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Abstract

Background Since 1982, recombinant insulin has been used as a substitute for pancreatic insulin from animals.
However, increasing demand in medical and food industries warrants the development of more efficient production
methods. In this study, we aimed to develop a novel and efficient method for insulin production using a yeast secre-

tion system.

Methods Here, insulin C-peptide was replaced with a hydrophilic fusion partner (HL18) containing an affinity tag

for the hypersecretion and easy purification of proinsulin. The HL18 fusion partner was then removed by in vitro
processing with the Kex2 endoprotease (Kex2p), and authentic insulin was recovered via affinity chromatography. To
improve the insulin functions, molecular chaperones of the host strain were reinforced via the constitutive expression

of HACT.

Results The developed method was successfully applied for the expression of cow, pig, and chicken insulins in yeast.
Moreover, biological activity of recombinant insulins was confirmed by growth stimulation of cell line.

Conclusions Therefore, replacement of the C-peptide of insulin with the HL18 fusion partner and use of Kex2p
for in vitro processing of proinsulin guarantees the economic production of animal insulins in yeast.
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Background

More than 500 million people are estimated to have type
2 diabetes by 2030 owing to the changes in eating hab-
its. Increasing incidence of diabetes has considerably
increased the global demand for insulin, which regulates
the blood glucose levels [1]. With the global population
expanding rapidly, innovation of food systems is under
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way for sustainable supply. To meet the growing demand
for meat, cultured meat is used as a promising alterna-
tive to livestock products owing to its high degree of
similarity to existing meat; replacing conventional meat
with cultured meat further reduces greenhouse gas emis-
sions and use of land, water, and energy resources [2].
Cell culture media are responsible for most of the mar-
ginal cost of cultured meat, and fetal bovine serum (FBS)
accounts for 99% of this cost [3, 4]. Insulin is one of the
key constituents of FBS that enhances cell proliferation
[5]. Therefore, insulins and growth factors from various
animals are required to develop a serum-free culture
medium for the economical production of cultured meat
even without cross-species compatibility.

Insulin is produced by the p-cells of pancreas as
proinsulin composed of A- and B-chains that are con-
nected by the C-peptide. Mature insulin is formed
by the proteolytic processing of the C-peptide in
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secretory granules. The A- and B-chains are linked
by two intermolecular disulfide bonds, and an intra-
molecular disulfide is present within the A-chain [6].
Since its discovery, bovine or porcine insulin has been
used to treat diabetes; however, owing to the advance-
ments in molecular biology, recombinant insulins
produced in various expression systems have now
substituted pancreatic insulins from animals. Recom-
binant human insulin was the first drug licensed for
therapeutic application in humans by the U.S. Food
and Drug Administration [7]. Although mammalian
cells and plant expression systems were developed for
insulin production [8, 9], Escherichia coli and yeasts
are mainly used as hosts for the large-scale production
of recombinant human insulin [10]. Compared to the
E. coli expression system, which requires solubilization
and refolding steps for the production of functional
insulin [11], a yeast-based expression system is pre-
ferred as it directly secretes the soluble insulin precur-
sors into the culture supernatant [12—14].

As the secretory expression of proinsulin in yeast
using the mating factor (MF)-a leader is inefficient
[12], the secretion of proinsulin can be improved by
the manipulation of insulin gene to encode proinsulin-
like single-chain proteins by direct fusion of the A- and
B-chains or replacement of the C-peptide with short
synthetic peptides [15—17]. These proinsulin-like sin-
gle-chain precursors are treated with trypsin to pro-
duce a two-chain mature insulin digested at the end of
the B-chain [17]. However, trypsin digestion generates
non-functional insulin as the B-chain contains two
internal basic residues cleavable by trypsin, leading to
a significant decrease in the yield of functional insulin.
Sreenivas et al. solved this problem by overexpressing
the endogenous Kex2 endoprotease (Kex2p) cleaving
after dibasic residues (Arg—Arg and Lys—Arg) in the
late Golgi network [18] instead of trypsin digestion, as
the C-terminal amino acid sequence of the B-chain is
Arg—Arg [14].

