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Adenylate cyclase toxin (ACT), a 200 kDa protein, is an essen-
tial virulence factor for Bordetella pertussis, the bacterium that
causes whooping cough. ACT is a member of the pore-forming
RTX (repeats-in-toxin) family of proteins that share a character-
istic calcium-binding motif of Gly- and Asp-rich nonapeptide
repeats and amarked cytolytic or cytotoxic activity. In addition,
ACT exhibits a distinctive feature: it has an N-terminal calmod-
ulin-dependent adenylate cyclase domain. Translocation of this
domain into the host cytoplasm results in uncontrolled produc-
tion of cAMP, and it has classically been assumed that this surge
in cAMP is the basis for the toxin-mediated killing. Several
members of the RTX family of toxins, includingACT, have been
shown to induce intracellular calcium increases, through differ-
ent mechanisms. We show here that ACT stimulates a raft-me-
diated calcium influx, through its cAMP production activity,
that activates PKA, which in turn activates calcium channels
with L-type properties. This process is shown to occur both in
CD11b� and CD11b� cells, suggesting a common mechanism,
independent of the toxin receptor.We also show that this ACT-
induced calcium influx does not correlate with the toxin-in-
duced cytotoxicity.

Adenylate cyclase toxin (ACT)3 is a crucial virulence factor
secreted by Bordetella pertussis, the bacterium that causes
whooping cough (1). ACT is a single polypeptide chain of 1706
amino acid residues that consists of an adenylate cyclase
domain corresponding to the 400 N-terminal residues (AC

domain) and a characteristic RTX (Repeats in Toxin) hemoly-
sin domain comprising the C-terminal 1306 residues (2). The
hemolysin domain consists in turn of a hydrophobic (channel-
forming) domain (residues 500–700), an acylation domain
(residues 800–1000), and a characteristic glycine/aspartate-
rich repeats domain (residues 1000–1600), typically present in
the members of the RTX family of proteins to which ACT
belongs (3, 4). Binding of calcium to these repeats induces con-
formational changes in the toxin molecule (5, 6) necessary for
the toxin functionality. The RTXmoiety insertion into cellular
membranes is necessary tomediate the translocation of the AC
catalytic domain into the cytosol of host cells, myeloid phago-
cytes that express the integrin receptor CD11b/CD18, and
upon activation by cellular calmodulin, it catalyzes an uncon-
trolled conversion of ATP into cAMP, a process often referred
to as “intoxication” (7, 8). The RTX domain accounts as well for
the hemolytic activity of ACT (9–11). This toxin can form cat-
ion-selective pores in cell membranes independent of translo-
cation, thereby perturbing ion homeostasis. This pore-forming
activity has been reported to contribute to the cytotoxic action
of ACT by cooperating with cAMP in promoting cell death (12,
13).More recently, Fiser et al. (14) have reported a third activity
of ACT, which involves a sustained rise of [Ca2�]i promoted by
membrane translocation of the AC domain (14).
Several members of the RTX family of toxins have been

shown to induce intracellular calcium rises, through different
mechanisms. Earlier studies carried out with LktA, the leuko-
toxin secreted by Pasteurella hemolytica, demonstrated that its
interaction with bovine leukocytes induced intracellular cal-
cium increase by influx of extracellular Ca2� through voltage-
gated channels (15–17). Similar findings were reported in
humanneutrophils andhumannatural killer cells by leukotoxin
(LTx) from Actinobacillus actinomycetemcomitans (18, 19). In
the case of LktA, using alveolar macrophages, cation entry was
shown to be inhibited by pertussis toxin, inhibitors of phospho-
lipases A2 and C and the arachidonic acid analog 5,8,11,14-
eicosatetraynoic acid, suggesting that the LktA-induced [Ca2�]
increase involves aGprotein-coupled activation of L-typeCa2�

