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1. Introduction
  

	 Human papillomavirus (HPV) infections usually 
clear up within months; however, infections with high-
risk types of HPV can cause the progression of cervical 
cancer, which takes around two or three decades (WHO 
2016). More than 200 types of HPV have been identified 
(IHRC 2024), with more than 40 types infecting through 
the genital tract, and among them are known as high-
risk types, including HPV types 16, 18, 31, 33, 35, 39, 
45, 51, 52, 56, 58, 59, 66 and 68 (Choi and Park 2016). 
Currently, there are three types of commercially available 
HPV prophylactic vaccines: Cervarix® (types 16 and 
18), Gardasil® (types 6, 11, 16 and 18), and Gardasil-9® 
(types 6, 11, 16, 18, 31, 33, 45, 52 and 58) (McKeage 

and Romanowski 2011; McCormack and Joura 2011; 
Lopalco 2016). Despite the availability of HPV vaccines, 
the administration remains a challenge, particularly in 
low and middle-income countries, due to its high cost. 
The low coverage of the HPV vaccine creates a barrier 
to control this preventable disease. Thus, a more cost-
effective approach to the production, distribution, and 
administration of the vaccine is needed (Roden and Wu 
2006; WHO 2020). Moreover, the effectiveness of the 
HPV vaccine is also affected by the prevalence of HPV 
regional-specific types. For instance, HPV types 52, 16, 
18, and 39 have been reported as predominant types in 
several areas in Indonesia. Thus, the HPV prophylactic 
vaccine, which contains those strains, will be essential 
(Vet et al. 2008).
	 HPV is a small, non-enveloped icosahedral 
deoxyribonucleic acid (DNA) virus with a diameter of 
52-55 nm. The genome (around 8 kb) encodes six early 
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proteins denoted as E1, E2, E4, E5, E6, and E7, which 
are responsible for viral replication, and two late proteins 
(L1 and L2), which compose the viral structural proteins. 
HPV L1 major capsid protein can be expressed and self-
assembled into icosahedral (pseudo) virion particles, 
forming a powerful platform for antigen presentation. 
The administration of L1 virus-like particles (VLPs)-
based vaccine can induce the secretion of neutralizing 
antibodies and protect against HPV infections (Sapp et 
al. 1995; Burd 2003). 
	 This study examines the expression of HPV type 
52 L1 protein in Hansenula polymorpha as the main 
material for the HPV vaccine. H. polymorpha has 
been used in advanced methods such as the production 
of recombinant protein, genetic manipulation, and 
cultivation in a bioreactor. H. polymorpha produces 
high-yield biomass (Bredel et al. 2016; Manfrão-Netto 
et al. 2019), resulting in a higher protein concentration. 
Furthermore, H. polymorpha mediates some of the co- 
and post-translational modifications for the biosynthesis 
of functional proteins originating from more complex 
eukaryotes, making it a superior prokaryotic expression 
system (Manfrão-Netto et al. 2019). A previous study 
demonstrated that N-terminal truncations of L1 protein 
(HPV type 33 (10 aa), HPV type 52 (15 aa), and HPV 
type 58 (10 aa)) improve the soluble expression in 
Escherichia coli (Wei et al. 2018). A similar approach 
was tested in this study by using H. polymorpha as the 
expression system. As expected, by taking advantage 
of codon optimization and the N-terminal truncation 
(25 aa) of HPV type 52 L1 protein, the truncated L1 
produced higher protein yield compared with the full-
length sequence. Furthermore, the recombinant protein 
could form VLPs, as confirmed by TEM. These findings 
demonstrate the prominence of genetic manipulations in 
the attempt to achieve a better yield in the production of 
recombinant protein.

2. Materials and Methods

2.1. Host Strains and Growth Media
	 Escherichia coli strain XL10-Gold (Agilent 
Technologies) was used for cloning and plasmid 
propagation. E. coli was grown in Luria Bertani (LB) 
broth medium supplemented with appropriate antibiotic 
as a selection marker. Hansenula polymorpha strain 
NCYC 495 leu1.1 was modified to express both HPV 
type 52 full-length L1 (flL1) and truncated L1 (trL1) 

protein under the control of MOX promoter. The yeast 
extract peptone dextrose (YPD) medium containing 10 
g/L yeast extract, 20 g/L peptone, and 10 g/L dextrose 
was used for routine growth and subculturing of H. 
polymorpha. The cultivation of H. polymorpha was 
performed using buffered minimal glycerol yeast 
(BMGY) medium containing 1% glycerol during the 
growth phase and buffered minimal methanol yeast 
(BMMY) medium containing 1% methanol during the 
induction phase.

