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Abstract 
Melittin is a bioactive peptide and the predominant component in bee venom (BV), studied for its many medical properties, 
such as antibacterial, anti-inflammatory, anti-arthritis, nerve damage reduction, and muscle cell regeneration. Melittin is 
primarily obtained through natural extraction and chemical synthesis; however, both methods have limitations and can-
not be used for mass production. This study established a heterologous melittin expression system in the probiotic yeast 
Kluyveromyces marxianus. This yeast was selected for its advantages in stress tolerance and high secreted protein yields, 
simplifying purification. A > 95% high-purity melittin (MET) and its precursor promelittin (ProMET) were successfully 
produced and purified at 1.68 μg/mL and 3.33 μg/mL concentrations and verified through HPLC and mass spectrum. The 
functional test of the NSC-34 cell regeneration revealed that MET achieved the best activity compared to ProMET and the 
natural-extracted BV groups. Growth-related gene expressions were evaluated, including microtubule-associated protein 2 
(MAP2), microtubule-associated protein Tau (MAPT), growth-associated protein 43 (GAP-43), choline acetyltransferase 
(ChAT), vesicular acetylcholine transporter (VAChT), and acetylcholine esterase (AChE). The results indicated that treating 
MET increased MAP2, GAP-43, and VAChT expressions, in which cholinergic signaling is related to neurological functions. 
A heterologously expressed melittin in a probiotic yeast and its potential for promoting NSC-34 regeneration described here 
facilitate commercial and therapeutic use.

Key points
• MET and its precursor ProMET were successfully hetero-expressed in K. marxianus
•  > 95% high-purity MET and ProMET were purified at 1.68 μg/mL and 3.33 μg/mL
• MET has no cytotoxicity toward NSC-34 and significantly promotes NSC-34 growth

Keywords  Melittin · Kluyveromyces marxianus · Bee venom · Heterologous expression system · NSC-34 motor neurons · 
Cell growth–related factor gene expression

Introduction

Bee venom (BV) is a complex mixture of natural products 
from the honey bee (Apis mellifera), containing various 
substances employing pharmaceutical properties, such as 
peptides, enzymes, biologically active amines, and non-
peptide components. Since BV therapy has been applied 
to acute and chronic human diseases, more interests focus 
on its anti-neurodegeneration ability (Hwang et al. 2015). 

However, allergens must be effectively removed and inte-
gral components isolated to protect patients against potential 
BV extraction side effects. Melittin is the most abundant 
BV component, which is a peptide comprising 50–60% of 
the dry weight (DW) (Abd El-Wahed et al. 2019; Pacakova 
et al. 1995; Pucca et al. 2019). Moreover, melittin exhibits 
various biological activities with remarkable clinical and 
therapeutic effects (Carpena et al. 2020). Melittin is a cati-
onic, linear α-helical polypeptide formed by 26 amino acid 
(AA) residues, soluble in water, and amphipathic and main-
tains a 2846.5 Da molecular weight. In addition, melittin 
has a hydrophobic N-terminus and a hydrophilic C-terminus 
suggesting to be the bioactive peptides ability (Wang et al. 
2009). A previous study has demonstrated that melittin 
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exhibits neuroprotective actions via reducing proinflam-
matory mediators in lipopolysaccharide-stimulated BV2 
microglia (Moon et al. 2007) and protects neuroblastoma 
SH-SY5Y cells against H2O2-induced neurotoxicity (Han 
et al. 2014).

Melittin displays low molecular weights and is an amphi-
philic structure with potential medicine and agriculture 
value, but the amount and purity limit its applications. There 
are three methods for melittin preparation: extraction from 
natural BV, chemical synthesis, and biological preparation 
(Lee et al. 2018). However, natural extraction’s safety and 
ecological effects are prominent concerns, while chemical 
synthesis is expensive and raises environmental pollution 
issues, inhibiting mass production. Many studies on pre-
paring active peptides through biological methods report 
considerable development prospects. These techniques still 
present significant challenges. For example, heterologous 
production of melittin in Escherichia coli was previously 
established (Chen et al. 2021; Zhou et al. 2020) but wor-
ries for the host remained, such as safety limits concern-
ing its downstream application for human consumption. 
Moridi et al. expressed melittin in Pichia pastoris, but the 
0.105 μg/mL production following partial purification was 
low (Moridi et al. 2020) because of its high toxicity and 
small molecular weight. Although Husseneder et al. (2016) 
successfully produced melittin using Kluyveromyces lactis, 
biological assays were limited in scope (Husseneder et al. 
2016). Thus, it is still a problem to industrialize applications 
of melittin.

