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A large subgroup of the repeat in toxin (RTX) family of leukotoxins of Gram-negative pathogens consists of pore-forming hemo-
lysins. These can permeabilize mammalian erythrocytes (RBCs) and provoke their colloid osmotic lysis (hemolytic activity). Re-
cently, ATP leakage through pannexin channels and P2X receptor-mediated opening of cellular calcium and potassium channels
were implicated in cell permeabilization by pore-forming toxins. In the study described here, we examined the role played by
purinergic signaling in the cytolytic action of two RTX toxins that form pores of different sizes. The cytolytic potency of ApxIA
hemolysin of Actinobacillus pleuropneumoniae, which forms pores about 2.4 nm wide, was clearly reduced in the presence of
P2X7 receptor antagonists or an ATP scavenger, such as pyridoxalphosphate-6-azophenyl-2=,4=-disulfonic acid (PPADS), Bril-
liant Blue G, ATP oxidized sodium salt, or hexokinase. In contrast, antagonists of purinergic signaling had no impact on the he-
molytic potency of the adenylate cyclase toxin-hemolysin (CyaA) of Bordetella pertussis, which forms pores of 0.6 to 0.8 nm in
diameter. Moreover, the conductance of pores formed by ApxIA increased with the toxin concentration, while the conductance
of the CyaA single pore units was constant at various toxin concentrations. However, the P2X7 receptor antagonist PPADS in-
hibited in a concentration-dependent manner the exacerbated hemolytic activity of a CyaA-�N489 construct (lacking 489 N-ter-
minal residues of CyaA), which exhibited a strongly enhanced pore-forming propensity (>20-fold) and also formed severalfold
larger conductance units in planar lipid bilayers than intact CyaA. These results point to a pore size threshold of purinergic am-
plification involvement in cell permeabilization by pore-forming RTX toxins.

The repeat in toxin (RTX) proteins represent a family of pro-
teins exhibiting a wide range of activities and molecular

masses ranging from 40 to 600 kDa (1). A prominent group of
RTX proteins consists of toxins mostly exhibiting cytotoxic pore-
forming activity, which was first detected as a hemolytic halo sur-
rounding bacterial colonies grown on blood agar plates (2, 3).
Biophysical studies have shown that RTX toxins form cation-se-
lective pores of a defined size and with short lifetimes of only a few
seconds (4–7). This also applies to the RTX adenylate cyclase (AC)
toxin-hemolysin (CyaA, ACT, or AC-Hly) that is a key virulence
factor of the whooping cough agent Bordetella pertussis (8–10).
CyaA is a 1,706-residue-long (177-kDa) bifunctional protein that
consists of an amino-terminal adenylate cyclase domain of about
400 N-terminal residues and of an RTX cytolysin moiety of about
1,306 residues (11, 12). The RTX moiety inserts into cellular
membranes and mediates translocation of the AC domain into the
cytosol, where it binds calmodulin and catalyzes conversion of
ATP to cyclic AMP (cAMP), thereby subverting cellular signaling
(13). In parallel, the RTX moiety of CyaA can form cation-selec-
tive pores that mediate the efflux of cytosolic potassium ions from
cells (4, 14–16), eventually provoking colloid osmotic cell lysis.
This hemolytic activity synergizes with the cytotoxic signaling of
the translocated AC enzyme in bringing about the final cytotoxic
action of CyaA (14, 17, 18). The capacity of CyaA to penetrate
cellular membranes, to form pores, and to deliver the AC domain
into cells depends on covalent posttranslational fatty acylation of
pro-CyaA at the ε amino groups of the internal lysine residues
Lys-983 and Lys-860 by a coexpressed protein acyltransferase,
CyaC (19–24). Toxin activities further require binding of calcium

ions to the numerous sites formed in the RTX domain by the
glycine- and aspartate-rich repetitions (25–27). Indirect evidence
suggests that formation of CyaA pores involves oligomerization of
membrane-embedded CyaA monomers (4, 7, 15, 28–30). More-
over, the propensity of CyaA to form the dynamic and unstable
oligomeric pores is modulated by the character of attached fatty
acyl chains (21, 23, 31), as well as by charge-reverting substitutions
of glutamate residues in the pore-forming domain of CyaA by
lysines, such as the substitutions E509K, E516K, E570Q, and
E581K (16, 17, 28, 30). The stoichiometry of the pore-forming
oligomers of CyaA remains to be defined, while the toxin concen-
tration dependency of the membrane-permeabilizing activity
would suggest the formation of CyaA trimers or tetramers (7, 28).
Nevertheless, the small diameter of the CyaA pores of only 0.6 to
0.8 nm was derived from both osmotic protection experiments
and single-channel measurements in planar lipid bilayers (4, 32).

In contrast, a substantially larger pore size of about 2.4 nm was
determined for the ApxIA toxin produced by Actinobacillus
pleuropneumoniae, the etiological agent of swine pleuropneumo-
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nia (6, 33). ApxIA is a toxin with molecular mass of 105 kDa that
exhibits the typical features of hemolytic RTX leukotoxins, in-
cluding the hydrophobic domain and 13 glycine- and aspartate-
rich nonapeptide repeats (34). ApxIA is strongly hemolytic on
porcine red blood cells (RBCs) and is also cytotoxic on a broad
range of cells of different types and species (35, 36).

Recently, it was shown that the hemolytic capacity on red
blood cells of pores formed by other members of the RTX toxin
family, namely, the Escherichia coli alpha-hemolysin (HlyA) and
the Aggregatibacter actinomycetemcomitans LtxA toxin, is potenti-
ated by a mechanism that involves release of intracellular ATP,
probably through the pannexin 1 channel, and triggers activation
of P2X receptors. This appears to amplify cell lysis by increasing
the overall permeability of the membrane of erythrocytes for cal-
cium and potassium ions (37, 38). P2X receptors were further
suggested to play a role in modulation of HlyA-induced phagocy-
tosis of erythrocytes by human monocytes (39), and amplification
of red blood cell lysis through P2X receptors was also demon-
strated for Staphylococcus aureus alpha-toxin (40). Recently, the
involvement of the P2X7 receptor in A. actinomycetemcomitans
leukotoxin-induced proinflammatory macrophage cell death was
documented (41). These mechanisms appear to be mediated by
pannexins, which can form large nonselective membrane hemi-
channels that allow the flux of small ions and ATP across the
plasma membrane (42). Pannexin 1 has been found to be physi-
cally associated with the P2X7 receptor (43), and activation of the
P2X7 receptor by ATP was shown to open both cation-specific and
large nonselective cell membrane channels (44, 45) that trigger
several pathways leading to cell death (46).