2.2. Gene Cloning and Vector Construction
	 The full-length HPV type 52 L1 (flL1) and truncated 
HPV type 52 L1 (trL1) amino acid sequences comprise 
the consensus sequences of L1 protein from various 
HPV types, which are prevalent in Asia (Firdaus et al. 
2022). The coding sequences were codon-optimized 
for the expression in yeast and synthesized within the 
pD902 vector by ATUM. The flL1 coding sequences 
were amplified by PCR using forward primers flL1FWD 
(5’-AAGCTTATGGTGCAAATTCTGTTCTATATTCT
CGTGATC-3’) and reverse primer L1RV 
(5’-TTAACGTTTTACCT TTTTTTTTTTGGTCG-3’). 
To generate the N-terminally truncated HPV type 
52 L1, trL1 coding sequences were amplified 
by PCR using forward primers trL1FWD 
(5’-TCCGTGTGGCGTCCT-3’) and reverse primer L1RV 
(5’-TTAACGTTTTACCTTTTTTTTTTTGGTCG-3’). 
Primers were manually designed based on standard 
guidelines without the use of specialized software. 
The design criteria included a primer length of 18-25 
nucleotides, a melting temperature between 55-65°C, 
and a GC content of approximately 40-60%, ensuring 
minimal potential for self-dimer or hairpin formation. 
The primers were specifically tailored to anneal to the 
harmonized target gene regions of flL1 and trL1. It 
added an additional restriction site, BamHI/SalI, for the 
cloning strategy. The Macrogen synthesized the final 
primer sequences. The fragments were subsequently 
subcloned into pGEM®-T Easy vector (Promega) and 
digested using BamHI/SalI restriction enzymes to be 
inserted into a pHIPZ4 expression vector (a kind gift 
from Prof. I.J. van der Klei, University of Groningen, 
Netherlands). The pHIPZ4 expression vector contains 
ampicillin and zeocin resistance genes for the selection 
markers in E. coli and H. polymorpha, respectively. The 
plasmids containing flL1 or trL1 were designated as 
pHIPZ4-flL1 and pHIPZ4-trL1, respectively.
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2.3. Electroporation and Recombinant Strain 
Screening
	 The transformation in H. polymorpha was carried 
out as described elsewhere (Faber et al. 1994; Firdaus 
et al. 2023). Briefly, purified pHIPZ4-flL1 and pHIPZ4-
trL1 were linearized using the StuI restriction enzyme. 
Around ~10 µg of linearized pHIPZ4-flL1 or pHIPZ4-
trL1 were transformed into H. polymorpha competent 
cells using the electroporation method. The empty 
pHIPZ4 vector was linearized in the same manner and 
used as a negative control. The transformants were 
selected on a YPD agar medium containing zeocin 
and incubated for 48 hours at 37°C. The recombinant 
clones were confirmed by colony PCR using specific 
primers (flL1FWD, trL1FWD, and L1RV) following 
a slightly modified procedure from a previous study 
(Haaning et al. 1997). Briefly, cell pellets were lysed 
in 50 µL of 0.2% SDS solution, followed by incubation 
in a dry block at 99°C for 5 minutes and vortexed. 
The suspension was used as a template for the PCR 
reaction. Triton-X 100 was added to the PCR mixture 
at 1% final concentration.

