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Introduction

Clostridium perfringens is a Gram-positive anaerobic bacterium. Its subtypes B and D are one of the etiological agent of fatal enterotoxaemia in domestic animals like sheep, goat and calves and are rarely isolated from humans [START_REF] Popoff | Epsilon toxin: a fascinating pore-forming toxin[END_REF][START_REF] Songer | Clostridial enteric diseases of domestic animals[END_REF][START_REF] Uzal | Clostridium Perfringens Toxins Involved in Mammalian Veterinary Diseases[END_REF]. The major virulence factor of C. perfringens type B and D is Epsilon-toxin (ETX), a pore-forming toxin belonging to the aerolysin-like toxin family and one of the most potent clostridial toxins [START_REF] Knapp | The Aerolysin-like toxin family of cytolytic, pore-forming toxins[END_REF][START_REF] Payne | The Clostridium perfringens epsilon-toxin[END_REF]. Overgrowth of ETX-producing C. perfringens in the intestinal content of animals, notably sheep, due to change in alimentary conditions results in high levels of ETX in the intestinal content and subsequent passage through the intestinal barrier and dissemination to several organs mainly brain and kidneys. ETX can pass the blood-brain barrier and targets specific neuronal cells such as glutamatergic neurons and oligodendrocytes leading to excessive release of glutamate. Thereby, sheep enterotoxemia is characterized by acute excitatory neurological symptoms and kidney necrosis that are rapidly fatal [START_REF] Popoff | Epsilon toxin: a fascinating pore-forming toxin[END_REF][START_REF] Dorca-Arevalo | Binding of epsilon-toxin from Clostridium perfringens in the nervous system[END_REF][START_REF] Soler-Jover | Distribution of Clostridium perfringens epsilon toxin in the brains of acutely intoxicated mice and its effect upon glial cells[END_REF][START_REF] Wioland | Attack of the nervous system by Clostridium perfringens Epsilon toxin: from disease to mode of action on neural cells[END_REF][START_REF] Wioland | Epsilon toxin from Clostridium perfringens acts on oligodendrocytes without forming pores, and causes demyelination[END_REF][START_REF] Uzal | The pathology of peracute experimental Clostridium perfringens type D enterotoxemia in sheep[END_REF][START_REF] Miyamoto | Clostridium perfringens epsilon toxin causes excessive release of glutamate in the mouse hippocampus[END_REF]. In contrast, no ETX-dependent acute neurological disease has been reported in humans. However, ETX is a demyelinating toxin [START_REF] Wioland | Epsilon toxin from Clostridium perfringens acts on oligodendrocytes without forming pores, and causes demyelination[END_REF][START_REF] Linden | Clostridium perfringens Epsilon Toxin Causes Selective Death of Mature Oligodendrocytes and Central Nervous System Demyelination[END_REF] and recent studies support that ETX might be a causative agent of multiple sclerosis [START_REF] Wagley | Evidence of Clostridium perfringens epsilon toxin associated with multiple sclerosis[END_REF][START_REF] Rumah | Isolation of Clostridium perfringens type B in an individual at first clinical presentation of multiple sclerosis provides clues for environmental triggers of the disease[END_REF].

ETX is secreted as inactive protoxin monomers, which have to undergo proteolytic activation through cleavage of 13 and 29 residues at the N-and C-termini, respectively [START_REF] Minami | Lambda-toxin of Clostridium perfringens activates the precursor of epsilon-toxin by releasing its N-and C-terminal peptides[END_REF]. Proteolytic activation occurs by serine-type proteases like trypsin, α-chymotrypsin or the C. perfringens lambda protease in the gut of infected animals or in vitro [START_REF] Miyata | Cleavage of C-terminal peptide is essential for heptamerization of Clostridium perfringens ε-toxin in the synaptosomal membrane[END_REF]. Activated monomers bind to specific receptor, oligomerize into a heptameric complex which then inserts into the host cell membrane [START_REF] Miyata | Cleavage of C-terminal peptide is essential for heptamerization of Clostridium perfringens ε-toxin in the synaptosomal membrane[END_REF][START_REF] Petit | Clostridium perfringens epsilon-toxin acts on MDCK cells by forming a large membrane complex[END_REF].