channels (20), while in the case of LTx a mobilization of store-
operated channels has been involved in the toxin-induced cal-
cium rise (21). For Escherichia coli �-hemolysin (HlyA) a con-
troversy exists about the mechanism by which it promotes
calcium influx into cells. Whereas Uhlen et al. (2000) reported
that sublytic concentrations of HlyA stimulate oscillatory cal-
cium responses through activation of L-type calcium channels
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(22), other authors reported that this toxin promotes rises of
[Ca2�]i by allowing passive influx of calcium ions through the
toxin pores (23, 24). In the case of ACT, it has been proposed
that themechanism by which this toxin induces [Ca2�]i rises in
macrophages appears to be independent of both adenylate
cyclase activity and the pore-forming activity of the toxin, but
dependent on interaction of the toxin with its receptor, the
integrin CD11b/CD18, and on the translocation of the catalytic
domain that appears to participate itself in the formation of a
novel type of membrane path for calcium ions (14). ACT has
also been reported to rise [Ca2�]i in non-immune cells, such as
pancreatic beta-cells andmyocytes that do not contain the inte-
grin receptor through L-type calcium channels (25, 26).
Perturbation of cellular calcium homeostasis seems indeed

to be a common feature in many strategies followed by patho-
gens to damage host cells and cause diseases (27). Most cells,
including hematopoietic cells, contain specialized signaling
microdomains that support the generation of highly localized
Ca2� signals (28, 29). This phenomenon has been referred to as
“geography of Ca2� signals” to draw attention to the fact that
this signaling system has a precise spatial and temporal organi-
zation (30). In connection with this phenomenon, raft-like
membrane microdomains and caveolae exist in most cells as
organized structures involved in the regulation of both Ca2�

entry into cells and Ca2�-dependent signal transduction (31),
besides concentrating othermolecularmachineries responsible
for a variety of different signaling pathways (32).
We show here that ACT induces a receptor-independent,

microdomain-related calcium influx through activation of non-
voltage-dependent calcium channels with L-type properties
upon activation of PKA via the toxin-induced cAMP produc-
tion. Our results extend and somehow correct previous work
from Fiser et al. (14). We also show that this ACT-induced
calcium influx does not correlate with the toxin-induced
cytotoxicity.

EXPERIMENTAL PROCEDURES

Reagents—LaCl3, (�) Bay K 8644, methyl-�-cyclodextrin,
nifedipine, diltiazem, verapamil, 2-aminoethyl diphenilbori-
nate (2-APB), gramicidin A, U73122, and pertussis toxin
(PTx) were from Sigma; KT5720 and AACOCF3 were from
Calbiochem (Merck, Germany); Fura2-AM, OligofectamineTM
transfection reagent and bis-oxonol were from Invitrogen.
Antibodies to L-type Ca2� �1C and siRNA against L-type Ca2�

�1C and control siRNA were purchased from Santa Cruz
Biotechnologies.
ACT and proACT Purification—ACT and proACT were

expressed in E. coli XL-1 blue cells (Stratagene) transformed
with pT7CACT or pACT7 plasmids, and purified as previously
described (33). In this protocol, urea is used, and final purified
protein samples contain urea. The corresponding urea controls
were carefully done, and no effect was found regarding the
induction of a calcium influx.
Cell Culture—J774A.1murinemacrophages (ATTC number

TIB-67) andCHO cells (ATTCnumber CCL-61) were cultured
at 37 °C in DMEM supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum, 100 units/ml penicillin, 100 �g/ml
streptomycin, and 4 mM L-glutamine in 5% CO2.

Measurements of Intracellular [Ca2�]—J774A.1 and CHO
cells grown on glass coverslips were loaded with 2 �M

Fura2-AM for 30–45min in DMEMat 37 °C, and washed in 20
mM Tris-HCl, 2.4 mM CaCl2, 10 mM glucose, pH 7.4. The cov-
erslips were mounted on a thermostatized perfusion chamber
on a Nikon Eclipse TE 300-based microspectofluorometer and
visualized with a �40 oil-immersion fluorescence objective
lens. At the indicated time, 35 nM ACT was added, and the
intracellular Ca2� levels were determined using the method of
Grynkiewicz et al. (34). The 340/380 nm excited light ratio was
determined with a Delta-Ram system (Photon Technologies
International, Princeton) and converted into Ca2� concentra-
tion from the standard equation: [Ca2�]i � KD � Q � (R �
Rmin)/(Rmax �R), whereKD is theCa2� dissociation constant of
Fura2. R represents the ratio of the fluorescence intensities
measured at 340 and 380 nm; Rmax and Rmin were found when
Fura2 was saturated with Ca2� and when completely free of
Ca2�, respectively. Q is the ratio of the minimum/maximum
fluorescence intensity at 380 nm, i.e. the fluorescence intensity
measured when Fura2 is free of Ca2� and saturated with Ca2�,
respectively.
Erythrocytes, at �1% hematocrit, and neutrophils were

loaded with 2 �M Fura2-AM for 45 min at 37 °C, washed, and
resuspended in 20 mM Tris-HCl, 0.25 M glucose, and 2.4 mM