2.4. Protein Expression
	 A single colony of the transformant carrying flL1 or 
trL1 gene was picked and transferred into YPD broth 
medium and incubated at 37°C with 250 rpm agitation 
for 48 hours. Then, the cell culture was transferred into 
20 ml BMGY medium at OD600 0.1 and cultivated at 
37°C with 250 rpm agitation for 24 hours to a final 
OD600 2-4. Subsequently, the cell culture was harvested 
by centrifugation at 3,000 x g for 5 minutes and 
transferred into 25 ml BMMY medium under the same 
culture condition as mentioned above. To induce MOX 
promoter, 1% methanol was added into the cell culture 
every 24 hours. Cells were harvested by centrifugation 
after 96 hours of incubation. 
	 For protein analysis, the pellets from the 1 ml 
sample were resuspended in 200 µL ice-cold lysis 
buffer (50 mM sodium phosphate pH 7.4, 1 mM PMSF, 
1 mM EDTA, 5% glycerol). Next, an equal volume of 
acid-washed glass beads (0.5 mm) (Sigma-Aldrich) 
was added. The mixture was vortexed for 30 seconds 
and incubated on ice for 30 seconds, and the cycle was 
repeated 8 times. For further purification, the crude 
lysates were obtained by centrifugation at 12,000 
rpm at 4°C for 5 minutes and precipitated using 50% 
ammonium sulfate and followed by dialysis against 
1x PBS at 4°C overnight. Next, samples were injected 
into Hi-prep 16/60 Sephacryl S-100HR column 

equilibrated in a buffer containing 0.05 M sodium 
phosphate monobasic and 0.15 M NaCl using ÄKTA 
chromatography system (ÄKTA Avant, Cytiva).

2.5. Protein Analysis via SDS PAGE and 
Western Blot
	 The crude lysates were diluted using Laemmli 
loading buffer, denatured at 95°C for 10 minutes, 
and analyzed using Tricine SDS-PAGE gel (10%). 
The gel was stained with Coomassie brilliant blue for 
protein visualization. For immunoblotting analysis, the 
hybridization signals were detected using rabbit anti-
HPV52 L1 polyclonal antibody (1:1000). The anti-
rabbit IgG-peroxidase secondary antibody was used to 
detect specific binding. The in-situ hybridization was 
visualized using NBT substrate.

2.6. Vlp Visualization by Transmission 
Electron Microscopy
	 To collect VLPs, the crude lysates were precipitated 
using 50% ammonium sulfate and followed by dialysis 
against 1x PBS at 4°C overnight. The samples were 
absorbed on a carbon-coated copper grid, negatively 
stained with 2% phosphotungstic acid, and air-
dried before visualization by transmission electron 
microscopy (TEM JEOL 1010, 80.0 KV) at 40,000X.  

2.7. Quantitative Analysis using ELISA
	 The protein concentration was measured using 
ELISA. Briefly, each well of a 96-well plate was 
coated using 100 µL anti-HPV52 L1 polyclonal 
antibody (CABT-B8799; 1:5000) in PBS, incubated 
overnight at 4°C and washed with PBST three times. 
The wells were blocked using 1% BSA in PBST and 
incubated for 1 hour at room temperature. Next, 100 
µL samples were added in triplicates, incubated at 
room temperature for 2 hours, and washed with PBST 
three times. In the following step, 100 µL anti-HPV52 
L1 polyclonal antibody (1:1000) was added into each 
well, incubated for 2 hours at room temperature, and 
washed with PBST three times. Subsequently, 100 
µL anti-rabbit conjugated IgG (H&L) HRP conjugate 
secondary antibody (1:2000) was added, incubated 
for 1.5 hours at room temperature, and washed with 
PBST three times. Finally, 100 µL ABTS was added 
and incubated for 30-60 minutes at room temperature. 
The absorbance was measured at 450 nm and 602 nm 
using an ELISA reader (Varioskan™ LUX multimode 
microplate reader, Thermo Fisher Scientific).
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2.8. Determination of Cells Doubling Time
	 The transformants were cultivated, and biomass 
growth was monitored every 12 hours using the OD600 
measurement. The data points were plotted against time 
(hours) to generate growth curves. The log phase was 
used to generate a curve fitting the exponential equation 
as follows, where Td is doubling time (minutes).