Heterologous melittin expression is also challenging due 
to its high toxicity against a broad microorganism range 
(Muñoz et al. 2007; Portell-Buj et al. 2019). Therefore, this 
study used the probiotic yeast K. marxianus to establish a 
probiotic therapy platform for producing biologically active 
melittin. K. marxianus has several advantages, including a 
thermos and toxin tolerance, high secretory capacity, and 

relatively low protease types regarding heterologous protein 
degradation (Fonseca et al. 2008). As such, K. marxianus is 
a promising drug delivery carrier for therapeutic applica-
tions (Hong et al. 2007). This study proposes a sustainable 
method for manufacturing melittin in the probiotic yeast K. 
marxianus as a probiotic venom therapy. A previous study 
has shown that melittin can enhance muscle regeneration 
factors expression (Lee et al. 2019). To explore the medical 
abilities of melittin preparation by heterologous expression, 
this study also tested its functions of cell regeneration and 
the protection of neuronal cells in oxidative stress.

Materials and methods

Construction and transformation of MET‑expressed 
cassettes

MET and precursor ProMET genes from Apis mellifera 
were codon-optimized toward K. marxianus and synthe-
sized (Twist Bioscience, USA), which sequences are shown 
in Fig. S1. Sequence design and optimization for the two 
constructions (pKLAC2-a-his-MET and pKLAC2-a-his-
ProMET) were inserted in a plasmid (pKLAC2-a-) between 
NdeI and NotI restriction enzyme sites. K. marxianus BCRC 
22057 was transformed with SacII-linearized plasmids and 
integrated into the lac4 promoter (Fig. 1A), following a 
previously reported protocol (Lin et al. 2017). The peptide 
expression of melittin in this study was named MET and 
promelittin was ProMET.

Transformants were screened in a YPG medium sup-
plemental with G418 (200 μg/mL, Sigma, USA), and the 
wild type was used as a control. Successfully engineered 
colonies were validated through PCR amplification of the 
integrated genes, using yeast colony DNA as a template with 
the universal S1274F, S1276R, and gene-specific primer 

Fig. 1   MET and ProMET construction and Western blotting assays in 
a yeast culture supernatant. A Schematic representation of K. marxi-
anuse expressing MET and ProMET; B Western blotting analysis of 

MET; C Western blotting analysis of ProMET. Lane 1, day 1; lane 2, 
day 2; lane 3, day 3; lane 4, day 4
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pairs. Yeast colony DNA was obtained through treatment 
with the QuickExtract DNA Extraction Solution (Lucigen, 
USA). Subsequently, gene stability was confirmed after three 
generations to obtain the stable strain.

Western blotting

Western blotting analysis was performed following the pre-
vious study with modifications to evaluate MET and Pro-
MET production (Lee et al. 2020). Briefly, 10 mL of the 
yeast supernatant was harvested after culturing in YPG for 
1 to 4 days, and total proteins were precipitated by adding an 
equal volume of 20% trichloroacetic acid (Acros Organics, 
Belgium) on ice for 30 min. After centrifugation at 13,200 
rpm for 15 min at 4 °C, 300 μL cold acetone (Macron Fine 
Chemicals, USA) was added, and this step was repeated 
thrice. The protein sample was dried and dissolved in 50 
µL LDS sample buffer (M00676-250, GenScript, USA), 
which was loaded onto Tris–glycine SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE, SurePAGE™ 4–12% BT, 
GenScript, USA) and run through electrophoresis with the 
Tris-MOPS-SDS running buffer (GenScript, USA). Fol-
lowing electrophoresis, the SDS-PAGE was transferred to 
the 100% methanol-activated FluoroTrans® W3.3 PVDF 
transfer membrane (Pall Corporation, USA) by the Western 
blot transfer system (GenScript/eBlot L1, USA). The PVDF 
membrane was blocked in 5% skim milk (Sigma, USA) at 
RT for 2 h and incubated with HRP-conjugated 6 × His anti-
body (Mouse McAb, ProteinTech, USA) at RT for 1 h to 
detect MET or incubated with GAPDH antibody (Rabbit Ab, 
GeneTex, USA) as an internal control. Lastly, the membrane 
was shaken and washed with phosphate-buffered saline with 
Tween 20 (PBST) at RT and imaged for detecting protein on 
an ImageQuant LAS 4000 system (General Electric, USA) 
with ECL™ Western blotting detection reagents (Amer-
sham, UK).

