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Abstract Parasporins are a heterogenous group of Cry pro-
teins produced by non-insecticidalBacillus thuringiensis strains
that specifically act on human cancer cells without affecting
normal ones. This unique cytotoxic property has driven re-
searchers to explore novel non-insecticidal B. thuringiensis
strains possessing cancer cell-killing proteins. In this study,
we isolated 65 non-clonal native isolates from 21 coastal soil
samples and subsequently tested 28 strains which were non-
haemolytic and non-insecticidal for their cytotoxicity against
human colon cancer cell line HCT 116 and human cervical
cancer cell line SiHa. Parasporal protein from a strain designat-
ed as B.t.LDC 501 showed significantly higher cytolytic activ-
ity on HCT 116 cells than on SiHa cells. The activated protein

also exerted specific cell lethality against two other colon can-
cer cell lines, SW480 and SW620. However, it was notably
non-toxic to normal cells, such as human peripheral blood leu-
kocytes, human embryonic kidney cell line (HEK293) and hu-
man corneal epithelial cell line (HCEC) and showed only mod-
est toxicity on a murine fibroblast cell line (NIH/3T3). The
purified 20-kDa crystal protein obtained through gel filtration
chromatography exhibited a markedly higher cytopathic effect
than the unpurified protein. Liquid chromatography–tandem
mass spectrometry analysis of the 20-kDa fragment revealed
it to be an uncharacterized protein containing a tumor necrosis
factor-like domain. The non-apoptotic mode of cell death, ex-
tensive membrane permeability and aminopeptidase N-
dependent cytotoxicity suggests the pore-forming nature of
the protein. Further characterization of the protein and the re-
ceptor will facilitate its use as a potential therapeutic drug
against cancer.
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Introduction

Bacillus thuringiensis is a Gram-positive bacterium capable of
producing crystalline parasporal inclusions during sporula-
tion. These inclusions are termed δ-endotoxins and have been
grouped into two major classes, Cry and Cyt proteins
(Crickmore et al. 1998). Cry protein is known for its specific
insecticidal action against various insect orders, including
Lepidoptera, Diptera, Coleoptera, Hymenoptera and nema-
todes (de Maagd et al. 2001). Cyt proteins exhibit in vivo
toxicity against Dipterans, particularly mosquitoes and black
flies (Butko 2003). They also show in vitro cytolytic activity
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against insects and mammalian cells, such as erythrocytes,
lymphocytes and fibroblasts (Thomas and Ellar 1983).

Worldwide screening of B. thuringiensis strains from vari-
ous ecological niches has revealed the prevalence of many
non-insecticidal strains (Ohba and Aizawa 1986; Hastowo
et al. 1992). Studies on such strains has led to the identification
of new anticancer proteins with selective action on human
cancer cells (Mizuki et al. 1999), denoted as parasporins
(PS). These proteins have been characterized as non-
haemolytic and non-insecticidal (Mizuki et al. 2000), and to
date, six types of PS (PS-1 to PS-6) have been reported
(Okumura et al. 2010). Each type exhibits a different mode
of action against different cancer cell lines (Mizuki et al. 2000;
Ito et al. 2004; Yamashita et al. 2005; Okumura et al. 2006;
Nagamatsu et al. 2010; Ekino et al. 2014). A few studies
demonstrated that these parasporal proteins exert their effect
on a specific cell line through specific receptors. An autopha-
gy protein, Beclin-1, from the HeLa cell line has been identi-
fied as the receptor of PS-1 that demonstrated an apoptotic
mode of action (Katayama et al. 2009). PS-2 is a pore-
forming toxin that requires glycosylphosphatidylinositol
(GPI)-anchored proteins for its oligomerization and pore for-
mation on HepG2 cells (Kitada et al. 2005). This action is
similar to that of insecticidal Cry proteins which mediate their
toxicity by binding to aminopeptidase N (APN), a GPI-
anchored protein (Knight et al. 1994).

Due to annual increase in the incidence of cancer and the
limitations of the existing treatment methods, intensive re-
search efforts are being made to identify new therapeutic
agents, especially those from biological sources. Since PS
are potential candidates for targeted anticancer therapy, it is
essential to delineate their mode of action, which is probably
through receptor mediation. An earlier study in our laboratory
identified a potential cancer cell-specific cytotoxic strain iso-
lated from inland soil samples (Poornima et al. 2010). As the
marine environment is known to harbour many beneficial
bacteria (Bernan et al. 1997), we report here our analysis of
coastal soil for the presence of B. thuringiensis species ex-
pressing anticancer proteins. We also extended our study to
investigate the role of APN (if any) in the cytocidal action.