In the present work, we investigated the involvement of puri-
nergic signaling in CyaA- and ApxIA-mediated erythrocyte lysis.
We show that both RTX toxins cause a rise in the volume of eryth-
rocytes prior to cell lysis and that specific antagonists of the P2X7

receptor block the ApxIA-induced lysis of sheep erythrocytes but
not the lysis of sheep erythrocytes by CyaA.

MATERIALS AND METHODS
Chemicals. Pyridoxalphosphate-6-azophenyl-2=,4=-disulfonic acid
(PPADS), probenecid, carbenoxolone, ATP oxidized sodium salt
(oATP), suramin, hexokinase, sucrose, L-arabinose, and L-� phosphati-
dylcholine (from soybean, type IIS, asolectin), trypsin, and trypsin inhib-
itor were obtained from Sigma-Aldrich (St. Louis, MO). Brilliant Blue G
(BBG) was purchased from Merck (Darmstadt, Germany). PPADS, car-
benoxolone, oATP, and suramin were dissolved in Hanks balanced salt
solution (HBSS; 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 3 mM MgCl2, 50
mM glucose, 10 mM HEPES-Na, pH 7.4), probenecid was dissolved in 1
M Na2CO3, and BBG was dissolved in dimethyl sulfoxide. Hoechst 33258
and tetramethylrhodamine ethyl ester (TMRE) were from Invitrogen Life
Technologies (Carlsbad, CA). Dyomics 647 dye was from Dyomics (Jena,
Germany).

Production and purification of CyaA, CyaA-AC�, and CyaA-
�N489. Intact CyaA, an AC-negative enzymatically inactive CyaA (CyaA-
AC�) variant (47), and a construct lacking the 489 N-terminal residues of
CyaA (CyaA-�N489) (48) were produced in E. coli XL1-Blue (Stratagene)
transformed with the pCACT3 or pT7CACT1 construct, as appropriate
(49). Exponential-phase 500-ml cultures were grown at 37°C and induced
by isopropyl-1-thio-�-D-galactopyranoside (IPTG; 1 mM) for 4 h before
the cells were washed in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, resus-
pended in 50 mM Tris-HCl (pH 8.0), 0.2 mM CaCl2, and disrupted by
sonication. The insoluble cell debris was resuspended in 8 M urea, 50 mM
Tris-HCl (pH 8.0), 50 mM NaCl, 0.2 mM CaCl2. Upon centrifugation at
25,000 � g for 20 min, clarified urea extracts were loaded onto a DEAE-

Sepharose column equilibrated with 8 M urea, 50 mM Tris-HCl (pH 8.0),
120 mM NaCl. After washing, the CyaA was eluted with 8 M urea, 50 mM
Tris-HCl (pH 8.0), 2 M NaCl, diluted four times with 50 mM Tris-HCl
(pH 8.0), 1 M NaCl buffer, and further purified on a phenyl-Sepharose
column equilibrated with the same buffer. Unbound proteins were
washed out with 50 mM Tris-HCl (pH 8.0), and the CyaA was eluted with
8 M urea, 50 mM Tris-HCl (pH 8.0), 2 mM EDTA and stored at �20°C.
The protein concentration was determined by the Bradford assay (Bio-
Rad, Hercules, CA) using bovine serum albumin as a standard.

Construction, production, and purification of ApxIA. The pET28b-
apxIA vector for the expression of the nonacylated ApxIA toxin was re-
cently described by Sadilkova and coworkers (50). For expression of the
acylated and fully active ApxIA toxin, the pET28b-apxIA vector was mod-
ified by a gene encoding ApxIA-activating lysine acyltransferase, apxIC.
The apxIC sequence was amplified from genomic DNA of Actinobacillus
pleuropneumoniae serotype 5 by PCR using forward primer 5=-GGCCAT
GGATGAGTAAAAAAATTAATGGATTT-3= containing the NcoI site
and reverse primer 5=-CCGCTAGCTCTAGATTAGCTATTTACTAATG
AAAATTT-3= containing NheI and XbaI sites. The PCR product was di-
gested by NcoI and NheI restriction enzymes and ligated into the NcoI-
NheI-digested pET28b vector. This construct (pET28b-apxIC) was
further digested by the XbaI restriction enzyme, and the 564-bp fragment
encoding the ApxIC acyltransferase enzyme was ligated into the XbaI-
linearized pET28b-apxIA vector. This construct was designated pET28b-
apxIC-apxIA and verified by DNA sequencing. The acylated ApxIA was
produced in E. coli strain BL21(�DE3) transformed with the pET28b-
apxIC-apxIA construct. Exponential-phase cultures grown with shaking
at 37°C in MDO medium (yeast extract, 20 g/liter; glycerol, 20 g/liter;
KH2PO4, 1 g/liter; K2HPO4, 3 g/liter; NH4Cl, 2 g/liter; Na2SO4, 0.5 g/liter;
thiamine hydrochloride, 0.01 g/liter) supplemented with 60 �g/ml of ka-
namycin were induced at an optical density at 600 nm of 0.6 with 0.5 mM
IPTG and grown for an additional 4 h. The cells were harvested by cen-
trifugation, washed with 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, and
disrupted by sonication on ice. Nonbroken cells were centrifuged at 1,500 �
g for 5 min, and the cell extract was centrifuged at 20,000 � g for 30 min.
The supernatant was discarded, and the inclusion bodies in the pellet were
solubilized with 50 mM Tris-HCl (pH 8.0), 8 M urea (TU buffer) and
centrifuged at 20,000 � g for 30 min. The urea extract was loaded on a
Ni-nitrilotriacetic acid Sepharose column (GE Healthcare, Little Chalf-
ont, United Kingdom), washed extensively with TU buffer containing 40
mM imidazole, and eluted by TU buffer supplemented with 200 mM
imidazole. Imidazole from the samples was further removed by Sephadex
G-25 (GE Healthcare, Little Chalfont, United Kingdom) column chroma-
tography. The fractions of purified ApxIA toxin were concentrated by use
of a centrifugal filter unit (molecular weight cutoff, 10,000; Amicon; Mil-
lipore, Billerica, MA) and stored at �20°C for further use. The protein
concentration was determined by the Bradford assay (Bio-Rad, Hercules,
CA) using bovine serum albumin as a standard.

