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Clostridium perfringens enterotoxin (CPE) has a unique mechanism of action that results in the formation of
large, sodium dodecyl sulfate-resistant complexes involving tight junction proteins; those complexes then
induce plasma membrane permeability alterations in host intestinal epithelial cells, leading to cell death and
epithelial desquamation. Previous deletion and point mutational studies mapped CPE receptor binding activity
to the toxin’s extreme C terminus. Those earlier analyses also determined that an N-terminal CPE region
between residues D45 and G53 is required for large complex formation and cytotoxicity. To more finely map
this N-terminal cytotoxicity region, site-directed mutagenesis was performed with recombinant CPE (rCPE).
Alanine-scanning mutagenesis produced one rCPE variant, D48A, that failed to form large complexes or induce
cytotoxicity, despite having normal ability to bind and form the small complex. Two saturation variants, D48E
and D48N, also had a phenotype resembling that of the D48A variant, indicating that both size and charge are
important at CPE residue 48. Another alanine substitution rCPE variant, I51A, was highly attenuated for large
complex formation and cytotoxicity, but rCPE saturation variants I51L and I51V displayed a normal large
complex formation and cytotoxicity phenotype. Collectively, these mutagenesis results identify a core CPE
sequence extending from residues G47 to I51 that directly participates in large complex formation and
cytotoxicity.

Less than 5% of all Clostridium perfringens isolates, mostly
belonging to type A, produce a 35-kDa enterotoxin (CPE) with
a unique 319-amino-acid sequence (5, 20). Those enterotoxi-
genic type A isolates cause C. perfringens type A food poison-
ing, which currently ranks as the third most commonly identi-
fied form of food poisoning in the United States (29). In
addition, CPE-positive C. perfringens type A isolates have been
increasingly linked to other human gastrointestinal illnesses,
such as antibiotic-associated and sporadic diarrhea (1, 3).

CPE’s unique mechanism of action starts with its binding to
one or more protein receptors, which possibly include certain
members of the claudin family of tight junction structural pro-
teins, present on the apical surface of intestinal epithelial cells
(6, 17). This binding promotes formation of a sodium dodecyl
sulfate (SDS)-sensitive, �90-kDa CPE complex that appar-
ently includes either an unidentified �50-kDa protein (41) or
a claudin aggregate. That small complex then associates with
additional proteins to form an SDS-resistant, CPE-containing
complex of �155 kDa (43). Formation of the �155-kDa com-
plex is concurrent with the onset of plasma membrane perme-
ability alterations in a CPE-treated cell, suggesting a cause-
and-effect relationship (41, 43). Those permeability alterations
activate Ca2�-dependent cell death pathways, with low CPE
doses triggering a classical caspase 3/7-mediated apoptosis and
high CPE doses inducing oncosis (4). Consequent morpholog-
ical damage exposes the basolateral surfaces of both dying and
adjacent healthy cells, providing CPE access to basolateral
receptors and the tight junction protein occludin to form an

additional SDS-resistant CPE complex of �200 kDa. Forma-
tion of that complex triggers the internalization of occludin
(35), which probably disrupts tight junctions and alters para-
cellular permeability in polarized enterocytes (25).

Some information is available concerning how CPE interacts
with cellular proteins. Receptor binding activity localizes to the
enterotoxin’s C terminus, as (i) deletion fragments lacking only
the five C-terminal CPE amino acids cannot bind to either
rabbit brush border membranes (BBMs) or sensitive cells (11,
14, 19) and (ii) synthetic peptides or recombinant fragments
corresponding to the 30 C-terminal CPE amino acids com-
pletely inhibit native enterotoxin binding to BBMs (12). Since
C-terminal enterotoxin fragments are not cytotoxic (11, 12,
14), some N-terminal CPE sequences are important for cyto-
toxicity. However, extreme N-terminal CPE sequences are not
involved in cytotoxicity, since (i) tryptic or chymotryptic treat-
ment removes the 25 or 36 N-terminal CPE amino acids, re-
spectively, increasing cytotoxic activity by two- to threefold (8,
9, 13) and (ii) a recombinant CPE (rCPE) fragment lacking the
first 44 amino acids of the native enterotoxin also exhibits a
two- to threefold increase in large complex formation and
cytotoxicity (19). Further deletion of N-terminal rCPE se-
quences produces an rCPE53-319 fragment that maintains wild-
type binding activity, but neither forms a large complex nor
elicits a cytotoxic response (19). That observation, coupled
with the cytotoxic activity of the rCPE45-319 fragment, impli-
cates a region between D45 and G53 of native CPE as being
essential for cytotoxicity. This conclusion is supported by ran-
dom mutagenesis studies (18), where a G49D random mutant
formed the small complex and had normal receptor binding
activity but could not form large complexes or elicit 86Rb
release.
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The present study has fine mapped the D45-to-E54 N-ter-
minal cytotoxicity region of CPE by using a systematic site-
directed mutagenesis approach coupled with careful pheno-
typic characterization of the resultant rCPE variants. Via this
approach, two residues crucial for the enterotoxin’s action
have now been identified.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. The XL-1 Blue strain of
Escherichia coli was used for all mutagenesis work. Plasmids used or produced in
this study are listed in Table 1. The plasmid construct pJKFLt-1 (19), which
served as the template for introducing all mutations, consists of the complete cpe
open reading frame inserted into the multiple cloning site of the pTrcHis A
vector (Invitrogen, Carlsbad, Calif.). This vector encodes a 32-amino-acid tag
that includes a His6 sequence fused to the N terminus of rCPE, enabling affinity
enrichment of rCPE or its derivatives (see below). Luria-Bertani medium (liquid
and solid) was used to culture bacteria for mutant isolation or plasmid prepa-
ration, while SOB medium was used to culture rCPE-expressing E. coli cultures
for affinity enrichment of rCPE. Ampicillin (100 �g/ml) was added to all cultures
for plasmid maintenance and, where appropriate, 0.5 mM isopropyl-�-D-thioga-
lactopyranoside was used to induce expression of rCPE. All bacterial cultures
were grown overnight at 37°C, unless otherwise indicated.

