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A B S T R A C T

Bacillus thuringiensis parasporin-2 (PS2Aa1 or Mpp46Aa1) selectively destroys human cancer cells, making it a
promising anticancer agent. PS2Aa1 protoxin expression in Escherichia coli typically results in inclusion bodies
that must be solubilized and digested by proteinase K to become active. Here, maltose-binding protein (MBP) was
fused to the N-terminus of PS2Aa1, either full-length (MBP-fPS2) or truncated (MBP-tPS2), to increase soluble
protein expression in E. coli and avoid solubilization and proteolytic activation. Soluble MBP-fPS2 and MBD-tPS2
proteins were produced in E. coli and purified with endotoxin levels below 1 EU/μg. MBP-fPS2 was cytotoxic
against T cell leukemia MOLT-4 and Jurkat cell lines after proteinase-K digestion. However, MBP-tPS2 was
cytotoxic immediately without MBP tag removal or activation. MBP-tPS2′s thermal stability also makes it
appropriate for bioproduction and therapeutic applications.

1. Introduction

Bacillus thuringiensis is a gram-positive endospore-forming bacterium
that produces parasporal proteins during vegetative and sporulating
stages. The most well-known Bt parasporal proteins are δ-endotoxin
protein crystals or insecticidal crystalline proteins (ICPs) [1]. Owing to
their specific insecticidal activities against lepidopteran, dipteran, and
coleopteran insect pests, crystal proteins are the most explored
Bt-derived proteins as a biopesticide as well as for the biological control
of insects of medical importance, such as dengue, zika virus, chi-
kungunya, yellow fever, malaria, and filariasis [2]. Once ingested by
insect larvae, these protein crystals are solubilized in the midgut and are
then proteolytically activated by midgut proteases. The activated pro-
teins bind specific receptors in the insect cell membrane, leading to cell
disruption and insect death [3]. However, non-insecticidal Bt strains
have been widely discovered to produce human cancer cell-killing
proteins, which have been named parasporins [4,5]. So far, six fam-
ilies of parasporins, formerly known as PS1-PS6 or Mpp and Cry classes
for a new nomenclature [6], have been identified, each exhibiting a
specific spectrum and mechanism of action against human cancer cells
[7]. Based on their structures, parasporins can be classified into the
three-domain type and the β-pore-forming-toxin (β-PFT) type [8].

Parasporin-2Aa1 (PS2Aa1, also classified as Cry46Aa1 or Mpp46Aa1
as a new name) is a member of the parasporin family with the β-pore-
forming-type structure that has been intensively studied for its cytotoxic
effects on a variety of human cancer cells [6,9,10]. Like Bt crystal pro-
teins, PS2Aa1 is synthesized as intracellular parasporal crystals that
require solubilization and proteolytic processing to become active [7].
The processing of PS2Aa1 from a 37-kDa precursor protein by proteinase
K digestion, both at the N- and the C-termini, results in an active 30-kDa
toxin [10]. It was found that the N-terminal processing of PS2Aa1 by
cleaving the first 51 amino acids was essential for the cytotoxicity,
whereas the C-terminal processing was not essential but did enhance the
activity [10]. In its active form, PS2Aa1 is toxic to HepG2, Caco-2,
MOLT-4, Jurkat, and HL-60 cell lines but does not exert any toxicity
to normal cells [10–12]. It has been demonstrated that a glyco-
sylphosphatidylinositol (GPI)-anchored protein is required for the
effective cytocidal action of PS2Aa1 [13,14]. It has also been suggested
that N-aminopeptidase (APN) could be a receptor in the PS2Aa1mode of
action [15,16]. Following receptor binding, pore formation leads to
modifications of the cytoskeletal structures, organelle fragmentation,
changes in cell morphology such as cell enlargement, and finally, cell
death [10]. The mode of cell death induced by PS2Aa1, however, ap-
pears to be controversial as both non-apoptotic and apoptotic-induced
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cell death have been reported [10,12,13,17,18]. Because PS2Aa1 can
distinguish and destroy certain types of cancer cells without harming
normal cells, its application as an alternative anticancer agent has been
regarded as highly promising [12].

It has been challenging to express recombinant PS2Aa1 in Escherichia
coli due to the protein’s formation of intracellular inclusion bodies. To
obtain an active form of the PS2Aa1, solubilization of inclusion bodies
under a strong alkaline condition and proteinase K activation are
required [10,16,19]. In the production of recombinant proteins, the
ability of certain highly soluble proteins to enhance the solubility of
their fusion partners is often exploited [20]. This includes the
maltose-binding protein (MBP), which has been used extensively to
prevent the formation of inclusion bodies, particularly in E. coli, where
the limited solubility of recombinant proteins is a problem [21–23].
MBP appears to have chaperone-like activity by promoting the solubil-
ity, folding, and stability of its fusion protein [24,25].