Assay of AC, cell-binding, cell-invasive, and hemolytic activities.
Adenylate cyclase (AC) activities were measured in the presence of 1 �M
calmodulin as previously described (51). One unit of AC activity corre-
sponds to 1 �mol of cAMP formed per min at 30°C, pH 8.0. Hemolytic
activities were measured in HBSS buffer as previously described (13) by
determining the amount of hemoglobin released over time upon toxin
incubations with washed sheep erythrocytes (5 � 108/ml in HBSS). Eryth-
rocyte binding and cell-invasive AC activities were determined as previ-
ously described in detail (52). Briefly, sheep erythrocytes (5 � 108 cells/
ml) were incubated with 50 nM CyaA at 37°C in TNC buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 2 mM CaCl2). After 30 min, cell suspensions were
washed three times in TNE buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5
mM EDTA) to remove unbound CyaA and divided into two aliquots. The
first aliquot was directly used to determine the amount of cell-associated
AC activity (membrane-bound CyaA). The second aliquot was treated
with 20 �g of trypsin for 15 min at 37°C in order to inactivate the extra-
cellular AC toxin which did not translocate into cells. Forty micrograms of

Masin et al.

4572 iai.asm.org Infection and Immunity

http://iai.asm.org


soybean trypsin inhibitor was added to stop the reaction before the sam-
ples were washed three times in TNE buffer and used to determine the
amount of cell-invasive AC activity. The cell-binding and cell-invasive
enzymatic activities of CyaA in the presence of antagonist were expressed
as the percentages of CyaA activity in the absence of antagonist. The ac-
tivity of CyaA in the absence of antagonist was taken as 100%. Erythrocyte
binding of the ApxIA was determined by fluorescence-activated cell sort-
ing (FACS). Sheep erythrocytes (5 � 107/ml) in HBSS buffer in the pres-
ence of 75 mM sucrose were incubated with 12.5 nM ApxIA labeled with
Dyomics 647 dye at 37°C. After 120 min, unbound toxin was removed by
repeated cell washes, and cell-surface-localized ApxIA- Dyomics 647 dye
was detected by FACS analysis. The hemolytic activity of ApxI was mea-
sured in HBSS buffer as the amount of hemoglobin released over time
upon toxin incubations with washed sheep erythrocytes (5 � 108/ml).

ApxIA and CyaA-�N489 labeling. Toxins were labeled with the
amine-reactive Dyomics 647 dye upon binding to phenyl-Sepharose dur-
ing the last purification step in 50 mM NaHCO3, pH 8.3, at room tem-
perature for 1 h. Unreacted dye was washed out from the resin with 50
mM Tris-HCl buffer (pH 8.0), and labeled protein was eluted from phe-
nyl-Sepharose in TUE buffer (50 mM Tris, 8 M urea, 2 mM EDTA, pH
8.0).

Cultivation of J774A.1 cells. J774.A1 murine monocytes/macro-
phages (catalog number TIB-67; ATCC) were cultured at 37°C in a hu-
midified air-CO2 (19:1) atmosphere in RPMI medium supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum, penicillin (100
IU/ml), streptomycin (100 mg/ml), and amphotericin B (250 ng/ml).
Prior to FACS assay, RPMI was replaced with HBSS buffer without fetal
calf serum, and the cells were allowed to rest in HBSS for 30 min at 37°C in
a humidified 5% CO2 atmosphere.

Flow cytometry. An LSR II instrument (BD Biosciences) was used for
flow cytometry, with FlowJo, version 7.6.1, software used for analysis.
Erythrocyte size was assessed using forward scatter (FSC) and side scatter
(SSC). For each time point, a suspension of sheep erythrocytes in HBSS
buffer containing 2.5 � 107 cells/ml was used. For binding experiments,
sheep erythrocytes (5 � 107/ml) in HBSS buffer in the presence of 75 mM
sucrose were incubated with 12.5 nM ApxIA or 50 nM CyaA-�N489
labeled with Dyomics 647 dye in the presence or absence of antagonists at
37°C. After the times indicated below, cells were washed repeatedly and
used to determine the amount of cell-associated toxin by FACS.

Western blotting and densitometric analysis. Erythrocytes with
bound toxin were lysed with 2� SDS gel sample buffer (100 mM Tris-HCl
[pH 6.8], 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20%
glycerol), and the lysates were separated by 7.5% SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to a nitrocellulose membrane.
CyaA and CyaA-�N489 were probed by the anti-RTX monoclonal anti-
body 9D4 (at a 1:1,000 dilution) (53) and revealed by peroxidase-conju-
gated secondary antibody (1:5,000; GE Healthcare, Little Chalfont,
United Kingdom) using a chemiluminescence detection system (Thermo
Fisher Scientific, Rockford, IL) and an LAS-1000 imaging system instru-
ment (Fuji, Tokyo, Japan). Images were analyzed using AIDA two-dimen-
sional densitometry software, version 2.11 (Raytest, Straubenhardt, Ger-
many). Binding data were deduced from the integrated signal intensities
of the protein bands and expressed as a percentage of CyaA binding to
erythrocytes.

