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Abstract    

Adenylate cyclase toxin (CyaA) is produced by 

Bordetella pertussis, the causative agent of whooping 

cough. CyaA specifically binds to the heavily N-

glycosylated β2 integrin receptor CD11b/CD18 on its 

main cellular target myeloid phagocytic cells. How-

ever, CyaA can also interact with and intercalate into 

cell membranes lacking CD11b/CD18, where saccha-

rides may play a propagating role in membrane 

binding. The present study was undertaken to 

examine whether CyaA can bind to ganglioside GM1 

(GM1), a membrane raft associated oligosaccharide-

bearing lipid. For this sake, the potency of highly 

selective GM1 ligand cholera toxin subunit B (CTB) 

to block CyaA binding in GM1-positive CD11b/ 

CD18-negative human erythrocytes and K562 cells 

was studied by flow cytometry. Pre-treatment of 

erythrocytes and K562 cells with CTB markedly 

(29% and 28%, respectively) decreased their binding 

of CyaA, indicating that CyaA can bind to GM1, 

apparently by recognizing terminal galactose and 

sialic acid residues in GM1. 
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1. Introduction 

Animal cells are covered with glycoproteins and glyco-

lipids, with their saccharide chains mainly functioning 

as recognition molecules. They can serve as receptors 

for binding other cells, proteins, bacteria, toxins and 

viruses [1-6].  Among the glycolipids, glycosphingo-

lipids are the most abundant molecules here. Their sugar 

chains have a widely varying composition and are 

attached to ceramide. Sialylated glycosphingolipids are 

referred to as gangliosides, with ganglioside GM1 

(GM1) being a member of this family. GM1 is regarded 

a major constituent of membrane rafts [7-8], i.e. sterol-

sphingolipid-enriched domains that compartmentalize 

cellular processes [9].  

 Adenylate cyclase toxin (CyaA) is a major virulence 

factor produced by Bordetella pertussis, the causative 

agent of whooping cough [10-13]. CyaA is a single 

palmitoylated polypeptide consisting of an amino-

terminal adenylate cyclase (AC) domain and a 

hydrophobic hemolysin (Hly) moiety. Hly moieties 

entering the plasma membrane may upon oligomeri-

sation form cation-selective channels and induce cell 

lysis. When the AC domain, subsequently to Hly, enters 

the target cell it is activated by calmodulin to catalyze 

ATP to cAMP, thereby inactivating target cell phago-

cytic functions [14].  

The initial binding of CyaA to the plasma membrane 

surface is influenced by saccharides. Namely, CyaA can 

specifically bind to the heavily N-glycosylated beta2 

integrin receptor CD11b/CD18 on myeloid phagocytic 

cells [15, 16]. In these cells the calcium ionophore-

activity of CyaA may trigger accumulation of the CyaA-

integrin complex into membrane rafts, where translo-

cation of the AC domain across the membrane occurs 

[17]. CD11b/CD18 is exclusively restricted to leuko-

cytes [18, 19]. However, CyaA can also interact with 

and intercalate into cell membranes lacking CD11b/ 
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CD18, such as mammalian erythrocytes [20-26] and 

epithelial cells [27], where saccharides may play a 

propagating role in membrane binding. While the 

physiological significance of non-CD11b/CD18 binding 

of CyaA in CD11b/CD18 negative and positive cells 

remains unclear, gangliosides have previously been 

indicated as possible CyaA receptors [11]. 

The present study was undertaken to examine 

whether ganglioside GM1, a raft associated oligo-

saccharide-bearing lipid, can bind CyaA. If so, CyaA 

should compete for GM1 binding with cholera toxin 

subunit B (CTB), a highly specific GM1 ligand [28]. For 

this sake, the potency of CTB to block CyaA binding 

was examined in GM1-positive CD11b/CD18-negative 

[18, 19, 29] human erythrocytes and K562 cells. 

 

2. Materials and Methods 

2.1. Chemicals 

AlexaFluor488 conjugated wild-type CyaA toxin  

(CyaA-WT)  [17] was a kind gift from Dr. Peter Sebo 

(Institute of Microbiology AS CR v.v.i., Prague, Czech 

Republic). CTB (C9972) was from Sigma-Aldrich, D-

galactose (4058) from Merck, D-lactose (0156) from 

Difco and D-mannose (63580) from Fluka.  

