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The gene encoding Clostridium sordellii phospholipase C (Csp) was cloned and expressed as a histidine-
tagged (His-tag) protein, and the protein was purified to compare its enzymatic and biological activities with
those of Clostridium perfringens phospholipase C (Cpa) and Clostridium bifermentans phospholipase C (Cbp).
Csp was found to consist of 371 amino acid residues in the mature form and to be more homologous to Cbp
than to Cpa. The egg yolk phospholipid hydrolysis activity of the His-tag Csp was about one-third of that of
His-tag Cpa, but the hemolytic activity was less than 1% of that of His-tag Cpa. His-tag Csp was nontoxic to
mice. Immunization of mice with His-tag Cbp or His-tag Csp did not provide effective protection against the
lethal activity of His-tag Cpa. These results indicate that Csp possesses similar molecular properties to Cbp
and suggest that comparative analysis of toxic and nontoxic clostridial phospholipases is helpful for charac-
terization of the toxic properties of clostridial phospholipases.

Clostridium perfringens elaborates lecithinase, known as al-
pha-toxin (Cpa), which is the best characterized of all clostrid-
ial lecithinases (10, 29, 30). Cpa is a phospholipase C enzyme
(30). It is toxic to mammals and is considered to be one of the
major virulence factors produced by C. perfringens (25, 29, 30).
However, there are still many lecithinases produced by other
clostridia that are poorly characterized, and their roles in the
pathogenesis of disease have not yet been determined (29, 30).
Clostridial lecithinases whose primary structures have been
determined are limited to only Cpa (13, 22, 23, 26, 32), Clos-
tridium bifermentans phospholipase C (Cbp) (32), and Clostrid-
ium novyi type A phospholipase C (Cnp) (33). Additionally,
clostridial lecithinases that have been purified and character-
ized are limited to Cpa and Cbp.

C. bifermentans and C. sordellii resemble each other in their
cultural and biological properties, but they have been deter-
mined to be genetically different species (19). C. sordellii leci-
thinase is one of the clostridial lecithinases whose molecular
properties are not yet understood (28). Here we report the
cloning of the C. sordellii lecithinase (Csp) gene, expression of
its product using purified histidine-tagged (His-tag) proteins,
and comparison of the enzymatic and biological activities of
Csp with those of Cpa and Cbp.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture. C. sordellii NCIB10717 (ATCC
9714), C. perfringens KZ 221 (33), and C. bifermentans KZ 1012 (SJ2) were used
to isolate the lecithinase genes. To investigate the occurrence of the csp gene, 23
C. sordellii strains kept at our laboratory were used. Esherichia coli TOP10F
(Invitrogen) was used for transformation. PCRII-TOPO (Invitrogen) and pKF3

* Corresponding author. Mailing address: Department of Bacteriol-
ogy, Graduate School of Medical Science, Kanazawa University, 13-1
Takara-machi, Kanazawa 920-8640, Japan. Phone: 81 (76) 265-2202.
Fax: 81 (76) 234-4230. E-mail: karasawa@med.kanazawa-u.ac.jp.

641

(Takara Shuzo) plasmid vectors were used. Clostridia were grown by using
home-made liver broth, brain heart infusion (BHI; Becton Dickinson Microbi-
ology Systems), BHI agar plate, or 10% (vol/vol) egg yolk BHI agar plate under
anaerobic conditions at 37°C. E. coli was grown by using 2X YT broth (24), 2x
YT agar plate, or 10% egg yolk-2X YT agar plate at 37°C.

Extraction of total DNA. Total DNA was extracted as previously described
(37). Bacterial cultures were centrifuged at 5,000 X g for 15 min to collect cells.
The cells were resuspended with 400 pl of TE buffer (10 mM Tris [pH 7.4], 1 mM
EDTA), incubated at 37°C for 15 min with 25 U of mutanolysin (Nacalai Tesque,
Kyoto, Japan), and digested with 25 pl of proteinase K (20 mg/ml) for 15 min.
The cells were then incubated with 1% sodium dodecyl sulfate and 1 pl of RNase
(10 mg/ml) at 37°C for 15 min. The cell lysate was treated with an equal volume
of phenol and then with an equal volume of chloroform-isoamyl alcohol (24:1
[vol/vol]). The DNA was precipitated with isopropanol, rinsed with 70% ethanol,
and finally resuspended with 200 pl of TE buffer. For the PCR assay to survey the
csp gene, a simple DNA extraction method was employed. Bacterial cells col-
lected from 2 ml of culture were suspended with 0.3 ml of TE buffer and boiled
for 5 min. The supernatant was extracted with 0.3 ml of phenol-chloroform-
isoamyl alcohol (25:24:1) and then precipitated with ethanol. The DNA was
finally resuspended with 100 wl of TE buffer.