However, ETX binds only to a restricted number of cell lines that include MDCK, human renal leiomyoblastoma G-402, and mouse renal mpkCCD [START_REF] Shortt | An assessment of the in vitro toxicology of Clostridium perfringens type D epsilon-toxin in human and animal cells[END_REF]. ETX recognizes the myelin and lymphocyte protein (MAL) as a specific receptor [START_REF] Blanch | The Cytotoxicity of Epsilon Toxin from Clostridium perfringens on Lymphocytes Is Mediated by MAL Protein Expression[END_REF][START_REF] Rumah | The Myelin and Lymphocyte Protein MAL Is Required for Binding and Activity of Clostridium perfringens epsilon-Toxin[END_REF], and the lipid environment of the membrane receptor plays also a role in ETX interaction with cell membranes [START_REF] Gil | Clostridium Perfringens Epsilon Toxin Binds to Membrane Lipids and Its Cytotoxic Action Depends on Sulfatide[END_REF]. ETX pores in target cell membranes lead to a rapid change in membrane permeability and ultimately cell death [START_REF] Miyata | Clostridium perfringens ε-toxin forms a heptameric pore within the detergent-insoluble microdomains of Madin-Darby Canine Kidney Cells and rat synaptosomes[END_REF][START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Shimamoto | Changes in ganglioside content affect the binding of Clostridium perfringens epsilon-toxin to detergent-resistant membranes of Madin-Darby canine kidney cells[END_REF]. The channel-forming domain of ETX was revealed through the comparison of the primary structure of ETX with that of the channel-forming stretches of a variety of binding components of A-B-types of toxins such as Anthrax protective antigen (PA), C2II of C2-toxin and Ib of Iota-toxin and through the introduction of point mutations in the putative channel-forming domain [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF] and (Fig. 1). These findings are in agreement with the structure of ETX monomers and the recently resolved structure of the ETX pore assembled on membrane [START_REF] Cole | Clostridium perfringens ε-toxin shows structural similarity to the pore-forming toxin aerolysin[END_REF][START_REF] Savva | The pore structure of Clostridium perfringens epsilon toxin[END_REF]. ETX monomer shares a similar structure with that of aerolysin, which is the prototype of this toxin family, except that ETX lacks the N-terminal domain 1 of aerolysin [START_REF] Cole | Structural studies on epsilon toxin from Clostridium perfringens[END_REF][START_REF] Parker | Structure of the Aeromonas toxin proaerolysin in its water-soluble and membrane-channel states[END_REF]. Moreover, ETX and aerolysin assemble in a similar heptameric structure on target cell membranes [START_REF] Savva | The pore structure of Clostridium perfringens epsilon toxin[END_REF][START_REF] Degiacomi | Molecular assembly of the aerolysin pore reveals a swirling membrane-insertion mechanism[END_REF][START_REF] Iacovache | Cryo-EM structure of aerolysin variants reveals a novel protein fold and the pore-formation process[END_REF]. ETX and the other aerolysin family toxins are potent cytotoxins which are active at nM range. They recognize distinct receptors and thus target different cell types. Aerolysin and C. septicum alpha toxin which belong to the aerolysin toxin family, bind to different sets of GPI-anchored proteins and target a broad range of cell types. However, ETX which recognizes a more specific receptor (MAL), is only cytotoxic for a restricted number of cell types [START_REF] Gordon | Clostridium septicum alpha-toxin uses glycosylphosphatidylinositol-anchored protein receptors[END_REF][START_REF] Hong | Requirement of N-glycan on GPI-anchored proteins for efficient binding of aerolysin but not Clostridium septicum alpha-toxin[END_REF][START_REF] Kennedy | Programmed cellular necrosis mediated by the pore-forming alpha-toxin from Clostridium septicum[END_REF][START_REF] Knapp | Clostridium septicum alpha-toxin forms pores and induces rapid cell necrosis[END_REF][START_REF] Abrami | The glycan core of GPI-anchored proteins modulates aerolysin binding but is not sufficient: the polypeptide moiety is required for the toxin-receptor interaction[END_REF][START_REF] Gurcel | Aerolysin and related Aeromonas toxins[END_REF][START_REF] Nelson | Channel formation by the glycosylphosphatidylinositol-anchored protein binding toxin aerolysin is not promoted by lipid rafts[END_REF]. ETX has a much more potent lethal activity (50% lethal dose LD50 70 ng/kg of mice by intraperitoneal route) [START_REF] Minami | Lambda-toxin of Clostridium perfringens activates the precursor of epsilon-toxin by releasing its N-and C-terminal peptides[END_REF] than aerolysin and C. septicum alpha toxin (LD50 7 µg/kg and 10-14 µg/kg of mice by intravenous route, respectively) [START_REF] Amimoto | Protective effect of Clostridium septicum alpha-toxoid vaccine against challenge with spores in guinea pigs[END_REF][START_REF] Bernheimer | Partial characterization of aerolysin, a lytic exotoxin from Aeromonas hydrophila[END_REF][START_REF] Ballard | Purification and characterization of the lethal toxin (alpha-toxin) of Clostridium septicum[END_REF], likely due to the fact that ETX interacts with critical cells in the host such as kidney cells, oligodendrocytes and some neuronal cells [START_REF] Soler-Jover | Distribution of Clostridium perfringens epsilon toxin in the brains of acutely intoxicated mice and its effect upon glial cells[END_REF][START_REF] Wioland | Epsilon toxin from Clostridium perfringens acts on oligodendrocytes without forming pores, and causes demyelination[END_REF][START_REF] Fernandez Miyakawa | Clostridium perfringens epsilon toxin is cytotoxic for human renal tubular epithelial cells[END_REF][START_REF] Lonchamp | Clostridium perfringens epsilon toxin targets granule cells in the mouse cerebellum and stimulates glutamate release[END_REF][START_REF] Morris | Clostridium perfringens epsilon toxin induces permanent neuronal degeneration and behavioral changes[END_REF][START_REF] Soler-Jover | Effect of epsilon toxin-GFP on MDCK cells and renal tubules in vivo[END_REF].