Histidine affinity chromatography

The successful yeast transformant was cultured in 5 mL 
YPG medium supplemental with G418 (200 μg/mL) and 
sub-cultured to 100 mL YPG. After culturing for 2 days 
at 30 °C, the yeast supernatant was harvested and passed 
through gravity-flow columns (Bio-Rad, USA) packed by 
600 µL nickel (Ni) beads (Thermo Scientific, USA) and 
reached equilibrium with 6 mL buffer A (50 mM Tris, 150 
mM NaCl, 20 mM imidazole, pH 8.0). The sample was 
washed with 240 mL buffer A and eluted with 2.4 mL buffer 
B (50 mM Tris, 150 mM NaCl, 250 mM imidazole, pH 8.0). 
The purified sample was evaluated by SDS-PAGE and West-
ern blotting.

Dialysis

First, 5 mL of purified sample was loaded onto Float-A-
Lyzer G2 (Spectrum Laboratories Inc., USA) equipment, the 
floated dialysate of 1X PBS buffer was stirred at 125 rpm, 
and the dialysate was replaced after 2–4, 6–8, and 10–14 h. 
The dialyzed sample was collected after dialysis.

TEV protease treatment and desalting

The 5 mL dialyzed sample was treated with five units of 
TEV protease (T4455, Sigma-Aldrich, USA) and shaken at 
70 rpm for 1 h at 30 °C to cleave the N-terminal histidine 
tag. After TEV protease treatment, the sample was purified 
by nickel (Ni) beads, as previously described, to remove 
TEV protease and collect the flow-through sample. The sam-
ple was desalted through a Sephadex G-25 Coarse PD-10 
Desalting column (Cytiva, USA) and eluted by ddH2O to 
obtain purified MET and ProMET. The protein concentra-
tion was quantified with the Pierce™ Detergent Compatible 
Bradford Assay Kit (Bio-Rad, USA).

HPLC

The following samples were prepared and qualified through 
HPLC: (1) ddH2O, the control; (2) BV-A4-1, natural crude 
BV extract (kindly provided by Dr. Ming-Cheng Wu, Chung 
Hsing University, Department of Entomology); (3) BV-
CITEQ (19C10, Citeq Biologics, Netherlands), commer-
cial crude BV extract; (4) MET, purified MET from this 
study; (5) ProMET, purified ProMET from this study; and 
(6) MET-no TEV, TEV protease untreated MET. Samples 
were centrifuged for 5 min at 10,000 rpm to remove par-
ticles. Then, the supernatant was separated by a TSKgel 
G2000SWXL column (Tosoh Bioscience GmbH, Germany), 
and the SAPPHIRE 800 UV–VIS Variable Wavelength 
DETECTOR (Czechia) detected absorbance under 215 nm. 
HPLC was operated at 25 °C and a 0.5 mL/min flow rate 
with a 0.1 M potassium phosphate and 1 M NaCl (pH 6.5) 
mobile phase for 50 min. Data was analyzed by PEAK-ABC 
software.

Mass spectrum

The purified samples of MET and ProMET were first 
desalted using C18 ZipTip and resuspended in 0.1% formic 
acid (FA). They were then analyzed by ultra-performance 
liquid chromatography (UPLC, Dionex Ultimate 3000, 
Thermo Fisher Scientific) coupled with a quadrupole-
time-of-flight mass spectrometer (Q-TOF MS, triple 6600, 
SCIEX). A C18 column (bioZen 2.6 µm Peptide XB-C18, 
Nano Column, 250 × 0.075 mm, Phenomenex) was used to 
separate the peptides, with 0.1% FA in DIH2O and 0.1% FA 
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in acetonitrile selected as mobile phases A and B, respec-
tively. The gradient was set as follows: 0–4.5 min, 5% B; 
4.5–31 min, 5–35% B; 31–32 min, 35–90% B; 32–52 min, 
90% B, 52–53 min, 90–5% B; and 53–70 min, 5% B. The 
scan mode was configured for data-dependent acquisition 
(DDA) with a scan range of 350–2000 m/z and 50–1900 m/z 
for MS1 and MS2, respectively. The MS data were analyzed 
by Mascot software with the database of MET and ProMET 
sequences.