Material and methods

Screening of Bacillus thuringiensis

Soil samples were collected from 21 coastal sites of
Mandapam (9.28°N 79.12°E), Ramnad district, Tamil Nadu,
India. Bacillus thuringiensis was isolated by the method of
Ohba and Aizawa (1986). Briefly, 1 g of soil sample was
suspended in 9 mL of phosphate buffered saline (PBS) and
the suspension agitated constantly for 5 min, following which
the upper layer of the suspension was removed and placed in a

water bath at 80 °C for 15 min to kill any heat-sensitive or-
ganisms. Approximately 100 μL of the suspension was spread
onto nutrient agar medium and incubated at 37 °C for 48 h.
Colonies with Bacillus-like (fried egg) morphology were se-
lected and observed under phase contrast microscope at 100×
magnification (model DP12-CX41; Olympus, Tokyo, Japan).
Strains with parasporal inclusions were denoted Bacillus
thuringiensis and designated as B.t.LDC in a series starting
with the number 500. The isolated strains were lyophilized
(ALPHA1-2 LD Plus freeze dryer; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) for long-term storage. In this study, BGSC-4Q2
(B . t hu r i ng i en s i s i s rae l en s i s ) a nd BGSC-4D1
(B. thuringiensis kurstaki) obtained from Dr. Zeigler,
Bacillus Genetic Stock Center (BGSC), Ohio State
University, Ohio, USAwere used as reference strains.

Solubilization and activation of spore crystal complex

The isolated strains were inoculated in Arret and Kirshbaum
medium (sporulating agar) (Hi Media Laboratories Pvt. Ltd,
Mumbai, India) and incubated at 28 °C for 3–4 days. When
parasporal inclusions were visible, the spore-crystal mixture
was harvested using 1 M NaCl followed by centrifugation
(model 5810 R; Eppendorf AG, Hamburg, Germany) at
12000 g for 10 min at 4 °C. The pellet was first washed twice
with distilled water supplemented with 1 mM phenyl methyl
sulphonyl fluoride (PSMF) and then solubilized in 50 mM
Na2CO3 buffer (pH 10.5) containing 10 mM DTT and
1 mM EDTA for 1 h at 37 °C (Mizuki et al. 1999). The
solubilized protein in the supernatant was separated by centri-
fugation at 12000g for 20 min at 4 °C and then digested with
10 μg/mL of proteinase K (Merck-Genei, Bengaluru, India)
for 1.5 h at 37 °C to expose the active domain. Proteolytic
action was stopped by the addition of 1 mM PMSF (Hi Media
Laboratories). Protein concentration was estimated by the
Bradford method using bovine serum albumin (BSA) as stan-
dard (Bradford 1976).

Haemolytic assay

Haemolytic activity of the proteinase K-treated proteins of all
65 isolates were tested using human erythrocytes (Uemori
et al. 2007). Approximately 1 mL of human peripheral
blood was collected in EDTA-coated tubes from healthy vol-
unteers (who tested negative for both human immunodeficien-
cy virus and hepatitis B virus). The blood samples were
suspended in 9 mL PBS and centrifuged at 12,000 g for
5 min at 4 °C, following which the pellet was washed twice
with PBS and resuspended to 1 % (v/v) in the same buffer. A
100 μL aliquot of the 1 % erythrocyte suspension was added
to a round bottom 96-well plate. The activated protein at a
concentration of 100 μg/mL was added to the erythrocyte
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suspension in triplicate wells. Haemolysis was visually exam-
ined after 18 h incubation at 27 °C, with B.thuringiensis
israelensis (BGSC-4Q2) as the positive control and PBS as
the negative control. The strains with non-haemolytic activity
were selected for further analysis.

Insecticidal assay

The spore-crystal mixtures of the selected non-haemolytic
strains were assayed for their insecticidal potential against
Dipteran and Lepidopteran larvae using the one-dose toxicity
assay (Ishii and Ohba 1993). Third instar larvae of Aedes
aegypti, Culex quinquefasciatus (Diptera: Culicidae) and
Bombyx mori (Lepidoptera: Bombycidae) were used as targets
in this study. For A. aegypti and C. quinquefasciatus, ten third
instar mosquito larvae of each species were placed in a sepa-
rate plastic disposable cup containing of 7.7×107 CFU/mL
spore-crystal mixture suspended in tap water. For B. mori,
third instar silkworm larvae were fed with mulberry leaves
coated with the spore-crystal mixture at a concentration of
2.5×108 CFU/mL. Mortality rate was scored after 96 h. The
experiments were performed in triplicate using BGSC-4Q2 as
the positive control for Dipteran larvae and BGSC-4D1 as
control for Lepidopteran larvae. Respective larval species
suspended in tap water without the addition of the spore-
crystal mixture were observed as the negative control.
Strains inflicting less than 30 % mortality were considered
to be non-insecticidal.

Cytotoxicity testing using cancer cell lines

Growth and maintenance of cell lines

Normal and neoplastic cell lines for cytotoxicity testing
were obtained from various sources. Cell lines HCT 116,
SW620 (both human colon cancer cell lines), SiHa (hu-
man cervical cancer cell line), NIH/3T3 (normal murine
fibroblast cell line) and HEK293 (normal human embry-
onic kidney cell line) were obtained from the National
Centre for Cell Science, Pune, India. Cell line SW480
(human colon cancer cell line) was obtained from
Madurai Kamaraj University, Madurai, India. Cell line
HCEC (normal human corneal epithelial cell line) was
obtained from the Aravind Medical Research Foundation,
Madurai, India. All cells were cultured in media prescribed
by the suppliers, usually supplemented with 10 % fetal
bovine serum and 1 % antibiotic (100 IU/mL Penicillin
and 10 μg/mL streptomycin) at 37 °C with 5 % CO2 in a
humidified incubator (model SCO10W; Sheldon
Manufacturing Inc., Cornelius, OR). The only exception
was the SW620 cell line which did not require CO2.