Heptamers of aerolysin family toxins form small pores (about 1 nm diameter) in the plasma membrane of target cells which are the initial step of cell death by necrosis [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Iacovache | Cryo-EM structure of aerolysin variants reveals a novel protein fold and the pore-formation process[END_REF][START_REF] Chakraborty | Aerolysin of Aeromonas sobria: evidence for formation of ion-permeable channels and comparison with alpha-toxin of Staphylococcus aureus[END_REF][START_REF] Sellman | Generation of a membrane-bound, oligomerized pre-pore complex is necessary for pore formation by Clostridium septicum alpha toxin[END_REF][START_REF] Navarro | Mechanisms of Action and Cell Death Associated with Clostridium perfringens Toxins[END_REF]. They use a common mechanism of pore formation consisting of binding of toxin monomers to cell surface receptor, heptamerization and formation of a prepore, conformational change of the trans-membrane domain and insertion of β-amphipathic hairpins assembled in β-barrel into the lipid membrane [START_REF] Podobnik | Molecular mechanism of pore formation by aerolysin-like proteins[END_REF].

ETX rapidly decreases intracellular K+, increases Cl-as well as Na+, followed by a later entry of calcium [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF]. This results in massive ATP depletion, stimulation of the AMP-activated protein kinase (AMPK), mitochondrial membrane permeabilization and mitochondrial-nuclear translocation of the apoptosis-inducing factor (AIF) [START_REF] Chassin | Pore-forming epsilon toxin causes membrane permeabilization and rapid ATP depletion-mediated cell death in renal collecting duct cells[END_REF]. However, the specific signaling pathway from pore formation to cell necrosis is not fully understood.

We previously determined that the ETX pore forming domain segment is localized from His151 to Ala181 [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. We confirmed that Lys162 and Pro166 are located in the loop between the two β-strands forming the transmembrane β-hairpin of the channel. Indeed, when Lys162 and Pro166 were replaced by histidine, the channel activity was blocked with anti-His6-tag antibodies. In addition, Ser156 and Thr175 were localized in the hydrophilic side of the channel lumen since when they were replaced by Cys these residues were accessible to methanethiolsulfonate [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. In this study, we further investigated the role of the central residues of each β-strand of the amphipathic β-hairpin and facing the channel lumen by replacement with charged residues. Our experiments allow a better understanding of the mechanism of ETX interaction with target cells and of fundamental function of pore forming toxins in general.

Materials and Methods

Generation of Mutants and Isolation of ETX Proteins

ETX mutants were generated by the "Megaprime Mutagenesis" method and cloned into the expression plasmid pGEX-T2 (Amersham Pharmacia). A detailed description of the method was recently given by Knapp et al., 2009 [25]. Primers used for the generation of the mutants are shown in Table 1. DNA sequence of the mutants was checked by DNA sequencing and recombinant plasmids were transformed into Escherichia coli strain BL21. Recombinant strains were grown in LB medium supplemented with ampicillin (100 µg/mL) at 37°C until OD 0.8 was reached. Protein production was induced with isopropyl-1-thio-β-D-galacto-pyranoside (0.5 mM IPTG) while cells were grown at 32.5°C for an additional 18-20 h. Bacteria were collected by centrifugation, suspended in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT, 5 mM MgCl2, and lyzed by sonication. It is noteworthy that GST-ETX and GST-ETX mutants did not need to be activated because the peptides removed by the activation process from the N-and C-termini of ETX were already missing in the recombinant GST-ETX molecules.