In this study, the C-peptide of insulin was replaced
with a hydrophilic fusion partner (HL18) derived from
the hydrophilic domain of yeast VOAI [19] and an
affinity tag for the hypersecretion and easy purifica-
tion of insulin precursors. Kex2p was used for in vivo
processing of insulin precursors in Saccharomyces cer-
evisiae and in vitro processing for the production of
authentic human (hINS), bovine (bINS), pig (pINS),
and chicken (cINS) insulins. Moreover, molecular
chaperones of the host strain were reinforced via the
constitutive expression of HACI to improve the func-
tional expression of insulin.
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Methods

Strains, chemicals, and media

Haploid yeast S. cerevisiae 2805 allgal (Mat «, pep4::HIS3,
prbl, canl, his3-200, ura3-52, gall, gal2, gal7, gal10, and
gal80) was used for the constitutive expression of recom-
binant insulins under the control of GALIO promoter
[20]. E. coli DH5a [F—lacZA M15 hsdR17(r-m-) gyrA36]
was used for general DNA recombination procedures.
Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific, Waltham, MA, USA), restriction endonucle-
ases, ligase, and In-Fusion HD Cloning Kit were pur-
chased from Takara Bio Company (Shiga, Japan). Bovine
pancreatic insulin and chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). DNA was purified
using the Zymoclean Gel DNA Recovery Kit (ZYMO
RESEARCH, USA). Yeast cells were cultured in the yeast
peptone dextrose (YPD) medium (1% yeast extract, 2%
peptone, and 2% glucose). Yeast transformants were
selected on a synthetic defined medium lacking uracil
(SD-ura; 0.67% yeast nitrogen base without amino acids,
0.077% ura-dropout supplement, 2% glucose, and 2%
agar). Uracil auxotroph strains were selected on 5-fluoro-
orotic acid (5-FOA) medium (0.67% yeast nitrogen base
without amino acid, 2% glucose, 0.05 mg/mL uracil, and
0.1% 5-FOA).

Plasmid construction and protein expression analysis

For the construction of YGabINS, YGabINSAC,
and YGaHLI8bINS vectors, genes encoding bINS
(FVNQHLCGSHLVEALYLVCGERGFFYTP-
KAKREVEGPQVGALELAG GPGAGGLEGP-
PQKRGIVEQCCASVCSLYQLENYC), bINSAC
(FVYNQHLCGSHLVEAL YLVCGERGFFYTPKAKR-
GIVEQCCASVCSLYQLENYC), and HL18bINS
(FVNQHLCG SHLVEALYLVCGERGFFYTPKAKRSVE-
DEDGDDEYATEETLSHHHHHHGDDDDKGAAKR-
GIVEQCCASVCSLYQLENYC) were synthesized by
Bioneer (Daejeon, Republic of Korea) based on the codon
usage of S. cerevisiae and then cloned between the MFa
leader and GAL7 terminator of the 2-um plasmid-based
episomal expression vector, YEGa-HL28-EGF [19], con-
taining the GALI0 promoter, MFa leader, GAL7 termi-
nator, and URA3 selectable marker using the In-Fusion
cloning kit. To construct the hINS, pINS, and cINS
expression vectors (YGaHL18hINS, YGaHL18pINS,
and YGaHLI8cINS, respectively), bINS gene of the
YGoaHL18bINS vector was replaced with hINS, pINS,
and cINS genes by site-directed mutagenesis.

Yeast was transformed using the lithium acetate
method, as previously described [21]. The transformants
were aerobically cultivated in 10-mL test tubes contain-
ing 2 mL of YPD broth medium for 40 h at 30 °C. Then,
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0.6 mL of culture supernatants was precipitated with
0.4 mL of cold acetone and analyzed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
using 4-12% gradient polyacrylamide gels (Thermo
Fisher Scientific) with and without -mercaptoethanol,
followed by Coomassie blue staining. For in vitro pro-
cessing with Kex2p, protein precipitates were dissolved
in the Kex2p working buffer (50 mM Tris—HCI [pH 8.0],
50 mM NaCl, and 2 mM CacCl,), followed by the addition
of 0.1 ug of Kex2p prepared in-house and incubation at
37 °Cfor1h.