Lipid bilayer experiments. Measurements on planar lipid bilayers
(black lipid membranes) were performed in Teflon cells separated by a
diaphragm with a circular hole (diameter, 0.5 mm) bearing the mem-
brane. The CyaA toxin was diluted in 8 M urea, 50 mM Tris-HCl (pH 8.0),
2 mM EDTA buffer and added into the grounded cis compartment with
positive potential. The membrane was formed by the painting method
using 3% soybean phosphatidylcholine (type IIS, asolectin; Sigma-Al-
drich) in n-decane– butanol (9:1, vol/vol). Both compartments contained
2 ml of 10 mM Tris, 1 M KCl, 2 mM CaCl2, pH 7.4. The membrane current
was registered by Ag/AgCl electrodes (Theta) with salt bridges (applied
voltage, 20 to 90 mV), amplified by an LCA-4k-1G or LCA-200-100G

amplifier (Femto), and digitized by use of a KPCI-3108 card (Keithly) and
BLM2 software (Jiří Bok, Charles University, Prague, Czech Republic).
The signal was processed by Perl script and QuB software (http://www
.qub.buffalo.edu/). The current traces were electronically filtered using a
100-Hz low-band-pass filter. The area of the lipid bilayer was controlled
during the experiments by measuring the membrane capacitance using
alternating sinusoidal voltage (	2 mV at 50 Hz) on top of the offset
direct-current voltage. The histograms of single pore conductance units
were calculated from 
500 events using a 1-pS bin size and fitted with
Gaussian functions using Fityk software (http://fityk.nieto.pl/).

Statistical analysis. The significance of differences in values was as-
sessed by Student’s t test.

RESULTS
ApxIA and CyaA induce swelling and lysis of erythrocytes. The
CyaA and ApxIA leukotoxins were shown to form cation-selective
pores of different sizes and with short lifetimes of only a few sec-
onds (4, 6, 7). To compare their overall membrane permeabiliza-
tion properties, we first determined their hemolytic potency to-
ward sheep erythrocytes (RBCs). As shown in Fig. 1A and B,
despite being most active on porcine cells, ApxIA still exhibited a
higher hemolytic potency on sheep RBCs than CyaA. As expected
from the published pore characteristics of the two toxins and in
line with its lower hemolytic potency, CyaA formed considerably
smaller single pore conductance units in asolectin planar lipid
bilayer membranes than ApxIA, as shown in Fig. 1C. Further-
more, over a range of toxin concentrations of 0.3 to 10 nM, the
conductance of single pore units formed by CyaA was constant
(Fig. 1D). In contrast, an increased frequency of formation of
smaller as well as of several larger single conductance units (pores)
was observed with ApxIA when the toxin concentration was in-
creased from 0.3 to 10 nM, as documented in Fig. 1D. This sug-
gests that in contrast to CyaA, the stoichiometry of the ApxIA
hemolysin pore may vary depending on the toxin concentration.
This may indeed reflect a more general feature of bona fide RTX
hemolysins, as the toxin concentration-dependent aggregation of
E. coli RTX alpha-hemolysin (HlyA) pores into larger conduc-
tance units in lipid bilayers and larger membrane lesions within
erythrocyte membranes has previously been observed (5, 54).

Permeabilization by pore-forming toxins results in the influx
of ions and water, provoking cell swelling and colloid osmotic lysis
of cells (8, 40, 55). An initial shrinkage of erythrocytes prior to
subsequent swelling and lysis was, however, recently observed
with RTX hemolysins HlyA and LtxA (37, 38). With both toxins,
this appeared to result from an initial rise in the intracellular con-
centration of calcium ions that triggered activation of K� and Cl�

currents across the cell membrane. Therefore, we next used flow
cytometry to assess whether ApxIA and CyaA trigger a similar
process in RBCs. Cell volume changes of erythrocytes exposed to
toxins were thus followed over time as forward scatter (FSC) and
side scatter (SSC) parameters. As shown in Fig. 2A, ApxIA trig-
gered the early formation of a distinct subpopulation of swollen
RBCs that exhibited an increased FSC and a decreased SSC, thus
separating from the bulk of the cells in the FACS plot (the outlined
cells in Fig. 2A). The percentage of such morphologically altered
RBCs increased for up to 20 min from the time of ApxIA addition
(12.5 nM) before the swollen erythrocytes started to lyse and dis-
appear from the FACS plot. In contrast, addition of CyaA to a 50
nM concentration did not trigger the formation of any morpho-
logically distinct subpopulations of erythrocytes (Fig. 2B). In-
stead, it resulted in progressive homogenization of the size (FSC)
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and shape (SSC) distributions of RBCs, with the mean SSC pro-
gressively decreasing and the mean FSC increasing over time to
the onset of lysis. Hence, in contrast to the action of HlyA or LtxA,
no initial shrinkage prior to a progressive increase in cell volume
was observed after addition of either the CyaA or ApxIA toxin to
sheep erythrocytes.

ApxIA-induced lysis of erythrocytes involves purinergic am-
plification. Next, we investigated whether the cytolytic action of
ApxIA and CyaA was potentiated by P2X receptor activation, sim-
ilar to the mode of action of HlyA, LtxA, or the alpha-toxin of S.
aureus (37, 38, 40). As documented in Fig. 3A, while toxin binding

to cells was not affected (inset), the extent of ApxIA-triggered
erythrocyte lysis was reduced (P � 0.05) in a concentration-de-
pendent manner in the presence of the allosteric P2 receptor an-
tagonist pyridoxalphosphate-6-azophenyl-2=,4=-disulfonic acid
(PPADS). This was most likely not due to inhibition of the forma-
tion and activity of ApxIA pores in erythrocyte membranes, since
PPADS did not inhibit the pore-forming activity of the toxin in
planar lipid bilayers, as further shown in Fig. 3B. Moreover, as
shown in Fig. 3C, ApxIA-triggered lysis of erythrocytes was also
inhibited (P � 0.05) in the presence of the nonselective P2 antag-
onist suramin (50 �M), which even enhanced toxin binding to