Isolation of peripheral blood leukocytes

Peripheral blood was collected from a healthy volunteer and
mixed with RPMI-1640 media containing 50 IU/mL of sodi-
um heparin (Dykman et al. 1983). This mixture was slowly
layered on HiSep Lymphocyte Separation Medium (Hi Media
Laboratories) and centrifuged at 300g for 20 min at 10 °C.
The interface containing the nucleated cells was carefully as-
pirated and transferred to a fresh tube containing RPMI-1640
with 10 IU/mL of sodium heparin. After centrifugation, the
cell pellet was resuspended in 1 mL of complete RPMI-1640
medium. The isolated cells were counted using a
haemocytometer and subjected to cytotoxic assay.

One-dose cytotoxic assay

The one-dose cytotoxic assay was carried out by following the
method of Mizuki et al. (1999). Cells of the adherent cell lines
HCT 116, SW480, SW620, SiHa, HEK293, HCEC and NIH/
3T3 were trypsinized, and 90 μL of cell suspension (2×105

cells) was seeded onto the 96-well tissue culture plates. The
plates were then incubated for 16 h at 37 °C to achieve a
confluent monolayer. The peripheral blood leukocytes serving
as control were seeded onto the plate directly for the assay.
The proteinase K-activated proteins (concentration of 100 μg/
mL) from 28 non-haemolytic and non-insecticidal
B. thuringiensis strains were tested against the HCT116,
SiHa and NIH/3T3 cells and against normal peripheral blood
leukocytes for initial screening. The activated proteins of po-
tential strains were further checked on the SW480, SW620,
HEK293 and HCEC cell lines. The activated proteins of
BGSC-4Q2 were used as the positive control, and the solubi-
lizing buffer containing proteinase K and PMSF served as the
negative control. The cytopathic effect of parasporal proteins
was observed after 16 h of incubation under an inverted mi-
croscope at a magnification of 100× (model CKX41;
Olympus).

Dose–response study

The extent of cytotoxicity exhibited in the one-dose cytotoxic
assay was measured using the 4,5-dimethylthiazol-2-yl-2,5-
diphenyl tetrazolium bromide (MTT) assay (Heiss et al.
1997). Tenfold serial dilutions of the activated proteins
(0.01, 0.1, 1, 10, 100 μg/mL) were added to the 96-well plate
containing HCT 116, SW480, SW620, SiHa, NIH/3T3,
HEK293 and HCEC cells and normal human peripheral blood
leukocytes and incubated for 16 h at 37 °C. After incubation,
10 μL of MTT (5 mg/mL) solution was added to each well
and the plate was kept in dark for 4 h. The supernatant was
then discarded, and 100 μL of DMSOwas added to each well
to solubilize the formazan product. The absorbance was mea-
sured at 570 nm in the VersaMax™ ELISA Microplate
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Reader (Molecular Devices, Sunnyvale, CA). The concentra-
tion that inflicted 50 % cell death was considered to be the
median lethal dose (LC50). Among the isolates screened, the
potential strain with noteworthy cytocidal action was selected.

Purification of toxin protein and sodium dodecyl
sulphate-polyacrylamide gel electrophoresis analysis

The parasporal inclusions of the selected B.t.LDC 501 strain
were partially purified by the biphasic separation method
(Goodman et al. 1967; Mohd-Salleh 1980). Approximately
50 mg of harvested spore-crystal mixture was added to
50 mL of the complete phase (66.8 g/L sodium dextran sul-
phate, 46.8 g/L PEG 6000, 35 g/L NaCl) in a 250-mL sepa-
rating funnel, followed by the addition of 50 mL of fresh
phase (0.4 g/L sodium dextran sulphate, 70.4 g/L PEG 6000,
17.6 g/L NaCl); the solution was then vigorously shaken for
2 min. After separation of the two phases, the upper phase was
removed carefully, and a fresh upper phase was added to the
funnel and the process repeated. The number of spores and
crystals in the upper and lower phase was calculated by ob-
servation under a phase contrast microscope. Finally, both
phases were combined and centrifuged at 20000 g for
30 min. The viscous pellet was collected and suspended in
distilled water and kept at 4 °C overnight. The crystal-rich
suspension was lyophilized and reconstituted with the solubi-
lization buffer. The partially purified crystals were activated
using proteinase K and purified further by passage through a
gel filtration column (Sephacryl S-200; GE Healthcare Bio-
Sciences, Pittsburgh, PA) fixed to an AKTA Prime plus puri-
fication system (Wipro GE Healthcare Pvt. Ltd., Bangalore,
India). The column was equilibrated three times using 20 mM
Tris and 150 mM NaCl. The proteinase K-activated protein
was loaded onto the column and eluted with the same buffer.
Fractions (approx. 1 mL) were collected at a flow rate of
1 mL/min and checked for cytotoxicity against the cancer cell
lines (Amano et al. 2005).

