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Abstract

Edema toxin is a key virulence determinant in anthrax pathogenesis that causes augmentation of cAMP inside host cells. This exo-
toxin has been implicated in facilitating bacterial invasion by impairing host defenses. Here, we report for the first time that edema
toxin plays an important role in suppression of platelet aggregation; an effect that could be of vital significance in anthrax afflicted
subjects. It was found that edema toxin induces a dose dependent and time dependent increase in cAMP inside rabbit platelets. Ele-
vation of cAMP led to suppression of platelet aggregation as demonstrated by in vitro aggregation assays. A 95% suppression of
platelet aggregation in response to thrombin and a complete suppression in response to ADP, at toxin concentrations of 7 and
2.2 nM, respectively, were observed. Antibody neutralized wild type edema factor and non-toxic mutants of this binary toxin failed
to show any alteration in the normal aggregation pattern. Edema toxin caused the activation of cAMP dependent protein kinase A
inside platelets, a phenomenon that could be speculated to initiate the cascade of events responsible for suppressing platelet aggrega-
tion. Furthermore, in vivo bleeding time registered a sharp increase in response to edema toxin. These findings can explicate the sys-
temic occurrence of hemorrhage, which is a prominent symptom of anthrax. This study exemplifies how Bacillus anthracis has evolved
the ability to use host�s physiological processes by mimicking the eukaryotic signal transduction machinery, thus inflicting persistent
infection.
� 2005 Elsevier Inc. All rights reserved.
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The pathogenesis of Bacillus anthracis is primarily
attributed to the exotoxin complex and poly-D-glutamic
acid capsule. The tripartite exotoxin comprises of lethal
toxin and edema toxin where the common receptor binding
moiety, protective antigen (PA) administers the entry of
lethal factor (LF) and edema factor (EF) inside cell�s cyto-
sol [1]. LF is a zinc dependent protease that inhibits the
MAPK signal transduction pathway [2]. Edema factor, a
calmodulin dependent adenylate cyclase, causes dramatic
elevation in cAMP levels inside target cells [3]. It belongs
to a class of adenylate cyclases namely Bordetella pertussis
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adenylate cyclase toxin, Exo Y of Pseudomonas aeruginosa,
and adenylate cyclase of Yersinia pestis, that are produced
as secreted virulence factors [4]. The intrinsic adenylate
cyclase activity of edema factor leads to disturbance in
the deftly regulated intracellular physiological equilibrium.
Studies conducted hitherto have shown that EF intoxicates
a wide variety of cells. It targets cytokine networking in
monocytes, leading to weakening of host response to
anthrax infection [5]. It also attenuates antimicrobial activ-
ity of neutrophils by inhibiting phagocytosis [6]. Earlier
studies conducted in our laboratory have shown that
lymphocytes are the most sensitive of all cells to edema tox-
in-induced cAMP production [7]. Such a massive enhance-
ment of this second messenger inside lymphocytes may, in
principle, lead to a suppressed immune response. EF has
also been reported to induce hemolysis in the presence of
polymorphonuclear cells [8]. The clinical disease of anthrax
is currently recognized as cutaneous, inhalational, and
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Fig. 1. Coomassie blue-stained SDS–polyacrylamide gel of purified
recombinant proteins. Lanes 1 and 6, protein molecular weight marker;
lane 2, wild type PA; lane 3, mutant PA; lane 4, wild type EF; lane 5,
mutant EF.

108 S. Alam et al. / Biochemical and Biophysical Research Communications 339 (2006) 107–114
gastrointestinal depending upon the route of entry of
spores [9]. Distinctive pathologic findings in patients
suffering from anthrax point toward the incidence of
hemorrhage [10–18]. Histopathological studies carried out
on animal models have also indicated a systemic occur-
rence of hemorrhage [19–21]. The hemorrhagic condition
during whooping cough has been linked to suppression of
platelet aggregation by B. pertussis adenylate cyclase toxin
[22]. A recent study has revealed that the antiplatelet activ-
ity of lethal toxin during infection can lead to higher mor-
tality rates, thereby implicating platelets as one of the
important cellular targets of anthrax toxin [23]. Thus far,
there are no reports on effect of EF on platelet function.
The best known negative effectors of platelet function are
prostaglandins E1, D2, and I2 that activate the platelet
adenylate cyclase system leading to increased intracellular
cAMP [24]. Elevation of intracellular cAMP has been rec-
ognized as a potent endogenous inhibitory pathway that
results in the global downregulation of signaling and bio-
chemical events necessary for platelet activation [25]. Our
studies show that edema toxin completely suppressed
thrombin and ADP-induced platelet aggregation by caus-
ing an abrupt increase in intracellular cAMP levels. EF
plays a role analogous to LF by causing inhibition of
platelet function, albeit through a distinctive pathway
and displaying more prominent intoxicating effects. Thus,
it follows that anthrax toxin mediated dysfunction of
platelets is a crucial phenomenon in manifestation of dis-
eased state.

