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By producing toxins, Clostridium perfringens causes devastating diseases of both humans and animals. C. perfringens beta toxin
(CPB) is the major virulence determinant for type C infections and is also implicated in type B infections, but little is known
about the CPB structure-function relationship. Amino acid sequence comparisons of the CPBs made by 8 randomly selected iso-
lates identified two natural variant toxins with four conserved amino acid changes, including a switch of E to K at position 168
(E168K) that introduces a potential trypsin cleavage site into the CPB protein of strain JGS1076. To investigate whether this po-
tential trypsin cleavage site affects sensitivity to trypsin, a primary host defense against this toxin, the two CPB variants were
assayed for their trypsin sensitivity. The results demonstrated a significant difference in trypsin sensitivity, which was linked to
the E168K switch by using site-directed recombinant CPB (rCPB) mutants. The natural CPB variants also displayed significant
differences in their cytotoxicity to human endothelial cells. This cytotoxicity difference was mainly attributable to increased host
cell binding rather than the ability to oligomerize or form functional pores. Using rCPB site-directed mutants, differences in
cytotoxicity and host cell binding were linked to an A300V amino acid substitution in the strain JGS1076 CPB variant that pos-
sessed more cytotoxic activity. Mapping of sequence variations on a CPB structure modeled using related toxins suggests that the
E168K substitution is surface localized and so can interact with trypsin and that the A300V substitution is located in a putative
binding domain of the CPB toxin.

Clostridium perfringens is the etiological agent of numerous
devastating diseases of both humans and animals (1). Illness

caused by this Gram-positive, spore-forming bacterium is medi-
ated by its extensive toxin arsenal, consisting of �17 toxins. Four
of these toxins are used to classify individual strains into one of
five types, A to E, depending on which toxins are encoded. By
definition, both type B and C strains must produce alpha toxin
(CPA) and beta toxin (CPB); type B strains are distinguished from
type C strains by also producing epsilon toxin (2, 3).

Type B infection is typically confined to animals, including
domestic livestock species, where it causes hemorrhagic enteritis
and diarrhea, which may be accompanied by severe acute neuro-
logic signs or sudden death (1, 4). Type C strains also cause animal
diseases, typically in neonatal animals, which manifest as necro-
hemorrhagic enteritis and toxemia, resulting in rapid death of the
animal (2, 4, 5). In addition to animal diseases, type C strains can
infect people, causing enteritis necroticans (known regionally as
Darmbrand or pig-bel) (6–9). These human infections, which are
endemic in Southeast Asia, result in segmental necrotizing enter-
itis, which may lead to toxemia and are rapidly fatal without
prompt medical intervention. Several predisposing factors for
type C infection have been identified, including diets rich in tryp-
sin inhibitors, such as sweet potato or colostrum (6–9). This asso-
ciation suggests that trypsin is a natural host defense against this
disease, in large part because CPB is highly trypsin sensitive (10,
11). This sensitivity is consistent with the results of experiments
using rabbits with ligated small intestinal loops, where purified
CPB or C. perfringens type C cultures only caused intestinal lesions
in the presence of trypsin inhibitor (12, 13).

Strong evidence supports CPB as the major factor for type C
disease. First, type C culture supernatants treated with neutraliz-

ing anti-CPB antibodies lacked lethal properties in a mouse intra-
venous-injection lethality model, whereas supernatants treated
with CPA or perfringolysin O (PFO) antibodies retained full le-
thality (14). Second, treatment of rabbit intestinal loops with
highly purified beta toxin and trypsin inhibitor caused intestinal
lesions consistent with those observed during challenge with type
C strain CN3685 (13, 15). Finally, molecular Koch’s postulates
have been fulfilled using type C strain CN3685, which demon-
strated sharply attenuated or no virulence for an isogenic CPB null
mutant in both a rabbit small intestinal loop model of necrotic
enteritis and a mouse oral challenge model of enterotoxemic dis-
ease (12, 13). In contrast, mutation-induced loss of both CPA and
PFO production had little effect on the virulence of CN3685 in
these animal models (12, 13).

CPB is the second-most-potent toxin produced by C. perfrin-
gens, with an intravenous 50% lethal dose (LD50) of �400 ng/kg of
body weight in mice (16, 17). CPB is expressed as a 336-amino-
acid single polypeptide that is processed to remove a 27-amino-
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acid signal sequence before secretion (3). Sequence homology ex-
ists between mature CPB and other toxins, including C.
perfringens delta toxin (43% identity) (18), C. perfringens necrotic
enteritis beta (NetB) toxin (38% identity) (19), and several Staph-
ylococcus aureus toxins, including alpha toxin (28% identity) (20)
and leukotoxin LukD (30% identity) (21). Based on this sequence
homology, CPB is considered a member of the beta-pore-forming
toxin family. Consistent with this view, CPB-induced cell death
occurs through the generation of ion channels, which allow the
unregulated efflux of K� and influx of Na�, Ca2�, and Cl� ions
(22, 23). Pore formation begins with the binding of CPB mono-
mers to a currently unknown receptor that is believed to localize in
lipid rafts on susceptible cells (22). Binding is then followed by
rapid oligomerization of CPB monomers into heptameric or
hexameric prepores on the cell surface. Once oligomerized, inser-
tion of the prepore into the cellular membrane occurs, resulting in
the generation of an active pore with an ion channel of approxi-
mately 12 Å (24). Recent studies suggest that the ion disruption
mediated by CPB results in cellular death via programmed necro-
sis (25).

Little information about the CPB structure-function relation-
ship is available. Since the alteration of a single amino acid can
affect the function of clostridial pore-forming toxins (21, 23, 26–
28), our current work identified natural CPB sequence variations
and assessed their effects on the stability of these CPB variants in
the presence of trypsin and on their CPB cytotoxicity in vitro.

MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains used in this
study are described in Table 1. Clostridium perfringens strains were rou-
tinely cultured in fluid thioglycolate (FTG) broth (Difco). Toxin expres-
sion was carried out using TGY (3% tryptic soy broth [Becton Dickinson],
2% glucose [Sigma], 1% yeast extract [Becton Dickinson], and 0.1% thio-
glycolate [Sigma]) broth. Escherichia coli strains were routinely cultured
in ATCC medium 1133 (1% tryptone [Becton Dickinson], 0.5% yeast
extract [Becton Dickinson], 0.5% NaCl [Fisher Scientific], and 0.1% glu-
cose [Sigma]) broth supplemented with 100 mg/liter of diaminopimelic
acid (Alfa Aesar) and 10 mg/liter of thymidine (Sigma). As needed, E. coli
was plated on ATCC medium 1133 agar plates supplemented with 100
�g/ml ampicillin (Fisher Scientific). All strains were incubated at 37°C.

Alignment of CPB sequences. C. perfringens strains were grown over-
night in FTG broth. Genomic DNA was harvested from cultures using the
MasterPure Gram-positive DNA purification kit (Epicenter), following
the manufacturer’s instructions. The cpb gene was PCR amplified from
the genomic preparations using primers JRT201201F and JRT201201R
(Table 2). PCR products were confirmed by electrophoresis on a 1% aga-
rose gel. Sequencing of PCR products was performed at the University of
Pittsburgh Genomic Core Facility. Sequences were translated and aligned
using CLC Workbench version 6.7.1 software.

CPB purification. Purification of CPB from C. perfringens strains
CN3685 and JGS1076 was performed as described previously (13).

rCPB construction. CPB was recombinantly expressed in chi-1776 E.
coli (ATCC) using the pGEX-2T expression system (GE Healthcare), as
described previously (28). Briefly, the cpb gene was PCR amplified from
genomic DNA using primers JRT201305F and JRT201205R. The PCR
inserts and pGEX-2T vector were digested with BamHI and EcoRI (NEB),
ligated with T4 DNA ligase (NEB), and cloned into chi-1776 E. coli. DNA
sequencing confirmed proper vector construction. The resultant con-
struct allowed the expression of a glutathione S-transferase (GST)-CPB
fusion protein, with thrombin cleavage allowing complete removal of the
GST tag to generate free recombinant CPB (rCPB). Constructs for the
CPB sequences of both strain CN3685 and strain JGS1076 were derived in
this manner.

Site-directed mutagenesis of rCPB. Site-directed rCPB mutants were
generated in the CN3685 variant rCPB expression vector by individually
switching each of the four amino acid substitutions to those present in the
JGS1076 variant CPB by using the Q5 site-directed mutagenesis kit (NEB)
according to the manufacturer’s instructions. The following primer pairs
were used to construct four point mutants: for the change of K to N at
position 40 (K40N), JT2014K40NF and JT2014K40NR; for E168K,
JT2014E168KF and JT2014E168KR; for V191I, JT2014V191IF and
JT2014V191IR; and for A300V, JT2014A300VF and JT2014A300VR (Ta-
ble 2). Sequencing of the constructs was performed to confirm successful
site-directed mutagenesis and ensure that there were no secondary muta-
tions in the coding region.

rCPB expression. A 1-liter culture of ATCC 1133 medium was inoc-
ulated to an optical density at 600 nm (OD600) of 0.1 and then grown with
aeration at 37°C until an OD600 of 0.5 to 0.6 was obtained. Isopropyl-�-
D-thiogalactopyranoside (IPTG) (Gold Biotechnology) was added to a
final concentration of 0.6 �M, and the culture was then incubated with
aeration at room temperature for 3 h. Cells were harvested by centrifuga-
tion and frozen at �80°C overnight. Frozen pellets were thawed on ice,
resuspended in phosphate-buffered saline (PBS) (pH 8.0), and disrupted
by sonication. Insoluble material was removed from the lysates by centrif-
ugation. A 1-ml volume of glutathione resin (GenScript) was added to the
clarified lysate, and the mixture incubated at room temperature for 3 h.
The sample was then transferred to a gravity column, the unbound mate-
rial drained, and the resin rinsed with 20 ml of PBS. A 1-ml aliquot of PBS
containing 3 U of thrombin (Novagen) was added to the resin, and the
mixture was then incubated overnight at 4°C. Following incubation, the
column was drained and rinsed (rCPB-containing fractions) with 5 ml of
PBS. The final purity of rCPB was determined by SDS-PAGE, and its
concentration was determined by Western blotting and densitometry us-
ing Image J software and known concentrations of a purified native CPB
standard.

Trypsin digestion of CPB. Purified CPB was diluted to 40 �g/ml in
Hanks balanced salt solution (HBSS; Mediatech). Purified trypsin from

TABLE 1 Strains used in this study

Strain Type Origin Reference or source

CN1886 B Ovine isolate 40
CN3425 B Ovine isolate 40
NCTC8533 B Ovine isolatea NCTC
JGS1984 B Unknown origin 41
CN3685 C Ovine isolatea 14
CN1797 C Animal origin, species unknown 14
JGS1495 C Porcine isolate 41
JGS1076 C Porcine isolatea 41
a Isolated from animal known to be experiencing disease.

