problems such as high cost and long preparation
cycle (Hervas-Stubbs et al. 2007). As we show here, P. pas-
toris, the lowest cost eukaryotic expression system, has been
used for the expression of a large number of exogenous pro-
teins (Fernandez et al. 2015; Joseph et al. 2016). When co-
expressing P1 and 3C of FMDV for the production of VLPs,
although a large number of mutations of 3 C protease have
been carried out in the hope of finding a balance between
the cleavage of P1 and the cytotoxicity in the host cell, there
is still a problem of cleavage efficiency (Martel et al. 2019;
Puckette et al. 2017). Also, the tobacco mosaic virus TEV
protease, which was used to replace the FMDV 3 C to cleave
P1, can produce structural proteins, but no correctly assem-
bled VLPs can be detected (Puckette et al. 2018). The VLPs
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of PV, which belongs to the Picornaviridae family, have
been successfully produced using 2 A instead of 3 C cleavage
(Sherry et al. 2023). Here, we investigated the possibility of
3 C protease—independent production of FMDV VLPs in P.
pastoris.

In this study, the three proteins had different expression
preferences in P. pastoris. When expressed in their natu-
ral order on the P1 protein (VPO-VP3-VP1), the expression
level of VPO was the highest and that of VP1 was the low-
est. Interestingly, after adjusting the order of the expression
cassettes of VPO and VP1, the difference in their expression
was reduced. It has been speculated that the repeated pro-
moters on the plasmid might compete for RNA polymerase,
leading to the phenomenon of “transcriptional attenuation,”
which has also been observed in the production of multi-
subunit VLPs in P. pastoris (Rodriguez-Limas et al. 2011;
Saraswat et al. 2016). Notably, the expression level of the
VPO protein was always the highest in P. pastoris, regard-
less of whether it was located upstream or downstream of
the plasmid. Interestingly, VLPs could be detected in both
pPink-031 and pPink-130 after sucrose gradient centrifuga-
tion. However, it was found that although a large amount
of VPO protein could be co-sedimented in pPink-031, the
yield of VLPs was very low. In contrast, more VLPs were
detected in pPink-130, where the expression levels of VPO,
VP3, and VP1 were more optimized, as also observed by
TEM (Fig. 2).

In general, pH and induction time have a significant influ-
ence on the expression of exogenous proteins in P. pasto-
ris. Yeast cells can grow at pH values ranging from 3 to 7.
However, to maintain metabolic activities and reduce deg-
radation of exogenous proteins within the yeast cells, pH
is usually controlled between 5 and 6 (Cregg et al. 1993).
Of all the picornaviruses, FMDYV is the most sensitive to
acidic pH and the virions dissociate into pentamers under
slightly acidic conditions (Curry et al. 1995). The N1017D
and H2145Y mutations in FMDV are the most acid-resistant,
and after undergoing the N1017D and H2145Y mutations,
the virus still retains relatively high infectivity at pH 5.4
(Caridi et al. 2020; Vazquez-Calvo et al. 2014). Therefore,
to find the optimal culture pH conditions for FMDV VLP
production in P. pastoris during shake flask cultivation, the
pPink-130 strain was induced to express structural proteins
at different pHs. It was found that both yeast cell growth
and protein expression were severely affected. However,
notably, although the yeast OD value decreased, a relatively
high level of protein expression was achieved. These results
suggest that a balance has been struck between yeast cell
growth and expression of FMDV structural proteins. Moreo-
ver, determining the optimum induction time can save both
raw material and time costs.

Currently, chemical separation and sucrose gradient
purification are commonly used. These methods require

high-specification centrifuges and are only suitable for small
batches production. To find a suitable purification method
for industrial production, the feasibility of purifying VLPs
by affinity chromatography was investigated. It is known
that the N-termini of the VPO, VP3, and VP1 proteins are
located inside the VLPs, the C-terminus of VPO is located
at the 2-axis fold interface, and the protonation of histidines
in this region at acidic pH is the main cause of VLP instabil-
ity, while the C-termini of VP3 and VP1 are located on the
surface of the VLPs (Acharya et al. 1989; Curry et al. 1997,
van Vlijmen et al. 1998), which is consistent with our results
(Fig. 4). Inserting the flag tags into the G-H loop region
of VP1 does not affect the assembly of VLPs, and it can
be displayed on the surface (Lawrence et al. 2013). There-
fore, three positions were finally chosen for the insertion of
the Hisg tags. The results showed that, after affinity chro-
matography, the three structural proteins can be captured
simultaneously by these single Hisg tags. FMDV VLPs can
be assembled by non-covalent binding of subunit proteins,
allowing affinity purification of VLPs that are morphologi-
cally similar to the natural virus. The ELISA results show
that the amount of VLPs in 3 CH per unit volume did not
decrease significantly after affinity chromatography com-
pared to pPink-130. Previously, it has been reported that fus-
ing a short peptide at the C-terminus of VP3 of poliovirus,
which belongs to the Picornaviridae family, did not affect
the assembly and antigenicity of VLPs (Sherry et al. 2023).
In our study, VLPs in 3 CH could also be successfully puri-
fied after affinity chromatography. Similarly, although the
amount of VLPs in 1 CH are not high per unit volume, the
addition of short peptides inserted at the C-terminus of VP1
does not affect the assembly of VLPs, consistent with previ-
ous reports (Gullberg et al. 2013; Kristensen et al. 2017). We
also observed the apparent differences in the proportions of
the structural proteins detected in GHH, 3 CH, and 1 CH.
This may be attributed to several factors. Firstly, regarding
the different samples (GHH, 3 CH, and 1 CH), the genetic
constructs and the way the His, tag is fused may affect the
expression and stability of the proteins. Moreover, the affin-
ity chromatography process itself could also contribute to
these differences. The binding affinity of the His, tagged
proteins to the chromatography resin might vary depending
on the local environment of the Hisy tag within the protein
structure. Proteins with different conformations or steric hin-
drances around the Hisy tag may bind to the resin with dif-
ferent efficiencies, leading to differential elution profiles and
thus different proportions of proteins detected in the WB.
In summary, VLPs were successfully produced in P.
pastoris similar to those generated from mammalian cells
using a 3 C protease—independent approach. In addition,
structural analysis of FMDV VLPs revealed that His, tags
can be attached to the G-H loop and C-terminus of VP1
and the C-terminus of VP3 without affecting the assembly
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and immunogenicity, laying the foundation for the purifica-
tion and industrial production of VLPs. In conclusion, the
protease-independent system provides a reference for the
development of FMDV VLP vaccines and offers insights
into the production of other picornavirus virus-like particles
or the purification and assembly of multi-subunit VLPs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-025-13510-5.
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