Establishment of NSC‑34 cell standard curve

The NSC-34 cell was produced by fusing neuroblastoma 
and motor neurons (kindly provided by Dr. Pei-Chien Tsai, 
National Chung Hsing University, Department of Life Sci-
ences). Cells were harvested after 3 days of activation and 
resuspended in DMEM medium (Dulbecco’s Modified Eagle 
Medium, Thermo, USA) containing 10% FBS (Fetal Bovine 
Serum, Thermo, USA), 100 U/mL penicillin, and 100 μg/mL 
streptomycin. After counting the cells, 100 μL of 6.25 × 102, 
1.25 × 103, 2.5 × 103, 2 × 104, and 4 × 104 cells were inocu-
lated into a 96-well cell culture dish (Nunc™ MicroWell™ 
96-Well, Thermo, USA), and 10 μL Cell Counting Kit-8 
(CCK-8, TargetMol, USA) was added to measure cell viabil-
ity. The plates were cultured at 37 °C with 5% CO2 for 1–4 
h until the color turned orange. The PARADIGMTM Selec-
tion Platform system (Beckman Coulter, USA) detected each 
plate’s value at a 450 nm absorbance value (Bio-Rad, Her-
cules, CA, USA). Cell numbers and absorbance values were 
taken to establish a standard calibration line and calculate 
the actual cell number in cell growth rate and regeneration 
experiments.

Evaluation of the NSC‑34 growth rate

This experiment was modified based on that of Jung et al. 
(Jung et al. 2015). Cells were harvested after 3 days of acti-
vation and resuspened in DMEM (Dulbecco’s Modified 
Eagle Medium, Thermo, USA) containing 10% FBS (Fetal 
Bovine Serum, Thermo, USA), 100 U/mL penicillin, and 
100 μg/mL streptomycin. After counting the cells, 100 μL of 
2 × 104 NSC-34 cells was inoculated into a 96-well cell cul-
ture dish (Nunc™ MicroWell™ 96-Well, Thermo, USA) and 
cultured at 37 °C with 5% CO2 for 1 day. Fifty microliters of 
test samples was treated on cells with triplicate, including 
the following: (1) ddH2O, the control; (2) BV-A4-1, natural 
crude BV extract (kindly provided by Dr. Ming-Cheng Wu, 
Chung Hsing University, Department of Entomology); (3) 
BV-CITEQ (19C10, Citeq Biologics, Netherlands), com-
mercial crude BV extract; (4) M, purified MET from this 
study; and (5) P, purified ProMET from this study. After 
treatment, cells remained in culture at 37 °C with 5% CO2 
for 0, 6, 12, and 24 h. Next, 15 μL of Cell Counting Kit-8 

(CCK-8, TargetMol, USA) was added into each group at 
each time point to measure cell viability and incubated 
at 37 °C with 5% CO2 for 1–4 h. When the color turned 
orange, each plate was shaken for 1 min, and the PARADIG-
MTM Selection Platform system (Beckman Coulter, USA) 
was used to detect values at 450 nm absorbance (Bio-Rad, 
Hercules, CA, USA). The cell growth rate was calculated 
using the formula: 100% + ((time point − 0 h baseline)/0 h 
baseline) × 100%.

NSC‑34 regeneration after H2O2 damage

This experiment was modified based on studies by Jung 
et al. (Jung et al. 2015) and Maier et al. (Maier et al. 2013). 
One hundred microliters of activated 2 × 104 NSC-34 cells 
were inoculated into a 96-well cell culture dish (Nunc™ 
MicroWell™ 96-Well, Thermo, USA) and cultured at 37 
°C with 5% CO2 for 1 day. H2O2 was added to a final 50 μM 
concentration, where ddH2O was added as the non-H2O2-
damaged control group (control) and incubated at 37 °C 
with 5% CO2 for 1 day. Fifty microliters of test samples 
was treated in triplicate, including the following treatment 
groups: (1) BV-A4-1, natural crude BV extract (kindly pro-
vided from Dr. Ming-Cheng Wu, Chung Hsing University, 
Department of Entomology); (2) BV-CITEQ (19C10, Citeq 
Biologics, Netherlands), commercial crude BV extract; (3) 
M, purified MET from this study; and (4) P, purified Pro-
MET from this study. The cell viability was measured by 
Cell Counting Kit-8 (CCK-8, TargetMol, USA) as previously 
described. Cell regeneration fold change was calculated with 
the formula: treatment (time point − 0 h baseline)/control 
(time point − 0 h baseline).