Site-directed mutagenesis. Single point mutations were introduced into the
cpe gene of pJKFLt-1 by using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, Calif.) as instructed by the manufacturer. Briefly, primers
were designed with the desired mutation (Table 1), and a thermocycling reaction
permitted in vitro synthesis of the plasmid DNA with the high-fidelity polymer-
ase PfuTurbo. Parental template DNA was digested away by the methylase-

specific DNase, DpnI, and the resultant mutated plasmid mixture was used to
transform XL-1 Blue supercompetent E. coli cells.

Nucleotide sequencing. Plasmids subjected to site-directed mutagenesis reac-
tions were isolated from E. coli transformants with the QIAGEN plasmid mini
kit (QIAGEN, Valencia, Calif.). The cpe open reading frame in each mutated
plasmid was then sequenced to confirm the presence of the desired mutation and
ensure that no unintended mutations had occurred during mutagenesis. Using
the primers listed in Table 2, both strands of the complete cpe open reading
frame were sequenced by the University of Pittsburgh Genomics and Proteomics
Core Laboratories. Resulting sequences were analyzed using BioEdit software
(10).

Affinity enrichment of rCPE variants. Using TALON metal affinity resin (BD
Biosciences Clontech, Palo Alto, Calif.), rCPE variants were affinity enriched
from SOB cultures containing ampicillin (100 �g/ml) as previously described
(18). After enrichment, rCPE variants were stored at �80°C, which did not affect
their biologic activities (data not shown). The amount of each rCPE species
recovered after affinity enrichment was then determined by quantitative Western
immunoblotting, as previously described (18), except that quantitative imaging of

TABLE 1. Mutagenesis primers

rCPE species
expressed Primer sequencea Plasmid

D45A 5�-GGATTATATGTAATAGCTAAAGGAGATGGTTGGATATTAGGGGAACCC-3� pJSD45A
3�-GGGTTCCCCTAATATCCAACCATCTCCTTTAGCTATTACATATAATCC-5�

K46A 5�-GGATTATATGTAATAGATGCAGGAGATGGTTGGATATTAGGGGAACCC-3� pJSK46A
3�-GGGTTCCCCTAATATCCAACCATCTCCTGCATCTATTACATATAATCC-5�

G47A 5�-GGATTATATGTAATAGATAAAGCAGATGGTTGGATATTAGGGGAACCC-3� pJSG47A
3�-GGGTTCCCCTAATATCCAACCATCTGCTTTATCTATTACATATAATCC-5�

D48A 5�-GGATTATATGTAATAGATAAAGGAGCTGGTTGGATATTAGGGGAACCC-3� pJSD48A
3�-GGGTTCCCCTAATATCCAACCAGCTCCTTTATCTATTACATATAATCC-5�

G49A 5�-GATTATATGTAATAGATAAAGGAGATGCTTGGATATTAGGGGAAC-3� pJSG49A
3�-GTTCCCCTAATATCCAAGCATCTCCTTTATCTATTACATATAATC-5�

W50A 5�-GTAATAGATAAAGGAGATGGTGCGATATTAGGGGAACCCTCAG-3� pJSW50A
3�-CTGAGGGTTCCCCTAATATCGCACCATCTCCTTTATCTATTAC-5�

I51A 5�-GTAATAGATAAAGGAGATGGTTGGGCATTAGGGGAACCCTCAG-3� pJSI51A
3�-CTGAGGGTTCCCCTAATGCCCAACCATCTCCTTTATCTATTAC-5�

L52A 5�-GATAAAGGAGATGGTTGGATAGCAGGGGAACCCTCAGTAGTTTC-3� pJSL52A
3�-GAAACTACTGAGGGTTCCCCTGCTATCCAACCATCTCCTTTATC-5�

G53A 5�-GGAGATGGTTGGATATTAGCGGAACCCTCAGTAGTTTC-3� pJSG53A
3�-GAAACTACTGAGGGTTCCGCTAATATCCAACCATCTCC-5�

E54A 5�-GGAGATGGTTGGATATTAGGGGCACCCTCAGTAGTTTC-3� pJSE54A
3�-GAAACTACTGAGGGTGCCCCTAATATCCAACCATCTCC-5�

D48E 5�-GGATTATATGTAATAGATAAAGGAGAGGGTTGGATATTAGGGGAACCC-3� pJSD48E
3�-GGGTTCCCCTAATATCCAACCCTCTCCTTTATCTATTACATATAATCC-5�

D48N 5�-TTATATGTAATAGATAAAGGAAATGGTTGGATATTAGGGGAACCC-3� pJSD48N
3�-GGGTTCCCCTAATATCCAACCATTTCCTTTATCTATTACATATAA-5�

W50Y 5�-GTAATAGATAAAGGAGATGGTTACATATTAGGGGAACCCTCAG-3� pJSW50Y
3�-CTGAGGGTTCCCCTAATATGTAACCATCTCCTTTATCTATTAC-5�

W50F 5�-GTAATAGATAAAGGAGATGGTTTTATATTAGGGGAACCCTCAG-3� pJSW50F
3�-CTGAGGGTTCCCCTAATATAAAACCATCTCCTTTATCTATTAC-5�

151L 5�-GTAATAGATAAAGGAGATGGTTGGCTATTAGGGGAACCCTCAG-3� pJSI51L
3�-CTGAGGGTTCCCCTAATAGCCAACCATCTCCTTTATCTATTAC-5�

151V 5�-GTAATAGATAAAGGAGATGGTTGGGTATTAGGGGAACCCTCAG-3� pJSI51V
3�-CTGAGGGTTCCCCTAATACCCAACCATCTCCTTTATCTATTAC-5�

a Mutations are underlined.

