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The cytotoxicity of Clostridium perfringens enterotoxin (CPE) was completely blocked in Vero cells
continuously CPE treated at 4°C. ["**I]CPE-specific binding to either Vero cells or isolated rabbit intestinal
brush border membranes (BBMs) was lower at 4°C than at 24 or 37°C, but reduced enterotoxin binding could
not totally explain the loss of cytotoxicity at low temperature. Insertion of enterotoxin into Vero cell membranes
or BBMs was temperature mdependent However, CPE complex formation (A:. P. Wnek and B. A. McClane,
Infect. Inmun. -57:574-581, 1989) in BBMs and Vero cells was blocked at 4°C. When Vero cells were CPE
treated at 4°C, washed to remove unbound toxin, and then shifted to 37°C, complex formation and cytotoxicity
were rapidly detected. When CPE binding and complex formation were permitted for 2 min at 37°C, and the
Vero cells were then shifted to 4°C, cytotoxicity was detectable at 4°C. These results are consistent with complex
formation, rather than complex activity, being the temperature-sensitive step in CPE action which is blocked
at 4°C. These studies demonstrate a strong correlation between complex formation and cytotoxicity and are
consistent with complex involvement in CPE cytotoxicity. These studies also strongly suggest that CPE insertion

precedes both complex formation and induction of small-molecule permeability changes.

Clostridium perfringens enterotoxin (CPE) is a single
polypeptide of 35,000 M, which has a unique mode of action
and amino acid sequence (8). This bacterial enterotoxin
produces the symptoms associated with C. perfringens food
poisoning and also may be involved in other gastrointestinal
illnesses (8).

Several early (i.e., detectable within S min of toxin treat-
ment) events have been described following CPE treatment
of mammalian cells. CPE binds to specific proteinaceous
receptors on mammalian cells (11, 22). Recent studies (23)
indicate that specific binding of enterotoxin to either isolated
intestinal brush border membranes (BBMs) or cultured Vero
(African green monkey kidney) cells results in rapid forma-
tion of a 160,000 M, membrane complex. This complex
apparently contains one CPE molecule, one 50,000 M,
eucaryotic membrane protein, and one 70,000 M, eucaryotic
membrane protein. Coincident with formation of complex at
37°C, [**’IICPE becomes resistant to protease-induced re-
lease from either BBMs or Vero cells (11, 12, 22). This
phenomenon may represent the insertion of enterotoxin into
plasma membranes (11, 12). CPE produces rapid and exten-
sive membrane permeability alterations for small molecules
(4, 6, 7, 10). The precise mechanism by which enterotoxin
causes these rapid small-molecule permeability alterations
remains unknown. No enzymatic activity has yet been
detected for this toxin (10, 11), and CPE appears to remain
localized on the plasma membrane (15, 20). These primary
permeability changes appear to be responsible for CPE
cytotoxicity since they then cause secondary enterotoxin
effects, including inhibition of macromolecular synthesis and
morphologic damage (5).

To fully understand the unique action of this toxin, it is
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essential to determine which of these recognized early
events are required for CPE action. To date, the only early
events shown to be involved in CPE action are specific
binding of enterotoxin to mammalian receptors (13, 24) and
production of small-molecule permeability alterations (5).
Currently, there is no experimental support indicating that
either insertion or CPE complex is involved in enterotoxin
action. Further, the precise order of onset of these early
events is unclear because they occur so rapidly at 37°C.

Low-temperature studies are often useful for dissecting
the contribution of individual events to the overall cytotoxic
process of a bacterial toxin (16). By systematically charac-
terizing the relationship between temperature and each
known early event linked to CPE treatment, we now are able
in this report to establish a strong correlation between
enterotoxin complex formation and cytotoxicity. These re-
sults are consistent with the involvement of complex forma-
tion in CPE cytotoxicity. Further, our studies also strongly
suggest that CPE insertion precedes both complex formation
in eucaryotic membranes and production of small-molecule
permeability changes.