The protein profile of B.t.LDC 501 was analysed by SDS-
PAGE (Laemmli 1970). The solubilized, proteinase K-treated
and purified cytotoxic protein fraction samples were resolved
in a 5 % stacking gel and a 10 % separating gel at 80–100 V.
The protein bands were visualized by silver staining.

Mass spectrometry analysis

To analyse the peptide mixture of the activated proteins of
B.t.LDC 501 by mass spectrometry (MS), we first resolved
the protein samples in a 10 % polyacrylamide gel and stained
the resulting bands using Coomassie Brilliant Blue G-250 for
6 h (Köcher et al. 2011). After destaining using distilled water,
the protein bands were excised from the gel and subjected
to sequencing (Clinbiocare Pvt Ltd, Chennai, India).
Individual bands were digested with trypsin and analysed

using liquid chromatography–tandem MS (Orbitrap Velos
Pro Hybrid Ion Trap–Orbitrap Mass spectrometer, Thermo
F i sh e r Sc i en t i f i c , Wa l t h am , MA) . Bo th f i x ed
(carbamidomethyl) and variable (oxidation of methionine)
modifications were considered with two missed cleavages
by trypsin. The identities of the proteins were scrutinized by
analysing the spectra against non-redundant UniProtKB/
Swiss-Prot database using the Proteome Discoverer search
engine (Greco et al. 2012). The search was restricted to
Bacillus thuringiensis and was evaluated based on the score,
intensity of peptide matches and molecular weight.

DNA fragmentation assay

To detect the mode of cell death exhibited by the B.t.LDC 501
protein, we performed a DNA fragmentation assay (Ahmad
et al. 1997). SiHa and HCT 116 cells were seeded onto 12-
well tissue culture plates at a density of 2×105 cells/mL and
incubated for 16 h. After reaching 80% confluence, 10μg/mL
of B.t.LDC 501 proteins was added to each well and the cul-
ture plates incubated further for 48 h. The cells were then
washed twice with 1× PBS and suspended in cytoplasm ex-
traction buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 0.5 % Triton X-100) on ice for 15 min. The cell pellet
was collected by centrifugation at 14000g at 4 °C and treated
with DNA lysis buffer (10 mM Tris, pH 7.5, 400 mM NaCl,
1 mM EDTA, 1 % Triton X-100) for 20 min on ice. The
collected supernatant was incubated with RNase (final con-
centration 0.2 mg/mL) at room temperature for overnight di-
gestion, following which proteinase K (0.1 mg/mL) was
added and incubated for further 2 h at 37 °C. The DNA of
the respective cell lines was extracted with phenol:chloroform
(1:1) and precipitated with 1:2 volumes of 95 % ethanol for
2 h at −80 °C. The DNA pellet was air dried and dissolved in
1× TE buffer. The extracted DNAwas resolved in a 2 % aga-
rose gel at 50 V/cm, and the bands were observed under a
trans-UV illuminator (Gel Doc™ XR+ system; Bio-Rad,
Hercules, CA).

Lactate dehydrogenase release assay

Cell lysis was assessed by measuring the amount of cytosolic
lactate dehydrogenase (LDH) according to the method of
Wang and McCarthy (1997). SiHa and HCT 116 cells at a
density of 2×105/mL were seeded onto the 96-well cell cul-
ture plate and incubated for 16 h, following which the cells
were treated with various concentrations (0.01, 0.1, 1, 10,
100 μg/mL) of B.t.LDC 501 protein for 16 h. After this last
incubation, the plate was centrifuged at 120g for 5 min. The
standards used (S1–S6) were prepared as per the manufac-
turer’s instructions (LDH Cytotoxicity Assay kit; Cayman
Chemical Company, Ann Arbor, MI) and added to the wells
(100 μL per well). The resultant supernatant from the protein-
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treated cells and the prepared standards were transferred to a
fresh 96-well plate. The LDH reaction solution was added to
each well using a repeating pipette, and the plate was incubat-
ed at room temperature for 30 min with gentle shaking.
Absorbance was read at 490 nm using the VersaMax™
ELISAMicroplate Reader (Molecular Devices). LDH activity
of the test was calculated by plotting the standard values, and
the percentage of cytotoxicity was determined based on the
LDH activity of the test, positive and negative control
samples.

Whole cell APN inhibition assay

The whole cell APN inhibition assay was carried out to detect
the role of APN in the cytopathy of parasporal protein on
colon cancer cells. The APN inhibitor [half maximal inhibito-
ry concentration (IC50): 25 μM] (Santa Cruz Biotechnology,
Inc., Dallas, TX) was serially diluted from 5 μM to 50 μM
concentrations and added to the cells (triplicate samples).
After 2 h of incubation, B.t.LDC 501 protein (final concentra-
tion 10 μg/mL) was added to both APN inhibitor-treated
and APN inhibitor-untreated cells. Cells treated with APN
inhibitor alone served as the negative control, and BGSC-
4Q2 protein-treated cells served as the positive control.
The quantum of cell death was observed visually through
an inverted microscope (model CKX41; Olympus) after
24 h. The results were analysed by MTT assay as
described in the Dose–response study section.