Gene expression

RNA was extracted with the NucleoSpin RNA kit (Mach-
eret-Nagel, Germany). Briefly, 1 mL of 2 × 105 NSC-34 was 
inoculated into a 3.5-mm culture dish (Thermo, USA), cul-
tured at 37 °C with 5% CO2 for 1 day, and then treated with 
500 μL of test samples for 24 h as previously described. 
After pouring off the medium, 350 μL buffer RA1 and 3.5 μL 
β-mercaptoethanol were added and scraped off the attached 
cells. The total cell solution was added to the NucleoSpin® 
Filter and purified with the NucleoSpin® RNA kit manual. 
The extracted RNA’s concentration and quality were meas-
ured by a Nano-100 full-wavelength micro-spectrophotom-
eter (CLUBIO, Taiwan) and stored at − 80 °C.

cDNA synthesis was prepared with the SuperScriptTM 
IV First-Strand Synthesis System Kit (Thermo, USA). One 
microliter of 50 μM Oligo d(T)20 primer, 1 μL 10 mM dNTP 
mix, 4 μL 1 μg Template RNA, and 7 μL DEPC-treated 
water (a total volume of 13 μL) were mixed and maintained 
at 65 °C for 15 min in the PCR machine (SensoQuest, 
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model: Labcycler Gradient, Germany) for first-strand cDNA 
synthesis. The RT reaction mixture, including 4 μL 5X SSIV 
Buffer, 1 μL 100 mM DTT, 1 μL ribonuclease inhibitor, 1 
μL SuperScript™ IV reverse transcriptase (200 U/μL), and 
first-strand cDNA, was added (a total volume of 20 μL) and 
reacted at 55 °C for 30 min and at 80 °C for 10 min. Then, 
1 μL of E. coli RNase H (2 U/μL) was added to react at 37 
°C for 20 min.

The significantly expressed genes from a different treat-
ment were assessed through qPCR. Briefly, the qPCR reac-
tion solution was mixed as follows: 10 μL 2X iQ™ SYBR® 
Green Supermix (Bio-Rad, USA), 1 μL 10 μM cell growth 
gene marker primer pairs (Maier et al. 2013) (Table 1), 4 
μL sterile water, and 4 μL of the previously prepared 50 
ng/μL cDNA template. qPCR was performed by the qPCR 
Biometra/846–070-000 (Germany) program at 95 °C for 10 
min, 95 °C for 15 s, and 60 °C for 1 min as one cycle. The 
real-time quantitative PCR reaction was conducted for 45 
cycles. The expression level was calculated with the for-
mula: 2−(ΔΔCt). ΔΔCt = (ΔCt treated) − (ΔCt untreated); 
ΔCt = (sample average Ct) − (β-actin Ct).

Data analysis

The experimental and control groups differed significantly 
regarding cell viability and gene expression results. The 
groups were compared using a one-way analysis of variance 
(ANOVA) and the least-significant difference test in SPSS 
version 25.0 (IBM, Armonk NY, USA). p values of < 0.05 
were considered significant.

Results

MET and ProMET in K. marxianus construction 
and expression

Melittin and promelittin cDNA were expressed using the 
inducible promoter lac4, and its expression profile was 
studied by culture in 2% galactose. Two expression plas-
mids, pKLAC2-a-his-MET and pKLAC2-a-his-ProMET, 
were constructed, SacII-linearized, and integrated into the 
K. marxianus genome (Fig. 1A). Heterologous gene stabil-
ity was tested for three generations by randomly selecting 
five sub-cultured colonies (Fig. S2).

Strains stably expressing melittin and promelittin were 
selected and cultured for 1 to 4 days, and MET and Pro-
MET yeast strains were denoted. The supernatant was col-
lected after culturing, and the yeast cells were lysed. Next, 
peptide fusion of the his-tag expression levels following 
TCA precipitation was detected through Western blotting. 
The housekeeping gene GAPDH was used as the internal 
control, and the results are presented in Fig. 1B, C. Since 
MET has a low molecular weight of around 3 kDa and the 
marker cannot be separated properly below 14 kDa, the 
MET major band showed the position closely to 14 kDa. 
The MET yeast strain was not expressed on the first day, 
but its expression increased and continued from the second 
to the third day. The ProMET yeast strain did not initially 
exhibit expression on the first day, but the expression level 
increased and continued from the second to the fourth day. 
Due to time and cost considerations in expression, MET 
and ProMET yeast strains were cultured for 2 days, and 
supernatants were collected for protein purification.