TABLE 2. Sequencing primers

Primer name Primer sequence

TreSeq-1F...........5�-GGACAGCAAATCGGTCGG-3�
2-F .......................5�-GGTACCTTAAGCCAATCA-3�
PH-310-F ............5�-GATTTAGCTGCTACAGAAAGA-3�
PH-309-R ...........5�-TGATCAATATTCCTAAGCTATCTGCAG-3�
6-R ......................5�-CCGGAATTCTATATGGAAGGAGAAATTAATGC-3�
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blots was performed using the Gel Doc imaging system (Bio-Rad, Hercules,
Calif.) and Quantity One software (Bio-Rad).

CaCo-2 cell culture. CaCo-2 cells were maintained in Eagle minimal essential
medium (Sigma, St. Louis, Mo.) with 10% fetal bovine serum (Mediatech,
Herndon, Va.), 1% nonessential amino acids (Sigma), 100 U of ampicillin/ml,
and 100 �g of streptomycin/ml. All cultures were grown at 37°C with 5% atmo-
spheric CO2.

Cytotoxicity of rCPE species. Biological activity of each affinity-enriched rCPE
species was initially screened using CaCo-2 monolayers. Six-well dishes were
inoculated with 2.5 � 105 cells in 5 ml and then grown to confluency (typically 4
to 5 days). Cultures were washed once with prewarmed Hank’s balanced salt
solution (HBSS) and then treated with 2.5 �g of an rCPE species/ml. After 60
min of toxin treatment, cultures were visualized with a Zeiss Axiovert 25 inverted
microscope with a 10� magnification objective lens. Images were captured with
a Canon Powershot G5 digital camera and Canon Utilities RemoteCapture
software (Canon, Inc., Lake Success, N.Y.) and then processed using Adobe
Photoshop software (Adobe Systems, Inc., San Jose, Calif.).

86Rb release assay. Membrane permeability alterations induced by each rCPE
species were assayed by measuring 86Rb release from labeled CaCo-2 cells, as
previously described (34). Briefly, CaCo-2 cells grown to confluency in 24-well
plates were radiolabeled for 4 h at 37°C with 4 �Ci of 86Rb (specific activity, 6.4
mCi/mg; Perkin-Elmer, Boston, Mass.) per well. The labeled cultures were
washed twice with HBSS and then treated with an rCPE species (at the specified
concentrations) added to 2 ml of HBSS. After 15 min of treatment at 37°C,
culture supernatants were carefully collected and the radiation present in the
supernatants was determined with a Cobra Quantum gamma counter (Perkin-
Elmer). CPE-induced effects were then expressed as the percentage of maximal
86Rb release, using the following equation: [(experimental release � spontane-
ous release)/(maximal release � spontaneous release)] � 100. Spontaneous
release (86Rb release in the absence of CPE) and maximal release (86Rb levels
present in wells at the start of an experiment) were determined as described
previously (34). Table 3 values, indicating the concentration of each rCPE spe-
cies required to elicit a 50% maximal release, were calculated graphically from
three independent trials with each rCPE species.

Binding analysis of rCPE species. Small-intestine BBMs were isolated from
female New Zealand White rabbits as described previously (33). [125I]CPE was
prepared using IODO-GEN-precoated iodination tubes (Pierce, Rockford, Ill.),
with 2.5 mCi of Na125I (specific activity, 17.0 mCi/mg; ICN) for 1 �g of native
CPE. As described previously (18), BBMs (100 �g) were preincubated for 20 min
in 200 �l of phosphate-buffered saline (PBS) containing various concentrations
(0.01 to 50 �g/ml) of each competing rCPE species. [125I]CPE (0.5 �g) was then
added to each sample for an additional 20 min at room temperature. After

washing, [125I]CPE bound to the BBMs was quantified using a Cobra Quantum
gamma counter. Data are presented as the percentage of total binding, where
total (100%) binding was determined by incubating BBMs with [125I]CPE in the
absence of any competing rCPE species. Table 3 binding values represent the
concentration of each rCPE species required to inhibit 50% of the total
[125I]CPE binding from two independent trials, each done in triplicate. The
previously described rCPE random point variant W226Stop (18) was affinity
enriched (as described above) and used as a negative control in these binding
experiments.

Small complex formation. The ability of rCPE variants to form the small
complex was measured as previously described (18). Briefly, BBMs (200 �g) were
treated for 15 min at 4°C (to inhibit formation of CPE large complexes [27]) with
5 �g of rCPE dissolved in 500 �l of PBS. Those BBMs were then pelleted,
washed, and extracted for 30 min at 4°C with 40 �l of PBS containing 1% Triton
X-100 (Sigma). After microcentrifugation, 10 �l of 5� native loading buffer (5
mM Tris-HCl, 38 mM glycine, 33% glycerol, 0.25 mg of bromphenol blue) was
added to the extraction supernatants. These samples were electrophoresed at 5
mA on a 6% native gel, and small complexes were electrotransferred onto
Immobilon-P polyvinylidene difluoride membrane (Millipore Corporation, Bed-
ford, Mass.) by using Gershoni’s transfer buffer (15.6 mM Tris-HCl, 120 mM
glycine; pH 8.3). Western blotting to detect the CPE-containing small complex
was then performed as described for affinity enrichment quantification.

