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ABSTRACT 

The Bordetellae are aerobic Gram-negative coccobacilli colonizing the upper 

respiratory tract of mammals and thereby causing diseases with similar symptoms but 

different host specificity. The bacteria produce a variety of adhesins and toxins that 

facilitate their ability to promote infection and evade the innate immune system. Among 

them, the filamentous hemagglutinin (FHA) and the adenylate cyclase toxin (CyaA) are 

the major virulence factors providing the adherence to the host epithelial cells and the 

protection against bactericidal activity of phagocytic cells, respectively. Moreover, 

CyaA along with the Escherichia coli α-hemolysin (HlyA) and the Kingella kingae 

cytotoxin (RtxA) represent a prominent group of Repeats in ToXin (RTX) 

cytotoxins/hemolysins that undergo post-translational acylation on conserved lysine 

residues. Here, different mass spectrometry approaches were employed to analyze 

the structural features of FHA and to characterize the acylation status of the RTX toxins 

and their various hybrid molecules. First, the differential 16O/18O labeling revealed that 

the mature FHA proteins of B. pertussis (Bp-FHA) and the B. bronchiseptica (Bb-FHA) 

are processed at different sites, after Ala2348 and Lys2479 of the FhaB precursor, 

respectively. Second, the bottom-up proteomics of the acylated RTX toxins showed 

that the RTX-activating acyltransferases modifies the RTX protoxin by acyl chains of 

specific length, which are also involved in proper biological activities of the RTX toxins. 

Furthermore, the HlyC-activated CyaA1-710/HlyA411-1024 hybrid molecule was able to 

translocate the N-terminal adenylyl cyclase (AC) domain of CyaA to the cell cytosol of 

LFA-1-expressing cells, indicating that residues 400-710 serve as an “AC translocon” 

of the CyaA polypeptide. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ABSTRAKT 

Bakterie rodu Bordetella jsou aerobní gramnegativní kokobacily, které osidlují dýchací 

trakt u řady savců a tím způsobují různé druhy respiračních onemocnění. Bakterie 

produkují velké množství adhesivních molekul a toxinů, které se výrazně podílejí na 

rozvoji infekce a potlačení hostitelského imunitního systému. Mezi hlavní zástupce 

patří filamentózní hemaglutinin (FHA), který zajišťuje přilnutí bakterie k řasinkovému 

epitelu hostitele, a adenylát cyklázový toxin (CyaA), který je schopen potlačit 

baktericidní aktivitu fagocytů. CyaA, společně s α-hemolysinem (HlyA) z Escherichia 

coli a RtxA cytotoxinem z druhu Kingella kingae, patří do rozsáhlé skupiny takzvaných 

Repeats-in-toxin (RTX) cytolysinů/hemolyzinů, které jsou post-translačně 

modifikovány pomocí acylace konzervovaných lyzinových zbytků. Cílem této práce je 

strukturně-funkční charakterizace FHA molekul a analýza post-translačních modifikací 

u RTX toxinů a jejich hybridních variant pomocí hmotnostní spektrometrie. Za prvé, 

diferenciální izotopické značení 16O/18O odhalilo, že C-koncové aminokyseliny vysoce 

homologních FHA proteinů z Bordetella pertussis a Bordetella bronchiseptica jsou 

štěpeny na různých místech, a to v pozici 2348 pro B. pertussis a v pozici 2479 pro B. 

bronchiseptica. Za druhé, proteomická analýza tryptických fragmentů acylovaných 

RTX toxinů ukázala, že post-translační aktivace RTX toxinů je řízena specifickou 

aktivitou acyltransferáz, které jsou schopny rozlišit různou délku acylového řetězce. 

Délka mastné kyseliny zároveň určuje biologickou aktivitu acylovaných RTX toxinů. 

Navíc, hybridní toxin CyaA1-710/HlyA411-1024, modifikovaný acyltransferázou HlyC, byl 

schopen dopravit svoji N-koncovou adenylyl cyklázovou (AC) doménu do cytoplazmy 

LFA-1-pozitivních buněk, což ukazuje, že aminokyseliny v pozicích 400 až 710 u CyaA 

se přímo podílí na translokaci AC domény. 
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1.1 Bordetellae 

Bordetellae are Gram-negative bacteria colonizing the respiratory tract of 

various animals or humans (Gross, 2010). B. pertussis, B. bronchiseptica and B. 

parapertussis are closely related species and referred to as “classical Bordetellae“. B. 

bronchiseptica causes chronic respiratory infections in a broad range of mammalian 

hosts with variable severity, but also infects immunocompromised humans [1,2]. B. 

pertussis is an exclusively human pathogen and the causative agent of whooping 

cough. B. parapertussis has two different lineages specific for humans and sheep 

causing pertussis-like infection with milder symptoms [3]. Both B. pertussis and B. 

parapertussis evolved separately from B. bronchiseptica-like progenitor primarily by 

genome reduction indicating specific niche adaptation [4-6]. 

 

1.2 Whooping cough 

Whooping cough remains one of the least well controlled vaccine-preventable 

diseases periodically re-emerging even in the developed countries accounting for more 

than 40 million cases and close to 200,000 pertussis-linked deaths every year [7-9]. 

Moreover, pertussis constantly circulates even in populations with extremely high 

vaccine coverage [8,9]. Current resurgence and persistence of whooping cough in 

global population has been attributed to many factors such as the improvement of 

diagnostics, increasing number of anti-vaccination movements, rapidly waning 

mucosal immune response or adaptation of the bacteria to the current vaccination 

setup [12-14]. 

 Typical pertussis can persist for weeks to months after initial onset and it is 

characterized by severe paroxysmal coughing with whooping accompanied by 

episodic choking and vomiting. In young infants and especially unvaccinated 

newborns, the disease frequently leads to serious complications, such as apnea, 

pneumonia or pulmonary hypertension, which require hospitalization and intensive 

care. Macrolide antibiotics including erythromycin or azithromycin are administered to 

pertussis patients to significantly shorten the duration of symptoms and period of 

individual contagiousness.  

Pertussis caused by different Bordetella species can be currently diagnosed by 

multiple established laboratory methods. Although time-consuming, the gold standard 

of detection is still considered bacterial culture test followed by matrix-assisted laser 
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desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) identification 

and antimicrobial resistance testing. Real-time polymerase chain reaction (RT-PCR) is 

often employed due to its rapid diagnosis capacity, however specificity of insertion 

sequences for individual species targeted for molecular detection must be carefully 

evaluated due to sequence similarity. Serological tests can also be employed, but at 

least two weeks after onset of cough when the antibody titers are highest.   

Before the introduction of vaccination, whooping cough was the leading cause 

of infant death, responsible for almost 13% cases in 1930s in children below 10 years 

of age [12]. First whole-cell pertussis vaccine (wP), which consisted of a suspension 

of killed B. pertussis cells, introduced in the 1950s, significantly decreased the 

incidence of pertussis infection and infant mortality rate [13]. However, the endotoxin 

component of the wP vaccine was associated with increased reactogenicity leading to 

fever, local swelling or eczema. Due to the accumulated public pressure on vaccine 

manufacturers, a less reactogenic acellular pertussis vaccine (aP) was developed in 

Japan in 1981 and subsequently introduced to most of the developed countries after 

year 2000 [4,14]. Current aP vaccines contain up to five different Bordetella antigens 

including pertussis toxin (PT), filamentous hemagglutinin (FHA), pertactin (PRN) and 

fimbrial proteins (FIM2,3). These antigens were selected to mimic the immune 

response of a whole-cell vaccine without any adverse effects. Consequently, multiple 

strains isolated during the last decade have lost the production of pertussis toxin, 

pertactin or FHA conceivably trying to avoid vaccine-induced clearance by immune 

system [16-18]. Although all recently isolated specific antigen-deficient strains were 

found less pathogenic for the adults, they can be still threatening for immuno-

compromised patients [17]. Furthermore, aP vaccines prevent critical pulmonary 

pertussis but fail to induce long-lasting immune protection against infection and 

transmission of the pathogen [18]. Substantial increase of infection in adolescents and 

adults throughout the last two decades represent major problem in current pertussis 

epidemiology situation. Adults are often without major symptoms and provide a 

reservoir for transmission to the infants who are at the highest risk [19,20]. Recently, 

an alternative outer-membrane vesicle derived vaccine containing various membrane-

bound proteins was successfully tested in mice model inducing strong antibody 

response [21,22]. However, introduction of a novel vaccine represents substantial 
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bureaucratic and financial hurdle for the vaccine producers, which rather push 

repetitive aP boostering. 

 

1.3 Virulence factors of Bordetellae 

After attachment to mucosal surface in the nasopharynx of the host, the bacteria 

produce a broad spectrum of virulence factor including adhesins, toxins and immune-

modulating factors. Toxins include pertussis toxin (PT), adenylate cyclase toxin 

(ACT/CyaA), tracheal cytotoxin (TCT) and dermonecrotic toxin (DNT). Critical 

adhesive molecules are filamentous hemagglutinin (FHA), pertactin (PRN) and 

fimbriae (FIM). Among other molecules playing an important role in subversion of host 

immune system are complement resistance factors BrkA and Vag8, type III secretion 

system (T3SS) or lipooligosaccharide (LOS). 

During infection, the bacterial physiology and metabolism are dynamically 

orchestrated to colonize, invade and survive the immune response in the harsh host 

environment. Tight coordination of gene expression is thus key to adapt to the site and 

stage of the infection. Bacteria can efficiently react to availability of various small 

organic and inorganic molecules, nutrients, physical properties of environment (pH, 

osmolarity, temperature) or fluctuations in cell-population density, so-called quorum 

sensing. 

 

1.3.1. BvgAS regulon 

Expression of most of the virulence factors is tightly controlled by a master 

regulatory two-component system BvgAS [23,24]. BvgS is a transmembrane sensor 

histidine kinase that contains two periplasmically located venus flytrap domains (VFT1 

and VFT2), a transmembrane segment followed by a PAS domain, a histidine kinase 

domain (HK), a receiver domain (Rec) and a histidine phosphoryl transfer domain (Hpt) 

(Figure 1a). BvgA is a regulatory protein that has an N-terminal Rec and a C-terminal 

DNA binding helix–turn–helix domain (HTH). BvgS is able to recognize changes in 

environmental conditions and transduces a signal through a phosphorylation cascade 

to BvgA, which activates or represses transcription of target genes [25-27]. A precise 

mechanism of activation of this system in vivo is unknown, but under in vitro conditions, 

the BvgAS system is active at 37°C in standard Steiner-Scholte medium (Bvg+) and it 
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can be modulated (Bvgi) or repressed (Bvg-) in the presence of chemical modulators 

such as nicotinic acid or magnesium sulfate (Figure 2b)[25].  

 

Figure 1. The BvgAS master regulatory system. a. Upon induction by a signal from 
an external environment, BvgS autophosphorylates and transfer the phosphate group 
through relay from venus fly trap domains (VFT1, VFT2) towards the Rec domain of 
BvgA, a DNA binding protein. Phosphorylated BvgA dimerizes and activates the 
expression of virulence repressed genes (vrgs) or virulence-associated genes (vags) 
b. BvgAS system controls three distinct phenotypic phases conferring four classes of 
genes. Early levels stages of Bvg+ phase enables expression class 2 genes, fhaB and 
fim. Higher levels of BvgAS phosphorylation brings up expression of class 1 genes, 
such as cyaA–E, ptx–ptl and bsc genes. The Bvg− phase occurs when phosphorylation 
of BvgAS system drops, class 4 genes represented by frlAB are inactive leading to 
positive regulation of motility genes and to repression of bvgR. Partial activation of 
BvgAS induces the Bvgi phase, where expression of class 2 genes and bipA caps and 
class 1 and 4 descends [25]. 
 

Phosphorylation of BvgA allows its dimerization and transcriptional activation of 

virulence-associated genes (vag) promoters, a crucial step for adaptation and 

colonization of the host respiratory tract [26,27]. Initial levels of phosphorylation start 

transcription of early vag genes encoding adhesins, such as FHA and fimbriae. 

Subsequently, operons comprising genes for PT (ptx-ptl), ACT (cyaA-E) and the type 

III secretion system (bsc) are fully expressed (Bvg+). Additionally, expression of bvgR 

gene maintains repression of the virulence repressed genes (vrg) during Bvg active 

state. Avirulent, Bvg- phase, occurs after rapid loss of BvgA phosphorylation resulting 

in activation vrg [28,29]. Genes for flagellar apparatus, associated with the bacterial 
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motility, represent the most characterized vrg [27,28,30]. Motility was recently found to 

be mandatory for B. bronchiseptica to reach host-intracellular niche [31-33]. 

Furthermore, Bvg- phase is required for growth in nutrient-limiting conditions and 

contributes to survival of B. bronchiseptica in external environments [33,34]. There is 

few information about intermediate state Bvgi, when BvgS kinase active and inactive 

states are in equilibrium. Only expression of the bipA locus was found to be enhanced 

during Bvgi so far. Intermediate state appears to contribute to aerosol transmission of 

B. bronchiseptica, allowing colonization of nasal cavities of various animals [35]. 

 

1.3.2. Adhesins 

1.3.2.1 Filamentous hemagglutinin (FHA)  

Filamentous hemagglutinin (FHA) is a key adhesive molecule mediating the 

adherence of bacteria to epithelial cells of the lower respiratory tract [40-43]. FHA is 

synthesized as an FhaB precursor that undergoes a co-secretional maturation, which 

yields in the release of a “mature” FHA on the cell surface [38]. However, the recent 

findings indicated that virulence activities of FHA can be attributed to the FhaB 

precursor. 

 

Figure2. Organization of fha locus. FHA is encoded by fhab followed downstream 
by fimB-D genes, implicated in fimbriae biogenesis. fhaC, located downstream of fimD, 
codes for FHA-designated outer membrane transporter. fimA is a pseudogene, which 
shows homology with major fimbrial subunits. Binding regions for the Bvg transcription 
factors are upstream of the fhaB (adapted from [39]) 

 

The FhaB preproprotein is encoded by the fhaB gene, the leading gene of a 

polycistronic operon, followed by fimB-D genes for fimbriae biosynthesis and fhaC, the 

two-partner secretion (TPS) outer membrane translocon (Figure 2). Albeit the genes 

for fimbrial subunits are located on the distinct segment of the Bordetella genome, 

FimB-D are crucial for their proper folding and transport to the outer membrane. It has 

been shown that site-directed deletion or insertion within the fha locus affects 

production of both fimbriae and FHA [40,41]. 
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Figure 3. Schematic representation of the FhaB precursor. The very N-terminal 
part of precursor contains 71 residue-long N-terminal sec-dependent signal (green) 
followed by two-partner secretion domain (blue). Four different segments in mature 
FHA segment implicated in binding to various eukaryotic cells (yellow) are: heparin-
binding domain (HBD), carbohydrate recognition domain (CRD), Arg-Gly-Asp (RGD) 
motif and mature C-terminal domain (CMD). Biologically relevant parts of prodomain 
are prodomain N-terminus (PNT), proline-rich region (dark red) and extreme C-
terminus (light red). 
 

FhaB gene of B.pertussis (Bp) and B.bronchiseptica (Bb) encodes precursor 

protein of 380 and 370 kDa, respectively (Figure 3). FhaB secretion was extensively 

studied as a prototypical TPS pathway where the large TpsA exoprotein (FhaB) 

substrate is translocated through the outer membrane pore protein TpsB (FhaC). FhaB 

preproprotein is transported across the cytoplasmic membrane via Sec translocon 

mediated by a 71-residue long N-terminal signal peptide [42]. After the maturation of 

this extraordinarily long Sec-dependent sequence by a leader peptidase, the N-

terminal glutamine residue undergoes cyclization to pyroglutamate (Figure 4,1). Even 

though this modification relies on the presence of three cysteines in the signal peptide, 

their substitution to serine residues does not affect FHA production or its 

hemagglutination activities [43]. The N-terminal FhaB region carrying prototypic TPS 

domain then transits through periplasmic space in unfolded state to its partner protein 

FhaC [44,45]. FhaC belongs to an Omp85 protein family consisting of a large 

transmembrane C-terminal β barrel domain and an N-terminal globular periplasmic 

polypeptide transport associated (POTRA) domain [46]. After initial recognition of 

FhaB-TPS segment by FhaC-POTRA domain, FhaB proceeds through FhaC in N- to 

C-terminal manner keeping the N terminus anchored to POTRA in the periplasm 

(Figure 4,2). The first ~1800 residues of FhaB are progressively folded during the 

translocation process to the bacterial cell surface into a rigid β-helical structure, which 

is further capped by a globular domain known as a mature C-terminal domain (MCD) 

(Figure 4,3) [47,48]. MCD is located distally from the cell surface and was shown to 

mediate adherence of Bordetella to host cells [36]. After the translocation of MCD 
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domain FhaB is processed on the cell surface by an autotransporter subtilisin‐type 

serine protease SphB1 (Figure 4,6)[49][50]. SphB1 is anchored by its N-terminal lipid 

moiety to the bacterial surface and its specific cleavage and subsequent release of 

FhaB precursor was shown to be important, but not essential, during colonization of 

the mouse respiratory tract. SphB1-deficient bacterial strain is still able to shed mature 

FHA, but with lower yields and slightly larger molecular mass [47]. However, the 

SphB1-mediated cleavage of FhaB does not trigger the release of mature FHA from 

the bacterial surface and this mechanism is yet to be determined. Mature FHA lacks 

the C-terminal ~1300 residues of FhaB (FhaB prodomain), which remain in the 

periplasm and rapidly degraded (Figure 4,5). 