Statistical analysis

Data obtained for the MTT, LDH and APN inhibition assay
values were presented as the mean± standard error of the
mean. Significant differences between the groups were tested
by one-way analysis of variance using the SigmaStat 2.0 sta-
tistical software package (Systat Software Inc., San Jose, CA).
When the level of significance was p≤0.05, then a posterori
post hoc pairwise comparison was performed using the Tukey
test.

Results

Screening of B. thuringiensis

A total of 785 Bacilli strains with a fried egg-like appearance
were selected out of 1450 isolates from coastal soil samples.
Of these, 65 isolates were identified as B. thuringiensis based
on the presence of parasporal inclusions that distinguishes
B. thuringiensis from B. cereus and B. anthracis. Almost
92 % of the isolates produced spherical shaped inclusions
(Fig. 1). The frequency of B. thuringiensis distribution among
the spore-formers was 8.28 % (Table 1).

Haemolytic and insecticidal assay

The haemolytic assay was performed on the proteinase K-
activated proteins of the 65 isolates identified as
B. thuringiensis in order to select the non-haemolytic strains.
Strains that induced complete lysis of erythrocytes (matt forma-
tion) were considered to be haemolytic strains, whereas those
exhibiting no lysis of erythrocytes (button formation) were con-
sidered to be non-haemolytic. Among the 65 isolates tested, 31
were non-haemolytic based on the haemolytic assay.

The insecticidal assay revealed that all of the 31 non-
haemolytic strains were non-toxic against Dipteran larvae
(Aedes aegypti and Culex quinquefasciatus), while the posi-
tive control strain (BGSC-4Q2; Dipteran specific) inflicted
100 % mortality within 1 h of toxin exposure. However, three
of the non-haemolytic strains were toxic to Lepidopteran lar-
vae (Bombyx mori). The positive control strain (BGSC-4D1;
Lepidopteran specific) displayed 90%mortalitywithin 3 days.
Based on these results, we eliminated the three insecticidal
strains from further analysis and selected the remaining 28
isolates for the cytotoxic assay.

One-dose toxicity assay

Of the 28 isolates which were determined to be non-haemolytic
and non-insecticidal, one strain, denoted asB.t.LDC501, exerted
significant cytotoxicity on all of the human colon cancer cell
lines tested (HCT 116, SW480, SW620), although it showed
less pronounced cytotoxicity on SiHa (human cervical cancer
cell line) cells. This toxic action was not apparent in normal
human peripheral blood leukocytes, HEK293 and HCEC
cells (normal human embryonic kidney cell line and normal
human corneal epithelial cell line, respectively) but there was a
modest toxicity on NIH/3T3 (normal murine fibroblast cell line)

Fig. 1 Phase contrast view of B.t.LDC 501 parasporal inclusions.
B.t.LDC 501 denotes a Bacillus thuringiensis strain (LDC 501) with
parasporal inclusions that was isolated from the soil samples. S Spore,
C Crystalline inclusion
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cells. This cytopathic effect was readily observable within 1 h of
toxin exposure in HCT 116 and SW480 cells, whereas it took 8
and 16 h for complete cell lysis in SW620 and SiHa cells, re-
spectively. Themorphological changes included—in the sequen-
tial order reported—cell swelling, detachment from the bottom
of the flask, clumping and ultimately formation of cell debris
(Fig. 2a, b). The positive control BGSC-4Q2 exerted drastic cell
disruption without cell ballooning on all of the cell types tested.

MTTassay

The viability percentage obtained for each cell line after treat-
ment with various protein concentrations is shown in Fig. 2c.
The graph shows that the cytotoxic action of B.t.LDC 501-
activated protein on cancer cell lines was dose-dependent. The
LC50 of the activated protein on HCT 116, SW480, SW620
and SiHa cells was 1, 1.5, 5 and 10 μg/mL, respectively.

Table 1 Frequency of Bacillus
thuringiensis distribution among
the soil samples collected at
Mandapam, Tamil Nadu, India

Soil sampling
site

No. of soil
samples
tested per site

No. of samples with

B .thuringiensis

No. of
spore-formers
obtained

No. of non-clonal

B. thuringiensis
strains

Thittakudi street 4 3 115 8

Sethukarai 4 4 120 9

Kunthukal 4 4 140 10

Vembar beach 5 5 210 21

Pamban Bridge 4 4 200 17

Total = 21 Total = 20 Total = 785 Total = 65 (8.28 %)