Large complex formation. Large complex formation by each rCPE species was
assayed as described elsewhere (35) using confluent CaCo-2 cell cultures grown
in a 100-mm dish. Briefly, CaCo-2 cultures were washed once with HBSS, gently
dislodged from the plate with a cell scraper, and harvested by centrifugation.
After one additional wash with HBSS, 2.5 � 106 harvested cells were resus-
pended in 200 �l of HBSS. An rCPE species was then added at a final concen-
tration of 2.5 �g/ml, and samples were incubated for 45 min at 37°C with shaking.
After microcentrifugation at 4°C, pelleted cells were washed with HBSS con-
taining protease inhibitors (10 �g of aprotinin/ml, 10 �g of leupeptin/ml, and 1
mM phenylmethylsulfonyl fluoride; Sigma) and then resuspended in 45 �l of
ice-cold HBSS containing the protease inhibitors specified above. Benzonase
nuclease (12.5 U; Novagen, Inc., Darmstadt, Germany) was added to each
sample for 10 min at room temperature. Fifty microliters of 2� Laemmli buffer
was added to each sample, which was then loaded onto a 4% acrylamide SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) gel that was run overnight for
�19 h at 5 mA before electrotransfer and CPE Western immunoblotting as
described above.

Limited trypsin proteolysis assay. As previously described (18), a 400-ng
aliquot of each affinity-enriched rCPE species was brought to a final volume of
100 �l with PBS. Reactions mixtures were prepared in quadruplicate and di-
gested at 25°C for 0, 5, 15, or 30 min with 4 ng of trypsin (Sigma). Immediately
after completion of the digestion period, 100 �l of 2� Laemmli buffer with 5%
�-mercaptoethanol was added to each reaction mixture and the samples were
boiled for 5 min to terminate the proteolytic digestion. A 50-�l aliquot of each
sample was then loaded onto a 10% acrylamide SDS-PAGE gel, followed by
Western blotting with anti-CPE antibody as described above for the rCPE quan-
tification.

RESULTS

Mutagenesis of the N-terminal cytotoxicity region. Since
previous rCPE deletion mutagenesis studies (19) had impli-
cated the region between residues D45 and G53 of the native
enterotoxin as being important for cytotoxicity, the present
study first targeted this region for alanine scanning site-di-
rected mutagenesis (Fig. 1). By sequentially introducing single
alanine mutations with the QuikChange kit (see Materials and
Methods), the contribution of each individual amino acid from
D45 to E54 was assessed in a fully toxic rCPE background. All
mutations were confirmed by nucleotide sequencing of both
strands of the mutated cpe gene.

Assessment of morphological damage induced by rCPE spe-
cies. As an initial screen for toxicity, each affinity-enriched
rCPE species (2.5 �g/ml) in HBSS was applied to confluent
CaCo-2 cell cultures for 1 h. In this assay, CaCo-2 monolayers
treated with rCPE developed typical CPE-induced changes in

TABLE 3. Summary of rCPE variant phenotypes

rCPE
species

Concn needed for:

Small
complex

formation

Large
complex

formation

50%
maximal

86Rb release
(�g/ml)

50%
[125I]CPE

binding
inhibition
(�g/ml)

rCPE 0.57 � 0.19 3.69 � 0.52 � �
D45A 0.24 � 0.04 1.83 � 0.54 � �
K46A 0.82 � 0.07 2.89 � 0.86 � �
G47A 0.92 � 0.63 5.52 � 0.52 � �
D48A 	50 3.31 � 0.78 � �
G49A 0.83 � 0.23 2.45 � 0.59 � �
W50A 1.35 � 0.64 4.13 � 0.90 � �a

I51A 	50 2.59 � 0.16 � �
L52A 0.68 � 0.21 1.45 � 0.04 � �
G53A 0.52 � 0.15 3.20 � 0.74 � �
E54A 0.38 � 0.19 2.47 � 0.56 � �

D48E 	50 1.92 � 0.05 � �
D48N 	50 2.21 � 0.16 � �
W50Y 0.65 � 0.4 2.68 � 0.45 � �
W50F 0.9 � 0.2 2.60 � 1.41 � �
I51L 0.9 � 0.3 3.23 � 0.18 � �
I51V 1.6 � 1.2 2.82 � 0.57 � �

a The W50A variant produces an atypical large complex (Fig. 6).
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cell morphology (Fig. 2), including cell rounding, nucleus con-
densation, membrane blebbing, and cellular detachment (4).
In contrast, no detectable damage was observed in monolayers
treated for 1 h with HBSS alone or HBSS containing mock
affinity-enriched preparations from E. coli lysates transformed

with the empty vector, pTrcHis A (Fig. 2). Damage to CaCo-2
cell monolayers was readily apparent using all affinity-en-
riched, alanine-substituted rCPE variants except for D48A and
I51A (Fig. 2), suggesting that those two N-terminal CPE res-
idues are critical for cytotoxicity.

FIG. 1. Functional map of CPE. (A) A previous deletion mutagenesis study of CPE (19) identified two distinct functional domains, including
(i) an �10-amino-acid region near the N terminus that is essential for cytotoxicity and large complex formation and (ii) a receptor binding region
located at the extreme C terminus of the toxin. (B) The amino acid sequence of the N-terminal CPE 45-54 cytotoxicity region targeted for
mutagenesis in this study.

FIG. 2. Morphological damage of CaCo-2 cells by rCPE variants. To screen variant rCPE species for cytotoxicity, confluent CaCo-2 cultures
were treated with 2.5 �g of the indicated rCPE species/ml for 60 min at 37°C. Treatment buffer alone was added to cells in the control panel, while
buffer containing a mock affinity enrichment preparation of lysates from E. coli cells transformed with the pTrcHis A empty vector was used to
treat cells in the vector panel. After treatment, cells were photomicrographed at 130� total magnification.
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Plasma membrane permeability alterations induced by the
alanine-substituted rCPE variants. The N-terminal 45-53 re-
gion of CPE under examination in this study is required (19)
for the plasma membrane permeability alterations responsible
for CPE-induced killing of mammalian cells (15, 23, 24, 26, 37).
Therefore, the ability of each alanine-substituted rCPE variant
to induce plasma membrane permeability changes in CaCo-2
cells was assessed in a 86Rb release assay. Consistent with
morphological damage screening results (Fig. 2), D48A and
I51A were the only rCPE alanine-substituted variants that
exhibited a substantially reduced ability to cause 86Rb release
(Table 3; Fig. 3A). Even at 50 �g/ml, D48A elicited no detect-
able 86Rb release from CaCo-2 cells, while I51A induced only
a slight release (�35% of maximal release) at that very high
toxin concentration, i.e., the D48A and I51A variants are
	160-fold less active than rCPE in this assay. All remaining
alanine variant rCPEs had a 
3-fold variation in their toxicity
relative to rCPE.

