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Abstract:



The Bordetella pertussis toxin (PT) is one important virulence factor causing the severe childhood disease whooping cough which still accounted for approximately 63,000 deaths worldwide in children in 2013. PT consists of PTS1, the enzymatically active (A) subunit and a non-covalently linked pentameric binding/transport (B) subunit. After endocytosis, PT takes a retrograde route to the endoplasmic reticulum (ER), where PTS1 is released into the cytosol. In the cytosol, PTS1 ADP-ribosylates inhibitory alpha subunits of trimeric GTP-binding proteins (Giα) leading to increased cAMP levels and disturbed signalling. Here, we show that the cyclophilin (Cyp) isoforms CypA and Cyp40 directly interact with PTS1 in vitro and that Cyp inhibitors cyclosporine A (CsA) and its tailored non-immunosuppressive derivative VK112 both inhibit intoxication of CHO-K1 cells with PT, as analysed in a morphology-based assay. Moreover, in cells treated with PT in the presence of CsA, the amount of ADP-ribosylated Giα was significantly reduced and less PTS1 was detected in the cytosol compared to cells treated with PT only. The results suggest that the uptake of PTS1 into the cytosol requires Cyps. Therefore, CsA/VK112 represent promising candidates for novel therapeutic strategies acting on the toxin level to prevent the severe, life-threatening symptoms caused by PT.
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Key Contribution: The cyclophilin inhibitor cyclosporine A as well as its non-immunosuppressive derivative VK112 protect cells from intoxication with pertussis toxin by reducing the amount of the enzymatic subunit PTS1 of this toxin in the cytosol of target cells. Thereby, the ADP-ribosylation of inhibitory alpha subunits of trimeric G proteins by PTS1 is reduced and the subsequent disturbed signalling, causing the severe symptoms of whooping cough, is averted. In conclusion, CsA and VK112 represent promising starting points for development of novel therapeutic strategies against whooping cough.










1. Introduction


The Bordetella (B.) pertussis toxin (PT) is a multi-subunit protein toxin consisting of an enzymatically active (A) subunit, namely PTS1, which is non-covalently associated with a pentameric binding/transport (B) subunit [1,2]. Therefore, PT is classified as an AB5 toxin. The B subunit is formed by the S2, S3, two S4 and the S5 proteins. The holotoxin is assembled in the periplasm of B. pertussis and then secreted by a type IV secretion system [3,4]. PT binds to glycoconjugate molecules on its target cells. A specific receptor, however, is not known, instead the binding of PT is characterized as non-saturable and non-specific [5,6,7]. PT is internalized by endocytosis and then follows a retrograde transport passing the Golgi apparatus towards the endoplasmic reticulum (ER). The lactone antibiotic brefeldin A (BFA) inhibits vesicle formation as well as transport between ER and Golgi apparatus in cells and therefore protects cells from intoxication with PT [8,9,10,11]. In the ER, PTS1 is detached from the B pen tamer after the binding of ATP to the central ‘pore’ of the B oligomer [12,13,14]. Due to its thermal instability, the detached PTS1 is in an unfolded conformation, which makes it a substrate for the ER-associated degradation (ERAD) pathway, which transports PTS1 from the ER into the cytosol [15,16,17]. The subsequent ubiquitin-dependent degradation by the proteasome is circumvented because PTS1 does not contain lysine residues, which are required for ubiquitination of proteins [18]. In the cytosol, PTS1 mediates the covalent transfer of an ADP-ribose moiety from the co-substrate NAD+ onto its specific substrate, the α-subunit of trimeric inhibitory GTP-binding proteins (Giα), which results in inactivation of Giα [19,20]. Because Giα normally serves as a negative regulator of a membrane-bound adenylate cyclase, the PTS1-catalyzed modification in return results in increased intracellular cAMP levels and disturbed signal-transduction in PT-intoxicated cells.



PT plays an etiological role in causing whooping cough and promotes a more severe course of disease [21,22]. Whooping cough is characterized by severe paroxysmal coughing typically lasting for several weeks. Secondary complications include vomiting, rib fractures and pneumothorax and in severe cases whooping cough can be life-threatening especially for newborns and infants due to pneumonia, encephalopathy, seizures and apnoea [23,24]. The world health organization (WHO) reported estimates of 63,000 deaths in children aged < 5 years in 2013 worldwide caused by whooping cough with numbers increasing despite available vaccination [25,26].