CaCl2, pH 7.4 at 0.1% hematocrit and 0.5� 106 cell/ml, respec-
tively. Cells were transferred into a quartz cuvette for fluores-
cence measurements in a Varian Cary Eclipse fluorometer, and
the intracellular Ca2� levels were determined as described
above.
Transfection of J774A.1 Cells with siRNA—50% confluent

cells were transfected with 20 nM siRNA against L-type Ca2�

�1C using oligofectamineTM transfection reagent in OPTIMEM
medium (Invitrogen) as directed by the manufacturer. 5 h fol-
lowing transfection medium was supplemented with fetal
bovine serum, and the incubation continued for 72 h. A scram-
bled sequence siRNA was used as a negative control.
WesternAnalysis—Toverify L-typeCa2� �1C silencing, total

cell proteins of control and silenced cells were analyzed by
Western blot. Proteins were separated electrophoretically on a
10% SDS-polyacrylamide gel and transferred to nitrocellulose
membrane. The membranes were then blocked overnight at
4 °C, and after 2 h of incubation with the primary antibody,
membranes were washed and exposed to the secondary anti-
body for 1 h at room temperature. Proteins were detected using
the enhanced chemiluminiscence detection system (ECL�,
Amersham Biosciences). The Quantity One� Image Analyzer
software program (Bio-Rad) was used for quantitative densito-
metric analysis.
RNA Isolation and RT-PCR—RNA isolation and RT-PCR

were performed using TRIzol� reagent (Invitrogen) and
OneStep RT-PCR kit (Qiagen), respectively. The primers used
to amplify �1C and �-subunits transcripts have been described
previously (35, 36).
Confocal Microscopy—Control and transfected cells grown

onto 12-mm diameter glass coverslips were fixed for 10 min
with 3.7% paraformaldehyde and permeabilized with acetone
at �20 °C. Then samples were incubated with the anti-L-type
Ca2� �1C primary antibody for 1 h followed by incubationwith
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fluorescein isothiocyanate-conjugated secondary antibody.
Coverslips were mounted on a glass slide, and samples were
visualized using a confocal microscope (Olympus IX 81) with
sequential excitation and capture image acquisition with a dig-
ital camera (AxiocamNRc5, Zeiss). Imageswere processedwith
Fluoview v.50 software.
Determination of cAMP—A total of 106 J774A.1 cells were

incubated with 35 nM or 100 nM ACT for 30 min in DMEM
without fetal calf serum. The reaction was stopped by addition
of ice-cold acidified ethanol. The sampleswere centrifuged, and
the concentration of cAMP in the supernatantswas determined

by a competition immunoassay as
described by the manufacturer (GE
Healthcare).
Cytotoxicity Assay—ACT-induced

cytotoxicity was determined through
release of lactate dehydrogenase
(LDH) into the culture medium
by the method of Bergmeyer and
Bernt (37). Cytotoxicity is ex-
pressed as percent LDH released
into themedium relative to the total
LDH content.
Statistical Analysis—All meas-

urements were performed at least
three times, and results are pre-
sented as mean � S.D. Levels of
significance were determined by a
two-tailed Student’s t test, and a
confidence level of greater than 95%
(p � 0.05) was used to establish sta-
tistical significance.

RESULTS

ACT Promotes a Rapid Intracel-
lular Calcium Rise Both in CD11b�

and CD11b� Cells—The natural
targets for ACT are reported to be
myeloid phagocytic cells such as
macrophages, neutrophils, and den-

dritic cells, which express the integrin receptor �M�2 (CD11b/
CD18, CR3, orMac-1) to which the toxin binds with high affin-
ity (38). However, the toxin has been shown to bind and
intoxicate, with variable efficiency, a large variety of cell types
lacking this receptor, such as myocytes, pancreatic beta-cells,
fibroblasts, epithelial cells, T-lymphocytes, or mammalian
erythrocytes, among others (39, 40, 9).
We show here that exposure of both CD11b� cells, e.g.