Competitive binding abilities of the alanine rCPE variants.
To determine why the D48A and I51A rCPE variants exhibit
attenuated cytotoxicity, the ability of each alanine-substituted
rCPE variant to perform early steps in CPE action was as-
sessed. Since CPE action initiates with binding of the entero-
toxin to a cellular surface receptor(s) and previous structure-
function analyses had mapped CPE receptor binding activity to
its C-terminal domain (19), the introduction of alanine substi-
tutions in the N-terminal 45-54 region was not expected to
affect binding activity. In a well-established BBM competitive
binding assay (18, 19) that measures the ability of an rCPE
species to inhibit binding of 125I-labeled native CPE to BBMs,
this expectation was confirmed, i.e., all alanine-substituted
rCPE variants generated in this study had similar abilities as
rCPE to inhibit [125I]CPE binding to BBMs (see Table 3 for
summary data with all variants and Fig. 4 for representative
data with selected rCPE species of particular interest). This
assay was verified by the binding-deficient random point rCPE
variant W226Stop which, as previously noted (18), failed to
inhibit [125I]CPE binding to BBMs (Fig. 4). In addition to their
competitive binding properties in the BBM assay, the D48A
and I51A rCPE variants also both inhibited [125I]CPE binding
to CaCo-2 cells, similar to rCPE (data not shown). Collectively,
these binding activity results support previous rCPE or CPE
studies indicating that the N terminus of the enterotoxin is not
involved in binding (12–14, 19, 25, 28) and imply that the D48
and I51 residues of the enterotoxin are important for some
postbinding step in CPE’s action.

Small complex formation by alanine-substituted rCPE vari-
ants. Upon binding to sensitive cells, CPE localizes in an SDS-
sensitive complex of �90 kDa (41, 42) that likely represents
CPE bound to its receptor(s). It was expected, therefore, that
the abilities of the alanine rCPE variants to form the small
complex should parallel their binding activities (Fig. 4; Table
3). When small complex formation by each rCPE variant spe-
cies was assessed by treating BBMs with each rCPE species at
4°C, all rCPE alanine variants were, as predicted, able to form
the small complex (see Table 3 for summary results with all
variants and Fig. 5 for a representative experiment). Although
these experimental manipulations were performed at 4°C,
which is inhibitory for large complex formation (27), limited
amounts of large complex formation were still observed by

using active rCPE species (Fig. 5; note the immunoreactive
material migrating above the small complex in the rCPE lane
of the gel). No large complex formation was apparent in lanes
containing extracts from BBMs treated with the D48A or I51A
rCPE variants (Fig. 5).

Large complex formation by rCPE alanine variants. At
37°C, the small CPE complex becomes localized in two large
SDS-resistant complexes (35, 43), including an �155-kDa

FIG. 3. 86Rb release from CaCo-2 cells induced by rCPE variants.
Confluent CaCo-2 cells in 24-well plates were labeled with 4 �Ci of
86Rb per well for 4 h and then treated with increasing concentrations
of rCPE species. 86Rb released into the culture medium after 15 min
of rCPE treatment was collected. To correct for background release,
the data were converted to the percentage of maximal 86Rb release
(see Materials and Methods). (A) Depicted are the following rCPE
species: rCPE (�), D45A (Œ), D48A (E), I51A (�), and L52A (F).
(B) 86Rb release experiments with rCPE saturation variants with the
following rCPE species: rCPE (�), D48A (E), D48E (‚), D48N (�),
I51A (�), I51L (F), and I51V (■ ). All data points represent means of
three independent experiments, and error bars represent the standard
deviations.
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complex (or perhaps higher-order aggregates thereof) that
likely represents a pore or channel responsible for the mem-
brane permeability alterations that kill CPE-treated cells.
When experiments were performed to analyze the large-com-
plex-forming ability of each alanine rCPE variant prepared in
this study, several intriguing observations were made (Fig. 6).
The most important result was that the completely inactive
D48A variant formed no detectable amount of SDS-resistant,
high-Mr material, while the highly attenuated I51A variant
formed only small amounts of the classic �155- and �200-kDa
CPE complexes, i.e., impaired large complex formation by
these two variants correlated with their attenuated cytotoxic
activities, as measured by morphological damage (Fig. 2) or
86Rb release (Fig. 3). In addition, Fig. 6 results indicate that all
rCPE alanine variants eliciting 86Rb release levels comparable
to that of rCPE (Table 3; Fig. 3A) could also form SDS-
resistant, high-Mr material. However, the high-Mr material
formed by several toxic rCPE alanine variants differed quali-
tatively and quantitatively from the classical �155- and �200-
kDa CPE complexes formed by rCPE. For example, rCPE
variants G47A and G49A produced appreciable levels of the
classical �155- and �200-kDa CPE complexes, along with
some even-higher-Mr immunoreactive material. In contrast,
the W50A rCPE variant, which was only slightly attenuated in
86Rb release experiments (Table 3), made little �155-kDa
CPE complex but did form higher-Mr immunoreactive material
roughly similar in size to the �200-kDa large complex pro-

duced by rCPE. In addition, substantially greater amounts of
immunoreactive material were present at, or near, the dye
front of lanes loaded with SDS extracts of CaCo-2 cells treated
with the W50A rCPE variant compared to that with rCPE (or
other toxic rCPE alanine-substituted variants).