Up to now, there is no causative treatment of whooping cough that targets the disease on the toxin level. Antibiotics are applied to prevent spreading of the disease but is only effective if administered in the early stage of infection and has no curative effect on the severe symptoms [23,24]. Therefore and because severe life-threatening courses of whooping cough are associated with high levels of PT, novel therapeutic approaches are demanded that act specifically on the toxin level.



Here, we investigate the effect of cyclosporine A (CsA), an approved immunosuppressive drug mostly applied after organ transplantation, on intoxication of Chinese hamster ovary (CHO)-K1 cells with PT. CsA is a specific pharmacological inhibitor of cyclophilin (Cyps) activity in cells. Cyps are important protein folding helper enzymes that catalyse the peptidyl-prolyl cis/trans isomerization representing a rate-limiting step in protein folding. Earlier we reported that Cyps are required to facilitate the membrane translocation from early endosomes into the cytosol of clostridial binary toxins, diphtheria toxin and Photorhabdus luminescens PTC3 toxin, which also display ADP-ribosyltransferase activity [27,28,29,30,31]. Inhibition of Cyps by CsA inhibited the membrane translocation of the A subunits of such toxins and thereby protected cells from intoxication with these ADP-ribosylating toxins (ADP-RTs), prompting the question of whether CsA might also protect cells from intoxication with PT. In conclusion, the results show that PTS1 directly binds to purified Cyp proteins in vitro and that the pharmacological inhibition of Cyp activity protects CHO-K1 cells from intoxication with PT.




2. Results


Specific pharmacological inhibition of Cyp activity protects cells from intoxication with PT. To investigate an inhibitory effect of CsA on PT intoxication of cells, an intoxication assay was performed, which employs a morphology-based read out of CHO-K1 cells. CHO-K1 cells respond to treatment with PT by a characteristic clustering and a reduced cell number compared to untreated cells. Although the molecular mechanisms underlying this clustering are not understood, the clustering effect represents a specific and sensitive endpoint of PT intoxication since it can be prevented by anti-PT antibodies or heat inactivation of PT [32].



This well-established assay was performed earlier by several groups and different variants of this assay were used to monitor intoxication of these cells with PT [32,33]. Here, we tested two variants of this assay. For the first variant, CHO-K1 cells were pre-incubated with the respective inhibitors, then cells were detached using trypsin and reseeded into a 96-well plate containing medium with PT for 18 h [33]. Pictures in Figure 1a show the typical clustering morphology in PT-treated samples and the quantification of cells from these pictures clearly demonstrates the reduced cell number in samples treated with PT. In this assay variant, the PT-induced effect on cell morphology was obvious, however the magnitude was considered to be improvable. Therefore, we employed a different assay variant using adherent CHO-K1 cells which were pre-incubated with inhibitors and subsequently treated with PT for 1 h. Then, the cells were further incubated for 18 h with medium containing no toxin or inhibitors because obvious adverse effects on the cells such as shrinking and rounding were observed if inhibitors were present for the extended incubation period of 18 h. Under these conditions, the clustering effect was much more pronounced and also the effect on cell numbers was more obvious (Figure 1b). Therefore, this assay variant was used for further experiments. However, an inhibitory effect of CsA on intoxication of CHO-K1 cells with PT was observed in both assay variants (Figure 1a,b) demonstrated by reduced clustering and increased cell numbers compared to samples treated with PT only. Noteworthy, the presence of CsA in the medium during the pre-incubation and subsequent incubation with PT for 1 h was sufficient to protect cells from intoxication. Due to its specific properties with respect to binding to its intracellular partner proteins, the Cyps but also due to the lipophilicity of the CsA molecule, there is only a slow loss of intracellular CsA over time in the absence of extracellular CsA. This is concomitant with the long retention of CsA in different tissues and the long plasma terminal half-life values (20–60 h) observed after CsA administration in human patients [34,35]. Moreover, in the case of HEK293T cells Shitara et al. showed that after the removal of CsA from the incubation buffer and further incubation in CsA-free medium, the amount of CsA in the cells was decreased but more than 50% remained in the cells for 18 h [36]. Thus, presumably intracellular Cyps stay inhibited over a longer period of time explaining the toxin-resistant phenotype. In both assay variants, the established inhibitor BFA, which leads to disassembly of the Golgi apparatus, was used as a positive control and protected CHO-K1 cells from intoxication with PT [8,11]. Although reversibility of the BFA-effect is known if this compound is removed from the culture medium, here too, pre-incubation and presence of BFA during toxin incubation was sufficient to achieve a protective effect towards PT. As a further control, DMSO and ethanol, the solvent of BFA and CsA, respectively, had no inhibitory effect on the intoxication process (Figure 1b). CsA, BFA, DMSO and ethanol did not affect the cell numbers under assay conditions (Figure 1c).