Prodomain N-terminus (PNT), located closely to MCD, shares a high homology 

to the other TpsA proteins and appears to be implicated in the intracellular retention of 

the FhaB prodomain (Figure 4,4). This leads to a proper maturation and folding of the 

MCD domain [51]. Although precise mechanism of this action is unknown PNT was 

proposed to either adapt conformation incompatible with transit through FhaC or 

control the rate of the prodomain translocation.   

Very C-terminal FhaB subdomains are proline-rich region (PRR) and extreme 

C-terminus (ECT) (Figure 3). PRR contains 27% proline residues and shares 92% 

similarity, whereas ECT shares 100% homology in all Bordetella strains. While PRR 

and ECT-deficient mutant strains of B. bronchiseptica produce equivalent amount of 

FHA compared to the wild type bacteria, they display reduced persistence in the mouse 

trachea and lungs upon bacterial infection [52,53]. The ΔECT strain showed 

accelerated conversion of FhaB to FHA revealing an important role of ECT in the 

dynamics of FhaB processing. Together these observations indicate, that not only 

mature form of FHA, but also full-length precursor play a critical role during the 

Bordetella infection [51,52]. The recently updated secretion model of FHA 

implemented new proteases facilitating prodomain degradation in periplasm (Figure 

4,5). Strain lacking periplasmic carboxy-terminal processing protease (CtpA) produces 

a rather large ~280 kDa FHA intermediate polypeptide, which is conclusively 

processed by SphB1 on the bacterial surface. CtpA protease successfully targets a 

large uncharacterized prodomain region (UPD) located between PNT and PRR merely 

on the background of ECT-deficient mutant strain. ECT is rather conceivably structured 
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capping segment which has to be removed by unknown P3 protease prior to CtpA-

dependent degradation of FhaB prodomain [54].    

 

 

Figure 4. Schematic representation of FhaB biogenesis. FhaB is translated as a 
370 kDa preproprotein that is translocated across the cytoplasmic membrane by Sec 
pathway (1). After removal of the 71 aa signal sequence and modification of N-terminal 
glutamine residue (E), the TPS domain of FhaB interacts with the POTRA domain of 
FhaC (2). Translocation of FhaB proceeds in N- to C- terminal manner (3) until stalled 
by the N-terminus of the prodomain (PNT, 4). Unknown periplasmic protease (P3) clips 
the extreme C terminus of FhaB (ECT, green), initiating thorough degradation of the 
prodomain by the carboxy-terminal processing protease CtpA (5). FhaB is processed 
on the cell surface by the serine protease SphB1 (6) to form mature FHA polypeptide, 
which is either cell-associated or released to the extracellular milieu (adapted from 
[39]). 

FHA was first described as a hairpin-shaped molecule approximately 50 nm in 

length and 4 nm in width (Figure 5)[48]. Mature FHA protein comprises of two extended 

repetitive regions R1 and R2 predicted to form β-helix containing three long parallel β-

sheets and turns similarly to leucine-rich repeat domains in eukaryotic proteins with 

diverse functions [55,56]. Crystal structure of TPS domain revealed β-helical fold with 
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some extrahelical motifs and N-terminal capping formed by non-conserved regions. 

The solved structure also contained information about the first three repeats from R1 

region thus supporting FHA structure prediction because TPS domain initiates folding 

adapting β-helical scaffold itself (Figure 5) [57]. 

 

 

Figure 5. Structural characterization of FHA. A. Electron microscopy of negatively-
stained mature FHA. B. Crystal structure of a secreted 30 kDa N-terminal fragment of 
FHA (PDB ID: 1RWR). C. The putative model of mature FHA generated by molecular 
modeling. (adapted from [48,55,57])  

 

The mature FHA comprises four functional domains involved in binding to 

variety of host cells (Figure 3 in yellow, HBD, RGD, CRD, MCD). Both heparin-binding 

domain (HBD) and carbohydrate recognition domain (CRD) were accounted for FHA 

binding via glycolipids and glycoconjugates to a variety of epithelial cells [58,59]. CRD  

was also proposed to interact with integrin leukocyte molecules, such as the 

complement receptor 3 (CR3, αMβ2, Mac-1 or CD11b/CD18), the very-late antigen 5 

(VLA-5, α5β1, CD49e/CD29) and the complex of the leukocyte response integrin (LRI, 

αVβ3, CD51/CD61) and the integrin associated protein (IAP, CD47). However, 

contribution of this domain to pathogenesis using in vivo models remains to be clarified. 

Arg-Gly-Asp (RGD) motif located around the Gly residue at position 1098 was found 

to bind VLA-5 fibronectin receptor and trigger NF-κB activation followed by 

upregulation of ICAM-1 expression and recruitment of inflammatory cells [60–62]. The 

latter study used epithelial cells treated by soluble FHA instead of whole bacteria 

showing rather dynamic response of NF-ΚB pathway to different cell types. 

Macrophages underwent initial rapid activation followed by suppression after 

prolonged exposure whereas in bronchial epithelial cells NF-κB pathway was blocked 

completely at all time points [63]. FHA was also reported to induce secretion of anti-
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inflammatory IL-10 cytokine during infection of mice by B. pertussis resulting in down-

regulation of Th1 response. Nevertheless, recent study demonstrated that high levels 

of IL-10 and TNF-α were abrogated by the depletion of endotoxin-associated TLR-2 

ligands in FHA preparations [64]. 

    FHA confers 90% identity between B. pertussis and B. bronchiseptica and 

appears to be functionally interchangeable [36]. Additionally to effects of ΔECT and 

ΔPRR strains during in vivo infections, FHA-deficient B. bronchiseptica strains were 

shown to be hyperinflammatory, causing increased cellular infiltrate around the 

bronchioles and rapid clearance from airways [65,66]. Moreover, co-infection 

experiments with the wild-type and FHA-deficient strains revealed an increased 

persistence in major airways [53]. Taken together, the mature FHA seems to be 

essential for tight adhesion of Bordetella in the alveoli, with the ability to suppress the 

innate immune response. 

   

1.3.2.2 Fimbriae 

Fimbriae, member of type 1 pili, are several hundred nm long filamentous 

surface-attached molecules facilitating adhesion of Bordetella to host cells [67]. They 

are composed of thousands of major pili subunits grouped into pentameric repeats of 

either serotype 2 or serotype 3 subunits of about 22 kDa [68]. Minor subunits, encoded 

by fimB-D genes located within FHA locus between fhaB and fhaC (Figure 6), play a 

crucial role during fimbriae biogenesis. Current model of pili secretion is based on a 

similar system extensively studied in uropathogenic E. coli. Major and minor subunits 

are first translocated to the periplasmic space by the Sec system, where a chaperone 

protein FimB binds the tip protein FimD and this complex is targeted to the outer 

membrane usher protein FimC. The chaperone then starts to stack major subunits on 

the gated FimD-FimC complex resulting in elongation and translocation of pili (Figure 

6)[53]. Type 1 pili usually form a right-handed rod-like structure that is thought to 

overcome shear forces and maintain the adhesion of bacteria during the colonization 

of respiratory epithelia. The role of the other fimbrial subunits (FimA, FimN, FimX) in 

the Bordetella virulence is unknown. 

Fimbriae comprises a heparin-binding region that interact with sulfated 

glucosaminoglycans presented on various mammalian cell types. Although these 
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regions were found to be immunodominant in both serotype 2 and 3 subunits, 

comparison revealed homology only on positively charged residues important for 

binding activity [69]. Together with the fact that B. pertussis is able to alter the 

expression of major subunits by a simple mutation in the promoter region and 

antibodies raised against the purified proteins show weak cross-reactivity, fimbrial 

phase variation might help bacteria to evade antibodies impairing binding to ciliated 

epithelial cells [70,71]. FIM-deficient strain of B. bronchiseptica displays reduced 

capacity to colonize mice respiratory tract, causing increased cellular infiltrate in the 

alveoli and induce high levels of proinflammatory cytokines and chemokines. 

Furthermore, FIM appears to mediate initial interaction of bacteria to ciliated epithelia 

of bronchi and bronchioles [53]. 

 

Figure 6. Major fimbrial subunits biogenesis. Upon the secretion of major and minor 

fimbrial subunits to the periplasm, chaperone protein FimB directs fimbrial tip subunit 

FimD to the transmembrane β-barrel usher protein FimC, located in the outer 

membrane (om). FimB then layers the major fimbrial subunits (FIM2/FIM3) on top of 

each other through the FimC channel, resulting in elongation of the FIM structure 

(adapted from [53]).  

 

1.3.2.3 Pertactin 

Pertactin is a 61 kDa surface-associated highly polymorphic protein, which 

belongs to a family of autotransporters. The molecular size of the precursor protein is 

93 kDa and contains three distinct functional parts, the N-terminal Sec-dependent 

secretion signal, a central passenger domain, and the C-terminal 30 kDa segment that 
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form a translocon in the outer membrane. After the Sec-dependent translocation of the 

precursor to the periplasm, the C-terminal domain is engaged to the outer membrane 

and passenger domain is self-translocated to the cell surface. Both FHA and pertactin 

contain RGD motif previously reported to have integrin-binding activity [62,72]. 

Nevertheless, pertactin does not seem to be required for the colonization of B. 

bronchiseptica in rat model and does not contribute to the adherence of bacteria to 

macrophage-like or epithelial cell lines in vitro [73].  

 

1.3.3 Toxins 

1.3.3.1 Pertussis toxin 

Pertussis toxin (PT) is a 105 kDa protein complex that belongs to the 

superfamily of AB5 exotoxins and is exclusively produced by B. pertussis [74]. PT is 

one of the most complex bacterial toxins consisting of six different subunits defined as 

S1-S5. S1 is an enzymatically active A subunit sitting on pentamer of remaining B 

subunits S2-S5 (in ratio 1:1:2:1), which mediate binding and transport of the holotoxin 

(Figure 7a) [75]. Upon export of the polypeptides via the Sec system pathway, PT is 

assembled in the periplasm and further secreted by the type IV secretion system 

(T4SS) [76]. Despite the capacity of PT holotoxin to bind almost any cell-surfaced 

sialoglycoproteins and glycoproteins on various cells in vitro, specific cell types 

targeted by PT in vivo have not yet been identified [77]. Once PT enters the target cell 

via a receptor-mediated endocytosis, it follows a retrograde transport system to the 

Golgi apparatus and the endoplasmic reticulum. The S1 subunit is then disassembled 

from the pentamer through the ATP hydrolysis and disulfide isomerase, and then 

translocated across the membrane of the vesicle to the cell cytosol. Upon translocation, 

PT catalyzes the ADP-ribosylation of the αi subunits of the heterotrimeric G protein. 

This prevents the G proteins from interacting with G protein-coupled receptors on the 

cell membrane, thus interfering with intracellular communication. The Gi subunits 

remain locked in their GDP-bound, inactive state, thus unable to inhibit adenylate 

cyclase activity, leading to increased cellular concentrations of cAMP (Figure 7b) [78]. 

Accumulation of cAMP disrupts a variety of essential biological pathways and 

processes eventually leading to complete dysregulation of the immune response. PT 

has been shown to inhibit pro-inflammatory chemokine and cytokine production, 
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reduce recruitment of neutrophils and delay antibody-mediated clearance of B. 

pertussis during early infection [79,80]. 

 

Figure 7. Structure and mechanism of pertussis toxin pathogenesis. a. Pertussis 
toxin (PDB ID: 1PRT) is an AB5-type toxin that is composed of catalytic A subunit and 
pentamer of B subunits mediating membrane-binding and transport. PT is assembled 
in the bacterial periplasm and exported via type IV secretion system. b. Upon binding 
to a sialoglycoprotein on the surface of the host cell receptor, PT is endocytosed and 
transporter via the Golgi apparatus to the endoplasmic reticulum (ER). B pentamer 
then binds to ATP and dissociates from the A subunit. The A subunit is then carried by 
exosome through cytoplasm to the inner side of membrane, where it ADP-ribosylates 
the α-subunit of heterotrimeric G proteins. This modification inactivates the ability of G 
proteins to inhibit production of cyclic adenosine monophosphate (cAMP) [25]. 

 

1.3.3.2 Dermonecrotic toxin 

Dermonecrotic toxin (DNT) is a 159 kDa protein released from B. pertussis cells 

upon lysis. The N-terminal 30 residue long region is essential for binding to target cells 

followed by putative transmembrane domain between residues 45-144. The 285 

residues-long C-terminal forms an enzymatically active domain that exhibits 

transglutaminase activity [81,82]. Together with the cytotoxic necrotizing factor 1 

(CNF1) from E. coli, DNT forms a unique family of CNF proteins exhibiting ability to 

alter host cell actin cytoskeleton. Upon binding to the target cell through its N-terminal 

region, DNT internalizes via dynamin-dependent endocytosis and liberates 

enzymatically active domain into the cytoplasm. The transglutaminase activity of the 

enzyme is involved in polyamination of specific glutamine residues of members of the 

Rho family GTPases, specifically Gln63 of Rho, Gln61 of Cdc42, and Gln61 of Rac 
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[83,84]. This modification triggers GTPases in constitutively active state, leading to 

aberrant organization of the actin cytoskeleton [85–88]. Intradermal administration of 

DNT into broad variety of animals including pigs, mice or rabbits causes substantial 

necrosis, while intravenous injection is lethal [89]. Intranasal infection of pigs by B. 

bronchiseptica strain expressing DNT induces nasal turbinate atrophy and fibrinous 

polyserositis of bronchial ciliated epithelial cells [90]. 

    

1.3.3.3 Endotoxin 

Endotoxins are complex lipopolysaccharides (LPSs) found as major integral 

components in the outer membrane of gram-negative bacteria. LPS typically 

comprises three distinct parts: serospecific O-antigen, core oligosaccharide and the 

lipid A. The O-antigen is the peripheral part composed of repeating hydrophilic 

oligosaccharide units stabilized by divalent cations. B. pertussis produces distinct 

shorter version of LPS, called lipooligosaccharide (LOS), completely lacking O-chain 

[91,92]. The O-antigen of B. bronchiseptica and B. parapertussis is partially expressed 

during Bvg+ phase and is host specific, with isolates from different animals or humans 

varying in the LOS heterogeneity [93]. Even the bacterial isolates sampled from the 

same human patient over two years showed variation in LOS profiles during and post-

infection [94]. The core oligosaccharide essentially contains 3-deoxy-D-manno-oct-2-

ulopyranosonic acid (Kdo) linked through glucosamines to the hydrophobic moiety of 

lipid A (Figure 8). Acylation pattern of Lipid A can vary according to the bacterial 

species and the length, position and modification of acyl chains heavily impacts the 

bacterial membrane permeability and innate immune stimulation of interacting cells 

[95]. Although LPS or LOS is essentially part of the outer membrane, it can be released 

from bacterial cell wall during cell division and death or trafficked by outer membrane 

vesicles. After the release, LPS binds to Toll-like receptor 4 (TLR4/MD2/CD14) 

presented predominantly on the surface of monocytes, macrophages, dendritic cells 

and B cells. Downstream signaling promotes expression of pro-inflammatory cytokines 

(TNF-α, IFN-β) and nitric oxide synthase (NOS), both triggering the immune defense 

response of the host organism [96–99]. 

Overall immune response depends on the host receptor structures and their 

ability to recognize different variants of LPS. Endotoxin of B. pertussis and B. 

parapertussis has been shown to stimulate mouse TLR4 receptor complex less 
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efficiently in comparison to B. bronchiseptica and human variant has been found to 

interact even less [25,100]. These results indicate that human-adapted strains were 

most probably evolved to be non-inflammatory in humans, facilitating a prolonged 

persistence in the respiratory tract.  

 

 

 

Figure 8. Structure and molecular models of B. pertussis LPS. A. Structure of the 
LPS where ManX: Man2NAc3NAcA, FucX: Fuc2NAc4NMe, GlcNac: N-
acetylglukosamin, Hep: L-glycero-D-manno-heptose, GlcA: D-Glucuronic Acid and 
PPEA: pyrophosphoethanolamine. B. Molecular model of LPS (A). C. Lipid A 
structures of B. pertussis. Each color indicates different fatty acid. 

