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Adenylate cyclase (AC) toxin from Bordetella pertussis intoxicates eukaryotic cells by increasing intracellular
cyclic AMP (cAMP) levels. In addition, insertion of AC toxin into the plasma membrane causes efflux of
intracellular K1 and, in a related process, hemolysis of sheep erythrocytes. Although intoxication, K1 efflux,
and hemolysis have been thoroughly investigated, there is little information on the nature of the interaction of
this toxin with intact target cells. Using flow cytometry, we observe that binding of AC toxin to sheep
erythrocytes and Jurkat T lymphocytes is dependent on posttranslational acylation of the toxin. Extracellular
calcium is also necessary, with a steep calcium concentration dependence similar to that required for intox-
ication and hemolysis. Binding of AC toxin is concentration dependent but unsaturable up to 50 mg/ml,
suggesting that if there is a specific receptor molecule with which the toxin interacts, it is not limiting.
Visualization of cells by fluorescence microscopy supports the data obtained by flow cytometry and reveals a
peripheral pattern of toxin distribution. AC toxin binds to erythrocytes at both 0 and 37°C; however, the total
binding at 0°C is less than that at 37°C. In human erythrocytes, AC toxin does not cause an increase in K1

efflux or hemolysis. While AC toxin exhibits reduced potency to increase cAMP in these cells than in sheep
erythrocytes, there is only a modest reduction in the binding of the toxin as measured by flow cytometry.
Further use of this technique will provide new approaches for dynamic and functional analysis of the early
steps involved in intoxication, K1 efflux, and hemolysis produced by AC toxin.

Adenylate cyclase (AC) toxin is an essential virulence factor
produced by Bordetella pertussis, the causative agent of whoop-
ing cough (12, 17, 33, 44). This toxin is secreted as a single
polypeptide of 1,706 amino acids, which is converted to an
active toxin by posttranslational modification of an internal
lysine (18), in a process requiring the product of an accessory
gene, cyaC (1, 24). The active toxin is able to interact with
target cells and insert its catalytic domain, resulting in synthesis
of cyclic AMP (cAMP) unregulated by the host cell (8). In this
report this process is termed intoxication; however, other in-
vestigators refer to this activity as cytotoxicity, cell penetration,
or cAMP accumulation (35–37). Insertion of the toxin into the
cytoplasmic membrane of the host cell results in the creation of
a defect that allows the efflux of intracellular potassium; in a
related process requiring a higher concentration of toxin and
more time, AC toxin causes lysis of erythrocytes (RBC) (16).
The N-terminal catalytic domain (amino acids 1 to 400) is
activated by endogenous calmodulin, resulting in an increase in
its enzymatic activity (4). The remainder of the molecule (ami-
no acids 401 to 1706) of AC toxin is required for the delivery
of the catalytic domain and can act independently as a hemo-
lysin (10, 38). This region is homologous to Escherichia coli
hemolysin and other members of the RTX (repeat in toxin)
family of bacterial toxins (9, 20).

AC toxin is a calcium-binding protein that undergoes a con-
formational change in response to the binding of calcium (23,
37). The repeat region (amino acids 1007 to 1612) contains 35
to 45 glycine- and aspartate-rich nonameric repeats implicated

in the binding of calcium and the resultant conformational
change (14, 37). Intoxication is absolutely calcium dependent,
requiring a extracellular calcium concentration greater than
200 mM (3, 19, 22, 23, 36, 37). However, efflux of K1 from
sheep RBC and hemolysis have been shown to occur in the
presence of EDTA or EGTA, but only when the toxin has been
renatured in the presence of calcium before its addition to cells
in calcium chelators (16, 34, 37). Rose et al. suggest that under
these conditions (renatured in the presence of calcium but
assayed in the presence of EGTA), three to four calcium ions
are tightly bound to the high-affinity sites of the protein and
cannot be removed without denaturation; they proposed that
these calcium ions are sufficient for membrane binding and
lysis of RBC which occur under these conditions (37).