2.10. Determination of Gene Integration 
Stability
	 The L1 gene integration stability was qualitatively 
determined by confirming the presence of the L1 gene 
using colony PCR throughout 100 generations (Xiao 
2014). The number of generations was calculated as 
follows:

Y = AeBx

Copy numbertarget gene =
Copy quantitytarget gene

Copy quantityACT1 gene

Td = ln(2)
B

2.9. Determination of Gene Copy Number
	 The absolute copy number of the L1 gene was determined 
using real-time qPCR (MyGo Pro RT-PCR). Three-step 
PCR amplification was conducted with the following setup: 
40 cycles of initiation (98°C, 2 minutes), denaturation 
(98°C, 10 seconds), annealing (60°C, 10 seconds), and 
extension (68°C, 30 seconds). Post-amplification melting 
curve analysis was performed to examine the reaction 
specificity. For the standard curve, five dilutions (12.5-
12.5 × 10-5 ng) of genomic DNA were used to amplify 
the reference gene ACT1, using forward primer ACT1_F 
(5’-TCCAGGCTGTGCTGTCGTTG-3’) and reverse 
primer ACT1_R (5’-CCGGCCAAGTCGATTCTCAA-3’). 
The primers were designed using the same principle as 
previously described in section 2.2 and synthesized by 
Macrogen. Specifically, the target region was the native 
ACT1 gene of H. polymorpha. The Ct values were plotted 
against the logarithm of the copy numbers. Subsequently, 
the equation and R square of the linear regression were 
determined from the data points of these plots (Kim et 
al. 2018; Shirvani et al. 2020). The PCR efficiency was 
calculated using the following formula:

% Efficiency = × 100( )10 - 1
-( )

1
slop

	 The genomic DNA (5 ng) of flL1 and trL1 
were used as the templates for qPCR amplification 
using the primers: qPCR_HPV52_L1_F 
(5’-GTATTTCAGGACACCCACTGC-3’), and qPCR_
HPV52_L1_R (5’-GTTGTCGATACCTGGCTTACC-3’). 
The primers for qPCR were designed to generate shorter 
fragments (80-150 bp), with the Tm set to fall between 
55-60°C. The Tm was predicted using an online Tm 
calculator by ThermoFisher Scientific. The Macrogen 
synthesized the primers. All reactions were performed in 
triplicates (Abad et al. 2011). The absolute copy number 
was normalized using the following equation:

Number of generation = log2 ( )
final cells per ml

initial cells per ml

	 The number of cells per ml culture was estimated by 
measuring the absorbance of increment dilutions at 600 
nm using a spectrophotometer (PerkinElmer). Two ml of 
medium containing zeocin was inoculated with ~1 × 105 
cells/ml and incubated at 37°C for 24 h (until stationary 
phase). The serial dilutions were made to obtain a final 
dilution of ~1 × 104 cells/ml. Subsequently, ~200 cells 
were plated on a nonselective medium (without zeocin) 
and incubated for 2-3 days. The number of colonies 
obtained from the plate was multiplied with the dilution 
factor and used as the initial cell number per ml. In 
addition, a dilution of ~2 × 107 cells/ml was made. Ten 
microliters of this dilution were used to inoculate 2 ml 
of nonselective medium to reach a starting concentration 
of ~1 × 105 cells/ml. After incubation in a nonselective 
growth medium for 24 hours, ~200 cells were plated 
on a nonselective medium. The final cell density can 
be calculated from the number of colonies obtained 
multiplied by the dilution factor. Six colonies from every 
10 generations (1 to 100) were picked randomly. The 
genome was isolated and used as a template for PCR using 
primers PMOX_F (5'-5’-AAGCTTATGGTGCAAATTC 
TGTTCTATATTCTCGTGATCCC-3’) and L1RV 
(5’-TTAACGTTTTACCTTTTTTTTTTTGGTCG-3’) 
to examine the presence of the L1 gene. The forward 
primer was designed to anneal to the MOX region of the 
H. polymorpha strain, and the reverse primer is the same 
one used to generate the L1 fragments. The Macrogen 
synthesized the primers. The design guide followed the 
principle previously described in section 2.2.

2.11. In-Silico Study
	 The tertiary structures of the flL1 and trL1 proteins 
were predicted using AlphaFold v2.3.3 with default 
parameters (Jumper et al. 2021), while ChimeraX (version 
1.9) was used for visualization of the tertiary structures. 
The hydrophobicity of the flL1 was evaluated using 
ProtScale (Gasteiger et al. 2005), while the truncated 
25 amino acids at the N-terminal region were assessed 
using a peptide calculator PepCalc (https://pepcalc.com/). 
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on the western blot analysis, colonies 1, 2, and 3 
of trL1 transformants showed the target bands (55 
kDa), while all of the representative colonies of flL1 
transformants (colonies 1, 4, and 6) only showed faint 
target bands.