 

1.3.3.4 Tracheal cytotoxin 

Tracheal cytotoxin (TCT) is a disacharide-tetrapeptide monomer of 

peptidoglycan commonly produced by all Gram-negative bacteria during cell wall 

remodeling. It belongs to muramyl peptide family and is composed of N-

acetylglucosaminyl-1,6anhydro-N-acetylmuramyl-(L)-alanyl-(D)-glutamyl-esodiamino 

pimelyl-(D)-alanine [101]. TCT is typically recycled by majority of the bacteria, but in 

Bordetella, it is released during the exponential growth independently of the BvgAS 

regulation system due to the lack of the integral membrane uptake protein AmpG [102]. 

TCT along with LOS have been shown to induce IL-1 secretion leading to production 

of nitrogen oxygen species [103]. High levels of NO radicals then impair the function 

of iron-dependent enzymes, inhibit host mitochondrial function and DNA synthesis 

ultimately leading to the destruction of ciliated epithelial cells [104,105].  The role of 

TCT during Bordetella infection in humans remains unknown.  
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1.4 RTX toxins 

Repeats-in-toxin (RTX) exoproteins produced by Gram-negative bacteria 

represent a large family of proteins, with molecular masses ranging from about 40 to 

more than 600 kDa. RTX proteins exhibit a wide range of biological and biochemical 

activities, such as lipolytic, proteolytic, adhesive or cytolytic [106–109]. These proteins 

share two common characteristics. Primary sequence of RTX proteins contains 

calcium-binding glycine- and aspartate-rich nonapeptide repeats X-(L/I/F)-X-G-G-X-G-

(N/D)-D-X (where X corresponds to any of the residues) located at the C-terminal part 

and unique mode of secretion via the type I secretion system (T1SS) [110,111]. High 

content of glycine and aspartate residues also reflects their highly acidic character with 

pI being around 4 and most of them also lack cysteine residues in their primary 

sequence. 

 RTX proteins require calcium ions to obtain proper conformation and activity 

[112,113]. Acquisition of Ca2+ ions by the tandem nonapeptide repeats occurs upon 

secretion through T1SS from Ca2+-depleted cytosol (< 100nm) into the calcium-rich 

extracellular milieu (2-4 mM), which promotes folding of RTX blocks into β-rolls [114]. 

In this structure, first six residues of RTX repeat (GGxGxD) form a regular turn that 

binds Ca2+, while the remaining three residues forms a short β-strand (Figure 9A) [115]. 

Calcium is then bound by conserved aspartic acids between two consecutive β-turns. 

Number of repeats can vary from 3 to more than 50 among different RTX proteins. The 

approximately 60 residues long very C-terminal part located downstream of RTX 

repeats, serves as a non-cleavable secretion signal for T1SS [116–118]. The T1SS-

mediated secretion proceeds in a single step through a channel composed of three 

specific proteins: an inner membrane protein with an ABC domain (ABC), a membrane 

fusion protein (MFP) and an outer membrane protein (OMP) (Figure 9B). These three 

proteins are able to form a sealed channel-tunnel spanning across both bacterial 

membranes exporting RTX proteins directly to the external surface without any 

periplasmic intermediate [110,119]. Low calcium concentration inside cytosol allows 

transition of protein through a narrow channel in an unfolded state to the bacterial 

surface [120]. Once the C-terminal segment of the translocating substrate protein 

interacts with extracellular Ca2+, RTX repeats start to fold into β-roll structure 

preventing backsliding of polypeptide inside T1SS channel [115]. 
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Figure 9. A. X-ray structure of CyaA1529-1681. The N-terminal tandem nonapeptide 
repeats (GGxGxDxxx) are arranged in a regular right-handed helix of parallel β strands 
(β-roll). The first six residues of the RTX motif (GGxGxD) constitute a turn with bound 
calcium ion (yellow ball), while the last three non-conserved residues (xxx) form a short 
β strand. The TDDALTV segment, located between residues 1636 and 1642, is 
involved in initiation of Ca2+-induced folding of the RTX domain (magenta) B. The 
schematic representation of the T1SS machinery. Upon recognition of a non-cleavable 
C-terminal secretion signal of RTX protein, the inner membrane complex formed by 
ATP binding cassette (ABC) transporter and a membrane fusion protein (MFP) 
associates with outer membrane protein (OMP). Complex of all three proteins creates 
channel-tunnel spanning from cytoplasm directly to the extracellular milieu, through 
which the RTX protein is exported in a single step from without periplasmic 
intermediate. Low concentration of calcium (< 100 nm) maintains RTX domain in an 
unfolded state. Upon secretion of C-terminal segment of RTX domain through T1SS 
channel, acquisition of extracellular calcium ions promotes gradual folding and 
secretion of RTX protein to the cell surface (adapted from [115,119]).  
 

 Pore-forming RTX cytotoxins are produced as inactive protoxins that undergo 

post-translational activation prior to export from bacterial cytosol. Activation of protoxin 

is carried out by specific acyltransferase, which catalyze covalent attachment of 

specific fatty acyl chain to ε-amino group of internal lysine residues  [122–124]. 

Acyltransferases are well conserved among various bacterial genera and some of 

them were reported to acylate heterologous protoxins indicating redundancy within 

activation process among different bacterial species [125–128]. The overall 

biochemistry of activation has been analyzed in detail for the HlyC-mediated activation 

of the HlyA protoxin from E. coli and classified as a double-displacement reaction (ping-

pong mechanism) [129]. First, the acyl chain is relocated from an acyl carrier protein 

(ACP) to the His23 of HlyC through an acyl-imidazole intermediate. Acyl chain is then 

transferred to the ε-amino nucleophiles of Lys546 and Lys690 of pro HlyA. His23 as 

well as Ser20 were found to be essential for the catalysis by HlyC and equivalent 
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residues are also crucial for the B. pertussis CyaC acyltransferase [130–132]. Although 

the acyl groups attached to specific lysine residues of the RTX toxins appear to be 

necessary for their cytolytic activities, the precise mechanism by which acylation 

contributes to membrane insertion and formation of pores is still unclear [133–137]. 

The rtx genes and genes encoding T1SS apparatus proteins are usually 

clustered within a single large rtx locus in designated transcriptional order – rtxC, rtxA, 

rtxB and rtxD. Structural gene of the toxin is encoded by rtxA, rtxC encodes specific 

acyltransferase, and rtxB and rtxD encode ABC transporter and MFP, respectively 

[120,122]. The OMP is in most cases encoded elsewhere on the bacterial chromosome 

(Figure 10, TolC), implying possible general function in several different transport 

systems. In the case of B. pertussis, it directly follows transcription of MFP (Figure 10, 

cyaE). 

 

 

Figure 10. Genetic organization of Cya and Hlya locus. The cyaA/HlyA genes code 
for the RTX toxins (orange), the cyaC/hlyC encodes dedicated acyltransferases 
(black), the cyaB/hlyB genes code for the inner membrane ABC transporters (blue), 
the rtxD genes encodes membrane fusion proteins (MFPs) (green), and the cyaE/tolC 
genes encode the outer membrane proteins (OMPs) (red). The arrows indicate the 
different transcripts (adapted from [138]). 
  

1.4.1 Adenylate cyclase toxin (CyaA) 

Adenylate cyclase toxin (CyaA) is a 177 kDa polypeptide conserved in all 

pathogenic Bordetellae [139]. CyaA consists of an N-terminal 393 residue-long 

adenylyl cyclase (AC) enzyme domain linked to a 1313 residue-long hemolysin moiety 

(Hly), which is structurally related to other RTX toxins [140–142]. Hly segment consists 

of a hydrophobic domain, two post-translationally acylated lysine residues, a C-

terminal calcium-binding RTX domain and a C-terminal secretion signal (Figure 11). 

Lysine residues at positions 860 and 983 are acylated by cognate acyltransferase 

predominantly by palmitic (C16) and palmitoleic acid (C16:1) [133,135,143,144]. 
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Figure 11. Schematic representation of CyaA. CyaA is a 1706 residue‐long 
polypeptide that comprises an N‐terminal AC enzyme domain (~400 residues) and a 
C‐terminal Hly moiety (~1300 residues). The Hly segment composed of multiple 
functional subdomains: (i) a hydrophobic pore‐forming domain (residues 500 to 700); 
(ii) segment harboring two post-translationally modified lysine residues (K860 and 

K983); (iii) a typical calcium‐binding RTX domain with the CD11b/CD18‐binding 

segment highlighted (residues 1166–1287); and (iv) a C‐terminal non-cleavable 
secretion signal [145]. 

Upon secretion via the T1SS system, the region between residues 1166 and 

1281 mediates binding primarily to heterodimeric integrin αMβ2 (CD11b/CD18), also 

known as complement receptor 3 (CR3) or macrophage-1 antigen (Mac-1) expressed 

on the surface of many leukocytes [146–148]. However, though with lower efficacy, the 

toxin can also penetrate almost any host cell without the need for receptor-mediated 

endocytosis [146,149,150]. After the insertion into the lipid bilayer of target cell 

membrane, the N-terminal AC domain is delivered directly into the cytosol, where 

activation by intracellular calmodulin triggers uncontrollable conversion of cellular 

adenosine triphosphate (ATP) into  3',5'-cyclic adenosine monophosphate (cAMP) 

[151,152]. Accumulation of cAMP, the key second messenger molecule, leads to 

subversion of protein kinase A (PKA) signaling pathway and paralysis of the various 

phagocytic functions, such as oxidative burst and phagocytosis [151]. In parallel, 

membrane-inserted Hly portion of CyaA can acquire two distinct conformations 

exerting different biological functions. After the delivery of AC domain, one promotes 

oligomerization and formation of CyaA pores provoking calcium influx into host cell 

cytosol, while the other is able to form small oligomeric-cation selective pores (0.6-0.8 

nm in diameter) promoting potassium ion efflux and subsequent activation of MAPK 

signaling (Figure 12) [140,144,153,154]. Synergistic effects of different CyaA actions 

then lead to apoptosis or necrotic cell death of the phagocytes [150,155,156].    

Proper biological activity of CyaA requires structural integrity and co-operation 

of all domains within Hly moiety including post-translational acylations [141,157,158]. 
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Both the pore forming capacity, as well as ability to translocate AC domain seem to be 

dependent on the presence of pore-forming hydrophobic domain [141,153,159,160]. 

Whilst neutral swap of key glutamate residues at positions 509 and 516 had little effect 

on toxin activities, charge-reversing lysine substitution reduced the capacity to 

translocate AC domain and enhanced hemolytic and channel-forming capacity on lipid 

bilayer membranes [154]. 

 

Figure 12. Schematic representation of CyaA action. CyaA initially recognizes 
complement receptor 3 (CR3), also known as the αMβ2, CD11b/CD18 or Mac-1, on the 
surface of myeloid phagocytes. CyaA employs two different conformer species to 
exhibit multiple activities. Upon insertion of CyaA into target membrane, one conformer 
forms pore precursor, allowing oligomerization and provoking potassium efflux from 
target cell. The other conformer forms translocation precursor, that promotes delivery 
of the AC domain across the membrane and provokes calcium influx of calcium ions 
into cell cytosol [148]. 

Acylation of the native CyaA purified from B. pertussis was initially determined 

by Hackett et al. as palmytoilation on the lysine residue 983 and later on the lysine 860 

[143,161]. Monoacylated variants of CyaA prepared by lysine to arginine substitutions 

exhibited significantly reduced the toxin activity on erythrocytes [136,162]. 

Nevertheless, production of CyaA with co-expression of mutated variants of CyaC 

yielding preferentially acylated toxin molecule on either K860 or the K983 revealed, 

that K860 residue plays rather structural role in biological activity of CyaA independent 

of its acylation status [132]. Furthermore, modification of K983 as such appears to be 

critical for toxin activity on both erythrocytes and myeloid phagocytes [132,136].  

RTX domain of CyaA is arranged into five distinct blocks (I-V) harboring the 

typical RTX nonapeptide repeats [163]. Bumba et al. have recently solved the structure 

of the block V located within residues 1529-1681 comprising the segment initiating 
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calcium-dependent folding. The C-terminal capping structure folds into antiparallel β 

strands with a short amphipathic α-helix at the tip, while the N-terminal tandem repeats 

(GGxGxDxxx) are arranged in a regular right-handed helix of parallel β strand (β-roll) 

containing buried calcium ions coordinated by carboxyl groups of the aspartic acid side 

chains (Figure 9A). Assembly of the β-roll structure was found to proceed in a highly 

cooperative calcium-dependent manner starting from C towards N terminus of the 

polypeptide [115]. Furthermore, deletion of homologous segments within the central 

conserved capping motif (Tx+xWF/Y, where + represents a basic amino acid) in other 

leukotoxins (HlyA, LtxA, ApxIA) abrogated calcium-dependent folding, highlighting 

central role of the C-terminus of the polypeptides among all RTX toxins [115]. 

  

1.4.2 α-hemolysin (HlyA) 

The prototypical member of RTX family is α-hemolysin (HlyA), secreted via the 

T1SS machinery by uropathogenic strains of E. coli (UPEC) [164–166]. The hlyA gene 

is a part of the rtxCABD operon that encodes the HlyaA protoxin (A), the HlyC 

acyltransferase (C) and two subunits of the T1SS (B and D) (Figure 10).  HlyA is a 110 

kDa polypeptide composed of the N-terminal hydrophobic region and the C-terminal 

RTX segment of 11-17 calcium-binding nonapeptide repeats, responsible for the initial 

docking to the target cell membrane [167]. The central part of the toxin harbors two 

lysine residues at positions 564 and 690 that are acylated by myristoylation (C14:0) 

and hydroxymyristoylation (C14:0-OH) [123,124,168]. Hydrophobic domain is 

predicted to contain several amphiphilic α-helical structures, which are thought to 

mediate insertion of HlyA into target cell membrane and involved in formation of 

transmembrane pores of 2-3 nm in diameter [169]. HlyA has been shown to bind 

glycophorins presented on the surface of erythrocytes and αLβ2 integrin LFA-1 

(CD11a/CD18) on macrophages, T- and B-cells and neutrophils [127]. HlyaA can also 

permeabilize epithelial cell, lipid vesicles and planar lipid membranes showing some 

degree of promiscuity known for other RTX toxins [169]. HlyA was also reported to 

enhance exfoliation of the bladder epithelial cells, inducing kidney inflammation and 

proteolysis of host proteins leading to disruption of cell adhesion and survival pathways 

[166].   
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1.4.3 Other RTX toxins 

RTX toxins are also produced by other Gram-negative pathogens and 

commensals of vertebrates belonging to the genus of Actinobacillus, Aggregatibacter, 

Kingella, Moraxella, Morganella, Photorhabdus, Proteus and Vibrio.  

 Hemolysins homologous to HlyA have been identified in Morganella morganii, 

Proteus mirabilis and Proteus vulgaris. Proteus species are opportunistic human 

pathogens commonly found in gastrointestinal tract, but also widely distributed in water 

or manure soil. They are frequently associated with lung and urinary tract infections. 

Proteus PvxA protein and MmxA protein of M. morganii, commensal of the intestinal 

tracts of humans and animals, were found to mimic HlyA pore-forming properties on 

erythrocytes and lipid-bilayer membranes [153,169–171]. Additionally, hemolytic 

strains of M. bovis, etiologic agent of bovine keratoconjunctivis, release a 110 kDa RTX 

related toxin MbxA with hemolytic and cytotoxic activities promoting corneal epithelial 

cell damage [172]. 

 Actinobacillus pleuropneumoniae is a prominent Gram-negative, facultative 

anaerobic, coccobacillus causing severe pulmonary disease in pigs. Different 

serotypes of A. pleuropneumoniae produce variable combinations of four RTX toxins 

ApxI-IVA, which appear to some extend to contribute to the pathogenesis of porcine 

pleuropneumonia [173,174]. Apx toxins I-IIIA are about 50% identical to HlyA and show 

analogous structural organization displaying variable hemolytic and cytotoxic 

properties [175–177]. The ApxIA toxin is modified by different myristoyl variants 

(C14:0, C14:0-OH, C14:1, C14:1-OH) on two lysine residues at positions 570 and 696 

(unpublished data). Inoculation of pigs with either recombinant ApxIA or ApxIIIA 

induced formation of hemorrhagic lesions and severe course of disease, whereas 

ApxIIA was unable to reproduce typical clinical signs. Sequence of ApxIVA resembles 

autoprocessing RTX protein FrpC from Neisseria meningitidis. Albeit antibodies 

directed against ApxIVA can be found in convalescent pig sera, the role of this protein 

in A. pleuropneumoniae virulence remains to be determined.  

 Kingella kingae is a facultative anaerobic Gram-negative coccobacillus found in 

oropharyngeal flora of young children. It has been recently reported as a leading cause 

of osteomyelitis, endocarditis and septic arthritis in infants [178]. RtxA toxin of K. kingae 

is a 101-kDa protein encoded in the rtxCABD-TolC locus [134,179]. RtxA possesses 
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the typical hydrophobic pore-forming domain, two post-translationally modified lysine 

residues at positions 558 and 689, the calcium-binding nonapeptide repeats and the 

very C-terminal T1SS signal. RtxA is able to target and rapidly lyse various human cell 

types in cholesterol-dependent manner. The cytotoxic activity of RtxA is also tightly 

linked to the acylation of two lysine residues in the central region of the polypeptide 

[134]. 