Experimental procedures

Materials. Thrombin, ADP, fibrinogen, dibutyryl-cAMP, calmidazo-
lium chloride, calcium chloride, forskolin, DEAE Sepharose, SP Sephar-
ose, and phenyl Sepharose were from Sigma (St Louis, MO, USA).
Ni–NTA agarose was obtained from Qiagen (Hilden, Germany). cAMP
Biotrak Enzymeimmunoassay kit, bovine serum albumin, ampicillin,
kanamycin, b-ME, IPTG, lysozyme, EDTA, Luria–Bertani agar and
broth, and PMSF were obtained from Amersham Biosciences (Uppsala,
Sweden). The PepTag Non-radioactive cAMP dependent protein kinase
assay kit was from Promega (Madison, USA). Bradford reagent used for
protein estimation was obtained from Bio-Rad (CA, USA.) All other
reagents used were of the highest purity commercially available.

Purification of toxins. Recombinant PA was prepared and purified as
described previously [26]. Briefly, PA was expressed in E. coli BL21 (DE3)
strain and purified from the periplasmic extract. Purification was carried
out on anion exchanger, DEAE Sepharose, followed by hydrophobic
interaction chromatography on phenyl Sepharose. Edema factor was
expressed as a soluble protein in SG13009 (pREP4) cells. Purification was
carried out with Ni–NTA agarose followed by ion exchange chromatog-
raphy on SP Sepharose [27]. The dominant negative PA mutant,
Phe427del [28], and non-toxic EF mutant, Y137A [27] were prepared
similarly. Protein content was estimated with Bradford reagent using
bovine serum albumin as standard [29]. The proteins were run on a 12%
polyacrylamide gel and visualized by staining with Coomassie brilliant
blue [30] as shown in Fig. 1. Purified protein fractions were stored in
aliquots at �80 �C. Activity of purified proteins was checked by evaluating
the elongation response of Chinese hamster ovary (CHO) cells followed by
cAMP measurements.

cAMP measurements. Washed rabbit platelets were prepared by the
method of Yuan et al. [31]. The final cell pellet was adjusted to a con-
centration of 1 · 108 cells/ml per reaction. Each assay reaction was incu-
bated with increasing concentrations of EF ranging from 2.2 to 11 nM
along with 11 nM PA. Additionally, for each concentration of EF, time
dependent incubations were done for 0.5, 1, 1.5, 2, 2.5, and 3 h. The
adenylyl cyclase activator, forskolin (12 lM), was incubated with platelets
for 5 min. The calmodulin inhibitor, calmidazolium chloride (10 lM), was
incubated for 20 min with platelets prior to incubation with edema toxin
(11 nM PA and 11 nM EF) for 2 h. EF mutant was incubated at a con-
centration of 50 nM along with wt PA. All reactions were carried out at
37 �C. The assays were terminated by adding 5 mM EDTA followed by
freeze thawing cells three times. The samples were then heated at 80 �C for
20 min and centrifuged at 14,000g for 10 min. The supernatant was
removed and assayed for cAMP (picomoles of cAMP/108 platelets) using
the cAMP assay kit, Amersham.