Fig. 2 a Cytotoxic effect of activated proteins from B.t.LDC 501,
reference strain B. thuringiensis israelensis (BGSC-4Q2) and a mock
(Mock inoculated; solubilization buffer + proteinase K)-inoculated
sample against human cancer cell lines (SiHa, HCT 116), normal
murine fibroblasts (NIH/3T3) and human peripheral blood leukocytes.
b Cytopathic effect of activated proteins from B.t.LDC 501,
BGSC-4Q2 andmock-inoculated sample against human colon cancer cell
lines (SW480, SW620), normal human embryonic kidney (HEK293) and

human corneal epithelial (HCEC) cell lines. c Dose–response curves of
cytotoxic effect induced by B.t.LDC 501-activated proteins against HCT
116, SW480, SW620, SiHa, NIH/3T3, human peripheral blood
leukocytes, HEK293 and HCEC. The level of cytotoxicity was assessed
with the MTTassay at 16 h post inoculation. Each point represents mean
± standard error (SE) (n = 3). Different lowercase letters above symbols
indicate statistical significance at p ≤ 0.05 between the respective groups
by the Tukey test
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These results indicate that the human colon cancer cells used
in this study were more susceptible to the cytotoxic activity of
the protein than human cervical cancer cells. Although
the highest concentration of the activated protein,
i.e. 100 μg/mL, had only a modest toxicity of <30 % against
NIH/3T3 cells, no such toxicity was observed on the other
normal human cells tested, such as human peripheral blood
leukocytes, HEK293 and HCEC cells.

Sodium dodecyl sulphate–polyacrylamide gel
electrophoresis analysis

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) of the alkali-solubilized protein of B.t.LDC 501
resulted in the separation of various protein bands, ranging
from 5 to 217 kDa, with one major band at 89 kDa (Fig. 3).
Proteinase K digestion resulted in the appearance of one
prominent band at 66 kDa associated with cell-killing action
on cultured cells. The prominent 20-kDa protein fraction par-
tially purified from the column still retained significant cyto-
toxicity which was more than that of the activated protein

mixture. The toxic action of the purified protein on HCT
116 and SiHa cells at different time intervals is shown in
Fig. 4.

Mass spectrometry analysis

The one-dimensional SDS-PAGE protein fragments of
the activated protein mixture were analysed by mass
spectrometry and the results are tabulated in Table 2.
No similarities to Cry or the parasporin moiety were
found. However, the two major peptide fragments of
20 and 66 kDa were homologous to the category of
uncharacterized protein under the tumour necrosis factor
(TNF)-like domain.

DNA fragmentation assay

The DNA damage induced by B.t.LDC 501 protein was
analysed in the DNA fragmentation assay. Absence of
DNA ladder formation in toxin-treated HCT 116 and
SiHa cells confirmed that the cytocidal action was not
apoptotic. The cancer cells treated with cisplatin, an
anticancer drug inducing DNA fragmentation was used
as the positive control (Fig. 5a, b).

Fig. 3 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
profile analysis of B.t.LDC 501 parasporal protein. Lanes 1 Purified
cytotoxic protein fraction, 2 solubilized proteins, 3 proteinase K-
activated proteins, M molecular weight of standard protein markers

Fig. 4 Cytopathic effect of purified protein on the aHCT 116 and b SiHa
cell lines at different (0 min, 5 min, 1 h, 16 h) time intervals. Arrows
indicate the blebs formed after toxin exposure
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LDH release assay

The LDH release assay was performed to study the effect of
B.t.LDC 501 protein on membrane permeability. The toxin
induced prominent LDH leakage in HCT 116 cells but had a
lower effect on SiHa cells. The percentage of LDH efflux
increased with increasing protein concentration, associated
with significant cell death. The anionic detergent Triton
X-100, which causes invariable damage to the experimental
cell lines, was used as the positive control. The total amount of
LDH released after toxin treatment was measured and the
percentage of cytotoxicity was tabulated (Table 3).

Whole cell APN inhibition assay

The APN inhibition assay was performed in order to identify
the role of APN in the cytotoxicity of B.t.LDC 501 parasporal
protein on HCT 116 cells. We found that the addition of an
APN inhibitor to the HCT 116 cells hindered the cytotoxic
action of B.t.LDC 501 parasporal protein. There was no de-
tectable cell death in the cells exposed to differentT
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Fig. 5 a Agarose gel showing DNA fragmentation analysis of toxin-
treated HCT 116 cells. Lanes: 1 100- to 3000-bp DNA marker, 2
B.t.LDC 501, 3 BGSC-4Q2, 4 negative control (cells without
treatment), 5 positive control (cisplatin treated). b Agarose gel showing
DNA fragmentation analysis of toxin-treated SiHa cells. Lanes: 1 100- to
3000-bp DNA marker, 2 B.t.LDC 501, 3 BGSC-4Q2, 4 negative control
(cells without treatment), 5 positive control (cisplatin treated)
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concentrations of APN inhibitor and protein (Fig. 6a). This
effect was verified by the cell viability assay (Fig. 6b). In
contrast, cells exposed to B.t.LDC 501 protein without APN
inhibitor showed complete cell lysis. The cells treated with
proteins from the haemolytic strain BGSC-4Q2 exhibited

drastic cell disruption irrespective of the APN inhibitor
treatment.