Purification

Due to their small size, current separation systems and 
methods could not directly recover peptides. Thus, the his-
tag and TEV protease-recognized fragments were fused 
before the target gene to establish a subsequent purifica-
tion process. MET and ProMET yeast strains were cultured 
and centrifuged to collect the supernatant for nickel ion 
column purification. During purification, the following 
fractions were collected: flow-through (FT), wash (W), 
and elution (E). The FT, W, and E fractions were then 
analyzed through SDS-PAGE (Fig. 2A, B) to observe tar-
get bands. FT and E fractions exhibited protein bands and 
were subjected to Western blotting analysis to determine 
the target peptide position at 14 kDa, as shown in Fig. 2.

After dialysis, samples were treated with TEV protease 
and passed through a nickel ion column to remove the his-
tag and TEV protease-recognized fragments. Flow-through 

Table 1   Primers used for growth-related gene expressions

*MAP2: microtubule-associated protein 2, MAPT: microtubule-asso-
ciated protein Tau, GAP-43: growth-associated protein 43, ChAT: 
choline acetyltransferase, VAChT: vesicular acetylcholine transporter, 
and AChE: acetylcholine esterase

Name Primers (5′ → 3′) Product 
size 
(bp)

MAP2 F: TGC​CAC​CTG​TTT​CTC​TCC​AC
R: TCT​TTT​GCT​TGC​TCG​GGA​TT

193

MAPT F: AAG​GGG​TAT​TGG​GCA​GAA​GG
R: CTT​TTC​CTG​TGG​GAG​CGA​AG

161

GAP-43 F: TAA​GGA​AAG​TGC​CCG​ACA​GG
R: TGA​GCA​GGA​CAG​GAG​AGG​AAA​

160

ChAT F: CCA​ACC​AAG​CCA​AGC​AAT​CT
R: AAG​GAT​AGG​GGA​GCA​GCA​ACAA​

114

VAChT F: GCG​ATG​TGC​TGC​TTG​ATG​A
R: TTG​ACC​TAA​ATG​GGG​AGG​GTA​

196

AChE F: ACC​TTC​CCT​GGC​TTT​TCC​AC
R: GCA​TCC​AAC​ACT​CCT​GAC​CA

248

β-actin F: CCA​GCC​TTC​CTT​GGG​TAT​
R: TGC​TGC​TGG​AAG​GTG​GAC​AGT​GAG​

297
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samples were collected for desalination in ddH2O as puri-
fied samples, and MET and ProMET were further ana-
lyzed through Western blotting. Two peptide bands were 
observed at 14 kDa and between 23 and 32 kDa in puri-
fied MET and ProMET samples, suggesting the oligomer 
formation (Fig. 2). Protein amounts were verified through 
Bradford; purified MET reached 1.68 μg/mL, and ProMET 
was 3.33 μg/mL.

HPLC

The quality of purified MET and ProMET was analyzed 
through HPLC and compared with commercial (BV-CITEQ) 
and naturally extracted BV (BV-A4-1) (Fig. 3). BV-A4-1’s 
main peak at a 1 mg/mL concentration was labeled Peak 
I. Given that melittin is the primary constituent of BV, 
Peak I serves as the qualitative marker for melittin, with a 
23.123-min retention time and a 79.63% purity. Similarly, 
BV-CITEQ at 1 mg/mL exhibited a primary peak, Peak I, 
with a 23.599-min retention time and 85.02% purity. Peak 
II of BV-A4-1 and CITEQ corresponds to an unknown 

compound. The input protein concentration of MET puri-
fied in this study was 0.78 μg/mL, labeled Peak I, charac-
terized by a 23.598-min retention time and 95.30% purity. 
Comparatively, ProMET had a 2.58 μg/mL input protein 
concentration, and Peak I indicated a 23.608-min retention 
time and 97.91% purity. Due to the larger protein molecule 
size from the fused MET with TEV cutting site, MET-no 
TEV was used as the non-protease treatment control. The 
major peak was Peak III, which exhibited a longer retention 
time of approximately 30 min.