 Most of the RTX toxins target a wide array of mammalian cell lines, however 

toxins produced by Aggregatibacter actinomycetemcomitans and Pasteurella 

haemolytica seem to be very selective. The LtxA leukotoxin of A. 

actinomycetemcomitans, a Gram-negative facultative nonmotile bacterium associated 

with aggressive periodontitis, kills only leukocytes from humans, rodents and Old world 

primates [180,181]. LtxA is a 144-kDa polypeptide, identical with ~50% to HlyA, 

encoded together with its LtxC acyltransferase in the ltxCABD operon. LtxA is cell 

associated in rough and secreted into the culture supernatant by smooth strains of A. 

actinomycetemcomitans [182]. Secretion of LtxA can be completely abolished by free 

iron or modulated by pH or anaerobic conditions [183]. It is also the only known RTX 

toxin with basic pI of 8.9. LtxA comprises only of a short RTX domain, post-

translationally modified lysine residues at positions 562 and 687 and an N-terminal 

hydrophobic domain, which contains cholesterol-binding CRAC motifs. Recognition of 

lymphocytes is facilitated both through membrane lipids and the LFA-1 glycoprotein 

receptor followed by induction of cell death by variety of mechanisms [184–186]. M. 

haemolytica is a Gram-negative, anaerobic, nonmotile pathogen associated with 

pneumonia and septicemia in domestic ruminants [187]. It secretes the LktA 

leukotoxin, a 105 kDa protein largely restricted to ruminant   leukocytes and platelets 

[187–190]. LktA is from 62% identical to HlyA and from 43 % to LktA, sharing all 

common RTX proteins characteristics. LktA is only monoacylated on the lysine residue 

at position 554. LktA binds to CD18 subunit of β2 integrin of bovine leukocytes and 

induces formation of transmembrane pores and cell death [191]. Despite neither the 

N-terminal hydrophobic segment nor the post-translational acylation is required for 

binding, they are crucial for cytotoxic activity. 

 The MARTX represents a unique group of very large RTX toxins found in Vibrio, 

Aeromonas, Proteus, Photorhadbus or Yersinia [120,192,193]. They differ from 

classical RTX toxins by the organization of rtx gene cluster, molecular structure and 
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overall mode of action. The MARTX gene cluster consists of two divergent operons 

encoding RtxHCA and RtxBDE proteins. RtxA is a large >300 kDa toxin molecule, RtxC 

is a putative acyltransferase and RtxH is a MARTX-conserved protein of unknown 

function. RtxB and RtxE are putative ABC transporters, which together with RtxD 

protein (MFP) and TolC constitute unorthodox T1SS apparatus [194–196]. MARTX 

toxins contain two RTX motifs with about unusually long repeats located at both the N- 

and C-termini of the polypeptides. MARTXs do not appear to be functionally dependent 

on the post-translational modification, but the central part of the proteins contains 

several effector domains with cysteine protease domain (CPD) being the very C-

terminal. Upon translocation to the cytosol of target cell, inositol hexakisphosphate 

activates CPD, which liberates different effector domains triggering the cytotoxic 

effects of MARTX, such as cell rounding triggered by actin depolymerization [192,197]. 

 

1.5 Mass Spectrometry 

Mass spectrometry (MS) is a powerful analytical technique that can ionize a 

sample and determine the mass-to-charge ratio of the resulting ions. Despite the 

simplicity of this definition, MS nowadays became steadily growing field utilizing 

cutting-edge technology for identification of foreign compounds, quantification of 

unknown materials or studying molecular structure and chemical properties of different 

molecules. This versatility is given by the fact, that samples in minuscule amounts can 

be analyzed from the gas, liquid or solid state, and the range of masses that can be 

studied vary from single atom to multimeric protein complexes. The first mass 

spectrometer was constructed by J.J. Thompson in 1912, who together with F.W. 

Aston first measured deviation of mass-to-charge (m/z) ratio of stable isotopes of 

elements. Gradual implementation of different ionization and fragmentation techniques 

in the 1960-90s eventually enabled not only identification of larger organic compounds, 

but also detail determination of their molecular structure [198–203]. 

Most modern mass spectrometers contain at least three fundamental 

components: an ion source, a mass analyzer and a detection system. Internal 

components are maintained under high vacuum to facilitate ion travel, limit possible 

unwanted ion collision and interference from air molecules (Figure 13). Although there 

are multiple variations of possible MS instrumentation including home-made 
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modifications, mostly techniques used to gather datasets implemented within attached 

manuscripts will be discussed in detail. 

 

 

 

Figure13. Essential components of a mass spectrometer. The ion source facilitates 
the transfer of the analyte into the gas phase. The low-resolution mass analyzer 
enables mass selection of specific analyte ion species and, in case of ion traps, may 
also be utilized for ion activation/fragmentation. Otherwise, gas-phase fragmentation, 
for example, using CID, HCD, or ETD, takes place in the collision cell. Finally, a high-
resolution FT-ICR, TOF, or Orbitrap mass analyzer facilitates precise and accurate 
mass measurements [204]. 
 

The two most widely used methods for ionization of proteins and peptides are 

matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) 

(Figure 14A). In MALDI, the sample is mixed on a metal target plate with organic matrix 

molecules, such as α-cyano-4-hydroxycinnamic acid (CAA),2,5-dihydroxybenzoic 

acid (DHB) or 3,5-dimethoxy4-hydroxycinnamic acid (SA). Desorption and ionization 

of sample is then induced by laser, generating predominantly single charged ions. In 

an ESI source, the sample is dissolved in a volatile buffer and inserted into a small 

capillary that has a high voltage applied to it. The analyte is ionized by desolvation, 

while passing through heated capillary, ultimately forming multiply charged ions. After 

the initial ionization of the sample, ions are focused and lead up into a mass analyzer, 

which separates the ions according to their mass-to-charge ratio. There are many 

types of mass analyzers with very different operating characteristics each having some 

tradeoffs. However, the benchmark to select the right instrument for different 

application depends upon mass resolving power, mass accuracy, scan rate and mass 
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range. Currently, the most used high-resolution analyzers in biology and biochemistry 

involve time-of-flight (TOF) tubes, Orbitraps and Fourier transform ion cyclotron 

resonance (FT-ICR) traps. Despite employing different principles of measurement, all 

mentioned above can comfortably separate 

individual masses into the different peptide 

isotopes, thus determine the peptide charge 

state. TOF separates ions in time as they 

travel within flight tube and directly 

determine their m/z. In FT-ICR MS, the ions 

are trapped in a magnetic field combined 

with electric field perpendicular to each 

other (Penning trap) and excited to perform 

a cyclotron movement. The cyclotron 

frequency depends directly on the m/z of the 

ions. The ion cyclotron resonance signal is 

then converted to a frequency spectrum 

using Fourier transformation, which can be 

calibrated to obtain m/z. Orbitrap instrument 

is similar to FT-ICR, however, it does not 

require a magnetic field. Ions are trapped in 

an electric field generated around spindle-

like shaped electrode producing image 

current converted by Fourier transformation 

to the m/z. Often two or more mass 

analyzers are coupled together with some 

form of fragmentation step to elucidate 

structural details of analyte, for example, the 

amino acid sequence of peptide. 

Fragmentation can occur in the ion source 

as an undesirable effect, but intentional 

takes place in a collision cell located 

between two mass analyzers or within one of them (FT-ICR, ion trap). Current 

fragmentation methods usually facilitate interaction of precursor ion with neutral 

particles, photons or electrons leading to homo- or heterolytic cleavage. Fragmentation 

Figure 14. A. The most commonly used 
ionization techniques in biomolecular 
MS. ESI produces multiply charged 
analyte ions (shown in yellow, orange, 
red, and purple) directly from a sample 
solution. In MALDI, a laser is used to 
ablate a mixture of matrix (shown in blue) 
and analyte molecules from a metal plate 
into the mass spectrometer, yielding 
predominantly singly charged ions. B. 
Nomenclature of peptide fragment ions 
according to Roepstorff and Fohlman 
[205]. (adapted from [204]) 
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of peptides and denatured proteins typically generates specific backbone cleavage 

generating a-/x-, b-/y- or c-/z- ion series [205] (Figure 14B). Carbohydrates and nucleic 

acid create other defined fragmentation patterns [206]. Some of the most popular ion 

activation/fragmentation techniques are collision-induced dissociation (CID), higher-

energy collisional dissociation (HCD) or electron transfer dissociation (ETD). CID and 

HCD depends on consecutive collisions of accelerated ions with neutral gas (nitrogen, 

argon, xenon) yielding predominantly b- ions, whereas ETD induces fragmentation of 

cations by transferring electrons to them producing mostly c- and z- type ions. 

Fragmentation methods are also widely used for identification of post-translational 

modifications (PTM). CID/HCD works well for identification of stable PTMs such as 

acetylation, methylation and glycation, while ETD is recommended for volatile 

modifications including phosphorylation, glycosylation and ubiquitination. The detector 

is the final part of MS instrumentation. It generally records either impact of an ion on 

its surface which is subsequently amplified (micro-channel plate) or, in the case of FT-

ICR and Orbitraps, electrical signal of ions passing through pair of electrode plates. 

Combination of MS with a range of separation methods contributed to 

development of two major workflows to identify and characterize proteins. While the 

“top-down” approach enables characterization of intact proteins using subsequent 

electron-capture/transfer dissociation, the more common “bottom-up” technique 

(shotgun proteomics) analyzes peptides raised from proteolytic digestion. Shotgun 

proteome sequencing enables global-scale protein identification and quantification of 

complex samples. Protein mixtures are typically digested by protease, trypsin being 

usually the enzyme of choice, resulting peptides are separated using high-performance 

liquid chromatography followed by tandem mass spectrometry (MS/MS) analysis. 

Separation step can be also carried by gas chromatography, capillary electrophoresis 

or proteins of interest can be excised from SDS-PAGE prior to analysis. Identification 

of proteins is based on the comparison of generated ion masses with theoretical 

peptide masses calculated from a database using various searching engines, such as 

MASCOT, PEAKS Studio or MaxQuant [207–209].   

Bottom-up MS can be also coupled with chemical cross-linking (CLMS) or 

specific surface labeling to probe protein structure, conformation or interactions. CLMS 

provides direct spatial information about protein-protein interaction creating low 

resolution three-dimensional structure information or general topology of the protein 

complex structure often providing complementary information to cryogenic electron 
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microscopy or X-ray crystallography. Two or more amino acids can be covalently linked 

via functional groups (-NH2, -COOH, -SH, -CHO) by crosslinking reagent and subjected 

to the proteolysis. Since cross-linked peptides constitute only a small part of the total 

peptide tool, they are often subjected to separation or enrichment step prior to MS/MS 

analysis. The resulting map of identified CL sites and linked peptides can be 

computationally processed to obtain structural model of a protein. Surface labeling 

exploits the capacity of solvent exposed parts of biomolecules to be easily modified by 

different probing methods, while regions buried in folded protein core remain 

unaffected. It can be performed by either covalent labeling of amino acid side chains 

or non-covalently by hydrogen-deuterium exchange (HDX-MS). Typically, HDX-MS 

analysis consists of three fundamental steps. First, biomolecular assembly is 

transferred from H2O- to D2O- based solution where the solvent-exposed backbone 

amide hydrogens starts to exchange to deuterium. This process is quenched at 

different time points by cooling (4°C) and acidification (pH~2.5) and acid-functional 

non-specific protease, most frequently immobilized pepsin, digests sample for 

following bottom-up analysis. In contrast to CLMS, defined mass shifts obtained 

through HDX only monitors overall conformational changes in proteins or protein 

complexes.  

MS represents the very precise qualitative method but cannot be considered 

inherently quantitative for multiple reasons, such as differing ionization efficiencies 

among peptides, ion suppression, in-source fragmentation or space charge effect. 

Intensity of a peak in a spectrum does not reflect the actual amount of the analyte in 

the sample, hence comparison of intensities between multiple samples reflects relative 

difference in abundance. The most common approaches to quantify these changes 

are either label-free quantification strategy (LFQ) or incorporation of isotopic labeling. 

LFQ approach analyzes separately acquired data and compare them using spectral 

counting or peak intensity. It is the easiest and the least-time consuming method but 

needs to be tightly controlled to avoid bias. Stable isotope labeling with amino acids in 

cell culture (SILAC) is currently the most frequent technique for in vivo labeling. Cells 

are grown in the presence of heavy amino acids (13C6-K and/or 13C6-R, in case of 

trypsin cleavage) and naturally occurring light ones. Cell lysates are combined, 

digested and constant mass shift between labeled versus non-labeled samples 

enables quantification of differences. If a sample contains already extracted proteins, 
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isotope-coded affinity tags (ICAT), isobaric tags (iTRAQ) or 18O stable isotopes 

labeling is used prior to digestion or MS/MS measurement. ICAT was designed to limit 

the sample complexity, because the tag consists of sulfhydryl-reactive group only 

targeting cysteine residues. Mass difference between deuterated and hydrogenated 

linker segment enables relative quantification. Unlike isotopic tags, heavy and light 

isotopologues of isobaric tags have identical masses and chemical properties allowing 

co-elution from LC. They are designed to cleave at a specific linker upon CID, 

generating different-sized fragments. Another alternative is using protease-catalyzed 

replacement of two heave oxygen atoms from H2
18O on the -COOH group of every 

newly digested peptide. Drawback of this method is possible non-homogenous labeling 

of peptides and slow back-exchange of incorporated isotopes after mixing. Absolute 

quantification using MS can be achieved via spiking known concentration of heavy 

isotopologues of target peptides into the measured sample. Concentration of the target 

peptide can be then calculated based on calibration curve determined via single 

reaction monitoring (SRM). 

Concerning general usage of different MS setups across academic and 

commercial sphere, Orbitrap-based MS systems are predominantly used for high-

throughput lipidomics, metabolomics and proteomics studies due to the rapid 

acquisition of MS/MS spectra. FT-ICR instruments on the other hand offer 

approximately order of magnitude higher resolution enabling identification of 

substances in partially defined analytes only based on the precursor m/z. The MALDI-

TOF analysis is usually used for rapid identification of biomolecules in rather 

uncomplex samples or as a diagnostic tool in medicine or microbiology.   
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 To identify the C-terminus of mature FHA proteins from B. pertussis and B. 

bronchiseptica 

 

 To develop a new strategy for purification of endotoxin-free RTX toxins 

 

 To determine specificity of RTX-activating acyltransferases during  

 
post-translational modification of the RTX protoxins and their hybrid variants  
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4.1 Background 

B. pertussis and B. bronchiseptica are phylogenetically closely related 

pathogenic bacteria colonizing the respiratory tract of a wide variety of mammals. While 

B. pertussis is a strictly human-adapted pathogen, B. bronchiseptica infects animals, 

such as rodents, dogs, pigs etc. Among the various virulence factors, both B. pertussis 

and B. bronchiseptica produce filamentous hemagglutinin (FHA), an adhesive 

molecule that is required for attachment of bacteria to host cells.  

FHA is first synthesized as a 367 kDa FhaB precursor that is exported from 

bacterial cytoplasm to the extracellular milieu via the two-partner secretion system 

(TPS). The general secretion (Sec) pathway facilitates transport to the periplasm using 

an unusually 71 residue long N-terminal signal sequence [42]. Following the Sec-

dependent signal removal, the newly revealed TPS domain interacts with the 

periplasmic polypeptide transport-associated (POTRA) domain of the outer protein 

FhaC, initiating the translocation of the FhaB precursor to the cell surface in an N- to 

C-terminal fashion [46]. During translocation, the FhaB polypeptide is gradually folded 

into a rigid β-helical structure. FhaB is then processed by a surface-exposed serine 

protease SphB1, which yields the release of a “mature” FHA into the extracellular 

milieu [210]. The SphB1-dependent processing was proposed to occur within 

PLFETRIKFID sequence (residues 2362-2372 of the B. pertussis FhaB precursor), but 

the exact cleavage site had not been identified [210].  

Here, we employed bottom-up proteomic approach coupled with differential 

16O/18O labeling to determine the C-terminal residues of mature FHA proteins. 