In this study, we utilized maltose-binding protein (MBP) as a chap-
erone fused to the recombinant PS2Aa1, both full-length (fPS2) and N-
terminal truncated (tPS2) forms, to eliminate the need for solubilization,
and proteolytic activation processes. MBP-fPS2 and MBP-tPS2 were
successfully expressed in a soluble form, and their cytotoxicity against
human leukemic cancer cell lines relative to normal cells was evaluated.
MBP-fPS2 exerted specific cytotoxicity against human leukemic Jurkat
and MOLT-4 cells only after being digested by proteinase-K, whereas
MBP-tPS2 exerted cytotoxicity directly without removing the MBP tag
and proteinase K activation. MBP-tPS2 was also shown to be active after
24 h of incubation at 37 ◦C. To the best of our knowledge, this is the first
report to provide an effective strategy for producing cytocidal PS2Aa1 as
an MBP-fusion protein to enhance the solubility and stability of the
protein for future investigations toward its biological function and po-
tential therapeutic applications.

2. Materials and methods

2.1. Construction of expression vectors

The full-length PS2Aa1 (fPS2) and N-terminal truncated PS2Aa1
(tPS2) genes lacking the first 51 amino acids were de novo synthesized
(GenScript Company, USA) based on the available protein sequence of
PS2Aa1 (NCBI accession number AB099515.1) with codon optimization
for prokaryotic expression and cloned into NdeI-5′ and BamHI-3′ recog-
nition sites of pMAL-c4x expression vector (New England Biolabs, UK) to
fuse with maltose-binding protein (MBP) at the N-terminus of PS2Aa1-
coding gene. After confirming the identity of the constructs by DNA
sequencing, recombinant plasmids were introduced into E. coli BL21
(DE3)pLysS strain for protein production.

2.2. Expression and purification of the recombinant PS2 fusion proteins

E. coli BL21(DE3)pLysS cells transformed with the recombinant
plasmid harboring MBP-fPS2 or MBP-tPS2 were grown in LB medium
supplemented with 100 μg/mL of ampicillin and 34 μg/mL of chlor-
amphenicol. Expression of MBP-fPS2 or MBP-tPS2 fusion protein was
induced by adding 0.2 mM IPTG to an exponential growth culture and
further incubated for 5 h at either 37 ◦C or 18 ◦C with shaking at 220
rpm. Cultured cells were harvested by centrifugation at 6000 rpm for 10
min at 4 ◦C. The harvested cells containing MBP-fPS2 or MBP-tPS2 were
resuspended in an ice-cold Tris buffer (50 mM Tris–HCl pH 8.0, 200 mM
NaCl, and 1 mM DTT) and completely lysed by ultrasonication. The
soluble and insoluble forms of the extracted protein were separated by
centrifugation at 9500 rpm for 1 h at 4 ◦C. The supernatant was filtered
using 0.45 μm PES Filter Media before being loaded into the 5 mL
MBPTrap HP column (Cytiva) equilibrated with Tris buffer. Non-specific
bound proteins were removed by washing with a Tris buffer, and MBP-
fPS2 or MBP-tPS2 was eluted with a Tris buffer containing 10 mM
maltose monohydrate.

The MBP-fPS2 was later digested with 1 uL of 1 mg/mL Factor Xa at
25 ◦C overnight, followed by being activated by proteinase K using
proteinase K-to-toxin mass ratio of 1:100 at 37 ◦C for 45 min, while the
MBP-tPS2 was cut by only Factor Xa overnight to separate MBP from the
recombinant PS2Aa1. Subsequently, the reactions were stopped by
phenylmethylsulfonyl fluoride (PMSF) addition. The protein samples
were dialyzed in 1× phosphate-buffered saline PBS, pH 7.4 overnight at
4 ◦C using a 12,000–14,000-Da cut-off dialysis membrane. The samples
were applied to the MBPTrap HP column (Cytiva) equilibrated with PBS,
pH 7.4 to separate the cleaved MBP and recombinant PS2Aa1 proteins.
The proteinase K-activated MBP-fPS2 was further purified to remove
proteinase K by size-exclusion chromatography (Superdex 200 h 10/30
column, GE Healthcare Life Science). Protein quality and quantity were
estimated by SDS-PAGE and a Bradford assay, respectively.

The recombinant His-tagged PS2Aa1 (His6-fPS2) was expressed as an
insoluble protoxin of 37 kDa as described previously [19]. Briefly, the
inclusion bodies containing His6-fPS2 were dissolved in 50 mM Na2CO3
buffer (pH 10.5) at 37 ◦C for 1 h. The soluble PS2 was purified by
HisTrap Ni2+ column chromatography and was activated by proteinase
K using a proteinase K-to-toxin mass ratio of 1:100 and incubated at 37
◦C for 30 min to generate activated PS2Aa1. The activated proteins were
further purified by gel filtration with 1 × phosphate-buffered saline
(PBS, pH 7.4), analyzed by 12 % SDS–PAGE and their concentration was
determined by the Bradford method using bovine serum albumin as the
standard. Purified toxins were filtered with endotoxin-free sterile
membrane filters (0.22 µm pore size) and stored at − 20 ◦C until further
use.