TABLE 2 Primers used in this study

Primer Sequence (5=¡3=)
JRT201201F TTCTCAAGTGTTGAAAAGAGCAA
JRT201201R AAATTACATACGAAGGACTAATTTGAA
JRT201305F TTGGATCCATGATATAGGTAAAACTA
JRT201205R AAGAATTCCTAAATAGCTGTTAC
JT2014K40NF CTAGAAATAATACATCAGATGGCTATAC
JT2014K40NR TTATAGTAGTAGTTTTACCTATATC
JT2014E168KF AGGTTCAATTAAAATAGAAGAAAATAAACC
JT2014E168KR CCTATTTTGTATCCCATTGTATTG
JT2014V191IF AATAGAATATATCCAACCTGATTTTTC
JT2014V191R GTAGATGATTCAGCATATTCG
JT2014A300VF TGGAATGGTGTTAACTGGGTAG
JT2014A300VR ATTAAGATAATAACAGTTTCTTTCAC
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porcine pancreas (Sigma) was added to a final concentration of 5 �g/ml
(0.034 IU), and the reaction mixture was then incubated at 37°C. Samples
were removed at 5-min intervals, mixed with 6� SDS-PAGE loading buf-
fer, and boiled for 10 min to stop trypsin digestion. The boiled samples
were then subjected to SDS-PAGE and Western blotting; the amount of
CPB remaining relative to the starting amount was determined by densi-
tometry for each time point, using Image J software. As a control for
protease specificity, trypsin was pretreated with trypsin inhibitor (MP
Biomedicals) for 30 min at room temperature prior to combining that
mixture with CPB. The digestion was then performed as described above.
rCPB was trypsin digested in the same fashion except that the starting
concentrations were raised to 50 �g/ml CPB and the final trypsin concen-
tration was reduced to 2.5 �g/ml (0.017 IU). Trypsin digestion of CPB was
also performed in culture supernatants as follows: a CN3685 CPB null
mutant, described elsewhere (13), was grown in TGY broth overnight at
37°C. Bacteria were removed by centrifugation at 10,000 � g for 5 min,
followed by filtration of the supernatant through a 0.2-�M filter (Milli-
pore). The cell-free supernatant was spiked with CPB to a final concen-
tration of 40 �g/ml, and this sample was digested with 60 �g/ml (0.41 IU)
of trypsin at 37°C for 60 min. Samples were removed at regular time
intervals and processed as described above.

Cell culture. Human umbilical vein endothelial cells (HUVEC; Life
Technologies) were routinely cultured in medium 200 (Life Technolo-
gies) supplemented with low-serum growth supplement (Life Technolo-
gies) in a humidified chamber at 37°C with 5% CO2. To facilitate cell
adhesion, all plates and flasks were pretreated with 60 �g/ml bovine col-
lagen (Advanced Biomatrix) for 3 h prior to the addition of cells.

Cytotoxicity assays. CPB cytotoxicity for HUVEC cells was measured
using the CellTiter 96 one solution cell proliferation assay (Promega).
HUVEC cells were seeded in 96-well plates and grown to confluent mono-
layers. Monolayers were treated for 1 h at 37°C with 2-fold dilutions
(range, 2,000 to 31.3 ng/ml) of CPB diluted in HBSS. Positive- and nega-
tive-control wells received HBSS with or without 1% Triton X-100
(Sigma). After incubation, MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide] reagent was added (20 �l/well), and
incubation continued for an additional 2 h at 37°C. Following this incu-
bation, the absorbance was determined with a plate reader set to 490 nm.
For rCPB, HUVEC cell monolayers were grown in 96-well plates and then
treated with 2-fold dilutions (range, 1,000 to 62.5 ng/ml) of rCPB for 6 h
at 37°C. After this treatment, MTT reagent (20 �l/well) was added, and
incubation continued for an additional 3 h. At that time, the absorbance
was quantified with a plate reader set to 490 nm.

CPB cell binding and oligomerization assays. Host cell binding and
oligomerization assays were performed using the method of Steinthors-
dottir et al. (23). Briefly, HUVEC cells were seeded in 6-well plates and
grown to confluent monolayers. Those monolayers were then treated with
1 ml of HBSS containing 2 �g/ml CPB for 30 min at 37°C. Following this
treatment, the cells were collected and rinsed 3 times with HBSS. After the
final rinse, the cells were resuspended in 50 �l of HBSS containing 0.5%
NP-40 (Fluka) and 250 U/ml Benzonase (Novagen) and incubated on ice
for 10 min. Following this incubation, 6� SDS-PAGE loading buffer was
added and the cells were boiled for 10 min. Samples were then subjected to
SDS-PAGE and Western blotting. The relative levels of CPB binding were
determined by densitometry using Image J software. rCPB binding assays
were performed using the same method except that the initial incubation
time for rCPB and HUVEC cells was increased from 30 min to 1 h.

Rubidium 86 release. The formation of a functional CPB pore was
assessed by measuring 86Rb release from host cells, as described previously
(27). Briefly, 24-well plates were seeded with HUVEC cells and grown to
confluent monolayers. These monolayers were radiolabeled with 1 ml of
culture medium containing 2 �Ci/ml 86Rb (specific activity of 1 Ci/g;
PerkinElmer) for 4 h at 37°C. Following radiolabeling, cells were rinsed 2
times with HBSS and treated with 2-fold dilutions (range, 2,000 to 125
ng/ml) of purified CPB for 15 min at 37°C. After this toxin treatment,
culture supernatants containing the released 86Rb were collected and

quantified using a Cobra Quantum gamma counter (PerkinElmer). The
maximum release of 86Rb was determined by treating cells with HBSS
containing 1% Triton X-100 (Sigma); spontaneous release was deter-
mined by treating cells with HBSS alone. Data were converted and plotted
as percentages of maximal release using the following calculation: [(ex-
perimental release � spontaneous release)/(maximal release � spontane-
ous release)] � 100.