PCR. The KAG209 (5" TGGGATGGAAAAGATTGATGGAACAGG) and
KAG210 (5" TTTCTCTTTTCTTATCCACATATTCTTGTATATC) primers
were designed based on the highly conserved regions among Cbp, Cnp, and Cpa
(see Results). mF2 (GAGCTCGTAAAGTGGCCAAATCTAACGT) corre-
sponds to nucleotides 35 to 62 of pKF3 (DDBJ/EMBL/GenBank accession no.
D14641). KAG211 (5'CTGCAGTAGATAGTCCAGGTCATGT), KAG212
(5'CCTGTATCTGGGTCAAAGAAATGGTC), and KAG213 (5'CTGCAGAC
AATGAATATGCAGGAAC) correspond to nucleotides 768 to 792, 545 to 570,
and 1134 to 1158 of the csp gene (DDBJ/EMBL/GenBank accession no.
AB061868), respectively. PCR amplifications were performed by using Takara
Ex Taq (Takara Shuzo) on a GeneAmp 9700 apparatus (Applied Biosystems) or
a Touch Down thermal cycler (Hybaid) under a PCR profile of preheating at
94°C for 1 min followed by 30 cycles at 94°C for 20 s, 60°C for 15 s, and 72°C for
30's, unless otherwise noted. The PCR assay was optimized to survey the csp gene
by examining several primers, PCR profiles, and several clostridial species (data
not shown). The PCR assay employed involved using 2 pl of DNA samples; 20-s
incubations at 94, 50, and 72°C for 25 cycles; and KAG211 and KAG210 primers,
which produced a 569 bp-fragment of csp.

Determination of the nucleotide sequences. The nucleotide sequences were
determined on an ABI PRISM 310 genetic analyser (Applied Biosystems) by
using a BigDye Terminator cycle-sequencing ready reaction kit (Applied Biosys-
tems).
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His tag phospholipases and protein purification. A His tag Csp plasmid was
constructed for protein expression and purification. A PCR amplicon with
KAG243 (5" GAGAGGGCCCGCACAAAGGGCTTTTAAGGTATT [the un-
derlined sequence corresponds to nucleotides 220 to 242; the putative ribosome
binding site is at positions 248 to 254]) and KAG244 (5'GAGAGGTACCTAA
TTAGTGATGGTGATGGTGATGTTTGTTTATATCATAAACTTGATTAC
CTGAAAATAC [the underlined sequence corresponds to nucleotides 1424 to
1459]) was digested with Apal and Kpnl and ligated in the Apal-Kpnl site of
pCRII-TOPO. The E. coli transformant cells grown in 2X YT broth were cen-
trifuged, suspended with B-PER (Pierce) containing 20 mM imidazole and a
protein inhibitor cocktail (Complete EDTA-free; Roche Diagnostic), and
treated as described in the instruction manual for B-PER. Protein purification
was performed by two-step column chromatography, in which the first and
second steps were operated with a syringe and with a SMART System (Amer-
sham Pharmacia Biotech), respectively. The supernatant was loaded on a His-
Trap column (Amersham Pharmacia Biotech). The column was washed with 50
mM NaH, PO,-300 mM NaCl-20 mM imidazole (pH 8), and the protein was
eluted with 50 mM of NaH, PO,-300 mM NaCl-250 mM imidazole (pH 8). The
eluate was concentrated, buffer exchanged to 50 mM of sodium phosphate buffer
(pH 7.5) with Centriprep YM-10 (Millipore), and loaded on a Mono Q column
(Amersham Pharmacia Biotech). The column was washed with 50 mM of sodium
phosphate buffer (pH 7.5), and proteins were eluted with a linear gradient of 0
to 1 M NaCl in the same buffer. His tag Cpa and His tag Cbp vectors were
constructed by ligating PCR amplicons with KAG245 (5'GAGAGGGCCCAA
ATTAACGGGGGATATAAAAATGAAAAGAAAGA [the underlined se-
quence corresponds to nucleotides 147 to 180, under DDBJ/EMBL/GenBank
accession no. D32124]) and KAG246 (5'GAGAGGTACCTAATTAG
TGATGGTGATGGTGATGTTTTATATTATAAGTTGAATTTCCTGAAAT
CCA [the underlined sequence corresponds to nucleotides 1329 to 1361]) de-
rived from C. perfringens KZ 221 (33) and with KAG241 (5" GAGAGGGCCC
GCAATGCAAGATTAGAGGATATTAG [the underlined sequence corresponds
to nucleotides 1 to 25, under DDBJ/EMBL/GenBank accession no. AB061869]) and
KAG242 (5'GAGAGGTACCTAATTAGTGATGGTGATGGTGATGTTITATT
TATGTAATAAGTTTCGTTACCTGT [the underlined sequence corresponds to
nucleotides 1202 to 1231]) derived from C. bifermentans KZ 1012 to pCRII-TOPO,
respectively. The protein concentration was determined by the Bradford method,
using albumin as a standard. The His tag Cpa, His tag Csp, and His tag Cbp plasmid
constructs do not contain the natural promoter region of the plc gene (12, 30) or the
predictive promoter regions of the csp and the chp genes.