3.2. Protein Yield and Determination of Gene 
Copy Number

The trL1 exhibited a slower growth rate than 
flL1, which was indicated by a higher doubling time 
(Table 1), possibly due to the overexpression of L1 
protein, which interfered with the biomass formation. 
The purified L1 protein was visualized by SDS-
PAGE (Figure 5), and the titers were quantified using 
ELISA. The trL1 produced higher L1 protein titer 
(312.10±7.15 μg/L) than the flL1 (64.43±9.53 μg/L) 
after purification. To compare the specific productivity 
of the cultures, the yield was normalized with the dry 
cell weight (DCW). The normalized yield for trL1 and 
flL1 proteins were 16.65±0.50 μg/g/L and 3.34±0.38 
μg/g/L, respectively. To assess whether the difference 

Additionally, the solubility of both flL1 and trL1 proteins 
was predicted using SoluProt (Hon et al. 2021), based 
on a solubility algorithm for E. coli.
	 The antigenic properties of the flL1 and trL1 sequences 
were evaluated using Vaxijen v.2.0 (Doytchinova and 
Flower 2007). The analysis was performed with the virus 
model selected and a threshold of 0.4, as recommended 
by the developers. The resulting antigenicity scores were 
compared to assess the impact of truncation on potential 
immunogenicity.

3. Results

3.1. Gene Cloning and Recombinant Strain 
Screening

Two codon-optimized sequences encoding 
full-length L1 (flL1) or truncated L1 (trL1) were 
amplified from the pD902-HPV52L1 plasmid. The 
fragments were sub-cloned into the pGEM®-T Easy 
vector, followed by subsequent insertion into the 
pHIPZ4 expression vector. After plasmid propagation 
and linearization, both plasmids pHIPZ4-flL1 and 
pHIPZ4-trL1 were transformed into H. polymorpha. 
The map of the final construct is shown in Figure 1. 
The transformants were tested for the presence of 
L1 genomic DNA. Three colonies from each flL1 
(colonies 1, 4, and 6) and trL1 (colonies 1, 2, and 3) 
transformants were selected to examine the protein 
expression. The cell growth after the induction with 
1% methanol was monitored by measuring the OD600, 
as depicted in Figure 2. The cell lysates from these 
colonies were analyzed by SDS-PAGE and western 
blot, as shown in Figure 3 and 4, respectively. Based 

Figure 1. Vector construction. The vector map of pHIPZ4 integrated 
with HPV 52 L1 gene for the expression of HPV 52 L1 
protein in H. polymorpha
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Figure 2. Optimization of growth condition of the H. polymorpha 
transformants. The growth curve of the H. polymorpha 
transformants with the induction of 1% methanol 
cultivated at 37°C with 250 rpm agitation for 96 hours. 
The cell growth was monitored by the absorbance of 
OD600. (A). Colonies 1, 4, and 6 of flL1 transformants; 
(B). Colonies 1, 2, and 3 of trL1 transformants
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Figure 3. SDS-PAGE analysis. The lysates of colonies 1, 4, and 6 
of flL1 transformants and colonies 1, 2, and 3 of trL1 
transformants were analysed using 10% Tricine SDS-
PAGE. M: Marker; (+): positive control (L1 commercial 
protein, creative diagnostic); host: H. polymorpha

Figure 4. Western blot analysis. The red boxes indicate the L1 HPV 
type 52 protein target bands (55 kDa) for colonies 1, 4, 
and 6 of flL1 transformants, and colonies 1, 2, and 3 of 
trL1 transformants. M: Marker; (+): positive control 
(L1 commercial protein, creative diagnostic); host: H. 
polymorpha

Table 1. Determination of protein yield and gene copy number of flL1 and trL1

*Normalised from OD600 in which 0.93 is equivalent to 1 g/L (Scheidle et al. 2009)

Figure 5. Protein purification using ÄKTA chromatography system. 
The lysate of trL1 colony 3 was further purified using 
ÄKTA chromatography system. The target bands from 
crude lysate, after dialysis, and after ÄKTA purification 
were analysed using SDS-PAGE and visualized using 
coomassie brilliant blue staining

Strain Td (mins) DCW* (g/L) Gene copy numberTiter after purification (μg/L) Yield/biomass after purification (μg/g/L)
Host
flL1
trL1

12.79
11.18
18.15

18.06
19.30
18.75

0
1
1

0
64.43±9.53
312.10±7.15

0
3.34±0.38
16.65±0.50

in protein yield was caused by the discrepancy in the 
gene copy number, quantitation of gene copy number 
was performed using real-time qPCR. The melting 
curve analysis indicated a single sharp peak, and 
the reaction efficiency calculated from the standard 
curves was 100%. The analysis showed that there is 
no difference in gene copy number since both trL1 
and flL1 only have one copy of the L1 gene (Table 1). 