Preparation of goat intestinal fluid. The jejunal contents from a
healthy adult Anglo Nubian goat euthanized by an overdose of sodium
barbiturate (Beuthanasia; Schering-Plough Animal Health) were har-
vested and stored at �80°C until use. The intestinal contents were thawed
at room temperature, and insoluble material was separated from the fluid
fraction by two centrifugations, each at 15,000 � g. Total protease activity
of the intestinal fluid was found to be �1 �g/�l using a colorimetric
protease assay kit (Pierce). The goat intestinal fluid was stored at �80°C
until needed. This animal work was approved by the University of Cali-
fornia—Davis IACUC under permit number 16383.

Limited proteolytic digestion of CPB complex on the surface of
HUVEC cells. The protease sensitivity of oligomerized CPB complex
present on the surface of HUVEC cells was assayed using a modification of
previously described methods (27). Briefly, HUVEC cells were cultured in
6-well plates until confluent monolayers were achieved. These monolay-
ers were treated for 30 min at 37°C with 1 ml of HBSS containing 2 �g/ml
of CPB. Following this incubation, the cells were collected and rinsed 2
times with HBSS. After being rinsed, cells were treated with goat intestinal
fluid (neat [full strength] or 1:3 and 1:6 dilutions) for 6 or 60 min at room
temperature. Following this treatment, the cells were rinsed 3 times with
HBSS. After the final rinse, the cells were resuspended in 50 �l of HBSS
containing 0.5% NP-40 (Fluka) and 250 U/ml benzonase (Novagen) and
incubated on ice for 10 min. Following this incubation, 6� SDS-PAGE
loading buffer was added and the cells were boiled for 10 min. Samples
were then subjected to SDS-PAGE and Western blotting. Binding levels
relative to the binding of an undigested control were determined by den-
sitometry using Image J software.

SDS-PAGE and Western blotting. Samples for SDS-PAGE were
mixed with 6� SDS-PAGE loading buffer and boiled for 10 min. Boiled
samples were cooled to room temperature, loaded into a 10% acrylamide
gel, and then electrophoresed. To identify proteins, gels were stained with
Bio-Safe Coomassie G-250 stain (Bio-Rad) for 30 min and then destained
with a 33% methanol (Fisher Scientific) and 7% acetic acid (Fisher Scien-
tific) solution. Western blotting was performed as described elsewhere
(13).

Modeling of the CPB structure. The CPB amino acid sequence was
uploaded to the PHYRE2 program (http://www.sbg.bio.ic.ac.uk/phyre2
/html/page.cgi?id�index) for sequence analysis and threading. Based on
the PHYRE2 results, two known structures were selected as the templates
for threading of the CPB amino acid sequence. To model the secreted
form of CPB, the known structure of C. perfringens delta toxin was se-
lected as the template (29). For modeling the active form of CPB, the
known structure of the membrane-active form of C. perfringens necrotic
enteritis beta toxin (NetB) was selected as the template (30). Once mod-
eled, further analysis and labeling of the model were performed using
PyMOL software.

Statistical analysis. For statistical analysis, each experiment was per-
formed three to four times using two independently purified batches of
CPB or rCPB. For single comparisons, significance was determined using
the paired t test. For multiple comparisons, significance was determined
using repeated measure one-way analysis of variance (ANOVA) with
Dunnett’s post hoc multiple-comparison test. All statistical analysis was
performed using GraphPad Prism, version 6.

Nucleotide sequence accession numbers. Nucleotide sequences are
available in GenBank under accession numbers ABDU01000064.2 (strain
JGS1495), KP064410 (strain CN1886), KP064409 (strain CN3425),
KP064408 (strain NCTC8533), KP064407 (strain JGS1984), KP064405
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(strain CN3685), KP064406 (strain CN1797), and KP064404 (strain
JGS1076).

RESULTS
CPB sequence variations among isolates. Eight CPB-positive
strains (4 type B and 4 type C) were randomly chosen for nucleic
acid sequencing of their cpb genes. The resultant sequences were
then translated into amino acid sequences, and an alignment gen-
erated using CLC Workbench software (Fig. 1). This alignment
indicated that 2 of the type C strains, i.e., JGS1495 and JGS1076,
harbor the same 4 amino acid substitutions in their CPBs com-
pared to the CPBs made by the other 6 sequenced strains, resulting
in two natural variant toxins.

Trypsin digestion of CPB variants. Since trypsin is an impor-
tant host defense against CPB-mediated disease, the amino acid
sequences for both CPB variants were analyzed for putative tryp-
sin cleavage sites using the ExPASy Peptide Cutter (http://web
.expasy.org/peptide_cutter/) program. This analysis predicted 34
trypsin cleavage sites in each CPB variant, with the amino acid
differences between the two CPB variants noted in Fig. 1 creating
one potential trypsin cleavage site unique to each variant. There-
fore, the biological relevance of these unique putative trypsin
cleavage sites was evaluated experimentally. Two C. perfringens
strains, CN3685 and JGS1076 (one strain representing each CPB
sequence variant identified), were selected for analysis of the tryp-
sin sensitivity of their CPBs. The CPB of CN3685 has a putative
unique trypsin cleavage site at residue 40 that is not present in the
JGS1076 CPB variant, while the CPB of JGS1076 has a unique
putative trypsin cleavage site at residue 168 that is not present
in the CN3685 CPB variant. After a 30-min digestion of cell-
free TGY culture supernatants generated from overnight cul-
tures of CN3685 and JGS1076 with various amounts of trypsin
(Fig. 2A), the results strongly suggested that the CPB variant
produced by JGS1076 is more trypsin sensitive than the
CN3685 CPB variant.