2.3. Preparation of polyclonal antibody against PS2Aa1

New Zealand white rabbits were purchased from the National Lab-
oratory Animal Center, Mahidol University, Thailand. The animal study
protocol was approved by the Institute of Molecular Biosciences Animal
Care and Use Committee (IMB-ACUC) (COA. NO. IMB-ACUC 2022/001).
Immunization was performed following the protocol as described pre-
viously [26]. A rabbit was primed by subcutaneous injection in the back
region with 250 µg of the purified proteinase K-activated PS2Aa1 (from
a recombinant His6-fPS2) in 500 µl of PBS solution emulsified in an equal
volume of TiterMax Gold adjuvant (Sigma-Aldrich, Inc., Saint Louis,
MO, USA). Two weeks later, the rabbit was given a booster injection
with 250 µg of PS2Aa1 antigen in PBS without adjuvant via the subcu-
taneous route. On days 14 and 28, after boosting, the immunized rabbit
was bled, and antiserumwas tested for antibody titer against the PS2Aa1
by indirect ELISA.

2.4. Western blot analysis

The recombinant protein expression was analyzed by 12 % SDS-
PAGE and western blot analysis. The proteins were separated on poly-
acrylamide gels (12 %) and transferred on nitrocellulose membranes
(GE Healthcare Life Science). Membranes were blocked with PBS con-
taining 0.1 % Tween-20 and 5 % skimmed milk for 1 h at room tem-
perature, probed with PS2Aa1 polyclonal antibody at a 1:2000 ratio and
incubated overnight at 4 ◦C. Membranes were then washed in PBS
containing 0.1 % Tween-20 and incubated with 1:5000 anti-rabbit IgG
HRP secondary antibody (Sigma-Aldrich, Inc., Saint Louis, MO, USA) for
1 h at room temperature. After washing the membrane three times with
PBS, the detection was performed using enhanced chemiluminescence
reagent (ECL) as described by the manufacturer (GE Healthcare Life
Science). The protein bands were finally observed using AZURE C400.

2.5. Cell lines culture and cytotoxicity analyses

Human foreskin fibroblast cell line Hs68 (ATCC CRL-1635), T-acute
lymphoblastic leukemia cells lines: MOLT-4 (ATCC CRL-1582) and
Jurkat (ATCC TIB-152T) were purchased from American Type Culture
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Collection (ATCC, Manassas, VA, USA). Hs68 cells were cultivated in
Dulbecco’s modified eagle medium (DMEM) (Gibco) supplemented with
10 % fetal bovine serum (FBS) (Gibco) and 1 % penicillin and strepto-
mycin (Gibco) and maintained at 37 ◦C in a 5 % CO2 incubator. MOLT-4
and Jurkat cells were cultivated in RPMI-1640medium (ATCC 30–2001)
supplemented with 10 % of fetal bovine serum (FBS) and 1 % penicillin
and streptomycin and maintained at 37 ◦C in a 5 % CO2 incubator.

Briefly, Hs68, MOLT-4, and Jurkat cells were grown at about 2× 104

cells/well in 96 well plates under sterile conditions until approximately
80 % confluence was reached. Cells were then treated with different
concentrations of MBP-fPS2, MBP-tPS2, or His6-fPS2 protein samples in
a range of 0.004- 0.5 μg/mL, whereas PBS (pH 7.4) buffer was used as a
mock control (MC). Cell morphologies were also observed after toxin
treatments under an inverted light microscope (Nikon Eclipse TS100)
with a 10 × objective lens at 24 h post-inoculation. The level of cyto-
toxicity was evaluated by 3-(4,5-dimethylthiazol-2-yl)− 2,5-diphe-
nyltetrazolium bromide (MTT) assay. Briefly, the MTT solution
(Invitrogen) was added to the treated cells at a final concentration of 0.5
mg/mL and incubated at 37 ◦C for 4 h in dark to generate formazan
crystals. Finally, 100 μL dimethyl sulfoxide (DMSO) (Merck) was added
to dissolve the crystals and the absorbance was measured after 10 min at
595 nm using Multimode detector DTX 880 ELISA plate reader (Beck-
man Coulter). The percentage of cell viability was determined by
comparing the absorbance of each sample with that of the negative
control, and the IC50 value was calculated as the test sample concen-
tration required for 50 % cell growth inhibition using GraphPad Prism
10.0 (Prism; GraphPad Software, Inc).

2.6. Endotoxin assay

To remove endotoxin, the protein solutions were treated with 1 %
Triton X-114 on ice. After warming the reaction to 37 ◦C, the detergent
phase containing the endotoxins was precipitated by centrifugation at
3000 g for 15 min, and the protein was recovered in the aqueous phase.
To determine the endotoxin level in purified recombinant PS2Aa1 pro-
tein samples, the ToxinSensor Chromogenic LAL Endotoxin Assay Kit
(GenScript Company, USA) was performed following the manufacturing
instructions. Firstly, 100 μL of protein samples, standards, and
endotoxin-free water were added to endotoxin-free vials. Then, 100 μL
of LAL reagent was added, mixed, and incubated at 37 ◦C for 50 min.
After adding 100 uL of the chromogenic substrate solution, the samples
were incubated at 37 ◦C for 6 min. Then, 500 μL of color-stabilizers #1,
#2, and #3 were added, respectively. Lastly, 200 μL of each solution was
transferred from vials to a 96 well-plate. The measurement was set at
545 nm wavelength by using an EZ read 2000 microplate reader.