Although the requirements for functional and enzymatic
activities of AC toxin have been well characterized, study of the
first step in the interaction of toxin with target cells, namely,
binding to the cell surface, has been limited for several reasons.
First, no specific receptor has been identified for AC toxin
binding. Second, due to loss of activity when AC toxin is tagged
with iodine or other labels, standard approaches to binding,
such as those used for hormones and growth factors, have not
been possible. The majority of studies of AC toxin binding
have either (i) measured the presence of AC enzymatic activity
associated with target cell membranes, or (ii) used reactivity of
toxin with antitoxin antibody on Western blots following so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis for
detection of toxin bound to target cell membranes. Several
investigators have used both of these approaches to character-
ize the requirements for toxin binding to lymphocytes and
RBC (19, 24, 34, 35, 37). In addition, Iwaki et al., using data
obtained from quantitation of enzyme activity associated with
cell membranes, proposed that AC toxin does not have a ded-
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icated membrane binding domain and that both structural in-
tegrity of the whole toxin molecule and posttranslational acy-
lation are necessary for target cell association (25). While both
of these approaches have proved useful, they do not allow the
study of the dynamic role of AC toxin binding to intact target
cells and the consequent structural changes.

To begin to study the changes in toxin structure that occur
during the complex sequence of events required for full ex-
pression of the activities of AC toxin, we have adapted an assay
using flow cytometric analysis to measure the binding of toxin
to intact target cells. This method has contributed to the un-
derstanding of toxin-cell interactions for other toxins (26, 32)
and has the important advantage of allowing detection and/or
measurement of only cell-bound toxin. With this approach, we
have further characterized the requirements for and charac-
teristics of toxin binding to intact cells.

MATERIALS AND METHODS

Production and purification of AC toxin. Recombinant AC toxin was produced
as previously described (39), with minor modifications. Escherichia coli XL-1
Blue cells (Stratagene, La Jolla, Calif.) containing plasmid pT7CACT1 for ex-
pression of wild-type AC toxin, or plasmid pACT7 for production of nonacylated
(due to omission of cyaC) AC toxin, were grown to an optical density at 600 nm
of 0.2 at 37°C in 23 YT medium (1.6% Bacto Tryptone, 1% Bacto Yeast Extract,
85 mM NaCl) containing ampicillin (150 mg/ml). Isopropyl-b-D-thiogalactopyr-
anoside (1 mM) was added to the cultures, which were then incubated for 4 h.
Cultures were centrifuged, and the resulting pellet was stored at 270°C over-
night. Pellets were resuspended in 50 mM Tris (pH 7.5), sonicated, and extracted
with 8 M urea. Urea-extracted AC toxin was purified on a calmodulin affinity
column as previously described (23). AC toxin was stored at 270°C in 8 M
urea–10 mM Tricine–0.5 mM EDTA–0.5 mM EGTA (pH 8.0).

Flow cytometric analysis of binding of AC toxin to Jurkat cells. Jurkat cells, a
human T-helper cell line, were maintained in RPMI 1640 supplemented with 5%
fetal bovine serum (FBS) and 5% Serxtend (Irvine) at 37°C in 5% CO2. For
binding experiments, Jurkat cells were washed twice in 10 mM HEPES–140 mM
NaCl–5 mM KCl–1% glucose–3 mM MgCl2–2 mM EDTA (pH 7.4) (buffer A).
Jurkat cells were resuspended at 2.5 3 106/ml in buffer A supplemented with 5%
FBS. When indicated, 3.2 mM CaCl2 was added to cells, resulting in 1.2 mM free
calcium. AC toxin was added to cells and incubated at 37°C for 30 min. Cells
were washed three times. For samples containing calcium, all washes and incu-
bation were done with buffer A with 5% FBS and 3.2 mM CaCl2. Samples
without calcium were washed, and incubation was carried out in buffer A con-
taining 5% FBS. Pellets were resuspended in 100 ml of polyclonal antibody
against AC toxin at a 1:500 dilution for 1 h at 4°C. Cells were washed three times;
the pellet was resuspended in 100 ml of fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse immunoglobulin G (IgG) (Sigma) diluted 1:25 and
incubated for 45 min at 4°C. Jurkat cells were washed three times, and 10,000
cells were assayed in a FACScan flow cytometer (Becton Dickson Immunocy-
tometry Systems, San Jose, Calif.). Background samples assayed in each exper-
iment consisted of cells incubated with polyclonal antibody against AC toxin and
FITC-conjugated goat anti-mouse IgG, but no AC toxin. Where indicated, back-
ground values were subtracted from experimental values.