Mass spectrum

Amino acid sequences of purified MET and ProMET were 
analyzed using mass spectrometry. For MET, the sequence 
“GIGAV” was identified. With the MS/MS spectrum from 
the precursor ion (416.27 m/z, 1 +) (Fig. 4A), there were 
2 b ions matched with the database (Fig. S3), confirming 
the existence of MET. For ProMET, the sequence “GAPE-
PEPAPEPEAEADAEADPEAGIGAVLK” was identified. 
Likewise, in the MS/MS spectrum from the precursor ion 

Fig. 2   MET and ProMET purification analysis through histidine-affinity chromatography and desalting columns. A MET; B ProMET. Lane 1, 
flow-through; lane 2, wash; lane 3, elution; lane 4, desalting flow-through; lane 5, desalting elution
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(976.45 m/z, 3 +) (Fig. 4B), there were 14 b ions and 18 y 
ions matched with the database (Fig. S4), confirming the 
existence of ProMET.

NSC‑34 cell regeneration tests

To understand melittin’s effect on NSC-34 cell growth, we 
assessed cell proliferation ratios at 6, 12, and 24 h relative 
to 0 h. A standard NSC-34 cell-count curve was established 
in Fig. 5A. Cell counts in the BV-A4-1 and ProMET groups 
decreased 6 h post-treatment and significantly decreased at 
12 and 24 h (p > 0.05), suggesting potential cytotoxicity. 
Treating the H2O and MET group exhibited no cytotoxicity 
at 6 h and significantly increased cell counts at 12 and 24 h 
compared to 0 h (p < 0.05) (Fig. 5B).

Following cellular damage induced by H2O2 stimulation, 
treating the MET group exhibited the highest cell regen-
eration ability between 12 and 48 h, followed by ProMET 
(p < 0.05). This result suggests that MET and ProMET, 
purified in this experiment, possess cell repair capabilities. 
BV-CITEQ and BV-A4-1 groups were comparable to those 
of the undamaged control group, indicating a certain repair 
effect (Fig. 6). The cell regeneration fold change (X) was 
highest in the MET and ProMET groups; 1.21- and 1.15-
times higher than the undamaged control group after 12 h 
treatment, 1.19- and 1.09-times higher at 24 h, and 1.08- and 
1.09-times higher at 48 h.

Gene expression analysis of growth factors

MET effects on cell growth–related genes that promoted 
NSC-34 neuronal cell growth were evaluated. The results 
indicated that all treatment groups except ProMET stimu-
lated cell growth–related factor expression compared to the 
control group (Fig. 7). Notably, the MET group exhibited a 
significant increase in MAP2 expression (p < 0.05). MAP2, 
MAPT, GAP-43, ChAT, and AChE expressions in the treat-
ment with BV-A4-1 and MET groups were upregulated com-
pared to the control group, suggesting that these groups may 
promote cell growth.

Discussion

Previously, purifying melittin from naturally extracted 
bee venom (BV) was a challenging task. While melittin 
is the primary component of BV, approximately 40–50% 
of its composition, achieving high purity through subse-
quent purification proved difficult due to various smaller 
molecular compounds and peptides (Gauldie et al. 1976). 
This study successfully expressed melittin (MET) and its 
precursor pro-melittin (ProMET) in the probiotic yeast 
K. marxianus. MET and ProMET were purified to yield 
1.68 μg/mL and 3.33 μg/mL concentrations, respectively. 
Our proposed purification method utilized liquid chroma-
tography results to compare the main separation peaks of 
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Fig. 3   Identified peptide profiles of purified MET and ProMET com-
pared with natural and commercial crude BV extract through HPLC. 
*BV-A4-1, natural crude BV extract; BV-CITEQ, commercial crude 
BV extract; MET, purified MET from this study; ProMET, purified 

ProMET from this study; MET-no TEV, TEV protease untreated 
MET. **Peak numbers: I, melittin or promelittin major peak; II, an 
unknown compound; III, non-protease treated MET constructed in 
this study
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melittin and pro-melittin produced by the major compo-
nents found in BV. As a result, 95.30% MET and 97.91% 
ProMET purities were produced. These results are a nota-
ble improvement compared to commercially available 

purified melittin products, such as Sigma (M2272) with 
an 85% purity, Sigma (M7391) with a 65% purity, and 
Biosynth Carbosynth (XM176021) with a 70% purity. 

