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Abstract

The growing global prevalence of diabetes mellitus has sharply increased the demand for insulin and its analogues. Pichia pastoris
is a well-established system for recombinant pro-insulin and its analogues production. However, conventional gene constructs often
include additional sequences, such as Glu-Ala repeats, spacer peptides, and c-peptides that complicate downstream processing and
reduce efficiency. This study aimed to construct and express a proglargine (PG) gene cassette lacking the Glu-Ala repeats, spacer,
and c-peptide in P. pastoris GS115 to obtain a uniform PG protein. The recombinant vector propagated in Escherichia coli
TOP10F’, then expressed in P. pastoris GS115. Selected transformants were cultivated in YPG medium, then induced with 1% and
2% methanol daily in BMMY. The optimum methanol concentration further evaluated in 2 BSM induction medium. The result
demonstrated that optimal PG expression was achieved with 2% methanol induction in BMMY, producing higher levels than those
with %2 BSM. Among the transformants, PG.c2 produced the highest PG protein in BMMY medium induced with 2% methanol.
Dot-blot analysis confirmed the secretion of PG, and LC-HRMS analysis demonstrated 100% amino acid sequence coverage of PG,
confirming the integrity and completeness of the expressed protein. This study presented a newly modified PG gene cassette,
inserted into pPICZaA vector, to express uniform secreted PG in P. pastoris GS115. By simplifying the precursor structure, a more
homogeneous precursor product can be obtained, which is expected to simplify purification and also the downstream enzymatic

process of PG into mature insulin glargine.
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1. INTRODUCTION

Diabetes mellitus is a metabolic disorder
characterized by an elevated blood sugar level after
carbohydrate consumption. The global prevalence
of diabetes escalates annually, results in an increase
of insulin demand. Insulin recombinant, the first
recombinant protein for human use approved by the
FDA in 1982, is an essential life-saving therapeutic
agent for type 1 and late-stage type 2 diabetics to
control blood sugar levels [1][2]. The advent of
biotechnology has resulted in the introduction of
rapid and long-acting insulin analogues in the 1990s
and early 2000s, respectively [3]-[5]. Among these
analogues, insulin glargine is one of the most

widely prescribed long-acting formulations for type
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2 diabetes care, as it provides stable basal insulin
levels and helps reduce fluctuations in blood sugar
[6]. Glargine were also developed due to the side
effects of nocturnal hypoglycaemia of previous
analogue insulins and to avoid multiple injections
per day [7]. This makes glargine an important focus
for improving production efficiency to support
therapeutic needs.

Proglargine (PG) plays a pivotal role as the main
key raw material in manufacturing glargine.
Following that, PG must be enzymatically
processed to generate mature glargine. PG is now
produced using recombinant microbes, one of
which is Pichia pastoris. Methylotrophic yeast of
Pichia pastoris (reclassified as
phaffii) is a well-established expression system for
manufacturing recombinant heterologous proteins.
It is also granted as GRAS (Generally Recognised

Komagataella

as Safe) [8] and attributed with advantageous
characteristics as follows: easy to manipulate the
genome, has a tightly and strongly regulated AOX1
promoter to drive heterologous protein expression,
secretes a small number of endogenous proteins,
and easy to scale-up [9]. The o-mating factor (o-
MF) from Saccharomyces cerevisiae is widely used
as a secretion signal peptide in a plasmid for the
production of secreted insulin precursor. a-MF has
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Table 1. Media used in this research.

Growth media for E. coliTOP10F’

Purposes

List of Media
Luria Bertani (LB)

Yeast Peptone Dextrose (YPD) Growth media for P. pastoris GS115

Low Salt Luria Bertani (LSLB)

Growth and vegetative media for Recombinant E. coliTOP10F’

Selection media for P. pastoris GS115 transformant

Yeast Peptone Dextrose Sorbitol (YPDS)

Yeast Peptone Glycerol (YPG)

Vegetative media for P. pastoris GS115 transformant

Induction media for P. pastoris GS115 transformant

Buffered Methanol-complex medium (BMMY)

Induction media for P. pastoris GS115 transformant

Half of Basal Salt Medium (Y2 BSM) added with Trace elements (PTM,) and Histidine

85 amino acids (AA), comprising pre- and pro-
peptides, with 19 AA and 66 AA, respectively. At
the end of AA sequences, the pro-peptide consists
of a dibasic amino acid Kex2 cleavage site of -KR
and two or three peptides of Glu-Ala repeat. Protein
-encoding gene construct is usually fused into these
-KR and Glu-Ala repeats for the expression [10]
[11].

