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ABSTRACT: Clostridium perfringensalpha-toxin is a 370-residue, zinc-dependent, phospholipase C that is
the key virulence determinant in gas gangrene. It is also implicated in the pathogenesis of sudden death
syndrome in young animals and necrotic enteritis in chickens. Previously characterized alpha-toxins from
different strains ofC. perfringensare almost identical in sequence and biochemical properties. We describe
the cloning, nucleotide sequencing, expression, characterization, and crystal structure of alpha-toxin from
an avian strain, SWanC. perfringens(SWCP), which has a large degree of sequence variation and altered
substrate specificity compared to these strains. The structure of alpha-toxin from strain CER89L43 has
been previously reported in open (active site accessible to substrate) and closed (active site obscured by
loop movements) conformations. The SWCP structure is in an open-form conformation, with three zinc
ions in the active site. This is the first example of an open form of alpha-toxin crystallizing without the
addition of divalent cations to the crystallization buffer, indicating that the protein can retain three zinc
ions bound in the active site. The topology of the calcium binding site formed by residues 269, 271, 336,
and 337, which is essential for membrane binding, is significantly altered in comparison with both the
open and closed alpha-toxin structures. We are able to relate these structural changes to the different
substrate specificity and membrane binding properties of this divergent alpha-toxin. This will provide
essential information when developing an effective vaccine that will protect againstC. perfringensinfection
in a wide range of domestic livestock.

Alpha-toxin from Clostridium perfringenswas the first
bacterial protein shown to possess both enzymatic and toxic
properties (1). It is a zinc metalloenzyme (2) and is composed
of 370 residues. Alpha-toxin is a phospholipase C (PLC)1

and exhibits hemolytic, necrotic, vascular permeabilization,
and platelet aggregating properties (3). It is predominantly
associated with the disease gas gangrene in humans (4).
However, alpha-toxin has also been implicated in the
pathogenesis of sudden infant death syndrome in humans
(5) and in animals (6) and with necrotic enteritis in chickens

(7, 8). Necrotic enteritis is a serious and often fatal disease,
which can increase in incidence when antibiotic growth
promoters are withdrawn from feedstuff (9). The toxicity of
alpha-toxin is a consequence of the hydrolysis of cell
membrane phospholipids, as the diacylglycerol products
cause the perturbation of cell metabolism resulting in the
activation of the arachidonic acid cascade and protein kinase
C (3). More extensive hydrolysis of membrane phospholipids
can result in target cell lysis. The alpha-toxin encoding genes
from several strains ofC. perfringenshave previously been
isolated and characterized (10), and the encoded proteins are
highly conserved with the sequences only differing by
approximately 1.5% overall.

The structure of alpha-toxin from a bovine isolate ofC.
perfringens(strain CER89L43) has previously been deter-
mined in two different conformations (11, 12). The enzyme
consists of two domains. The N-terminal domain (residues
1-246) is R-helical and contains the active site, which is
indicated by the presence of either two or three metal ions.
In the first of the two structures (the open form) which was
crystallized in the presence of 50 mM cadmium (a zinc and
calcium ion analogue), the active site of the enzyme was
accessible for substrate binding and contained all three metal
ions essential for activity (11). In the second structure (the
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closed form;12), which was crystallized in the absence of
any divalent cations, two mobile loops (residues 55-93 and
132-149) had altered conformations which obscured the
active site. In addition, the movement of these loops had
destroyed one of the three metal ion binding sites so that
this form of the enzyme contained just two zinc ions in the
N-terminal domain.

The C-terminal domain, which is known to be essential
for toxicity (13, 14), is an eight-strandedâ-sandwich,
structurally analogous to the calcium- and membrane-binding
eukaryotic C2 domains (15). We have previously shown that
calcium binds to loops at the top of this domain (16), and it
has been shown by us and others that the mutation of residues
essential for this calcium binding reduces the activity of the
protein (17, 18). In addition, a surface containing the active
site cleft in the N-terminal domain and the three calcium-
binding sites of the C-terminal domain, together with a
number of exposed hydrophobic residues, has been identified;
we have proposed this surface to be the membrane-binding
plane of the molecule (11, 16).

Alpha-toxin is known to hydrolyze the phospholipid
substrates phosphatidylcholine and sphingomyelin (19, 20),
both of which are key components of the outer leaflet of
eukaryotic cell membranes. The alpha-toxins characterized
to date have similar activities toward these substrates and
similar hemolytic activities (10). However, related phospho-
lipase C enzymes (collectively with alpha-toxin termed the
zinc metallophospholipases C) from other species of bacteria
have markedly different properties (2). For example, the
Clostridium bifermentansPLC is significantly less active than
alpha-toxin on phosphatidylcholine or sphingomyelin lipo-
somes and is more than 100-fold less hemolytic and only
weakly toxic (21). TheBacillus cereusPLC, which lacks a
C-terminal domain, is not hemolytic or toxic.