 

4.2 Summary of the results 

Affinity chromatography on Cellufine sulfate was used to purify mature FHA 

proteins from culture supernatants of B. pertussis (Bp) and B. bronchiseptica (Bb) 

(Figure 15). Unlike the Bp-FHA preparation, which was almost homogenous, the Bb- 

FHA preparation contained proteolytic fragments (~ 130, 100 and 75 kDa) that were 

recognized by a polyclonal anti-FHA antibody (data not shown). To identify the C-

terminal residues of purified proteins, the individual protein bands were excised from 

SDS-PAGE gels and digested with AspN, LysC or trypsin. In parallel, the FHA 

preparations were also digested in solution and the resulting peptides were analyzed 
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by LC-MS/MS followed by MASCOT search. The C-terminal peptides of FHA proteins 

were determined as peptides that did not match the highly specific cleavage pattern of 

the used proteases (X-↓-Asp/Glu for AspN; Lys-↓-X for LysC; and Arg/Lys-↓-X for 

trypsin). The C‐terminal residue of Bp‐FHA was identified as Ala2348, based on 

detection of two, namely the AspN peptide 2335DQPVVAVGLEQPVA2348 and the tryptic 

peptide 2300NAQVADAGLAGPSAVAAPAVGAADVGVEPVTGDQVDQPVVAVGLEQP

VA2348. Similarly, the C terminus of Bp‐FHA1 was identified as Ala2228, based on 

detection of the LysC peptide 2220RLDIDDALA2228 and of the AspN peptide 2214DVGL- 

EKRLDIDDALA2228. The C‐terminal residue of Bb‐FHA could be identified only 

tentatively, as Lys2479 residue of 2446QPVVAVGLEQPAAAVRVAPPAV-ALPRPLFETR- 

IK2479. While N-terminal Glu2446 residue of this peptide could have resulted from a rare 

unspecific AspN‐mediated cleavage, it was very unlikely to have cleaved Lys2479-

Phe2480 bond indicating actual C-terminus of Bb-FHA protein. In contrast, the C‐

terminal residue of Bb‐FHA1 was unambiguously identified by detection of 

the 2335DALAAVLVNPHIF2347 and 2331LDIDDALAAVLVNPHIF2347 peptides in the AspN 

and tryptic digests of Bb‐FHA1.  

To verify the identification of the C‐terminal residues of Bp‐FHA and Bb‐FHA 

proteins, we performed differential stable 16O/18O isotope labeling. This technique 

relies on the enzyme-catalyzed 18O-exchange of typically two 16O atoms on the C-

terminal carboxyl group of a newly liberated peptide. As the anticipated C‐terminal 

residue of the digested protein remains unlabeled, the mass difference and isotopical 

pattern of internal proteolytic fragments permit identification of the peptide that contains 

the C‐terminal residue of the given protein. The isotope envelopes of 

the 2335DQPVVAVGLEQPVA2348 and 2214DVGLEKRLDIDDALA2228 peptide peaks in 

Figure 15. The SDS/PAGE analysis of FHA preparations purified from culture supernatants 

of B. pertussis (Bp‐FHA) and B. bronchiseptica (Bb‐FHA). The mature (FHA, indicated by a 

triangle) and alternatively processed (FHA1, indicated by *) forms of FHA are indicated. 
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the 18O‐labeled AspN digests of the Bp‐FHA and of the Bp‐FHA1 proteins were 

identical to that observed for the same peptides in non-labeled digests (Figure 16). The 

same was true for the 2446QPVVAVGLEQPAAAVRVAPPAVALPRPLFETRIK2479 and 

2335DALAAVLNPHF2347 peptides derived from Bb‐FHA and Bb‐FHA1. In contrast, the 

isotope envelopes of other peptides in the 18O‐labeled AspN digests of Bp‐FHA/Bp‐

FHA1 and Bb‐FHA/Bb‐FHA1 proteins exhibited the expected mass shifts and ‘double 

peak’ patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Isotope profiles of the C‐terminal peptides of FHA and FHA 1 after 
enzymatic digestion of Bp‐FHA (upper panel) and Bb‐FHA (lower panel) with 
AspN in the presence of normal H2O (unlabeled) and 50% 18O water (18O‐
labeled). 
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Moreover, both FHA preparations also contained peptides originating from 

different Bordetella proteins copurified as contaminants during Cellufine sulfate 

chromatography. Bp‐FHA contained traces of the putative phospholipid‐binding protein 

MlaC, of the toluene tolerance protein Ttg2D, and of the S4 and S5 subunits of 

pertussis toxin. The Bb‐FHA preparation was contaminated by adenylate cyclase toxin 

(CyaA), the SphB1 protease, and the Bsp22, BteA, and BopD proteins secreted by the 

type III secretion system. 

To gain insight into the specific sequence‐structure relationships of the Bp‐FHA 

and Bb‐FHA proteins, we performed an on‐line digestion of the two proteins on 

immobilized acid protease columns connected to an LC‐MS/MS analyzer. Different 

protease columns (aspergillopepsin, pepsin, nepenthesin‐1, and rhizopuspepsin) 

along with different times, temperatures of digestion and denaturing agents were 

tested. Since initial experiments gave low peptide yields with sequence coverage of 

only 21% (data not shown), we have performed digestion in the presence of denaturing 

agents to partially destabilize compact fold of FHA proteins. The quantitative analysis  

 

Figure 17. Surface accessibility of Bp‐FHA and Bb‐FHA probed by on‐column (on‐line) 
digestion. The FHA proteins were incubated in the presence of 4 M urea at 50 °C for 

30 min and loaded on immobilized protease columns directly coupled to LC‐
MS/MS analyzer. Frequency of the appearance of individual residues in the covered 
sequence is plotted as the number of unique peptides against the protein sequence.  
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of the peptide maps revealed a striking difference in the overall distribution of unique 

peptides that were generated by on‐line digestion of the Bp‐FHA and Bb‐FHA proteins 

(Figure 17). 

Irrespectively of the protease used, importantly higher number of unique peptides were 

recovered from the C‐terminal segment of Bp‐FHA, than from its N‐terminal segment, 

thus indicating a loosened conformation of the C‐terminal segment of Bp‐FHA. In 

contrast, the C-terminal segment yielded disproportionally low numbers of unique 

peptides, indicating a tightly packed structure. Substantially higher numbers of unique 

peptides were generated from the N‐terminal segment of Bb‐FHA, which revealed its 

loosened structure. 

Even though both the Bp‐FhaB and Bb‐FhaB proteins and the SphB1 proteases 

are highly homologous proteins, we demonstrated that the processing site is not 

identical, and being shifted about 21 residues on FhaB polypeptides. 

4.3 My contribution 

I purified Bp-FHA and Bb-FHA proteins from the Bordetella cultures, performed 

in-gel and in-solution digestions and evaluated the LC-MS/MS datasets. I also 

contributed to the writing of the manuscript.  
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CHAPTER 5 

Rapid Purification of Endotoxin-Free RTX Toxins 
 

Stanek O, Masin J, Osicka R, Jurnecka D, Osickova A, Sebo P. 
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5.1 Background 

Repeat in Toxins (RTX) leukotoxins are a large family of pore-forming and 

immunomodulatory proteins that are produced by Gram-negative bacteria. They share 

characteristic features including an N-terminal pore-forming hydrophobic domain; a 

central segment harboring post-translationally acylated lysine residues activated by a 

cognate acyltransferase; the C-terminal calcium-binding domain comprising glycine-

rich nonapeptide repeats; and the non-cleavable very C-terminal secretion signal 

involved in the secretion of the polypeptide across the inner and outer membrane of 

the bacterium through the Type I secretion system (T1SS) [121]. Purification of 

leukotoxins from culture supernatants of respective native pathogens is often limited 

by their low yields. Recombinant production of RTX toxins together with their cognate 

activating acyltransferases often generates high amounts of toxin-loaded inclusion 

bodies, which can be solubilized into 8M urea buffers for further purification under 

denaturing conditions. Cytolysins then adopt a biologically active form upon folding of 

RTX domain triggered by ten-fold dilution into a calcium-containing buffer [115]. 

However, such preparation is typically contaminated by high amounts of E. coli outer 

membrane lipopolysaccharide (LPS). Consequently, many insufficiently purified 

recombinant proteins were found to trigger TLR4 signaling until their cytokine-inducing 

activity was associated with LPS contamination [64,211–213].  

Therefore, several methods have been developed to remove LPS from protein 

samples, including a two-phase extraction, chromatography on LPS affinity resins, ion 

exchange chromatography, membrane adsorption, ultrafiltration and hydrophobic 

interaction chromatography [214–216]. Here we report a simplified single step 

purification procedure to obtain large amounts of biologically active LPS-free RTX 

toxins.   

 

5.2 Summary of the results 

We aimed to develop simple a procedure to purify different recombinant LPS-

free RTX toxins from inclusion bodies of E. coli under denaturing conditions. The whole 

purification process is performed at room temperature without the risk of protein 

degradation. We exploited the high affinity interaction of the denatured His-tagged 

recombinant HlyA, RtxA, and ApxIA proteins with Ni-NTA agarose beads and the 

strong binding capacity of negatively charged CyaA (pI~4) to DEAE-Sepharose. 
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Protein extracts were loaded on the respective chromatographic resins and removal of 

LPS contamination was accomplished by subsequent washing of the columns with 10 

bed volumes of either 1% (v/v) solution of the non-ionic detergents Triton X-100 or 1% 

(v/v) Triton X-114 in 8 M urea. The detergent was washed from the resin with 5 bed 

volumes of the urea buffers. The His-tagged HlyA, RtxA, or ApxIA proteins were 

recovered by elution with 250 mM imidazole in 8 M urea buffer, while CyaA was eluted 

from the column with 8 M urea buffer supplemented with 200 mM NaCl. In parallel, 

purifications of the toxins were also performed in the absence of the detergents.  

LPS content was determined by a chromogenic Limulus amebocyte lysate (LAL) 

assay, yielding 4×105 to 1×106 endotoxin units (EU) per mg of the protein for control 

purifications. The engagement of the detergent in the purification protocol reduced the 

LPS content to ≤115 EU/mg and ≤25 EU/mg for Triton X-100 and Triton X-114 washing 

steps, respectively. Since the presence of the detergents might interfere with biological 

activities of the RTX toxins, residual traces of the detergents were quantified by 

detection of equidistant peaks of the Triton ethoxy groups (44.026 Da) in the matrix-

assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry 

(MS) spectra. The sample was considered detergent-free provided that none of 

detected ions matched potential contaminant TritonX-100/TritonX-114 ion list [217]. 

Triton X-100 was added to the detergent-free RtxA protein sample in the range of 0.1 

to 0.0001% and analyzed by MALDI-TOF MS. As shown in Figure 18 (a–d), Triton X-

100 specific peaks were detected in the MALDI-TOF spectra of RtxA samples 

containing 0.001% or higher Triton X-100 concentrations (Figure 18a-c). In contrast, 

no such peaks were present in the spectra of the RTX proteins purified without the use 

of detergent, or in the spectra obtained for the RTX proteins that were purified using 

Triton X-100 in the column wash solution (Figure 18e–h). Similar MS results were 

observed when Triton X-114 was used to remove LPS from the RTX toxin preparations. 

Considering that purified toxins are diluted over 100-fold prior to biological activity 

assays, the overall amounts of detergent are well below the effective cytolytic 

concentration and should not hinder proper interpretation of toxin activity. To elucidate 

whether the toxins purified in the presence of the Triton detergents preserved their 

biological activities, we also tested the capacity of different CyaA preparations to 

intoxicate THP-1 monocytic cell line. Equal protein concentrations of the CyaA toxins 
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purified in the presence or absence of detergents showed similar capacity to deliver 

the AC domain and raise the concentration of cAMP in monocytes (Figure 19A,B). 

Furthermore, the same set of CyaA toxin preparations demonstrated 

comparable capacity to bind the surface, translocate the AC domain and form 

hemolytic pores using erythrocytes, lacking the CD11b/CD18 integrin. The removal of 

LPS achieved by addition of Triton washing steps during purification of HlyA and ApxIA 

also did not alter their pore-forming activity on erythrocytes. In contrast, cytotoxic 

activity of the LPS-depleted RtxA toxins tested using the laryngeal HLaC-78 squamous 

cells, which are exquisitely susceptible to RtxA-mediated killing, was significantly 

higher than with RtxA protein purified without the use of detergent (Figure 19C). A 

similar effect was observed when the hemolytic capacity of purified RtxA toxin was 

assessed on sheep erythrocytes, where the LPS-depleted RtxA proteins were more 

potent as hemolysins (Figure 19D). 

These results indicated that the engagement of detergent washing step 

represents the rapid and universal approach for purification of recombinant LPS-free 

RTX toxins. The toxins preserved their biological activity and can be purified to high 

yields to the very high homogeneity. Moreover, the removal of LPS from RtxA resulted 

in the increase of the cytotoxic activity of the protein. 

5.3 My contribution 

I prepared RTX protein samples for MS analysis, measured the MALDI-TOF 

spectra and interpreted the MS data. I also contributed to the writing of the 

manuscript.  
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Figure 18. Detection of residual detergent in purified RTX toxin samples. a–d. RtxA (1 
mg/mL) purified without the detergent was spiked with Triton X-100 at concentrations 
decreasing from 0.1 to 0.0001% and analyzed by matrix-assisted laser desorption 
ionization-time-of-flight (MALDI-TOF). e–h. MALDI-TOF spectra of the RTX toxin 
samples purified using the 1% Triton X-100 column wash. The m/z values of ions 
corresponding to Triton X-100 components are printed in red. The remaining ions 
represent adducts of the matrix and other small molecular mass contaminants. In each 
panel an ion with maximum intensity was taken as 100%. 
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Figure 19. Toxin activities of CyaA purified in the presence or absence of detergent. 
A. CyaA toxin (62.5–1000 ng/mL) purified with or without a 1% Triton X-100 wash of 
the chromatographic resin was incubated with 2 × 105 THP-1 cells and cAMP 
intoxication was assessed by determining the intracellular concentration of cAMP 
generated in cells after 30 min of incubation with CyaA. Average values ± standard 
deviations from three independent experiments performed in duplicates are shown. B. 
Sheep erythrocytes were incubated at 37 °C with 1 μg/mL of the CyaA toxins and after 
30 min the cell-associated adenylyl cyclase (AC) activity and the activity of the AC 
internalized into erythrocytes and protected against digestion by externally added 
trypsin was measured. For determination of hemolytic activity, sheep erythrocytes (5 × 
108/mL) were incubated at 37 °C in the presence of 10 μg/mL of the CyaA toxins and 
erythrocyte lysis was measured after 3 h as the amount of released hemoglobin by 
photometric determination at 541 nm (A541). Each activity is expressed as percentage 
relative to the activity of CyaA purified in the absence of Triton and represents average 
value ± standard deviation from at least two independent determinations performed in 
duplicates with two different toxin preparations. C. HLaC-78 cells (1 × 106/mL) were 
incubated with 1 µg/mL of RtxA for indicated time at 37 °C. Cell viability was determined 
by a vital dye staining using 1 µg/mL of Hoechst 33258 followed by flow cytometry. The 
initial viability of cells incubated without RtxA was taken as 100%. Each point 
represents the mean value ± standard deviation of three independent experiments. D. 
Sheep erythrocytes (5 × 108/mL) were incubated at 37 °C in the presence of 200 ng/mL 
of RtxA and erythrocyte lysis was measured as above. 
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CHAPTER 6 

Acyltransferase-mediated selection of the length of the 

fatty acyl chain and of the acylation site governs activation 

of bacterial RTX toxins 
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6.1 Background 

Repeats in ToXin (RTX) cytolysins, produced by a broad range of Gram-

negative bacteria, form a large family of proteins that are synthesized as inactive 

protoxins and undergo activation by post-translational fatty-acylation on ε-amino 

groups of two internal conserved lysine residues [124,157,161]. The E. coli HlyA 

hemolysin and the K. kingae RtxA cytotoxin were found to be acylated predominantly 

by myristoyl chains (C14:0) on the lysine residues K564, K569 and K558, K689, 

respectively [134, 168]. In contrast, B. pertussis CyaA was found to be principally 

modified by palmitoylation (C16:0) or palmitoleylation (C16:1) on the internal lysine 

residues K860 and K983 [143,162,218]. Although acylation status of the toxin 

molecules seems to be essential for all their known cytotoxic activities, the molecular 

mechanism by which acyl chains contribute to membrane insertion and formation of 

pores is unknown. RTX toxin–activating acyltransferases are highly homologous and 

appear to be promiscuous in acylation of various RTX protoxins. For example, the 

HlyC-activated ApxIA hemolysin of A. pleuropneumoniae, as well as the ApxC-

activated HlyA expressed in E. coli, exhibited a hemolytic activity on erythrocytes 

[219,220]. Comparably, the heterologously CyaC- or HlyC-modified P. hemolytica 

leukotoxin LktA exhibited the same target cell specificity and biological activity as the 

LktA modified by its cognate LktC acyltransferase. The activation was however not 

reciprocal, as the LktC-activated CyaA and HlyA produced in E. coli were neither 

cytotoxic nor hemolytic [128,221]. It is still unknown, why some RTX protoxins are 

efficiently cross-activated by heterologous acyltransferases and some are not. 

Here we analyzed the activation of the HlyA, RtxA and CyaA toxins, each 

acylated by either of the three HlyC, RtxC or CyaC acyltransferases and produced in 

the same E. coli strain background, to exclude the potential effect of different bacterial 

acyl-ACP pools. We also examined biological properties of differently activated toxins 

on respective targets.  