Platelet aggregation assay. For the aggregation assay, washed rabbit
platelets were prepared by the method of Kitamura et al. [32]. All
experiments were carried out within 4 h of isolation of platelets. Platelet
aggregation assay was carried out according to the method of Born [33] in
a two-channel aggregometer (Chrono-Log). Aggregation was expressed as
percent change in transmission of light, with the blank sample (buffer
without platelets) defined as 100%. The final cell pellet was resuspended in
450 ll sodium potassium tris buffer (pH 7.4) and 50 ll of 112 mM citrate
buffer (pH 6.0) and supplemented with 1 mM calcium chloride. Each
aggregation assay reaction (400 ll) was adjusted to contain 2.5 · 108 cells/
ml. The cells were preequilibrated to 37 �C and incubated with 11 nM PA
and 7 nM EF. Aggregation scans were recorded, with constant stirring at
1000 rpm, after every 30 min. Aggregation was induced with thrombin at a
concentration of 0.2 U/ml. For ADP-induced aggregation, platelets were
stirred with 1 mg/ml fibrinogen at 37 �C for 5 min followed by addition of
10 lM ADP. The mutant proteins were added at ten times the wt con-
centration for 2 h before inducing aggregation. The cAMP analog, dibu-
tyryl-cAMP (1 mM), and adenylyl cyclase activator, forskolin (12 lM),
were incubated for 5 min each. Platelets were incubated with calmidazo-
lium chloride (10 lM) for 20 min before incubation with edema toxin
(11 nM PA and 11 nM EF) for 2 h. Wild type PA or EF only were also
incubated for 2 h.

In vitro antibody neutralization assay. Polyclonal antiserum was raised
in rabbits against native EF as described previously [34]. The serum titers
were determined employing indirect ELISA. The serum was complement
deactivated at 56 �C for 30 min followed by incubation with recombinant
wt EF for 2 h at room temperature. This reaction mixture was incubated
with freshly isolated platelets and supplemented with wt PA for 2 h at
37 �C followed by induction of aggregation with 0.2 U/ml thrombin or
10 lM ADP.

Protein kinase assay. Rabbit platelets were isolated as described for
aggregation assay and suspended at a concentration of 1 · 108 cells/ml for
each reaction. The experimental aliquots were incubated with 11 nM PA
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and 11 nM EF at 37� in a shaker water bath. Appropriate controls were
put containing PA or EF only. The cells were also incubated with the PKA
inhibitor, H-89. After 2 h, the aliquots were sonicated and centrifuged at
14,000 rpm at 4 �C for 5 min. The supernatant was collected and PKA
assay was done as described in the instruction manual (NonRadioactive
PKA measurement kit, Promega).

Bleeding time assay. Bleeding time assay was performed on 7- to 8-
week-old Swiss albino mice as described earlier [35]. 50 lg wt PA and
22 lg wt EF were injected intravenously at the base of tail [28]. Mutants of
PA and EF were injected with the respective wt counterparts. Separate
groups of mice were also injected with only wt PA or EF. The mice were
anesthetized with intraperitoneal pentobarbital (75 mg/kg) after 2 h. The
tail was cut 5–6 mm from the tip and immersed in phosphate-buffered
saline (PBS) maintained at 37 �C. Bleeding times were measured from the
time of incision of tail until complete cessation of bleeding. The assay was
stopped after 20 min. Mice were checked next morning for signs of delayed
bleeding.
A

B

Fig. 2. Measurement of intracellular platelet cAMP. (A) Platelets were incuba
measured at different time points. Each value represents average of three exper
5%. (B) cAMP levels in Forskolin and calmidazolium chloride treated platelet
Results and discussion

Edema toxin elevates cAMP inside platelets

cAMP is a principal secondary messenger whose imbal-
ance may lead to altered cellular responses. The increase in
cAMP levels in response to edema toxin has been found to
vary in different cell types. Thus, to adjudge the potency of
EF activity inside platelets, cAMP levels of edema toxin
treated platelets were measured. Platelets were incubated
with increasing concentration of EF (2.2–11 nM) along
with PA (11 nM) and a time dependent quantification of
cAMP was done at each EF concentration. It was observed
that EF causes a dose dependent and time dependent
ted with varying EF concentrations along with PA and cAMP levels were
iments carried out in duplicate. The standard error was found to be within
s.
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increase in cAMP levels inside platelets (Fig. 2A). At each
concentration, cAMP gradually increased with time, reach-
ing a peak at 2 h. Thereafter, cAMP levels remained more
or less the same up to 3 h, registering only a slight decline.
Much lower EF concentrations (6.7 nM) could efficiently
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Fig. 3. Suppression of thrombin-induced platelet aggregation. Aggregation as
was recorded for 10 min. Each graph is representative of three independent sca
A, untreated cells; B–G are aggregation scans after 0.5, 1, 1.5, 2, 2.5, and 3 h o
PA (B); wt EF (C); mutant PA (D); mutant EF (E) treated platelets. (c) Aggre
calcium (G); calmidazolium chloride treated platelets incubated with EdTx (H
raise cAMP levels equivalent to those induced by forskolin
(Fig. 2B), a potent host adenylyl cyclase activator. A PA
binding defective EF mutant was unable to generate cAMP
response inside platelets even at a concentration as high as
50 nM. Furthermore, when platelets were incubated with
E F G