MATERIALS AND METHODS

Materials. Na'*’I (17 Ci/mg) and [*Hluridine (35 to 50
Ci/mmol) were purchased from ICN Pharmaceuticals Inc.
8RbCl (1.2 mCi/mg) was purchased from DuPont-NEN
Research Products, trypsin was purchased from Difco Lab-
oratories, and pronase was obtained from Calbiochem-
Behring.

Enterotoxin. CPE was prepared and purified, and its
biologic activity was assayed as described previously (14).
Purified enterotoxin was radioiodinated as described previ-
ously (11), except that 24 nM potassium iodide was included
during the radioiodination with Enzymobeads (Bio-Rad Lab-
oratories). We have observed (A. P. Wnek and B. A.
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McClane, submitted for publication) that addition of potas-
sium iodide during radioiodination yields more reproducible
and desirable [*2’IJCPE-binding characteristics (i.e., high
specific binding with low nonspecific binding) while retaining
biologic and serologic activity. [*>’I]CPE used in these
studies had a specific radioactivity of approximately 3 mCi/
mg.

Cells. Vero cells were maintained as monolayer cultures in
either roller bottles or 150-cm? flasks (Corning Glass Works)
as described previously (7).

Binding studies. (i) BBMs. BBMs from the small intestine
of female New Zealand White rabbits were prepared as
described previously (17). Specific binding of [***IICPE (0.5
wg) to BBMs (100 pg) at 4, 24, or 37°C was determined as
described previously (11). Specific binding was calculated by
subtracting the counts associated with BBMs cotreated with
a 50-fold or greater excess of unlabeled enterotoxin (nonspe-
cific binding) from the counts associated with membranes
treated only with [*>°I]CPE (total binding). Specific binding
in BBMs was approximately 80% of total binding.

(i) Vero cells. Tissue culture dishes (diameter, 60 mm;
Falcon) were inoculated with 10° cells per dish and incu-
bated overnight at 37°C in a humidified atmosphere contain-
ing 5% CO,. The resultant monolayers were washed twice
with 3 ml of Hanks balanced salt solution (HBSS) at the
same temperature as subsequently used for binding determi-
nation. [*?’I]CPE (0.5 pg) in 1.5 ml HBSS at 4, 24, or 37°C
(as used for washing) was then added in the presence or
absence of at least a 50-fold excess of unlabeled enterotoxin.
All subsequent steps were performed at the binding solution
temperature. Cells were gently shaken for the specified
incubation times, and then the binding solution was removed
and microcentrifuged to pellet nonadherent cells. HBSS (1.5
ml) was then added to each culture dish, and adherent cells
were removed from the monolayer by scraping with a rubber
policeman. This suspension was then added to the corre-
sponding microfuge tube containing the pelleted nonadher-
ent cells from that dish, and the microfuge tubes were again
microcentrifuged for 3 min to pellet the cells. HBSS (1 ml)
was added to each dish to collect any remaining cells, and
this material was also centrifuged in the tube containing the
previously collected cells from that dish. Pellets were
counted in a Packard gamma counter, and specific binding
was determined as for BBMs. After 20 min, specific binding
represented approximately 60% of total binding at 37 or 24°C
and 30% of total binding at 4°C.

Measurement of CPE insertion into BBMs or Vero cells. All
steps in the insertion study were carried out at one temper-
ature (4, 24, or 37°C) for a particular sample. Insertion
experiments were performed as described previously (11),
with slight modification. [*IJCPE (0.5 pg) in the presence
or absence of a 50-fold excess of native CPE was bound to
BBMs (100 pg) or a plate (diameter, 60 mm) of Vero cells
(108 cells) at the desired temperature for the specified time.
Samples were washed to remove unbound [*?°I)CPE, and
proteases were added. Samples treated with proteases at 24
or 37°C received either pronase (50 wg) or trypsin (100 ug)
for 5 min. Samples at 4°C were treated with 250 pg of
pronase or 500 pg of trypsin for 5 min. This increased
concentration of proteases was necessary to obtain protease
activity for 4°C samples that was comparable to activity for
24 and 37°C samples. This was determined by using Azocoll
protease activity assays (21) at 4, 24, and 37°C and confirmed
by determining the amount of proteases needed at different
temperatures to inhibit enterotoxin binding by 95% when
BBMs were pretreated with protease prior to addition of
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[*?’TI]CPE. After incubation with proteases, BBMs and Vero
cells were washed, harvested, and counted for radioactivity
as described for the binding experiments.

