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Clostridium perfringens type A strains that produce alpha-toxin cause gas gangrene,
which is a life-threatening infection with fever, pain, edema, myonecrosis and gas
production. Intramuscular injection of the toxin or Bacillus subtilis carrying the
alpha-toxin gene causes myonecrosis and produces histopathological features of the
disease. Immunization of mice with alpha-toxin or fragments of the toxin prevents
gas gangrene caused by C. perfringens. The toxin possesses phospholipase C (PLC),
sphingomyelinase (SMase) and biological activities causing hemolysis, lethality and
dermonecrosis. These biological activities are closely related to PLC and/or SMase
activities. However, there is yet some uncertainty about the biological activities
induced by the PLC and SMase activities of alpha-toxin. Based on the isolation and
characterization of the gene for alpha-toxin and a comparison of the toxin with
enzymes of the PLC family, significant progress has been made in determining the
function-structure of alpha-toxin and the mode of action of the toxin. To provide a
better understanding of the role of alpha-toxin in tissue damage in gas gangrene, this
article summarizes current knowledge of the characteristics and mode of action of
alpha-toxin.

Key words: Clostridium perfringens alpha-toxin, phospholipase C, sphingomyelinase,
phospholipase C family, signal transduction.

1. Characterization of alpha-toxin
The genes encoding alpha-toxin (1), Bacillus cereus

PLC (BC-PLC) (2), and PLCs from C. bifermentans (3)
and Listeria monocytogenes (4) have been isolated and
their nucleotide sequences were determined. The results
show that the deduced amino acid sequences of alpha-
toxin and these enzymes exhibit significant homology up
to approximately 250 residues from the N-terminus.
Alpha-toxin has an additional C-terminal domain (120
residues). From these findings, alpha-toxin was found to
belong to the PLC family (5). BC-PLC has two tightly
bound and one loosely bound zinc ions (6, 7). On the basis
of crystallographic data and the structure-function rela-
tionship of BC-PLC (6), a site-directed mutagenesis anal-
ysis was performed that revealed the relationship
between the amino acid residues and zinc ions of alpha-
toxin and its biological activity, as shown in Figure 1A;
one zinc ion is tightly coordinated with His-11 and Asp-
130, a second is coordinated tightly with His-148 and
loosely with Glu-152, and a divalent cation is loosely
associated with His-68, -126, -136 and Asp-130 (8, 9).
Asp-56 is essential for catalytic activity (10), so it is con-
cluded that the catalytic site of the toxin is located in the
N-terminal domain.

A crystallographic study of alpha-toxin revealed that
the structure is divided into two domains (11): the N-
domain, consisting of nine tightly packed α-helices, and

lel β-sandwich motif (Fig. 1B). This finding confirms that
the N-domain has a structural topology similar to the
entire BC-PLC (6) and contains three divalent cations
containing zinc ions in the active site, and that amino
acid residues involved in zinc-coordination are essential
for the enzymatic activities. Mixing the individual N-
domain and C-domain restores the hemolytic activity
(12). This observation suggests that the C-domain affects
the activity of the N-domain. Guillouard et al. (13) and
Naylor et al. (11) reported that the fold of the C-domain is
similar to those of the “C2” and “C2-like” domains,
present in eukaryotic proteins involved in signal trans-
duction, of eukaryotic phospholipid-binding proteins
such as synaptotagmin. Guillouard et al. (13) reported
that Asp-269 and -336 play a role in the specific interac-
tion with calcium ions. Furthermore, Alape-Giron et al.
(14) reported that Tyr-275, -307 and -331 residues are
critical for binding of the toxin. It is likely that the C-
domain plays a role in binding to membranes.

The toxin induces carboxyfluorescein (CF) leakage and
phosphorylcholine release from liposomes composed of
PC or SM. The toxin-induced CF release decreases with
an increase in the phase transition temperature (Tm) of
the PC used, indicating that the sensitivity of liposomes
to the toxin correlates well with the Tm of the PC (15).
Furthermore, both toxin binding to liposomes and the
hydrolysis of PC in liposomes by the toxin are also
related to the Tm of the PC in liposomes. Accordingly, the
membrane-damaging action of the toxin appears to be
closely related to membrane fluidity in liposomes. We
have reported that acrylodan-labeled C-domain variants
(S263C and S365C) bind to liposomes and exhibit a
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marked blue shift, indicating internalization of the C-
domain into the hydrophobic environment in liposomes
(12). Given that the membrane-damaging action of
alpha-toxin is dependent on membrane fluidity, invasion
of the C-domain into the bilayer membrane may play an
important role in its action (Fig. 2).