FIG 1 Sheep erythrocytes are susceptible to the pore-forming activity of ApxIA and CyaA in a concentration-dependent manner. Sheep erythrocytes (5 �
108/ml) in HBSS buffer were incubated at 37°C in the presence of different concentrations of ApxIA (A) and CyaA (B). Hemolytic activity was measured as the
amount of released hemoglobin by photometric determination (A541). The results represent average values from two independent experiments performed in
duplicate. (C) Typical current traces of ApxIA and CyaA in asolectin lipid bilayers in 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4). The ApxIA and CyaA
concentration was 1 nM. Traces were recorded 60 s after ApxIA or CyaA addition. The applied membrane potential was 55 mV; the temperature was 25°C. All
recordings were filtered at 100 Hz. The detailed recording of CyaA pores was performed at a higher current resolution. (D) The conductance of single ApxIA or
CyaA pores was determined in 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4) at membrane potentials of between 50 and 75 mV; the temperature was 25°C.
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erythrocytes (inset). To further examine whether purinergic re-
ceptor activation due to ATP leakage from cells might be involved
in the cytolytic action of ApxIA, the ATP scavenger hexokinase
was used. Indeed, as shown in Fig. 3D, inhibition of ApxIA-in-
duced hemolysis was observed in the presence of 20 U/ml of
hexokinase (P � 0.05), indicating involvement of ATP-mediated
P2X receptor activation in the process of ApxIA-induced erythro-
cyte lysis. In contrast, as shown in Fig. 3E, PPADS (100 and 200
�M) had no effect on the hemolytic potency of CyaA. Moreover,
as shown in Fig. 3F, PPADS also failed to affect the hemolytic
activity of the enzymatically inactive CyaA-AC�. The possibility
that the effect of PPADS may have been masked by restriction of
leakage of the P2 receptor ligand ATP (56) due to its conversion to
cAMP by the AC activity of CyaA can therefore be excluded. As
further shown in Fig. 3G, the hemolytic capacity of CyaA was not
affected in the presence of 10 �M suramin, while at 50 �M
suramin, CyaA binding to cells was decreased (inset), making it
difficult to relate the resulting decrease of cell lysis to inhibition of
P2 receptor activation (Fig. 3G).

To corroborate the finding that, in contrast to the activity of
CyaA, the cytolytic activity of ApxIA may be amplified by P2X
receptor activation, we employed antagonists exhibiting a relative
selectivity for P2X7, such as Brilliant Blue G (BBG) dye and oxi-
dized ATP (oATP). Indeed, as shown in Fig. 4A and B, ApxIA-
induced hemolysis was importantly inhibited by the BBG and
oATP compounds in a concentration-dependent manner, while
BBG presence had no effect on the properties of pores formed by
ApxIA in asolectin membranes (Fig. 4C).

In contrast, the course of CyaA-induced hemolysis was not
affected by 1 �M BBG, as shown in Fig. 4D, while at a 2 �M BBG
concentration, an enhancement of the hemolytic potency of CyaA
was observed, despite the decreased toxin binding to cells (inset).
This seemingly paradoxical result is likely explained by the
marked inhibition of AC domain translocation into cells by CyaA
in the presence of 2 �M BBG (Fig. 4D, inset). Thus, the resulting
enhancement of specific hemolytic activity of cell-bound CyaA
would, indeed, likely compensate for the partly decreased cell
binding of toxin (Fig. 4D, inset). In this respect, the impact of BBG
on CyaA activity would, intriguingly, mimic the impact of certain
substitutions in the pore-forming region of CyaA (e.g., E509P,
E516P, and E581K) or 3D1 antibody binding to the C-proximal
segment of the AC domain of CyaA, both of which impair AC
domain translocation into cells and at the same time exacerbate
the specific hemolytic (pore-forming) potency of the cell-bound
toxin (14, 18, 28, 30, 48).

It can hence be concluded that activation of the P2X7 receptor
was not involved in amplification of CyaA-induced colloid os-
motic lysis of erythrocytes, as this was not affected at the concen-
trations of P2X antagonists that inhibited ApxIA-induced lysis
and that were shown to protect erythrocytes from lysis by other
pore-forming toxins (37, 38, 40).

Cell lysis induced by a hyperhemolytic CyaA-�N489 variant
is potentiated by purinergic signaling. The hemolytic capacity of
CyaA is generally considered to be relatively weak, and one poten-
tial reason for this appears to be the competition between the
AC-translocating and pore-forming conformations of CyaA

FIG 2 Erythrocyte volume changes induced by ApxIA and CyaA. Sheep erythrocytes (5 � 108/ml) in HBSS buffer were incubated at 37°C in the presence of 12.5
nM ApxIA (A), 50 nM CyaA (B), or control buffer (50 mM Tris-HCl, 0.2 mM CaCl2, 8 M urea, pH 8). The size distributions of erythrocytes represented by FSC
and SSC were obtained at different times. The numbers in panel A indicate the percentage of gated nonlysed erythrocytes in the sample. The images are
representative of those from three independent experiments.
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FIG 3 In contrast to CyaA-induced hemolysis, ApxIA-induced hemolysis is inhibited by nonselective P2 receptor antagonists. Sheep erythrocytes (5 � 108/ml)
in HBSS buffer were preincubated for 5 min in the presence or absence of nonselective purinergic antagonist PPADS (A) or suramin (C). Hemolytic activity was
measured at 37°C in the presence of 12.5 nM ApxIA as the amount of released hemoglobin by photometric determination (A541). Sheep erythrocytes (5 � 107/ml)
in HBSS buffer in the presence of 75 mM sucrose were incubated with 12.5 nM ApxIA labeled with Dyomics 647 dye at 37°C. After 120 min, cells were washed
repeatedly to remove unbound ApxIA and used to determine the amount of cell-associated toxin by FACS. (A and C, insets) The binding activity of ApxIA-
Dyomics 647 dye in the absence of antagonist was taken to be 100%. *, statistically significant difference (P � 0.05) from the activity of ApxIA without antagonist.
(B) Typical current traces of ApxIA in planar lipid bilayers in the presence or absence of PPADS (200 �M) in 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4).
The toxin concentration was 2.3 nM. The applied membrane potential was 55 mV; the temperature was 25°C. (D) Sheep erythrocytes (5 � 108/ml) in HBSS buffer
were incubated in the presence or absence of hexokinase (10 and 20 U/ml). Hemolytic activity was measured at 37°C in the presence of 12.5 nM ApxIA as the
amount of released hemoglobin by photometric determination (A541). Sheep erythrocytes (5 � 108/ml) in HBSS buffer were preincubated for 5 min in the
presence or absence of the nonselective purinergic antagonist PPADS (E, F) or suramin (G). Hemolytic activity was measured in the presence of 50 nM CyaA (E,
G) or the CyaA-AC� variant (F), as described for panel D. (E and G, insets) Cell-binding and cell-invasive activities of intact CyaA in the presence of PPADS or
suramin, respectively. Sheep erythrocytes (5 � 108/ml) in HBSS buffer were incubated with 50 nM enzymatically active CyaA at 37°C in the presence or absence
of antagonists. After 30 min, aliquots of the cell suspensions were washed repeatedly to remove unbound CyaA and used to determine the amount of
cell-associated and cell-invasive AC enzyme activities. The activity of CyaA in the absence of antagonist was taken to be 100%. The results represent average values
of at least four independent experiments. *, statistically significant differences (P � 0.05) from the activities of CyaA without inhibitor.
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within the erythrocyte membrane (16, 28). It has previously been
shown that the specific hemolytic potency of CyaA was impor-
tantly enhanced upon deletion of residues 6 to 489 (CyaA-
�N489), which comprise the translocated AC domain and an ad-
jacent membrane-interacting segment (48, 57). We thus
examined the pore-forming properties of the truncated CyaA-
�N489 toxoid. As shown in Fig. 5, erythrocyte lysis induced by
CyaA-�N489 was inhibited by PPADS at 100 �M and 200 �M
concentrations, while PPADS did not affect the binding of CyaA-
�N489 to RBCs (Fig. 5, inset). Hence, lysis of RBCs exposed to
CyaA-�N489 appeared to be accelerated by purinergic signaling,
most likely triggered by ATP leaking from RBCs.