Purification occurred with the help of a glutathione Sepharose column (Amersham Bioscience) according to the manufacturer recommendations. The obtained glutathione-S-transferase (GST) fusion proteins were dialyzed against phosphate buffered saline/glycerol (1:1) and analyzed by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE). Total protein content was assayed with the Bradford reagent. The purity of the proteins was analyzed by SDS-PAGE as previously described (Sup Fig. S1) [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. 

Mass spectrometry of GST-ETX T175E, GST-ETX S156E-Q158E and GST-ETX S156E-Q158E-S173E-T175E

To verify that the 55 kDa bands in the SDS-PAGE of Sup. Figure 1 are indeed derivatives of recombinant ETX, the 55 kDa bands from a similar SDS-PAGE of GST-ETX, GST-ETX 175E, the double mutant GST-ETX S156E-Q158E and the quadruple mutant GST-ETX S156E-Q158E-S173E-T175E were excised from the gel and were subjected to trypsin treatment followed by mass spectrometry. Nineteen different peptides were identified as partial peptides of the ETX part of the protein with the accession number WP_006248023.1 of GST-ETX T175E as it is shown in Sup. Figure 2 for the sequence of ETX/recombinant ETX. The partial peptides covered the sequence of recombinant ETX in this case by 49%. For the other three ETX mutants the coverage was 40%. The results of the mass spectrometry verified that we were indeed here working with GST-ETX mutants of C. perfringens.

Lipid Bilayer Experiments

Black lipid bilayer membranes were formed of a 1% solution of diphytanoyl phosphatidylcholine (DiPh-PC) (Avanti Polar Lipids, Alabaster, AL) in n-decane, as described previously [START_REF] Benz | Formation of large, ion-permeable membrane channels by the matrix protein (porin) of Escherichia coli[END_REF]. GST-ETX and its mutants (1 to 5 nM) were added to the aqueous phase bathing membranes in the black state.

The electrical measurements were performed using Ag/AgCl electrodes (with salt bridges) connected in series to a voltage source and a home-made current-to-voltage converter. The amplified signal was recorded on a strip chart recorder (Rikadenki, Freiburg, Germany). Zero-current membrane potential measurements were performed by establishing fivefold KCl gradients across membranes containing 100 to 1000 channels as described earlier [START_REF] Benz | Ionic selectivity of pores formed by the matrix protein (porin) of Escherichia coli[END_REF].

Cell Culture

Madin-Darby canine kidney (MCDK) cells, were grown in Dulbecco`s modified Eagel + GlutaMax TM -I (+4.5 g/l Glucose, -Pyruvate) (GIBCO ® )-Medium (DMEM) containing 100 units/ml penicillin G sodium and 100 µg streptomycin sulfate (Penicillin-Streptomycin, GIBCO ® ). Cell culture medium was supplemented with 10 % fetal bovine serum (GIBCO ® ) and cultures were maintained at 37°C in a humidified atmosphere containing 5% CO2.

Cell viability assay

The cytotoxic effect of GST-ETX and GST-ETX mutants were analyzed on MDCK cells using the MTT test as previously described [START_REF] Soler-Jover | Effect of epsilon toxin-GFP on MDCK cells and renal tubules in vivo[END_REF][START_REF] Petit | Clostridium perfringens Epsilon Toxin rapidly decreases membrane barrier permeability of polarized MDCK Cells[END_REF]. MTT (Sigma Aldrich). MDCK cells were grown until confluence and then treated for five hours with different toxin concentrations (starting concentration of 25 µg/ml). Control cells were incubated only with DMEM. Thereafter, 50 µl of 0.5 mg/ml MTT-solution was added and the cells were incubated for 1 h at 37°C. Cells were lyzed and transformation of MTT to blue Formazan was stopped by adding 100µl of lysis buffer (20% SDS, 50% dimethylformamide, pH 4.6) [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF][START_REF] Petit | Clostridium perfringens Epsilon Toxin rapidly decreases membrane barrier permeability of polarized MDCK Cells[END_REF]. Formazan concentration was measured after 18 h at 540 nm in a 96-microtiter plate.

The experiments were performed three times for each protein, and means and standard failure were calculated from the results.

Propidium iodide influx studies

Confluent cells grown on 96-well plates were incubated with or without GST-ETX and GST-ETX mutants and with propidium iodide (PI, 5 µg ml -1 ). At the indicated times, the plates were read with a spectrofluorimeter (Fluoroskan II) (excitation 380 nm and emission 620 nm). The results were expressed as the percentage of fluorescence obtained compared to non-intoxicated cells incubated with 0.5% Triton X100 at 37°C.