Enzymatic and biological activities. Egg yolk solution (10%, vol/vol) was
prepared by diluting freshly obtained egg yolk with Dulbecco’s phosphate-buff-
ered saline without calcium and magnesium (PBS) and by filtering with a Millex
HA (pore size, 0.45 wm; [Millipore]). Samples were twofold serially diluted (0.8
to 100 ng) on 96-well microtiter plates in 100-pl volumes of PBS, and after the
addition of 100 wl of 10% (vol/vol) egg yolk solution to each well, the plate was
incubated at 37°C for 3 h. The optical density at 620 nm was monitored. One unit
of the egg yolk-phospholipid hydrolysis activity was defined as an optical density
increase of 1.0 unit. For the hemolysis assay, samples were diluted with PBS
containing 1 mM CaCl, in 100-pl volumes, mixed with 100 pl of 1% (vol/vol)
mouse whole blood suspended in PBS (final concentration, 0.5% mouse blood),
and incubated at 37°C for 1 h. The mixture was centrifuged, and the absorbance
at 540 nm of the supernatant was measured. Several concentrations of each
lecithinase were tested, and the concentration which showed 50% hemolytic
activity against 0.5% mouse blood was calculated. The p-nitrophenylphosphoryl-
choline (NPPC) hydrolysis assay was performed as described previously (12).
Samples (0.4 to 1.7 ng) were incubated at 35°C for 2 h in a 1-ml reaction mixture
containing 20 mM NPPC, 0.25 M Tris-HCI (pH 7.2), and 60% glycerol, and the
absorbance at 410 nm was monitored. To calculate the amount of p-nitrophenol
produced, a molar extinction coefficient of 1.51 X 10* (12) was used.

ELISA. The antibody response of immunized mice was determined by enzyme-
linked immunosorbent assay (ELISA). A 100-pl volume of purified His tag
phospholipases at 1 ng/ml in coating buffer (30 mM Na,CO5, 70 mM NaHCO;,
0.02% NaNj; [pH 9.6]) was dispensed into each well of a 96-well plate (Immuno-
Plate C I Maxisorp; Nunc) and incubated overnight at 4°C. After the wells were
washed with PBS containing 0.15% Tween 20 (PBST), 200 pl of blocking buffer
(PBS containing 3% skim milk) was dispensed into the wells, which were incu-
bated for 1 h at room temperature (RT). After the wells were washed with PBST,
100 pl of serum samples twofold serially diluted in blocking buffer were dis-
pensed and incubated for 2 h at RT. After the wells were washed with PBST, 100
pl of anti-mouse goat immunoglobulin G labelled with horseradish peroxidase
(Dako) diluted 1/2,000 in blocking buffer was added per well and incubate for 1 h
at RT. After the wells were washed with PBST, 100-ul portions of substrates
(1-Step Turbo TMB-ELISA; Pierce) were dispensed and incubated for 30 min at
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FIG. 1. Schematic presentation of the single specific primer PCR
used to clone the csp gene. A 1-kb partial fragment of the csp gene was
amplified from C. sordellii NCIB10717 total DNA with KAG209 and
KAG210 PCR primers, designed in highly conserved regions among
Cbp, Cnp, and Cpa. Using a HindIII DNA library of C. sordellii
NCIB10717 as a template, PCR was conducted with mF2, located on
pKF3, and with KAG212 or KAG213, located on the known 1-kb
fragment. Nucleotide sequences of the upstream, the known 1-kb, and
the downstream DNA fragments showed an open reading frame of
Csp. The thick arrowed line depicts the csp gene. The filled and open
areas indicate nucleotide sequence-determined (known) and -nonde-
termined (unknown) regions, respectively.