Flow cytometric analysis of binding of AC toxin to RBC. Blood was drawn,
immediately placed in Alsever’s solution (Sigma), and centrifuged to remove
serum and buffy coat. RBC were washed three times and resuspended at 107/ml
in buffer A. Addition of AC toxin and incubations were identical to those used
for Jurkat cells, with the following exceptions. Washes and incubations were
performed with buffer A with or without the addition of 3.2 mM CaCl2, and
polyclonal antibody against AC toxin was added at a 1:100 dilution. For exper-
iments addressing time course, temperature, and concentration dependence,
cells were washed and incubations were carried out in Hanks’ balanced salt
solution (HBSS). In experiments dealing with temperature dependence, cells in
HBSS containing 75 mM sucrose to prevent hemolysis were maintained at the
indicated temperature before and during the incubation with AC toxin. All
washes and incubations after this were performed at 0°C in HBSS–75 mM
sucrose.

Immunofluorescence microscopy. RBC were prepared as described above for
flow cytometry. After final washing, cells were mounted on slides with Vecta-
Shield (Vector Laboratories, Burlingam, Calif.). Images were obtained with a
Nikon epifluorescence microscope.

Production and characterization of the polyclonal antibody against AC toxin.
Sp2/0-Ag14 mouse myeloma cells were injected into syngeneic BALB/c mice
immunized with AC toxin to produce polyclonal ascites by a method similar to
those described previously (27, 29, 41). The titer of this polyclonal antibody
against wild-type AC toxin and nonacylated AC toxin in both the absence and
presence of 1 mM CaCl2 was determined by enzyme-linked immunosorbent

assay. The titer, defined as the dilution of polyclonal antibody eliciting an optical
density of greater than 1.0, was 1:200,000 for the four conditions mentioned
above. To confirm that this polyclonal antibody bound to all the major domains
of the toxin, Western blot analysis was performed with a panel of deletion
mutants (25, 28). We found the polyclonal antibody used in this study bound to
the catalytic, hydrophobic, and repeat regions of the toxin molecule.

Intoxication of RBC. Blood was obtained as described above and used imme-
diately. RBC were washed three times in HBSS, resuspended at 107 RBC/ml, and
incubated with AC toxin for 30 min at 37°C. Cells were washed 3 times in HBSS,
and 10% trichloroacetic acid was added to lyse the cells and precipitate the
hemoglobin. The supernatant containing the cellular cAMP was removed and
extracted three times with H2O-saturated ether to remove residual trichloroace-
tic acid. HCl was added to yield a final concentration of 0.1 N, and cAMP
measured by an automated radioimmunoassay (7).

Renaturation of AC toxin in the presence of calcium. AC toxin stored in 8 M
urea–0.5 mM EDTA–0.5 mM EGTA was renatured by a .15-fold dilution of
toxin solution into HBSS. The urea concentration present after this dilution was
,500 mM, and the free calcium concentration was 1.1 mM (16).