We thus next examined if purinergic amplification was also
contributing to CyaA-mediated lysis of CD11b-expressing phago-
cyte targets, such as CD11b� J774A.1 mouse macrophages. These
cells are primarily killed by the cytotoxic cAMP signaling and ATP
depletion provoked by the AC enzyme activity of CyaA. Due to an
intact pore-forming capacity, however, on J774A.1 cells the fully
hemolytic but enzymatically inactive CyaA-AC� toxoid still pre-
served about 1/10 of the cytolytic potency of CyaA (17). J774A.1
cells labeled with the TMRE sensor of mitochondrial potential
were, hence, incubated for 2 h with the CyaA-AC� or the CyaA-
�N489 toxoid and the proportion of live and necrotic cells was

FIG 4 ApxIA-induced hemolysis is inhibited by selective P2X7 antagonist BBG or oATP. Sheep erythrocytes (5 � 108/ml) in HBSS buffer were
preincubated in the presence or absence of BBG (A) or oATP (B) for 5 or 60 min, respectively. Hemolytic activity was measured at 37°C in the presence
of 12.5 nM ApxIA as the amount of released hemoglobin by photometric determination. Sheep erythrocytes (5 � 107/ml) in HBSS buffer in the presence
of 75 mM sucrose were incubated with 12.5 nM ApxIA labeled with Dyomics 647 dye in the presence or absence of purinergic antagonists at 37°C. (A and
B, insets) After 120 min, cells were washed repeatedly to remove unbound ApxIA and used to determine the amount of cell-associated toxin by FACS. The
binding activity of ApxIA-Dyomics 647 dye in the absence of purinergic antagonist was taken to be 100%. (C) Typical current traces of ApxIA in planar
lipid bilayers in the presence or absence of BBG (2 �M) in 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4). The toxin concentration was 2.3 nM. The
applied membrane potential was 55 mV; the temperature was 25°C. (D) Sheep erythrocytes (5 � 108/ml) in HBSS buffer were preincubated for 5 min in
the presence or absence of BBG. Hemolytic activity was measured in the presence of 50 nM CyaA as described for panels A and B. (Inset) Cell-binding and
cell-invasive activities of CyaA in the presence of BBG. Sheep erythrocytes (5 � 108/ml) in HBSS buffer were incubated with 50 nM CyaA at 37°C in the
presence or absence of BBG. After 30 min, aliquots of cell suspensions were washed repeatedly to remove unbound CyaA and used to determine the
amount of cell-associated and cell-invasive AC enzyme activities. The activity of CyaA in the absence of BBG was taken to be 100%. The results represent
average values from at least four independent experiments. **, statistically significant differences (P � 0.001) from the activities of CyaA without
inhibitor.

FIG 5 The lysis of erythrocytes induced by CyaA-�N489 is partially inhibited
by PPADS. Sheep erythrocytes (5 � 108/ml) in HBSS buffer were preincubated
for 5 min in the presence or absence of PPADS (100 and 200 �M), and hemo-
lytic activity was measured at 37°C in the presence of 50 nM CyaA-�N489 or
intact CyaA as the amount of released hemoglobin by photometric determi-
nation (A541). The results represent average values from three independent
experiments. Sheep erythrocytes (5 � 107/ml) in HBSS buffer in the presence
of 75 mM sucrose were incubated with 50 nM CyaA-�N489 labeled with
Dyomics 647 dye at 37°C. After 30 min, cells were washed repeatedly to remove
unbound CyaA-�N489 and used to determine the amount of cell-associated
toxin by FACS. (Inset) The binding activity of CyaA-�N489 –Dyomics 647 dye
in the absence of PPADS was taken to be 100%.
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determined by flow cytometry. As shown in Fig. 6, the proportion
of live cells (quadrant Q3; Hoechst 33258 negative [Hoechst�],
TMRE positive [TMRE�]) versus necrotic cells (quadrant Q1;
Hoechst 33258 positive [Hoechst�], TMRE negative [TMRE�])
was not affected by the presence of 20 �M PPADS when the cells
were exposed to CyaA-AC� (Fig. 6A). In contrast, the presence of
20 �M PPADS enhanced by a factor of 2 (P � 0.05) the number of
macrophages staining as live cells upon incubation with CyaA-
�N489 (Fig. 6B and D). Hence, purinergic signaling also potenti-
ated the cytotoxic action of CyaA-�N489 on CD11b� macro-
phages.

