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In vitro PROTEOLYTIC ACTIVATION
OF CARCINOLYTIC PARASPORAL INCLUSIONS
OF Bacillus thuringiensis ssp. israelensis BACTERIA

Abstract. Upon proteolytic activation, the parasporal inclusions of Bacillus thuringiensis bacteria break down
into protein monomers (parasporins), some of which have a selective carcinolytic effect. The purpose of the study
was to determine the possibility of proteolytic activation of parasporal inclusions under in vitro conditions of the
culture medium with tumor cell lines in the presence of various concentrations of protease K. These experimental
conditions were created to simulate the tumor nidus with regard to the increased concentration of proteolytic
enzymes, which is characteristic of metastatic tumors and cancerous degradomes. The bacterial strain Bacillus
thuringiensis ssp. israelensis was selected for the study as a producer of carcinolytic parasporal inclusions. The
experiments were performed using monolayer tumor cell lines: Hep G2 (human hepatocarcinoma), MIA PaCa2
(human pancreatic carcinoma), RD (human rhabdomyosarcoma). Analysis of the cytotoxic effect was assessed by
morphological changes in tumor cell cultures. The paper presents the results of determining optimal concentration of
the protease K enzyme in tumor cell culture, at which activation of parasporal inclusions is possible without the
effect of the cytotoxic action of the proteolytic enzyme itself. Current data can be used for further in vivo studies.

Keywords: cell lines, proteases, parasporal inclusions, bacteria.

Introduction. In 1999, Mizuki et al. first examined protein parasporal inclusions from a total pool of
1744 B. thuringiensis strains for cytocidal activity against human leukaemia T cells and hemolytic activity
against sheep red blood cells. In general, B. thuringiensis strains did not have hemolytic activity (1684
strains), but 42 exhibited in vitro cytotoxicity against leukaemia T cells. These non-hemolytic, but toxic
against tumor T cells strains, belonged to several H serovars, including dacota, neoleonensis, shandon-
giensis, coreanensis and other unidentified serogroups. The purified parasporal inclusions of the three
selected strains designated as 84-HS-1-11, 89-T-26-17, and 90-F-45-14 exhibited no hemolytic activity
and no insecticidal activity against dipteran and lepidopteran insects, but were extremely cytocidal against
tumor T cells and other human cancer cells, demonstrating different toxicity spectra and varied levels of
activity. In addition, the proteins from 84-HS-1-11 and 89-T-26-17 were able to discriminate between
tumor and normal T cells, specifically killing leukaemia cells. The researchers concluded that these
findings may lead to the use of B. thuringiensis protein inclusions for medical purposes (Mizuki E., 1999:
477).

Mizuki et al., while continuing to examine an unusual property to recognize human leukaemia cells,
related to parasporal inclusions in B. thuringiensis, discovered a protein (named parasporin) responsible
for this activity. They have subsequently cloned it (Mizuki E., 2000: 625). Parasporin, encoded by a gene
2169 bp long, was a polypeptide consisting of 723 amino acid residues with a molecular weight of 81
kDa. The parasporin sequence contained 5 conserved motifs commonly found in B. thuringiensis Cry
proteins, but a low level of homology (<25%) was detected between parasporin and the existing classes of
Cry and Cyt proteins. Parasporin exhibited cytocidal activity only when degraded by proteases into
smaller molecules of 40 to 60 kDa.
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The activity of parasporins as carcinolytic toxins of a protein nature has been confirmed in numerous
screening studies resulting in the isolation of the most effective agents (Table 1) (Okumura S., 2013:
1889; Lee DW., 2000: 218; Okumura S., 2005: 6313; Poornima K., 2010: 348; Namba A., 2003: 29;
Uemori A., 2005: 122; Yasutake K., 2005: 124; Kitada S., 2009: 121; Akiba T., 2009: 121).

Table 1 — Cytotoxic activity of various parasporins against tumor and normal human cells (Okumura S. et al.)