RESULTS AND DISCUSSION

Previous observations of binding of AC toxin to target cells,
including those from our laboratory, have been limited by the
available methodologies. These include identification of bound
toxin by Western blotting or quantitation of cell-associated
enzymatic activity (24, 34, 37). These approaches involve cell
disruption and fractionation and, while useful, cannot fully
evaluate the complex sequence of functional steps in the in-
teraction of AC toxin with intact cells. To overcome these
problems and begin to address additional features of the in-
teraction of the toxin with intact cells, we have used flow
cytometry. The advantages of this technique are that (i) only
cell-bound toxin is detected, (ii) the presence of the catalytic
domain is not necessary, and (iii) intact target cells, not cell
membranes, are used.

Calcium- and CyaC-mediated activation is necessary for the
functional activities of all RTX toxins, but their role in binding
of these toxins with target cells is less clear. Boehm et al., using
an immunoblot procedure, found that binding of E. coli hemo-
lysin to sheep RBC is both calcium and HlyC dependent (5, 6).
Subsequently, using a modification of the same procedure,
Bauer and Welch found that hemolysin association with sheep
RBC is independent of both calcium and HlyC activation (2).
Consistent with this report, Soloaga et al. showed that binding
of E. coli hemolysin to liposomal membranes is independent of
HlyC-mediated acylation (42), and Ostoloza and Goni re-
ported that E. coli hemolysin binds to lipid vesicles in a Ca21-
independent manner (31). In addition, Moayeri and Welch,
using flow cytometric analysis similar to that used in this study,
found that binding of E. coli hemolysin to sheep RBC is inde-
pendent of HlyC-mediated acylation (30). Previously, using
both Western blot analysis and quantitation of membrane-
associated enzymatic activity, we observed that AC toxin was
bound to Jurkat cells in the absence of both calcium and
acylation (24). When these experiments were repeated under
more stringent washing conditions, binding of AC toxin to
target cells appeared not to occur in the absence of calcium
and acylation. This finding is consistent with results obtained
from other groups indicating that AC toxin binding to cells
requires both acylation and calcium (25, 37). Figure 1 shows
the flow cytometric data on binding of AC toxin to sheep RBC
and Jurkat cells, a human T-cell leukemia line, with or without
acylation and with or without calcium. These results clearly
indicate that both the acylation and the availability of calcium
are required for toxin binding to cells under these conditions.
In addition, AC toxin bound to cells in the presence of calcium
could not be washed off with 2 mM EDTA (data not shown).
This observation, along with the fact that toxin-treated target
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cells are washed nine times prior to analysis by flow cytom-
etry, suggests a stable interaction between AC toxin and the
target cell, which could include partial insertion into the mem-
brane.

Functional evaluation of AC toxin has revealed a striking
calcium concentration dependence for both intoxication and
hemolysis, with little or no activity below 100 mM calcium and
a steep rise to maximal activity at approximately 1 mM calcium
(11, 23). Therefore, it was important to determine whether the
absence of toxin function at calcium concentrations below 100
mM reflected a calcium requirement for binding as well. The
calcium concentration dependence of binding illustrated in
Fig. 2 shows a steep calcium concentration dependence similar
to that for intoxication and hemolysis and establishes that the

absence of toxin activities at low calcium levels is essentially
due to lack of binding under these conditions.

Intoxication of target cells by AC toxin is dependent on an
extracellular calcium concentration greater than 200 mM (23).
However, K1 efflux and hemolysis can occur, although at a
reduced level, in the presence of EDTA or EGTA, but only
when the toxin is renatured in the presence of calcium before
its addition to cells in media containing these calcium chelators
(16, 34, 37). Figure 3 illustrates that AC toxin, renatured in the
presence of calcium before addition to cells in the presence of
EDTA, binds to sheep RBC. Although binding of toxin to
intact target cells under this condition is less than the binding
of toxin renatured in calcium when added to RBC in the
presence of calcium, it is greater than the binding seen when
AC toxin is both renatured and incubated with cells in the
presence of EDTA. Intoxication, however, did not occur when
AC toxin was renatured in calcium and added to sheep RBC in
an excess of EDTA (Table 1). The absence of intoxication in
the presence of K1 efflux and hemolysis cannot be explained by
reduction in binding, since the concentration of toxin required
for intoxication is 10- to 100-fold less than that required for K1

efflux and hemolysis (16). These results suggest that the bind-
ing seen when toxin is renatured in calcium but assayed in
EDTA represents a conformation of the toxin molecule able to
bind and insert into the target cell membrane and elicit both
K1 efflux and hemolysis but unable to delivery the catalytic