2.7. Functional stability assay

To determine the functional stability of purified His6-fPS2 and MBP-
tPS2, the proteins were incubated at 37 ◦C for different time points. The
precipitated and soluble fractions were separated by centrifugation at
12,000 g for ten minutes after incubation at each time point. Using the
MTT assay, the antiproliferative activity of the soluble protein after 37
◦C incubation at each time point was compared to that of the un-
incubated protein. The protein samples were fractioned by SDS-PAGE
and subjected to western blot analysis, as described above.

2.8. Statistical analysis

All experiments were performed using at least three independent
replicates. All data are represented as mean ± SD, and the statistical
tests were conducted using GraphPad Prism 10.0 (Prism; GraphPad
Software, Inc). Two-way ANOVA was used for comparisons between
several groups and a control group. Significance levels are denoted as
follows: ns (no significance) p> 0.9, * p< 0.1, ** p< 0.01, *** p< 0.001,
and **** p< 0.0001.

3. Results and discussion

3.1. Enhanced solubility of recombinant parasporin-2 via MBP fusion

Parasporin proteins are produced as crystal proteins in Bt strains.
These proteins are subsequently solubilized under alkaline conditions.
Following solubilization, the proteins are activated by appropriate
proteases to exert cytotoxicity against cancer cells [7]. E. coli serves as a
convenient platform for protein expression and purification. Neverthe-
less, the expression of the PS2Aa1 protein in E. coli led to the formation
of inclusion bodies, impeding the purification process. In our previous
study, it was found that the PS2Aa1 protein, which was tagged at its
N-terminus with a hexa-histidine sequence, was expressed in E. coli BL21
(DH3)pLysS cells as a 37-kDa protein accumulated in inclusion bodies.
Reducing the induction temperature to 18 ◦C, however, did not enhance
protein solubility [19]. Various fusion tag proteins are available to
improve the solubility of recombinant fusion partners, including the
well-known MBP, NusA, thioredoxin (TrxA), GST, SUMO, and other
novel elements [27]. MBP has been shown to be more successful than
other fusion tag proteins in terms of target protein production and
folding [23,28,29]. Therefore, in this study, we utilized MBP as a
chaperone fused to the full-length PS2Aa1 at its N-terminus, hereafter
referred to as MBP-fPS2, to enhance the protein solubility, thereby
eliminating the need for solubilization.

Another constraint associated with the therapeutic utilization of
PS2Aa1 involves the necessity for proteolytic activation. It has been
demonstrated that the PS2Aa1 is cleaved by proteinase K not only at the
N terminus but also at the C terminus, resulting in the generation of 31-
and 30-kDa core fragments, respectively [10]. The 31-kDa corresponded
to the N-terminal processing of the first 51 amino acids, whereas the
30-kDa fragment resulted from further processing at the C-terminus by
cleaving off 32 amino acids, corresponding to amino acid residues
52–306. The cytotoxicity of these two processed fragments was found to
vary among different cancer cell types. Both 31- and 30-kDa proteinase
K-activated PS2Aa1 fragments exhibited comparable cytotoxicity
against MOLT-4, Jurkat, HL-60, and HepG2 cells; however, the 30-kDa
fragment caused significantly more rapid cell injury [10]. These re-
sults indicate that the N-terminal processing of PS2Aa1 was essential for
its cytotoxicity, whereas the C-terminal processing was not essential but
did enhance the activity. This study also constructed the N-terminally
truncated PS2Aa1 lacking the first 51 amino acids by fusing with the
MBP tag (MBP-tPS2) to bypass the solubilization and proteolytic acti-
vation steps (Fig. 1).

Expression of both MBP-fPS2 and MBP-tPS2 recombinant proteins
was mediated by the T7 promoter of the pMAL-c4X expression vector
and was induced by 0.2 mM IPTG addition under two different tem-
perature conditions at 37 ◦C and 18 ◦C. The expression and solubility
levels of the proteins in the total cell extracts, soluble fractions, and
insoluble fractions were then analyzed using SDS-PAGE and quantified
by gel electrophoresis image analysis software (GelAnalyzer). At 37 ◦C,
most fusion proteins appeared to form inclusion bodies in the cell pellet
fractions with molecular masses of approximately 80 kDa and 70 kDa,
corresponding to MBP-fPS2 and MBP-tPS2 fusion proteins, respectively
(Fig. 2A, 2B). Less than ~60 % of the MBP-PS2 fused proteins were
expressed in a soluble form (Fig. 2C). Lowering the temperature to 18 ◦C
after IPTG induction markedly enhanced the solubility of MBP-fPS2 and
MBP-tPS2 proteins, corresponding to more than ~70 % in the super-
natant fraction (Fig. 2C). Approximately 0.7 mg/mL of soluble fusion
proteins were produced per liter of the induced cultures of the MBP-fPS2
and MBP-tPS2. Based on these results, the induction temperature of
MBP-fPS2 and MBP-tPS2 was set to 18 ◦C for subsequent experiments.