2. Action of alpha-toxin on cells and biological
membranes

Alpha-toxin at high concentrations induces massive
degradation of PC and SM in membranes, followed by
membrane disruption. However, small amounts of toxin
cause limited hydrolysis of PC and SM, generating dia-
cylglycerol and ceramide, respectively. These events acti-
vate various signal transduction pathways, which lead to
the uncontrolled production of several intercellular medi-
ators as follows. The toxin causes contraction of isolated
rat ileum and aorta tissue through the activation of phos-
pholipid metabolism in membranes (16, 17). Notably, the
toxin activates the arachidonic acid cascade in isolated
rat aorta (18). It was found that the toxin-induced con-
traction is related to the production of thromboxane A2
from arachidonic acid. Later, similar results were
reported for PLC produced by other microorganisms (19).
Therefore, it is likely that bacterial PLC mimics the
actions of endogenous PLC in eukaryotic cell membranes.

Alpha-toxin induces the production of intercellular
mediators in endothelial cells, intercellular adhesion

molecule 1, interleukin-8, TNF-α, platelet-activating fac-
tor and the endothelial leukocyte adhesion molecule (20).
It appears that these events contribute to the increased
vascular permeability and edema (21). The toxin induces
translocation of the platelet fibrinogen receptor from
internal stores to the membrane in platelets, inducing
the formation of platelet/platelet aggregates (22, 23).
Furthermore, cells exposed to the toxin undergo morpho-
logical changes similar to those induced by exposure to
TNF-α or IFN-γ  (20).

Exposure of rabbit neutrophils to alpha-toxin induces
firm adhesion of the cells to fibrinogen and fibronectin,
and O2

– production (24). Incubation of neutrophils or
their cell lysates with alpha-toxin leads to the production
of 1,2-diacylglycerol (DG) and phosphatidic acid (PA).
The toxin-induced DG and PA formation precedes the
toxin-induced adhesion and production of O2

–. Pertussis
toxin (PT) inhibits the toxin-induced formation of PA,
adhesion to fibrinogen and O2

– production. GTPγS
enhances these events induced by the toxin, but GDPβS
inhibits them. The toxin stimulates the phosphorylation
of a protein with a molecular mass of about 40 kDa. In
addition, treatment of the cells with 1-oleoyl-2-acetyl-sn-
glycerol (OAG) and phorbol-12, 13-dibutyrate stimulates
cell adhesion, production of O2

– and phosphorylation of a
40-kDa protein, but has no effect on the formation of PA.
Furthermore, these events induced by a combination of
OAG and PDBu are not inhibited by treatment with PT.
protein kinase C (PKC) inhibitors, staurosporine and
chelerythrine, block the toxin-induced adhesion, produc-
tion of O2

– and phosphorylation of the 40-kDa protein.
These observations suggest that the toxin activates PKC
via DG, which is produced by PLC activated by PT-sensi-

Fig. 1. The relationship between amino acid residues and
metal ions in alpha-toxin and Bacillus cereus phospholipase
C (BC-PLC).

Fig. 2. Action of alpha-toxin on artificial and biological mem-
branes.
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tive GTP-binding protein. It, therefore, is likely that the
alpha-toxin-stimulated adhesion to the matrix and O2

–

production are due to the activation of PKC in neu-
trophils (25). In addition, we find that the alpha-toxin-
stimulated O2

– production is dependent on the activation
of the mitogen-activated protein kinase (MAPK) system
via the activation of PKC (unpublished data).