Figure 1. (a) Effect of cyclosporine A (CsA) on intoxication of non-adherent CHO-K1 cells with Bordetella pertussis toxin (PT). CHO-K1 cells were pre-incubated with 10 µM CsA or brefeldin A (BFA) or left untreated for control. After 30 min, the cells were trypsinized and seeded in 96-well plates with culture medium containing 10 ng/mL PT or no toxin for control and incubated at 37 °C and 5% CO2 without inhibitors. After 18 h of incubation, the cells were fixed with PFA and pictures were taken (left panel, white scale bar = 50 µm). Right panel: A quantitative analysis of the total cell number of CHO-K1 cells from an equivalent experiment without PFA treatment is shown. Values are normalized on control cells (n = 3 (3 independent wells per treatment, one picture per well), mean ± SD). (b) Effect of CsA on the intoxication of adherent CHO-K1 cells with PT. CHO-K1 cells were pre-incubated with 10 µM CsA or BFA or left untreated for control. For further control, cells were incubated with DMSO or ethanol, the solvent of BFA and CsA, respectively. The final concentration of DMSO in the medium was 2-fold higher compared to the DMSO concentration used in all inhibitor experiments. After 30 min 10 ng/mL PT were added. 1 h later the culture medium was removed and the cells were further incubated at 37 °C and 5% CO2 in fresh medium without PT and inhibitors. Pictures were taken after 18 h (left panel, white scale bar = 50 µm). Right panel: A quantitative analysis of the total cell number of CHO-K1 cells is shown, values are normalized on control cells (n = 3 (3 different pictures from each sample were quantified), mean ± SD). (c) Effect of CsA, BFA DMSO or ethanol on CHO-K1 cell numbers. Cells were incubated with 10 µM CsA or BFA, DMSO (amount corresponding to the 2-fold maximum amount used for inhibitor incubation) or ethanol for 1 h 45 min. Medium was removed and fresh medium without inhibitors was added for 18 h. Pictures were taken (left panel, white scale bar = 50 µm) and cell numbers determined as described above (right panel). Significance was tested by using the Student’s t test and values refer to samples treated with toxin only (a,b) or to control samples (c) (ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001).
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Inhibition of Cyp activity in cells affects the ADP-ribosylation status of Giα in the cytosol. The analysis of the ADP-ribosylation status of specific substrates in target cells is a further endpoint of intoxication established for many ADP-RTs like diphtheria toxin or clostridial binary toxins [27,31]. Here, CHO-K1 cells were intoxicated with PT in the presence or absence of CsA or BFA and subsequently lysed. Cell lysates were incubated with fresh PTS1 in the presence of biotin-labelled NAD+ allowing the in vitro ADP-ribosylation of Giα that was not already modified during the incubation of the living cells, thereby transferring the biotin-labelled ADP-ribose moiety covalently onto Giα. Therefore, the amount of biotin-labelled Giα detected by Western blotting indicates the degree of intoxication of cells with PT. Figure 2a,b reveals that samples treated with PT result in a weak signal for biotin-labelled Giα compared to untreated controls. This indicates that only a small amount of Giα serves as substrate for in vitro ADP-ribosylation because the substantial amount of Giα was already ADP-ribosylated during incubation of the living cells with PT. If the cells were pre-incubated with CsA prior to PT application, a stronger signal for biotin-labelled Giα was detected. This result demonstrates that CsA protected the living cells from intoxication with PT. A similar result was observed when cells were treated with BFA prior to PT intoxication, confirming the specificity of this method. Moreover, we excluded that the reduced ADP-ribosylation of Giα by PTS1 in the presence of CsA results from impaired binding of PT to cells. Figure 2c demonstrates that a comparable amount of cell-associated PTS1 was detected by Western blotting if cells were treated with CsA compared to cells treated with PT alone.