RT, and the reaction was stopped by adding 100 pl of 2 M H,SO,. The serum
dilution for which an absorbance reading of twice (450/620 nm) the background
was recorded was considered the titer of this serum.

Immunization of mice. Male ddY mice (4 weeks) were injected subcutaneous-
lly three times (on days 0, 14, and 28) with either 2 pg of purified His tag Csp in
100 pl of PBS mixed with 20 pl of ImmunoEasy mouse adjuvant (Qiagen), 2 pg
of purified His tag Cbp in 100 wl of PBS mixed with 20 pl of the adjuvant, or 0.5
pg of purified His tag Cpa in 100 wl of PBS mixed with 20 pl of the adjuvant.
Serum samples were taken on days 7, 14, 21, 28, and 31, and the antibody titers
were determined by ELISA. Serum samples were taken before boosting was
performed on days 14 and 28. On day 35, immunized mice were challenged with
His tag Cpa.

Mouse toxicity assay. Mice were injected intraperitoneally with purified His
tag phospholipases in 100 wl of PBS and monitored for 24 h after injection. The
survival data were compared using Fisher’s exact test (extended).

Nucleotide sequence accession numbers. The nucleotide sequences of Csp and
Cbp in this report have been deposited in the DDBJ/EMBL/GenBank databases
under the accession numbers AB061868 and AB061869, respectively.

RESULTS

Cloning of the gene encoding C. sordellii phospholipase. We
compared the amino acid sequences of Cbp, Cnp, and Cpa,
and designed PCR primers KAG209 and KAG210 in highly
conserved regions among the three phospholipases (Fig. 1 and
2). A 1-kb DNA fragment of the expected size was amplified
with KAG209 and KAG210 (45°C annealing) using total DNA
of C. sordellii NCIB 10717. Since the nucleotide sequence of
the 1-kb DNA fragment was similar to the sequence of the part
of the genes thought to encode clostridial phospholipases, the
single specific primer PCR (24) was performed to obtain a full
open reading frame (Fig. 1). Digested fragments of C. sordellii
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FIG. 2. Amino acid alignment of clostridial phospholipases from C. sordellii (Csp), C. bifermentans (Cbp), C. perfringens (Cpa), and C. novyi
(Cnp). Identical amino acid residues and gapped residues are depicted by dots and dashes, respectively. The residues conserved in all of the
phospholipases are marked with asterisks. The peptide linker between the N-terminal and the C-terminal domains is boxed. The location of PCR

primers is depicted with arrows. Data for Csp and Cbp are from this study, and data for Cpa and Cnp are from reference 35.

NCIB10717 total DNA (1- to 7-kbp HindIII digestion prod-
ucts) were ligated with pKF3. PCR was conducted with mF2
located on pKF3 and with KAG212 or KAG213, located on the
known 1-kb fragment (Fig. 1 and 2), and resulted in successful
amplification. Nucleotide sequences of the upstream, the
known 1-kb, and the downstream DNA fragments were con-
sistent with the sequence of the Csp open reading frame.
Comparison of the primary structure. The csp gene con-
sisted of 1,197 nucleotides encoding 399 amino acid residues
(Fig. 2). In comparison with the other clostridial phospho-
lipases (9, 32), the signal peptide and the mature protein were
predicted to consist of 28 and 371 amino acid residues, respec-
tively. The alignment and amino acid identity of the primary
structure of clostridial phospholipases are shown in Fig. 2 and
Table 1. In the overall sequence, Csp was more homologous to
Cbp (77.4% identity) than to Cpa (53.4%) or Cnp (56.7%).
Between Csp and Cbp, the amino acid identities of the N-
terminal and C-terminal domains (see below) were 81.7 and
71.8%, respectively. Among the four clostridial phospho-

lipases, the N-terminal domains were more homologous than
the C-terminal domains.