J774A.1 cells, and CD11b� cells, e.g.CHO, to low doses of puri-
fied ACT caused a very significant rise in [Ca2�]i, as demon-
strated by fluorescence microscopy measurements using the
calcium-sensitive probe Fura-2 AM (Fig. 1). ACT induced in
both cases a calcium elevation of similar amplitude and kinetics
(Fig. 1, A and B). The ACT-induced calcium increase was
concentration-dependent for all the cell types tested in the
5–50 nM toxin concentration range (Fig. 2). The ability of the
toxin to mobilize [Ca2�]i in both CD11b/CD18� and CD11b/
CD18� cells indicates that interaction with the integrin recep-
tor is not essential to induce this effect. As further shown in Fig.
1, the non-acylated form of the protein did not induce a com-
parable Ca2� influx in none of the cell types tested, confirming
that toxin palmitoylation is key to its functionality. Results
obtained with human neutrophils (CD11b/CD18�) and eryth-
rocytes (CD11b/CD18�) using fluorescence spectroscopy were
qualitatively very similar (Fig. 1, C and D).
ACT-induced Calcium Influx Is Dependent on cAMP-

dependent Activation of PKA—According to the findings of
Fiser et al. (14), translocation of the toxin AC domain was
essential for the toxin to induce a sustained calcium increase.

FIGURE 1. Kinetics of ACT-induced intracellular calcium increase in J774A.1 macrophages (A), CHO cells
(B), human neutrophils (C), and human erythrocytes (D) incubated with 35 nM acylated ACT (F) or with
the same concentration of the non-acylated toxin form, pro-ACT (E). Toxin was added after 60 s.

FIGURE 2. ACT concentration dependence on the toxin-induced intracel-
lular calcium rise in J774A.1 and CHO cells.
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The primary consequence of this catalytic domain transloca-
tion is the formation of high levels of cAMP, a second messen-
ger broadly known to act through activation of protein kinase
A. PKA, in turn, is known to phosphorylate, thus activating
L-type calcium channels.
After incubation of the cells with 56 �M KT5720, a selective

inhibitor of cAMP-dependent PKA, we found that the ACT-
mediated [Ca2�]i increase was almost completely suppressed,
both in J774A.1 and in CHO cells (Fig. 3, A and B) supporting
our hypothesis that L-type calcium channels might be mediat-
ing the toxin-induced calcium entry.
We found that ACT-mediated [Ca2�]i rise was very signif-

icantly blocked upon preincubation of cells with 10 �M nife-
dipine, a prototypic antagonist of L-type calcium channels.
The inhibitory effect of nifedipine was reproduced both in
CD11b/CD18-positive (J774A.1 cells) and -negative cells
(CHO cells) (Fig. 3, A and B). We extended these observa-
tions using representative drugs from two other L-type Ca2�

channel antagonists structurally unrelated to nifedipine:
verapamil, which belongs to the phenylalkylamines category,
and diltiazem, a component of the benzothiazepine family.
As shown in supplemental Fig. S1A, both inhibitors blunted
significantly the ACT-induced Ca2� influx. The stimulation
of a rapid calcium entry observed upon incubation of
J774A.1 macrophages with (�) Bay K 8644, a prototypic ago-
nist of L-type channels, and the inhibition of this calcium
influx by the antagonists nifedipine and verapamil also cor-
relates with the presence of L-type calcium channels in these
cells (supplemental Fig. S1B).

An important point to evaluate
was the possible contribution of
a capacitative Ca2� entry in the
ACT-mediated calcium rise, as in
a recent contribution (41) it has
been argued that nifedipine, at
high concentrations, has inhibi-
tory effects on capacitative Ca2�

influx in Jurkat T cells. It can be seen
in supplemental Fig. S2, that under
conditions in which capacitative
Ca2� entry is completely inhibited
with 2-APB, addition of ACT pro-
moted a [Ca2�]i rise with similar
kinetics and amplitude than in the
absence of inhibitor, and that cation
entry was inhibited by nifedipine,
supporting again the idea that ACT
stimulates [Ca2�]i rise via a mecha-
nism that is independent of capaci-
tative Ca2� entry and dependent on
L-type Ca2� channels.
Effects of other known inhibi-

tors of intracellular Ca2� regulation
routes were also tested. 100 �M

AACOCF3, inhibitor of phospho-
lipase A2, U73122, inhibitor of phos-
pholipase C, and pertussis toxin,
that inhibits Gi proteins were used.