Purification of MBP-PS2 fused proteins was conducted using amylose
affinity chromatography (Fig. 3A, 3C). The supernatant containing sol-
uble MBP-fPS2 or MBP-tPS2 obtained from E. coli lysate was applied to
the amylose resin column equilibrated with the column buffer (see
Methods). MBP-fused PS2 proteins were then eluted from the column in
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the same buffer containing 10 mM maltose and appeared in the elution
fractions of sufficient homogeneity (Fig. 3B, 3D). Western blot analysis
using the polyclonal PS2Aa1 antibody confirmed the identity of PS2Aa1
proteins expressed in both full-length and truncated forms (Fig. 4B).

To remove the MBP tag from the MBP-PS2 fusion proteins, Factor Xa
was added to the purified MBP-fPS2 and MBP-tPS2, where its recognition
site is located between MBP and recombinant PS2Aa1. When Factor Xa
was applied overnight at 25 ◦C, the majority of MBP-PS2 fusion proteins
were cleaved, giving expected fragments of 42 kDa for MBP and 37 kDa
for the full-length and 31 kDa for the N-terminally truncated PS2Aa1
(Fig. 3B, 3D). The cleaved proteins were then dialyzed and applied to an
amylose-resin column to separate the cleaved MBP tag from the PS2Aa1
protein. However, the Factor Xa-cleaved MBP-fPS2 and MBP-tPS2 were
present in the flow-through fractions, which still appeared as two frag-
ments of MBP and PS2Aa1 (either full-length or truncated form) observed
by SDS-PAGE (data not shown), suggesting that MBP and PS2Aa1 still
formed a complex that could not be separated by amylose affinity chro-
matography. An attempt was made to separate the cleaved MBP tag from
the PS2Aa1 proteins by using an anion exchange chromatography; how-
ever, less than half of the cleaved MBP could be removed from the MBP-
PS2 complex (data not shown), indicating that MBP remained bound to
the PS2Aa1 protein following Factor Xa cleavage.

To generate an activated form of PS2Aa1, the MBP-fPS2 was incu-
bated with proteinase K at 37 ◦C for 45 min, followed by SDS-PAGE and
western blot analyses. Following proteinase-K digestion, the proteinase-
activated PS2Aa1 revealed a protein fragment with a molecular mass of
around 31 kDa, as well as a smaller fragment of around 30 kDa (Fig. 4A),
which were eluted from the gel-filtration chromatography at separate

peaks. The size of the latter fragment was shown to be dependent on the
duration of proteinase K activation. We found that both individual
proteinase K-activated fragments were also generated from the His6-
fPS2 (Fig. 4A). According to the previous study, 31- and 30-kDa pro-
teinase K-activated fragments exhibited comparable cytotoxic effects
against MOLT-4, Jurkat, HL-60, and HepG2 cells [10]. Additionally, we
found that the MBP was resistant to proteinase K digestion when fused
with the recombinant PS2Aa1. In contrast, the MBP alone was suscep-
tible to proteolysis by proteinase K after 45min of incubation at 37 ◦C, as
shown by the disappearance of the 42-kDa band on SDS-gel (Supple-
mentary Figure S1). This observation suggests that the association be-
tween MBP and PS2Aa1 confers benefits for the proper folding of both
PS2Aa1 and MBP molecules into core fragments that are resistant to
non-specific protease degradation.

The proteinase K-activated MBP-fPS2 was then subject to gel-
filtration chromatography to separate the proteinase K; however, the
MBP was still co-eluted with the proteinase K-cleaved PS2Aa1 as
observed in the same elution fraction from SDS-PAGE analysis (Figs. 3B,
4A), indicating the complex formation of MBP and PS2Aa1 even after
being cleaved by proteinase K. Our findings could be explained byMBP’s
intrinsic chaperone activity, which promotes the proper folding of its
fusion partner [24]. MBP is also thought to bind to hydrophobic residues
present on unfolded proteins, promoting correct protein folding and
thereby increasing the solubility of MBP-tagged proteins [23]. In addi-
tion, MBP was previously found to be resistant to thermolysin digestion,
which may protect its partner protein from degradation [30].

In this study, we also expressed the full-length PS2Aa1 fused with the
6 × His tag at the N-terminus, so-called His6-fPS2, using the previously

Fig. 1. Schematic representation of His6-fPS2, MBP-fPS2, and MBP-tPS2 fusion proteins. The expression vectors used for construction, locations of fusion tags (MBP
and His6), and cleavage sites of Factor Xa are demonstrated. The amino acid residues are numbered according to the PS2Aa1 sequence.