Traditionally, a gene cassette for expressing
proinsulin and its analogues was designed using
Glu-Ala repeats and/or a spacer at N-terminal B-
chain. However, these designs have some
limitations, such as the fact that some of the
secretory precursors still have Glu-Ala repeats and/
or a spacer in different lengths attached to the N-
terminus of the B-chain, which may become a
burden for enzymatically active glargine processing
[12]. Furthermore, insulin precursors were
commonly designed with c-peptide as a linker
between the A and B-chains, which need to be
removed enzymatically during insulin maturation
processing. The synthetic PG gene can be designed
without c-peptide since glargine has two specific
residual amino acids in the C-terminus of B-chain
that can be connected directly to A-chain and
cuttable enzymatically. For this reason, this study
focuses on the expression of the PG gene, by which
the gene cassette is designed without Glu-Ala
repeats, a spacer, and c-peptide, in P. pastoris. This
streamlined construct is intended to simplify
downstream maturation and provides a foundation
for developing more efficient production routes.
Importantly, this strategy points toward the
feasibility of large-scale and cost-effective
manufacturing of insulin glargine for a critical
therapeutic in diabetes care.

2. MATERIALS AND METHODS

2.1. Materials

Media used during this study were shown in
Table 1, meanwhile the full composition presented
in Supplementary data (S-1). All media used for the
research were prepared according to the user
manual of EasySelect™ Pichia Expression Kit
(Invitrogen, USA) [13], except for 2 BSM [14]
[15]. All agar media were supplemented with 1.5%
agar before sterilization. Zeocin was added to the
sterilized media at final concentration of 25 pg/mL
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for recombinant £. coli TOP10F’ and 100 pg/mL
for P. pastoris GS115 transformants.

2.2. Methods

2.2.1. Plasmids and Strains

The pPICZaA vector, E. coli TOP10F’, and P.
pastoris GS115 used in this study were from
Invitrogen (Table 2). Recombinant E. coli TOP10F’
was used for shuttle vector propagation, while P.
pastoris GS115 transformants served as the host for
protein expression. Parent strains of E. coli
TOPI10F' and P. pastoris GS115 were maintained
on LB and YPD media, respectively, while
recombinant E. coli and P. pastoris transformants
were maintained on LSLB and YPD media,
respectively, supplemented by zeocin as needed
[13].

2.2.2. Construction of Recombinant Vector

nucleotide  sequence
encoding secretory PG for expression in P. pastoris
GS115 was synthesized chemically by GenScript.
In this research, the codon adaptation index (CAI)
and GC content values were 0.84 and 42.65%,
respectively. The gene cassette was designed by
placing a four amino acid (LEKR), containing the

A codon-optimized

Xhol site (LE) and the Kex2 protease cleavage site
(KR), downstream of the o-mating factor signal
sequence [12][13]. This was followed by the PG B-
chain (32 amino acids) and A-chain (21 amino
acids) arranged
intervening C-peptide. The cassette was cloned in-
frame into pPICZaA between Xhol and Nofl to
generate the expression construct pPICZaA/PG. A
schematic representation of the construct is shown

consecutively  without an

in Figure 1.

2.2.3. Transformation of pPICZoA/PG to
Escherichia coli TOP10F’

Competent E. coli TOP10F’ cells were prepared
using CaCl, method and plasmid transformation
was performed using a heat-shock technique
according to Rahimzadeh et al. [16] and Chang et
al. [17], respectively. Screening recombinant E. coli
TOP10F’ was performed by growing the cells onto
an LSLB medium with zeocin (25 pg/mL)
overnight at 37 °C. Parent plasmid pPICZaA was
also transformed into £. coli TOP10F’ as a control.
Colonies growing under zeocin selection medium
were further confirmed by plasmid sequencing
using forward and reverse primers as in Table 2.