2.2. Cells  

Blood was drawn from the authors and volunteers by 

venipuncture into heparinised tubes. Blood was 

centrifuged to remove serum and buffy coat  and 

erythrocytes subsecuently washed three times with 

buffer (145 mM NaCl, 5 mM KCl, 4 mM Na2HPO4, 1 

mM NaH2PO4, 1 mM MgSO4, 1 mM CaCl2, 10 mM 

glucose, pH 7.4). Erythrocytes were suspended in the 

buffer at 1.65 x 10
9
 cells/ml, stored at 4

º
C and used 

within 5 h. Erythroleukemia K562 cells, cultured as 

previously described [30], were pelleted and suspended 

in the buffer at 10 x 10
6
 cells/ml, and immediately used.  

2.3. CyaA treatment  

Erythrocytes (1.65 x 10
8
 cells/ml, ~1.5% haematocrit) or 

K562 cells (2 x 10
6
 cells/ml) were incubated with CyaA-

WT (25 µg/ml according to [25]) in buffer containing 2 

mM CaCl2 for 30 min at 4
o
C and subsequently washed 

three times with buffer. When indicated, cells pre-

treated with CTB (4 µg/ml) for 60 min at RT [31] were 

used. To examine the effect of free saccharides on 

binding of CyaA-WT to the cell membrane, CyaA-WT 

(25 µg/ml) was pre-incubated with each saccharide (10 

mM) for 15 min at 4
o
C and then erythrocytes (1.65 x 10

8
 

cells/ml, ~1.5% haematocrit) were added and incubated 

for the next 30 min at 4
o
C. FACSCalibur

TM
 flow 

cytometer (Becton-Dickinson Immunocytometry Sys-

tems, San Jose, CA, USA) was used for measuring the 

cell membrane binding of CyaA-WT (excitation 

wavelength 488 nm, emission channel FL1). Appro-

priate gating was used to exclude white blood cells. 

Toxins binding data were calculated from the mean 

fluorescence intensity (MFI) and expressed as per-

centage of toxin binding to untreated cells as previously 

described [16].  

2.4. Scanning electron microscopy 

Erythrocytes were processed for scanning electron 

microscopy (SEM, Leo 1530 Gemini) according to 

standard protocol as previously described [32]. 

 

3. Results and Discussion  

Pre-treatment of human erythrocytes and K562 cells 

with CTB diminished subsequent CyaA-WT binding to 

cells by 29 ±18 % and 28 ±13 %, respectively (Fig. 1). 

Preincubation with saccharides (10 mM): mono-

saccharide D-galactose, disaccharide D-lactose (glucose 

+galactose) and monosaccharide D-mannose, diminish-

ed CyaA-WT binding to human erythrocytes with 49 

±18 %, 43 ±19 % and 39 ±18 %, respectively (Fig. 2). 

Sialic acid (1 mM) showed similar inhibitor potency as 

D-galactose, but induced also weak haemolysis which 

therefore disqualified the results.   

 

 

Fig. 1. Effect of pre-treatment with CTB on CyaA-WT 

binding to human erythrocytes and K562 cells. Pre-

treatment with CTB, followed by washing, diminished 

subsequent CyaA-WT binding in human erythrocytes 

and K562 cells, respectively (p<0.01, Student´s t-test). 

Binding was monitored by flow cytometry, and binding 

data were calculated from the mean fluorescence 

intensity (MFI) and expressed as percentage of toxin 

binding to untreated cells as previously described [16]. 

The presented results represent the average of values 

obtained in four independent experiments ± standard 

deviation.    
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Fig. 2. Effect of free saccharides D-galactose, D-lactose, 

D-mannose on CyaA-WT binding to human eryth-

rocytes. Pre-incubation with saccharides diminished 

CyaA-WT binding to human erythrocytes  (p<0.01, 

Student´s t-test). Binding was monitored by flow cyto-

metry, and binding data were calculated from the mean 

fluorescence intensity (MFI) and expressed as percent-

tage of toxin binding to untreated cells as previously 

described [16]. The presented results represent the 

average of values obtained in four independent experi-

ments ± standard deviation.   