TABLE 1. AC toxin (10 mg/ml) renatured in calcium but assayed in
the presence of excess EDTA does not elicit an increase in

intracellular cAMP levels in sheep RBCa

Renatured in: Assayed in: Mean intracellular cAMP
(pmol/107 RBC) 6 SD

EDTA EDTA 1.96 6 1.24
Calcium EDTA 2.01 6 0.18
EDTA Calcium 193.0 6 2.00
Calcium Calcium 189.0 6 3.60

a Background, 1.90 6 0.15.

FIG. 1. Binding of AC toxin to Jurkat cells and sheep RBC is both calcium
and acylation dependent. Cells in 2 mM EDTA or 1.2 mM free calcium were
treated with AC toxin (10 mg/ml) or unacylated (by virtue of omission of cyaC)
AC toxin (10 mg/ml) for 30 min at 37°C as indicated in Materials and Methods.
Solid line, flow cytometric histogram of control cells; bold solid line, AC toxin;
dotted line, unacylated AC toxin. Data presented are representative of seven
separate flow cytometry experiments for sheep RBC and two separate experi-
ments for Jurkat cells.

FIG. 2. Binding of AC toxin to sheep RBC shows a steep calcium concen-
tration dependence. Sheep RBC were washed three times in buffer A and
resuspended at 107/ml in the same buffer. Calcium was added to achieve the
indicated free calcium concentrations. AC toxin (10 mg/ml) was added and
incubated for 30 min at 37°C. Cells were washed and incubated with polyclonal
antibody as described in Materials and Methods. Data are expressed as mean
fluorescence obtained from flow cytometry. Each point represents mean 6 stan-
dard deviation from three similar experiments.

FIG. 3. AC toxin renatured in the presence of calcium before addition to
sheep RBC in EDTA binds to cells but at a reduced level. Sheep RBC were
washed and resuspended in buffer A containing 2 mM EDTA or buffer A
containing 3.2 mM calcium. AC toxin (10 mg/ml) was added to RBC as indicated
below for 30 min at 37°C. Solid line, toxin renatured in the presence of EDTA
upon its addition to cells in buffer A containing 2 mM EDTA; dotted line, AC
toxin renatured in the presence of calcium as described in Materials and Meth-
ods but incubated with sheep RBC in buffer A containing EDTA; bold solid line,
AC toxin renatured in the presence of calcium upon its addition to RBC in buffer
A containing 3.2 mM calcium. Data are representative of five separate experi-
ments.
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domain. Use of monoclonal antibodies directed against specific
regions of the toxin, along with flow cytometry, will be ex-
tremely helpful to determine the structure of the toxin mole-
cule under this condition as well as a variety of others.

The interaction of AC toxin with sheep RBC has been shown
to occur over a wide range of temperatures (4 to 36°C), while
intoxication requires temperatures above 20°C (34). In addi-
tion, K1 efflux is only modestly affected at 0 to 2°C, but he-
molysis, which occurs at this reduced temperature, is slowed
considerably (16). Figure 4 shows that binding of AC toxin to
sheep RBC does occur at 0°C; however, the total binding is less
than that at 37°C. Interestingly, at 0°C the binding of AC toxin
is maximal at 15 min, while binding at 37°C is not maximal until
45 min. The reason for this is unclear. The reduction seen at
0°C could be due to a difference in the conformation of the
toxin molecule on the cell surface, with a decrease in the
number of available epitopes exposed per cell. Alternatively,
this reduction in binding could simply be due to a decrease in
the amount of AC toxin bound to each cell. To address this
question, we incubated AC toxin with a polyclonal antiserum
before adding it to cells. We found that this procedure blocked
the toxin’s ability to bind to sheep RBC and inhibited intoxi-
cation in sheep RBC, human RBC, and Jurkat cells by greater
than 98%. While direct fluorophore labeling of AC toxin would
be preferred to address this concern and other aspects of toxin
action presented here, in our laboratory and others, direct
labeling with a variety of fluorophores has yielded AC toxin
with impaired functional activities and thus is inappropriate for
studies such as these.