2.2.4. Analysis of Nucleotide Sequence of PG Gene

Nucleotide sequence of PG gene in the plasmid
was analysed before transformed into P. pastoris
GS115 to verify there was no mutations had
occurred during plasmid propagation. The plasmid
pPICZaA/PG was propagated in E. coli TOP10F’,
and the recombinant cells were cultured prior to
plasmid extraction using a modified Geneaid
plasmid isolation procedure as described by
Pronobis [18]. The concentration and purity of the
isolated plasmid DNA were determined using a
NanoDrop™ spectrophotometer. The nucleotide
sequence of PG in the isolated pPICZaA/PG was
sequenced using AOXI
primers as indicated in Table 2. PCR conditions

forward and reverse

were conducted as follows: pre-denaturation (94 °C;
2 min), denaturation (98 °C; 10 s), annealing (50
°C; 30 s), extension (68 °C; 90 s), and final
extension (68 °C; 7 min). The resulting amplicons

Table 2. Plasmids, microbes and primers used in this study.

Plasmids

pPICZaA
pPICZaA/PG
Microbes

E. coli TOP10F’

P. pastoris GS115
Primers

AOX1 forward primer
AOX1 reverse primer

Parent plasmid
Recombinant pPICZaA harbouring PG gene

Parent host
Parent host

5'-GACTGGTTCCAATTGACAAGC-3'
5'-GCAAATGGCATTCTGACATCC-3'
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| Xho! | Lys-Arg | B Chain-3143-32%%°

Achain | stop | Noti |

Figure 1. Schematic map of the recombinant yeast-integrative plasmid pPICZaA/PG for PG secretory
expression in Pichia pastoris driven by the methanol-inducible promoter AOX1 used in this study.

were then subjected to sequencing by the First Base
company.

2.2.5. Transformation of Plasmid to Pichia pastoris

Competent cells (P. pastoris GS115) were
prepared using a chemical treatment method and
plasmid transformation was carried out using
electroporator as described by Cregg et al. [19] and
Lin-Cereghino et al. [20]. Plasmid pPICZoA/PG
was linearized with Sacl and mixed with 80 pL of
competent cells and subjected to electroporation
using a Bio-Rad electroporator (1500 V, 200 Q, 25
pF). Immediately after pulsing, 0.5 mL of cold
sorbitol was added, and the cells were incubated at
30 °C for 1 h for recovery, and then 0.5 mL YPD
was added into the culture, followed by overnight
cultivation at 30 °C with shaking. Transformants
were selected on YPDS agar containing zeocin (100
pg/mL) and incubated at 30 °C for 2-4 days. The
parental plasmid pPICZoaA was transformed in
parallel as a negative control.

2.2.6. Phenotypic Analysis of Recombinant Pichia
pastoris G115

Mut phenotypic analysis is essential to determine
methanol concentration for induction during PG

expression since recombination can occur in
various ways, generating clonal variation that may
impact expression levels. The methanol utilization
(Mut) phenotype categorized into three types: Mut"
strains are able to utilize methanol quickly, whereas
Mut® means that the strain uses methanol more
slowly, and Mut strains are unable to grow on
methanol as a sole carbon source. In this study,
three larger colonies, as shown in Table 3, were
selected to confirm the Mut phenotype.

Mut phenotype was determined by colony PCR
with 5' 40X1 forward primer paired with 3' 40X1
reverse primer as shown in Table 2, and PCR
condition was outlined in section 2.2.4. Colonies
that yielded two amplicons of approximately 690 bp
and 2.2 kbp were identified as Mut" phenotypes,
while those showing only a single 690 bp amplicon
classified as  Mutt transformants.
Subsequently, the amplicons required additional

WEre

sequencing to confirm correct integration and
absence of mutations. The nucleotide sequence of
the PG gene was then sequenced by First Base
company.

2.2.7. Shake Flask PG Expression
Three larger Mut™ colonies were selected for PG
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expression screening as shown in Table 3. This PG
expression was performed in two phases: vegetative
and induction phases. During the vegetative growth,
P. pastoris harbouring the PG gene was subcultured
in fresh YPD agar medium containing 100 pg/mL
zeocin and incubated at 30 °C for 72 h. This single
colony of P. pastoris was then inoculated into 50
mL of YPG medium supplemented with 100 pg/mL
zeocin, and the culture was incubated in a rotary
shaker at 250 rpm and 30 °C for 36 h. The cells
were then harvested by centrifugation before
transferred into induction medium.