Discussion

In our study we found the distribution frequency of
B. thuringiensis strains in the marine soil samples to be
8.28 % (Table 1), which is notably higher than that reported
in soil samples from Saudi Arabia (0.25 %; El-kersh et al.
2012), India (0.42 %; Poornima et al. 2010), Vietnam (1.6
%; Yasutake et al. 2006) and Syria (4.6 %; Ammouneh et al.
2011). The spherically shaped parasporal inclusion of many
isolates (data not shown) was consistent with earlier reports
(Poornima et al. 2010). Other groups of inclusion morpholo-
gy, such as irregular shapes and oval shapes, were also found.
We also found a higher proportion of spherical crystals (92 %)
compared to that reported in Colombian (88 %; Jara et al.
2006), Vietnamese (58 %; Yasutake et al. 2006) and Saudi
Arabian soil isolates (56 %; El-kersh et al. 2012). Our obser-
vation suggests the richness of spherically shaped crystals in
the strains isolated from soil samples. One of our isolates
B.t.LDC 501 produced spherical crystals which were much
smaller than the spores (Fig. 1).

We eliminated the haemolytic and insecticidal strains from
subsequent analyses, selecting only those isolates with non-
haemolytic and non-insecticidal activity for further study be-
cause these two properties are the characteristic features of
earlier reported parasporins (Mizuki et al. 2000; Poornima
et al. 2010). Such strains accounted for approximately 45 %
of the total B. thuringiensis isolates from our coastal soil sam-
ples, which is in contrast to previous studies where abundant
proportions of non-insecticidal strains were reported (Ohba
and Aizawa 1986; Hastowo et al. 1992). Among the 28 non-
insecticidal isolates we screened for cytotoxicity, only one
strain, which we denoted B.t.LDC 501, exhibited cell-killing
action on the colon cancer cells tested, such as HCT 116,
SW480 and SW620 cells. However, the cell-killing effect of
B.t.LDC 501 protein was much less profound in the cervical
cancer cell line SiHa. It had a slightly toxic effect on the
normal murine cell line NIH/3T3 for unknown reasons, but
it had no toxic effect on the normal control cell types,

Table 3 Percentage of cytotoxicity based on lactate dehydrogenase release in HCT 116 and SiHa cell lines at various protein concentrations

Sample no. Cell linea Percentage of cytotoxicity at various protein concentrations

0.01 μg/mL 0.1 μg/mL 1 μg/mL 10 μg/mL 100 μg/mL

1. HCT 116 13.88 ± 1.5 46± 0.67 72.21 ± 0.99 89.05 ± 0.67 98.09± 0.5

2. SiHa 3.06± 1.56 6.23± 0.45 14.41 ± 1.05 38.09 ± 0.69 55.71± 0.85

Values in table are presented as the mean ± standard error
a HCT 116, Human colon cancer cell line; SiHa, human cervical cancer cell line

Fig. 6 a Inhibition of cytopathic effect ofB.t.LDC 501 parasporal protein
on HCT 116 cells at aminopeptidase N (APN) inhibitor concentrations of
5 and 50 μM. No APN inhibition was observed in cells treated with
activated proteins from BGSC-4Q2. b Cell viability assay showing
approximately 85 % viable HCT 116 cells following treatment with
APN inhibitor at various concentrations (5–50 μM) and B.t.LDC 501
protein; treated proteins from BGSC-4Q2 displayed only approximately
4 % of cell viability, independent of the APN inhibitor concentration.
Each point represents mean ± SE (n = 3). Different lowercase letters
above symbols indicate statistical significance at p ≤ 0.05 between the
respective groups by the Tukey test
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such as human peripheral blood leukocytes, HEK293 and
HCEC cell lines (Fig. 2a, b). This result implies that
B.t.LDC 501 protein is able to discriminate cancer cells from
normal ones (Mizuki et al. 1999; Ito et al. 2004).

We observed that the action of activated proteins of
B.t.LDC 501 action was less pronounced on SW620 cells
(5 μg/mL) and more pronounced on SW480 cells (1.5 μg/
mL). This disparity may be due to the transformation stage
at which the two types of human colon cancer cells were
established. It is a known fact that cancer cells acquire more
resistant features as they progress from a primary stage to a
more aggressive metastatic stage (Hewitt et al. 2000). Among
the known PS, PS2, PS4 and PS5 are the only types to have an
action similar to that of B.t.LDC 501 protein, as evidenced by
their toxic effect on colon cancer cell types such as Caco-2
(Kitada et al. 2006; Ekino et al. 2014). Therefore, our results
support the notion that B.t.LDC 501 protein may have a larger
effect on some colon cancer cell types than on others.