Variations in CPB production levels (CN3685 produces higher
levels of CPB than JGS1076) or differences in supernatant back-
grounds could conceivably affect the relative CPB trypsin sensi-
tivities shown by the results presented in Fig. 2A. To control for
these issues, each CPB variant was purified and the same
amount of each purified CPB was added to a common back-
ground, i.e., a cell-free culture supernatant from a CN3685
CPB null mutant (13). When this spiked sample was digested

with trypsin to determine the time needed for 50% digestion of
CPB in the sample (Fig. 2B), a significant (P 	 0.05) difference
in trypsin sensitivity was again observed, with the JGS1076 CPB
variant possessing greater sensitivity to trypsin than the
CN3685 CPB variant.

FIG 1 Natural CPB sequence variations among eight surveyed type B and C
strains. Nucleic acid sequencing of the cpb gene was performed on a randomly
chosen sample set of C. perfringens type B and C isolates. Sequences were
translated and aligned; the abridged results shown indicate the location of 4
amino acid substitutions (boxes). All other residues were identical between the
CPBs made by these strains.

FIG 2 Trypsin sensitivity of natural CPB variants. (A) Overnight cell-free
TGY culture supernatants were produced for strains CN3685 and JGS1076
(representing each CPB variant) and subjected to digestion with various doses
of trypsin at 37°C for 30 min. SDS-PAGE and Western blotting were per-
formed to detect undigested CPB. A representative blot of CPB remaining after
digestion is shown for each trypsin dose. Each digestion was performed twice.
(B and C) An overnight TGY culture of a CN3685 CPB null mutant was used to
generate a cell-free culture supernatant. Purified CPB (40 �g/ml) from both
variants was used to spike culture supernatant (B) or HBSS (C), followed by
digestion with trypsin. Western blotting and densitometry were performed to
determine the amounts of CPB remaining relative to starting amounts of the
toxin. The times for 50% digestion from four replicate digests are presented.
Error bars indicate standard errors of the means. #, there was a significant (P 	
0.05) difference in digestion times.
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Finally, to evaluate the effects of the unique trypsin cleavage
sites on CPB trypsin sensitivity in the absence of any supernatant
effects, an equal concentration of each purified CPB variant in
HBSS was digested with trypsin to determine the time needed
for 50% digestion of each CPB variant (Fig. 2C). As with the
culture supernatant results, the JGS1076 CPB variant was sig-
nificantly (P 	 0.05) more sensitive to trypsin digestion than
the CN3685 CPB variant. As a control for the specificity of the
trypsin preparation used in this experiment, it was determined
that treatment of this trypsin with trypsin inhibitor prior to its
addition to samples blocked CPB digestion for both variants
(data not shown).

The E168K amino acid substitution is responsible for the in-
creased trypsin sensitivity of the JGS1076 CPB variant. The re-
sults presented in Fig. 2 show that the JGS1076 CPB variant is
more sensitive to trypsin than is the CN3685 CPB variant. Bioin-
formatic analysis of the sequences of the two CPB variants (Fig. 1)
suggested that this difference could be due to the presence of a
unique potential trypsin cleavage site that is predicted at residue
168 of the JGS1076 CPB variant but is absent from the CN3685
variant CPB. To test this hypothesis, both the JGS1076 and
CN3685 CPB variants were recombinantly expressed in E. coli.
Trypsin digestion of these rCPB variants in HBSS (Fig. 3) showed
that the JGS1076 rCPB variant was significantly (P 	 0.05) more
trypsin sensitive than the CN3685 rCPB variant, in agreement
with the native CPB results (Fig. 2). Amino acid substitutions were
then introduced into the CN3685 rCPB variant by site-directed
mutagenesis, individually switching each of the four variant
amino acid residues to those present in the JGS1076 CPB variant
sequence. Trypsin digestion of these site-directed rCPB variants
showed that only the CN3685 E168K rCPB variant displayed a
significant (P 	 0.05) difference in trypsin sensitivity compared to
that of the CN3685 rCPB. The trypsin sensitivity of the CN3685
E168K rCPB variant did not differ significantly from that of the
JGS1076 rCPB (Fig. 3). The CN3685 V191I rCPB variant dis-

played intermediate trypsin sensitivity that was not statistically
different from that of the CN3685 rCPB variant or the JGS1076
rCPB variant. This weak difference, if real, may be caused by a
minor change in folding that has exposed another trypsin
cleavage site.

Effects of CPB sequence variations on cytotoxicity for cul-
tured HUVEC cells. To further examine the phenotypic effects of
CPB sequence variation, the cytotoxic activities of both purified
CPB variants were compared using HUVEC monolayers and
quantified with an MTT-based viable cell assay. As reported pre-
viously in the literature (23, 31–33), endothelial cells, such as
HUVEC cells, are among the most CPB-susceptible cell lines
known, and endothelial cells appear to be natural targets of CPB
action in vivo. The results obtained here (Fig. 4A) indicate that
both CPB variants exert cytotoxic effects on HUVEC cells. How-
ever, the JGS1076 CPB variant demonstrated a significant (P 	
0.05) reduction of �3-fold in the amount of toxin needed to kill
50% of the cells in culture compared to the results for the CN3685
CPB variant.

Differences in CPB variant binding to cultured HUVEC cells.
The early steps of CPB cytotoxicity involve binding of this toxin to
susceptible host cells, followed immediately thereafter by oli-
gomerization (22, 23). To begin determining the mechanism for
the increase in cytotoxic activity of the JGS1076 CPB variant iden-
tified in the experiment whose results are shown in Fig. 4A, bind-
ing and oligomerization assays were performed with both CPB
variants. The assays (Fig. 4B) identified a significant (P 	 0.05),

2-fold increase in the amount of oligomerized CPB complex
formed by the JGS1076 CPB variant compared to the amount
formed by the CN3685 CPB variant. This difference was due to
toxin binding and not to the ability of the CPB to oligomerize,
since no bound monomeric CPB was detected for either CPB vari-
ant by Western blotting (Fig. 4C).