Results

Channel formation of ETX mutants in artificial lipid bilayer membranes

ETX and aerolysin share a similar structure of their transmembrane domain. The β-strands of the β-amphipathic hairpin are rich in the polar residues serine and threonine which likely facilitate membrane insertion. However, in contrast to aerolysin which contains glutamic residues in the amphipathic β-strands, ETX has no charged residues in the corresponding structure. A conserved glutamic residue lies in the C-terminus of the loop connecting the two amphipathic β-strands in ETX and aerolysin (Fig. 1). Thus, we investigated the role of charged residues in the amphipathic β-strands of ETX on its channel properties. Mutations were introduced in central residues of each β-strand forming the amphipathic β-hairpin and facing the channel lumen that were supposed to be critical for the channel activity (Fig. 1 and2). ETX wild type and mutants were produced as recombinant proteins with GST-tag (Fig. S1). Experiments with lipid bilayer membranes represent an excellent tool to directly study channel formation by ETX because this toxin forms small ion-permeable channel in artificial membranes without the need of any receptor [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Channel formation occurred in lipid bilayer membranes made from DiPh-PC/n-decane by both wt ETX and recombinant GST-ETX with identical channel properties [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF], as confirmed in this study (Table 2, Sup Fig. S3 andS4). In addition, no significant difference in cytotoxic activity was observed between wt ETX and GST-ETX as previously reported [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Therefore, we used the different ETX-mutants directly as GST fusion proteins in defined concentrations (1 to 5 nM) to study their channel-forming properties in lipid bilayer membranes. All recombinant GST-ETX mutants were able to increase the conductance of lipid bilayer membranes except the ETX-mutant with the β-hairpin removed. This mutant with β-hairpin deletion did not show any channel-forming activity (data not shown). The GST-ETX-mutant increased membrane conductance by several orders of magnitude during approximately 30 minutes over the conductance of membranes without channels (about 50 to 100 GΩ, corresponding to a specific conductance of about 0.1 µS/cm 2 ). We observed some deviation in channel-forming activity as the overview given in Table 2 demonstrates. In particular, the ETX double-mutants GST-ETX S156E-Q158E and GST-ETX S156E-T175E and the GST-ETX triple-mutant GST-ETX S156E-S173E-T175E exhibited some lower activity when compared to the other mutants (Table 2).

However, since also these mutants showed the formation of regular channels (see below) the reason for this lower activity is not clear, in particular as mutants containing the same two mutations and an additional third one had a higher channel-forming ability than the mutants with only two point mutations did. • Conductance and zero-current membrane potentials for wild type ETX were taken from [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF] and those for wild type GST-ETX and the mutant GST-ETX S156E from [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF].

b The ground level of specific conductance of unmodified DiPh-PC membranes (i.e. in the absence of GST-ETX and its mutants) was about 0.1 µS/cm 2 . The increased conductance ++ corresponded to a specific conductance in a range of 10 µS/cm 2 and +++ in a range of 100 µS/cm 2 for the addition of about 1 nM GST-ETX and its mutants to one side of the lipid bilayers. Addition of the ETX-mutants at lower concentration (around 1 nM) allowed the observation of conductance steps, similar to those shown in Fig. 3 for all mutants. The conductance steps for all the mutants were quite homogeneous as the histograms shown in Fig. 4 for the single mutant ETX GST-ETX T175E and the quadruple mutant GST-ETX S156E-Q158E-S173E-T175E. These two histograms were chosen as examples for the histograms obtained for the conductance fluctuations of all the other mutants (Sup Fig. S5). Most histograms were narrow as that of GST-ETX T175E shows.

We observed only for the quadruple mutant GST-ETX S156E-Q158E-S173E-T175E a relatively broad distribution (Fig. 4). The single channel conductance (± SD) of all GST-ETX mutants studied here in are given in Table 2 for two different KCl concentrations. The results demonstrate that regular channels with relatively small deviations were observed for both KCl concentrations. In 1 M KCl solution the mutant GST-ETX T175E had approximately 510 pS in 1 M KCl a similar single channel conductance as wt ETX. All the other mutants showed a much smaller conductance around 350 to 400 pS in 1 M KCl (Table 2 and Sup Fig. S5). Similar results were also obtained at 0.1 M KCl, where the single channel conductance was about 40 pS approximately one tenth of the conductance at 1 M KCl, which seems to be reasonable, because the conductance of non-selective channels such as wt ETX, GST-ETX, and the GST-ETX mutants should show an almost linear dependence on the aqueous salt concentration. Only in the case of the mutant GST-ETX S173E-T175E, the single-channel conductance was about one-half of that expected, but further mutations of this mutant had a similar conductance in 0.1 M KCl as all the other GST-ETX mutants (Table 2). The decreased conductance of this mutant at low KCl concentration remains to be determined, it could not result from fewer oligomers than heptamers forming the pore.