Figure 2. Effect of CsA on the ADP-ribosylation status of Giα in PT-treated CHO-K1 cells. (a) Cells were pre-incubated with 20 µM of CsA or 20 µM BFA for control for 30 min. For further control, cells were left untreated. Then, cells were challenged with 20 ng/mL PT for 3 h in the presence or absence of the respective inhibitors. Cells were lysed and the ADP-ribosylation status of Giα from these cells was analysed by incubation with 170 ng PTS1 in the presence of 10 µM biotin-labelled NAD+. Biotin-labelled (i.e., ADP-ribosylated) Giα was detected with streptavidin-peroxidase. Comparable protein loading was confirmed by Ponceau-S-staining (not shown) and Hsp90 detection by Western blotting. (b) Intensity of signals for biotinylated Giα detected by Western blotting were quantified by densitometry. Values show the percentage of signal intensity referring to untreated cells (Con) and are normalized on the respective loading control obtained by Ponceau S staining. Values are given as mean ± SEM (n = 4 independent experiments). Significance was tested by using the Student’s t test and values refer to samples treated with toxin only (* p < 0.05). (c) CsA does not affect binding of PT to cells. CHO-K1 cells were pre-incubated with 20 µM CsA for 30 min or left untreated for control. Subsequently, cells were incubated on ice with 500 ng/mL PT for 40 min and then washed twice with PBS. Samples were subjected to SDS-PAGE followed by Western Blotting. PTS1 was detected by a specific monoclonal antibody using the ECL system. Signals were quantified by densitometry and are given as percent of the sample treated with PT only. Values are given as mean ± SD (n = 3 values from 2 independent experiments).
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In the presence of CsA less PTS1 is detectable in cells. The obtained results suggested that the pharmacological inhibition of Cyp activity interferes with the uptake of PTS1 into the cytosol of target cells, which is a crucial point for intoxication since the toxin’s substrate Giα is localized in the cytosol. To analyse the amount of PTS1 that reaches the cytosol of target cells, we performed fluorescence microscopy visualizing PTS1. First, CHO-K1 cells were incubated with PT for different periods to establish after which incubation periods PTS1 can be detected in the cells by immunofluorescence microscopy. The results shown in Figure 3a revealed that PTS1 was already detected after 5 min and continuous detection was possible after 30 min, 1.5 h and 24 h of incubation of the cells with PT. Moreover, co-staining of PTS1 with markers for Golgi and ER was performed. Figure 3b demonstrates that PTS1 showed almost no co-localization with the Golgi marker but partial co-localization with the ER marker. However, a substantial amount of PTS1 did not show co-staining with the ER marker, suggesting that this portion is most likely cytosolic PTS1.


Figure 3. (a) Time-dependent uptake of PT into CHO-K1 cells. CHO-K1 cells were incubated with PT (1 µg/mL). After the indicated time points, cells were fixed, permeabilized and blocked. PTS1 was detected with a specific monoclonal antibody. Pictures were taken with a Zeiss LSM-710 confocal microscope. Scale bar = 10 µm. (b) Co-staining of PTS1 with markers for Golgi or ER. CHO-K1 cells were incubated with PT (1 µg/mL) in the presence of ER-TrackerTM Blue White DPX (1 µM) for 3 h. Cells were fixed, permeabilized and blocked. PTS1 and GM-130 (Golgi marker) were detected by specific antibodies allowing the simultaneous detection of ER, Golgi and PTS1 in one sample. Left row of pictures shows the signal for the three single channels detected, middle row shows the PTS1 signal alone or in overlay with either Golgi or ER and the right row shows a magnification of the areas indicated by the white rectangle.



[image: Toxins 10 00181 g003]






The PTS1 signal significantly decreased if cells were incubated with CsA (Figure 4a) compared to cells challenged with PT in the absence of CsA. This effect was also observed if the transport of PT from the Golgi apparatus to the ER was inhibited by BFA. Moreover, PTS1 could not be detected by the specific monoclonal PTS1 antibody on the cell surface if cells were incubated with PT on ice (Figure 4b, upper panel). To confirm that PT indeed binds to cells at 4 °C, another sample was incubated with PT at 4 °C, the cells were washed and these cells were further incubated at 37 °C to enable the internalization of PT. Here, PTS1 was detected by the same antibody (Figure 4b, middle panel). In samples not treated with PT (control) no signal for PTS1 was detected (Figure 4b, lower panel). This indicates that the monoclonal PTS1 antibody preferably recognizes PTS1 if it is not in complex with the B subunit, suggesting that the epitope on PTS1 might be covered if PTS1 is part of the PT holotoxin. In context of the results from co-staining experiments with Golgi and ER markers that revealed almost no co-staining with Golgi and only partial co-localization with the ER, we hypothesize that most likely the main portion of PTS1, which is detected by this antibody by fluorescence microscopy, represents the cytosolic fraction of PTS1 because during all other steps of PT uptake, PTS1 is part of the holotoxin and therefore should not be detected in these experiments. Hence, the reduction of the PTS1 signal in the presence of CsA suggests that CsA might interfere with the uptake of PTS1 into the cytosol. From our results, however, we cannot determine which individual step of the retrograde uptake route of PT in cells is affected by CsA. However, since the cellular target molecules of CsA are the cytosolic Cyps and since it is known from other bacterial ADP-ribosylating toxins that the translocation of their enzyme domains from early endosomes into the cytosol is facilitated by Cyps and impaired by CsA, we hypothesize that in case of PT it might also be the translocation of PTS1 from the ER into the cytosol which is inhibited by CsA.