Identification of BBM and Vero cell ['2*IJCPE complexes by
SDS-PAGE without sample boiling. [*>°I]JCPE binding mix-
tures containing either BBMs or Vero cells were prepared as
described previously (23), except that binding mixtures were
incubated at 4, 24, or 37°C. Binding mixtures were micro-
centrifuged for 3 min at the incubation temperature, and 1%
sodium dodecyl sulfate (SDS) in PBS at 4°C was added to the
pellets for 15 min to extract membrane proteins for electro-
phoresis. The SDS extractions were microcentrifuged to
remove insoluble debris. Samples (30 ul) of the supernatants
were added to an equal volume of SDS-polyacrylamide gel
electrophoresis (PAGE) sample buffer (0.0625 M Tris hydro-
chloride [pH 6.8], 2% SDS, 10% glycerol, 0.001% bromophe-
nol blue) and were analyzed by SDS-PAGE without sample
boiling by using 6% acrylamide gels as described previously
(23). After electrophoresis, gels were autoradiographed with
intensifying screens (Cronex Hi-Plus) at —70°C for 2 to 4
days for BBMs and 7 to 14 days for Vero cells. Autoradio-
graphs were scanned on a videodensitometer (Bio-Rad
model 620) with the 1-D-Analyst program (Bio-Rad).

Measurement of CPE-induced permeability changes. Vero
cells were seeded into 16-mm wells in tissue culture dishes
(Costar) at a density of 5 X 10* cells per well. After 3 days,
fresh medium was added.

(i) °Rb™ efflux experiments. Confluent 6-day-old monolay-
ers were washed with medium 199 without serum and
incubated for 2 h at 37°C with 2 ml of medium 199 containing
4 pCi of %RbCl (7). The cultures were then washed twice
with HBSS at 4, 24, or 37°C. CPE (either 5 or 50 pg per well)
in HBSS at 4, 24, or 37°C (as used previously for washing)
was then added to each culture, and the cells were incubated
for the desired time at the same temperature used for
washing and toxin treatment. The culture supernatant was
then gently removed, Vortex mixed, and centrifuged for 3
min at 4°C in an Eppendorf microcentrifuge. Radioactivity in
the supernatant was measured by counting 1.0-ml samples in
a Packard gamma counter. Released radioactivity was cal-
culated as described by Thelestam and Méllby (19): percent
maximal release = [(toxin-induced release — spontaneous
release)/(maximal release — spontaneous release)] x 100.

Spontaneous release (i.e., background label release with-
out toxin) of **Rb™ label after 22.5 min at 37°C was approx-
imately 25% of maximal release. As described previously
(11), the maximal release of cytoplasmic label represents
total cytoplasmic radioactivity at the end of radiolabeling
(i.e., before CPE addition) and was determined after cell
membrane rupture by the addition of 1 ml of 1 M citric acid
and 1 ml of a 0.5% saponin buffer to each well. Maximal
release was approximately 0.5 X 10% to 1 x 10* cpm per
culture for 8Rb* label.