Bacterial toxins with a specific protein receptor are often
limited to interacting only with cell types possessing that re-
ceptor. AC toxin, however, interacts with a wide variety of cell
types (13, 21, 35, 40), which suggests that it may not need a
specific cellular receptor or the molecules with which it inter-
acts are ubiquitous. Gordon et al. (15) showed that treatment
of Chinese hamster ovary cells with trypsin or cycloheximide
reduced anthrax AC toxin-induced cAMP accumulation but
had no effect on intoxication by pertussis AC toxin. These data
led to the conclusion that anthrax toxin, which enters cells by
receptor-mediated endocytosis, requires the presence of cer-
tain target cells surface proteins, while AC toxin was not af-
fected by modification of target cell proteins. However, incu-
bation of AC toxin with ganglioside before its addition to

target cells markedly inhibited cAMP accumulation by pertus-
sis AC toxin but had no effect on anthrax AC toxin (15). In
addition, we have shown that negatively charged lipids are
necessary for pore formation by AC toxin in an artificial lipid
bilayer system (43). Consistent with this, we found that binding
of AC toxin to sheep RBC is concentration dependent but
unsaturable up to 50 mg/ml (Fig. 5). This concentration of toxin
is more than fivefold higher than that necessary for maximal
intoxication, suggesting that AC toxin interacts with some
abundant species, such as one or more phospholipids, which is
not limiting within the range of toxin concentration tested.

To understand better the lack of saturation of binding and
the distribution of toxin on the cells, sheep RBC prepared for
flow cytometry were visualized by fluorescence microscopy
(Fig. 6). To determine background fluorescence for this tech-
nique, cells were incubated with polyclonal antibody against
AC toxin and FITC-conjugated goat anti-mouse IgG (Fig. 6A).
In addition, Fig. 6B illustrates that cells incubated with AC
toxin in the presence of 2 mM EDTA show no apparent bind-
ing of AC toxin to the RBC. Consistent with the flow cytomet-
ric data, increases in fluorescence intensity were observed
when sheep RBC were incubated with increasing concentra-
tions of AC toxin (5 to 50 mg/ml) in the presence of extracel-
lular calcium (Fig. 6C to F). Interestingly, sheep RBC treated
with AC toxin exhibited a peripheral pattern of fluorescence,
consistent with toxin being localized at the cell surface.

AC toxin elicits increases in intracellular cAMP in human
RBC, yet these cells are resistant to increases in K1 efflux and
hemolysis (16, 35). Rogel et al. reported that cAMP accumu-
lation in human RBC in response to AC toxin was 2- to 3-fold
lower than in RBC from other sources but found the binding of
AC toxin to human RBC membranes, using membrane-bound
enzymatic activity, was 28- to 32-fold lower than in other RBC
membranes (35). Figure 7 demonstrates AC toxin’s ability to
bind to and intoxicate human and sheep RBC. Results in Fig.
7A indicate that intoxication of human RBC is 10-fold less
than that of sheep RBC. Intoxication of sheep RBC incubated
with AC toxin was maximal at a toxin concentration of 3 mg/ml,
while at 30 mg of toxin per ml, cAMP accumulation in human
RBC was still increasing. Human RBC are larger than sheep
RBC (mean corpuscular volumes, measured by an Abbott [Ab-
bott Park, Ill.] CellDyn 4000 were 91.5 fl for human RBC and
36.1 fl for sheep RBC). Since the experiments illustrated in
Fig. 7A were performed with equal numbers of sheep and
human RBC, the difference in volume and presumably quan-

