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Review

Parasporin, a New Anticancer Protein
Group from Bacillus thuringiensis
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Abstract. Parasporin (PS) is a collection of genealogically
heterogeneous Cry proteins synthesized in Bacillus
thuringiensis. A prominent feature commonly associated with
PS proteins is the strong cytocidal activity preferential for
human cancer cells of various origins. The proteins exhibit
cytocidal activities only when digested with proteases.
Currently, this protein group is classified into four families:
PS1, PS2, PS3 and PS4. Marked differences are evident in
cytotoxicity spectra and activity levels between the four PS
families. Neither hemolytic activity nor insect toxicity is
associated with PS proteins. One of the most striking aspects
in the events induced by PS1Aal is the early and rapid
increase of the intracellular Ca’* concentration, with no
change in plasma membrane permeability. There is strong
evidence that PS1Aal kills cancer cells through apoptosis.
Unlike PS1Aal, PS2Aal increases plasma membrane
permeability of cancer cells. The initial step in cytocidal
action of PS2Aal is the specific binding of this cytotoxin to a
putative receptor located in the lipid rafts, followed by its
oligomerization and pore formation in plasma membrane.

Historical Background

Bacillus thuringiensis is an aerobic Gram-positive spore-
former, belonging to the Bacillus cereus group. The organism
produces unique proteinaceous crystalline parasporal inclusions
in sporangia during sporulation. This is the only character that
discriminates between the two taxonomically closely related
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species, B. thuringiensis and B. cereus (1). B. thuringiensis was
first isolated in Japan from diseased larvae of the silkworm,
Bombyx mori, as an entomopathogenic bacterium (2, 3). The
extremely high pathogenicity of the organism is solely due to
the oral toxicity of crystal (Cry) proteins, contained in
crystalline parasporal inclusions, whose activity is highly
specific for insects and nematodes. It is now well accepted that
the insecticidal activity of Cry protein is induced by its specific
binding to the receptor located on the plasma membrane of the
mid-gut epithelial cell of susceptible insects (4). This property
makes B. thuringiensis an environmentally safe and
ecologically sound microbial agent in controlling agricultural
insect pests (5). The organism has also been used successfully
to suppress the population levels of medically important
dipteran pests. Examples include the mosquito vectors of
malaria, virus diseases (including dengue hemorrhagic fever
and West Nile fever) and lymphatic filariasis, and the black-fly
that transmits onchocerciasis (6). Of particular interest in
recent findings is that a therapeutic activity against the human
and animal hookworm parasite is associated with a unique
nematode-killing B. thuringiensis Cry protein (7).
Historically, it has been believed for many years that
B. thuringiensis has acquired insecticidal activity in the course
of co-evolution with insects through a host-parasite relationship.
This hypothesis is attractive for many investigators; however,
circumstantial evidence leads to another idea that B.
thuringiensis, as a species, is merely an environmental
saprophyte but not an obligate pathogen of insects. This is
supported by the fact that in natural environments B.
thuringiensis isolates with non-insecticidal Cry proteins
outnumber the insecticidal ones (8-11). It is noteworthy that the
non-insecticidal isolates often account for >90% of the natural
populations from soils (12-15) and phylloplanes (16, 17).
Thus, the important question that naturally arises is
whether Cry proteins synthesized in non-insecticidal
B. thuringiensis have any biological activity which is as yet
undiscovered (18). Based on the above historical
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Table 1. Listing of the known parasporins.

Protein Bacillus Locality Reference
thuringiensis ~ and source
source strains  of the strain
Parasporin-1
PS1Aal A1190 Hiroshima, Japan: soil 22
PS1Aa2 MIl5 Canada: dead mites 27
PS1Aa3 B0195 Fukuoka, Japan: soil 41
PS1Aad 79-25 Hanoi, Vietnam: soil 42
PS1Aa5 92-10 Hanoi, Vietnam: soil 42
PS1Ab1 B0195 Fukuoka, Japan: soil 41
PS1Ab2 31-5 Hanoi, Vietnam: soil 42
PS1Acl 87-29 Hanoi, Vietnam: soil 42
Parasporin-2
PS2Aal Al1547 Fukuoka, Japan: soil 23
PS2Abl TK-E6 Ehime, Japan: soil 43
Parasporin-3
PS3Aal Al1462 Tokyo, Japan: soil 24
PS3Abl A1462 Tokyo, Japan: soil 24
Parasporin-4
PS4Aal A1470 Tokyo, Japan: soil 25