LD50 (Mxr/mL)
Cell line Characteristics of cells - - - -
Parasporin-1 Parasporin -2 Parasporin -3 Parasporin -4

MOLT-4 T-cell leukaemia 22 0,022 >10 0,472
Jurkat T-cell leukaemia >10 0,018 >10 >2
HL-60 T-cell leukaemia 0,32 0,019 1,32 0,725
T cell Normal T cells >10 - >10 >2
HepG2 Hepatocellular carcinoma 3,0 0,019 2,8 1,90
HC Normal hepatocytes >10 1,1 >10 >2
HeLa Cervical cancer 0,12 2,5 >10 >2
Sawano Uterus cancer >10 0,0017 >10 0,245
TCS Cervical cancer - 7,8 >10 0,719
UtSMC Normal uterus cells >10 2,5 >10 >2
Caco-2 Colon cancer >10 0,013 >10 0,124

Studies on the cytotoxic effect of parasporin-2 have showed that unlike parasporin-1, it increases the
permeability of the plasma membranes of tumor cells (Ohba M., 2009: 427; Petit L., 1997: 6480).
Cytoplasmic lactate dehydrogenase flows out of the treated HepG2 cells, while extracellular propidium
iodide enters the cytoplasm. The initial stage of the cytotoxic effect of parasporin-2 is the specific binding
of the toxin to a putative receptor protein, not yet identified, which is located in a lipid raft of the plasma
membrane of tumor cells susceptible to this protein. This is followed by the formation of oligomers of
parasporin-2 in the plasma membranes, which leads to the pore formation and cell lysis (Petit L., 1997:
6480). Oligomerization occurs in the presence of membrane proteins, a lipid bilayer, and cholesterol. It
should be noted that substantial homology exists in amino acid sequences between PS2Aal and
Clostridium perfringens epsilon-toxin, whose cell action mechanism involves the toxin oligomerization in
lipid rafts and pores formation in the plasma membrane (Petit L., 1997: 6480).

Abe et al. (Abe Y., 2005: 113), while examining the mechanism of action of parasporin-2, found that
the toxin binds to the surface of target cells and increases the permeability of the plasma membrane.
Subcellular fractionation and immunoblotting of cells treated with the toxin showed that the toxin is
associated with lipid rafts and forms SDS-resistant oligomers. The binding and oligomerization of the
toxin was inhibited by treating the cells with phosphatidylinositol-specific phospholipase C. The
interaction of parasporin-2 with glycosylphosphatidylinositol proteins was therefore required to form an
oligomeric toxin that could penetrate the plasma membrane (Abe Y., 2005: 113). Abe et al. (Abe Y.,
2008: 269) examined the mechanism of action of parasporin-2 on the human HepG2 cell line
(hepatocarcinoma) and showed that this Cry toxin targets lipid rafts and is assembled into oligomeric
complexes in tumor cell membrane. The authors concluded that this protein is a pore-forming toxin that
accumulates in lipid rafts of tumor cells. Recently, Bokori-Brown et al. (Bokori-Brown M., 2011: 4589)
showed that the e-toxin produced by Clostridium perfringens (the etiological agent of dysentery in
newborn lambs, enteritis and enterotoxicity in goats, calves, and foals) forms heptameric pores in the
membranes of the target cells in the same way as parasporin-2.

It has been found that Cytl protein with a molecular mass of 25 kDa isolated from parasporal
inclusions of Bacillus thuringiensis ssp. israelensis (Bti) bacteria possesses cytotoxic activity against the
L1210 murine leukaemia cell line (Yokoyama Y., 1988: 499); in later studies, this parasporin exhibited
cytotoxic activity against human tumor cell lines, including MOLT-4, HelLa, and normal T-lymphocytes
(Okumura S., 2004: 89; Okumura S. 2013: 1889). In in vivo experiments on a transplantable mouse tumor
model, Cyt 1 protein turned out to be inactive on its own, but showed a strong potentiating effect in
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combination with the cytostatic anticancer drug Bleomycin against Ehrlich sarcoma, B16 melanoma, and
Meth A fibrosarcoma (Yokoyama Y., 1992: 1079).