Preincubation of cells with these compounds did not signifi-
cantly affect the ACT-induced calcium influx (Fig. 3, C and D),
suggesting that the corresponding routes are not involved in the
toxin-mediated [Ca2�]i rise.

Classical L-type calcium channels are voltage-gated and
most typically express in excitable cells. Several reports have
documented, however, the presence of non-voltage-dependent
L-type calcium channels in various non-excitable cells such as
T and B cells, or inmouse and humanmacrophages (36, 42, 43).
Patch clamp experiments were performed in the J774A.1 mac-
rophages used in this study, but no L-type calcium currents
could be recorded (data not shown), suggesting that L-type like
calcium channels in the J774A.1 macrophages do not respond
to a voltage activation.
Using different approaches we detected, both by confocal

microscopy, Western blot, and RT-PCR, expression of the
L-type �1C subunit in the J774A.1 macrophages (Fig. 4, A and
B). Transfection experiments with siRNA anti L-type �1C sub-
unit and the proper siRNA controls were also done. siRNA
anti-�1C down-regulated the surface expression of the �1C
protein as shown by confocal microscopy (Fig. 4A). Western
blot analysis confirmed this decrease in expression of the L-type
�1c subunit only in anti-�1C siRNA-transfected cells (about
45 � 5% decrease) but not in control siRNA cells (Fig. 4B).
RT-PCR of mRNA from J774A.1 cells demonstrated that these
cells express a transcript for the �1C subunit, and the auxiliary
�-subunits, which play an important role in chaperoning �1C
proteins to the cell surface, are also transcribed (Fig. 4B). Treat-
ment of the �1c siRNA-transfected cells with the toxin showed

FIGURE 3. Kinetics of ACT-induced intracellular calcium increase in J774A.1 macrophages (A) and in CHO cells
(B) incubated with 35 nM acylated ACT (F), or cells previously preincubated with various calcium channel
inhibitors: 100 �M La3�, 10 �M nifedipine, or 56 �M KT5720. Toxin was added after 60 s. Effect of 100 �M

AACOCF3 (E), 2 mM U73122 (‚), or 2 ng/ml pertussis toxin (X) on the kinetics of ACT-induced intracellular
calcium increase in J774A.1 macrophages (C) and in CHO cells (D) incubated with 35 nM acylated ACT (F).
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now a very marked decrease in calcium rise. As might be
expected, the effect of the agonist (�) Bay K 8644 was substan-
tially reduced in anti-�1C siRNA-transfected cells (Fig. 4C).

We finally performed experiments in depolarized cells to test
whether membrane depolarization is important in the toxin-
induced calcium entry identified in this study. Our first obser-
vation was that ACT was able to induce an almost identical
calcium rise both in polarized and in depolarized cells (supple-
mental Figs. S1A and S3A) The second observationwas that the
inhibitory effect of the three antagonists nifedipine, diltiazem,

and verapamil on the ACT-induced calcium rise was also very
similar in both polarized and depolarized cells (supplemental
Figs. S1A and S3A). As a control, we confirmed with the fluo-
rescent probe bis-oxonol that neither ACT nor its antagonists
altered the plasma membrane potential and that with 50 mM

KCl cells were completely depolarized (supplemental Fig. S3B).
A third observationwas that in the depolarized cells, the agonist
BayK8644was also able to induce a rapid calciumentry, similar
to that observed in polarized cells, and that this influx was
inhibited both by nifedipine and verapamil (supplemental Figs.
S1B and S4A). We concluded from these results that non-
voltage-dependent calcium channels with L-type properties are
instrumental in the ACT-induced intracellular calcium rise.
Cholesterol Depletion and Low Temperature Impair ACT-

induced Calcium Influx—Current evidence for the significant
localization of ionic channels participating in calcium-induced
signaling paths, including �1C subunits of L-type channels (36,
44), in raft-like membrane domains (RLMD) led us to hypoth-
esize that ACT might induce a raft-mediated [Ca2�]i increase.
To test this hypothesis, we explored the effect of RLMD-per-
turbing agents and the effect of the temperature on the ACT-
induced calcium influx. The latter parameter was investigated
because calcium influx has been proposed to occur through
translocation of the toxin AC domain (14), and translocation
has been reported to be temperature-dependent (45).
Removing cholesterol from the membrane by preincubation