Parasporin-1, 2, 3, and 4 are assigned to Cry31, Cry46, Cry41, and Cry45,
respectively, in the classification scheme of Cry proteins (available at
N. Crickmore’s website at http://www.lifesci.sussex.ac.uk/home/Neil _
Crickmore/Bt/index .html).

background, an extensive screening of B. thuringiensis Cry
proteins that have novel biological activities other than insect
toxicity was commenced in 1996. This has led to the
discovery of the unique proteins that target human cancer
cells (19) and a human-pathogenic protozoan (20).

Discovery of Parasporin

Mizuki et al. (19) were the first to attempt a large-scale
screening of B. thuringiensis strains whose parasporal
inclusion proteins are non-hemolytic but cytocidal to human
cancer cells. The screening tests involved protease-digested
parasporal proteins of 1,744 B. thuringiensis strains,
consisting of (i) 1,700 Japanese isolates in the deposits of the
Bacillus thuringiensis Collection, Kyushu University, and (ii)
44 reference type strains of then-existing B. thuringiensis H
serovars from the Institut Pasteur, Paris. In a preliminary
screening test with sheep erythrocytes, parasporal proteins
from 60 strains induced strong hemolysis. It is clear that the
hemolysis was caused by broad-spectrum cytolysins (Cyt
proteins) active on a wide range of invertebrate and vertebrate
cells (21). The other 1,684 strains, lacking hemolytic
parasporal proteins, were then examined for in vitro cytocidal
activity against MOLT-4 cells (human leukemic T-cells). This
provided 42 positive strains. It should be noted that the
parasporal proteins from these strains retained no insecticidal
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Figure 1. Dendrogram illustrating the relationships between the existing
parasporins belonging to the four families, PS1, PS2, PS3 and PS4.

activities. Finally, three strains were chosen for a further
characterization of the anticancer activity associated with
parasporal proteins. When tested on MOLT-4, A549 (human
lung cancer) and HeLa (human uterus cervix cancer) cells,
parasporal proteins of the three strains exhibited strong
cytocidal activities with different toxicity spectra and varied
activity levels. Of particular interest is that the proteins of the
two strains 84-HS-1-11 (later designated A1190) and 89-T-
26-17 (A1462) were capable of discriminating between
leukemic and normal T-cells, preferentially killing the former.

In 2000, Mizuki et al. (22) obtained from the strain A1190
an anticancer Cry protein with a molecular mass of 81 kDa.
This led to the creation of a new category of protein, the
parasporin, defined as the bacterial parasporal protein which
is capable of discriminately killing cancer cells (22).
According to the Committee of Parasporin Classification and
Nomenclature (website: http://parasporin.fitc.pref.fukuoka.jp/),
the 81-kDa protein constitutes the family parasporin-1Aa
(PS1Aa) in the current classification scheme (Table I).
Subsequent investigations have established three additional
families of parasporin: parasporin-2 (PS2) (23), parasporin-3
(PS3) (24), and parasporin-4 (PS4) (25). In addition, recent
studies have provided evidence that the organisms with
parasporin activities are among the common members in B.
thuringiensis natural populations occurring in Japan (26),
Vietnam (14), Canada (27) and Malaysia (28).
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Table II. Characteristics of parasporins.

Parasporin®  Bacillus thuringiensis Precursor  Active formb Remarks Reference
source strain (kDa) (kDa)

PS1Aal A1190 81 15+56¢ Three-domain Cry protein, activated by N-terminal digestion 22,29

PS2Aal Al1547 37 30 Non-three-domain type, activated by N- and C-terminal digestion 23,44

PS3Aal A1462 88 64 Three-domain Cry protein, activated by N- and C-terminal digestion 24, 45

PS4Aal A1470 34 27 Non-three-domain type, activated by C-terminal digestion 25,35

apS1, PS2, PS3, and PS4 correspond to Cry31, Cry46, Cry41, and Cry45, respectively. PGenerated by protease digestion. cHeterodimer.