Previous studies for determining the acute toxicity of the Bti unactivated parasporal inclusions
evaluated LDs, equal to 1.0 mg per adult mouse when protein is dissolved in PBS and 0.1 mg if dissolved
in 50 mM Na,COj; with intravenous administration (Wendy E. 1983: 181). These findings enable further
studies on a transplantable mouse tumor model using non-toxic concentrations of parasporal inclusions.

The acute toxicity and genotoxicity of parasporins has been sufficiently studied. The results of
toxicity study in mice of one of the parasporins, namely PS4, were recently published (Okumura S., 2014:
2115). The LDs, for PS4 was 160 pg/kg in ICR mice after subcutaneous introduction. Although it is less
toxic than the vast majority of bacterial toxins (Gill DM., 1982: 86), it would be rated as highly toxic
substance according to the toxicity rating system of Gosselin et al. (Gosselin RE, 1987), since the LDs is
less than 1.0 mg/kg. Moreover, the concentrations of cations, creatinine, and urea nitrogen in urine and
serum indicate that PS4 impaires kidneys function in mice. A histological evaluation of kidneys in PS4-
treated mice showed that protein can cause damage to the renal proximal tubule (Okumura S., 2014:
2115). It should also be mentioned that the LDs, value of PS2 was found to be 0.42 mg/kg after intra-
peritoneal injection in mice (Kyushu Institute of Technology, Japan, not published).

The tumor nidi are characterized by high vascular permeability, which is caused by the immu-
nological process of local inflammation with the formation of pores in vessels having a diameter of up to
2 um with the normal vascular endothelial pore width of 20 nm (Truskey GA, 2004: 427; Yuan F., 1994:
3352). This circumstance creates an opportunity for penetrating and making a local region of high
concentration of crystalline parasporal inclusions having an average size of 0.4-0.7x1.2-1.5 pm (Naoya
W., 2005: 988) in tumors after parenteral introduction.

At each stage, including tumor formation, growth, metastasis, and invasion into other tissues, a high
concentration of proteases in these nidi is observed, the combination of which determines cancerous
degradome, which is usually represented by 5 classes of proteases: serine (trypsin, protease K, etc.),
cysteine, aspartic, threonine, and matrix metalloproteinases (Deu E., 2012: 10), thereby representing a
natural environment for proteolytic activation of Bti parasporal inclusions.

Materials and Methods. Bacterial strain and cultivation conditions. The serotyped Bacillus
thuringiensis ssp. israelensis (Bti) strain obtained from the collection at the Microbial Depository Center
(Yerevan, Armenia), was used in the study. The bacterial strain was grown in MPA culture medium (pH
7) at 30 °C until sporulation was completed (approximately for 48-72 hours). To inactivate vegetative
cells and stimulate spore germination, an inoculation loop full of sporulated B. thuringiensis bacteria was
transferred to 0.5 mL of sterile deionized water, and then heated in a water bath at 75 °C for 30 min.
0.5 ml aliquots of activated spores were placed in 250 ml of MPB culture medium (pH 7). The culture was
incubated for about 24 hours at 30 °C under constant stirring at 250 rpm. The grown culture was stored in
a refrigerator at 4 °C for 4-5 days. By this time, more than 95% of the culture was presented as spores
(Okumura S., 2004: 89).

Preparation of a spore-crystal mixture from a B. thuringiensis culture. Crystalline NaCl was added
to a sporulated B. thuringiensis culture at a concentration of 1M to initiate lysis. The culture was cen-
trifuged at 6,000 x g for 10 minutes at 4 °C, the obtained spore-crystal precipitate was then washed once
with 1M NaCl and 2 times with distilled water; the resulting precipitate was further resuspended in an
appropriate volume of Tris/KCI buffer (50 mM Tris/HCI, 10 mM KCIl, pH 7.5). The spore-crystal mixture
was aliquoted and stored at -20 °C until further use (Okumura S., 2004: 89).