The pellet cells were resuspended in either
BMMY or /2 BSM medium to an optical density at
600 nm (ODXesoony) of 15. The induction process
involved the addition of methanol at two
concentrations (1% and 2%) to BMMY medium,
and methanol was added daily over a 72-h
induction period. These conditions were compared
to determine the most suitable methanol
concentration for optimal expression of PG.
Induction with 2% methanol in BMMY resulted in
higher PG expression compared to 1% methanol.
This optimum methanol concentration determined
from this experiment was subsequently applied to
another induction medium, ¥2 BSM.

2.2.8. SDS-PAGE Analysis of PG

PG analysis in the cell-free supernatant were
undertaken using tricine SDS-PAGE with 10%
polyacrylamide gel in a tricine buffer system [21],
with commercial glargine (Lantus® Solostar®) as a
positive control for staining detection. Protein
bands were detected using Coomassie Brilliant Blue
R-250 or silver staining kit.

2.2.9. Dot-blot Analysis of PG

PG in the supernatant from the most suitable
induction condition was characterized using dot-
blot analysis [22]. Dot-blot analysis confirmed the
presence of PG in the culture supernatant. The
supernatant was applied into a nitrocellulose
membrane (0.45 pm pore size). Indirect
immunodetection was performed using a primary
antibody (Mouse anti-Human Insulin Monoclonal
Antibody, MyBioresource) followed by a secondary
antibody (anti-mouse IgG (H+L) AP conjugate,
Promega). The PG indirectly binding to the
secondary antibody was detected with NBT/BCIP

Table 3. Transformants used in this study.

Transformants

E. coli TOP10F’ transformed with the parent plasmid
E. coli TOP10F’ transformed with pPICZaA/PG

E. coli TOP10F’/pPICZaA

E. coli TOP10F’/pPICZaA/PG
P. pastoris GS115/ pPICZoA (A)

P. pastoris GS115 transformed with pPICZaA (negative control)

P. pastoris GS115 transformed with pPICZaA, designated as clonel

P. pastoris GS115/pPICZaA/PG.c1 (PG.cl)
P. pastoris GS115/pPICZaA/PG.c2 (PG.c2)
P. pastoris GS115/pPICZaA/PG.c3 (PG.c3)

P. pastoris GS115 transformed with pPICZaA- designated as clone2

P. pastoris GS115 transformed with pPICZaA- designated as clone3
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[alignment ]
1@ 20 EL 49 58 68
PG TTCGTTAATCAGCACTTETGTGETTCCCATTTGETTGAAGCACTTTACTTGGTTTGCGGA
PR TTCGTTARTCAGCACTTGTGTGGTTCCCATTTGET TGAAGCACTTTACTTGGTTTGLGGA
268 278 280 29 309 e
e Be % 1ee 1e 128
PG GAGAGAGGTTTCTTTTATACCCCAMGAC TAGAAGAGGTAT TGTCGAACAATGCTGTACC
PCR  GAGAGAGGTTTCTTTTATACCCCAAAGACTAGAAGAGGTATTGTCGAACAATGCTGTACC
320 339 349 350 368 37e

130 140 159
PG TCCATCTGCTCTCTTTACCAACTTGAAMACTACTGCGGT

PR TCCATCTGCTCTCTTTACCAACTTGAAMACTACTGCGGT
30 399 400 a1e

(b)

Figure 2. Verification of the recombinant plasmid and PG gene sequence (a) Agarose gel electrophoresis
analysis of plasmid DNA. Lane M, 1 kb DNA ladder; Lane 2, parent plasmid (pPICZaA); Lane 2,
recombinant plasmid (pPICZaA/PG); Lane 3, DNA band without PG gene; Lane 4, DNA band contained
PG gene; (b) Nucleotide sequence alignment of the synthesized PG gene (PG line) with the sequence
obtained from extracted recombinant plasmid PCR (PCR line).

CLUSTAL 2.1 multiple sequence alignment
PG-References TTCGTTAATCAGCACTTGTGTGGTTCCCATTTGGT TGAAGCACTTTACTTGGTTTGCGGA
PG.c1 TTCGTTAATCAGCACTTGTGTGGTTCCCATTTGGT TGAAGCACTTTACTTGGTTTGCGGA
PG.c2 TTCGTTAATCAGCACTTGTGTGGTTCCCATTTGGT TGAAGCACTTTACTTGGTTTGCGGA
PG.c3 TTCGTTAATCAGCACTTGTGTGGTTCCCATTTGGT TGAAGCACTTTACTTGGT TTGCGGA
............................................................
PG-References TTCTTTTATACCCCAAAGACT! TTGTCGAACAATGCTGTACC
PG.c1 GAGAGAGGTTTCTTTTATACCCCAAAGACTAGAAGAGGTATTGTCGAACAATGCTGTACC
PG.c2 GAGAGAGGTTTCTTTTATACCCCAAAGACTAGAAGAGGTATTGTCGAACAATGCTGTACC
PG.c3 GAGAGAGGTTTCTTTTATACCCCAAAGACTAGAAGAGGTATTGTCGAACAATGCTGTACC

............................................................