In this paper, we describe the cloning, expression, puri-
fication, characterization, and crystal structure of alpha-toxin
from an avian isolate ofC. perfringens(strain SWCP). This
strain was isolated from a swan that had died from an
intestinal C. perfringensinfection resulting in extensive
mucosal necrosis and hemorrhage. The SWCP alpha-toxin
exhibited a large degree of sequence variation compared to
the previously characterizedC. perfringensalpha-toxins and
had altered substrate specificity (10). We have identified
regions in the crystal structure of the SWCP alpha-toxin that
were different from the previously reported crystal structures
of alpha-toxins (11, 12). One of the regions of dissimilarity
was the membrane binding region formed by C-terminal
residues 330-338, which had previously been shown to bind
neutralizing monoclonal antibodies (10). Vaccines and
antitoxins have been proposed for the prevention and
treatment of diseases caused by alpha-toxin. The structural
and sequence information provided here could ensure that
such vaccines and antitoxins have a broad spectrum of
activity.

MATERIALS AND METHODS

Chemicals and Enzymes.Unless otherwise stated, all
chemicals and enzymes were obtained from Sigma-Aldrich
(Poole, U.K.) or from Roche Molecular Biochemicals
(Lewes, U.K.).

Strain Identification and Isolation of DNA. An anaerobic
culture was isolated from the intestinal tract of a dead male

white swan, which had apparent dehydration, weight loss,
and diarrhea. Isolated bacteria were analyzed using the PCR
genotyping for the alpha-toxin (cpa) and theta-toxin (pfo)
genes. Chromosomal DNA was isolated fromC. perfringens
strain SWCP according to the method of van Damme-
Jongsten (22).

Amplification and Cloning of the cpa Gene from C.
perfringens. A DNA fragment which would encode the strain
SWCPcpa ORF was generated using the PCR. The oligo-
nucleotides were designed from the strain NCTC8237cpa
gene nucleotide sequence (GenBank accession number
X13608). The oligonucleotides 5′ GCT TGG GGC CCA
GTG CAA GTG TTA ATC GTT AT 3′ and 5′ TGC TCT
AGA GTA AAT ACC ACC AAA ACC AAT 3 ′, which
incorporatedDraII and XbaI restriction endonuclease sites,
respectively, were used during 30 cycles of PCR (96°C for
30 s, 45°C for 30 s, and 72°C for 30 s; Perkin-Elmer 9600
GeneAmp PCR System from PE Applied Biosystems,
Warrington, U.K.). The reaction products were purified,
digested with the appropriate enzymes, and ligated with
suitably digested plasmidR prom27. TheR prom27 plasmid
was prepared (H. L. Bullifent, unpublished results) by
insertion of aC. perfringens cpapromoter into plasmid
pBluescript II KS (+) (Stratagene Europe, Amsterdam, The
Netherlands). After transformation intoEscherichia coli
BL21 cells by electroporation (23), bacteria containing the
cpa gene were identified by the presence of a zone of
turbidity surrounding colonies on L-agar containing ampi-
cillin and egg yolk (24).

Nucleotide Sequencing. Plasmid DNA was prepared using
the Midi plasmid kit (Qiagen Ltd., Crawley, U.K.). DNA
sequencing was performed by Oswel DNA Services
(Southampton, U.K.). Sequencing primers were designed
using the strain NCTC8237cpa gene nucleotide sequence.
Forward primers 5′ TCT TAT TCC ATA CCA GAT AC
3′, 5′ AAT ATA CTA TAG TCA TGC 3′, and 5′ TTG ACG
ATA TAC AAA ATA TG 3 ′ bound to the ORF starting at
nucleotides 344, 690, and 1036, respectively. Forward primer
5′ AAT TAA CCC TCA CTA AAG GG 3′ bound to the T3
promoter site on the pBluescript II KS (+) plasmid. Reverse
primers 5′ AAG ATC ATG CAT GTT CTG 3′, 5′ AAC CGC
AGT TAC GTT AGC 3′, and 5′ TAT ATG TAC CCA GAT
GTT C 3′ bound to the ORF starting at nucleotides 228, 514,
and 795, respectively. Reverse primer 5′ GTA ATA CGA
CTC ACT ATA GGG C 3′ bound to the T7 promoter site
on the pBluescript II KS (+) plasmid. Three independently
obtained plasmids containing the cloned SWCPcpa gene
were nucleotide sequenced and found to be identical. The
nucleotide sequence of the SWCPcpa gene has been
deposited with GenBank under accession number AF204209.

Purification of Alpha-Toxin. The alpha-toxin was purified
from the periplasmic fraction ofE. coli (24) containing the
clonedcpagene fromC. perfringensstrain SWCP. The toxin
was purified using a modified version of the protocol
described previously by Basak et al. (25); two stages of ion-
exchange chromatography, a Q-Sepharose column (Amer-
sham-Pharmacia Biotech UK Ltd., Little Chalfont, U.K.)
followed by a MonoQ column (Pharmacia Biotech), were
used.

Measurement of Phospholipase C and Hemolytic ActiVi-
ties. Phospholipase C activity was measured by a microtiter
assay using egg yolk phospholipids, phosphatidylcholine
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liposomes, sphingomyelin liposomes, orp-nitrophenylphos-
phorylcholine (FNPPC) as the substrate (24). The end point
for these assays was determined as the reciprocal of the
dilution resulting in 50% activity after incubation at 37°C
for 1 h. The egg yolk assay used the supernatant from egg
yolk emulsion (Oxoid Ltd., Basingstoke, U.K.), and the
absorbency was measured at 540 nm and the activity
expressed in egg yolk units (EYU). Phosphatidylcholine and
sphingomyelin liposomes were prepared using the procedure
reported by Senior et al. (26). After incubation, the activity
was measured by the release of fluorescent carboxyfluores-
cein from the liposomes (excitation wavelength of 485 nm
and emission at 520 nm). The activity was expressed as the
concentration of alpha-toxin (micrograms per milliliter) that
caused 50% lysis. Cleavage ofFNPPC by alpha-toxin
resulted in the release ofF-nitrophenol, which was assessed
spectrophotometrically at 414 nm. Activity was expressed
in units per milligram where 1 unit hydrolyzes 1 nmol of
FNPPC in 1 min at 37°C. Hemolytic activity was measured
using a microtiter tray assay with 5% (v/v) washed mouse
red blood cells (24); the 50% hemolysis end point was
determined, and activity was expressed as hemolytic units
(HU). The alpha-toxin from strain NCTC8237 was used as
a control for all the tests; it is known to have enzymatic,
hemolytic, and toxic properties similar to those of the strain
CER89L43 alpha-toxin (10).