Construction of an unfolded protein response
(UPR)-enforced strain

For the constitutive expression of HACI, the intron in
HACI was removed by polymerase chain reaction (PCR)
and expressed under the control of GALIO promoter
using the integration vector, pTU2-HACI1 (Fig. S1). This
vector contains an expression cassette for HACI, a frag-
ment of YDRCTyl-1 (284 bp) for random integration,
and UURA3 as a selection marker. HACI expression cas-
sette and YDRCTy1-1 fragment were flanked by a 100-bp
vector sequence to excise the selection marker and vector
backbone via homologous recombination. The linearized
pTU2-HACI1 vector was prepared by inverse PCR using
primers targeting the YDRCTyl-1 element for integra-
tion into the YDRCTyl-1 loci of S. cerevisiae genome.
Transformants were selected on SD-ura medium and
confirmed by colony PCR using primers targeting the
HACI and GALIO promoters. Finally, strains without
URA3 and vector backbone were selected by counter
screening on the 5-FOA medium.

Fed-batch fermentation

Fed-batch fermentation was carried out in a 5-L fer-
menter (KoBiotech Co., Incheon, Republic of Korea).
Seed culture was prepared by cultivation in 50 mL of
SD-ura broth at 30 °C for 24 h. The seed culture was
mixed with 200 mL of YPD broth, incubated at 30 °C for
24 h, and inoculated into a 5-L jar fermenter containing
1.75 L of the main culture medium (2% glucose, 3% yeast
extract, and 1.5% peptone). Temperature was maintained
at 30 °C, and the pH was adjusted to 5.5 using NH,OH.
During fermentation, the feeding medium (5% vyeast
extract and 30% glucose) was added to maintain the glu-
cose concentration in the main culture. Agitation and
aeration were maintained at 900 rpm and 1 vvm, respec-
tively, and culture samples were collected every 4 h. Cell
mass and secreted proteins were analyzed by measur-
ing the optical density at 600 nm (ODg,) and perform-
ing SDS-PAGE, respectively. Quantitative analysis of
the expressed proteins was performed using the Protein
Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA,
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USA), following the manufacturer’s instructions, with
bovine serum albumin as the standard.

Direct purification of recombinant insulins

Fermentation broth was filtered through a 0.44-pm filter
(Sartoclear S9-P Cap; Sartorius, Goettingen, Germany),
concentrated tenfold by ultrafiltration using the 3000
NMWC ultra centrifugal filter device (GE Healthcare,
Chicago, IL, USA), and adjusted using buffer A (50 mM
Tris—HCI [pH 8.0] and 0.5 M NaCl). Insulin fusion pro-
teins were purified by immobilized metal affinity chro-
matography (IMAC) on a nickel-NTA agarose column
(Promega, Madison, W1, USA) using AKTA FPLC (GE
Healthcare). After loading onto the column at a flow rate
of 1 mL/min, the insulin fusion proteins were eluted in
a gradient of buffer B (50 mM Tris—HCI [pH 8.0], 0.5 M
NaCl, and 0.5 M imidazole). Fractions containing the
insulin fusion proteins were concentrated and replaced
with the Kex2p working buffer using the 3000 MWCO
filter device. The HL18 fusion partner was separated by
digestion with in-house prepared Kex2p [20] at 30 °C
for 1 h. Notably, 1 ug of Kex2p was used per 1 mg of the
fusion protein. Intact insulin was obtained by repeated
IMAC. Finally, molecular weight of purified insulin was
determined by Protein Works (Daejeon, Republic of
Korea).