6.2 Summary of the results 

To determine the fatty-acyl group and acylation site selectivity of the three 

homologous RTX toxin–activating acyltransferases, a total of nine pairwise 

combinations of the three protoxins proCyaA, proHlyA, and proRtxA with the three 

acyltransferase enzymes CyaC, HlyC, and RtxC were co-expressed in E. coli. The 
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individual toxin molecules were purified from the urea-solubilized inclusion bodies by 

affinity chromatography on calmodulin-Sepharose (CyaA proteins) or Ni-NTA agarose 

(HlyA and RtxA proteins) and their acylation status was analyzed by a Fourier 

transform ion cyclotron resonance (FT-ICR) mass spectrometry. Results of the 

analysis are summarized in Table 1 and Figure 21.  

In agreement with previously published data, the CyaACyaC toxin activated by its 

cognate acyltransferase CyaC was modified predominantly by palmitoyl (C16:0) and 

palmitoleyl (C16:1) chains at the K860 (~66%) and K983 (~88%) residues. In addition, 

minor portion of myristoyl (C14:0) and octadecenoyl (C18:1) was also detected at the 

K860 (~3%) and K983 (~11%) residues. While only ~31% of the K860 residues 

remained unacylated by CyaC, the K983 residue of CyaACyaC was acylated almost 

completely (~99%). In contrast, when proCyaA was produced in the presence of HlyC 

or RtxC, the acylation of the K860 was abolished (1% in CyaAHlyC and 0% in CyaARtxC). 

The second acylation site, K983 residue, was successfully modified by HlyC and RtxC 

almost exclusively by shorter myristoyl (C14:0) and hydroxymyristoyl (C14:0-OH) 

chains (~77% in CyaAHlyC and ~85% in CyaARtxC). The C16:0 and C16:1 chains, native 

to CyaC system, formed only a minor proportion of the acyl chains linked to the K983 

residue (~3% in CyaAHlyC and ~8% in CyaARtxC). The HlyAHlyC toxin was activated by 

its cognate acyltransferase HlyC with the C14:0 and C14:0-OH acyl chains at the K564 

(~84%) and K690 (~93%) residues. Small portion of the K564 was modified with the 

C12:0, C12:0-OH, C16:0 and C16:1 chains (~6% at K564 and 7% at K690) or remained 

unacylated (~10%). When HlyA was activated by the heterologous acyltransferase 

Figure 21. Schematic representation of acylation status of lysine residues of the 
CyaA (K860, K983), HlyA (K564, K690) and RtxA (K558, K689) proteins produced in 
the presence of the RTXC acyltransferases. Site selectivity of CyaC (C16:0/C16:1, 
blue), HlyC (C14:0/C14:0-OH, red) and RtxC (C14:0/C14:0-OH, green) for different 
toxin molecules is depicted as colored dots. Acylation of the K558 residue of the RtxA 
variants was almost negligible (feint green). 
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RtxC, the C14:0 and C14:0-OH chains were also the primary acyl groups attached to 

the K564 (~26%) and K690 (~95%) residues, but major portion of K564 residue 

remained unacylated (~73%). Intriguingly, the heterologous acyltransferase CyaC 

acylated the K690 residues of the HlyA molecules principally with the C16:0 and C16:1 

(~90%) acyl chains and partially with C18:1 (~10%), while the K564 residue remained 

mostly unacylated (~93%) with small amounts of the C16:0 and C16:1 acyl groups 

(~7%). Finally, the RtxA cytotoxin was activated by its cognate acyltransferase RtxC, 

and also by the heterologous HlyC acyltransferase at the K689 residue almost 

exclusively with the C14:0 and C14:0-OH acyl chains (~91% in RtxARtxC and ~96% in 

RtxAHlyC). Similarly to HlyACyaC system, CyaC promoted modification of the K689 

residue of RtxA with the C16:0 and C16:1 acyl groups (~89%). In contrast, the K558 

residue of the RtxA variants was activated by almost negligible amounts of the C14:0 

and C14:0-OH chains (~2% in RtxARtxC and ~3% in RtxAHlyC) or remained completely 

unacylated (RtxACyaC). These results indicate that the different acyltransferases 

specifically select acyl groups of various lengths. CyaC selected from the E. coli acyl-

ACP pool almost exclusively the C16:0 and C16:1 acyl chains for acylation of the 

protoxin substrates. On the other hand, the HlyC and RtxC acyltransferases selected 

predominantly the shorter C14:0 and C14:0-OH chains for activation of all three 

protoxin substrates. Moreover, acyltransferases seem to recognize and modify the 

distal, more conserved acylation sites of heterologous protoxins, more efficiently than 

the proximal, which was found to be almost nonacylated. 

The defined acylation status of the toxin variants enabled us to resolve how the 

single or double acylation and the length of the attached acyl chains corelates with the 

biological activities of these proteins. First, we determined the capacity of differently 

acylated CyaA variants to bind, penetrate and lyze sheep erythrocytes, lacking the 

CyaA receptor CR3 (CD11b/CD18). Monoacylated variants, harboring C14:0 or C14:0-

OH chains on K983 residue, exhibited reduced capacity of CyaAHlyC (by ~62%) and 

CyaARtxC (by ~70%) to bind erythrocytes and cell-invasive capacity to deliver AC 

domain was decreased even more (by ~94%) in comparison to the fully C16:0 and/or 

C16:1 acylated CyaACyaC protein (Figure 20A). The CyaAHlyC and CyaARtxC proteins 

were also not able to provoke erythrocyte lysis, while CyaACyaC was able completely 

lyse erythrocytes within 5 hours of incubation (Figure 20B). Moreover, lytic and invasive 

capacities of monoacylated variants remained very low even after 2.5-fold increase in 
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concentration over the CyaACyaC toxin. Capacity to bind and translocate the AC domain 

to mouse J774A.1 macrophages that express the CyaA receptor CR3 was also 

significantly reduced for CyaAHlyC and CyaARtxC toxins (Figure 20C,D). Even though 

very low, the binding was specific, as it could be blocked by the anti-CD11b antibody. 

The low cell-invasive activity of monoacylated toxins on J774A.1 cells was, most likely, 

caused by the presence of the shorter C14 acylation of the K983 residue, as a CyaA-

K860R mutant acylated by CyaC only on the K983 residue exhibited the same 

biological properties as CyaACyaC. Although the CyaAHlyC and CyaARtxC variants 

displayed also a very low overall membrane activity on artificial lipid bilayers made of 

azolectin, the pore conductances and lifetimes measured for CyaAHlyC (12 pS, 1140 

ms), CyaARtxC (12 pS, 1129 ms) and CyaACyaC (11 pS, 1083 ms) were comparable. 

These data suggest, that the number, length and chemical nature of attached acyl 

chains alter the propensity of formation but not the overall properties of the individual 

pores generated by the differently acylated CyaA toxin variants. 

Rather contrasting effect was observed for the HlyA toxin variants modified by 

the CyaC, HlyC or RtxC acyltransferases. Despite the fact that the HlyACyaC protein 

was acylated essentially only on the K690 residue by the C16:1 and C16:0 chains and 

the HlyARtxC was modified by the C14:0 and C14:0-OH acyl chains also mostly on the 

K690 residue, they both exhibited a similar capacity to lyze erythrocytes as the HlyAHlyC 

toxin  acylated on both K564 and K690 residues by C14:0 and C14:0-OH acyl chains 

(Figure 20E). Moreover, irrespective of the length or number of acylated residues, all 

three HlyA toxin variants were equally cytotoxic to human macrophage THP-1 cells 

and displayed comparable membrane activities on artificial lipid bilayers. As calculated 

from single-pore recordings. The HlyACyaC, HlyARtxC and HlyAHlyC toxins also formed 

pores with similar conductances (322,384 and 405pS) and lifetimes (1788, 1654 and 

1599 ms), respectively. In contrast to CyaA monoacylated variants, the partial C14 

acylation of the K564 residue or the C16 acylation on the K590 residue conferred 

similar pore-forming and cytotoxic activity as did the naturally HlyC-mediated C14 

acylation on both K564 and K690 residues in HlyAHlyC. Analogically for RtxAHlyC and 

RtxARtxC, single acylation of the K689 residues by C14:0 or C14:0-OH acyl chains was 

sufficient for full cytolytic activity of the toxin molecules. Nevertheless, the RtxACyaC 

toxin with almost fully modified K689 residue by the C16:0 or C16:1 acyl chains was 

completely inactive revealing necessity for C:14 activation in RtxA toxins (Figure 20 
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D). In agreement with that, the RtxAHlyC and RtxARtxC toxins exhibited similar overall 

membrane activities on planar lipid bilayers, while the activity of RtxACyaC protein was 

abolished. However, the lifetimes (968, 1002 and 1288 ms) and conductances of the 

most frequent pores (487, 454 and 479 pS) created by RtxACyaC, RtxAHlyC and RtxARtxC, 

respectively, were comparable.  

Our results indicate, that RtxA has to be modified by C14 fatty acyl chains for 

proper biological activity, while activity of HlyA prevails also when modified by C16 acyl 

chains and CyaA is activated exclusively by C16 acyl chains. The selection of specific 

acyl chain by the cognate RTXC acyltransferases might reflect unique structural and 

functional adaptation of the respective conserved RTXA acylation site. 

6.3 My contribution 

I prepared the samples for MS analysis and quantified the acylation status of 

the toxins. I also contributed to the writing of the manuscript.   
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Table 1. Acylation status of the RTXA toxins modified by the RTXC acyltransferases. 

Acyl 

chaina 

CyaA HlyA RtxA 

CyaC HlyC RtxC CyaC HlyC RtxC CyaC HlyC RtxC 

 K860 K983 K860 K983 K860 K983 K564 K690 K564 K690 K564 K690 K558 K689 K558 K689 K558 K689 

None 31 1 99 20 100 7 93 0 10 0 73 0 100 1 97 0 98 0 

C12:0 - - - - - - - - 3 2 1 - - - - 3 - 1 

C12:0-OH - - - - - - - - 2 - - - - - - - - - 

C14:0 - 3 - 70 - 73 - - 13 58 10 81 - 5 1 73 1 80 

C14:0-OH - - 1 7 - 12 - - 71 35 16 14 - 1 2 23 1 11 

C16:0 32 45 - 2 - 1 1 23 - 1 - 1 - 15 - - - 1 

C16:1 34 43 - 1 - 7 6 67 1 4 - 4 - 74 - 1 - 7 

C18:1 3 8 - - - - - 10 - - - - - 4 - - - - 

aThe RTXA variants were produced in the presence of the RTXC acyltransferases in E. coli BL21/pMM100 cells, purified close to 
homogeneity and analyzed by MS. Percentage distributions of fatty acyl chains linked to the ε-amino groups of the lysine residues were 
estimated semiquantitatively, from the relative intensities of selected ions in reconstructed ion current chromatograms. Average values are 
calculated from determinations performed with two different toxin preparations. The sign “-“ means that the acyl chain was not detected. 
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Figure 22. A. Sheep erythrocytes (5×108/ml) were incubated at 37 °C in the presence 
1 µg/ml of the purified CyaA toxin variants and after 30 min, aliquots were taken for 
determinations of the cell-associated AC activity (Binding) and of the AC activity 
internalized into erythrocytes and protected against digestion by externally added 
trypsin (Invasive AC). Activities are expressed as percentages of intact CyaACyaC 
activity and represent average values ± standard deviations from at least three 
independent determinations performed in duplicate with at least two different toxin 
preparations. B. Sheep erythrocytes (5×108/ml) were incubated at 37 °C in the 
presence of the CyaA variants (10 µg/ml). Hemolytic activity was measured as the 
amount of released hemoglobin by photometric determination (A541), (n=3). C. Binding 
of the CyaA variants to J774A.1 cells (1×106) was determined as the amount of total 
cell-associated AC enzyme activity upon incubation of cells with 1 µg/ml of the protein 
for 30 min at 4 °C. To block the CR3 receptor of CyaA, J774A.1 cells (1×106) were 
preincubated for 30 min on ice with 5 µg/ml of the CD11b-specific monoclonal antibody 
M1/70 prior to addition of the CyaA variants (1 µg/ml). Activities are expressed as 
percentages of intact CyaACyaC activity and represent average values ± standard 
deviations from at least three independent determinations performed in duplicate with 
two different toxin preparations. D. cAMP intoxication was assessed by determining 
the intracellular concentration of cAMP generated in cells after 30 min of incubation of 
J774A.1 cells (1.5×105) with four different toxin concentrations from within the linear 
range of the dose-response curve (12.5, 25, 50 and 100 ng/ml). Activities are 
expressed as percentages of intact CyaACyaC activity and represent average values ± 
standard deviations from three independent determinations performed in duplicate with 
two different toxin preparations. 
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Figure 23. A. The HlyA variants were expressed in E. coli BL-21 cells and purified from 
urea extract on Ni-NTA agarose. Sheep erythrocytes (5×108/ml) were incubated at 37 
°C in the presence of the HlyA variants (50 ng/ml). Hemolytic activity was measured 
as the amount of released hemoglobin by photometric determination (A541). Activities 
represent average values ± standard deviations from three independent 
determinations performed in duplicate with three different toxin preparations. B. The 
CyaC-acylated RtxA variant is inactive. The RtxA variants were expressed in E. coli 
BL-21 cells and purified from urea extract on Ni-NTA agarose. Sheep erythrocytes 
(5×108/ml) were incubated at 37 °C in the presence of the RtxA variants (200 ng/ml). 
Hemolytic activity was measured as the amount of released hemoglobin by 
photometric determination (A541), (n=3). Activities represent average values ± standard 
deviations from three independent determinations performed in duplicate with two 
different toxin preparations. 
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7.1 Background 

The α-hemolysin (HlyA) of E. coli and the adenylate cyclase toxin-hemolysin 

(CyaA) of B. pertussis belong to the family of pore-forming Repeats in ToXin (RTX) 

cytotoxins, produced by a variety of Gram-negative bacteria [121]. Both proteins share 

overall RTX protein features but target different integrin receptor molecules presented 

on distinct cell types. HlyA has been shown to bind αLβ2 integrin LFA-1 (CD11a/CD18) 

expressed primarily on lymphocytes, whereas CyaA specifically binds myeloid 

phagocytic cells through their complement receptor 3 (CR3 or CD11b/CD18) and 

ablates their bactericidal functions [146,185]. The segment of CyaA involved in the 

interaction of the toxin with CR3 was previously located within the residues 1166 and 

1287 at the interface of the RTX blocks II and II [222–224]. In addition, CyaA harbors 

an N-terminal adenylyl cyclase enzyme domain, which upon insertion of the toxin into 

the target cell membrane is translocated into the cell cytoplasm. 

The aim of this study is to investigate, if the C-terminal hemolysin moiety of 

CyaA is specifically designed to support translocation of the AC domain into target cell 

cytosol and vice versa whether the hemolysin moiety of HlyA is capable of mediating 

AC domain translocation. 

 

7.2 Summary of the results 

To test the capacity of HlyA to deliver the AC enzyme across the cell membrane, 

a set of CyaA/HlyA fusion molecules was generated (Figure 21). Each of the 

recombinant CyaA/HlyA chimeric proteins was expressed in the presence of either the 

CyaA-activating acyltransferase CyaC, or the HlyA-activating acyltransferase HlyC 

(Figure 21). The proteins were purified by affinity chromatography on calmodulin and 

their acylation status was analyzed on tryptic digests by a Fourier transform ion 

cyclotron resonance (FT-ICR) mass spectrometry. The MS data showed that, CyaC 

modified exclusively the K690 residue of the hybrid molecules, while HlyC was able to 

activate both the K564 and the K690 lysine residues in all tested constructs.  

In agreement with our previous observation, CyaC selected from the E. coli acyl-

ACP pool predominantly palmitoyl (C16) and palmitoleyl (C16:1) acyl chains with minor 

portion of K690 residue modified by octadecenoyl (C18:1) acyl. In contrast, the HlyC 

acyltransferase selected for K564 and K690 residues almost exclusively the myristoyl  
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Figure 24. Schematic representation of CyaA, HlyA and hybrid CyaA/HlyA molecules. 
Individual domains of CyaA and HlyA are indicated by the colored rectangles. AC, 
adenylate cyclase domain; LS, AC-to-Hly linker segment; PF, pore-forming domain; 
AS, acylated segment; RTX, calcium-binding repeats; SS, secretion signal. The 
numbers that follow the CyaA or HlyA in the names of the CyaA/HlyA hybrid chimera 
represent the number of the first and of the last residue of the segment of the given 
protein according to the sequences of full-length CyaA and HlyA, respectively. 