Crystallization. Crystals ofC. perfringensstrain SWCP
alpha-toxin were grown by hanging drop vapor diffusion at
4 °C. Crystals grew in the presence of 0.5 M sodium acetate,
6-10% 2-propanol or acetone, and 0.1 M sodium cacodylate
at pH 6.5. Each drop contained 1.5µL of protein at 10 mg/
mL in 10 mM Tris-HCl (pH 8.0) and 1.5µL of well buffer.
The better diffraction quality crystals were grown in acetone.

X-ray Data Collection. Data were collected from cryo-
cooled crystals following immersion in mother liquor
containing 30% (v/v) glycerol as a cryoprotectant [using the
procedure described by Garman and Schneider (27)]. The
data were collected on stations 7.2 and 9.6 of the Synchrotron
Radiation Source at Daresbury Rutherford Appleton Labora-
tory (Warrington, U.K.) on a 300 mm MarResearch Image-
Plate and an ADSC Quantum4 CCD detector, respectively.
All data were processed with the HKL program suite (28).
Scaling and merging were performed using the CCP4
program SCALA (29, 30). Subsequent data manipulation
used the CCP4 program package (29). Statistics for the data
are given in Table 1. The symmetry of the crystals was found
to be P4122 or P4322 with the following unit cell dimen-
sions: a ) b ) 117.2 Å,c ) 220.6 Å, andR ) â ) γ )
90°. The Matthew’s coefficient (and solvent content) for two,
three, and four molecules was 4.8 (73.9%), 3.2 (60.9%), and
2.4 Å3/Da (47.9%), respectively, but no noncrystallographic
self-rotation function peaks could be identified.

Molecular Replacement. Molecular replacement was car-
ried out using the AMoRe package (31), with two, three,
and four molecules in the asymmetric unit, and in both
possible space groups. The open form of alpha-toxin (11),
with the modeled, disordered loop (residues 84-91) removed
and the amino acids that differed between the two sequences
replaced with alanine residues, was used as the model. The
best solution was for space groupP4122 and two molecules
in the asymmetric unit, with a correlation coefficient of
64.1% and anR-factor of 37.3%. For comparison, the

correlation coefficient andR-factor were 33.3 and 49.2%,
respectively, for two molecules inP4322. It was not possible
to place any further copies of the model in the asymmetric
unit. We therefore concluded that the correct space group
was P4122 with two molecules in the asymmetric unit.
Following initial rigid body refinement of this solution, the
R-factor andRfree were 36.4 and 37.5%, respectively.

Density Modification.Noncrystallographic averaging, sol-
vent flattening, and histogram modification were carried out
using the program DM (32), prior to the calculation of
SigmaA weighted maps (33) for manual rebuilding of the
model.

Model Building and Refinement. Manual model building
was performed using the program O (34). The refinement
was performed using X-PLOR, version 3.851 (35). Alanine
residues in the model used for molecular replacement were
changed to the correct SWCP amino acid when positive
difference Fourier density could be seen. Zinc ions were
placed in the active site after the identification of clear
positive peaks in the difference map. A bulk solvent
correction (k ) 0.35 andB ) 63.2 Å2) was made following
the fitting of all amino acids in the SWCP sequence.
Noncrystallographic symmetry restraints were used through-
out refinement, except in the later stages where there was
clear evidence in the calculated electron density map
indicating a difference between the two molecules in the
asymmetric unit. Water molecules were added to the model
at the end of refinement, where there was a 3 rms peak in
the difference density and a 1 rms peak in the 2Fo - Fc

map. Refinement was ended when theR-factor andRfree had
apparently converged at 20.7 and 24.2%, respectively.

RESULTS

Isolation of C. perfringens SWCP from a Swan Suffering
from Necrotic Enteritis. C. perfringensstrain SWCP was
isolated from a male swan, which had been suffering from
apparent dehydration, weight loss, and diarrhea. Gross
examination of the small and large intestine revealed
extensive mucosal necrosis and hemorrhage, with necrotic
casts adherent to the ulcerated mucosa. The terminal large
intestine contained a pseudomembranous necrotic cast.