Analysis of insulin activity

Bioactivity of insulin was determined by proliferation
assays using HaCaT cells purchased from Thermo Fisher
Scientific. Cells were cultured in the growth medium
(Dulbecco’s modified Eagle’s medium [DMEM; Thermo
Fisher Scientific]+10% FBS [Thermo Fisher Scien-
tific]+100 U/mL penicillin-streptomycin  [Thermo
Fisher Scientific]) in a humidified incubator containing
5% CO, at 37 °C. After the cells reached 80-90% conflu-
ency in the T75 culture flasks, the medium was replaced
with DMEM+100 U/mL penicillin—streptomycin con-
taining different concentrations of insulin and cultured
for 48 h before harvesting. After removing the growth
media, the cells were incubated with 3-(4,5-dimethylthia-
zol-2-yl)-2-5-diphenyltetrazolium bromide (Promega) for
1 h at 37 °C. Absorbance was measured at 490 nm using
a microplate reader (Molecular Devices, San Jose, CA,
USA). Statistical comparison of growth was performed
using a two-tailed Student’s ¢-test (Microsoft Excel). Sta-
tistical significance was set at p <0.05.

Results and discussion

Analysis of the amino acid sequences of animal insulins
Amino acid sequences of bINS, pINS, and cINS were
compared with those of hINS using the ClustalW pro-
gram [22]. In contrast to the highly conserved B- and
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A-chains, amino acid sequences of the C-peptide were
not conserved (Fig. 1). This indicates that the amino
acid sequence of C-peptide is not strictly related to
the proteolytic maturation of insulin. As the C-peptide
is not a constituent of mature insulin, and the expres-
sion of proinsulin-like single-chain proteins without
the C-peptide is more advantageous than that of pro-
insulin [15-17], replacement of the C-peptide with a
functional peptide acting as a secretion enhancer and
use of affinity tags can provide novel strategies for
insulin production. Therefore, in this study, C-peptide
was replaced with the HL18 peptide derived from the
hydrophilic domain of yeast VOAI [19]. The secretion-
enhancing effects of HL18 fusion partners have been
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demonstrated via the expression of various recombi-
nant proteins [23].

Expression of recombinant bINS

Although the amino acid sequences of all mature insu-
lins, except cINS, were almost the same, bINS was
expressed in S. cerevisiae to develop a serum-free cul-
ture medium for the production of cultured beef. Three
episomal expression vectors (YGabINS, YGabINSAC,
and YGaHL18bINS) expressing the three types of bINS,
bovine proinsulin (bINS), bovine proinsulin without
C-peptide (bINSAC), and bovine proinsulin in which the
C-peptide is replaced with HL18 peptide and 6 histidine
(HL18bINS), were constructed (Fig. 2A). These vectors

Signal peptide B-chain
20 A0
hINS Y RR 56
bINS FYTPERRR 56
pINS ERGFFYTPKA R 56
cINS CGERGFFYSPEBRR 56
C-peptide
a0
hINS : i3 cfencsIfinL 110
bINS : pa EPEAG————— 105
pPINS 3 G——$AL 108
cINS D EAEeVLPFe——Q 107

Fig. 1 Alignment of the amino acid sequences of human (hINS), bovine (bINS), pig (pINS), and chicken (cINS) insulins. Signal peptide, B-chain,
C-peptide, and A-chain are indicated by boxes. Disulfide bonds are indicated by red lines
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Fig. 2 Expression of bINS in Saccharomyces cerevisiae. A Schematic diagram of the three bINS constructs and insulin expression vectors (B). C
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the concentrated culture supernatants expressing YGabINS,
YGabINSAC, and YGaHL18bINS. Kex2 endoprotease (Kex2p) cleavage sites and corresponding protein bands are indicated by arrows. M: protein