The toxin induces hot-cold hemolysis of rabbit erythro-
cytes. When erythrocyte membranes are incubated with
the toxin in the presence of [γ-32P]ATP at 37°C, the forma-
tion of [32P]PA is biphasic, the first phase being about 30 s
long and the second phase about 20 min long (26). The
formation of PA in the first phase is closely related to the
generation of diacylglycerol and inositol 1,4,5-phosphate
(IP3) from phosphatidyl-inositol 4,5-bisphosphate (PIP2)
in membranes. The toxin can not hydrolyze PIP2, indicat-
ing that a PIP2-specific PLC is activated by treatment of
the cells with the toxin. Furthermore, the formation of
PA in the first and second phases is stimulated by AlF4

–

and/or GTP[γS]. It, therefore, seems that the toxin-
induced PA formation in the first phase is due to the acti-
vation of an endogenous PIP2-specific PLC by the GTP-
binding protein. In the presence of ethanol, the late PA

formation is inhibited and phosphatidylethanol produc-
tion is stimulated, indicating that the formation of PA is
due to the activation of endogenous phospholipase D
(PLD). It, therefore, appears that the formation of PA in
the second phase is related to the generation of DG via
PA formed from the degradation of PC in membranes, as
shown in Fig. 3. Furthermore, GTP[γS] stimulates PA for-
mation and hemolysis, and GDP[βS] inhibits them in a
dose-dependent manner. Accordingly, the toxin-induced
formation of PA seems to be tightly linked to the toxin-
elicited hemolysis. From these findings, it is likely that
the hydrolysis of membrane phospholipids by the PLC
activity of the toxin causes the activation of PT-sensitive
GTP-binding. Second, phospholipid metabolism through
the activation of endogenous PLC by a PT-sensitive GTP-
binding protein results in the activation of endogenous
PLD. These events seem to lead to hemolysis in rabbit
erythrocytes (27, 28) (Fig. 3).

Nelson (29) reported that in rabbit erythrocytes, PC
constitutes approximately 34% of the total phospholipids,
while in sheep erythrocytes, no PC is detected and SM
accounts for about 50% of all phospholipids. Alpha-toxin
also induces the hot-cold hemolysis of sheep erythrocytes.

Fig. 3. Signalling pathways for alpha-
toxin-induced hemolysis, O2

– pro-
duction, and the contraction of iso-
lated aorta.
Vol. 136, No. 5, 2004
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Recently, activation of the SM cycle, analogous to the
glycerophospholipid cycles, has been recognized as a key
event in the signal transduction cascade involved in cel-
lular proliferation, differentiation and apoptosis (30, 31).
Ceramide causes the arrest of cell growth and apoptosis
(30, 31). Sphingosine was found to be a potent inhibitor of
protein kinase C (32), and to inhibit cell growth and
induce apoptosis (31). Sphingosine 1-phosphate (S1P)
has been reported to promote cell growth and inhibit
apoptosis (31, 33). Several studies have reported that
bacterial SMases hydrolyze cell surface SM leading to
increased levels of ceramide, mimicking the effects of the
activation of endogenous neutral SMase induced by phys-
iological stimuli (34–36). Olivera et al. reported that
exogenous SMase induces the synthesis of DNA and
potentiates the actions of known growth factors in Swiss
3T3 fibroblasts (37). The SM metabolites have been
shown to play important roles in such fundamental bio-
logical processes (30).