Figure 4. (a) In the presence of CsA less PTS1 is detected in CHO-K1 cells. CHO-K1 cells were pre-incubated with CsA (20 µM) for 30 min. 20 µM BFA were used as control. Then, cells were challenged with 1 µg/mL PT in the presence or absence of the respective inhibitors and 3 h later cells were fixed, permeabilized and blocked. Then, cells were probed with an anti-PTS1 antibody, Hoechst and phalloidin-FITC for F-actin staining. Scale bar = 20 µm. (b) Anti-PTS1 antibody does not detect cell-bound PTS1. CHO-K1 cells were incubated on ice for 10 min and then challenged with 1 µg/mL PT for 30 min to enable only the binding to the cells. For control, cells were left untreated. Subsequently, cells were washed three times with PBS to remove unbound toxin. Then one portion of PT-treated cells was fixed immediately with PFA and another portion was further incubated at 37 °C for 2 h with subsequent PFA fixation. All samples were permeabilized, blocked and probed with a specific PTS1-antibody and a fluorescence-labelled secondary antibody. Nuclei were stained with Hoechst and F-actin with phalloidin-FITC. Scale bar = 20 µm.
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CypA and Cyp40 specifically and directly interact with PTS1 in vitro. To analyse whether PTS1 interacts with Cyps directly, dot blotting was performed. Therefore, the purified recombinant Cyp isoforms CypA and Cyp40 were spotted onto a nitrocellulose membrane via vacuum-aspiration. Subsequently, an overlay with PTS1 was performed, which revealed that both Cyp isoforms interact in a direct and concentration-dependent manner with PTS1 in vitro (Figure 5). Only negligible signals on background level were detected if only buffer and not PTS1 was present during the overlay. For further control, another isoform of the PPIase family of FK506 binding proteins (FKBPs), FKBP12 was spotted. From earlier studies with enzyme components of other ADP-RTs, for example, of the clostridial binary toxins or the diphtheria toxin, it is known that FKBP12 does not interact with ADP-RTs and therefore serves as negative control in this experiment [27,31,37].


Figure 5. Purified CypA and Cyp40 proteins directly interact with PTS1 in vitro. Decreasing amounts of CypA and Cyp40 (1 µg, 0.5 µg and 0.25 µg) were spotted onto a membrane using the dot blot system. After blocking, the membrane was cut and probed with PTS1 (200 ng/mL) or PBST for control. After extensive washing, bound PTS1 was detected by anti-PTS1 antibody using the ECL system (upper panel). For further control, FKBP12 was spotted. Comparable amounts of spotted protein were confirmed by Ponceau S staining (lower panel).
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The non-immunosuppressive CsA derivative VK112 also protects cells from PT-intoxication. Besides CsA, also a specifically designed non-immunosuppressive CsA derivative, VK112 [27,31,38], protected CHO-K1 cells from intoxication with PT (Figure 6). Pictures in Figure 6 reveal the reduced PT-induced clustering effect in the presence of VK112 compared to cells treated with PT only. Moreover, more cells were counted if cells were treated with PT in the presence of VK112 compared to cells treated with PT in the absence of VK112. Overall, the inhibitory effect of VK112 on PT intoxication was widely comparable to the effect of CsA.