molecular weight markers
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contain the URA3 selectable marker and recombinant
insulin expression cassette, comprising the GALI0 pro-
moter, MFa leader, coding sequence of bINS, and GAL7
terminator (Fig. 2B). To ensure the in vivo processing of
proinsulin by Kex2p in the Golgi complex, each chain
was connected by the Lys—Arg sequence. S. cerevisiae
allgal strain was transformed with these expression vec-
tors. After 40 h of cultivation at 30 °C, the same volume
of culture supernatants was analyzed with and with-
out B-mercaptoethanol. When the culture supernatants
were analyzed under reducing conditions, peptides cor-
responding to the A-, B-, and unprocessed MFa pro-B
chains were detected in all the tested constructs in dif-
ferent amounts. As is known [12], expression of bINSAC
was higher than that of bINS, and the amount of pro-
insulin was highest in the recombinant yeast express-
ing HL18bINS. These peptide bands thickened after
incubation with Kex2p and converged to form larger
smear bands under non-reducing conditions (Fig. 2C).
This result imply that although the in vivo processing of
MFa pro-peptide was incomplete, secretion of proinsu-
lin was significantly enhanced by replacing the C-peptide
with the HL18 fusion partner. Furthermore, the secreted

proinsulin peptides were connected by intermolecular
disulfide bonds.

Production of bINS via in vitro processing with Kex2p

When proinsulin folds in the endoplasmic reticulum of
[B-cells, the C-peptide is removed by proteolytic process-
ing with prohormone convertase (PC1/3) in secretory
vesicles [24]. Kex2p is a functional equivalents of the
PC1/3 that cleaves after dibasic sequences of substrates
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in the late Golgi network of yeast. We hypothesized that
Kex2p works similar to the PC1/3 in the proteolytic pro-
cessing of proinsulin in yeast. At first, enterokinase was
used for in vitro processing of proinsulin fused with
HL18, but we could not get functional insulins due to
the ectopic cleavage at the B-chain of insulin. Therefore,
Kex2p was employed instead of enterokinase. We previ-
ously developed a mass production system for Kex2p
from Candida albicans and used it for recombinant pro-
tein production [25]. To produce fusion proteins joined
by the Kex2p cleavage sequence in yeast, a kex2 mutant
strain is needed to block the in vivo processing by Kex2p
during secretion. However, the kex2 mutant strain is not
an appropriate host for recombinant protein expression
as it is very sensitive to stress, leading to its slow growth
in complex media [26]. Therefore, in this study, instead
of using the kex2 mutant strain, Kex2p cleavage was con-
trolled by manipulating the cleavage sites because the
substrate specificity of Kex2p is affected by the amino
acids adjacent to the cleavage site [23, 27, 28]. Expres-
sion vector YGaHL18bINS contained three Kex2p cleav-
age sites: after MFa pro-peptide, the B-chain and HL18
fusion partner (Fig. 3A). The 1st and 2nd Kex2p cleav-
age sites should be processed in vivo for correct folding
of insulin and further processing of C-terminus of the
B-chain via intracellular protease. Processing of the 3rd
Kex2p cleavage site should be controlled during secre-
tion for direct purification of fusion proteins because the
affinity tag is contained in the HL18 fusion partner. For
the efficient in vivo processing of the MF« pro-peptide
and B-chain during secretion, adjacent sequences of 1st
and 2nd Kex2p cleavage sites were modified based on

A B
In vivo Kex2p processing In vitro Kex2p processing |
kba M 1 2 3 4
[ MFa_pro B muis 1 <IN
X 7 98|
“'\_ \\\ Disulfide bond \\J P o '
o - 62
In vivo Kex2p processing 49
' Eluate of 1°* IMAC
38|
s 1 B
'
A\ /
N \ /¥ / 17|
In vitro Kex2p processing & 14 -
¥ Unbound fraction of 2™ IMAC
6 - <«—HLI18-A (5.9kDa)
- 0
—r [—— s A G ikbn

Fig. 3 Production of bINS using the HL18 fusion partner. A Schematic diagram of the in vivo and in vitro processing of the insulin precursor

by Kex2p. B SDS-PAGE analysis of the purification process using immobilized metal affinity chromatography (IMAC). Eluate of 1st IMAC