Treatment of sheep erythrocyte lysates with the toxin
stimulates the formation of DG and IP3, suggesting that
the toxin activates PIP2-specific PLC in the cells.
U73122, an endogenous PLC inhibitor, inhibits the toxin-
induced formation of DG and IP3 in a dose-dependent
manner, but not toxin-induced hemolysis under the same
conditions, suggesting that the toxin-induced hemolysis
of sheep erythrocytes is independent of the toxin-acti-
vated PIP2-specific PLC (38). Incubation of sheep eryth-
rocytes with the toxin simultaneously induces hemolysis
and a reduction in the levels of SM and formation of cera-
mide and S1P. Little sphingosine is detected in the toxin-
treated cells. The extent of the hemolysis decreases as
the dose of N-oleoylethanolamine, a ceramidase inhibitor,
increases. The ceramide levels in the cells increase with
an increase in the amount of the agent, suggesting that
N-oleoylethanolamine specifically blocks the toxin-stimu-
lated deamidation of ceramide to sphingosine, resulting
in the accumulation of ceramide and suppression of
hemolysis induced by the toxin. It, therefore, is likely
that sphingosine is also rapidly metabolized by treat-
ment with the toxin. Sphingosine is phosphorylated by
sphingosine kinase. DL-threo-dihydrosphingosine and B-
5354c, isolated from a novel marine bacterium (39), both
sphingosine kinase inhibitors, block the toxin-induced
hemolysis and production of S1P, and cause sphingosine
to accumulate. These observations suggest that the
toxin-induced activation of the SM metabolic system is
closely related to hemolysis. The incubation of sheep
erythrocytes permeabilized by saponin with a sub-hemo-
lytic dose of the toxin in the presence of S1P promotes
hemolysis with an increase in the dose of S1P. Moreover,
incubation of the saponin-permeabilized cells or intact
cells with S1P in the absence of the toxin results in no
hemolysis, indicating that S1P itself does not induce
hemolysis of sheep erythrocytes permeabilized by
saponin and intact erythrocytes (38). It has been reported
that the biological activities elicited by stimuli depend on
S1P released from the cells. There have been several
reports that S1P is produced in cells, is secreted, and
then binds to endothelial differentiation gene (EDG) fam-
ily receptors such as EDG-1, EDG-3 and AGR16/H218 on
the surface of the cell (40). It has been reported that the

binding of S1P to the receptors results in the activation of
MAPK (41, 42), inhibition of cAMP production (43, 44),
and release of Ca2+ (45). It has been reported that S1P
stimulates the release of Ca2+ from intracellular stores
(46), that it acts intracellulary to regulate the endothe-
lial-signal regulated kinase1/2 (ERK1/2) pathway (42,
47), and that it controls mitogenesis (48) and apoptosis
(49, 50). In addition, the inhibition of ERK1/2 activation
in Swiss 3T3 fibroblasts (51) and Ca2+ signals in rat mast
cells by DL-threo-dihydrosphingosine has been reported
to support a second messenger role for S1P in biological
events (52). Accordingly, S1P has been proposed to play a
role in intracellular and extracellular actions (53). Pyne
and Pyne (40) reported that the key question is whether
S1P can function as an intracellular second messenger,
because it is possible that S1P is released from cells to act
at EDG receptors. However, even when sheep erythro-
cytes are incubated with the toxin, no S1P is detected
outside the cells, showing that S1P is not released from
cells treated with the toxin. It therefore appears that S1P
plays a role in the hemolysis of cells induced by the toxin
as a second messenger (Fig. 3).

GTPγS stimulates the toxin-induced hemolysis of
sheep erythrocytes as well as rabbit erythrocytes. When
lysates of sheep erythrocytes are incubated with the
toxin in the presence of GTPγS, the formation of ceramide
and S1P increases with an increase in the dose of GTPγS,
suggesting that the toxin-induced hemolysis and SM
metabolism are linked to the activation of GTP-binding
proteins (38). Incubation of lysates treated with PT with
alpha-toxin causes little change in the SM content. PT
specifically blocks the alpha-toxin-stimulated conversion
of SM to ceramide, suggesting that alpha-toxin activates
endogenous SMase through a PT-sensitive GTP-binding
protein. The C. botulinum C3 exoenzyme causes a dra-
matic accumulation of sphingosine, and inhibits the pro-
duction of S1P (38). However, the C3 exoenzyme has no
effect on the SMase activity of alpha-toxin. These results
show that the C3 exoenzyme specifically inhibits the
alpha-toxin-activated formation of S1P from sphingosine,
showing that alpha-toxin activates sphingosine kinase
through a small GTP-binding protein, RhoA (Fig. 3).

In conclusion, at small concentrations, the toxin
induces biological activities inherent to tissues and cells
as follows: 1) alpha-toxin binds to the binding site, 2) the
C-domain of the toxin inserts into the membrane, 3) the
N-domain of the toxin attacks and hydrolyses PC and/or
SM in the membrane, and 4) this event stimulates signal
transduction through the activation of endogenous PLC
and/or SMase (Fig. 3).
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