It is interesting to note that the cytopathic activity was
realized only upon proteinase K digestion of the solubilized
proteins extracted from B.t.LDC 501. This result is similar to
those reported from previous studies on PS and insecticidal
Cry proteins where the proteins had to be cleaved to bring
about toxicity (Thomas and Ellar 1983; Knowles 1994;
Mizuki et al. 2000). In the present study, proteolytic cleavage
of the solubilized 89-kDa protein exposed a 66-kDa by-prod-
uct along with a 20-kDa minor polypeptide (Fig. 3). This
feature is similar to that observed for PS-3, where protease
digestion of a 81-kDa precursor yielded an active 64-kDa
protein (Yamashita et al. 2005).

Due to non-availability of the whole genome sequence
of cytotoxic Bacillus thuringiensis strains (Huang et al.
2012), peptide fragments resolved by mass spectrometry
were searched against general proteins of B. thuringiensis
strains. As B.t.LDC 501 is a non-insecticidal strain, there
was no specific hit against Cry and Cyt proteins.
Furthermore, the identified peptides did not match with
any of the available PS sequences in the database. Our
scrutiny of the prominent 66-kDa protein band by mass
spectrometry revealed smaller subunits of 21.5-kDa that
were joined together; a subsequent homology search re-
vealed that these subunits resembled an uncharacterized
protein category belonging to the TNF-like domain
(Table 2). It is interesting to note that TNF plays a major
role in mediating cytotoxicity through cell-surface recep-
tors. The other smaller peptide of about 20 kDa also
showed a high homology to the TNF-like domain, sug-
gesting that the bacteria harbours a large 89-kDa precursor
that breaks down into approximately 20-kDa subunits. Li
et al. (2012) also obtained an uncharacterized 20-kDa pro-
tein in the open reading frame of the CryB1 5′ region
during the spore and crystal formation stages. The 30-
kDa peptide fragment obtained was scored as stage 0

sporulation protein A, which is essential for spore forma-
tion regulatory network (Rang et al. 2015).

The 20-kDa peptide isolated from the column was subject-
ed to detailed characterization using the HCT 116 and SiHa
cell lines (Fig. 4). The cytotoxic effect of this fractionated 20-
kDa protein on HCT 116 was comparable to that of the 30-
kDa PS-2 on the liver cancer cell line HepG2 (Kitada et al.
2009). Following toxin exposure, HCT 116 and SiHa cells
formed characteristic blebs within 5 min (Fig. 4). HCT 116
cells were more sensitive to the protein, displaying significant
cell clumping and detachment from the surface, whereas these
changes were not observed in SiHa cells. These differences in
the level of cytotoxicity and mode of action demonstrate the
target-specific nature of the protein. Consequently, we per-
formed LDH and DNA fragmentation assays of the protein
using HCT116 and SiHa cells in order to gain an understand-
ing of its toxic action at the molecular level.

The absence of apoptotic DNA fragments revealed that the
mode of action of the proteins was non-apoptotic in nature,
similar to PS-2 (Fig. 5a, b). The increase in LDH release
revealed that the toxin damages the plasma membrane of
HCT 116 cells to a much higher degree than it does SiHa cells
(Table 3). This finding is in accordance with the action of PS-2
on HepG2 cells, which requires GPI-anchored proteins
(Kitada et al. 2006, 2009). The clear cytocidal action of the
protein on the target HCT 116 cells suggests the presence of a
specific receptor. In addition, the target-specific action, non-
apoptotic mode of cell death and increase in membrane per-
meability, similar to that of insecticidal Cry proteins, provided
a scheme to investigate the role of APN, a GPI-anchored pro-
tein which is present in the most susceptible cell line,
HCT116.

In the APN inhibition assay, the toxic effect ofB.t.LDC 501
protein on HCT 116 cells was blocked by the APN inhibitor
(Fig. 6a), suggesting that APN is essential for the cytopathic
action of this protein. Katayama et al. (2009) found that the
beclin-1 polypeptide inhibitor suppressed the apoptotic cell
death caused by PS-1 on HeLa cells, asserting the fact that
beclin-1 was the receptor of PS-1. Previous authors had
claimed APN as a putative receptor for insecticidal Cry pro-
teins (Knight et al. 1994; Gill et al. 1995; Rajagopal et al.
2003). More recently, the involvement of APN isoforms in
the Cry protein toxin action on Ostrinia nubilalis was studied
(Crava et al. 2013).

The study reported here is the first to delineate the role of
APN in mediating the cytotoxic effect of non-insecticidal
parasporal proteins on human cancer cells. The mode of toxin
action and the requirement of GPI-anchored proteins suggests
that B.t.LDC 501 protein might be a variant of PS-2, a pore-
forming toxin. Earlier studies conducted in our laboratory iden-
tified the cytotoxic proteins from B.t.LDC 391 strain which
immunologically cross-reacted with 81-kDa PS-1 (Poornima
et al. 2010). This finding highlights the fact that PS are
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distributed widely in diverse geographical locations (Gonzalez
et al. 2011). Further studies on immunophenotyping using a
labeled ligand or APN antibody could help to verify the expres-
sion of APN on the cancer cells. The current investigation
provides insight on the receptor involved in the cytotoxic action
of parasporal protein. The target-specific action of B.t.LDC 501
cytocidal protein might qualify it as a potential therapeutic
molecule for human colon carcinoma in future.
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