 

(C14) and hydroxymyristoyl (C14:0-OH) chains. Next, we characterized the capacity 

of differently acylated hybrid toxins to bind and permeabilize sheep erythrocytes, 

lacking receptor CR3 of CyaA and LFA-1 receptor of HlyA. All monoacylated CyaC-

activated toxins exhibited reduced binding to erythrocytes (50-75%) in comparison to 

the fully-acylated CyaA (Figure 22C). In contrast, the doubly acylated chimeric 

molecules activated by HlyC interacted with erythrocytes more efficiently than their 

monoacylated counterparts. Binding was significantly enhanced for CyaA1-501/HlyA142-

1024 and CyaA1- 528/HlyA238-1024 constructs, harboring pore-forming domain of HlyA 

(Figure 22A). The HlyC-activated proteins were also efficient in the lysis of 

erythrocytes, while hemolytic activity of CyaC-activated CyaA1-501/HlyA142-1024 was 

lowered (Figure 22A,B). Replacement of up to 238 N-terminal residues of HlyA by the 

first 528 residues of CyaA preserved the hemolytic properties of hybrid molecules.  
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Since all hybrid molecules carried the N-terminal AC domain, we were also able 

to trace how fusion of different CyaA/HlyA segments affects the ability of hybrid toxin 

molecules to deliver the AC enzyme into the cytosol of erythrocytes. Aside from the 

capacity of the CyaA1-710/HlyA411-1024 and CyaA1-800/HlyA501-1024 HlyC-activated variants 

to bind erythrocytes with same efficacy as CyaACyaC (Figure 22C), these two chimeras 

very further able to insert AC enzyme across erythrocyte membrane and elevate 

cellular cAMP concentrations in calcium-dependent manner to ~40% of the levels 

produced by the CyaACyaC (Figure 22D). Intriguingly, the AC-translocating CyaA1-

710/HlyA411- 1024 chimeric protein was neither capable to lyse erythrocytes (Figure 22B) 

nor permeabilize planar azolectin lipid bilayer, even though it occasionally formed 

single pores with properties similar to the CyaACyaC pores. This result confirmed that 

the delivery of the AC domain into the cytosol of target cell and formation of CyaA 

pores represent two separate toxin activities. Moreover, the acylated segment and the 

RTX domain of CyaA do not seem to play role in the process of AC domain 

translocation, as they both could be functionally replaced by the acylated and RTX 

segments of HlyA. 

In addition, we examined whether swapping of RTX domains retargeted the 

HlyC-activated hybrid protein from CR3 to LFA-1. The CyaA1-710/HlyA411-1024 was 

unable to display specific binding or elevate any detectable cAMP levels in CR3 

expressing J774A.1 cells in comparison to the CyaACyaC. When Jurkat 

lymphoblastoma T-cells that lack CR3 but express moderate amount of LFA-1 were 

employed, the CyaACyaC exhibited approximately two times lower binding than the 

CyaA1-710/HlyA411-1024 chimera and both toxins produced comparable cAMP levels over 

a range of toxin concentrations. This result corresponded well with the assay on 

erythrocytes, where the efficacy of hybrid toxin to deliver AC enzyme was only ~40% 

of that of CyaACyaC. Finally, to confirm retargeting of CyaA/HlyA chimeric toxin we 

characterized its properties on the transfected CHO cells that expressed high levels of 

the LFA-1 receptor.  

Compared to mock transfected cells, CHO-LFA-1 cells bound considerably 

higher amount of HlyC-activated CyaA1-710/HlyA411-1024 at concentrations below or 

equal to 5 nM (Figure 26A). Although the hybrid protein displayed high unspecific 

binding to mock transfected cells at 25 nM concentration, unambiguous interaction with  
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LFA-1 allowed efficient penetration and about ten-fold increase in cAMP levels in CHO-

LFA-1 cells (Figure 26B). To further analyze which spectrum of cell types could be 

potentially targeted by CyaA1-710/HlyA411-1024 hybrid molecule, we constructed 

genetically detoxified (AC-) HlyC-acylated toxoid (CyaA-AC-
1-710/HlyA411-1024) and 

CyaC-acylated CyaA toxoid (CyaA-AC-), as a control, and labeled them by fluorescent 

dyes Dy495 and Dy650, respectively. The proteins were incubated with mouse 

splenocytes, comprising various cell types, at concentrations ranging up to 140 nM. 

The hybrid toxoid (CyaA-AC-
1-710/HlyA411-1024-Dy495) exhibited importantly higher 

binding to B and T lymphocytes and also non-leukocytic cells (lacking LFA-1 and CR3) 

in comparison to control CyaA protein (CyaA-AC—Dy650). Both proteins then shared 

high affinity to neutrophils and myeloid cells (macrophages, dendritic cells and 

monocytes) expressing comparable levels of LFA-1 and CR3 receptors. 

Thus, we demonstrated that replacement of the acylated segment and the RTX 

domain of CyaA by HlyA counterparts retargets adenylyl cyclase toxin from its CR3 

receptor to LFA-1-expressing cells. Moreover, a CyaA1- 710/HlyA411-1024 hybrid molecule 

was found to bind to the LFA-1 receptor and effectively deliver the AC enzyme into the 

cytosol of Jurkat T cells. Finally, the CyaA domain comprising residues 400 to 710, is 

necessary and sufficient for accomplishing the calcium-dependent AC domain 

translocation across the plasma membrane of target cells.  

7.3 My contribution 

I prepared the samples for MS analysis and analyzed the MS results. Over 60 different 

constructs were tested, but only a few of them were employed in the final dataset. I 

also contributed to the writing of the manuscript. 
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Figure. 25. 16-carbon mono- and 14-carbon doubly-acylated (CyaC- and HlyC-
activated) hybrid molecules bind and lyse erythrocytes with importantly differing 
efficacies.Sheep erythrocytes (5×108 /ml) were incubated at 37 °C in the presence of 
CyaCactivated (A) or HlyC-activated (B) proteins (25 nM). Hemolytic activity was 
measured as the amount of released hemoglobin by photometric determination (A541), 
(n=3). C. Sheep erythrocytes (5×108 /ml) were incubated in the presence of 75 mM 
sucrose as osmoprotectant with 5 nM purified proteins at 37 °C and after 30 min, 
aliquots were taken for determinations of the cell-associated AC activity (Binding). 
Activities are expressed as percentages of the activity of the intact 16-carbon doubly-
acylated, CyaC-activated CyaA and represent average values ± standard deviations 
from at least three independent determinations performed in duplicate with two 
different toxin preparations.  (D)Sheep erythrocytes (5×108 /ml) were incubated in the 
presence of 2 mM calcium (+ Ca2+) or in absence of calcium and presence of 5 mM 
EDTA (+ EDTA) at 37 °C with 5 nM proteins. After 30 min, aliquots were taken for 
determinations of the cell-associated AC activity (Binding) and of the AC activity 
internalized into erythrocytes and protected against digestion by externally added 
trypsin (Invasive AC). Activities are expressed as percentages of intact CyaCactivated 
CyaA activity (n=3-7). 
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Figure 26. A. Binding of CyaA1- 710/HlyA411-1024 (HlyC+ ) or intact CyaA to CHO 
cells expressing CD11a/CD18 or mock transfected CHO cells (1×106 ) was determined 
as the amount of total cell-associated AC enzyme activity upon incubation of cells with 
indicated toxin concentrations for 30 min at 4 °C. Activities represent average values 
± standard deviations from three independent determinations performed in duplicate 
with two different toxin preparations. B. cAMP intoxication was assessed by 
determining the intracellular concentration of cAMP generated in CHO cells expressing 
CD11a/CD18 or mock transfected CHO cells after 30 min of incubation of cells (1×105) 
with different concentrations of CyaA1-710/HlyA411-1024 (HlyC+ ) or intact CyaA 
(n=4). *, statistically significant differences (p < 0.05); **, statistically significant 
differences (p < 0.01); ***, statistically significant differences (p < 0.001); ****, 
statistically significant differences (p < 0.0001). 
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Proteolytic processing of proteins by specific proteolytic enzymes (peptidases) 

is an ubiquitous and irreversible post-translational modification that modulates the 

biological activity of the cleaved products. Biogenesis of the ~370 kDa Bordetella FhaB 

precursor is associated with several proteolytic steps resulting in the secretion and 

release of mature FHA molecules [49,51,54,225]. Here, the C‐terminal residues of the 

mature FHA protein (FHA) and its truncated variant (FHA1) were identified. 

Up to now, the C terminus of the FHA proteins could not be accurately identified 

and it was only roughly estimated by mass determination of the FHA purified from B. 

pertussis. Coutte et al. reported the intact mass of Bp‐FHA by MALDI‐TOF analysis as 

232 760 ± 558 Da, which localized the cleavage site of the B. pertussis FhaB precursor 

within the PLFETRIKFID sequence between residues 2362 and 2372 [210]. However, 

insufficient accuracy of intact mass analysis of very large protein did not permit 

identification of the C‐terminal residue. The here‐employed digest‐based peptide 

mapping by FT-ICR MS, combined with post-digestion 18O‐labeling analysis, yielded 

unambiguous identification of the C‐terminal residues of various forms of FHA proteins 

(Figure 24). First, the C‐terminal residues of peptides that did not match the cleavage 

specificity of the used proteases indicated that the Ala2348 and Ala2228 were the bona 

fide C‐terminal residues of the mature B. pertussis FHA and FHA1 proteins. The 

Lys2479 and Phe2347 residues were then identified as the respective C‐terminal residues 

of the B. bronchiseptica FHA and FHA1 proteins. Second, the molecular masses and 

isotopic patterns of peptides comprising these residues remained unchanged upon 

post-digestion 18O‐exchange, while newly generated peptides displayed mass shift 

upon incorporation of 18O isotopes to the carboxylic groups. This confirmed the 

assignment of the C‐terminal residues.  

Coutte et al (2001) have previously shown that the SphB1 protease plays an 

essential role in proteolytic maturation of FhaB precursor, releasing mature FHA 

proteins from both B. pertussis and B. bronchiseptica [210]. Although segments 

containing cleavage sites of the FhaB precursors from the two species exhibit a very 

high degree of sequence identity and both SphB1 proteases are almost identical (98 

%) as well, both FhaB proteins are surprisingly processed at different sites located 21 

and 9 residues apart for FHA and FHA1 proteins, respectively (Figure 24). 
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Figure 24. Schematic representation of the C termini of FHA proteins. FHA is encoded 
by the fhaB gene and translated as a FhaB precursor polypeptide (3590 residues 
in Bordetella pertussis and 3710 residues in Bordetella bronchiseptica), containing the 

N‐terminal signal peptide (71 residues) that is removed during translocation of FhaB 
across the cytoplasmic membrane. FhaB is then exported from the periplasmic space 

through the outer membrane and processed in SphB1‐dependent manner, yielding 

mature [C terminus at position 2348 (Bp‐FHA) or 2479 (Bb‐FHA)] or truncated [C 
terminus at position 2228 (Bp‐FHA) or 2347 (Bb‐FHA)] variant of FHA protruding on 
the cell surface. The C‐terminal FhaB prodomain (130 kDa) remains in the periplasm, 
and is rapidly degraded. The C‐terminal peptides identified by LC‐MS/MS approache 
after digestion with AspN (blue), LysC (red), trypsin (green), rhizopuspepsin (orange), 

and (aspergillo) pepsin (magenta) are indicated over the Bp‐FHA and Bb‐FHA protein 
sequences aligned based on sequence homology. 

 

Moreover, the cleavage sites possess rather different biophysical properties 

(Figure 24). Given the fact that in the absence of SphB1 the processing of the FhaB 

precursor still occurs, though generating a single slightly larger FHA protein hardly 

detectable on SDS-PAGE, one cannot exclude the possible role of other secreted or 

surface-associated protease in the FHA processing machinery. However, it is more 

likely that the highly conserved SphB1 protease of the two bacterial species slightly 

deviates in substrate specificity. The SphB1 belongs to a superfamily of subtilisin-like 
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serine proteases found in prokaryotes, eukaryotes and viruses [226]. The substrate 

specificity is largely determined by interactions of the P4‐P1 residue side chains in the 

binding pocket of the enzyme, which usually enables the cleavage of peptide bonds 

on the C‐terminal side of aliphatic or aromatic amino acid residues [227,228]. A closer 

examination of the P4-P1 residues of Bp‐FHA (QPVA2348) and Bp‐FHA1 (DALA2228) 

shows certain correlation between their C‐terminal sequences, in terms of side chain 

properties, indicating that Bp‐FhaB is processed by with a well-defined substrate 

specificity. Despite the fact that C‐terminal sequences of Bb‐FHA (TRIK2479) and Bb‐

FHA1 (PHIF2347) share the basic amino acid at P3 and isoleucine at P2 position, side 

chains of phenylalanine and lysine have contrasting properties, even though 

phenylalanine complies with the substrate specificity of a subtilisin type protease. It 

thus remains to be determined if the Bb-SphB1 is more promiscuous towards FHA 

substrate than Bp-SphB1, or another as yet unknown proteolytic step follows surface 

processing of the Bb-FhaB precursor. 

The Bp-FHA was predicted to form rigid β-helical structure with some non-

conserved regions and a globular mature C-terminal domain [47,55]. We probed the 

surface accessibility of Bp-FHA and Bb-FHA proteins. Irrespective of protease used, 

large quantity of peptides extracted predominantly from C-terminal part of Bp-FHA 

goes well with previously predicted model. However, whilst FHA proteins are highly 

homologous and functionally interchangeable, the N-terminal portion of Bb-FHA 

appears to be more disorganized with poor yields of proteolytic fragments from its C-

terminus. B. pertussis is a fully human‐adapted pathogen, which descended from B. 

bronchiseptica, known to infect a broad variety of animals and only very rarely humans. 

It will be therefore important to address whether the differences in the FhaB processing 

and overall susceptibility to protease treatment in these two bacterial species plays a 

role in the biological activity of mature FHA proteins or represents an adaptation to 

different host.     

Finally, while mapping the FhaB precursor in search for the C-terminal 

processing site, we were also able to assign several peptides from Bp-FHA purificate 

over the very C-terminal segment of the prodomain, so called the extreme C-terminus 

(ECT). Intriguingly, during the analysis of B. pertussis secretome by SDS-PAGE, we 

occasionally encountered single highly abundant 12 kDa protein band, which was later 
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identified by MS as the ECT. The structure-function role of ECT in the B. pertussis 

infection is now under examination. 

Post-translational modifications represent an essential mechanism to modulate 

protein function in prokaryotic and eukaryotic cells and have a ubiquitous role in a 

broad spectrum of cellular functions. In fact, it is estimated that 5% of the proteome 

comprises of enzymes that can control or direct more than 200 different types of 

modifications. Although less frequent in prokaryotic systems, side chains of various 

amino acids could still be effectively altered by phosphorylation, oxidation, acetylation, 

acylation or even simple forms of glycosylations [229]. In particular, bacterial RTX 

toxins require post-translational activation by dedicated acyltrasferases to display their 

full biological activity. We reported that CyaA has to be primarily activated by acylation 

on K983 residue by C16 fatty acyl chain, whereas RtxA is acylated on the K689 residue 

by C14 acyl chain. Intriguingly, HlyA can be activated by acylation with either C14 or 

C16 acyl chains attached to the K690 residue. Observation of native and heterologous 

acylation machinery on different RTX protoxins thus confirmed, that it is the 

acyltransferase which selects acyl chain with specific length or saturation from the acyl-

ACP pool of the producing bacterium. Furthermore, the acyltransferase also 

determines whether the only one or both conserved acylation sites in the RTX 

polypeptide will be activated by fatty acyl chain. 

The acylation of CyaA was initially reported on the toxin molecule purified from 

B. pertussis strain BP338 as a single amide-linked palmitoylation on the ε-amino group 

of K983 residue [143]. Recombinant overexpression of CyaA from a plasmid carrying 

the whole cya locus of B. pertussis 18323 permitted identification of an additional 

acylation site at K860 residue modified by palmitoylation as well [162]. The presence 

of the distal CyaA acylation site was further confirmed in multiple clinical isolates of B. 

pertussis and the CyaA polypeptide from B. parapertussis [230]. While the K860 

residues of B. pertussis strains were almost fully palmitoylated (~70-100%), K983 

residues exhibited partial myristoylation (~10-40%) as well. The second conserved 

acylation site of B. parapertussis isolates displayed near complete myristoylation (~70-

90 %), which however reflected on negligible cytotoxicity towards J774A.1 cell line. 