(ii) Temperature shift experiments. (a) Shift of Vero cell
cultures from 4 to 37°C. Vero cells were labeled with 8°RbCl
as described above. Following radiolabeling, cultures were
washed twice with 2 ml of HBSS at 4°C, and CPE (50 pg per
well) in 2 ml of HBSS at 4°C was added for 15 min. Cultures
were washed twice with 2 ml of HBSS at 4°C to remove
unbound enterotoxin. Cultures then received a final wash of
2 ml of HBSS at either 4 or 37°C. The final wash buffer was
removed, 2 ml of HBSS at either 4 or 37°C (as used for the
final wash) was added, and cultures were incubated at the
temperature of the final wash for 15 min. Culture supernatant
then was removed and processed for released radioactivity
as described above.
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FIG. 1. Effects of temperature on CPE-induced #Rb release from Vero cells. 8*Rb-labeled Vero cells were treated continuously with 25
(H, @, and A) or 2.5 (O and O) pg of enterotoxin per ml at 4 (A), 24 (® and O), or 37°C (M and O) for the indicated times. Culture supernatants
were then removed and processed for radioactivity determination as described in Materials and Methods. Error bars represent standard errors
of the mean. Points without error bars had standard errors too small to depict. Results shown are from duplicate samples in three experiments.

(b) Shift of Vero cell cultures from 37 to 4°C. Vero cells
were labeled with 8°RbCl as described above. Following
radiolabeling, cultures were washed twice with 2 ml of
HBSS at 37°C, and CPE (1.0 pg per well) in 2 ml of HBSS at
37°C was added for 2 min. Cultures were rapidly washed
twice with HBSS at 37°C to remove unbound enterotoxin
and then received a final wash with 2 ml of HBSS at either 4
or 37°C. After the final wash buffer was removed, 2 ml of
HBSS at either 4 or 37°C (as used for the final wash) was
added for 15 min. Culture supernatant then was removed and
processed for released radioactivity as described above.

Determination of CPE-induced morphologic damage. Vero
cells were seeded into 35-mm tissue culture dishes (Corning
Glass Works) at a density of 2.5 X 10° cells per well. After an
overnight incubation at 37°C in a humidified atmosphere
containing 5% CO,, the culture medium was removed.
Cultures were washed twice with washing buffer (HBSS at 4,
24, or 37°C). CPE (either 5 or 50 pg per well) in 2 ml of HBSS
at either 4, 24, or 37°C (corresponding to washing buffer
temperature) was added for up to 60 min.

Viability determination. Viability determination was per-
formed as described previously (9) using erythrosine B
viability dye.

RESULTS

The strategy used in these studies was first to determine
whether overall CPE cytotoxicity is inhibited by continuous
incubation at 4°C and, second, if temperature sensitivity was
observed, to identify which specific enterotoxin event(s) is
temperature sensitive. If successful, this approach would
establish an experimental correlation between the tempera-
ture-sensitive event and cytotoxicity. To help ensure the
validity of conclusions from these studies, both BBMs (the
physiologic site of enterotoxin action) and Vero cells (useful
in vitro models for CPE cytotoxicity) were used wherever
possible in these studies.

CPE cytotoxicity does not occur at low temperature. CPE is
considered to be a cytotoxic bacterial toxin (8) on the basis

of three commonly used criteria for cytotoxicity. Specifi-
cally, enterotoxin causes (i) plasma membrane permeability
alterations, (ii) permeability to viability dyes, and (iii) mor-
phologic damage in mammalian cells (5, 9, 11). To examine
whether membrane permeability changes caused by toxin
are temperature sensitive, CPE-induced ¥Rb release was
studied at several temperatures. As reported previously (7,
11), 86Rb release at 37°C was very rapid and was essentially
complete within 10 min under the specified experimental
conditions (Fig. 1). At 24°C, this effect occurred to a
significant extent but was slowed at lower toxin doses. The
most striking result shown in Fig. 1 is that no %6Rb release
was detectable when cells were treated continuously with
CPE at 4°C, even when high toxin doses were given for long
incubation times. *H-nucleotide release (11) was also tem-
perature sensitive and completely blocked during continuous
toxin treatment at 4°C (data not shown). This indicates that
both early (e.g., *Rb release) and late (e.g., *H-nucleotide
release) CPE-induced membrane permeability alterations
are similarly affected by temperature.