Structure and Characteristics of Parasporins

As listed in Table I, a total of 13 PS proteins have been
isolated from 11 strains of B. thuringiensis. Of these, eight
proteins are allied to PS1, two to PS2, two to PS3 and one to
PS4. Figure 1 shows a dendrogram of the 13 PS proteins.
Obviously, few genealogical relationships exist between the
four PS families. Table II summarizes the major
characteristics of the four reference PS proteins.

The protein PS1Aal, corresponding to Cry31Aal, is a
polypeptide of 723 amino acid residues with a predicted
molecular weight of 81,045. The gene is 2,169 bp long. This
protein has a structure of the three-domain type, whose
amino acid sequence contains five conserved blocks
commonly retained in insecticidal Cry proteins. However,
only very low homologies (< 25% ) exist between PS1Aal
and the established classes of Cry and Cyt proteins. As
reported by Mizuki et al. (22) and Katayama et al. (29),
PS1Aal exhibits cancer cell-killing activity only when
digested with proteases. It should be noted that proteolytic
processing is also essential for activation of the insecticidal
Cry proteins (30). Protease processing of PS1Aal (81 kDa)
generates a heterodimer protein consisting of 15- and 56-
kDa polypeptides, an active form toxic to cancer cells. The
digestion occurs on N-terminal region of the 81-kDa
precursor protein (Table II).

According to Ito et al. (23), PS2Aal (Cry46Aal) is a
polypeptide of 338 amino acid residues with a predicted
molecular weight of 37,446. The gene is 1,014 bp long.
Unlike PS1Aal, PS2Aal is not a protein with three domains,
lacking the block sequences conserved in insecticidal Cry
proteins. This protein shares a low sequence homology only
with Cryl5Aa (31) among the existing classes of Cry and
Cyt proteins of B. thuringiensis. It is worth noting that the
Cryl5Aa protein is highly homologous to the two
mosquitocidal toxins (Mtx2 and Mtx3) from B. sphaericus
(32). Interestingly, these two mosquitocidal toxins show
homology to aerolysin of Aeromonas hydrophila which
produces P-barrel-lined membrane pores (33). Proteolytic
processing of the 37-kDa precursor protein yields a 30-kDa

cytotoxin active on cancer cells. The protease digestion
occurs on both of the N- and C-terminal regions.

The protein PS3Aal, corresponding to Cry41Aal, has a
typical three-domain structure with five block sequences
commonly conserved in the known insecticidal Cry proteins. It
consists of 825 amino acid residues with a deduced molecular
weight of 93,689, sharing low homologies with insecticidal
Cry proteins. It is of interest to note that the C-terminal
sequence of PS3Aal is similar to that of Clostridium
botulinum hemagglutinin HA-33 (34). Proteolytic digestion is
required for activation of PS3Aal; the 81-kDa precursor is
converted to the 64-kDa toxic moiety by proteolytic
processing of both N- and C-terminal regions.

The fourth parasporin, PS4Aal (Cry45Aal), comprises
275 amino acid residues, with a predicted molecular weight
of 30,078. The gene is 828 bp long. None of the five block
sequences, commonly conserved in most of the Cry proteins
(including PS1Aal and PS3Aal), is retained in PS4Aal. The
three-domain structure is not associated with this protein.
Moreover, only low homologies of <30% are evident in
amino acid sequences between PS4Aal and the existing
proteins, including Cry and Cyt proteins.

Anticancer Activity of Parasporins

As mentioned above, none of the PS proteins exhibit
hemolytic activity against sheep erythrocytes or in vivo
insecticidal activity. For in vitro cytotoxicity against insect
cultured cells, PS1Aal was tested on the two cell lines NIAS-
AeAl-2, derived from the mosquito (Aedes albopictus), and
BM-N from the silkworm, B. mori (22). The results showed
that these insect cells are not susceptible to PS1Aal. Another
interesting fact is that a goldfish (Carassius auratus) cell line,
GF-Scale, is not sensitive to the three crude preparations of
parasporal proteins containing PS1Aal, PS2Aal and PS3Aal,
respectively (19).