3.3. Transmission Electron Microscopy 
Analysis

The TEM analysis was performed to reveal the 
integrity of VLPs. The pentamer structures were 
observed, as shown in Figure 6, with an average size 
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Figure 6. TEM analysis. The self-assembled virus-like particles (VLPs) were analyzed using TEM. The red arrows indicate (A). flL1 colony 
6 VLPs; and (B) trL1 colony 3 VLPs

of diameter around ~55 nm in both flL1 and trL1 
recombinant proteins.

3.4. Determination of Gene Integration 
Stability

To assess the stability of trL1 gene integration 
in H. polymorpha, six colonies that appeared on a 
nonselective medium after every 10 generations were 
picked randomly until 100 generations. The genomic 
DNA was extracted and used as a PCR template. The 
PCR products showed the target bands with similar 
size and intensity. These confirmed that the trL1 gene 
remained integrated within the H. polymorpha trL1 
transformant until the 100th generation (Figure 7).

3.5. In Silico Study
The deposited structure of HPV L1 52 lacked 

the first 25 amino acids at the N-terminus due to the 
inherent flexibility of this region. To address this, we 
employed AlphaFold to predict the most likely peptide 
conformation. The truncated segment primarily 
comprised non-charged amino acids, promoting local 

folding and hydrophobicity. Moreover, Figure 8A 
depicts the truncated N-terminus does not directly 
contribute to oligomerization, allowing the trL1 to 
form virus-like particles (VLPs). This is explained 
by aligning flL1 into a pentameric L1 (6IGF) where 
the N-terminus sticking out flexibly away from the 
oligomerization region (Figure 8B). Moreover, The 
25-amino-acid N-terminal segment was characterized 
as a water-insoluble peptide containing 3 polar, 
7 aromatic, and 14 aliphatic amino acids. The 
hydrophobicity index and net charge of the protein are 
illustrated in Figure 8C. In-silico analysis indicated 
that the solubility of the trL1 protein increased by 
approximately 1.4-fold compared to the flL1 protein, 
with solubility scores of 0.699 and 0.514, respectively, 
as presented in Table 2.

4. Discussion

	 Heterologous protein expression can be improved 
by various means, including modifying the coding 
sequences and engineering the host cells. Previous 
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Figure 7. Determination of gene integration stability. Qualitative analysis of genetic stability showed that the L1 gene was remain integrated 
within H. polymorpha trL1 strain, with expected size of the band: 1.5 kb