Figure 6. The non-immunosuppressive CsA-derivative VK112 protects CHO-K1 cells from intoxication with PT. CHO-K1 cells were pre-incubated with 10 µM VK112 or CsA for 30 min, or left untreated for control. PT (10 ng/mL) was added for 1 h in the presence or absence of the respective inhibitors. Subsequently, cells were incubated in fresh toxin- and inhibitor-free medium for 18 h. Pictures were taken after 18 h (left panel, white scale bar = 50 µm) and quantitative analysis of the total cell number of CHO-K1 cells is shown in the right panel. Values are normalized on control cells (n = 3 (3 different pictures from each sample were quantified), mean ± SD). Significance was tested by using the Student’s t test and values refer to samples treated with toxin only (*** p < 0.001).
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Taken together, the results show that CsA as well as its tailored non-immunosuppressive derivative VK112 protect cells from intoxication with PT as demonstrated by morphology-based intoxication assays and biochemical analysis of the ADP-ribosylation status of Giα, the specific cytosolic substrate of PT. The direct interaction of CypA and Cyp40 with PTS1 and the reduced amount of PTS1 in the cytosol upon CsA treatment demonstrated by fluorescence microscopy suggests that Cyps play a functional role during translocation of PTS1 from the ER into the cytosol of the target cell.




3. Discussion


The sophisticated translocation of the A subunits of bacterial ADP-RTs from intracellular compartments into the cytosol of target cells has been investigated by us and others during past years (for review see [39,40]). It became evident that some specific host cell chaperones and protein folding helper enzymes facilitate the membrane transport of the A subunits that harbour the ADP-ribosyltransferase domains from early endosomes into the cytosol, as demonstrated for the family of clostridial binary toxins, which cause severe enterotoxicity in humans and animals and the diphtheria toxin, which causes symptoms of the upper respiratory tract disease diphtheria [27,28,29,31,37,41,42,43,44]. These toxins take a more direct route into the cytosol compared to PT. They are taken up by receptor-mediated endocytosis and then deliver their A subunit from acidified endosomes into the cytosol where they ADP-ribosylate their specific substrate molecules. However, as described for the cellular uptake of PT, a pre-requisite for translocation of these toxins is the at least partial unfolding of their A subunits [15,45]. We identified the heat shock proteins (Hsp)70 and Hsp90 as well as members of the PPIase families, namely FKBP51/52 but not FKBP12 and Cyps as crucial interaction partners of the A subunits of these ADP-RTs during their membrane translocation. Inhibition of the activity of the chaperones and/or protein folding helper enzymes by specific pharmacological inhibitors prevented the translocation of the A subunits into the cytosol and therefore protected cells from intoxication with clostridial binary toxins and the diphtheria toxin. Interestingly, all ADP-RTs investigated so far, including the Photorhabdus luminescens PTC3 and PTC5 toxins as well as different recombinant fusion toxins containing ADP-ribosyltransferase domains, require Hsp70, Hsp90, FKBPs and Cyps for their translocation into the cytosol [30,37,46]. In contrast, toxins displaying a different enzyme activity act independent of these factors [43,46,47]. This led to the hypothesis that the requirement of Hsp70, Hsp90, FKBPs and Cyps might be characteristic and specific for the intracellular membrane translocation of ADP-RTs.



Here, we demonstrated that the ADP-ribosylating PT requires Cyps for an efficient transport of its enzyme subunit PTS1 into the cytosol of target cells to modify its specific substrate Giα. Cyps are cytosolic proteins that facilitate the cis/trans isomerization of proline bonds, which is known as a rate-limiting step in protein folding. CsA specifically inhibits the PPIase activity of Cyps. Moreover, the complex of CsA and the most abundant isoform of Cyps, CypA (also known as Cyp18) inhibits the phosphatase calcineurin thereby interfering with activation of T lymphocytes and suppressing immune responses. CsA is a licensed drug used mainly after organ transplantation to prevent organ rejection [48]. Here, CsA revealed itself as a potent pharmacological inhibitor of PT intoxication, which reduced the amount of enzymatic active PTS1 in the cytosol and therefore diminished the ADP-ribosylation of Giα in cells.