Analysis of gross conformational changes in rCPE alanine
variants. The above results indicated that the D48A and I51A
rCPE variants are both highly attenuated due to an impaired
ability to form large complexes. To address whether those two
rCPE alanine variants lost the ability to form large complexes
because of gross conformational changes resulting from their
alanine substitution, limited trypsin proteolysis was performed.
As described previously (18), the rCPE protein normally ex-
poses only a few of the 24 trypsin digestion sites present in the
primary enterotoxin amino acid sequence, while misfolded
rCPE variants have more sites exposed and thus are more
sensitive to limited digestion with trypsin.

With the exception of an initial affinity enrichment batch of
W50A, all rCPE variants prepared in this study displayed tryp-
sin digestion patterns similar to that of rCPE (a representative
blot is shown in Fig. 7). These results suggest that the attenu-
ation of the D48A and I51A rCPE variants is specifically due
to the loss of the native amino acid at D48 and I51, rather than
from gross conformational changes occurring in those two
rCPE variants. As mentioned above, the first affinity enrich-
ment preparation of the W50A rCPE variant was nontoxic and
displayed a trypsin digestion pattern suggestive of a substan-

FIG. 4. Competitive binding of rCPE variants. BBMs were prein-
cubated with increasing concentrations (0.01 to 50 �g/ml) of each
rCPE species before the addition of [125I]CPE (2.5 �g/ml). The
amount of [125I]CPE bound after treatment was quantified and con-
verted to the percentage of total binding ([125I]CPE bound to BBMs in
absence of a competitor). rCPE species shown are as follows: rCPE
(�), D48A (E), D48E (Œ), D48N (�), I51A (�), the previously
described (18) binding-deficient rCPE random point variant W226Stop
(■ ), and a mock affinity enrichment preparation with lysates from E.
coli cells transformed with the pTrcHis A empty vector (F). Data
points represent the average of duplicate independent experiments run
in triplicate, and error bars represent the standard deviations.

FIG. 5. Small complex formation by rCPE variants. BBMs were
treated at 4°C with 5 �g of rCPE species per sample; Triton X-100
extracts of these samples were then separated on a 6% acrylamide
native gel. After electrotransfer, small complex formation by each
rCPE variant was evaluated by Western immunoblotting with rabbit
polyclonal anti-CPE antiserum preabsorbed with BBMs. The migra-
tion of 20 ng of rCPE (�39 kDa) is denoted by the arrow labeled free
rCPE, while the migration of the classic �90-kDa small complex is
depicted with the small complex arrow. The untreated lane represents
BBMs treated with PBS only, while the empty vector lane corresponds
to BBMs treated with a mock affinity enrichment preparation with
lysates from E. coli cells transformed with the pTrcHis A empty vector.
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tially misfolded protein (Fig. 7, W50A1). Therefore, that inac-
tive batch of W50A served as a control, verifying the ability of
the trypsin proteolysis assay (Fig. 7) to detect misfolded rCPE.
Note that all subsequent affinity enrichment preparations of
W50A displayed a trypsin digestion pattern similar to that of
rCPE (Fig. 7, W50A2); those later W50A preparations were
also active for receptor binding, small and large complex for-
mation, morphological damage, and 86Rb release (Table 3).

Saturation mutagenesis of residues important for CPE ac-
tion. Alanine-scanning mutagenesis identified CPE residues
D48 and I51 as being important for CPE toxicity. In addition,
the W50 residue of CPE appears to play some structural role
for the protein, given the batch-to-batch variation in protein
folding and activity observed with the W50A rCPE variant.
Therefore, these three CPE residues were subjected to satu-
ration mutagenesis to determine which of their biochemical

properties are important for CPE function. These additional
studies involved introducing more conservative substitutions at
each of the three amino acids by using the QuikChange kit to
produce the rCPE variants D48E, D48N, W50F, W50Y, I51L,
and I51V (Table 1). All saturation mutations were confirmed
by nucleotide sequencing, and each saturation rCPE variant
was expressed in E. coli for subsequent affinity enrichment.

The D48A rCPE variant was the only alanine-substituted
rCPE lacking any detectable cytotoxic activity, even using ex-
tremely high toxin concentrations (Table 3; Fig. 2, 3A, and 6).
In addition, this variant exhibited no gross conformational
changes (Fig. 7) and had wild-type binding and small complex
activities (Fig. 4 and 5), indicating some property of the D48
residue is specifically important for formation of SDS-resis-
tant, large CPE complexes. To elucidate the property (size or
charge) important for toxicity at CPE amino acid 48, the rCPE
variants D48E and D48N were engineered and tested for cy-
totoxicity. These rCPE saturation variants both failed to elicit
any morphological damage (Fig. 2) or 86Rb release from
CaCo-2 cells, even at 50 �g/ml (Fig. 3B), matching earlier
results observed with the D48A rCPE variant. Also resembling
the D48A rCPE variant, the D48E and D48N rCPE variants
could bind and form the SDS-sensitive small complexes in
CaCo-2 cells (Fig. 4 and 5), but both of these variants were
unable to form either of the two SDS-resistant large complexes
made by rCPE (Fig. 6), explaining their lack of cytotoxicity in
the 86Rb release experiments (Fig. 3B).

Activity characterization studies showed that the I51A rCPE
variant is highly attenuated but maintains a small amount of
cytotoxic activity (Table 3; Fig. 3A and 6). Therefore, conser-
vative mutations were engineered into rCPE at this amino acid
residue to determine whether restoring the aliphatic hydrocar-
bon side chain properties of isoleucine at CPE residue 51 is
sufficient to obtain normal toxicity. The resulting variant rCPE

FIG. 6. Large complex formation by rCPE variants. Confluent CaCo-2 cells harvested from 100-mm culture dishes were treated with 2.5 �g of
each rCPE species/ml. After 45 min, the treated cells were extracted with 1% SDS and loaded onto a 4% acrylamide SDS-PAGE gel. Complexes
were then electrotransferred and Western immunoblotted with rabbit polyclonal anti-CPE serum. “Cells only” and “empty vector” lanes represent,
respectively, CaCo-2 cells treated with either HBSS or mock affinity enrichment preparations of lysates from E. coli cells transformed with pTrcHis
A.