Table 1: Data Collection and Refinement Statistics

Data Collection
resolution range (Å) 30-2.4
no. of observations 1381901 (measured)a 59496 (unique)
completeness (%) 97.8 (all data) 91.3 (2.53-2.4 Å)
Rmerge(%)b 5.7 (all data) 18.7 (2.53-2.4 Å)
I/σ(I) 25.6 (all data) 6.8 (2.53-2.4 Å)

Refinement

number averageB (Å2)

protein non-H atoms 5990 33.1 (MC) 34.3 (SC)
zinc ions 6 27.0
water molecules 152 38.1
R (%)c 20.6
Rfree (%)d 24.2
rmsds 0.01 Å (bonds) 1.88° (angles)

a Includes a low-resolution data collection pass (30-3.0 Å). b Rmerge

) ∑|I I - Im|/∑Im, whereI I andIm are the observed intensity and mean
intensity of related reflections, respectively.c R) ∑|Fobs- Fcalc|/∑Fobs

for the 92% of the data included in the refinement.d Rfree ) ∑|Fobs -
Fcalc|/∑Fobsfor the 8% of the data randomly selected and excluded from
refinement. MC, main chain; SC, side chain.
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Microscopically, sections of the large and small intestine had
severe superficial necrotizing and hemorrhagic enteritis.
Bacteria were present in extensive pools of necrotic cellular
debris. The lamina propria was edematous and congested.
Multifocal mucosal erosion, ulceration, hemorrhage, and
intestinal edema were evident. These lesions were consistent
with clostridial necrotic enteritis, and anaerobic culture of
the intestinal tract yieldedC. perfringens.

The cpa Gene in C. perfringens Strain SWCP Encodes a
Sequence-DiVergent Form of Alpha-Toxin. The cpa gene
from C. perfringensstrain SWCP was amplified using PCR
from strain SWCP DNA. The amplified gene was cloned
and nucleotide sequenced. Like alpha-toxin fromC. perfrin-
gensstrain NCTC8237 (strain originally isolated from an
infected wound) or alpha-toxin fromC. perfringensstrain
CER89L43 (strain originally isolated from the gut of a
diseased calf), the SWCPcpa gene encodes a 398-amino
acid protein. The first 28 amino acids formed a signal
sequence. The relative molecular mass of the mature SWCP
alpha-toxin, after removal of the signal sequence, was
calculated to be 42 372 Da with an isoelectric point of 4.9,
and there are 57 and 58 amino acid differences from the
NCTC8237 and CER89L43 alpha-toxins, respectively (Fig-
ure 1). SWCP alpha-toxin has a smaller number of charged
residues in comparison with the NCTC8237 and CER89L43
alpha-toxins: there are 59 and 54 acidic and basic residues,
respectively, in CER89L43 alpha-toxin, whereas there are
only 55 acidic and 48 basic residues in the SWCP protein.
The number of large hydrophobic residues was similar in
all three proteins. However, the SWCP alpha-toxin contained
a larger number of polar residues than the NCTC8237 or
CER89L43 alpha-toxins (10). The SWCP alpha-toxin also
differs from the previously reported most divergent forms
of alpha-toxin, encoded by thecpa genes inC. perfringens
strains 8-6 and NCIB10662, and from theC. bifermentans
andClostridium noVyi phospholipases C (Figure 1).

The strain SWCPcpa gene was cloned into a plasmid,
downstream of the strain NCTC8237cpagene promoter, and
expressed inE. coli. Protein was isolated from the periplas-
mic space of the recombinantE. coli (25) and purified using
ion-exchange chromatography. SWCP alpha-toxin purified
in this way was judged to be>95% pure when analyzed by
SDS-PAGE with a yield of 6.8 mg of purified protein from
1 L of culture.

The Phospholipase C and Hemolytic ActiVities of the
SWCP and NCTC8237 Alpha-Toxins Are Dissimilar.There
were differences between the enzymatic and hemolytic
activity of the SWCP alpha-toxin and the NCTC8237 alpha-
toxin (Figure 2). The NCTC8237 toxin exhibited a slightly
higher rate of activity than the SWCP alpha-toxin when egg
yolk or sphingomyelin liposomes were used as the substrates.
However, when tested with phosphatidylcholine liposomes,
the SWCP alpha-toxin was 12 times more active than the
strain NCTC8237 alpha-toxin. In contrast, the NCTC8237
alpha-toxin was 4.5 times more hemolytic than the SWCP
alpha-toxin and more than 8 times more active when tested
toward the synthetic substrateFNPPC. For the NCTC8237
alpha-toxin, these results were similar to previously reported
data (24). Overall, the results show that both the SWCP and
NCTC8237 alpha-toxins have high PLC activity, but that
variations in substrate specificity have been caused by the
large number of amino acid changes between the two strains.

Crystal Structure of Strain SWCP Alpha-Toxin. The final
model built into the electron density map contains two SWCP
alpha-toxin molecules, each consisting of 2995 protein atoms.
Each protein molecule had three bound zinc atoms (Figure
3), and in addition, the asymmetric unit contained 152 water
molecules. The finalR-factor andRfree were 20.7 and 24.2%,
respectively. Statistics for the final model are given in Table
1. The majority of the residues have well-defined electron
density (Figure 4), and in regions of poorer density (loop