N-terminal truncation significantly enhances the frequency
of formation and conductance of CyaA pores. The results pre-
sented above indicated that the CyaA-�N489 construct might
form pores large enough to allow ATP leakage from cells to trigger
purinergic signaling locally from outside the cell. The CyaA-
�N489 pore properties were thus characterized in more detail by
osmotic protection experiments on erythrocytes and measure-
ments in artificial planar lipid bilayer membranes.

As shown in Fig. 7A, the truncated CyaA-�N489 associated
with the membrane of erythrocytes with approximately the same
efficacy as intact CyaA. Previously, Ehrmann and colleagues (32)
used sugars like arabinose (estimated diameter of the sugar, 0.62
nm) and sucrose (estimated diameter of the sugar, 0.92 nm) to
estimate the size of the CyaA pore in osmotic protection experi-
ments. Indeed, as shown in Fig. 7, erythrocytes were only partially

protected from lysis by CyaA or CyaA-�N489 in the presence of
75 mM arabinose (Fig. 7B). In contrast, a nearly complete protec-
tion from lysis was also observed in the presence of 75 mM sucrose
with CyaA-�N489 (Fig. 7B), while toxin binding to cells was un-
altered (Fig. 7C). It appears, hence, that CyaA-�N489 also formed
pores of about 0.6 to 0.9 nm in diameter, like CyaA. As shown in
Fig. 8, however, at an equal concentration (1 nM), the CyaA-
�N489 protein exhibited an importantly greater overall pore-
forming activity (membrane conductance) in planar lipid bilayer
membranes than intact CyaA. Moreover, as shown in Fig. 9, the
most frequent conductance unit observed in single pore record-
ings with CyaA was 38 pS, while a large dispersion of conduc-
tance unit sizes was observed for CyaA-�N489. Hence, the
strongly enhanced specific cell-permeabilizing (hemolytic) po-
tency of CyaA-�N489 resulted from its at least an order of mag-
nitude enhanced propensity to form pores synergizing with a ca-
pacity to form pores of larger diameter (conductance).

DISCUSSION

We report here that the involvement of purinergic amplification
in the process of colloid osmotic lysis of cells by hemolytic RTX
leukotoxins may differ depending on the size of the formed toxin
pores. As could be expected, purinergic signaling of ATP leaking
from cells appeared to be amplifying the cytolytic action of ApxIA,
which forms pores of about 2.4 nm in diameter. It did not, how-
ever, accelerate the lysis of cells permeabilized by CyaA pores,

FIG 6 The lysis of macrophages induced by CyaA-�N489 is partially inhibited by PPADS. J774A.1 cells (2 � 105/well) labeled with TMRE (40 nM) were
preincubated for 10 min in the presence or absence of 20 �M PPADS. After 2 h of incubation with CyaA-AC� (75 nM) (A), CyaA-�N489 (1.75 nM) (B), or
control buffer (C), the J774A.1 cells were stained with Hoechst 33258 (0.5 �g/ml). The live (Hoechst�, TMRE�) and necrotic (Hoechst�, TMRE�) cells were
detected by FACS. (D) The results represent average values from three independent experiments. *, statistically significant differences (P � 0.05) from the
untreated control.
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which are only 0.6 to 0.8 nm wide and thus impermeant for ATP.
Nevertheless, once the size and propensity of formation of CyaA
pores were increased by removal of the cell-invasive AC enzyme
domain together with an adjacent segment (residues 6 to 489),
purinergic amplification was found to play a role also in the cyto-
lytic action of the CyaA-�N489 construct.

Indeed, ATP concentrations inside cells range from 1 to 10 mM
(58), and purinergic signaling is likely to be initiated early during
the lytic process by ATP leaking from toxin-permeabilized cells. It
appears to be involved in the mechanism of action of S. aureus
alpha-toxin or that of E. coli HlyA, each of which induces hemo-
lysis by forming 2.2- and 
1-nm-wide pores in the erythrocyte
membrane, respectively (38, 59, 60). The diameter of the pores
formed by ApxIA in planar lipid bilayer membranes was previ-
ously estimated to be 2.4 nm (6). As, however, reported earlier
for HlyA (5, 54) and corroborated here for ApxIA using planar
lipid bilayers (Fig. 1D), the pores formed by bona fide RTX hemo-
lysins may aggregate over time into larger conductance units or
lesions in target cell membranes, in particular, at increased toxin

concentrations (Fig. 1D). Besides mediating cation and water
fluxes across the cell membrane, the 
2-nm-wide ApxIA pores
are hence likely to allow also leakage of the 1.5-nm-wide ATP
molecules. We cannot, however, exclude the possibility that ATP
also leaked from ApxIA-exposed cells through pannexin 1 chan-
nels. These were recently implicated in purinergic acceleration of
cell lysis resulting from the action of other pore-forming toxins
(37, 38, 40). Indeed, we also found here that two nonselective
pannexin inhibitors, probenecid and carbenoxolone, antagonized
ApxIA-induced hemolysis in a concentration-dependent manner
(data not shown). However, such data need to be interpreted with
caution, as the regulation of pannexin 1 channel activity is poorly
understood and both inhibitors are known to affect also other
membrane transporter functions (61–64).

FIG 8 N-terminal deletion significantly enhances the frequency of CyaA pore
formation. The total electrical conductance of an asolectin–n-decane mem-
brane in the presence of 1 nM intact CyaA or CyaA-�N489 is shown. The
aqueous phase contained 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4). The
applied membrane potential was 70 mV; the temperature was 25°C.

FIG 9 The conductance of a single CyaA pore is affected by N-terminal dele-
tion. Single-pore conductance of CyaA (0.5 nM) (A) or CyaA-�N489 (0.01
nM) (B) was determined in 1 M KCl, 10 mM Tris, and 2 mM CaCl2 (pH 7.4) at
membrane potentials of between 50 and 75 mV; the temperature was 25°C.
The conductance histograms of at least 500 pore openings were fitted with the
sum of Gaussian functions.