Fig. 2. Expression of the MBP-fPS2 and MBP-tPS2 fusion proteins in E. coli BL21(DE3)pLysS host cells. Expression of MBP-fPS2 (A) and MBP-tPS2 (B) was induced
with 0.2 mM IPTG at 18 ◦C or 37 ◦C. M, molecular weight markers; C, total cell proteins before IPTG induction as a negative control; I, total cell proteins after IPTG
induction; T, total proteins after sonication; S, soluble fraction after cell sonication; P, pellet fraction after cell sonication. (C) Protein solubility (%) at 18 ◦C or 37 ◦C
was estimated based on the density ratio of soluble fusion protein to total fusion protein. The arrow indicates the molecular masses of the expected fusion proteins.
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described protocols [19]. Unlike the MBP-PS2 fusion proteins, the re-
combinant His6-fPS2 accumulated in inclusion bodies (Supplementary
Fig. S2), even when the induction temperature was lowered to 18 ◦C,
thereby requiring further solubilization in an alkaline carbonate buffer
with a pH of 10.5. The solubilized His6-fPS2 was purified by Ni-NTA
affinity chromatography, followed by proteinase K digestion.
Proteinase-K-activated His6-fPS2 was subjected to gel filtration chro-
matography to eliminate proteinase-K and other impurities (Fig. 4). This
purified His6-fPS2 protein after protein K activation was subsequently
used to compare its cytotoxicity to that of the MBP-PS2 fusion proteins.

Endotoxins, which are immunogenic and highly toxic to humans, can
be co-purified with recombinant proteins produced by most E. coli hosts,
which hinders their application in clinical and biological research [31,
32]. Thus, the endotoxin threshold for clinical applications involving
recombinant proteins derived from E. coli is established at a value below
1 EU/μg [33]. Here, after endotoxin removal using Triton X-114, the
endotoxin levels measured by the Limulus amebocyte lysate (LAL)
endotoxin assay of the purified proteins were 0.33, 0.42, and 0.76 EU/μg
for MBP-fPS2, MBP-tPS2, and His6-fPS2, respectively, which are lower
than the maximum allowed for biological products (< 1 EU/μg).

Fig. 3. Purification of PS2Aa1 from soluble MBP-fPS2 and MBP-tPS2 expressed in E. coli BL21(DE3)pLysS. Flowcharts of the purification of MBP-fPS2 (A) and MBP-
tPS2 (C) fusion proteins. The protein fractions were subjected to SDS-PAGE analysis for MBP-fPS2 (B) and MBP-tPS2 (D). M, molecular weight markers; lane 1, total
cell protein before IPTG induction as a negative control; lane 2, total cell protein after IPTG induction; lane 3, the MBP-fPS2 (80 kDa) (B) or MBPtPS2 (72 kDa) (D)
fusion protein purified by amylose affinity chromatography; lane 4, the MBP tag cleavage with Factor Xa producing the MBP tag (42 kDa), fPS2 (37 kDa), and tPS2
(31 kDa); lane 5, the final proteinase K-activated PS2Aa1 of MBP-fPS2 fusion protein after gel filtration chromatography (31 kDa) (B). The arrows indicate the
molecular masses of the expected protein bands.

Fig. 4. Analysis of purified recombinant PS2Aa1 from different fusion proteins. SDS-PAGE (A) and western blot analysis of purified recombinant PS2Aa1 using
PS2Aa1 polyclonal antibody (B). M, molecular weight makers; the proteinase K-activated His6-fPS2 after gel filtration chromatography (lanes 1–2); the proteinase K-
activated MBP-fPS2 after gel filtration chromatography (lanes 3–4); the purified MBP-tPS2 by amylose affinity chromatography (lane 5). The PS2Aa1 fragments are
presented in the box. The arrows indicate the expected protein bands.
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3.2. MBP-PS2 fusion proteins exhibited cytotoxicity against human
leukemic T cells

After purification, the cytotoxic effects of MBP-fPS2 and MBP-tPS2
fusion proteins against human cancer cells were evaluated using MTT
assays with leukemic cancer cell lines (Jurkat and MOLT-4) in com-
parison with human fibroblast normal cells (Hs68). For MBP-fPS2, both
protoxin (non-proteinase K-activated) and proteinase K-activated forms
were examined for their cytotoxicity against the tested human cancer
cells (Fig. 5A–C). The MBP-fPS2 exhibited no cytotoxicity against Jurkat
or MOLT-4 cell lines without proteinase K activation (Fig. 5D, 5E).
However, when treated with proteinase K, the cytotoxicity towards
MOLT-4 cancer cells increased in a dose-dependent manner (Fig. 5C),
with an IC50 value of 0.15 μg/mL (Table 1). Jurkat cells were less sen-
sitive to proteinase K-treated MBP-fPS2 than MOLT-4 cells (Fig. 5B),
with an IC50 value of 0.44 µg/mL (Table 1).