PG-References TCCATCTGCTCTCTTTACCAACTTGAAAACTACTGCGGT
PG.c1 TCCATCTGCTCTCTTTACCAACT TGAAAACTACTGCGGT
PG.c2 TCCATCTGCTCTCTTTACCAACT TGAAAACTACTGCGGT
PG.c3 TCCATCTGCTCTCTTTACCAACTTGAAAACTACTGCGGT

.......................................

Figure 3. Phenotypic characterisation and Pichia’s genome-integrated PG gene sequence analysis (a) Three
selected P. pastoris transformants harbouring PG gene. Lane 1, negative control of PCR process; lane 2, 1
kb DNA ladder; lane 3, P. pastoris GS115 transformed by pPICZaA without PG gene (588 bp), lanes 4 to

6, P. pastoris transformants Mut' carrying the PG gene (690 bp) and AOX1 gene (2200bp); (b) Clustal W
multiple sequence alignment of PG-cassette sequences amplified from genome’s transformants compared to
the synthetic PG sequence.

solution for 5—15 min.

2.2.10. Peptide Mapping Analysis

Peptide mapping of the secreted PG was
performed to determine amino acid sequences and
verify the primary structure using liquid
chromatography—high-resolution mass spectrometry
(LC-HRMS) [23], conducted by Corpora Science.
LC-HRMS confirmed 100% sequence coverage of
PG, primary structure without
mutations or truncations. Liquid chromatography
was performed on a Thermo Scientific Vanquish
Horizon UHPLC system equipped with a PepMap
100 Cig column (150 mm x 1 mm, 3 pum). The
column temperature was maintained at 40 °C. The

verifying its

reverse-phase LC eluent was analyzed using a

Thermo Scientific™ Orbitrap™ Exploris 240 in
Full MS positive ion mode, with ionization via
OptaMax™ NG Heated Electrospray lonization (H-
ESI). Data analysis was performed using Proteome
Discoverer™ 2.5, SequestHT, and the UniProt
database.

3. RESULTS AND DISCUSSIONS

3.1. Plasmid Characterization and PG Gene
Sequence Verification in Escherichia coli TOP10F’
Characterization parent and recombinant
plasmids, pPICZaA pPICZaA/PG,
respectively, transformed into E. coli TOP10F’ was
important to confirm the intended sequence
modification cassette was correctly cloned into the

and
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a

Figure legend picture a :

1-2 : supernatant from PG.c1 transformant culture
3-4 : supernatant from PG.c2 transformant culture
5-6: supernatant from PG.c3 transformant culture

G : Positive control (Glargine commercial)

M : Protemn Ladder

C : Negative control

1, 3, 5 : cultures induced with 1% methanol in 3 days
2,4, 6 : cultures induced with 2% methanol in 3 days

100 +

80 +

HH

40 T+

Relative band intensity (%)

0 t t t {
PG.cl PG.c2 PG.c3

Transformants

b

Figure legend picture b -

1:PG.ecl =~79%

2:-PG.c2 =~100%

3:PGc3i=~78%

G : Positive control (Glargine comimercial)

Figure 4. Cell-free supernatant analysis (a) SDS-PAGE gel analysis of PG expression in BMMY medium
induced with 1% or 2% methanol for 3 days; (b) Relative band intensity quantified using ImagelJ.
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Figure legend picture a :

C : Negative control

L : Protein Ladder

1 : Supernatant from PG .c3 transformant

2 : Supernatant from PG .c2 transformant

3 : Supernatant from PG .c1 transformant
G : Positive control (Glargine commercial)
4 : Supernatant from PG.c1 transformant

5 : Supernatant from PG.c2 transformant

6 - Supernatant from PG c3 transformant
1-6 - Cultures induced with 2 % methanol in 3 davs