of cells with methyl-�-cyclodextrin (M�CD), an agent known
to disrupt RLMD (46), impaired the toxin ability to induce cal-
cium influx (Fig. 5, A–D). The figure also shows that at 10 °C,
calcium entry was completely abolished, probably because
cAMP formation by the toxin AC domain translocation is very
sensitive to temperature, becoming abrogated below �20 °C
(45). The high sensitivity of calcium entry to cholesterol deple-
tion suggested that cation influx required the integrity of the
RLMDs. Our finding that cAMP production by ACT was also
affected by M�CD (Fig. 6) confirmed the latter requirement
and suggested that the toxin must be RLMD-bound to cause
cAMP production and calcium influx. The lack of effect of nife-
dipine or LaCl3 on cAMP production (Fig. 6) indicated that
translocation of the AC domain is independent of calcium
influx.
ACT-induced Calcium InfluxDoes Not Correlate with Toxin-

induced Cytotoxicity—An important question was whether the
ability of the toxin to increase [Ca2�]i contributed to its cyto-
toxicity. Blocking calcium entry by nifedipine or KT5720 did
not prevent ACT killing of J774A.1 (Fig. 7). Also ACT-induced
toxicity in CHOcells wasmuch lower than in J774A.1 cells (Fig.
7), even if Ca2� entry was about the same (Fig. 1). M�CD how-
ever affected very significantly toxin-induced cytotoxicity (Fig.
7). M�CD inhibits cAMP production by ACT (Fig. 6). Thus,
calcium influx is not primarily responsible for the cytotoxic
effect of ACT, but rather toxin-induced cytoxicity seems
mainly caused by subversive effects of the second messenger
cAMP in the cells.

DISCUSSION

ACT belongs to the so-called RTX family of bacterial protein
toxins. Though it was initially believed that this family of toxins

FIGURE 4. Effect of transfecting J774A.1 cells with siRNA anti-L-type �1C
subunit. A, �1C expression in control and transfected cells analyzed by con-
focal microscopy. B, �1C expression in total cell lysate analyzed by Western
blotting in control and transfected cells and control of transfection with a
scrambled siRNA. The lower panel represents �-tubulin loading control (left-
hand side). Detection of the mRNA of �1C and the four auxiliary �-subunits in
J774A.1 macrophages. PC12 cells were used as control (right-hand side).
C, kinetics of a toxin- and Bay K 8644-induced intracellular calcium rise in
control and transfected cells. 35 nM ACT, control cells (F), 35 nM ACT, trans-
fected cells (E), 100 nM Bay K8644, control cells (Œ), and 100 nM Bay K8644,
transfected cells (‚).
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caused cell killing mainly through their pore-forming activ-
ity, reports from recent years highlight that their manner of
causing cell damage is complex, intriguing, and still not fully
understood.
We show here that ACT induces an increase in cytosolic

calcium that is independent of the presence of its integrin
receptor CD11b/CD18, and compatible with extracellular cal-
cium entering the cytosol following PKA activation, via toxin-
produced cAMP, and activation of calcium channels with
L-type properties that are not voltage gated. Confirmation of
the presence of such functional L-type-like calcium channels in

the J774A.1 macrophages used in
this work has been presented. The
temperature dependence of cation
entry reflects the requirement for
the translocation of the AC domain
to ensure cAMP formation, a proc-
ess that is very sensitive to tempera-
ture, and the high sensitivity to
cholesterol depletion by 	�CD
suggests that it takes place in mem-
brane microdomains, what might
be explained by a localization of
L-type-like calcium channels in
such domains and by the finding
that cAMP production by ACT is
also significantly affected by this
cholesterol sequestering agent. The
toxin itself must probably insert
into cholesterol-rich microdomains
for translocation to happen. Finally,
our findings demonstrate that ACT
induces a calcium increase appar-
ently through a common mecha-
nism, i.e. the opening of cAMP-de-
pendent L-type-like calcium channels,
both in CD11b/CD18� and CD11b/
CD18� cells.
In the work of Fiser et al. (14)