Occurrence of the csp gene. Of 22 test strains, 21 (95.9%)
exhibited the lecithinase reaction on egg yolk-agar plates, and
all of the reaction-positive strains carried the csp gene. Mean-
while, one strain which did not exhibit the lecithinase reaction
was PCR negative.

Enzymatic and hemolytic activities. Figure 3 shows the so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (5 to
20% gradient) of purified His tag proteins under a reduced
condition. Purified proteins of Cbp, Cpa, and Csp were used in
the egg yolk-phospholipid hydrolysis assay, the hemolysis as-
say, and the NPPC hydrolysis assay; the results are shown in
Table 2. His tag Cpa showed greater activity than did His tag
Csp or His tag Cbp in all of the assays. The egg yolk-phospho-
lipid hydrolysis activities of His tag Csp and His tag Cbp were
38.2 and 6.1% that of the His tag Cpa, respectively. Likewise,
the NPPC hydrolysis activities of His tag Csp and His tag Cbp
were 7.6 and 2.5% that of His tag Cpa, respectively. His tag

TABLE 1. Comparison of amino acid sequences of Csp, Cbp, Cpa, and Cnp®

% Identity (N-terminal domain/C-terminal domain) to:

Phospholipase
Csp Cbp Cpa Cnp
Csp 77.4 (81.7/71.8) 53.4 (58.1/45.3) 56.7 (59.8/53.9)
Cbp 77.4 (81.7/71.8) 53.0 (57.7/46.2) 54.6 (59.4/48.7)
Cpa 53.4 (58.1/45.3) 53.0 (57.7/46.2) 61.9 (68.7/51.3)
Cnp 56.7 (59.8/53.9) 54.6 (59.4/48.7) 61.9 (68.7/51.3)

¢ Data for Csp and Cbp are from this study, and data for Cpa and Cnp are from reference 35.
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FIG. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
of His tag Cbp (lane 1), His tag Cpa (lane 2), and His tag Csp (lane 3).
Each purified protein (1 ng) was electrophoresed and stained with
Coomassie brilliant blue R250. M, protein standard marker.

Cpa showed a 50% hemolysis when 29.8 ng of His tag Cpa was
added to the reaction mixture, while 3 wg of His tag Csp and
3 wg of His tag Cbp caused less than 10% hemolysis only,
indicating that the hemolytic activity of His tag Cpa was more
than 100-fold stronger than those of His tag Csp and His tag
Cbp. When 1, 2, and 3 pg of His tag Cpa was injected into six
male ddY mice (4 weeks old) intraperitoneally, the numbers of
survivers were 6, 0, and 0, respectively, indicating that the
100% lethal dose (LD,,) of His tag Cpa was 2 pg. However,
even when 20 pg of His tag Csp or His tag Cbp was adminis-
tered, the mice (n = 3 each) did not die.

Immunization and His tag Cpa challenge. We determined
the antibody titers of sera obtained from His tag phospho-
lipase-immunized mice (Fig. 4). Almost all of the immunized
mice showed plateau titers on day 28 (data not shown). The
log, values (10~ 2 anti-His tag Csp titer) (on day 31) for His tag
Csp-immunized mice (n = 31) ranged between 8 and 14 for His
tag Csp and between =2 and 7 for His tag Cpa. The log, values
(102 anti His tag Cbp titer) for His tag Cbp-immunized mice
(n = 31) ranged between 5 and 13 for His tag Cbp and between
=2 and 7 for His tag Cpa. The log, values (102 anti-His tag
Cpa titer) for His tag Cpa-immunized mice (n = 6) ranged
between 6 and 12 for His tag Cpa. In general, mice with high
titers to His tag Cpa also had high titers to the immunized
proteins, but the strong association between the titer to His tag
Cpa and those to the immunized proteins was not observed.
Finally, immunized mice received a His tag Cpa challenge (5
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FIG. 4. Antibody responses of His tag Csp-immunized (left) and
His tag Cbp-immunized (right) mice and the result of the His tag Cpa
challenge. Ttiters for day 31 are presented. Numbers in open circles
indicate the number of mice that had the indicated titer. Log, values
(1072 anti-His tag Cpa titer) of His tag Cpa-immunized mice were 6 (n
=2),9(m =2),10 (n = 1), and 12 (n = 1). In His tag Cpa challenge,
5 pg of Cpa was injected intraperitoneally. All nonimunized mice (n =
10) died, and all His tag Cpa-immunized mice survived. The number of
solid arrowheads indicates the number of survivors.