Zero-current measurements and ion selectivity of the ETX mutants

The other important information that also could be obtained from electrophysiological experiments with lipid bilayer membranes in the presence of the different GST-ETX mutants was the ion selectivity. Wildtype ETX is slightly anion selective for anions and cations with the same aqueous mobility such as potassium ions and chloride [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Exchange of strategically positioned amino acids (i.e. in or near the pore-forming domain) through negatively charged ones should change the selectivity. To obtain information about the selectivity of the different GST-ETX mutant channels we performed zero-current membrane potential measurements in the presence of 5-fold KCl gradients.

After reconstitution of a considerable number of mutant channels into the lipid bilayers at 0.1 M KCl we generated a five-fold KCl gradient across the membranes by addition of concentrated KCl solution to the cis-side under stirring. The zero-current membrane potential was measured about 5 minutes after generation of the KCl gradient. The results of these measurements are also given in Table 1.

Only the single ETX mutant GST-ETX S175E and the double mutant GST-ETX S156E-T175E were anion-selective similar to wildtype ETX. All the other mutants formed cation-selective channels with increasing selectivity for potassium ions for increasing number of mutations. The ETX mutant GST-ETX S156E-Q158E-S173E-T175E, where four neutral amino acids were replaced by glutamic acids showed the highest cation selectivity of all ETX mutants.

Pore-forming activity on MDCK cells and cytotoxicity

GST-ETX wt and mutant activity on MDCK cells was checked by monitoring the cell viability using the MTT test (Fig. 5A and5B) and the entry of propidium iodide (PI) as previously investigated [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. GST-ETX wt showed a concentration-dependent cytotoxicity with an EC50 around 10 -8 M (Fig. 5) and induced PI entry overtime starting 60-90 min after incubation with 10 -8 M toxin concentration (Fig. 5C and5D). The mutant GST-ETX S156E showed the same level of activity in PI entry and only a low decrease in cytotoxicity compared to ETX-GST wt. The double mutant GST-ETX S173E-T175E exhibited a slightly lower activity in PI entry and cytotoxicity compared to the wt. The double mutants GST-ETX S156E-Q158E and GST-ETX S156E-T175E as well as the triple and quadruple mutants were drastically impaired in the cytotoxicity and PI entry (Fig. 5).

Surprisingly, the single mutant GST-ETX T175E did not show any activity in PI entry and cytotoxicity even at high concentration (10 -6 M). The reason of the loss of activity on cells of GST-T175E was unclear. Four experiments with freshly prepared GST-ETX T175E in order to avoid protein degradation gave the same negative results on cells. The same GST-ETX T175E preparation showing a unique band in SDS-PAGE, which formed pores in lipid bilayers, was not active in MDCK cells indicating a possible degradation in the presence of cells such as by membrane-bound protease. GST-ETX T175E incubated with MDCK cell membranes and analyzed by SDS-PAGE and western blot with anti-ETX antibodies showed partial monomer degradation and no or weak formation of oligomers (Fig. 6). This indicated that GST-ETX 175E retained the ability to bind to MDCK cell membranes, but apparently oligomerized poorly if at all and formed no functional channels in cell membranes. 

Discussion

ETX is a pore-forming toxin that displays three structural domains showing similarities to the pore-forming toxin aerolysin [START_REF] Cole | Clostridium perfringens ε-toxin shows structural similarity to the pore-forming toxin aerolysin[END_REF]. Domain II contains an antiparallel amphipathic loop with alternate hydrophilic-hydrophobic residues that is predicted to insert into the cell membrane [START_REF] Cole | Clostridium perfringens ε-toxin shows structural similarity to the pore-forming toxin aerolysin[END_REF]. We have previously shown that this region encompassing amino acids 151 to 181 is critical for ETX channel formation and subsequent cytotoxicity [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Here, we further investigated the properties of the ETX pore-forming domain.