Like many other severe diseases that is, diphtheria or cholera, whooping cough is a toxin-mediated disease [21,22]. Although the underlying mechanisms how PT precisely causes the disease still have to be elucidated, several facts indicate the importance of PT as the causative agent of whooping cough. Naturally occurring PT-deficient strains are extremely rare and no vaccine escape mutants have been observed so far. Vaccines that only contain detoxified PT are comparably effective to 3–5 component vaccines [49]. Although PT probably does not contribute to the coughing, it is known that PT causes leucocytosis in humans and animals. At the beginning of infection PT inhibits recruitment of neutrophils to the airways and impairs the anti-microbial activity of macrophages in the lung [21,50,51,52]. This supports the growth of B. pertussis in the airways. Later, PT levels correlate with increased inflammation and pathogenesis that cannot be resolved [53]. Thereby PT probably contributes to the long-lasting symptoms of whooping cough which has also been observed in several animal studies [21]. The importance of PT’s enzymatic activity was demonstrated by infecting volunteers with an engineered B. pertussis strain which expresses an enzymatically inactive version of PT [54]. Only minor respiratory symptoms that did not significantly differ from placebo groups were observed indicating that whooping cough is a disease mediated by an enzymatically active ADP-RT.



A requirement to achieve the PT-mediated effects is for PTS1 to reach the cytosol in an active that is, folded conformation. Since PTS1 has to be unfolded to escape from the ER using the ERAD pathway, refolding of PTS1 is required. Therefore, it seems plausible that protein folding helper enzymes such as Cyps not only facilitate the translocation of PTS1 from the ER into the cytosol but are also essentially involved in the refolding and stabilization of the thermally unstable PTS1 in an active conformation. The finding that different isoforms of Cyps directly interact with PTS1 supports this hypothesis.



The immunosuppressive effect of CsA constitutes a substantial drawback when considering CsA as a potential approach to treat whooping cough. The CsA derivative VK112 was designed to specifically target the PPIase site of Cyps without leading to the interaction with calcineurin and therefore lack the immunosuppressive effect [38]. Although the inhibitory efficacy on Cyps of VK112 is 7-fold less compared to the parent compound CsA, VK112 inhibited the intoxication of CHO-K1 cells with PT in the same concentration range as CsA. Earlier we showed that VK112 also inhibits the membrane translocation of clostridial binary toxins and the diphtheria toxin, thereby protecting cells from intoxication [27,31]. The effectiveness of a non-immunosuppressive derivative of CsA in preventing intoxication indicates the direct involvement of the active site of Cyps in this process. These findings open up the possibility to develop novel therapeutic strategies based on tailored inhibitors such as VK112 that not only target against symptoms of one disease but possibly against all diseases caused by ADP-RTs.



CsA and VK112 are specific inhibitors of Cyps, however distinction of different Cyp isoforms by CsA/VK112 is not possible. 18 different isoforms of Cyps are known and can be divided in single- and multi-domain Cyps [55]. CypA as a representative of the single-domain Cyps only comprises the PPIase domain. In contrast, the large isoform Cyp40 contains additional domains such as tetratricopeptide (TPR) domains which enable Cyp40 to interact with other host cell chaperones that possess a corresponding interaction site for example, Hsp90 [56,57]. This feature enables the formation of Hsp90-dependent multi-chaperone complexes that facilitate for example the folding and activation of steroid hormone receptors in the cell [58]. Further co-chaperones of this Hsp90-machinery include Hsp70 and FKBPs that are also required for the translocation of clostridial binary toxins and the diphtheria toxin. Interestingly, Hsp90 has been shown to facilitate the translocation not only of the clostridial binary toxins and the diphtheria toxin but also of the enzymatic subunit of the cholera toxin (CT), CTA1. CT and PT share high sequence and structural homology. Moreover, both toxins employ the retrograde uptake route including translocation from the ER into the cytosol. Therefore, we hypothesize that the translocation of ADP-RTs may be facilitated in a concerted manner by an Hsp90-based multi-chaperone complex including Hsp70, Cyps and FKPBs.




4. Materials and Methods


Cell culture and intoxication experiments. Chinese hamster ovary cells strain K1 (CHO-K1, Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures) were cultivated in DMEM and HAM’s F12 containing 5% heat-inactivated foetal calf serum, 1 mM sodium-pyruvate and Penicillin-Streptomycin (1:100). The cells were grown at 37 °C and 5% CO2. Cells were trypsinized and reseeded every two to three days for at most 15 to 20 times. For intoxication experiments cells were seeded in culture dishes and the specific pharmacological inhibitors CsA (inhibitor of cyclophilin activity, Sigma-Aldrich, Munich, Germany), VK112 (non-immunosuppressive CsA derivative, inhibitor of Cyps, synthesis performed as described before [38]) or BFA (disrupts Golgi apparatus, Sigma-Aldrich) were added for 30 min. For control, cells were left untreated. Then, PT (Sigma-Aldrich) was added for 1 h with subsequent removal and further incubation for 18 h in toxin- and inhibitor-free medium at 37 °C. The morphology of the cells was documented by using a Zeiss Axiovert 40CFL microscope with a Jenoptik ProgRes C10 CCD camera. To quantify the toxin-induced effects on the CHO-K1 cells the total number of cells per picture was manually counted using ImageJ (National Institutes of Health, Bethesda, MD, USA). Untreated control cells were set as 100% and values of other samples were calculated accordingly. The materials for cell culture experiments were obtained from TPP Techno Plastic Products.