Comparison of insertion abilities of CPB variant complexes.
After its formation, the CPB complex is thought to insert into
the host cell membrane, a process that should impart to the
complex some protection from proteolytic digestion. To mon-
itor for differences between the abilities of CPB variants to
mediate insertion of their complexes into membranes, CPB
complexes in HUVEC cells were subjected to digestion with
goat intestinal fluid for 6 or 60 min, followed by Western blot-
ting and densitometry. The results of this analysis, summarized
in Fig. 5A, revealed similar digestion kinetics for the complexes
formed by either CPB variant.

Proteolytic digestions are more typically performed with
purified enzymes, such as pronase or trypsin, rather than intes-
tinal fluid (34, 35). However, when this experiment was re-
peated using the complex formed by either CPB variant and
600 �g/ml trypsin or pronase, no digestion of the complex was
observed (not shown). This absence of digestion could be due
to complete insertion or internalization of the complex or to
the intrinsic resistance of CPB complexes to these proteases. To
clarify this situation, complexes were extracted from the cells
prior to their digestion with 600 �g/ml either of trypsin or
pronase. These assays still detected no complex digestion, in-
dicating that the CPB complex is intrinsically insensitive to
these proteases (data not shown).

Comparison of CPB pore formation. Once the oligomerized
CPB complex has inserted into the membrane, host cell death is
elicited by increased ion fluxes, including efflux of K� and influx

FIG 3 Trypsin digestion of rCPB variants. Recombinant CPBs containing
JGS1076 or CN3685 sequences were constructed in pGEX-2T as GST fusion
proteins. Site-directed mutagenesis was performed on the CN3685 rCPB vari-
ant, individually switching each of the 4 amino acids that differ between
CN3685 CPB and JGS1076 CPB to the amino acids present in the JGS1076
sequence. Purified rCPB (50 �g/ml) from each of those variant rCPBs was then
digested with trypsin in HBSS. Western blotting and densitometry were per-
formed to determine the amounts of rCPB remaining relative to the starting
amounts. The times for 50% digestion from four replicate digests are pre-
sented. Error bars indicate standard errors of the means. #, there was a signif-
icant (P 	 0.05) difference from the results for the CN3685 variant rCPB. *,
there was a significant (P 	 0.05) difference from the results for the JGS1076
variant rCPB.
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of Na�, Ca2�, and Cl�, through an unregulated pore (22, 23). To
assess whether their amino acid differences affect the ability of
CPB variants to form functional ion pores, 86Rb release from la-
beled HUVECs was determined. These results indicated that com-
plexes made with either CPB variant can form functional ion
channels (Fig. 5B). However, the CN3685 CPB variant requires

FIG 4 CPB sequence variation effects on host cell cytotoxicity and toxin bind-
ing. (A) CPB cytotoxicity for HUVEC cells was determined after a 3-h treat-
ment using an MTT cell viability assay for both CPB variants. The mean
amounts of CPB found to be necessary for causing 50% cytotoxicity from four
replicate experiments are presented. (B) The ability of both CPB variants to
bind to and oligomerize on HUVEC cells was assayed. Relative amounts of
CPB binding/oligomerization were determined by Western blotting and den-
sitometry. The mean results of four independent assays are presented. (C) A
representative Western blot of the host cell binding is shown. Note the absence
of any free (monomeric) CPB on these gels. #, there was a significant (P 	 0.05)
difference between the results for CPB variants. Error bars indicate standard
errors of the means.

FIG 5 Effects of CPB sequence variants on complex insertion and pore func-
tion. (A) HUVEC monolayers were treated with 2 �g/ml purified CPB variants
for 1 h, allowing for complex formation and insertion. After rinsing away
unbound CPB, on-cell proteolytic digestion of complexes was performed for 6
min or 1 h with goat intestinal fluid, diluted as indicated. Western blotting and
densitometry were used to determine the amounts of CPB complexes remain-
ing relative to the starting amount of each complex. The mean results from
three independent experiments are shown, along with the standard errors
of the means. (B) HUVEC cell monolayers were loaded with 86Rb and then
treated with various CPB doses for 15 min. 86Rb released into the culture
supernatant was quantified using a Cobra Quantum gamma counter. Av-
eraged results from three independent experiments are presented as per-
centages of maximum 86Rb release. Error bars indicate standard errors of
the means.
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�3-fold more CPB than the JGS1076 CPB variant to achieve 50%
maximal ion release.

Fine mapping of CPB variants suggests that the A300V sub-
stitution is critical for toxin binding and cytotoxicity. The re-
sults obtained with native CPB variants presented in Fig. 5 indi-
cated that the increased cytotoxicity of the JGS1076 CPB variant in
comparison to the cytotoxicity of the CN3685 CPB variant was
primarily due to changes in binding to host cells. To fine map
which of the four amino acid substitutions are critical for this
binding difference, the rCPB site-directed mutants described ear-
lier were utilized in cytotoxicity and binding experiments. Cyto-
toxicity testing with the CN3685 and JGS1076 variant rCPBs dem-
onstrated a significant (P 	 0.05) difference between these two
rCPB variants, in agreement with the results for native CPBs. The
results with each site-directed-mutant rCPB demonstrated that
only the CN3685 A300V variant rCPB was significantly (P 	 0.05)
different from the CN3685 rCPB variant in its cytotoxic activity
(Fig. 6A). The CN3685 A300V rCPB variant did not differ sig-
nificantly from the JGS1076 rCPB variant. Similarly, when

these rCPB site-directed mutants were assayed for binding and
oligomerization ability on HUVECs, only the CN3685 A300V
rCPB variant differed significantly (P 	 0.05) from the CN3685
rCPB variant (Fig. 6B). No significant difference was observed
between the JGS1076 rCPB variant and the CN3685 A300V
rCPB variant.