FIG. 7. Assessment of gross conformational changes in rCPE vari-
ants. rCPE species (400 ng) were incubated with trypsin (1 ng) at 25°C
for the time periods indicated below each lane. Digestions were
stopped by the addition of Laemmli buffer and boiling for 5 min.
Samples from each reaction mixture were loaded on 10% acrylamide
gels and separated by SDS-PAGE, followed by Western blotting with
rabbit anti-CPE polyclonal antibody. The blot depicted in this figure
represents a trypsin digestion of rCPE, a nontoxic affinity enrichment
preparation of W50A (W50A1), a toxic affinity enrichment preparation
of W50A (W50A2), and D48A (see Results for explanation of W50A
activity variation).
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species, I51L and I51V, displayed the same cytotoxicity as
rCPE in the CaCo-2 cell morphology and 86Rb release assays
(Fig. 2 and 3B). Consistent with that observation, both rCPE
saturation variants also had unimpaired receptor binding ac-
tivity (Table 3), could form both the small complex (Table 3)
and the classic �155- and �200-kDa large complexes (Fig. 6),
and displayed trypsin digestion patterns similar to that of
rCPE, i.e., these variants apparently lack gross conformational
changes.

As the W50A rCPE variant displayed some interesting phe-
notypes that could provide insights into CPE structure, con-
servative substitutions more closely resembling the tryptophan
residue were engineered at CPE amino acid 50. CPE activity
characterization revealed that the resulting W50Y and W50F
variants are fully active, i.e., they bind, form small and large
complexes, and elicit 86Rb release at levels comparable to
those of rCPE (Table 3; Fig. 3B). While the W50A rCPE
variant formed an atypical large complex species similar in size
to the �200-kDa complex made by rCPE (Fig. 6), the rCPE
saturation variants W50Y and W50F both formed the classic
�155- and �200-kDa large complexes (Fig. 6). Finally, the
W50Y and W50F variants consistently exhibited similar trypsin
sensitivity as rCPE, indicating they had not undergone gross
conformational changes.

DISCUSSION

Previous deletion and random point mutagenesis studies
implicated the N-terminal CPE region between D45 and G53
in formation of the large CPE-containing complexes that are
responsible for CPE-induced toxicity. Our present alanine-
scanning mutagenesis study has now identified several specific
amino acid residues in the CPE 45-54 region that are impor-
tant for large CPE complex formation and toxicity. In partic-
ular, two alanine substitution mutants, i.e., D48A and I51A,
were found to be completely or strongly (respectively) attenu-
ated for large CPE complex formation and cytotoxicity. The
nontoxic phenotype of these two rCPE variants appears spe-
cifically attributable to their inability to form the large CPE
complexes, since (i) both variants exhibited normal binding
and small complex-forming abilities and (ii) neither variant
appeared to have undergone gross conformational distortions,
based on their trypsin sensitivities. More conservative satura-
tion mutagenesis of the D48 residue of rCPE created two
variants, D48E and D48N, that were also completely deficient
in large complex formation and toxicity. Neither of those D48
saturation variants appeared to be grossly misfolded, since they
exhibited a normal ability to bind to receptors and form the
small complex and also exhibited trypsin sensitivity similar to
that of rCPE. Those observations suggest that both the size
and charge characteristics of CPE residue D48 are important
for formation of the large complex and toxicity, strongly sug-
gesting that ionic interactions and spatial constraints of the
D48 residue play a role in large complex formation.

Similar saturation mutagenesis of the I51 residue in CPE
showed that, in contrast to the sharply attenuated large-com-
plex-forming ability and toxicity of the I51A rCPE variant,
I51L and I51V rCPE variants form large complexes and kill
CaCo-2 cells similarly to rCPE. These data indicate that the
length of the aliphatic side chain is an important feature of I51

and that hydrophobic interactions or steric positioning of the
I51 residue are important for toxicity. Further supporting this
conclusion is the reduced, but still significant, activity of the
I51A rCPE variant, i.e., the size of the nonpolar functional
group at CPE amino acid 51 appears roughly proportional to
activity.

The G47A and G49A rCPE variants are both active yet
display an atypical large complex phenotype (Fig. 6) that in-
cludes, besides the classical �155- and �200-kDa large com-
plexes, formation of additional SDS-resistant material with a
higher molecular mass than the �200-kDa large complex (Fig.
6). Despite their formation of atypical large complexes, no
major differences in other CPE activities (binding, small com-
plex formation, 86Rb release) were detected for either the
G47A or G49A variant, indicating that their slightly abnormal
large-complex-forming properties had a limited effect on tox-
icity. The novel immunoreactive material formed by the G47A
and G49A rCPE variants could simply represent anomalous
aggregation, as both variants displayed (in the absence of any
CaCo-2 proteins) an unusual propensity to aggregate on SDS-
PAGE gels even after heating and reduction (data not shown).
This aggregation tendency may be attributable to the substi-
tuted Ala residue in these two variants, restraining (due to the
increased freedom of rotation about phi and psi angles) the
normal protein flexibility of Gly residues at CPE residues 47
and 49. However, the atypical large complex formation phe-
notype of G47A and G49A is clearly related to the location of
these two glycine residues in CPE, as the G53A rCPE variant
created in this study formed only the classical two CPE large
complexes. It is also intriguing that the G47 and G49 residues
sandwich the D48 residue that was determined in this study to
be so functionally important.