FIGURE 1: Amino acid alignment of related bacterial phosphati-
dylcholine-specific phospholipases C. Sequences were aligned using
MULTALIGN ( 45). Identical amino acids are shaded black, and
italics denote substitutions of nonsimilar amino acids. Rows are
ordered by similarity. Proteins included in the alignment are
NCIB10662 (C) [C. perfringensstrain NCIB10662 (type C) alpha-
toxin (Genbank accession number D10248)], CER89L43 [C.
perfringensstrain CER89L43 alpha-toxin (L43545)], NCTC8237
[C. perfringensstrain NCTC8237 alpha-toxin (X13608)], strain 8-6
[C. perfringensstrain 8-6 alpha-toxin (X17300)], SWCP [C.
perfringensstrain SWCP alpha-toxin (AF204209)], cnov [C. noVyi
PLC (D32125)], and cbif [C. bifermantansPLC (AF072123)].
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residues 79-85 and linker residues 244-247), it is still
possible to trace the polypeptide chain. The model has good
stereochemistry (see Table 1), and the geometry of the
residues is better than expected for the average 2.4 Å
structure according to PROCHECK (36) analyses. Of all the
residues built into both chains, 91.5% lie within the most
favored region, and there is only one residue (Ser A250)
out of the 740 that lies in the disallowed region. The two
SWCP protein molecules are related by a noncrystallographic
2-fold axis parallel to the diagonals of theab plane of the
unit cell. A number of large hydrophobics that are exposed
on the membrane binding surface of alpha-toxin are assumed
to anchor the toxin in the cell membrane and are buried in
the interface between the two noncrystallographic molecules.
Interestingly, this includes aπ-stacking interaction between
the two aromatic rings of Phe 84 in the molecule and its ncs
mate. A similar but not identical membrane-binding surface
packing has also been observed between the crystallographi-
cally related molecules in the open-form crystal structure
(11). This interaction did not include the stacking of Phe 84
as this residue is disordered in the open-form structure (11).
The two molecules in the asymmetric unit are nearly identical
(the all-atom rms deviation is just 0.7 Å when the two
molecules are optimally superimposed). We will therefore
be referring to molecule A only for the remainder of this
paper.

Overall, the three-dimensional structure of SWCP alpha-
toxin is similar to the previously determined structures of
CER89L43 alpha-toxin (Figure 3), and in particular to the
open conformation (11). This could be expected as the
sequences of the two proteins are 80% identical. It can be
classified as an open form of the enzyme; there are three
zinc ions in the active site, which is accessible to substrate.
The overall structure is conserved with the N-terminal

domain being helical and the C-terminal domain consisting
of an eight-stranded antiparallelâ-sandwich with an immu-
noglobulin-like fold. If the C-terminal domain of the SWCP
alpha-toxin is optimally superimposed on that of the
CER89L43 open form, the rmsd for all main chain atoms in
this domain is 1.1 Å. In contrast, when the N-terminal
domains of these two structures are superimposed, then the
rmsd for all main chain atoms is 2.8 Å. However, when
residues 75-86, which were disordered in the open
CER89L43 structure, are excluded from the comparison, the
rmsd for the main chain atoms of the N-terminal domain
drops to only 0.67 Å.

Metal Ion Binding by SWCP Alpha-Toxin.Each of the two
molecules in the asymmetric unit had three zinc atoms (Zn1,
Zn2, and Zn3) in the active site. TheB-factors for these zinc
atoms (26.5, 27.3, and 31.1 Å2, respectively, for molecule
A of the ASU) are similar to the averageB-factors of the
protein (molecule A has average main chain and side chain
B-factors of 32.2 and 33.4 Å2, respectively), indicating that
the sites are probably fully occupied. The average bond
length for zinc coordination was 2.35 Å, which is typical
for zinc-protein interactions. Zn1 is coordinated by Trp 1,
Asp 130, and His 11, Zn2 (Cd3 in the open-form structure;
11) by Asp 56, His 68, His 126, and Asp 130, and Zn3 (Cd2
in the open-form structure;11) by His 136, His 148, Glu
152, and Wat 1. These residues are all essential for the
catalytic activity of alpha-toxin (37-39).

The zinc ion binding in SWCP alpha-toxin contrasts with
that seen in either the open- or closed-form CER89L43
structure. The active site of the closed form of the CER89L43
toxin contains two zinc ions (Zn1 and Zn2). Three metal
ions were seen in the active site of the open form of the
CER89L43 toxin, with protein ligands identical to those for
the SWCP toxin. However, the crystallization buffer for the

FIGURE 2: Activities of SWCP (cross-hatched columns) and NCTC8237 (white columns) alpha-toxins. For the egg yolk hydrolysis assay,
10 µg/mL SWCP and NCTC8237 toxin were used (24). For theFNPPC hydrolysis assay, 200µg/mL SWCP and 40µg/mL NCTC8237
toxin were used. One unit hydrolyzes 1 nmol ofFNPPC in 1 min at 37°C. The hemolysis assay used 10µg/mL SWCP and NCTC8237
toxin. HU represents hemolytic units (24). The liposome hydrolysis assay used 10µg/mL SWCP and 40µg/mL NCTC8237 toxin for the
phosphatidylcholine (PC) liposomes and both toxins at 40µg/mL for the sphingomyelin (SP) liposomes. All experiments were carried out
for 1 h at 37°C. The results that are shown are the means of six separate experiments with SE bars.
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open form of the CER89L43 toxin contained 50 mM
cadmium sulfate (40). As a result, two of the three sites are
occupied by cadmium ions (which can act as a zinc ion
analogue). In addition, 10 cadmium ions were observed
bound, predominantly nonspecifically, to the protein surface
(11). These surface-bound divalent cations were absent in
the SWCP structure.