DISCUSSION

Clostridium perfringens beta toxin, which is produced by type B
and C strains, is the primary toxin responsible for disease caused
by type C strains and likely also contributes to disease caused by
type B strains (12, 13, 36). The work presented in this paper sought
to identify whether natural CPB variations in a sampling of type B
and C isolates have any effect on toxin function and trypsin sen-
sitivity. Sequencing of 8 isolates identified CPB sequence varia-
tions among these strains, with the CPBs in two of the sequenced
type C strains having 4 conserved amino acid changes compared
to the CPBs made by the other six strains. Note that this limited
sampling of strains does not preclude the possible existence of
other CPB variants. Consistent with that possibility, the cpb genes
from two additional porcine isolates were sequenced during revi-
sion of the manuscript, which identified a hybrid CPB variant
possessing the V191I residue of JGS1076 but the K40N, E168K and
A300V residues of CN3685 CPB (data not shown). This additional
result indicates that the four observed CPB sequence variations in
JGS1076 are not shared by all porcine isolates.

Trypsin is a key innate defense against disease mediated by CPB
(1, 5–8, 13), rapidly inactivating the toxin and limiting the suscep-
tible hosts to trypsin-deficient hosts, such as neonatal animals,
people with diets that include foods rich in trypsin inhibitors, and
individuals with pancreatic dysfunction (37, 38). No data exist on
the actual trypsin levels in the intestine of animals with type C
necrotizing enteritis or human patients with pig-bel. However, an
older study (39) found that 10 of 17 young children living in the
highlands of Papua New Guinea, a location where pig-bel was
endemic, had fecal trypsin levels lower than the assay detection
limit of 2 IU per ml of fecal material. This level of trypsin was
significantly lower than the trypsin level measured in feces of chil-
dren of the same age group living in Papua New Guinea cities,
explaining why the highlands children with reduced trypsin levels
were at increased risk for pig-bel. The analysis of cpb sequences in
the current study suggested the possibility of differing trypsin sen-
sitivities between CPB variants due to the presence or absence of a
unique predicted novel trypsin cleavage site at residue 168 of the
JGS1076 CPB, and this was established in the current study using
a low, disease-relevant trypsin challenge of 0.41 IU. The impor-
tance of the trypsin cleavage site at residue 168 of the JGS1076 CPB
variant was confirmed in vitro through trypsin digestion assays
and by introducing an E186K amino acid substitution into the
CN3685 rCPB variant.

This observation is interesting for several reasons. First, it dem-
onstrates increased persistence of a CPB variant in the presence of
trypsin levels that could be found in susceptible hosts (Fig. 2B).
Second, it could suggest that CPB variants vary in their ability to
cause disease in the host. However, it should be noted that the
JGS1076 strain, which produces a CPB variant possessing the
E168K amino acid switch, was isolated from an animal experienc-
ing enteritis. Therefore, it is possible that some animals or humans
affected by strains producing the more trypsin-sensitive CPB vari-
ant have sufficiently depressed trypsin levels to mask the increased

FIG 6 Testing individual site-directed rCPB mutants for binding and cyto-
toxicity phenotypes. (A) Recombinant CPBs containing JGS1076 and CN3685
sequences were constructed in pGEX-2T as GST fusion proteins. Site-directed
mutagenesis was performed on the CN3685 rCPB variant, switching each of
the 4 amino acids that differ between CN3685 CPB and JGS1076 CPB to the
amino acid present in the JGS1076 sequence. Cytotoxicity of purified rCPBs
for HUVEC cells was determined after a 9-h treatment using an MTT cell
viability assay. Mean amounts of rCPB necessary to cause 50% cytotoxicity in
three replicate experiments are presented. (B) Purified rCPB from the site-
directed mutants was added to HUVEC cell monolayers for 1 h, allowing for
binding/complex formation. After rinsing to remove unbound rCPB, Western
blotting and densitometry were used to determine the relative amounts of
rCPB variants bound to host cells. Mean results from three independent ex-
periments are presented as fold changes in binding compared to that of the
CN3685 variant rCPB. #, there was a significant (P 	 0.05) difference com-
pared to the results for the CN3685 variant rCPB.
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trypsin sensitivity of the JGS1076 CPB variant, i.e., the trypsin
levels of these hosts could be low due to diets rich in foods high in
trypsin inhibitor, such as sweet potato or colostrum, or because of
pancreatic dysfunction (1, 5–8, 13, 37, 38). Alternatively, it is pos-
sible that the sequence differences between the two CPB variants
impart variations in activity (as discussed below) that may com-
pensate for their increased trypsin sensitivity.

This work also identified a difference between the in vitro cy-
totoxicity of the two CPB variants for cultured HUVEC cells. In-
terestingly, although the JGS1076 CPB variant displayed increased
trypsin sensitivity, it was more cytotoxic in vitro. This increased
cytotoxicity was largely attributable to better host cell binding
than the CN3685 CPB variant had. This increased cytotoxicity
largely compensates for the higher trypsin sensitivity of the
CN3685 CPB variant, and this may help to explain why strains
producing a JGS1076-like CPB variant are still able to cause dis-
ease despite the increased trypsin sensitivity of their CPB variant.
Conversely, strain CN3685 expresses �3 times more CPB than the
JGS1076 strain (data not shown). During disease, this higher CPB
expression, in combination with the increased trypsin resistance
of its CPB variant, could help strains like CN3685 compensate for
the decreased activity of their CPB variant.