Two additional assays for CPE cytotoxicity were also
performed (data not shown). CPE-induced morphologic
damage to Vero cells is also temperature sensitive. When
Vero cells were treated with moderate doses (5 pg per
culture) of enterotoxin, blebbing and cell rounding typical of
CPE treatment (9) occurred rapidly at 37°C but developed
more slowly at 24°C. Morphologic damage was absent at
4°C, even for cultures continuously treated at 4°C for 60 min
with high (50 pg per culture) toxin concentrations. Viability
(i.e., the ability to exclude erythrosine B viability dye) was
also rapidly lost in toxin-treated cells at 37°C and was more
slowly lost at 24°C. However, cells continuously treated
with CPE at 4°C remained viable for at least 1 h. Therefore,
four different cytotoxicity assays indicate that CPE cytotox-
icity is temperature sensitive and is blocked completely
during continuous 4°C incubations.

CPE binding is reduced at low temperature. Since cytotox-
icity is blocked during continuous CPE treatment at 4°C,
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FIG. 2. Effects of temperature on [***[JCPE-specific binding to (A) Vero cells and (B) intestinal BBMs. Vero cells or BBMs were incubated
with [***I]CPE (0.5 p.g) at 4 (A), 24 (B), or 37°C (@). Specific binding was determined as described in Materials and Methods. Values represent
means *+ standard errors of the mean. Error bars not shown were too small to depict. Values shown are from duplicate samples from three

experiments.

studies were initiated to determine the event(s) responsible
for this effect. The essential first step in CPE action is
specific binding of enterotoxin to a membrane receptor(s)
(13). Therefore, [*>*TJICPE-specific binding was measured at
4, 24, or 37°C. Specific binding of enterotoxin to either Vero
cells (Fig. 2A) or BBMs (Fig. 2B) was temperature depen-
dent and lower at 4°C. However, significant CPE-specific
binding was detectable at 4°C. For example, after 15 to 20
min (equivalent to the time required in Fig. 1 for complete
86Rb release at 24 or 37°C), there was about one-third the
amount of enterotoxin-specific binding to Vero cells or
BBMs at 4°C compared with 37°C.

Reduced CPE binding at low temperature does not fully
explain the complete blockage of cytotoxicity at 4°C. A reduc-
tion in CPE-specific binding at 4°C could theoretically ex-
plain why cytotoxicity is blocked at low temperatures, since

there is an excellent positive correlation between enterotox-
in-binding levels and cytotoxicity (13). However, while
reduced binding at 4°C contributes to the loss of cytotoxic-
ity, another CPE event(s) may also be reduced or completely
blocked at 4°C. To address this possibility, temperature shift
experiments were performed in which a high concentration
(25 pg/ml) of CPE was bound at 4°C, and the treated cultures
were then washed free of unbound toxin and subsequently
tested for cytotoxicity by measuring ®°Rb release after 15
min at either 4 or 37°C. If an additional CPE event besides
specific binding is also inhibited or blocked at low tempera-
ture, then warming these cultures to 37°C should at least
partially restore cytotoxicity.

Consistent with Fig. 1, enterotoxin caused virtually no
86Rb release (i.e., 0.1% = 0.1% of maximal release) when
cultures were both CPE treated and subsequently incubated
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at 4°C. However, when CPE was bound to Vero cells at 4°C,
and these cultures were then warmed to 37°C, substantial
86Rb release occurred (i.e., 65.2% = 7.5% of maximal
release). This effect could not be due to increased binding of
residual unbound CPE after shifting of cultures to 37°C since
unbound CPE was removed at 4°C and cultures were exten-
sively washed at 4°C prior to warming. These results are also
not explainable by the possibility that CPE binds to one
receptor at 4°C which has no biologic activity and, after
shifting to 37°C, dissociates to bind to the cytotoxicity-
mediating receptor, since no [*2’IJCPE dissociation is detect-
able for at least 4 h at 4 or 37°C (data not shown). Therefore,
these results strongly suggest that an additional postbinding
CPE event(s) is also temperature sensitive.