The SWCP Alpha-Toxin Exhibits Differences from the
CER89L43 Alpha-Toxin in PutatiVe Membrane Recognition
Regions.The amino acid sequence differences that exist
between the SWCP alpha-toxin and the alpha-toxins from
other strains ofC. perfringensare distributed randomly
throughout the protein. None of the differences occur in the
active site, though substitutions do occur in regions of the

protein thought to play a key role in membrane-protein
interactions. Three calcium ions have been shown crystal-
lographically to bind to the C-terminal domain of the closed
form of the NCTC8237 alpha-toxin (16). On the basis of
site-specific modification of the their associated protein
ligands, these calcium ions have been shown to be important
for activity (17, 18). Since these ions are all found in the
proposed membrane-binding plane of the C-terminal domain
(11), but with incomplete coordination, it is thought that they
contribute to membrane binding by interacting with both the
protein and the phosphate moiety of membrane phospholip-
ids. The binding site for one of these calcium ions, Ca1,
consists of Asp 336 Od2, Asp 269 O, Gly 271 O, and Ala
337 O. In SWCP alpha-toxin, there are two changes (A337D

FIGURE 3: Superposition of SWCP (blue) and CER89L43 (gray) alpha-toxins. The N-terminal domains have been superposed. The SWCP
active site zinc ions are colored red, and the CER89L43 active site divalent cations are colored dark gray. This figure, and all the other
structural illustrations, was drawn using Bobscript (47), a modification of Molscript (48), and subsequently rendered with Raster3D (49,
50).

FIGURE 4: Stereoview of the final 2Fo - Fc electron density map, contoured at the 1σ level around residues 265-273.
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and D269Y) occurring directly in this binding pocket and
two changes in the associated loop (A333D and P335G).
Figure 5 shows a superposition of the open-form CER89L43
and SWCP structures in this area, and it can be seen that
the local interactions and, in particular, the overall conforma-
tion of residues 330-337 differ markedly. It is interesting
to note from this illustration that the position of the side chain
of D337 in the binding pocket of the SWCP structure means
that it may exactly replace that of D269 in the CER89L43
structure. The difference in the conformation of residues
330-337 between the SWCP and CER89L43 open-form
toxins (rmsd for all main chain atoms between these residues
of 2.2 Å) may be the result of the substitution of proline
335 in CER89L43 for glycine in the SWCP structure and
the consequent increase in backbone flexibility. However,
conformational flexibility has been noted in this loop
previously (12), with the open- and closed-form alpha-toxins
showing divergent conformations (the main chain atom rmsd
between the two structures is 1.3 Å).

The observed conformational flexibility of this loop is
apparently not due to the effects of divalent ion binding to
the C domain, but may be due to its inherent flexibility. The
structures of SWCP and closed-form CER89L43 toxins,
neither of which had divalent cations bound to their C
domains, are more dissimilar from one another (having a
main chain rmsd of 2.4 Å) than either is from the open
CER89L43 toxin structure, which has cadmium ion bound
to this site. In addition, the calcium-bound closed form of
NCTC8237 has a conformation identical to that of the
CER89L43 calcium-free closed structure in this loop.

Interactions between the N and C Domains Are Dissimilar
in the SWCP and CER89L43 Alpha-Toxin Structures.There
are four other regions where the SWCP and CER89L43 or
NCTC8237 proteins differ in their backbone traces. Residues
59-62, and 294 and 295, have average main chain rms

difference values of 2.5 and 2.0 Å, respectively. These
residues form an interaction between the N- and C-terminal
domains in the SWCP toxin with a H-bond between Ala 61
(O) and Gly 296 (N) (bond length of 2.7 Å). This interaction
does not occur in the strain CER89L43 structure (open form)
as amino acids 60-62 are flipped away from the C-terminal
domain and Ala 61 (O) is 9.0 Å away from Gly 296 (N).
Residues 59-67 are disordered in the closed-form CER89L43
structure. However, they are ordered in the calcium-bound
closed form of the NCTC8237 alpha-toxin, and adopt a
conformation quite different from that seen in the CER89L43
open-form and SWCP toxins (which are basically identical
with the exception of residues 60-62) (16). Interestingly,
in the CER89L43 closed form, residues 60-62 still interact
with the C-terminal domain, specifically, via hydrogen bonds
between Tyr 62 Oη and Asn 294 Nδ2 and also Thr 306 O
and N, and Tyr 62 O and Asn 297 N.

Residues 72-90 are part of a loop that travels in a
direction away from the N-terminal domain toward the
C-terminal domain (Figure 3). There is a small 310-helix
(RB3) in the SWCP structure formed by residues 83-86
which is not present in any previously reported structure of
alpha-toxin. After this helix, the loop interacts with the
C-terminal domain (H-bond between Ile 90 N and Thr 308
CO) before running back toward the N-terminal domain. The
optimally superposed N-terminal domains of SWCP and
open-form CER89L43 toxins for residues 75-86 have an
all-atom rmsd of 12.5 Å. However, given the highly
disordered nature of the majority of this loop in the
CER89L43 open-form structure, it is possible that the
CER89L43 toxin could adopt the same conformation as
SWCP. In contrast, these residues are well-ordered in the
closed form but adopt a completely different conformation
(12); a helix is formed, but this time from residues 73-80
(labeledRB2 in ref 12), andRB3 is absent. This closed-form
conformation is associated with the additional loop move-
ments (residues 132-145) that result in the active site being
obscured and the destruction of the third zinc site already
alluded to, while both the SWCP and CER89L43 open
conformations allow the active site to be accessible to
substrate and to contain three zinc ions.