 

CyaA-WT induced echinocytic shape alterations in 

human erythrocytes, similar to that induced by increased 

intracellular calcium [31], indicating CD11b/CD18-

independent CyaA-WT membrane binding and pertur-

bation (Fig. 3). 

The present study shows that CyaA can bind to 

ganglioside GM1, a membrane raft associated oligo-

saccharide-bearing lipid [7-9], in CD11b/CD18 lacking 

human erythrocytes and K562 cells. Gangliosides have 

previously been suggested as potential CyaA membrane 

receptors. Namely, premixing of CyaA with ganglio-

sides inhibited CyaA-induced intoxication in Chinese 

hamster ovary cells [11]. While the fact that CyaA does 

not necessarily require a protein receptor for membrane 

binding may indicate that it has a broad range of host 

cell types [24, 26, 27, 33], the physiological significance 

of non-CD11b/CD18 binding of CyaA remains unclear. 

It seems reasonable to suggest that bacterial toxins like 

CyaA binds to GM1, both in its main target and other 

cells, in order to affect raft-associated signal-trans-

duction processes aiding bacterial pathogenesis. 

GM1containing rafts could also function as shuttle 

platforms where toxins are translocated into cells. 

Lateral accumulation of oligomerised GM1-CyaA (or 

integrin-CyaA) complexes (rafts) may induce membrane 

invagination and endocytic uptake of CyaA. 

 

 

Fig. 3. CyaA-WT induced echinocytosis. Scanning elec-

tron micrograph showing that CyaA-WT induces 

echinocytic shape alterations in human erythrocytes (A);  

control (B). 

 

The reason for the binding of CyaA to GM1 can be 

explained by comparing the saccharides moieties of 

GM1 (Fig. 4A) and CD11b/CD18 (Fig. 4B), the assum-

ed natural receptor of CyaA. Such a comparison reveals 

striking similarities between the terminal parts of oligo-

saccharide chain of β2 integrin (see [16]) and GM1 

oligosaccharide chain. Namely, both of them have a 

terminal galactose residue, following an amine, and a  

 

Fig. 4. Schematic chemical structure of (A) GM1 and 

(B) integrin receptor representative (see [16] for details).  

 

sialic acid residue. One can therefore assume that this 

molecular configuration is mainly responsible for CyaA 

binding to GM1. Notably, CTB, used to assess CyaA 

binding to GM1 in the present study, binds its natural 
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receptor GM1 with high selectivity, the binding 

depending for 54% on the terminal galactose moiety and 

for 44 % on the sialic acid moiety [28]. In addition, 

CyaA may also bind to other sugar chains, as indicated 

by the potency of D-mannose to diminish membrane 

binding of CyaA (Fig. 3). Furthermore, CyaA may also 

to some degree intercalate into biological membranes 

without the aid of receptors, since it binds to liposomes 

[24]. Interestingly, CyaA was recently shown to 

intoxicate CD11b/CD18 lacking epithelial cells without 

the evident aid of any specific membrane receptor [27].  

 

4. Conclusion 

CyaA specifically binds to the heavily N-glycosylated 

beta2 integrin receptor CD11b/CD18 on myeloid 

phagocytic cells. CD11b/CD18 is exclusively restricted 

to leukocytes. However, CyaA can also bind to a variety 

of other cell types lacking CD11b/CD18 receptors, such 

as mammalian erythrocytes where the binding 

mechanism is poorly understood.  In this study, the 

binding of CyaA to GM1 in human erythrocytes and 

K562 cells could be demonstrated and given a plausible 

explanation. Notably, CyaA may simultaneously bind to 

other sugar chains besides those of GM1. Besides that 

the fluorescence/binding of Alexa 488 conjugated CyaA 

is sensitive to post-fixation (results not shown), studies 

with CyaA are complicated by the short distance activity 

of CyaA due to rapid inactivation and aggregation in 

solution following secretion or refolding from urea 

stocks [14, 26].  
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