100 =
Ean)
e
‘5 80 +
g 60+
=
'g 40 +
]
ke ——
= 20
=
e 0 : } } |
PGel PG.c2 PG.c3
Transformants
b

Figure legend picture b:
PG.cl =~ 98%

PG.c2 =~ 100%

PG.c3 =~99%

Figure 5. Cell-free supernatant analysis (a) SDS-PAGE gel analysis of PG expression in %2 BSM medium
induced with 2% methanol during 3 days; (b) Relative band intensity quantified using Imagel.
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construct. The 1% agarose gel electrophoresis result
confirmed a recombinant plasmid size of 3694 bp,
consistent with insertion of the PG gene (Figure 2
(a)). Furthermore, analysis
performed to ensure the cloning process was

sequencing was
executed correctly and verify the accuracy of the
inserted PG gene. The isolated pPICZoA/PG was
applied as a template to amplify PG gene’s
nucleotide sequence with AOXI! forward and
reverse primers (as shown in Table 2) through the
PCR method to analyse mutations during plasmid
propagation in E. coli TOP10F’. The result of
sequence analysis confirmed no mutations occurred
(Figure 2(b)). Sequence analysis result of the PG
gene cloned into the pPICZoA plasmid under the
control of the AOX1 promoter also confirmed the
successful elimination of Glu-Ala repeats and the
spacer region. This verification demonstrated that
the modified PG gene cassette was accurately
integrated at the Xhol and Nofl multiple cloning
sites.

In this research, codon optimization was
performed on the PG encoding gene since some
studies demonstrated the increasing translational
efficiency of the recombinant protein. However,
this codon optimization has not been further
validated through subsequent research. Some
studies have investigated the role of codon
optimization by replacing rare codons with those
favoured by the host to increase the heterologous
protein expressed in P. pastoris. Jie et al. reported
that the xylanase gene from Thermotoga maritima
was codon-optimized by substituting rare codons
such as TCG (Ser), CTC (Leu), AGC (Ser), and
GCG (Ala), resulting in a 2.8-fold increase in
xylanase expression [24].

3.2. Phenotypic Characterization and PG
Nucleotide Sequence Confirmation in Recombinant
P. pastoris GS115°s Genome

Following the transformation, three selected
transformants were chosen as shown in Table 2, and

control  PG.c3 PG.c2 PG.cl

PG.c3 PG.c2 standar

2 & o

control  PG.c3 PG.c2 PGl

A

Figure Legend

1 : Cultures before methanol induction

2 : 3 days incubated cultures induced with 2 % daily methanol induction
A: Cultures in BMMY induction medium

B : Cultures in 2 BSM induction medium

PG.ec3 PGc2 PGcel

B

a

100 —
:‘i 80
3;
g
o 60
S 40
v
[
% 20
<

0 1 | | I | 1

PG.cl PG.c2 PG.c3 PG.cl PG.c2 PG.c3
BMMYil Y2 BSM
Transformants

Figure 6. Dot-blot analysis of cell-free supernatant (a) before (1) and after (2) 2% daily methanol induction
for 3 days, growth in medium BMMY (A) and Y2 BSM (B); (b) Relative dot-blot intensity quantified using
Imagel.
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Table 4. Peptide sequence of Proglagine.

Coverage
100%

Hidro-phobicity*
29.10

10.59
13.46
19.44
25.86

Position of Amino Acid Retention Time (min)
B15-B24

Peptide sequence
LYLVCGERGF

Fragment
I
II
I
v

100%
100%
100%

35.87
42.31

B1-B15
B23-A17

FVNQHLCGSHLVEAL

GFFYTPKTRRGIVEQCCTSICSLYQLE

B13-A21 49.97

EALYLVCGERGFFYTPKTRRGIVEQCCTSICSLYQLENYCG

*https://www.thermofisher.com/id/en/home/life-science/protein-biology/peptides-proteins/custom-peptide-synthesis-services/peptide-analyzing-tool.html

their phenotypes were subsequently characterized.
Phenotypic analysis was conducted to determine the
methanol  utilization (Mut)  phenotype  of
recombinant P. pastoris strains. The AOXI
promoter gene is naturally present in the P. pastoris
GS115 genome (2.2 kb) and is also included in the
expression plasmid as a 690 bp fragment. In Mut"
strains, both the genomic AOX1 and the plasmid-
derived fragment are present (Figure 3(a)), allowing
detection of the 2.2 kb AOXI1 gene. In contrast, in
Mut® strains, the plasmid integrates into and
disrupts the native AOX1 locus, preventing
amplification of the 2.2 kb fragment by PCR.
Figure 3(a) revealed that all three selected
transformants had Mut™ phenotype. The 690 bp
gene in Mut™ transformants was then further
sequenced to analyse the nucleotide sequence of the
PG gene. The results demonstrated that the PG
gene sequence of the three selected transformants
was identical to the initial PG gene construction as
revealed in Figure 3(b).