FIG 7 Erythrocyte lysis caused by CyaA-�N489 is protected by sucrose. (A)
Sheep erythrocytes (5 � 108/ml) in TNC buffer (50 mM Tris, 150 mM NaCl, 2
mM CaCl2, pH 7.4) containing 75 mM sucrose were incubated for 30 min at
37°C with CyaA or CyaA-�N489 (final concentration, 60 nM). Cells were
washed three times in ice-cold TNC buffer containing 75 mM sucrose and
further lysed in ice-cold 10 mM Tris, pH 7.4. Membranes were pelleted by
centrifugation at 40,000 � g for 20 min and separated by 7.5% SDS-PAGE.
CyaA fragments were detected in Western blots using the 9D4 antibody rec-
ognizing the C-terminal RTX repeats of CyaA (left). The full-length CyaA is
indicated by an arrow. Binding data were deduced from the integrated signal
intensities of protein bands and are expressed as a percentage of CyaA binding
to erythrocytes. The experiments were repeated three times, and the given
values represent the average 	 standard deviation (right). (B) Sheep erythro-
cytes (5 � 108/ml) in TNC buffer or in TNC buffer containing 75 mM L-ara-
binose or 75 mM sucrose were incubated at 37°C in the presence of CyaA or
CyaA-�N489 (60 nM). Hemolytic activity was measured as the amount of
released hemoglobin by photometric determination (A541). The results repre-
sent average values from three independent experiments. (C) Sheep erythro-
cytes (5 � 108/ml) in TNC buffer were incubated with CyaA (60 nM) at 37°C
in the presence of 75 mM sucrose or 75 mM L-arabinose. After 30 min, aliquots
of cell suspensions were washed repeatedly to remove unbound CyaA and used
to determine the amount of cell-associated AC enzyme activity. The activity of
CyaA in the absence of sugars was taken to be 100%. The results represent
average values from two independent experiments performed in duplicate.
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Lysis of erythrocytes by ApxIA was further found to be antag-
onized by P2X inhibitors (200 �M PPADS or 2 �M BBG) that did
not interfere with the activity and properties of toxin pores formed
in planar bilayer membranes. It is, hence, plausible to propose that
the leaking ATP would form a local gradient at the plasma mem-
brane of permeabilized cells and that, through activation of P2X
receptors and opening of cellular ion channels located in the vi-
cinity of the pores, the ATP leakage would initiate an amplifying
(positive) feedback loop of ApxIA-mediated cell permeabilization
and lysis. Indeed, P2X7 receptors were previously shown to be
activated by millimolar concentrations of ATP (65). Paradoxi-
cally, however, externally added ATP at a 1 or 5 mM concentration
inhibited ApxIA-induced erythrocyte lysis (data not shown). This
was most likely due to chelation of calcium ions that were present
at a 2 mM concentration in order to maximize the activity of the
RTX toxin. Moreover, calcium-complexed ATP was previously
shown to be a P2X receptor antagonist (44, 66–68).

In contrast to ApxIA, CyaA forms frequently opening and clos-
ing (flipping) pores only 0.6 to 0.8 nm wide. The same opening
propensity and conductance characteristics were, indeed, also re-
peatedly observed for pores formed by the truncated CyaA-�AC
hemolysin construct that lacks only the cell-invasive AC domain
located within the first 373 residues (4, 14, 48, 69, 70). When the
deletion was extended up to residue 489 of CyaA, thus removing
the sequence linking the cell-invasive AC domain to the pore-
forming domain of CyaA, the resulting hyperhemolytic CyaA-
�N489 construct was found to exhibit specific hemolytic potency
at least an order of magnitude higher than that of intact CyaA (48).
Recently, this linker segment between residues 400 and 500 of
CyaA was shown to possess a lipid bilayer-interacting and desta-
bilizing capacity (57). It is, hence, plausible to speculate that its
presence may be imposing on CyaA a certain topology in the
cellular membrane. This might be restricting the capacity of
CyaA to form membrane pores by acting against or delaying the
oligomerization of CyaA molecules into toxin pores. At the
same time, such a topology might favor or enable AC domain
translocation across the cell membrane. A similar role in the
maintenance of equilibrium between the AC translocation pre-
cursor and the pore-forming conformer molecules has, indeed,
been previously associated with the amphipathic transmem-
brane � helices predicted between residues 502 to 522 and res-
idues 565 to 591 of CyaA (28, 30).

CyaA can penetrate with reduced efficacy across the mem-
branes of a variety of cell types, including mammalian erythro-
cytes (13, 30, 71). The most sensitive primary targets of the toxin
during natural infections by Bordetella, however, appear to be my-
eloid phagocytes, such as neutrophils, macrophages, or dendritic
cells. These sentinels of the innate immune system indeed express
high levels of the CyaA receptor CD11b/CD18, an �M�2 integrin
also known as complement receptor 3 (CR3) or Mac-1 (72, 73).
Rapid elevation of intracellular cAMP concentrations by CyaA in
such cells then causes a nearly instant ablation of their bactericidal
capacities (74–78). The role of the pore-forming activity of CyaA
in the immunosubversive activities of CyaA, however, remains
largely unexplored. Recently, Dunne and coworkers showed that
by eliciting K� efflux from CD11b-expressing cells, the pore-
forming activity of CyaA contributed to activation of the NALP3
inflammasome and thereby to induction of the innate interleu-
kin-1� (IL-1�) response. This is likely contributing to the devel-
opment of the pertussis syndrome, while at the late stages of in-

fection, the IL-1� response would support the clearance of
Bordetella bacteria (79). The relatively low hemolytic (pore-form-
ing) potency associated with the CyaA molecule may thus repre-
sent an adaptation of the function of a pore-forming RTX hemo-
lysin for the purpose of an immunomodulatory leukotoxin action
in Bordetella infections. Restriction of harnessing of host proin-
flammatory responses through restriction of the pore-forming ac-
tivity of CyaA and its balancing with the immunosuppressive
cAMP signaling action of the toxin may then reflect an optimiza-
tion of CyaA action toward maximal support of host colonization
by the pathogen.
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