D E

I J

says were carried out as described in Experimental procedures. Each scan
ns. (a) Time dependent measurements with 11 nM PA and 7 nM EF. Scan
f EdTx treatment, respectively. (b) Aggregation scans of untreated (A); wt
gation curves of untreated cells (F); platelets incubated with EdTx without
); dibutyryl-cAMP (I); and forskolin (J) treated platelets.
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the translocation defective PA mutant and wt EF, no
change in the basal cAMP was observed in view of the fact
that the PA mutant would not be able to deliver EF in the
cytosol of the cell. Platelets, when pretreated with calmi-
dazolium chloride, a calmodulin inhibitor, did not respond
to edema toxin. Additionally, platelets incubated with the
toxin in calcium free medium failed to show any increase
in cAMP, in agreement with the earlier report, which
showed that edema toxin requires calcium for its activity
[7]. Thus, we show that EF generates extremely high levels
of cAMP inside platelets. The adenylate cyclase toxins rep-
resent an important adaptive strategy for pathogens for the
reason that augmented cAMP has the capability to disrupt
normal functioning of eukaryotic cells.

Edema toxin suppresses thrombin and ADP-induced platelet

aggregation

We found that supraphysiological levels of cAMP pro-
duced by edema toxin inside platelets led to alteration in
agonist-induced aggregation pattern. There was a dose
dependent suppression of aggregation by EF in response
to 0.2 U/ml thrombin. The minimum concentration of
EF that completely suppressed aggregation was found to
be 7 nM. Time dependent studies at this concentration
exhibited maximum suppression after 2 h of toxin treat-
ment correlating with the highest cAMP levels achieved
at that time (Fig. 3a). The fact that EF could inhibit
thrombin action, which is the most potent agonist of
aggregation, confirms the pronounced effect of EF on
platelets. Platelets incubated even with very high concen-
trations (50 nM) of mutants of PA or EF failed to elicit
any suppression. Wild type PA or EF, separately were
also not able to induce any suppression (Fig. 3b). Com-
pounds such as forskolin and dibutyryl-cAMP closely
paralleled the effects induced by wt EF (Fig. 3c). Aggrega-
tion proceeded uninhibited in the presence of calmidazoli-
um chloride, which impresses upon the fact that the
suppressed aggregation response is dependent on EF
activity that requires calmodulin as a cofactor. In addi-
A B C

PE
R

C
E

N
T

  T
R

A
N

SM
IT

T
A

N
C

E

0

10

20

30

40

50

Fig. 4. Suppression of ADP-induced platelet aggregation. Aggregation assays
5 min and each curve is a representative of three independent scans. A, untreate
E, treatment with calmidazolium chloride; F, cells incubated with EdTx for 2 h
of wt PA or EF alone are not shown.
tion, when platelets were incubated with edema toxin sans
calcium, a normal aggregation curve was obtained
(Fig. 3C). ADP being a mild agonist required low concen-
trations of toxin (2.2 nM) for inhibition of its activity and
complete suppression was achieved within 2 h (Fig. 4). To
further appreciate that the effects being produced by ede-
ma toxin were indeed due to edema factor activity
attained after internalization, in vitro antibody neutral-
ized EF was incubated with platelets along with PA,
which failed to induce any suppression (Fig. 5). Therefore,
it follows that EF could mediate its effects on platelets
strictly under conditions that are conducive for its entry
into cells and favorable for attaining optimal activity
within. In vitro aggregation assays clarified that cAMP
is the effector molecule that is causing suppression of
platelet aggregation as the level of suppression was direct-
ly linked to the amount of cAMP raised inside platelets.
Since cAMP/PKA pathway has been implicated in several
processes leading to attenuation of platelet function, we
investigated the effect of edema toxin on PKA activity.
Treatment with edema toxin led to PKA activation inside
platelets whereas PA or EF alone did not have any effect
on PKA activity. When cells were treated with the PKA
inhibitor (H-89) followed by incubation with edema toxin,
PKA activity was found to be inhibited (Fig. 6a). Signif-
icantly, normal aggregation curves were obtained when
H-89 treated cells were induced with thrombin and
ADP (Fig. 6b). These results indicate that edema toxin
exerts its effects on platelets through cAMP dependent
protein kinase pathway. Recently, Kau et al. discovered
that the antiplatelet lethal toxin action is correlated with
the downregulation of p42/44 or p38 MAPK activity.
However, lethal toxin did not show any noteworthy effect
on thrombin-induced platelet aggregation. Our study, on
the other hand, demonstrates that one of the principal
effects of edema toxin is the inhibition of thrombin
and ADP-induced platelet aggregation and that the
suppression of signaling apparatus, in all likelihood, is
occurring through the cAMP/PKA pathway since a nor-
mal aggregation response was obtained when cells were
D E