On the other hand, MBP-tPS2 directly exerted cytotoxicity against
Jurkat and MOLT-4 cancer cells without proteinase K activation (Fig. 5),
with IC50 values of approximately 0.03 μg/mL (Table 1). The cytotox-
icity of MBP-tPS2 against cancer cells, particularly Jurkat cells, was also
found to be superior to that of the proteinase K-activated MBP-fPS2,
indicating that the N-terminal processing of PS2Aa1 by cleaving off
the first 51 amino acids was critical for the cytotoxicity, at least against
the tested leukemic cell lines. It has been demonstrated that the C-ter-
minal processing of PS2Aa1 was not essential for PS2Aa1 cytotoxicity
but could induce rapid plasma membrane damage to the cancer cells
[10]. Parasporins, like other Bt crystal proteins, require proteolytic
processing to exert their cytotoxicity against cancer cells [7]. In
particular, the removal of their N-terminal regions is necessary for
cytotoxicity. It has been demonstrated that proteolytic cleavage of the
N-terminal region of parasporin-1 (81 kDa) resulted in the production of
an active form consisting of 15 and 56 kDa polypeptides, rendering it
toxic to cancer cells [34]. Parasporin-3, also known as Cry41Aa, has
been shown to exhibit cytocidal activity against HL-60 (Human pro-
myelocytic leukemia cells) and HepG2 (Human liver cancer cells) cell

lines following proteolytic cleavage. In addition to the importance of the
N-terminal region in protein expression, it has been shown that the
Cry41Aa toxin’s action depends on the N-terminal cleavage at amino
acid 40. Deleting the first 40 amino acids from the N-terminus of
Cry41Aa has been hypothesized as a potential mechanism for exposing
the toxin’s receptor-binding site, which results in receptor binding and
cancer cell cytotoxicity [35]. Domain I at the N-terminus of PS2Aa1
possesses a high degree of structural diversity, implying that it may be
involved in receptor recognition [9]. By removing the N-terminal
segment, the receptor-binding site of domain I may be exposed. Addi-
tionally, it has been hypothesized that the inhibitory peptide, located
immediately upstream of the N-terminal cleavage site of PS2Aa1, in-
teracts with pore-forming domain 2. The removal of this peptide would,
therefore, facilitate the domain-2 transition, which is required for pore
formation [36].

In this study, cytotoxic effects of the proteinase K-treated His6-fPS2
(expressed as inclusion bodies) were also tested for comparison. Results
revealed no significant difference in cytotoxicity between MBP-tPS2 and
proteinase K-treated His6-fPS2 samples regardless of being expressed as
an insoluble or soluble protein (Fig. 5B, C, and Table 1). In addition,
none of the recombinant PS2Aa1 proteins exhibited cytotoxicity against
the fibroblast cells, supporting the high selectivity of PS2Aa1 in an
active form against the cancer cells (Fig. 5A). Even though MBP-PS2

Fig. 5. Cell viability (%) of Hs68 (A) Jurkat (B) and MOLT-4 (C) cells after being treated with His6-fPS2, MBP-fPS2, and MBP-tPS2 at different concentrations. The
proteinase K-treated and non-proteinase K-treated samples are denoted as + ProK and – ProK, respectively. Cell viability (%) of Jurkat (D) and MOLT-4 (E) in
response to non-proteinase K-treated MBP-fPS2 and MBP-tPS2 treatments at different concentrations. After 24 h of incubation with various concentrations of protein
samples, the percentage of cell viability was determined by MTT assay by comparing the absorbance of each sample to that of the negative control (PBS, pH 7.4). All
data are presented as mean ± SD from the triplicate analyses. Statistical significance was analyzed using two-way ANOVA and annotated as follows: **** p < 0.0001,
*** p < 0.001, ns (no significance) p > 0.9.

Table 1
IC50 values with 95 % confidence intervals (parentheses) for MBP-tPS2, MBP-
fPS2, and His6-fPS2 with or without proteinase K activation (+ ProK or – ProK)
against human leukemic T cells.

Cell
line

IC50 μg/mL

MBP-tPS2 (-
ProK)

MBP-fPS2 (-
ProK)

MBP-fPS2 (+
ProK)

His6-fPS2 (+
ProK)

Jurkat 0.03
(0.02–0.06)

> 0.5 0.44
(0.18–0.74)

0.02
(0.01–0.04)

MOLT-
4

0.03
(0.01–0.12)

> 0.5 0.15
(0.07–0.33)

0.03
(0.02–0.07)
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fusion proteins did not lead to any appreciable enhancement of cyto-
toxicity against tested cancer cells compared with that of the His6-fPS2,
MBP effectively served as a chaperone to protect the PS2Aa1 to form an
insoluble aggregated protein.