ETX is an anion selective pore-forming toxin as are aerolysin and C. septicum alpha-toxin from the aerolysin toxin family, but ETX retains a much more potent lethal activity than the other heptameric pore-forming toxins [START_REF] Knapp | The Aerolysin-like toxin family of cytolytic, pore-forming toxins[END_REF][START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF]. We found that the residues located in the central part of each β-strand forming the amphipathic β-hairpin and facing the channel lumen are critical for the channel properties. Indeed, replacement of GST-ETX S156 and GST-ETX T175 by a Cys induced a slightly higher cation selectivity, but did not greatly impair the cytotoxicity [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Addition of methanethiosulfonate reagents resulted in increased cation selectivity and decreased conductance supporting the localization of GST-ETX S156 and GST-ETX T175 in the interior of the hydrophilic channel face and their role in the control of the channel characteristics [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. To better understand the function of these residues, we introduced charged residues at these positions. Replacement of GST-ETX S156 and GST-ETX T175 by the negatively charged glutamic acid, respectively, did not significantly alter the ion selectivity of the mutant T175E and induced a higher cation selective mutant GST-ETX S156E with a lower conductance for GST-ETX S156E. However, GST-ETX S156E showed the same level of activity in PI entry into MDCK cells and only a weak decrease in cytotoxicity compared to the wt, whereas the T175E mutant was totally inactive on cells. The discrepancy between the decreased cytotoxicity of GST-ETX S156E and its conserved activity on PI permeability on cells compared to GST-ETX wt indicates that the general ETX channel permeability as monitored by PI entry is not the only parameter involved in cytotoxicity. There are also other parameters involved in ETX toxicity. Binding to a surface receptor and oligomerization are also prerequisites for channel formation as the key process. If one of these processes is disturbed, intoxication of target cells is impaired. However, even the formation of a small number of pores may be sufficient to start inflammatory disease processes such as respiratory bursts and the release of inflammatory mediators in target cells together with apoptotic processes. In this respect, it is noteworthy that receptors are not needed for the interaction between lipid bilayers and toxins [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF][START_REF] Knapp | Clostridium septicum alpha-toxin forms pores and induces rapid cell necrosis[END_REF], whereas specific receptor is required on cell membrane. Indeed, only a few cell lines containing specific receptor are sensitive to ETX [START_REF] Petit | Clostridium perfringens epsilon-toxin acts on MDCK cells by forming a large membrane complex[END_REF][START_REF] Blanch | The Cytotoxicity of Epsilon Toxin from Clostridium perfringens on Lymphocytes Is Mediated by MAL Protein Expression[END_REF][START_REF] Rumah | The Myelin and Lymphocyte Protein MAL Is Required for Binding and Activity of Clostridium perfringens epsilon-Toxin[END_REF].

Permeability to specific ions such as loss of K + and influx of Ca ++ likely contributes more directly to cytotoxicity. Indeed, K + efflux is a major signal induced by pore-forming toxin that triggers cell necrosis and inflammasome activity [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF][START_REF] Conos | Active MLKL triggers the NLRP3 inflammasome in a cell-intrinsic manner[END_REF][START_REF] Gonzalez-Juarbe | Pore-forming toxin-mediated ion dysregulation leads to death receptor-independent necroptosis of lung epithelial cells during bacterial pneumonia[END_REF][START_REF] Gutierrez | MLKL Activation Triggers NLRP3-Mediated Processing and Release of IL-1beta Independently of Gasdermin-D[END_REF][START_REF] Kloft | Pore-forming toxins activate MAPK p38 by causing loss of cellular potassium[END_REF]. ETX was found to very rapidly and dramatically decrease intracellular K + in MDCK cells that is likely the initial signal leading to cell death [START_REF] Chassin | Pore-forming epsilon toxin causes membrane permeabilization and rapid ATP depletion-mediated cell death in renal collecting duct cells[END_REF][START_REF] Petit | Clostridium perfringens Epsilon Toxin rapidly decreases membrane barrier permeability of polarized MDCK Cells[END_REF]. All together, these results show that the amino acids located on the central part of the β-strands forming the ETX pore and facing the channel lumen control the size and the ion selectivity of the channel with the 151-161 β-strand residues playing a major role. The modulation of the characteristics of the ETX channel impact the subsequent cytotoxic activity. However, there was no direct correlation between the decrease in conductance levels of change in ion selectivity and the intensity of the cytotoxic activity. This is in agreement with previous findings that ETX channels are general diffusion pores allowing the passage of both anion and cations [START_REF] Knapp | Identification of the channel-forming domain of Clostridium perfringens Epsilon-toxin (ETX)[END_REF]. Pore formation on cell membrane is a required initial step in ETX cytotoxicity. However, the precise mechanism and signaling pathway between pore formation and subsequent cell death by necrosis are not completely understood [START_REF] Chassin | Pore-forming epsilon toxin causes membrane permeabilization and rapid ATP depletion-mediated cell death in renal collecting duct cells[END_REF].The initial ETX interaction events include leakage of intracellular K + and ATP, as well as cell entry of Na + and Ca ++ [START_REF] Petit | Clostridium perfringens epsilon-toxin induces a rapid change in cell membrane permeability to ions and forms channels in artificial lipid bilayers[END_REF][START_REF] Chassin | Pore-forming epsilon toxin causes membrane permeabilization and rapid ATP depletion-mediated cell death in renal collecting duct cells[END_REF]. These cell membrane permeability changes are also shared by other pore forming toxins such as aerolysin and C. septicum alpha-toxin [START_REF] Knapp | Clostridium septicum alpha-toxin forms pores and induces rapid cell necrosis[END_REF][START_REF] Gonzalez | Pore-forming toxins induce multiple cellular responses promoting survival[END_REF][START_REF] Kennedy | Pore-forming activity of alpha-toxin is essential for Clostridium septicum-mediated myonecrosis[END_REF]. The signaling pathway from channel activity on plasma membrane to the ETX cytotoxicity remains to be unraveled.