Fig. 4   MS/MS spectrum of A MET and B ProMET sequences
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Currently, no product on the market matches the standard 
purity level achieved by the melittin purified in this study.

Naturally extracted BV and ProMET administration sig-
nificantly reduced cell count, suggesting potential cytotox-
icity. Furthermore, treatment at 12 and 24 h did not signifi-
cantly increase cell growth. These results contrasted with 
the findings reported by Jung et al. (Jung et al. 2015), who 
found that naturally extracted BV substantially augmented 
cell growth compared to the control group. Although the 
BV employed in our experiment was crude, the unpuri-
fied BV composition ratio differed. The prominent active 
ingredient ratio remained distinct, making estimating the 
interactions between these substances challenging. In this 
study, MET displayed no cytotoxicity toward NSC-34 neu-
ronal cells and significantly promoted NSC-34 cell growth. 
Therefore, our high-purity MET has significant application 
value for the purification process and finalized product.

During the NSC-34 cell regeneration test, NSC-34 
cells enhanced regeneration from 12 to 48 h after MET 
treatment following H2O2 damage. In addition, we discov-
ered that the BV and MET treatments upregulated MAP2, 
MAPT, and GAP-43 gene expressions compared to the 
control group, especially the MET group. Corroborating 
the findings of Maier et al. (Maier et al. 2013), cell mor-
phology and functional differentiation were regulated by 
cytoskeletal marker factor expressions, including MAP2, 
MAPT, and GAP-43, increasing during cell differentia-
tion. Although there was no significant difference among 
ChAT expressions, there was still a slight improvement. 
The maturation of nerve cells is characterized by increased 
neuronal and cholinergic marker factor expressions, with 
ChAT as the primary enzyme responsible for catalyzing 
acetylcholine synthesis. Previous studies exploring Alz-
heimer’s disease pathogenesis have revealed that ChAT 

Fig. 5   Safety assessment of purified MET and ProMET from treat-
ing NSC-34 neuron cells through the cell counting Kit-8. A Stand-
ard curve; B cell viability. *BV-A4-1, natural crude BV extract; MET, 
purified MET from this study; ProMET, purified ProMET from this 

study. **Values are averages of three replicated analyses with stand-
ard deviations. Significant differences (p < 0.05) between groups are 
indicated by the different letters above the bars

Fig. 6   NSC-34 neuron cell regeneration fold change following H2O2 
damage and treated with groups. A 12 h; B 24 h; C 48 h. *BV-A4-1, 
natural crude BV extract; BV-CITEQ, commercial crude BV extract; 
MET, purified MET from this study; ProMET, purified ProMET from 

this study; Control, non-H2O2-damaged control. **Values are aver-
ages of three replicated analyses with standard deviations. Significant 
differences (p < 0.05) between groups are indicated by the different 
letters above the bars
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expression is affected (Davies and Maloney 1976; Nagai 
et al. 1983; Ozturk et al. 2006; Perry et al. 1982). ChAT 
activity in the patient’s cerebral cortex and hippocampus 
was significantly reduced, potentially determined by dis-
ease severity (Bierer et al. 1995). Our results indicated that 
ChAT expression in the BV and MET treatment groups was 
higher than in the control and ProMET groups, suggesting 
that BV and MET may enhance ChAT activity.

ChAT and VAChT genes share a common locus, the 
“cholinergic gene locus,” and gene transcription regula-
tory elements (Eiden 1998). This genomic arrangement 
promoted the coordinated transcription regulation of both 
genes. By assuming the synergistic regulation of gene 
transcription, VAChT expression is expected to parallel 
ChAT expression, contradicting this experiment’s results. 
Hollera et al. discovered that VAChT expression reached 
its maximum proliferation level in NSC-34 cells (Hol-
lera et al. 1996). Typically, AChE expression in neurons 
precedes synaptogenesis, and increasing the AChE gene 
may serve as an effective biomarker for the endpoint matu-
ration of NSC-34 cells (Maier et al. 2013). These find-
ings indicate that MET enhances cell growth to maturity. 
Additional study is required to elucidate the underlying 
regulatory mechanisms. Taken together, we constructed 
a bionically manufactured melittin in probiotic yeast and 
evaluated its potential for promoting NSC-34 regeneration, 
paving the way for future commercial and pharmaceutical 
applications.
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