(lane 1), eluate of 1st IMAC digested with Kex2p (lane 2), unbound fraction of 2nd IMAC (lane 3), and unbound fraction of 2nd IMAC

without B-mercaptoethanol (lane 4) are shown. M: protein molecular weight markers. The corresponding protein bands are indicated by arrows
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the ProP 1.0 server (https://services.healthtech.dtu.dk/
service.php?ProP-1.0), which predicts the pro-peptide
cleavage sites in eukaryotic protein sequences [29]. As
a high ProP score is more confident in the prediction of
the pro-peptide cleavage site, ProP scores of 1st and 2nd
Kex2p cleavage sites were adjusted to 0.412 and 0.535,
respectively. To block the in vivo processing of the 3rd
Kex2p cleavage site during secretion and ensure in vitro
processing by Kex2p after purification of proinsulin, ProP
score of the 3rd Kex2p cleavage site was reduced to 0.228
by modifying the P; and P, sites. This score was predicted
to not indicate a cleavage site using the ProP 1.0 server.

If the 1st and 2nd Kex2p cleavage sites were com-
pletely processed and the 3rd Kex2p cleavage site was
not processed during secretion, the fusion protein was
expected to be expressed as one B chain and one HL18-
A-chain connected by two disulfide bonds (Fig. 3A).
HL18-proINS fusion protein produced by fed-batch
fermentation was purified via IMAC and analyzed by
SDS-PAGE (Fig. 3B). Two protein bands representing
the HL18-A-chain (5.9 kDa) and the B-chain (3.5 kDa)
were identified after 1st IMAC (Fig. 3B, lane 1). After
digestion with Kex2p, the larger band (HL18-A-chain)
disappeared and the intensity of smaller band increased,
implying the cleavage of the HL18-A-chain into HL18
(3.5 kDa) and A-(2.4 kDa) chains (Fig. 3B, lane 2). The
Kex2p-digested fusion protein was further purified by
IMAC, and bINS was obtained by collecting the unbound
fractions (Fig. 3B, lane 3). As the sizes of the B-chain,
HL18 peptide, and A-chain were similar, these protein
bands were indiscernible by SDS-PAGE under reduc-
ing conditions. To identify the link between B- and
A-chains, the unbound fraction was analyzed without
B-mercaptoethanol (Fig. 3B, lane 4). As the disulfide
bonds connecting the B- and A-chains are maintained
under these conditions, their bands converge to yield
larger smear bands. These results suggest that the HL18
fusion partner is completely removed by in vitro process-
ing with Kex2p, and intact insulin chains are connected
by disulfide bonds.

UPR activation for functional expression of bINS

HACI is a key transcriptional regulator of UPR, a qual-
ity control mechanism for the proper folding of proteins
in the secretion pathway. Overexpression of HACI gene
increases the expression of ER chaperones and compo-
nents of the ER associated degradation machinery result-
ing in the enhanced expression of heterologous proteins
[30, 31]. As bINS contains two intermolecular and one
intramolecular disulfide bonds, a HACI-overexpressing
recombinant strain was constructed for the proper fold-
ing and enhanced secretion of bINS. The YGaHL18bINS
vector was expressed in this strain, and bINS was purified
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after fermentation as described above. Then, molecular
weights of the purified B- and A-chains were determined
via LC—-MS (data not shown) to confirm their intactness.
As the C-terminal Arg—Arg residues of the B chain are
removed by carboxypeptidase-E in the secretory vesi-
cle of pancreatic islets, we expected the removal of the
C-terminal Lys—Arg residues of the B-chain by the car-
boxypeptidase encoded by KEXI gene in the Golgi appa-
ratus of yeast, as observed in the processing of MFa.
However, the Lys—Arg residues were retained in the final
purified insulin. To identify the effects of these artificial
residues on insulin activity, the growth-stimulating activ-
ity of recombinant bINS prepared from the wild-type
(WT) and HACI-overexpressing strains was compared
with that of bovine pancreatic insulin using HaCaT cells.
Recombinant bINS expressed in the HACI-overexpress-
ing strain exhibited comparable growth to that of pan-
creatic insulin. Recombinant bINS expressed in the WT
strain also demonstrated growth-stimulating activity, but
it was inferior to that of bINS expressed in the HACI-
overexpressing strain (Fig. 4). These results suggest that
the artificial residues remaining in B-chain do not affect
the growth-stimulating activity of insulin and that HACI
overexpression improves the functional expression of
recombinant insulin.