CPE insertion occurs at all temperatures. Previous studies
have shown that at 24°C, specifically bound [*>*I]CPE be-
comes progressively resistant to release from Vero cells and
BBMs by proteases (11, 12, 22). This phenomenon may
represent the insertion of enterotoxin into membranes fol-
lowing binding (12). When the possible effects of tempera-
ture on CPE insertion were studied, the previous 24°C
insertion results were confirmed with both Vero cells and
BBMs. In both models, toxin insertion at 24°C was progres-
sive and rapid (i.e., insertion was essentially complete within
2 min of CPE treatment). When insertion studies were
performed at 37 or 4°C with Vero cells or BBMs, significant
and rapid enterotoxin insertion also occurred. At 37°C,
insertion was complete within 1 min of CPE treatment, while
at 4°C this effect was complete within 2 to 5 min of toxin
treatment. These results indicate that insertion of CPE, like
several other bacterial toxins (2, 25), is largely temperature
independent since insertion is only slightly slowed at 4°C.

CPE complex formation is blocked at 4°C. Recent studies
(23) indicate that soon after binding, CPE forms an identical
large (160,000 M,) membrane complex at 24°C in both Vero
cells and BBMs. The possible effects of low temperature on
complex formation were studied in BBMs (Fig. 3) and Vero
cells (Fig. 4). The kinetics of complex formation was highly
temperature sensitive as determined by densitometry of gel
autoradiographs. After 20 min of toxin treatment of either
BBMs (Fig. 3) or Vero cells (data not shown), approximately
70% of specifically bound CPE was associated with complex
at 37°C, compared with 60% of specifically bound entero-
toxin in complex at 24°C. With continuous 4°C incubation,
no complex formation was detectable after 20 min in BBMs
(Fig. 3) or Vero cells (data not shown). Even after 60 min of
continuous toxin treatment at 4°C, less than 5% of specifi-
cally bound CPE was associated with complex in either
BBMs (Fig. 3) or Vero cells (Fig. 4).

CPE complex formation is rapidly detected after Vero cells
and BBMs are shifted from 4 to 37°C. Collectively, the above
results suggest that blockage of CPE complex formation may
be involved in the loss of cytotoxicity at 4°C. If this is true,
then it would be predicted that shifting either Vero cells or
BBMs containing enterotoxin bound at 4°C to higher tem-
peratures should cause a significant increase in complex
formation since our results show that cytotoxicity is in-
creased by this experimental manipulation.

Results shown in Fig. 4 are totally consistent with this
prediction. Even after 60 min of continuous binding (and 5
additional min of incubation after removal of unbound toxin)
at 4°C, little or no complex formation was detectable in Vero
cells. However, for Vero cells with CPE prebound at 4°C
which are then warmed to either 24 or 37°C for as little as 5
min, there was a rapid increase in complex formation. By
densitometry, this increase is approximately 3.5-fold at 24°C
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FIG. 3. Effect of temperature on the kinetics of CPE complex
formation. ['**I]CPE (0.5 pg) was added to BBMs in the presence
(+) or absence (—) of a 50-fold excess of unlabeled enterotoxin as
described previously (23) for the indicated times at 4, 24, or 37°C.
After unbound ['ZIJCPE was removed, enterotoxin complex was
extracted from BBMs with SDS (final concentration, 1%) at 4°C.
Samples were analyzed by SDS-PAGE without sample boiling, as
described previously (23). After electrophoresis, gels were autora-
diographed and scanned with a video densitometer. CPE, ['**I]CPE
(0.5 ng) in solution (i.e., no membranes) run in this gel system;
EXT, sample of ['*IICPE (0.5 pg) added to supernatants from
SDS-extracted BBMs (previous studies [23] show that complex does
not form under these conditions). Identical temperature kinetics
were observed with complex formation in Vero cells (data not
shown).

and 5-fold at 37°C after warming for 5 min. Similar results
were observed with BBMs (data not shown).