wg, intraperitoneally) (Fig. 4). All His tag Cpa-immunized
mice survived, and all nonimmunized control mice (n = 10)
died. Five His tag Cbp-immunized mice and two His tag Csp-
immunized mice survived, but immunization with Cbp and that
with Csp did not confer a significant increase in the number of
survivors. The surviving immunized mice had log, values (102
anti-His tag Cpa titer) of =2 and 8.

DISCUSSION

In the present study, structural and functional analyses re-
vealed that Csp was more similar to Cbp than to Cpa and Cnp.
The overall charasteristics of clostridial phospholipases, in-
cluding those of Csp presented here, suggest that phospho-
lipase-producing clostridia possess phospholipases which are
similar to each other but unique to the species with respect to
structure and function.

Nagahama et al. (15-18) and Guillouard et al. (7) investi-
gated the roles of amino acid residues of Cpa by site-directed
mutagenesis and reported that W1, H68, H126, H136, H148,
and E152 were essential for zinc binding, D56 and T74 were
required for catalitic activity, and D130 and T272 were re-
quired for maintainance of structure. All these residues are

TABLE 2. Enzymatic activities of Cbp, Csp, and Cpa

egg yolk-phospholipid hydrolysis

NPPC hydrolysis* Dose giving 50%

Phospholipase (U/mg/min) (nmol/mg/min) hemolysis® (ng/0.2 ml)
(% activity relative to Cpa) (% activity relative to Cpa) (% activity relative to Cpa)
Cbp 7.41 = 0.13 (6.1) 2.37 = 1.94 (2.5) >3,000 (<1)
Cpa 122 = 0.39 (100) 94.7 = 2.27 (100) 29.8 (100)
Csp 46.6 = 13.6 (38.2) 7.16 = 2.88 (7.6) >3,000 (<1)

“ Experiments were carried out at least three times, and the numbers are mean *+ standard deviation.
® Experiments were carried out at least three times, and the doses which shows 50% hemolysis in the assay were calculated.
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also conserved in Cbp, Cnp, and Csp (Fig. 2), suggesting that
they are critical for maintaining the fundamental structure and
function of clostridial phospholipases.

In the present study, we used His tag phospholipases to
investigate enzymatic and biological activities. Two research
groups have reported comparisons of enzymatic and biological
activities between Cpa and Cbp by using purified “unfused”
proteins (9, 34). The present results for enzymatic activities
were compatible with the results of Tso and Siebel (34) (egg
yolk-phospholipid hydrolysis and hemolysis) and with the re-
sults of Jepson et al. (9) (NPPC hydrolysis and hemolysis) with
respect to the relative activities between Cpa and Cbp. Fur-
thermore, the mouse LD,,, of Cpa in intraperitoneal injec-
tions appeared to be essentially the same in the present study
(2 pg) and in the study by Jepson et al. (1 wg). These compar-
isons suggest that the His tag does not inhibit the enzymatic
and biological activities of clostridial phospholipases, but the
possibility of some interference cannot be formally excluded.

Numerous studies have identified Cpa as one of the princi-
pal toxins involved in the pathophysiology of gas gangrene
(25), and recent genetic studies have provided additional evi-
dence that Cpa is an essential virulence factor in gas gangrene
(3, 21, 36). Moreover, the pathophysiology in the progression
of tissue destruction and in the cardiovascular system from gas
gangrene has been elucidated. Asmuth et al. (2) suggested that
Cpa-induced myocardial dysfunction, which may be mediated
by the direct toxic effect, contributes to shock in C. perfringens
infection. More recently, Bryant et al. (4, 5) concluded that
tissue destruction in gas gangrene is related to a profound
attenuation of blood flow caused by Cpa-induced, gplIbIIla-
mediated formation of heterotypic platelet-polymorphonu-
clear leukocyte aggregates. Bunting et al. (6) demonstrated
that human endothelial cells synthesize two vasoactive lipids,
platelet-activating factor and prostacyclin, in response to Cpa
treatment and suggest that this process may contribute to lo-
calized and systemic manifestations of gas gangrene including
enhanced vascular permeability, localized neutrophil accumu-
lation, and myocardial dysfunction. These results indicate that
Cpa exhibits a number of biological activities, some of which
might be produced as a result of a cascade of products such as
platelet-activating factor, leukotrienes, and prostaglandins.
Whether the direct activity of the phospholipase can account
for these activities remains to be determined.