Figure 8. In silico study. (A). AlphaFold prediction of the flL1 structure. The net charge of the truncated segment is highlighted and 
illustrated in blue (negatively charged), red (positively charged), and white (neutral), with the majority being non-charged 
residues, (B) alignment of flL1 protein to a crystal structure of pentameric L1 (PDB: 6IGF), (C) the truncated region of flL1 
(M1–Q25) predominantly consists of hydrophobic residues, as calculated by PepCalc. Hydrophobicity analysis showed that the 
highest hydropathy score among all positions lies in the N-terminus
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research demonstrated that N-terminal truncation of HPV 
52 L1 protein by 15 amino acids successfully enhanced its 
soluble expression in E. coli. However, larger truncations 
(19 amino acids) did not give the same result (Wei et al. 
2018). In this study, 25 amino acids in the N terminal of 
HPV type 52 L1 sequence were removed to eliminate 
the hydrophobic domain and expressed the protein in 
H. polymorpha. Heterologous protein expression in 
H. polymorpha is best known for the use of a strong 
methanol-inducible promoter, MOX (Kang et al. 2001). 
For this type of promoter, cultivation occurs in two phases: 
(1) the growth phase, where the culture is maintained with 
an alternative carbon source such as glycerol, and (2) the 
induction phase, during which an inducer like methanol 
is gradually added to activate the promoter (Scheidle et 
al. 2009). Transcript length is a critical determinant of 
ribosome density, thereby promoting protein synthesis 
(Fernandes et al. 2017). Thus, a higher protein synthesis 
rate in truncated L1 (trL1) may be attributed to the shorter 
length of the coding sequence compared with the full 
length (flL1). Examining the effect of various lengths 
of HPV L1 transcript on their ability to induce antibody 
responses will be an interesting topic for future study. 
In addition, the proximity of the mRNA ends seems to 
determine the recycling rate of the ribosomal unit to the 
initiation site via a feedback mechanism.
	 On the other hand, a slower growth rate is often 
encountered as the cells face metabolic burdens due to 
protein synthesis. The flL1 exhibited a normal growth 
rate, whereas the trL1 strain showed a slower growth 
rate relative to the native host H. polymorpha. These data 
suggest that the growth of strains carrying the trL1 gene 
was compromised by trL1 protein synthesis, indicating 
that the protein was synthesized at a higher rate than 
those of the full length.
	 The data presented here showed that removing the 
hydrophobic transmembrane domain within the L1 region 
can be an effective strategy to increase HPV VLP titers, 
as it facilitates the release of soluble proteins via cell lysis 
as the first purification step. Our observations suggest 
that increasing protein solubility led to a higher protein 
yield. While the truncated region may still exhibit some 
antigenic properties, its removal was primarily aimed 
at improving solubility and simplifying downstream 
processing, which are critical factors in VLP production. 

Table 2. In silico study of protein solubility
Protein Solubility (SoluProt)
flL1
trL1

0.514
0.699

Antigenicity predictions (evaluated by Vaxijen v.2.0, 
with a threshold at 0.4 (Doytchinova and Flower 2007)) 
indicate only a slight difference between the full-length 
and truncated versions, suggesting that the modification 
does not significantly impact immunogenic potential. 
Furthermore, this truncation does not impair VLP 
formation. Our approach aimed to enhance solubility while 
maintaining antigenicity, demonstrating its suitability for 
optimizing VLP production. 
	  Other factors, such as protein aggregation, also need 
to be considered to prevent the loss of yield. However, 
this study did not include an analysis of misfolded and 
aggregated proteins, which could be addressed in future 
research. The purified yield of trL1 was consistently 
higher than that of flL1 across multiple trials. The 
solubilized protein simplified purification remained 
stable throughout several steps, avoided aggregation, 
and maintained proper folding at every stage. This is 
held particularly during ammonium sulfate purification, 
a process that can sometimes cause protein aggregation 
and reduce solubility (Arakawa and Timasheff 1985; Shi 
et al. 2005). Additionally, the protein stayed stable even 
in low solvent volumes, enabling it to withstand high 
concentrations effectively. Stability is especially critical 
in vaccine development, where the protein must remain 
intact and functional during storage and formulation. 
	 Another interesting approach to increasing protein 
yield is the use of cell-free protein synthesis (CPS) in 
combination with iterative rational improvement. CPS 
will allow a high throughput format for parallel synthesis 
of proteins. The establishment of CPS using the Pichia 
pastoris system to produce the wild-type Hepatitis B 
Virus core antigen (HBcAg) has been reported (Spice 
et al. 2020). This system enables the rapid prototyping 
of protein variants by facilitating the use of biological 
machinery without compromising the constraints of a 
living cell. This approach has the potential to be explored 
further since HBcAg and HPV L1 protein share similar 
characteristics in which both are non-enveloped, appearing 
to be viable for this in vitro production tool. Other 
important areas would be the implementation of rational 
design strategies to prevent VLPs aggregation, such as 
by introducing point mutations in aggregation-prone 
residues or masking these residues with carbohydrate 
moiety (Courtois et al. 2016).
	 As protein synthesis involves a complex interplay 
of many factors, this study provides insight into factors 
that affect the efficiency of HPV type 52 L1 recombinant 
protein production in H. polymorpha. Truncation of the 
hydrophobic domain is a promising strategy to increase 
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protein solubility, thus increasing the production of VLP-
based vaccines. The removal of 25 amino acids at the 
N-terminal of HPV type 52 L1 protein gave the advantage 
of a higher protein synthesis rate compared with the 
full-length L1.
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