CPE cytotoxicity continues at 4°C when cells are first briefly
CPE treated at 37°C. The results presented above demon-
strate that when cells are continuously CPE treated at 4°C,
both complex formation and cytotoxicity are almost totally
inhibited. However, when Vero cells were briefly CPE
treated with low toxin doses (0.5 pg/ml) at 37°C prior to
washing and shifting to 4°C, significant ®Rb release occurred
at 4°C. After 15 minutes, 5°Rb release from these tempera-
ture-shifted cultures was 20.5% = 2.2% of maximal release.
This result indicates that once ®6Rb release starts at 37°C, it
cannot be shut off by shifting to 4°C. Collectively, our results
demonstrate that there is an additional temperature-sensitive
step in CPE action besides specific binding, but this step is
not %Rb release. Complex amounts in samples from the
above experiments were analyzed by densitometry of elec-
trophoresis autoradiographs, and it was determined that the
amount of complex remained constant after shifting cultures
from 37 to 4°C. However, there was an approximately
twofold increase in complex in cultures incubated at 37°C
after ['>°I]CPE removal. This suggests that at 37°C there is a
slight lag in complex formation after toxin binding. This
could explain why after cells were briefly CPE treated at
37°C and then washed there was an approximately twofold
increase (44.0% = 2.1% of maximal release compared with
20.5% = 2.2% of maximal release) in 8°Rb release after 15
min from cells continuously incubated at 37°C compared
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FIG. 4. CPE complex formation occurs rapidly after Vero cells
are shifted from 4 to 37°C. [***I]CPE (0.5 ng) was bound to Vero
cells at 4°C for 30 min in the presence (+) or absence (—) of a 50-fold
excess of unlabeled toxin. After removal of unbound [*?’I]CPE, cells
were treated with HBSS at 4, 24, or 37°C for 5 min, and then
enterotoxin complex was analyzed as described in the Fig. 3 legend.
Identical results were observed with BBMs (data not shown).

with cells shifted to 4°C after CPE binding at 37°C. Collec-
tively, these results further support a correlation between
the amounts of CPE complex and cytotoxicity and also
indicate that complex formation but not complex activity is
blocked at 4°C.

DISCUSSION

Recent studies (5-7, 11, 23) have identified several events
which occur early in CPE treatment of mammalian cells or
isolated membranes. However, the precise order and the
importance of each of these early events in enterotoxin
cytotoxicity are unclear. Information on the sequence and
the role of these events in cytotoxicity is essential to
establish an accurate model for CPE action.

This research utilized low-temperature studies to address
these unresolved questions. This research provides at least
two major findings. First, CPE complex formation is coinci-
dent with cytotoxicity. No other CPE event studied could
explain the complete blockage of cytotoxicity observed with
continuous toxin treatment at 4°C. Unless there are unrec-
ognized enterotoxin events which are also blocked com-
pletely at low temperature, the strong correlation between
complex formation and cytotoxicity suggests that CPE com-
plex formation is required for cytotoxicity. If this suggestion
is accurate, then complex formation is only the third early
enterotoxin event implicated in cytotoxicity. Specific bind-
ing and small-molecule permeability alterations are the only
other CPE effects shown to be required for cytotoxicity by
experimental evidence (5, 13, 24).

The second major implication of this study concerns the
sequence of early events in CPE bioactivity. Previous CPE
studies at 24 and 37°C (11, 23) were unable to resolve the
order of insertion, complex formation, and small-molecule
permeability alterations since the Kinetics of these rapid
events are indistinguishable at these temperatures. How-
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FIG. 5. Revised time line for CPE events incorporating results
from this research to revise a similar figure published previously (8).

ever, this study clearly indicates that at 4°C insertion occurs
but both complex formation and cytotoxicity are blocked.
This observation strongly suggests that insertion precedes
both complex formation and small-molecule permeability
alterations. In a recent review of CPE action (8), we arbi-
trarily listed complex formation as preceding enterotoxin
insertion. Figure 5 shows an updated time line which is
revised to incorporate the new conclusions from this study.