In this work, the phenotypic characterization of
the yeast-transformants was carried out to
determine the methanol concentration added during
the expression process. The selected transformants
were coded as PG.cl, PG.c2, and PG.c3. The
induction medium and methanol inducer play a
significant role in the PG expression process. Low
methanol concentrations may not be sufficient to
initiate transcription, and proteolytic degradation
may potentially lead to cell starvation; however,
excessive methanol concentrations can be harmful
to cells [25].

3.3. PG Expression

The PG expression was evaluated by the SDS-
PAGE. The theoretical molecular weight of the PG
protein was predicted to be approximately 6.05 kDa
and the corresponding band with similar size was
observed on the SDS-PAGE gel. The result
revealed that PG expression was not detectable
under 1% methanol induction, while 2% methanol
resulted in clear expression in BMMY medium,
with PG.c2 showing the highest expression as
shown in Figure 4(a). The 2% methanol condition
was then applied to evaluate PG expression in %2
BSM medium. Unlike BMMY, PG expression in %
BSM could only be detected using silver staining,
indicating lower PG accumulation compared to

= ?

ANDAWA

STITUTE

959



J. Multidiscip. Appl. Nat. Sci.

B-Chain

A-Chain

Fragment I

¥
FVNQHLCGSHLVEALYLVCGERGTFYTPKTRRGIVEQCCTS[CSLYQLE NYCG

Fragment II

Fragment II1

Fragment IV

a

LYLVCGERGF

FWNGHLCGSHLVEAL

GFFYTRKTRRGIVEQCCTSICSLYOLE

EALYLVCGERGFFYTPKTRR GIVEQUCTSICSLYQUENYCS

b

Figure 7. Peptide sequence of PG analyzed by LC-HRMS (a) Amino acid sequence of PG;
(b) chromatogram result of the PG analysis.

BMMY (Figure 5(a)).

Band-intensity quantification using ImageJ was
performed to compare PG expression among the
three selected transformants (PG.cl, PG.c2, and
PG.c3).
relative band intensities normalized to the strongest

The percentages presented represent
PG band among the samples (set as 100%). In
BMMY induced with 2% methanol, PG.c2 showed
the highest expression, while PG.cl and PG.c3
produced 79% and 78%, respectively (Figure 4(b)).
A similar pattern was observed in %2 BSM induced
with 2% methanol, where PG.c2 again yielded the
highest PG expression (Figure 5(b)).

Induction with 2% methanol resulted in higher
PG production than with 1%, suggesting that this
concentration more effectively activates the AOX1
promoter to drive PG gene transcription and
provides sufficient metabolic energy (NADPH and
ATP) to support protein biosynthesis [26], while
still remaining non-toxic to the cells [27]. Other
studies regarding the methanol concentration for
induction to express heterologous protein showed
similar results. A 2% methanol induction was
considered the optimal condition to express

recombinant protein xylanase

tuberculocis

[28] and the
[29] using
recombinant P. pastoris. PG expression in %2 BSM
medium was lower than BMMY. The result was

multistage vaccine

similar with Zitkus et al. in which recombinant
protein expression was lower in BSM than nutrient
(YEPM) media. It is likely because 2 BSM is a
minimal medium, requiring cells to synthesize all
necessary metabolic intermediates. In contrast,
richer media (like BMMY) provides these
components that readily for cell growth and product
formation, thereby reducing the metabolic burden
on the cells [30][31].

3.4. Dot-blot Analysis of PG

Following the expression process, a dot-blot
analysis using an anti-insulin monoclonal antibody
was performed to detect the presence of PG in the
culture supernatants specifically. Dot-blot intensity
semi the
presented represent relative band
intensities normalized to the strongest dot-blot
signal among the samples (set as 100%). The results
revealed a stronger dot signal for PG.c2 compared

was quantified using Image] and

percentages
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to weaker signals for PG.cl and PG.c3 indicating
the highest PG expression in PG.c2 transformant
from BMMY medium supernatant induced with 2%
methanol, consistent with SDS-PAGE results
(Figures 6(a) and 6(b)).