First investigation of CyaA co-expressed with CyaC in the E. coli K12 strain XL1-Blue 

revealed that the recombinant toxin was activated predominantly by palmitoyl chains 

(~67%) at the K860 residue and palmitoyl (~87%) and myristoyl (~13%) chains at the 
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K983 residue [161].  Using high resolution MS instrumentation later allowed 

identification of additional palmitoleyl (cis Δ9 C16:1) modification on the K983 residue 

at a ratio of approximately 1:2 with unsaturated variant [231]. The presence of palmitoyl 

(K860, ~46% and K983, ~22%) and palmitoleyl (K860, ~44% and K983, ~56%) chains 

as the major fatty acyl chains in the recombinant CyaA purified from the E. coli K12 

strain was also reported [218]. This is in agreement with our data showing that the 

palmitoylation (K860, ~32% and K983, ~45%) and palmitoleylation (K860, ~34% and 

K983, ~43%) are the two major post-translational modifications of the K860 and K983 

residues in recombinant CyaA produced in the E. coli BL21 strain in the presence of 

CyaC. However, the HlyC- or RtxC-activated CyaA proteins produced in the same E. 

coli background were predominantly myristoylated and hydroxymyristoylated nearly 

exclusively on the K983 residue (CyaAHlyC, ~77% and CyaARtxC, ~85%). The CyaAHlyC 

and CyaARtxC variants exhibited slightly lower binding to the J774A.1 cells, but heavily 

impaired capacity to deliver the AC enzyme and elevate levels of cAMP in comparison 

to CyaACyaC. In addition, both toxins also manifested a negligible overall membrane 

activity on artificial lipid bilayers. Since we have demonstrated that activation of the 

K983 residue of monoacylated CyaACyaCK860R mutant was sufficient for all biological 

activities of the toxin on both erythrocytes and J774A.1 cells, the shorter C14:0 and 

C14:0-OH chains seem to be incapable to functionally replace the C16:0 and C16:1 

chains at the K983 residue of CyaA (Figure 22C,D). Therefore, the presence and 

length of the fatty acyl chain appears to play a vital role in the membrane insertion and 

translocation of the CyaA polypeptide. However, once the toxin is inserted into the lipid 

bilayer, the short C14 acyl modification does not affect the conductance and lifetime of 

single pores formed by the CyaAHlyC and CyaARtxC variants. The nature of the acyl 

chains linked to the CyaA molecule thus impacts only the propensity of the toxin to 

insert into the membrane and form oligomeric pores, but not the structure of the pores 

themselves.  

We showed that CyaA modified by CyaC was fully acylated on the K983 residue, 

while ~31% of toxin molecules remained unacylated at the K860 residue (Table 1). On 

the contrary, when activated with HlyC or RtxC, acylation on the K860 residue was 

negligible. In agreement with the acylation status of the toxin in native B. pertussis 

system, CyaC acyltransferase is highly specific for C16 acyl chains and appears not to 

be interchangeable by other RTX toxin-activating acyltransferases. 



94 

 

The MS analysis of HlyA toxin purified from two different uropathogenic isolates 

of E. coli, one chromosomal (J96) and the other extrachromosomal (pHly152), 

revealed acylation of the K564 and K690 residues by a myristoyl chain (~68%). 

Intriguingly, the remaining linked acyls were then identified as the very rare C15:0 

(~26%) and C17:0 (~6%) odd-carbon fatty acyl chains [168]. According to our analysis 

carried by the FT-ICR MS technology, the recombinant HlyC-activated HlyA toxin 

produced in the E. coli strain BL21 was acylated mostly by the C14:0 and C14:0-OH 

chains both at the K564 (~84%) and K690 (~93%) residue with minor modifications of 

C12:0, C12:0-OH, C16:0 and C16:1 chains. No odd-carbon acyl chains on HlyA were 

detected in our analyses. Therefore, uropathogenic E. coli isolates most likely employ 

different acyl-ACP pool composition than the E. coli BL21 strain. The HlyA toxin also 

appears to be a lot more promiscuous towards activation process than its B. pertussis 

and K. kingae counterparts. The HlyACyaC toxin variant monoacylated on the K690 

residue by the C16:0 and C16:1 (~90%) acyl chains or the HlyARtxC variant acylated 

almost exclusively by C14:0 on the K690 residue displayed equivalent membrane 

properties on planar lipid bilayers along with the capacity to lyze erythrocytes and 

reduce viability of THP-1 cells as the completely C14-activated HlyAHlyC toxin. 

Moreover, in vivo affinity of the CyaC and RtxC acyltransferases was significantly 

higher for the segment harboring the K690 residue, whereas only ~7% or ~27% of HlyA 

molecules were modified on the K564 residue. In contrast, in vitro assays showed that 

HlyC acyltransferase is approximately four times more prone to modify peptide 

matching the K564 acylation site than the one harboring the K690 site [123]. The same 

group additionally reported as well that substitution of either or both of the K564 and 

K690 residues abolished the hemolytic activity of HlyA mutants [123]. However, the 

loss of the HlyA activity in the three toxin mutants was likely due to a structural role of 

the K564 in toxin action rather than the necessity for activation of this residue such as 

the HlyACyaC and HlyARtxC nearly without K564 modification displayed full biological 

activity. Indeed, a similar conclusion was reached upon substitution of the homologous 

K860 residue of CyaA, which is expandable for interaction of CyaA with both 

erythrocytes, as well as CR3-expressing cells [132,136]. Although, the specific 

membrane penetration activity of the CyaA-K860R on cells lacking the CR3 receptor 

is impaired[132,136].  
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Osickova et al reported that the recombinant RtxA co-expressed with RtxC in 

the E. coli BL21 was modified mainly by C14:0 and C14:0-OH acyl chains (~89%) on 

the K689 residue with minimal portion of the C16:1 palmitoleyl chains (~8%). Limited 

amount of the C14:0 and C14:0-OH acyl chains (~23%) were also found to be on the 

K558 residues [134]. Here, we verified acylation status of the RtxARtxC toxin, while a 

lower level (~2%) of acylation on the K558 residue was detected. Similarly as RtxARtxC, 

the vast majority of the K689 residue of the HlyC-modified RtxA was modified by C14:0 

and C14:0-OH acyl chains (~96%) and residual acylation by C14:0 and C14:0-OH 

chains (~3%) was observed also on the K558 residue. Both RtxAHlyC and RtxARtxC 

variants exhibited capability to lyze erythrocytes and similar membrane properties on 

planar lipid bilayers. Unlike the fully biologically active C16-monoacylated HlyACyaC 

toxin, the RtxACyaC protein activated by CyaC on the K689 residue by the C16:0 and 

C16:1 acyl chains (~89%) failed to lyse erythrocytes and displayed only residual 

activity on planar lipid membranes. 

Lower yield of the RtxARtxC K558 modification in comparison to the previously 

detected quantity could be given either by altered physiological state of the producing 

bacteria or more likely by differences in LC-MS configuration used for quantification of 

peptides. As a matter of fact, reproducibility of MS-based peptide quantitation was 

shown to vary by up to 20%, depending on the sample preparation, unique 

characteristics of reversed-phase columns used for separation of peptides or LC-MS 

instrument configuration. It should be noted that the intensities of modified peptide ions 

do not always have to directly correlate with the actual amount of each corresponding 

peptide since ionization efficiency vary with different biophysical properties. However, 

most reported acylation modifications (myristoylation, palmitoylation, and 

palmitoleylation) are very similar and occur on the same amino acid, thus the ionization 

efficiencies should be comparable. We analyzed all samples using the cutting-edge 

15T Solarix FT-ICR instrument with online calibration using Agilent tuning mix, which 

ensured extremely low error of measurement (~1ppm). As a result, we were able to 

use only survey LC-MS mode to avoid ion loss during MS/MS fragmentation securing 

convenient quantification of acylation sites.  

In conclusion, we reported that CyaA is activated only by C16 fatty-acyl chains, 

while RtxA has to be modified by C14 acyl chain to be active and HlyA could be 

activated by either of them. These results revealed that individual RTX-activating 
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acyltransferases select acyl chains of specific length to modify the given RTX protoxin 

polypeptides.  

The B. pertussis CyaA preferentially binds the complement receptor 3 (CR3, 

αMβ2, CD11b/CD18, or Mac-1) expressed on myeloid phagocytic cells whereas the E. 

coli HlyA has been shown to specifically target the αLβ2 integrin LFA-1 (CD11a/CD18) 

on B and T cells. Here we report that the substitution of the acylation segment of CyaA 

and the C-terminal RTX domain by the corresponding segments of HlyA, retargets the 

CyaA1-710/HlyA411-1024 hybrid molecule from the CR3 to the LFA-1 (Figure 25).  

 

Figure 25. The AC domain of B. pertussis CyaA has to be fused to the adjacent AC-
to-Hly linker segment and to the five predicted transmembrane α-helices for an efficient 
translocation across the cell membrane, while the acylated segment and the RTX 
domain segment of CyaA can be replaced with the corresponding segments of the E. 
coli HlyA toxin. 

 

Furthermore, the cell-invasive capacity of the HlyC-activated CyaA1-710/HlyA411-

1024 revealed that CyaA segments crucial for the delivery of the AC enzyme across 

target cell membrane are located within the residues 400 to 710 of CyaA (Figure 25). 

These data also revealed that the CR3 receptor as such is dispensable for membrane 

penetration and delivery of the AC enzyme yet accelerates the whole process. This is 

most likely due to imposing certain oriented topology on the receptor bound toxin 

molecules so that it increases the probability of their productive membrane insertion. 

Westrop et al. reported that heterologous activation of Mannheimia haemolytica 

LktA leukotoxin by CyaC increases the hemolytic-to-cytotoxic ratio of the LktA but does 

not change specificity of the toxin, while LktC was unable to activate CyaA. The authors 

also constructed two hybrid molecules of the LktA and the CyaA toxin. The first, 

containing the N-terminal residues 1 to 687 of CyaA and the C-terminal residues 379 

to 954 of LktA harboring acylation site, did not exhibit any toxic activity [128]. The 



97 

 

second hybrid molecule comprised the N-terminal residues 1 to 687 of CyaA linked to 

the residues 379 to 616 of LktA (containing the intrinsic K554 residue) and the C-

terminal residues 919 to 1706 of CyaA (harboring the K983 acylation site). Although 

both hybrid proteins exhibited full hemolytic activity to some extent, the capacity to 

deliver the AC domain to the cell cytosol was negligible as compared to the intact 

CyaACyaC [128]. In contrast, the HlyC-activated CyaA1- 710/HlyA411-1024 hybrid molecule 

was able to deliver the AC domain across the membrane of cells devoid of CR3 with 

up to 40% efficacy of the intact CyaA. The presence of all five transmembrane α-

helices, predicted between residues 502 and 698 of CyaA, thus appears to potentiate 

AC delivery machinery [154]. Since both hybrid molecules ultimately showed reduced 

efficacy of AC translocation, it is difficult to discriminate whether the actual cause were 

structural abnormalities within the artificial hybrid molecules or if the additional CyaA 

segments in our chimeric molecule facilitated the optimal function of the CyaA 

translocon. Indeed, the significantly shorter RTX domain of HlyA in CyaA1-710/HlyA411-

1024 may as well yield a less appropriate positioning of the AC-to-Hly linking segment 

and/or of the hydrophobic domain of CyaA in respect to the membrane eventually 

restrict the capacity of the AC translocon.  

It was previously shown that acylation of CyaA controls the overall conformation 

of acylated segment and consequently enhances the immunogenicity and the capacity 

of CyaA antigen to induce toxin/neutralizing antibodies conferring protective immunity 

against Bordetella infection [232–234]. Here we demonstrated that the acylation status 

of CyaA affects its capacity to deliver the AC domain across cell membrane lacking the 

specific integrin receptor. Although CyaC- and HlyC- activated CyaA1-710/HlyA411-1024 

and CyaA1-800/HlyA501-1024 chimeric proteins bound erythrocytes with comparable 

efficacy, the doubly C14:0/C14:0-OH acylated variants translocated the AC enzyme 

into erythrocyte cytosol with efficacy of up to 40% of the intact CyaA, while the same 

proteins C16/C16:1 monoacylated only on the K983 residue exhibited negligible AC 

translocation. In fact, acylation of the proximal lysine residue was crucial for AC 

delivery solely on cells lacking specific receptor as the C16 monoacylated CyaA1-

710/HlyA411-1024 toxin was able to elevate levels of cAMP in cells expressing LFA-1 on 

the surface. These observations indicated that in the absence of a specific β2 integrin 

receptor, the nature or length of acylation directly impacts the capacity to form 

translocon and initiate the AC domain delivery. A precedent of such a rescuing effect 
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of a β2 integrin receptor interaction was previously observed with the C16 

monoacylated CyaA-K860R toxin molecule [136,231]. Despite both the CyaC- and 

HlyC-acylated CyaA1-710/HlyA411-1024 and CyaA1-800/HlyA501-1024 proteins failed to lyse 

erythrocytes and displayed a very limited pore-forming activity on asolectin bilayer. 

This is in agreement with the previous observations showing that identical conductance 

and cation selectivity as intact CyaA can be observed irrespectively of the differences 

in acylation status, truncations of CyaA variants lacking the RTX domain, or even with 

the CyaA protoxin [153,169]. Moreover, the pore-forming activity of CyaA is 

independent of the AC domain translocation event, which appears to be mediated by 

CyaA monomers along the electrical gradient and through a tightly sealed AC 

translocon formed by residues 400 to 710 of the CyaA [144,218,235].  

HlyA exhibits cytotoxic activity on various cell types, such as granulocytes, 

monocytes, erythrocytes or endothelial cells from primates, mice and ruminants [169, 

[236–238]. Albeit the rather low cell specificity, HlyA binding and biological activity on 

erythrocytes was shown to be dependent on the presence of glycophorin [167,239]. As 

a matter of fact, the HlyC-activated CyaA1-501/HlyA1-1024 hybrid molecule bound sheep 

erythrocytes with a ~7 times higher efficacy than CyaACyaC [167,240]. The glycophorin 

binding site was proposed to be localized within C-terminal RTX domain of HlyA 

between the residues 914 to 936 [115,239]. Remarkably, sequential deletion or 

shortening of the N-terminal regions of HlyA significantly reduces either cell binding or 

consequential hemolytic capacity of the HlyC-activated CyaA/HlyA hybrid molecules 

as compared to CyaA1-501/HlyA1-1024. Taking into account that the binding of the 

chimeric toxins was studied on sheep erythrocytes, while determination of the 

glycophorin-binding region was performed on horse and human erythrocytes, the 

glycophorin-mediated binding of HlyA may require the structural integrity of several 

toxin regions [167,239]. Another plausible explanation might be that the toxin cell-

associates with the plasma membrane through its N-terminal hydrophobic region, 

which also modulates pore-forming activity [241,242].  

The lymphocyte function-associated antigen (LFA-1, or CD11a/CD18; 

αLβ2 integrin) was reported to act as a receptor molecule for HlyA [184]. Monoclonal 

antibodies recognizing LFA-1 inhibited the binding of HlyA to cells, immobilized HlyA 

bound LFA-1 and in addition, the expression of LFA-1 rendered the K562 cells 

sensitive towards HlyA action.  Valeva et al. demonstrated, however, that acylation 
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impaired mutants as well as wild type HlyA toxin bound to erythrocytes and 

granulocytes in a nonsaturable manner and also that HlyA binds nonspecifically to 

target cells and a receptor is involved neither in causing hemolysis nor in triggering 

cellular reactions [243]. Here we show that the affinity of HlyC-activated CyaA1-

710/HlyA411-1024 to Jurkat T cells expressing LFA-1 but not CR3 was approximately two 

times higher than of the intact CyaA. Moreover, at low protein concentrations the 

chimeric molecule was able to bind and intoxicate by cAMP almost exclusively the 

CHO cells expressing LFA-1, suggesting specific interaction and efficient translocation 

of AC enzyme across cell membrane. Finally, we showed that in comparison to the 

enzymatically-inactive CyaA (CyaA-AC-), the CyaA-AC-
1-710/HlyA411-1024 protein was 

able to bind preferably B and T lymphocytes expressing LFA-1, but not CR3. Although 

it should be noted that due to very high toxoid concentrations, the binding of CyaA-

AC1-710/HlyA411-1024 was also considerably higher on non-leukocytic cells lacking LFA-

1 and CR3. In conclusion, the HlyA appears to preferentially target cells expressing 

LFA-1, while at higher concentrations it exhibits more promiscuous binding and low 

target cell specificity. 
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 The mature FHA proteins of B. pertussis (Bp-FHA) and the B. bronchiseptica 

(Bb-FHA) are processed at different sites, after Ala2348 and Lys2479 of the FhaB 

precursor, respectively. The truncated variants of the mature Bp-FHA and Bb-

FHA proteins terminate at Ala2228 and Phe2347, respectively. Moreover, structural 

mass spectrometry approach indicates structural variations between the two 

highly homologous FHA proteins.   

 

 Engagement of the detergent washing step (1% Triton X-100 or Triton X-114) 

significantly reduces the endotoxin content during protein purifications and 

enables a simple and rapid purification of endotoxin-free RTX toxins. 

 

 The RTX-activating acyltransferases are capable of discriminating the length of 

acyl chains that are utilized for covalent modification of specific internal lysine 

residues within the RTX protoxins. The B. pertussis CyaA and K. kingae RtxA 

are activated exclusively by 16- and 14-carbon acyl chains, respectively, while 

E. coli HlyA appears to be promiscuous and can be modified by both C14- or 

16-carbon acyl chains to exhibit its biological activity. 

 

 C-terminal domain swapping enables retargeting of the AC enzyme-

translocating segment from the CR3 to the LFA-1 receptor. In particular, the 

CyaA1- 710/HlyA411-1024 chimera was found to bind and intoxicate the LFA-1-

expressing Jurkat T lymphoma cells, indicating that residues 400-710 serve as 

an “AC translocon” of the CyaA polypeptide. 
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