Table III shows cytotoxicity spectra of the four PS
proteins, summarizing the results obtained in recent
investigations (23, 24, 29, 35, 37). It involves 13 human cell
lines originating from various tissues, nine from tumors and
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Table III. Cytotoxicity spectra of the four parasporins.

Cell line Origin Cytotoxicity?
PS1Aal PS2Aal PS3Aal PS4Aal
Human
HeLa Uterine cervical cancer +++ - - -
Sawano Endometrial adenocarcinoma - ++++ - +++
TCS Uterine cervical cancer —b - - 4+
UtSMC Normal uterine smooth muscle - ++ - -
MOLT-4 Acute lymphoblastic leukemia ++ ++++ - +++
HL-60 Promyelocytic leukemia +++ ++++ ++ +++
Jurkat T-cell leukemia - ++++ — _
T-cell Normal T lymphocyte - +4++ - -
HepG2 Hepatocellular carcinoma ++ ++++ ++ ++
HC Normal hepatocyte - - - _
A549 Lung adenocarcinoma - +++ - -
MRCS5 Normal fetal lung fibroblast - + - -
Caco-2 Colorectal carcinoma - + - 4+
Monkey
Vero Kidney (African green monkey) - NT - -
COS-7 Kidney (African green monkey), - NT - —
SV-40 transformed
Rodent
PC12 Pheochromocytoma (rat) NT NT NT ++
NIH3T3 Embryo (mouse) - NT - -
CHO Ovary (Chinese hamster) NT NT NT -

aReferences: Katayama et al. (29), Ito et al. (23), Kitada et al. (37), Yamashita et al. (24), and Okumura et al. (35). The levels of cytotoxicity,
based on the ECs values in cell proliferation assay (46), were graded as follows: extremely high (++++), high (+++), moderate (++), low (+), and
very low / non-toxic (—). NT: Not tested. PMizuki et al. (unpublished observation).

four non-cancer normal tissues, and five non-human cells
(two monkey and three rodent cell lines). Overall, the four
PS proteins have preferential cytocidal activities against
human cancer cells. Four non-cancer normal cell lines are
resistant to the PS proteins, except that two of these (UtSMC
and MRC5) are sensitive to PS2Aal at low to moderate
levels. Interestingly, PS4Aal has a moderate level of
cytotoxicity against PC12, a rat cancer cell line.

One of the most striking aspects in the findings is that
marked differences are evident in anticancer cytotoxicity
spectra and activity levels between the four PS proteins. Two
lower molecular weight proteins, PS2Aal and PS4Aal, have
relatively broad cytotoxicity spectra, each inducing cell death in
six out of nine human cancer cell lines. Interestingly, all of the
three leukemic cell lines (MOLT-4, HL60 and Jurkat) are
extremely sensitive to PS2Aal. PS3Aal, a typical three-
domain-type Cry protein, exhibits moderate cytotoxicities
against only two cancer cell lines, HL-60 (leukemic) and
HepG2 (liver cancer). Thus, PS3Aal has the narrowest activity
spectrum among the four PS proteins. It is noteworthy that the
three cancer cell lines (HelLa, TCS and Jurkat) are mono-
sensitive to one of the three proteins, PS1Aal, PS2Aal or
PS4Aal.
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Of particular interest is that the PS proteins are also
preferentially active on sliced cancer tissues in vitro. Ito et
al. (23) reported that PS2Aal selectively destroyed cancer
cells but not non-neoplastic cells, chronic inflammatory cells
or blood vessels when tested on cultured slices of liver and
colon cancer tissues prepared immediately after surgical
resection. The results are in good agreement with the
observations by the same authors that PS2Aal has an
extremely high cytotoxicity against HepG2, a liver cancer
cell line, but exhibits little activity against HC, a normal
hepatocyte cell line (Table III). A similar preferential activity
is also associated with PS1Aal when tested on tissue slices
of colon and liver cancers (Sasaguri et al., unpublished
observation).