3.5. LC-HRMS Analysis

Peptide mapping of the PG protein was
performed through LC-HRMS analysis. The cell-
free supernatant was subjected to chromatographic
separation using the LC-HRMS method, revealing
four distinct peptide fragments eluted at different
retention times as shown in Figure 7. They were
labelled as fragments I-IV in order of increasing
molecular weight corresponding to fragment I
(amino acid sequences B15-B24), fragment II (B1—
B15), fragment III (B23-A17) and fragment IV
(B13-A21) with retention times of 10.59, 13.46,
19.44, and 25.86 min, respectively, as shown in
Table 4. The observed retention times suggested
differences in the physicochemical properties of the
peptide fragments, most probably their molecular
weight and hydrophobicity [32]. Peptide fragment I,
eluted earliest (10.59 min), was smaller in size with
theoretical hydrophobicity value only 29.10 and
predicted to be more polar, resulting in weaker
interactions with stationary phase of the column. In
contrast, peptide fragment IV, which showed the
longest retention time (25.86 min), have large
molecular weight and the highest theoretical
hydrophobicity value of 25.86. These differences
may reflect variations in amino acid composition
and sequence among the fragments, which in turn
affected their retention time.

sequence coverage of the PG, confirming the
integrity and completeness of the peptide mapping
process. This LC-HRMS was also verifying its
primary structure without mutations or truncations.
Detailed analysis revealed that Glu-Ala repeats and
spacer were not detected in the N-terminal of the
first amino acid of B-chain PG and the full
sequence was successfully mapped into overlapping
peptide fragments as in Figures 7(a) and 7(b).

The peptide mapping result suggested that this
gene cassette design would have an effect on the
industrial scheme in which the downstream bio-
enzymatic processing (using Kex2 enzyme) would
yield less protein product variants compare to that
have design with Glu-Ala repeats and spacer on the
upstream region of B-chain of PG DNA and c-
peptide that links B- and A-chains. This has a
potency to simplify purification process after bio-
enzymatic  process. A  schematic diagram
contrasting the traditional construct of precursor
form gene cassette with the modified version was
illustrated in Figure 8.

By simplifying the precursors, this modification
reduces the need for extensive enzymatic
processing, thereby potentially lowering production
costs and improving yield consistency. From a
clinical perspective, this is highly relevant, as
insulin glargine remains a most given therapy for
type 1 and advanced type 2 diabetes mellitus.
Enhancing the efficiency and scalability of PG
manufacturing through optimized genetic constructs
can contribute to broader accessibility and
affordability, particularly in regions where the cost

of long-acting insulin analogues limits patient

The peptide mapping sequences identified from  access.
these fragments collectively achieved 100%
‘ Glu-ala repeat %— Spacer —} B-chain —{ C-peptide H A-Chain

Traditional construct l

At the end of
a-MF inside
the plasmid

~_

Modified construct

Deleted from
the plasmid

. -
‘ Glu-gl=repeat }— B-chain
- ~ )

— i
C—ngtﬁje A-Chain

~ ~
- l ~

. Replaced by .
31th and 32
of B-chain

Figure 8. Traditional and modified precursor form of gene cassette construct of insulin and its analogues.
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4. CONCLUSIONS

A newly modified PG gene cassette inserted into
pPICZaA, lacking the Glu—Ala repeats, spacer, and
C-peptide regions, was successfully expressed as a
secreted PG protein in Pichia pastoris GS115.
Optimal PG expression was obtained with 2%
methanol induction in BMMY, yielding higher
levels than those in 2 BSM. Among the
transformants, PG.c2 exhibited the highest
expression level when induced daily in BMMY
medium with 2% methanol. LC-HRMS analysis
further confirmed the integrity of the expressed PG
product, demonstrating 100% amino acid sequence
coverage with phenylalanine (F) as the native N-
terminus of the B-chain. Collectively, these findings
demonstrated a simplified and efficient system for
expressing a more homogeneous PG with promising
potential to facilitate purification and reduce
variability during further downstream enzymatic
maturation of insulin glargine.
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