Clues to clarify the molecular mechanism by which Cpa
exerts its strong toxic activity (e.g., hemolytic activity and le-
thality) may lie in the comparative analysis of the structure-
function relationship between toxic and nontoxic clostridial
phospholipases. The crystal structure of Cpa reveals a two-
domain protein with the domains linked by a flexible peptide
(19). The N-terminal domain has phospholipase C activity,
while the C-terminal domain is a calcium-dependent putative
phospholipid binding domain (8, 19, 20). The C-terminal do-
main is essential for sphingomyelinase, hemolytic, and lethal
activities (27, 29, 31). Jepson et al. (9) made a hybrid toxin
comprising the N-terminal domain of Cbp and the C-terminal
domain of Cpa, which resulted in increased hemolytic and toxic
activities compared with Cbp but did not restore the same level
of hemolytic and toxic activities as did Cpa. They suggested
that structural motifs in the N-terminal domain, as well as in
the C-terminal domain, are thought to play a role in the rec-
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ognition of membrane phospholipids, i.e., expression of bio-
logical activities. D293, D305, and K330 of Cpa are suggested
to play a role in the recognition of membrane phospholipids
and in the expression of hemolytic, cytotoxic, and myotoxic
activities (34). However, the present study showed that resi-
dues which correspond to D293, D305, and K330 are con-
served in Csp and/or Cbp, suggesting that other residues may
be required for the strong biological activities of Cpa. Alape-
Giron et al. (1) reported that D269, Y275, Y307, Y331, and
D336 of Cpa were critical for toxicity, and Jepson et al. (11)
reported that Y331 and F334 of Cpa were essential for it.
Among the six residues, those that correspond to Y307 and
D336 are conserved in both Csp and Cbp but those that cor-
respond to D269, Y275, Y331, and F334 are substituted for Y,
N, R, and I, respectively, in Csp and Y, N, Y, and I, respec-
tively, in Cbp. As discussed in the literature on the subject (1,
11), amino acid residues which are specific to Cpa and not to
other nontoxic phospholipases should be responsible for the
toxicity. The C-terminal domain of Cpa possesses three calci-
um-binding sites, termed Cal (E32, D269, E271, D336, and
A337), Ca2 (D293, N294, G296, and D298), and Ca3 (T272,
D273, N297, and D298) (21). The present work has shown that
the amino acid residues involved in the three calcium-binding
sites and in the neighboring regions are basically conserved in
Csp, with the exception of Cal (K32, Y268, and D337), as well
as in Cbp Cal (Q32, Y269, and D338) and Cnp Cal (A269 and
D337), suggesting that the differences in toxic activities of
these proteins are not due to differences in their calcium-
mediated recognition of phospholipid (9). However, further
precise studies are required to clarify the relationship between
the toxic activities and the calcium-mediated recognition of
phospholipid.

Williamson and Titball (38) demonstrated that immuniza-
tion with a truncated protein of Cpa247-370 (the C-terminal
region) provided protection in mouse models against doses of
at least 10 LD, of purified Cpa and viable cells of C. perfrin-
gens type A. We could not demonstrate that immunization with
His tag Cbp or with His tag Csp afforded effective protection of
mice against the lethal activity of His tag Cpa, suggesting that
structural differences between the C-terminal regions of Csp,
Cbp, and Cpa are critical for achieving protection against the
lethal effects of Cpa. Thus, comparative studies of phospho-
lipases from various clostridia should be important to clarify
the sites active for Cpa lethality and to develop a highly effec-
tive component vaccine for gas gangrene caused by C. perfrin-
gens. Moreover, studies of a variety of clostridial phospho-
lipases will contribute to the design of therapeutic compounds
effective against gas gangrene caused not only by C. perfringens
but by other clostridia such as C. sordellii, C. bifermentans, and
C. novyi.
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