DISCUSSION

The alpha-toxin fromC. perfringensstrain SWCP has 58
amino acid differences when compared with the alpha-toxin
from C. perfringensstrain CER89L43 and 57 amino acid
differences with that from strain NCTC8237; the SWCP
protein differs by 16-18% when compared with all of the
other alpha-toxin sequences reported to date, which are
available in GenBank (see the legends of Figures 1 and 6).
It is by far the most divergent of theC. perfringensalpha-
toxins characterized to date. A multiple-sequence alignment
of SWCP alpha-toxin, a representative group of previously
sequenced alpha-toxins from differentC. perfringensstrains,
and theC. bifermentans, C. noVyi, andB. cereusphospho-
lipases C was carried out using ClustalW (41) (Figure 6).
Subjecting this alignment to bootstrapping analysis showed
that the SWCP toxin was always placed on a branch of the
tree separate from the other alpha-toxin variants, but was
always more related to these than any of the other phospho-
lipases C that were included. It is likely that the sequence
of SWCP toxin is so divergent from those previously

FIGURE 5: Superposition of the calcium binding pocket of SWCP
(blue) and CER89L43 (green) alpha-toxins. The pocket is formed
by residues 265-272 and 330-338, with the calcium ion coordi-
nated by residues 269, 271, 336, and 337 (shown in ball-and-stick
representation for the CER89L43 structure). The calcium ion is
chown for the CER89L43 structure only. Residues that differ
between the two structures are shown in ball-and-stick representa-
tion.
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characterized because of its source; the SWCP strain was
isolated from an avian species, and all the others originate
from mammals. Since the phospholipid composition of
cellular membranes varies between hosts, this alpha-toxin
may have evolved to be most effective in an avian host. In
support of this hypothesis, we have shown in this paper that
the turnover rate of different substrates differed between the
SWCP toxin and the NCTC8237 alpha-toxins. No othercpa
genes from avian strains have been characterized, so it is
impossible to conclude that such divergent sequences are
common to all isolates from birds. However, the divergence
of SWCP from other alpha-toxin sequences is larger in
magnitude than that observed in some cases for the same
protein from different but related species, and so our findings
have implications for the development of antibody or PCR-
based diagnostic tests for theC. perfringensalpha-toxin or
for the cpa gene, and for the development of vaccines to
protect against necrotic enteritis in chickens.

Figure 7 shows the residue-by-residue main chain rmsd
between these two structures, with the N-terminal and
C-terminal domains superimposed separately. The overall
structure of SWCP alpha-toxin showed that the active site
remained unchanged compared to the CER89L43 open-form
structure and the backbone trace is almost identical in most
regions of the protein. However, there were conformational
differences in some parts of the chain. Clearly, it would be
interesting to relate these conformational changes to the
altered substrate specificity that our kinetic studies revealed.

We believe one of the most significant differences
described in the Results is around the calcium-binding pocket
formed by residues 269, 271, 336, and 337 (Figure 5);

neutralizing monoclonal antibodies bind to this region (10),
inhibit alpha-toxin activity, and may block membrane-
protein interactions. A calcium ion has been crystallographi-
cally observed bound to this pocket in the closed-form
NCTC8237 structure (16), while in the open form, a
cadmium ion is bound (11). In the SWCP structure, this metal
ion was replaced with a water molecule (there were no
divalent cations under the crystallization conditions). As
already noted, although the binding site itself is conserved,
there are a number of amino acid substitutions (D269Y,
P335G, and A337D), and the conformation of residues 330-
337 is markedly different between the NCTC8237 and SWCP
toxins. It is tempting to link changes in this region with the
differing substrate preferences between the two proteins; the
ratio of phosphatidylcholine to sphingomyelin activity is 0.41
for NCTC8237 alpha-toxin and 4.9 for SWCP alpha-toxin.
This may be explained by the addition of a large hydrophobic
residue (Tyr 269) to the binding region in the SWCP toxin.
It has been postulated that sphingomyelin packs with an
increased density in the hydrophobic core of a membrane
(compared to phosphatidylcholine), and such packing could
hinder the insertion of large residues. This hypothesis was
previously reported to explain the lower affinity of the
calcium-phospholipid binding domain from cytosolic phos-
pholipase A2 for sphingomyelin membranes (42, 43). Site-
directed mutagenesis experiments on alpha-toxin in this area
of the protein should help to verify some of the determinants
of substrate specificity for these enzymes. SWCP toxin is
also less active againstFNPPC than NCTC8237 toxin, but
since this substrate is not membrane-bound, mutations in the
C-terminal domain cannot be responsible for this difference
in activity.