This revised sequence suggests several implications and
directions for future experiments. First, these data raise
questions about what CPE complex represents. The simplest
interpretation of complex is that it represents enterotoxin
bound to a two-subunit protein receptor containing one
50,000 M, and one 70,000 M, polypeptide, with each poly-
peptide capable of binding CPE (23). However, if insertion
of enterotoxin precedes complex formation, as suggested by
our data, then complex may represent a more complicated
structure. For example, either the 50,000 or 70,000 M,
polypeptide may be the CPE receptor. After enterotoxin
binds to this receptor and these molecules insert into mem-
branes, there could be a subsequent binding of a second,
nonreceptor polypeptide to receptor-bound CPE to form
complex. This hypothesis must be experimentally tested.
Second, establishment of a strong correlation between com-
plex formation and cytotoxicity suggests that further studies
of complex should help clarify CPE action. For example, it
remains to be determined whether complex formation might
affect membrane function by causing generalized changes in
membrane fluidity or by affecting function of a specific
membrane protein such as an ion pump. Lastly, our current
studies do not support or disprove a role for insertion in CPE
cytotoxicity. Experiments to examine this relationship are
necessary and are ongoing in our laboratory.

This study is the first to systematically characterize all
known CPE events for temperature sensitivity. However,
our results are consistent with several previous studies
which have examined the effect of low temperature on only
one or two enterotoxin events. Several previous studies
support our findings that CPE binding is reduced at 4°C (12,
18, 20), although one study (3) has reported that enterotoxin
binding is temperature independent. Matsuda et al. have
reported (6) that cells treated with toxin at 4°C do not show
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morphologic damage. Horiguchi et al. (3) suggested that
CPE-induced permeability alterations for larger molecules are
blocked at 4°C. Several previous studies (11, 12, 22) support
our conclusion that [***I]CPE does not dissociate at either 4
or 37°C after binding. Matsuda et al. (6) have reported that
CPE-induced small-molecule permeability alterations occur
at 4°C. However, conclusions from their study are difficult to
interpret because of flawed methodology. Their cells were
first treated with high doses of enterotoxin for 2 min at 37°C
prior to being shifted to 4°C. We repeated their experiment
with equivalent high CPE doses and then measured %°Rb
release immediately after the 2-min incubation at 37°C (Mat-
suda et al. measured ion flux changes only at the endpoint of
their experiment, i.e., after both their 37 and 4°C incubations).
We found almost complete (i.e., >95%) *°Rb release had
already occurred in the first 2 min of CPE treatment at 37°C.
Therefore, this previous experiment does not address entero-
toxin activity at 4°C in a meaningful way.

Lastly, it is of interest to compare CPE with other
well-characterized membrane-active bacterial toxins, includ-
ing streptolysin O (SLO), staphylococcal a-toxin, and Esch-
erichia coli a-hemolysin HlyA (for a review of other toxins,
see reference 1). CPE produces a significantly smaller mem-
brane lesion than these other toxins (0.5- to 1.0-nm lesions
for CPE [6, 10] compared with 1.5- to 3.0-nm lesions for
HlyA and a-toxin and =~35-nm lesions for SLO). Only CPE
requires specific binding to a protein receptor for toxicity.
The toxic activities of SLO, a-toxin, and HlyA are partially
temperature sensitive, but this effect can be overcome by the
addition of higher toxin concentrations. Like CPE, both
SLO and a-toxin (but not HlyA) form high-molecular-weight
complexes in membranes at 37°C, and the formation of the
SLO and a-toxin complexes is at least partially temperature
sensitive. However, unlike CPE complex, which apparently
contains both enterotoxin and eucaryotic proteins, the SLO
and a-toxin membrane complexes are thought to contain
only oligomerized toxin molecules. These results clearly
indicate that significant differences exist between the inter-
action of membranes and CPE compared with these other
toxins and also strongly suggest that enterotoxin action
differs from the actions of these other toxins. CPE appears to
represent a novel class of membrane-active bacterial toxins.
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