Dissolution of protein parasporal inclusions. Parasporal protein inclusions were isolated from
cultures by dissolving the spore-crystal mixture in 50 mM Na,CO;, 10 mM dithiothreitol (pH 10.5) for
one hour at 37 °C under constant stirring at 1400 rpm. Insoluble spores and other artifacts were
precipitated by centrifugation at 13,000 x g for 5 minutes. The resulting supernatant contained dissolved
parasporal inclusions (Okumura S., 2004: 89).

Tumor cell lines and culture conditions. Tumor cell lines, including Hep G2 (hepatocarcinoma), RD
(rhabdomyosarcoma), and MiaPaca-2 (pancreatic carcinoma), were grown in MEM, RPMI, and DMEM
media, respectively, with the addition of 10% FBS in the presence of ampicillin (100 pg/mL), at 3 °C in
5% CO,. The stabilized cell lines at the 5" passage were used in the experiment (Ohba M., 2009).
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Proteolytic activation of parasporal inclusions in tumor cell culture. Activation of parasporal
inclusions was carried out in 96-well plates with tumor cell cultures at a concentration of 20,000 cells per
well by combined introduction with protease K (Sigma). The enzyme concentration ranged from 100 to
0.75 pg/mL with a 2-fold dilution step. The solvent of parasporal inclusions was used as a negative
control, Triton X-100 served as a positive control.

Results and Discussion. During experiments for the determination of the carcinolytic effect of
parasporal inclusions isolated from Bti in the presence of protease K, the possibility of activation of
parasporal inclusions at non-cytotoxic concentrations of the proteolytic enzyme was revealed [A. Ilin,
A. Okassov "The way of cancer cells damage by Bacillus bacteria origin crystal proteins" Patent
application number: 2019/0685.1 from 17.09.2019]. Data on optimal concentrations of protease K in
tumor cell lines are presented in table 2.

Table 2 — In vitro cytotoxic concentrations of protease K in the presence and absence of Bti parasporal inclusions

Cell Cytotoxic concentration of protease K Cytotoxic concentration of protease K

line in the absence of parasporal inclusions, pg/mL in the presence of parasporal inclusions, pg/mL
Hep G2 6 3
MiaPaca-2 6 1,5
RD 6 1,5

The control smear of the Bti sporulating culture with visible parasporal inclusions in the apical parts
of the cell is shown in figure 1.

\
- ll
\ / ~ Figure 1 —
Sporulating culture
, p— of Bacillus thuringiensis ssp.
israelensis.
/ The Gram staining method (100x)
-~ — .

v LN

The presence of dark inclusions in the apical parts of cells indicates the initial stage of sporulation,
these inclusions are crystalline Cry proteins (parasporal inclusions), the monomers of which (parasporins)
have a carcinolytic effect.

The morphological picture of the cytotoxic effect of protease K and protease K in the presence of
parasporal inclusions against Hep G2, MiaPaca-2 and RD cell lines is shown in figures 2, 3 and 4,
respectively.

The observed pattern of changes in the morphology of tumor cells when parasporal inclusions
operated in combination with protease K is characteristic of parasporins (Kim H., 2000: 16), which
indicates the successful activation of parasporal inclusions by protease K. The similarity of changes in cell
cultures indicates the universality of the action of activated parasporins irrespective of the cell line.

It can be seen from the above results that morphological changes in cells under the action of
parasporal inclusions in the presence of a proteolytic enzyme differs sharply from the pattern of the
cytotoxic effect of protease K. The rounding of cells in experimental samples is characteristic of the
action of parasporins, which carry out their cytotoxic effect by changing the intracellular osmotic pressure
through oligomerization in cell membranes, followed by the formation of transmembrane pores in raft
domains (Yuich A. 2017: 71).
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A B C

Figure 2 — Morphological picture of Hep G2 cell lines (40x):
A — cytotoxic effect of protease K (6 ng/mL) against Hep G2 cell line; B — cytotoxic effect of parasporal inclusions
in the presence of protease K (3 ng/mL) against Hep G2 cell line; C — control Hep G2 cell line

Figure 3 — Morphological picture of Mia Paca-2 cell lines (40x):
A — cytotoxic effect of protease K (6 pg/mL) against Mia Paca-2 cell line; B — cytotoxic effect of parasporal inclusions
in the presence of protease K (1.5 pg/mL) against Mia Paca-2 cell line; C — normal Mia Paca-2 cell line