Binding of CPB to host cells is rapidly followed by oligomer-
ization of the toxin into either hexameric or heptameric com-
plexes on the host cell (22, 23). Neither CPB variant was deficient
for binding or oligomerization, since the CPB oligomer was de-
tectable for both variants and no monomeric CPB was found
bound to host cells. However, significantly more JGS1076 CPB
bound and, thus, oligomerized to HUVEC cells than was seen for
an equal dose of CN3685 CPB, suggesting that one of the amino
acid differences in the JGS1076 variant CPB confers an enhanced
binding phenotype for the currently unknown CPB receptor (fur-
ther discussed below).

After the CPB complex forms, it inserts into host cell mem-
branes, creating a pore. The insertion of toxins into membranes is
often assayed by challenging a toxin complex present in host cell
membranes with a purified protease, such as pronase, and then
monitoring the degradation of the complex over time in order to
detect partial or complete protection from digestion due to mem-
brane insertion (27, 34, 35). Interestingly, when this assay was
performed with CPB complexes in HUVEC cells, no digestion of
the complex was observed using either pronase or trypsin for ei-
ther CPB variant. This is apparently not due either to protection of
the complex through its complete insertion into membranes or to
the complex being internalized into the cytoplasm, since no CPB
complex degradation was observed even if the complex was ex-
tracted from host cells (data not shown). This finding may suggest
how CPB persists and causes disease in the intestine, i.e., although
CPB is trypsin labile in the monomeric form, rapid oligomeriza-
tion on host cells may provide CPB complexes with sufficient
trypsin resistance to persist and induce cell death. In addition, the
resistance of the CPB complex to trypsin or pronase provides fur-
ther evidence of the stability of these complexes, which includes
resistance to boiling, 2% SDS, and 8 M urea treatments (23).

Cell death by CPB is brought about by the formation of pores
with a diameter of �12Å (24). These pores facilitate K� efflux and
Ca2�, Na�, and Cl� influx, resulting in cellular swelling and death
via necrosis (22, 25). Testing CPB variants with an 86Rb release
assay demonstrated that both variants can form a functional pore
in HUVEC cells. Consistent with the cytotoxicity differences de-

tected between the two CPB variants, the JGS1076 variant CPB
was more efficient at 86Rb release than the CN3685 variant CPB;
this enhanced pore formation correlates with the increased bind-
ing phenotype of the JGS1076 CPB variant, which should result in
the release of more 86Rb using an equal dose of the two CPB
variants.

To identify which amino acid substitution(s) were responsible
for the binding and cytotoxicity phenotypes observed, we utilized
recombinantly expressed CPB, assaying rCPBs containing the
CN3685 or JGS1076 CPB sequences for their cytotoxicity and
binding on cultured HUVECs. Consistent with the native CPB
results, the JGS1076 rCPB variant displayed increased binding to
and cytotoxicity of HUVEC cells compared to the cell binding and
cytotoxicity of the CN3685 rCPB variant. Next, we generated a
series of point mutations in the CN3685 variant rCPB sequence,
thus converting individual residues to those present in the
JGS1076 variant CPB sequence. The results of this work indicated
that the A300V substitution is responsible for the observed phe-
notypic binding change, suggesting that this amino acid may lie in
the binding or rim domain of CPB.

To better understand the effects of the sequence variations on
CPB trypsin sensitivity and cytotoxic activity, CPB was modeled in
both the secreted and membrane-active forms by threading the
CPB sequence onto the published (29, 30) structures of C. perfrin-
gens delta and necrotic enteritis beta (NetB) toxins, respectively
(Fig. 7). These toxins were chosen because delta toxin and NetB
are also pore-forming toxins and they both share partial sequence
identity with CPB. Based on this CPB modeling, the putative tryp-
sin cleavage site at residue 168 should be surface exposed on mo-
nomeric CPB, allowing trypsin access to the cleavage site. This
initial cleavage likely exposes additional trypsin sites, facilitating
more rapid degradation of the JGS1076 CPB variant. Interest-
ingly, based on the modeling of CPB in the secreted form, the
putative trypsin site at residue 40 should also be surface exposed,
although this variant was less sensitive to trypsin in this work. It is
possible that this residue 40 cleavage site is not accessible to the
active site of the trypsin enzyme or that cleavage of CPB close to
the unstructured N terminus of the protein has a limited effect in
exposing additional trypsin cleavage sites. Once CPB oligomeriza-
tion on host cells has occurred, most of the CPB trypsin sites
(including the residue 168 trypsin cleavage site of the JGS1076
CPB variant) will be buried in the complex, thereby offering pro-
tection from trypsin degradation.

To address the effect of the A300V amino acid substitution on
CPB binding, the predicted membrane-active structure of CPB,
derived from the known structure of NetB (30), was utilized (Fig.
7B). Using this threading technique, 3 of the 4 amino acid substi-
tutions can be modeled; CPB is slightly larger than NetB (309
versus 293 amino acids, respectively) so the K40N substitution
could not be modeled, as it is absent from NetB. This model pre-
dicts that the A300V switch occurs on one of 4 loops located near
the bottom of the toxin, correlating with the predicted binding or
rim domain of NetB (26, 30). It appears likely that, based on the
homology with NetB and our result, these 4 loops create the bind-
ing domain of CPB, although more work is needed to confirm this
hypothesis.

In summary, this work showed that CPB sequence variations
directly affect toxin sensitivity to trypsin, as well as host cell bind-
ing and cytotoxicity. Furthermore, through identification of the
A300V substitution as being responsible for the increased host cell
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binding and cytotoxicity and modeling of CPB using NetB as a
scaffold, we can predict the rim domain of CPB, setting up future
studies to characterize this critical CPB domain.
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