translocation of the toxin AC
domain was shown to be essential for the toxin to induce a
sustained calcium elevation. The primary consequence of this
domain translocation is the formation of high levels of cAMP, a
second messenger broadly known to act through activation of
protein kinase A. PKA, in turn, is known to phosphorylate, thus
activate, L-type calcium channels. Their observation that expo-
sure of the CD11b� cells to the cell-permeable cAMP analog
db-cAMP (1 mM) had no effect on [Ca2�]i led them to the con-
clusion that calcium entry was not mediated by cAMP. Using
another cAMP-permeable analog, 8-Br-cAMP, we observed
(data not shown) that this compound induced a very slow but
measurable [Ca2�]i rise. This much smaller effect of the cyclic
nucleotide analogmight be due to a low or slow permeability of
the molecule across the cell plasma membrane or even to the
fact that themoleculemight enter along the whole membrane
and not in a localized way, thus perhaps not reaching the
necessary analog concentration to locally activate PKA. Our
data support the observation by Fiser et al. (14) that the
adenylate cyclase active center mutant K58Q does not allow
Ca2� entry, while adenylate cyclase domain translocation
remains unaltered. In agreement with this idea, we found
that forskolin, an activator of adenylate cyclases, many of
which are concentrated in membrane domains (47), pro-
duced a rapid and very significant [Ca2�]i rise that also
decreased rapidly, probably due to the action of associated
phosphodiesterases. This observation and our finding that
the calcium influx induced by ACT might also take place in
RLMD led us to underline the importance that a specific
localization of calcium entry may have.

FIGURE 5. Effect of temperature and cholesterol depletion on the kinetics of ACT-induced intracellular
calcium increase in J774A.1 macrophages (A), CHO cells (B), human neutrophils (C), and human eryth-
rocytes (D). Cells were incubated with 35 nM acylated ACT at 37 °C (F) or 10 °C (Œ) or previously preincubated
with 10 mM M�CD for 30 min and then incubated with the toxin at 37 °C (E). Toxin was added after 60 s.

FIGURE 6. Effect of calcium influx blocking and cholesterol depletion on
the ACT production of cAMP. The concentrations of nifedipine, La3�, and
M�CD used were 10 �M, 100 �M, and 10 mM, respectively. Cells were preincu-
bated with these compounds for 30 min.
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A localized [Ca2�]i rise might be essential to activate cer-
tain signaling routes and not others, which in turn may influ-
ence the cellular effects triggered. The essential role played
by a precise temporal and spatial organization of Ca2� sig-
naling has been addressed in several works. Petersen and
Tepikin (48) described the influence of a precise spatial orga-
nization in the release of Ca2� by the InsP3Rs in the apical
region of pancreatic acinar cells that was confined by a mito-
chondrial firewall. At high agonist concentrations, this fire-
wall was shown to be breached, and Ca2� broke out and
spread throughout the cell as a global signal. This local to
global transition was proposed to alter the distribution of cal-
modulin (CaM), which concentrated in the apical region at low
agonist doses but entered the nucleus when Ca2� spread glob-
ally. Philipova et al. (49) described changes in the spatial orga-
nization of CaM that occurred during mitosis in sea urchin
eggs. CaM localized around the nucleus at nuclear envelope
breakdown (NEBD) and then concentrated at the two spindle
poles later in mitosis. Beaumont et al. (50) described how the
voltage-operated channels (VOCs) at the synaptic endings of
bipolar ganglion neurons arranged in close proximity to the
synaptic vesicles. They showed, using total internal reflection
fluorescence microscopy (TIRFM) that Ca2� entering through
a VOC created a microdomain that activated vesicles within a
radius of �200 nm. Chasserot-Golaz et al. (51) described the
geographical arrangement of the many signaling compo-
nents responsible for triggering exocytosis in chromaffin
cells. They identified a role for phospholipase D1 (PLD1)
that might participate by bending the plasma membrane
through phosphatidic acid, prior to exocytosis. The activa-
tion of PLD1 depended upon the small GTPase Arf6, located
in the vesicle membrane, binding to ARNO attached to the
plasma membrane. These signaling complexes appeared to
be organized at the sites of exocytosis by lipid rafts that may
be stabilized by annexin-2.

Intracellular calcium alterations are reported to be involved
in processes leading to cell death such as apoptosis or necrosis
(52, 53). ACT is able to induce both types of cell death (54);
however, in this case the toxin-induced calcium rise is not
directly involved in ACT-induced cytotoxicity, as shown here
by the null effect of calcium entry blockers, La3� or nifedipine.
Studies in progress in our laboratory are aimed at elucidating
the precise downstream effects of ACT-induced Ca2� entry in
cells.
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