Mechanism of Cancer Cell-killing
Action of Parasporins

Parasporin-1Aal . Noticeable cytopathy occurs in susceptible
cancer cells within 1 h, when tested with PS2Aal, PS3Aal
and PS4Aal (23,24,35). In contrast, PS1Aal induces delayed
cytopathy 8-10 h post-administration (22). These findings,
together with the facts that the four PS proteins are
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genealogically and structurally unrelated to each other,
suggest that the cell-killing mechanism of PSlAal is
substantially different from those of the three other PS
proteins. Recently, Katayama et al. (36) have claimed that
unlike the insecticidal Cry proteins, PS1Aal is not a
membrane pore-forming cytotoxin. This is supported by the
observations that: (i) neither release of lactate hydrogenase
nor penetration of propidium iodide occurs in PS1Aal-treated
HeLa cells, and (ii) there is no alteration of membrane
potential in intoxicated cells. A prominent physiological
feature in PS1Aal-treated HeLa cells is the overall decrease
in the levels of cellular protein and DNA synthesis. Of great
significance is the early and rapid increase of the intracellular
Ca®* concentration within 1-3 min after treatment with
PS1Aal. In this regard, it should be noted that suramin, an
inhibitor of the trimeric G-protein signaling, suppresses both
Ca®* influx and cytocidal activity of PS1Aal. There is strong
evidence that PS1Aal induces apoptosis in HeLa cells.
Firstly, cytocidal activity of PS1Aal is suppressed by
synthetic caspase inhibitors. Secondly, PS1Aal treatment
leads to the degradation of apoptosis-related proteins, pro-
caspase-3 and poly (ADP-ribose) polymerase, in HeLa cells.

Parasporin-2Aal. Recently, the second anticancer Cry
protein, PS2Aal, has been intensively investigated in terms
of the mechanism of cell-killing action (37,38). Unlike
PS1Aal, PS2Aal increases plasma membrane permeability
of the susceptible cells: most of the cytoplasmic lactate
hydrogenase leaks from the intoxicated HepG2 cells, while
the extracellular propidium iodide enters the cytoplasm. In
addition, PS2Aal does not form pores in membranes of
mitochondria and endoplasmic reticula. The initial step in
cytocidal action of PS2Aal is the specific binding of the
toxin to a putative receptor protein, as yet unidentified,
located in the lipid raft of plasma membrane of the
susceptible cells. This is followed by the formation of
oligomers (>200 kDa) of PS2Aal in plasma membranes,
leading to pore formation and cell lysis. The oligomerization
occurs in the presence of membrane proteins, lipid bilayer
and cholesterols. It is noteworthy that a substantial homology
exists in amino acid sequences between PS2Aal and
Clostridium perfringens epsilon toxin whose cell-killing
mechanism involves the toxin oligomerization in lipid rafts
and pore formation in plasma membrane (39).

Other parasporins. Relatively little is known about the
cancer cell-killing mechanism of PS3Aal. PS3Aal is a
typical three-domain-type Cry protein, conformationally
closely related to the insecticidal Cry proteins. This may
lead to the hypothesis that, by analogy to insecticidal Cry
proteins, PS3Aal acts as a pore-forming toxin on the
plasma membrane of cancer cells. This is supported, in part,
by the fact that PS3Aal increases plasma membrane

permeability of target cells (24). It is now well accepted that
the insecticidal CrylA proteins induce cell death through
pore formation in plasma membrane after initial binding to
the GPI-anchored receptors, aminopeptidases and cadherin-
like proteins in the mid-gut epithelial cells of the susceptible
lepidopteran insects (40).

As mentioned above, PS4Aal is different from the three
other parasporins in many aspects. Thus, it is conceivable
that the mode of action of this protein also differs from those
of the others. At present, however, no information is
available for understanding the mechanism of preferential
activity associated with PS4Aal. This awaits clarification.

Conclusion

The cytocidal activity preferential for cancer cells makes PS
proteins possible candidates for anticancer agents of medical
use. It is expected, however, that their direct clinical
application will induce undesired immunological responses
in patients. The strategy to solve this problem includes
identification of PS-specific cell receptors in cancer cells.
This may lead to the creation of “magic bullet” drugs
targeting the receptors. Work is now progressing towards the
final identification of the receptors for PS1Aal and PS2Aal.
Parasporal inclusion-forming organisms occur in a variety of
aerobic and anaerobic species belonging to several genera,
e.g. Bacillus, Paenibacillus, Brevibacillus and Clostridium.
Thus, future work also includes screening tests for novel
anticancer parasporal proteins from non-B. thuringiensis
spore-forming bacteria.
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