As noted in Results, our first W50A rCPE variant prepara-
tion was inactive and appeared to be improperly folded, al-
though subsequent preparations of this variant produced active
toxin lacking gross conformational changes as measured by
limited trypsin proteolysis (Fig. 7). However, even active
W50A rCPE variant preparations formed little or no detect-
able �155-kDa complex, although they did produce the atyp-
ical high-Mr material also seen with the G47A and G49A rCPE
variants (Fig. 6). In addition, substantially greater amounts of
immunoreactive material, which could represent dissociated
high-Mr CPE complexes, were present at or near the dye front
of large-complex gel lanes loaded with extracts of W50A-
treated CaCo-2 cells (Fig. 6). If the W50A rCPE variant were
structurally sensitive (as noted above), then the large complex
formed by this variant might be functional and form a �155-
kDa complex that is more sensitive to the SDS used for ex-
traction in large-complex experiments. Since the W50Y and
W50F saturation variants formed large complexes resembling
those of wild-type rCPE (Fig. 6), these observations collec-
tively suggest that an aromatic amino acid is preferred at CPE
residue 50 to maintain normal structural integrity.

Prior to beginning this study, we noted the presence of a
KGD motif at CPE amino acids 46 to 48 (Fig. 1) and hypoth-
esized that this three-amino-acid sequence might explain large
complex formation, since RGD and KGD sequences are
known protein binding motifs (2, 31). However, the unim-
paired cytotoxic activities observed for rCPE variants K46A
and G47A now preclude the CPE amino acids 46 to 48 (as a
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complete KGD motif) being important for CPE action. A
GXXXG sequence also exists in the CPE N-terminal cytotox-
icity region, extending from G49 to G53 (Fig. 1). This was
interesting, given that GXXXG motifs have been implicated in
dimerization of the Helicobacter pylori vacuolating toxin (21,
22). However, the GXXXG motif of the CPE N-terminal re-
gion does not appear important for toxicity, since G-to-A mu-
tations did not alter the pore-forming ability of rCPE (Table
3), in contrast to the attenuation of oligomerization and mem-
brane channel formation observed following some G-to-A mu-
tations in VacA (22).

Considering our G47, D48, G49, W50, and I51 rCPE variant
data together, it is notable that at least one substitution intro-
duced at each of these five amino acid residues during this
study produced an atypical phenotype. While G47A, G49A,
and W50A were active rCPE variants, each displayed a large
complex phenotype different from rCPE (Fig. 6). As also men-
tioned, identical amino acid substitutions introduced outside
rCPE residues 47 to 51 did not produce these atypical pheno-
types. Taken together, these observations suggest that N-ter-
minal CPE residues G47 to I51 represent a critical core se-
quence important for cytotoxic activity. This conclusion is also
fully consistent with previous random point mutagenesis work
(18), which produced a G49D rCPE variant that has an inac-
tive phenotype similar to the D48A rCPE variant generated in
the present study. The precise role of this core cytotoxicity
sequence appears to involve mediation of formation of the
�155-kDa large complex required for CPE to induce mem-
brane permeability alterations (27). Although CPE shares no
protein sequence homology with other bacterial toxins, it does
possess several characteristics reminiscent of the �-barrel
pore-forming toxin (�-PFT) family (16). These �-PFTs typi-
cally have a high �-sheet composition and penetrate lipid bi-
layers by oligomerizing and collectively inserting their trans-
membrane stem domains into the cellular membrane.
Oligomerization of some �-PFTs involves N-terminal se-
quences that serve as a “latch” domain, linking two neighbor-
ing monomers (e.g., Staphylococcus aureus alpha-hemolysin
and LukF hemolysin [30, 36, 38–40]). CPE also has a high
�-sheet composition (7, 32) and a �-PFT-like ability to induce
membrane permeability changes in sensitive cells (24) and
forms pores or channels in artificial membranes (15, 37). Our
present data appear consistent with the possibility that the
CPE N-terminal core sequence identified in this study acts as
an N-terminal latch that mediates the protein-protein interac-
tions needed for membrane permeability alterations.

The insights gained from this study can be applied to a
model in which CPE amino acids 47 to 51 act as a latch
domain. The size and charge requirement of CPE residue 48,
along with the aliphatic hydrocarbon preference at position 51,
could permit ionic and/or hydrophobic interactions between
the CPE 45-51 putative latch sequence and a latching site on
either another CPE molecule or a host membrane protein. The
glycines at CPE residues 47 and 49, which flank the critical D48
residue, may provide flexibility that properly frames this latch
so it can interact with its binding partner. The latch domain of
the S. aureus alpha-hemolysin has been predicted to involve
ionic and hydrophobic interactions between the monomers of
its oligomeric pore (36), and so it is plausible that the core
sequence identified in this study in CPE mediates similar in-

teractions. Disrupting these sequences, or altering their bio-
chemical properties, may negatively affect CPE’s interactions
with its binding partner, thereby leading to less efficient or less
stable large complex formation.

Finally, previous observations from our laboratory indicate
that, in intact CaCo-2 monolayers, the �155-kDa large com-
plex forms soon after CPE treatment. However, the �200-kDa
large complex forms much more slowly in that system (34)
because CPE needs basolateral exposure to gain access to the
tight junction protein occludin, which is a component of the
�200-kDa CPE complex but not the �155-kDa CPE complex.
The large-complex experiments performed in this study used
isolated CaCo-2 cells that were harvested from a cell culture
plate by scraping, thereby disrupting and exposing their tight
junctions. This method allowed us to rapidly assess both �155-
kDa and �200-kDa complex formation by our rCPE variants.
It is therefore notable that none of the rCPE variants gener-
ated in the present study could form the �155-kDa CPE com-
plex without forming the �200-kDa complex, or vice versa.
That observation suggests that the CPE 47-51 latch region is
important for formation of both CPE large complexes, which
could indicate that either the �155-kDa complex formation is
a precursor for �200-kDa formation or that formation of both
CPE large complexes is independent but involves similar pro-
tein-protein interactions. This and many other questions re-
main regarding the CPE structure-function relationship. In
particular, it will be informative to learn the positioning of the
CPE 47-51 sequence within the three-dimensional structure of
the CPE protein. Attempts to solve the CPE protein structure
are currently under way.
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