Sequential ADP-ribosylation of Giα in lysates from toxin-treated cells. CHO-K1 cells were pre-incubated with the respective inhibitors and subsequently intoxicated with PT for given incubation periods. Cells were lysed in ADP-ribosylation buffer (0.1 mM Tris-HCL (pH 7.6), 20 mM DTT and 0.1 µM ATP) and protease inhibitor complete (Roche) as described earlier [11], followed by an incubation with 170 ng PTS1 (Aviva Systems Biology, Eching, Germany) and 10 µM biotin-labelled NAD+ (Trevigen, Wiesbaden-Nordenstadt, Germany) for 1 h at room temperature for an in vitro ADP-ribosylation of the Giα, which had not yet been ADP-ribosylated by PT during the intoxication. Samples were subjected to SDS-PAGE, blotted and ADP-ribosylated, that is biotin-labelled, Giα was detected with streptavidin-peroxidase (Strep-POD, Sigma-Aldrich) using the enhanced chemiluminescence (ECL) system. Equal amounts of protein were confirmed by Ponceau-S-staining and Hsp90 detection with a specific antibody (Santa Cruz, CA, USA).



Binding of PT to cells. For binding analysis, CHO-K1 cells were pre-incubated with 20 µM CsA or left untreated for control. Cells were cooled to 4 °C and PT was added for 40 min. Cells were washed twice with cold PBS and lysed. Samples were analysed by SDS-PAGE and Western Blotting. Cell-associated PT was detected by a specific monoclonal antibody against PTS1.



Immunofluorescence. For fluorescence microscopy, cells were seeded in ibidi 8 well µ slides and fixed after intoxication experiments with 4% paraformaldehyde (PFA), permeabilized with Triton-X 100 (0.4% in PBS), treated with Glycin (100 nM in PBS) and blocked with 5% skim milk powder or 10% normal goat serum and 1% BSA in PBST for 1 h at 37 °C. Samples were incubated with monoclonal anti-PTS1 antibody (Santa Cruz, 1:50 diluted in 10% NGS and 1% BSA in PBS-Tween (PBST)) for 1 h at 37 °C. After washing, fluorescence-labelled secondary antibody anti-mouse 568 (goat) (Invitrogen) was added (1:750 diluted in 10% NGS and 1% BSA in PBST) for 1 h at 37 °C. Nuclei were stained with Hoechst and F-actin with phalloidin-FITC (Sigma-Aldrich). For staining of the Golgi apparatus a polyclonal anti-GM130 antibody (Abcam, Cambridge, UK) in combination with anti-rabbit 488 secondary antibody (goat) (Invitrogen, Carlsbad, CA, USA) and for ER-staining a fluorescence labelled ER-tracker (Molecular Probes, Invitrogen) was used. Between the individual working steps, the cells were washed excessively with PBS. Fluorescence imaging was performed with the iMIC Digital Microscope (FEI Munich, Gräfelfing, Germany) using the Live Acquisition 2.6 software (FEI Munich) and processed with ImageJ 1.4.3.47 software (National Institutes of Health, Bethesda).



In vitro protein-protein interaction analysis using dot blot system. CypA [59], Cyp40 [27] and FKBP12 [60] were expressed and purified as described earlier. Recombinant purified CypA and Cyp40 were vacuum-aspirated onto a nitrocellulose membrane using the dot blot system (Bio-Rad). For control, PBS, FKBP12 were spotted. Ponceau S staining confirmed comparable amounts of spotted protein. The membrane was blocked with 5% skim milk powder in PBST and subsequently cut into two pieces to perform the overlay with PTS1 and for control with PBST. After extensive washing, the membranes were probed with anti-PTS1 antibody to detect the bound that is, interacting PTS1. The membranes were washed again and probed with an HRP-conjugated secondary antibody. Signals were detected using the ECL system.
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