F

G

H

were carried out as described in methodology. Each scan was recorded for
d cells; B, PA mutant; C, EF mutant; D, EdTx treatment without calcium;
; G, forskolin treated platelets; H, dibutyryl-cAMP treated platelets. Scans
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Fig. 5. Aggregation assays carried out after antibody neutralization.
Thrombin-induced (A) and ADP-induced (B) scans obtained after
incubating the antibody neutralized EF with platelets along with PA for
2 h.
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treated with PKA inhibitor. This finding is in support of
the fact that cAMP/PKA pathway is one of the most
important negative modulators of platelet function and
it exerts its effects through multifarious substrates. Previ-
ously, it has also been shown that cAMP-induced activa-
tion of PKA causes inhibition of agonist-induced
phosphorylation/activation of both p42 and p38 MAPKs
in human platelets [36]. Also, inhibition of P-selectin
expression by PKA is an important event that mediates
the inhibitory effects on cohesive properties of platelets.
Thus, it is quite possible that EF is targeting a plethora
of substrates in platelets to entirely subdue the platelet
system and LF might potentiate EF activity by exerting
similar effects inside platelets.

Edema toxin prolongs bleeding time in vivo

To evaluate the effect of edema toxin on platelets in vivo,
we injected Swiss albino mice with wt toxin intravenously
and bleeding time measurements were done. Interaction
of platelets with blood vessel walls to form blood clots is
an important function to attain normal bleeding time. It
was found that bleeding time in mice was heightened in
response to wt EdTx and bleeding continued even after
20 min of observation time (Table 1). Administration of
wt PA or EF alone did not have any effect on bleeding
time. Also, EF and PA mutants did not alter the normal
bleeding time. These observations corroborated the results
obtained by in vitro aggregation assays of EdTx treated
platelets. In fact, earlier studies have shown that, in vitro,
cAMP exercises control over initial attachment of platelets
to thrombi [37,38] and in vivo, initial platelet accrual at the
site of vascular injury is inhibited by elevation of platelet
cAMP [39]. Thus, suppression of platelet aggregation, in vi-
tro and drastic increase in bleeding time, in vivo, point
towards the disruption of customary functions of thrombo-
sis and hemostasis of platelets by edema toxin.

Concluding remarks

Edema factor is an important pathogenic element of
anthrax exotoxin complex. This is reiterated by 10-fold
reduction in pathogenicity in cya gene deficient strain of
Table 1
Bleeding time in mice

Type Mean bleeding time (s)

Non-injected 98
Edema toxin >1200
wt PA 93
wt EF 115
Mutant EF (Y137A) + wt PA 135
Mutant PA (Phe427del) + wt EF 116
Buffer (5 mM Hepes) 103

Female Swiss albino mice were injected with 50 lg PA and 22 lg EF in a
final dose of 100 ll. Values mentioned are the average of two experiments,
each done with a batch of 6 mice. The error did not exceed 10%.
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B. anthracis [40]. Our study illustrates the role played by
edema toxin on modulation of platelet functions. The rise
in cAMP brought about by edema toxin and the subse-
quent activation of cAMP dependent protein kinase A
leading to suppression of platelet aggregation emphasizes
that edema toxin is an invasive adenylyl cyclase toxin that
imposes systemic infectivity on the host. Henceforth, our
study identifies platelets as another vital target of edema
toxin.
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