Figure 4 — Morphological picture of RD cell lines (60x): A — cytotoxic effect of protease K (6 ng/mL) against RD cell line;
B — cytotoxic effect of parasporal inclusions in the presence of protease K (1.5 ng/mL) against RD cell line;
C — normal RD cell line
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A four-fold decrease in the cytotoxic concentration of protease K when combined with parasporal
inclusions to manifest the cytotoxic effect of parasporal inclusions was observed against Mia Paca-2 and
RD cell lines, and a two-fold decrease was recorded for Hep G2 cell line, as compared with the cytotoxic
concentration of the proteolytic enzyme of 6 pg/mL.

Conclusion. To date we have not found published data on the precise concentrations of each of
protease classes in the tumor nidus and similar studies on modeling tumor nidi. But due to one of the
reasons for conditionality of the degradation of the tumor stroma and subsequent process of metastasis
caused by a high concentration and cytotoxic effect of proteases (Cao H., 2016: 1099), it can be assumed
that the protease concentration values are close to those necessary for activation of in situ parasporal
inclusions.

The resulting data are the basis for further in vivo experiments using inactivated Bti parasporal
inclusions by intravenous introduction at concentrations below toxic in order to create a local high
concentration of activated parasporins in the tumor nidus without distribution of the latter among organs
and tissues, thereby reducing the overall toxic effect.
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MMPOTEOJIUMTUKAJIBIK Bacillus thuringiensis ssp. Israelensis BAKTEPUSIHBIH,
IMAPACIIOPAJIJbI BIPIT'YJIEPIH BEJICEHAIPY in vitro

Annortauus. Bacillus thuringiensis OaKTepUsUTapBIHBIH NapaCTIOPAAbI Oipiryi, MPOTEOTUTHKAIBIK OeICEeHAIPY
apKachlHIa aKybl3 MOHEMepIepblHe (TapaclophHbBI) BIABIPAWIBI, JKOFApBINAFBUIAPIIH KeHOipiHe CeJIeKTHBTI
KaHLEPOIUTUKAIBIK dpekeT Oap. JKYMBICTBIH MakcaTbl: in Vitro >KarmalblHAA iCIK jKacylIaJapblHBIH Op TypJi
KOHLIEHTpaLsIIarbl 1poTe3a K KaThiCybIMeH, mapacnopaibl OipiryiJiH MpOTEOTUTUKANIBIK OCICEH IUIITIH aHbIKTAY.
byn toxipubenik karmainap MeTacTa3[blK ICIKTEpre jKoHe Karepii TO3y MHpOLEecTepiHe TOH MPOTEOTHUTHKAIIBIK
(hepMEHTTEp/IIH LIOFBIPIAHYBIHBIH JKOFAphl OOJIriHAe iCIK KaJbINTacybIHbIH (DOKYCHIH MOJIENIbACY YIIIH KacaJlFaH.
3epTTey YIIiH KaHIEPOJIUTHKAIBIK MapacropaibIblK KOCBIHIABUIAPABIH albIH-ala pacTajiFfaH eHAIPYIIici peTiHae
Bacillus thuringiensis ssp israelensis, 6akTepusl IITaMIapbl TAaHIAM aTbIHIBL. ToxkiprOe MOHOKAOATTHI iCIK CBHI3BIFHI:
Hep G2 (amamubly renarokapunHomackl), MAA [laCa2 (apamHublH ackazaH Oe3iHiH Karepdi iciri), RD (azamHbIH
pabmomMuocapkoMacsl) bl KOJJAHY apKbUIbI Kacanpl. Makanana NMpoTEOJUTHKAIBIK (EepMEHTEpiH UTOTOKCH-
KaJbIK SpeKeTci3 mapacnopaiasl Oipiryl apKpuIbl iCiK »KacymianapblHIarbl npotea3 K ¢epMmeHTepiHiH OHTaIbI
KOHLICHTPALMSICBIH aHBIKTAay HOTHXKeJIepl KepceTinreH. LIMTOTOKCHMKaNBIK acepai Tanaay icik rKacyllaJapbIHBIH
MOpP(OJIOTHSITBIK, ©3TepicTepiMeH OaranmaHAbl. 3epTTey HOTIXKeNepi OoNamak in vivo eKCIIEpUMEHTTEpe KOIIaHy
MYMKIHIITi Oap.