Another difference between the two proteins is in the
region spanning residues 72-90. The chain trace of loop
residues 72-82 varies considerably between the two struc-
tures, and in the strain SWCP structure, there is a small 310-
helix formed by residues 83-86 (Figure 3). The electron

FIGURE 6: (a) Radial rootless phylogenetic tree of bacterial
phosphatidylcholine-specific phospholipases C. The phylogenetic
order was calculated using ClustalW (41) and visualized using
TreeView (51). Branch length represents the evolutionary distance
between proteins with the scale bar representing a substitution of
30 amino acids. (b) Levels of sequence identity between bacterial
phosphatidylcholine-specific phospholipases C (in percentages).
BCER, B. cereusPLC; CBIF, C. bifermentansPLC; CNOV, C.
noVyi PLC; CP-SWCP,C. perfringensstrain SWCP alpha-toxin;
CP-8-6, C. perfringensstrain 8-6 alpha-toxin; CP-NCTC,C.
perfringensstrain NCTC8237 alpha-toxin; CP-CER89,C. perfrin-
gensstrain CER89L43 alpha-toxin; and CP-NCIB,C. perfringens
strain NCIB10662 alpha-toxin. GenBank accession numbers are
X12854 (BCER), AF072123 (CBIF), D32125 (CNOV), AF204209
(CP-SWCP), X17300 (CP-8-6), X13608 (CP-NCTC), L43545 (CP-
CER89), and D10248 (CP-NCIB).

FIGURE 7: Residue-by-residue root-mean-square differences be-
tween the individually aligned N- and C-terminal domains of SWCP
and CER89L89 open-form alpha-toxins.
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density is good for this region, and the helix is well-ordered
with averageB-factors for the residues of 24.2 Å2. It is
stabilized by interactions with its noncrystallographic sym-
metry-related copy (Figure 8); Trp 84 from molecule A and
molecule B form aπ-π aromatic stacking interaction. This
is the first example of residues 84-88 being ordered in an
open form of alpha-toxin. It is possible that this is the
conformation of the loop present in other open-form alpha-
toxins. However, there are three mutations between the
SWCP and CER89L43 toxin sequences in the residues that
are near or part of the helix. Residues 79-86 areTKD-
SKWYL in the SWCP sequence andSKDNSWYL in
CER89L43. In addition, this loop is one of the two that
undergoes a change in conformation between the open and
closed forms of CER89L43 alpha-toxin, and we have
previously hypothesized that the opening and closing of the
active site is associated with membrane recognition (12, 16).
The loop sits on the membrane binding surface of the protein
(Figure 3), and contains a number of hydrophobic residues
that may be expected to be involved in membrane recogni-
tion.

Finally, the discovery of three zinc ions in an active site
that is open and accessible to solvent is of interest. Since no
divalent cations were added to the crystallization buffer, this
result suggests that the protein can retain sufficient zinc ions
during purification to allow a population to crystallize with
three zinc ions in the active site. The CER89L43 closed form
was also crystallized in the absence of any added divalent
cations (40), but in this case, the toxin in the crystals
contained only two zinc ions. The question of why SWCP
crystallized with three zinc ions arises, whereas the CER89L43
closed form contains only two zinc ions. One possible answer
is that the closed-form crystallization conditions are high in
salt (1.8-2.0 M NaCl), while the SWCP toxin crystallized
from conditions that include lower salt concentrations and
organic solvent. Perhaps, therefore, the SWCP conditions
reflect an environment in which the open form is stabilized,
while the CER89L43 closed-form crystallization conditions
reflect the response of the enzyme to the high-salt conditions.

In conclusion, we have characterized an alpha-toxin from
a strain ofC. perfringensisolated from a diseased swan. The
sequence of this alpha-toxin was highly divergent from those
of alpha-toxins produced by otherC. perfringensstrains. The
SWCP toxin had significantly altered substrate specificity,
when compared to another typicalC. perfringensalpha-toxin.
The crystal structure revealed some interesting differences
between SWCP alpha-toxin and the previously determined
structures of alpha-toxin fromC. perfringensstrain CER89L43.
These differences were in areas of the protein which have
been shown to be important for activity, in particular around
residues 330-337, and also in regions of known conforma-
tional flexibility (residues 72-90). Finally, we have related
these sequence and structural changes to the changes in
substrate specificity, and thus gained insight into the mech-
anism of action and membrane binding of the protein. We
were also able to suggest that the reason for the diversity
lies in the unusual origin of the protein.

Such information about sequence and structural variation,
particularly when linked to changes in enzymatic activity
and specificity, is essential when developing an effective
vaccine that will protect a wide range of important domestic
livestock. Such a vaccine would, for example, be more
valuable if it is able to protect both cattle from sudden death
and chickens from necrotic enteritis. Previous work has
shown that the protective antibody response to alpha-toxin
is directed against the C-terminal domain of the protein (44),
but the locations of epitopes in this domain have not been
determined. Our data show that the C-terminal domain of
the alpha-toxin from an avian isolate is folded in a manner
similar to that of the C-terminal domain of alpha-toxin from
human and bovine sources (11, 12, 16). However, our finding
that surface-exposed residues in the C-terminal domain of
the SWCP alpha-toxin are not identical with their counter-
parts in the human and bovine proteins indicates that these
domains may not be immunologically identical. This might
have implications for the ability of a vaccine to provide
protection against all forms of alpha-toxin. In addition, further
work is also required to establish whether other avian isolates

FIGURE 8: Stabilization of theRB3 helix via an aromaticπ-π stacking interaction between the two noncrystallographically related molecules
in the asymmetric unit. Molecule A is colored green, and molecule B is colored red. The inset shows an enlarged view of the helices, which
are represented by cylinders. The main picture was drawn with Bobscript and rendered with Raster3D, and the inset was drawn using
SETOR (52).
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of C. perfringens, including those isolated from chickens
suffering from necrotic enteritis, produce a protein which is
more similar to the SWCP alpha-toxin or to the alpha-toxins
produced byC. perfringensisolated from cases of disease
in mammals.
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