FIG. 4. AC toxin binds to sheep RBC at 0°C, but at a reduced level. Sheep
RBC at 0 or 37°C were incubated with AC toxin (15 mg/ml) for the indicated
time. Data represent mean fluorescence 6 standard deviation from three similar
experiments. Sheep RBC treated with polyclonal antibody against AC toxin and
FITC-conjugated goat anti-mouse IgG served as background fluorescence. The
mean fluorescence of the background is represented as the zero time point.

FIG. 5. Binding of AC toxin to sheep RBC is concentration dependent but
unsaturable up to 50 mg/ml. AC toxin at indicated concentrations was incubated
with sheep RBC for 30 min at 37°C as described in Materials and Methods. Data
are representative of five separate experiments and are expressed as mean
fluorescence minus background.
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tity of ATP could explain the difference in magnitude of cAMP
response but not the difference in potency. Binding of AC toxin
to sheep and human RBC was measured by flow cytometry and
is shown in Fig. 7B. Binding of AC toxin to sheep RBC was
significantly different from that to human RBC at each toxin
concentration tested (unpaired two-tailed t test; P 5 0.0004 to
0.0404). Since fluorescence is not linear, percent reduction a
given toxin concentration could not be determined. However,
the mean fluorescence of human RBC treated with 30 mg of
AC toxin per ml was not significantly different from the mean
fluorescence seen in sheep RBC treated with 15 mg of toxin per
ml (P 5 0.8162). Similarly, mean fluorescence of human RBC
treated with 15 mg of AC toxin per ml was not significantly
different from that of sheep RBC treated with 7.5 mg of toxin
per ml (P 5 0.4464). The same correlation held true for human
RBC treated with 7.5 mg of toxin per ml and sheep RBC
treated with 3.25 mg of toxin per ml (P 5 0.2226). This finding
suggests that binding of AC toxin to human RBC is about
twofold lower than that to sheep RBC. Nevertheless, this re-

duction in binding in human RBC does not in itself explain the
decreased potency in intoxication seen in these cells. Visual-
ization of human RBC treated with AC toxin showed a periph-
eral pattern of fluorescence indistinguishable from that of
sheep RBC (data not shown). Why these results differ from
those reported earlier by Rogel et al. (35) is unclear, but
binding in the latter study was quantitated by the presence of
the catalytic domain. It is possible that the catalytic domain is
more susceptible to proteolysis than the rest of the toxin mol-
ecule in human RBC. This consideration demonstrates the
need for an alternative approach, not dependent on the cata-
lytic domain, to measure binding.

Flow cytometry of AC toxin-treated intact target cells has
provided a new perspective on the calcium, acylation, and
temperature requirements for binding seen previously in target
cell membranes and adds a new approach, unencumbered by
the requirement for certain domains of the toxin molecule for
its detection. In the future, use of this technique, in combina-
tion with a panel of monoclonal antibodies directed against

FIG. 6. Immunofluorescence micrographs show that AC toxin binding is dependent on both the presence of calcium and concentration of toxin and exhibits a
peripheral pattern of distribution on the cell membrane. Sheep RBC were treated with AC toxin for 30 min at 37°C as described in Materials and Methods. (A) Cells
without toxin treatment; (B) cells treated with AC toxin (30 mg/ml) in the presence of 2 mM EDTA; (C to F) cells treated with AC toxin (5, 10, 30, and 50 mg/ml,
respectively) in the presence of 1.2 mM free calcium. Bar, 10 mm.
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different domains of the toxin molecule (28), will allow the
study of changes in toxin structure which occur upon binding to
target cells for expression of one or all of its activities.
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