Because many MBP fusion proteins lose their stability when cleaved
from MBP, studies aimed at characterizing the properties and functions
of the fusion partners are usually undertaken in the presence of MBP.
Furthermore, MBP is a stable monomeric protein with well-defined
properties. Therefore, it is unlikely to interfere with fusion protein
functional characterization [37]. Because PS2Aa1 could not be entirely
separated from MBP during purification in this study, only MBP was
employed in a cytotoxic effect assessment to examine its impact on
cytotoxicity. MBP alone had no cytotoxicity against any of the tested cell
lines, corroborated by the lack of cytotoxicity of non-activated
MBP-fPS2 against any of the tested cell lines (Supplementary
Figure S3). These data indicate that the observed cytotoxicity against
cancer cell lines was primarily due to the activated form of PS2Aa1.

3.3. Functional stability of MBP-tPS2 fusion protein upon incubation at
37◦C

According to our previous observations, MBP promotes the solubility
of the PS2Aa1 fusion partner through a chaperone-like effect. In addi-
tion, MBP and PS2Aa1, whether in full-length or truncated form, remain
associated after Factor Xa cleavage. This association complex may
contribute to the stability of PS2Aa1. To determine the functional sta-
bility of MBP-tPS2 in comparison to proteinase K-activated His6-fPS2,
anti-proliferative activity against MOLT-4 and Jurkat cells was
measured after incubation at 37 ◦C at different time points, comparing
with their corresponding un-incubated proteins. Gel electrophoresis
image analysis software was used to quantify PS2Aa1 active fragments
(30–31 kDa) to 0.5 μg/mL for each sample prior to cell line treatment
(Fig. 6A). As demonstrated in Fig. 6B, C, proteinase K-activated His6-
fPS2 incubated at 37 ◦C for up to 16 h did not impair cytotoxicity to-
wards MOLT-4 and Jurkat cell lines, as evidenced by comparable cyto-
toxic effects on those two cell lines between incubated and unincubated
proteins.

MBP-tPS2, like proteinase K-activated His6-fPS2, remained cytotoxic
to MOLT-4 and Jurkat cell lines when incubated at 37 ◦C for up to 16 h,

inhibiting about 70–80 % of cell proliferation (Fig. 6B, 6C). After 24 h of
incubation at 37 ◦C, MBP-tPS2 and proteinase K-activated His6-fPS2
exhibited a cytotoxicity reduction of less than 10 % against the MOLT-4
and Jurkat cell lines in comparison to the unincubated proteins (Fig. 6B,
6C). The protein bands associated with the PS2Aa1 active core fragment
size were detected in both protein samples after 24 h exposure to 37 ◦C
(Fig. 6A), indicating that the proteins remained undegraded despite the
possibility of a modest change in their native conformations. This
observation is also consistent with a previous in silico prediction based
on the prevalence of aliphatic side chains of amino acids, specifically,
alanine, valine, leucine, and isoleucine, that PS2 is relatively thermo-
stable, with an Aliphatic index of 62.54- 75.00 [38]. Overall, the results
show that MBP-tPS2 and proteinase K-activated His6-fPS2 remained
active throughout a 24 h incubation at 37 ◦C.

4. Conclusions

In conclusion, this is the first report that successfully expressed and
purified soluble PS2Aa1 fused with the MBP tag in E. coli. The
chaperone-like ability of MBP confers several benefits to the PS2Aa1
fusion partner by improving the solubility, folding, and stability of the
PS2Aa1 protein. The enhanced solubility of MBP-tPS2 renders it an
appropriate platform for functional analysis and therapeutic applica-
tions. For example, an MBP-based pull-down test using the MBP-tPS2
fusion protein as the bait protein can be utilized to identify the puta-
tive binding protein(s) to uncover the mechanism of cancer cell selec-
tivity. The current strategy and production system also hold
considerable potential for efficient and cost-effective large-scale PS2Aa1
manufacturing for future therapeutic applications.
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Fig. 6. Functional stability analysis of MBP-tPS2 fusion protein compared with proteinase K-activated His6-fPS2 after incubation at 37 ◦C for different time points.
(A) SDS-PAGE analysis of purified recombinant MBP-tPS2 and proteinase K-activated His6-fPS2 proteins upon incubation at 37 ◦C for 16 and 24 h. M, molecular
weight makers; the unheated proteinase K-activated His6-fPS2 (lane 1) and heated proteinase K-activated His6-fPS2 for 16 and 24 h (lanes 3 and 5, respectively); the
unheated MBP-tPS2 (lane 2) and heated MBP-tPS2 for 16 and 24 h (lanes 4 and 6, respectively). Cell viability (%) of Jurkat (B) and MOLT-4 (C) cells after being
treated with 0.5 μg/mL of either unheated or heated proteinase K-activated His6-PS2 and MBP-tPS2 at 37 ◦C for 16 and 24 h. All data are presented as mean ± SD
from three independent experiments (three replicas each). The arrow indicates the molecular masses of the protein bands at 30–31 kDa used for quantification by gel
electrophoresis image analysis software. Statistical significance was analyzed using two-way ANOVA and annotated as follows: ns (no significance) p > 0.9, * p < 0.1,
** p < 0.01, *** p < 0.001.
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