Tyiiin ce3aep: KIeTKaIbIK KbIpajap, IpoTeasaiap, apacuopaibIblK KOCBIHABLIAP, GakTepusiap.
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MNPOTEOJTUTUYECKASI AKTUBALIMSI KAHHEPOJTUTUYECKUX MTAPACTIOPAJIBHBIX
BKJIFOUEHUU BAKTEPUMU Bacillus thuringiensis ssp. israelensis in vitro

Annoranus. [lapacnopampHple BKIIOUeHUS Oaktepuil Bacillus thuringiensis TpU TPOTEONATHIECKON
aKTHBAIMH PACTaJaroTCs Ha OEIKOBBIE MOHOMEPHI (TIapacropHHBI), HEKOTOPBIE U3 KOTOPHIX UMEIOT N30MpaTenbHOe
KaHIeponuTHieckoe neiicteue. llenbio paboThl SIBUJIOCH OINpEETICHHE BO3MOXKHOCTU IMPOTEOJUTHYECKONW aKTH-
BalM [ApacOPANIbHBIX BKIKOUEHUH B i1 Vitro yCIOBUSIX KYJIbTYPaIbHON CPEbl C JIMHUAMH OMYXOJIEBBIX KJIETOK B
NPUCYTCTBUM Pa3IMYHbIX KOHIIEHTpauuii rnpoteasdsl K. /laHHBIE yCIIOBUSI SKCHEPHMEHTa CO3/1aBAIUCH JISI MOJIe-
JIMPOBAHMS 0Yara OIyXoJeBoro 00pa3oBaHUsl B YaCTH MTOBBIIIEHHON KOHIIEHTPALWH IPOTEOTUTHIYECKUX (hEPMEHTOB,
XapaKTepHOW Ul METacTa3upYIOLIMX OIyXoJelW M PakoBbIX AerpanomoB. s wccienoBaHusi ObLT BHIOpaH Ipo-
JIYLUEHT KaHLEPOJMTHUYECKHX IapacropalibHbIX BKJIIOYEHWH OakrepuanbHblil mramm Bacillus thuringiensis ssp.
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israelensis. DKCTIEPIMEHTHI POBOIWIACEH C UCIIOJIH30BAHUEM MOHOCTIOWHBIX OIMyxoJeBbIX nuHmiA: Hep G2 (remato-
KaprmHOMa 4enoBeka), MIA PaCa2 (maHkpeaTtndeckas KapmuHOMa 4enoBeka), RD (pabmommocapkoma 4elioBeka).
AHaNMM3 IHUTOTOKCHYECKOTO IEHCTBHSA OLCHUBAICA IO MOP(OJIOrHYECKUM H3MEHEHUSM KyJIbTYp OITy-XOJEBBIX
KJIeTOK. B craTbe mpencraBieHsl pe3ysbTaThl HCCIIEA0BAHUS OIPEeNICHUs ONTUMAIBHOM KOHLEHTpauuu (GepMeHTa
npoteassl K B KyJIbType OIyXOJIeBbIX KJIETOK, IIPH KOTOPOH BO3MOKHA aKTUBALHS ITapacliopaibHBIX BKIIOYEHUH 03
BIIMSIHUSL UTOTOKCMYECKOTO JeHCTBHSA CaMOro IPOTEONUTHYECKOro GepMenTa. Tekylue faHHble MOTYT OBITh HC-
MOJIb30BaHbI I IPOBEACHUS JAIbHEHIINX UCCIeN0BaHUH in Vivo.
KoaioueBble ci10Ba: KIETOYHBIE JIMHUH, IPOTEA3bI, TAPACIOPAIbHBIE BKIIIOUEHHS, OaKTEpHH.
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