Production of hINS, pINS, and cINS in yeast

Expression and purification methods used for bINS
were further applied to produce hINS, pINS, and cINS.
As the amino acid sequences of the B- and A-chains
are highly conserved, expression vectors for hINS,
pINS, and cINS (YGaHL18hINS, YGaHL18pINS, and
YGaHL18cINS, respectively) were directly constructed
by site-directed mutagenesis of the YGaHL18bINS
vector. These vectors were subsequently expressed in
the HACI-overexpressing strain and insulin was puri-
fied by sequential IMAC after fed-batch fermentation.
No differences were observed in the growth of the
four strains expressing bINS, hINS, pINS, and cINS,
but a slight difference was observed in the amount
of purified insulin after 1st and 2nd IMAC. Overall,
16-21 mg of insulin was produced after fermentation
(Table 1). Purified insulin was analyzed using SDS-
PAGE with and without f-mercaptoethanol (Fig. 5A).
High molecular weight smeared protein bands were
detected for hINS and pINS. These protein bands
were considered to be glycosylated unprocessed fusion
proteins (MFa pro-B-chain) as MFa pro-peptide con-
tains three N-glycosylation sites and insulin does
not contain any glycosylation sites. All insulin bands
changed to larger smeared bands under non-reducing
conditions, indicating the link between the A and B
chains by disulfide bonds. All recombinant insulins
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Fig. 4 Bioactivity of bINS. HaCaT cells were cultured in the presence of pancreatic and recombinant bINSs. Cell proliferation was analyzed using
the 3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) assay kit

Table 1 Purification table of recombinant insulins

Insulin (mg)

IMAC bINS hINS pINS cINS
1st IMAC 123 141 136 115

2nd IMAC 18 25 21 16

Insulins produced by 2L fed-batch fermentation were purified by IMAC

demonstrated growth-stimulating activity comparable
to that of pancreatic insulin in HaCaT cells (Fig. 5B).
These results highlight the efficiency of our method in
producing insulin from various sources.

Conclusions

To the best of our knowledge, this study is the first
to establish an efficient method for the production of
hINS, bINS, pINS, and cINS using S. cerevisiae. Func-
tional expression of insulin was enhanced by replacing
the C-peptide with a novel hydrophilic fusion partner,
HL18, and expressing it in a UPR-enforced strain. For
the production of intact insulin, HL18 fusion part-
ner was efficiently removed by controlled processing
using Kex2p, which was mass-produced in our labora-
tory. Although the recombinant insulin produced in
this study contained artificial residues at the C-termi-
nus of the B-chain, its growth-stimulating activity was
not affected. These findings highlight the potential of
recombinant insulin for cultured meat production.

A B
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Fig. 5 Production and activities of hINS, pINS, and cINS. A SDS-PAGE analysis of bINS, hINS, pINS, and cINS. Insulins produced by fed-batch
fermentation were purified using IMAC. Same amount insulins were compared with and without 3-mercaptoethanol. B Cell proliferation

was analyzed using the MTT assay kit (Promega, Madison, WI, USA)
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The production method developed in this study can be
applied to other expression systems such as E. coli and
Komagataella phaffii (Pichia pastoris).

Abbreviations

bINS Bovine insulin

cINS Chicken insulin

FBS Fetal bovine serum

hINS Human insulin

IMAC Immobilized metal affinity chromatography

Kex2p Kex2 endoprotease

MF Mating factor

pINS Pig insulin

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
UPR Unfolded protein response
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