While the activity of ETX mutants on cells showed comparable results between cell membrane permeability as monitored by PI entry and cytotoxicity, no strict correlation was observed between cell tests and ion selectivity as determined in lipid bilayers. As discussed above GST-ETX T175E is likely unstable in cells. In contrast to the other mutants which were cation selective, GST-ETX S156E-T175E was weakly anion selective compared to wt ETX and retained a low cytotoxic activity.

The most cation selective quadruple ETX mutant was inactive on cells, but two cation selective mutants GST-ETX S156E and to a lower extent GST-ETX S173E-T175E showed a cytotoxic activity.

This further supports that the passage of specific ions through the cell membrane instead of the ETX pore general diffusion activity is required to induce cytotoxicity. The functional particularity of ETX channels with the residues in the central position of each β-strand of the amphipathic β-hairpin loop controlling the size and ion selectivity of the channel might account for the cytotoxicity of ETX by modulating the passage of specific compounds involved in cell death pathway. It is noteworthy that the ETX mechanism of cytotoxicity is not fully understood. The interaction of ETX with its cell surface receptor, which is absent in artificial lipid bilayers, might induce a transmembrane signaling leading to cell death independently of pore formation. Indeed, MAL has been involved in carcinogenesis by a yet unknown mechanism [START_REF] Lara-Lemus | On The Role of Myelin and Lymphocyte Protein (MAL) In Cancer: A Puzzle With Two Faces[END_REF]. Moreover, the ETX demyelinating activity on rat cerebellum seemed independent of pore -formation in oligodendrocytes [START_REF] Wioland | Epsilon toxin from Clostridium perfringens acts on oligodendrocytes without forming pores, and causes demyelination[END_REF]. The discrepancy between pore formation in lipid bilayers and cytotoxicity might also result from the differences between cell membrane

Figure 1 .

 1 Figure 1. Sequence comparison of transmembrane domain of ETX with those of aerolysin and the binding components Ib, and C2-II of the binary toxins Iota-and C2-toxin, respectively. Residues that were mutated are indicated above the arrows and are in red.The amino acids are given in the one letter code and residues facing the channel lumen are under-or upper-lined.

Figure 2 .

 2 Figure 2. Location of the mutated residues in the ETX channel structure according to the channel structure modelling of Savva et al. [27] (PDB ID: 6rb9). A) One ETX monomer is highlighted in green and its pore-forming domain (amino acids 151-181) in yellow. The mutated residues are in red. B) The mutated residues are located in the inner side of the channel. Residues of only one monomer are shown.
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  The membranes were formed of DiPh-PC dissolved in n-decane. The aqueous solutions were unbuffered and had a pH of 6.0. The applied voltage was 50 mV, and the temperature was 20°C. The average single-channel conductance (±SD) was obtained from at least 100 single events. Amino acids are indicated in the single letter code. Zero-current membrane potentials, Vm, were measured in the presence of the different GST-ETX mutants for 5-fold KCl (0.1 M versus 0.5 M) gradients. Vm is defined as the difference between the potential at the dilute side and the potential at the concentrated side (T = 20°C) The permeability ratio PK/PCl was calculated with the Goldman-Hodgkin-Katz equation[START_REF] Benz | Ion selectivity of gram-negative bacterial porins[END_REF] on the basis of at least 3 individual experiments.

Figure 3 .

 3 Figure 3. Current recordings of DiPh-PC/n-decane membranes after addition of recombinant wild type GST-ETX and its mutants to the cis side of different membranes. The aqueous phase contained 1 M KCl, (pH 6) and about 1 nM wild type GST-ETX and GST-ETX mutants added to the cis side of the membrane. The applied membrane potential was 50 mV; T = 20°C.

Figure 4 .

 4 Figure 4. Histograms of the probability of the occurrence of certain conductivity units observed with membranes formed of DiPh-PC/n-decane in the presence of recombinant single mutant GST-ETX T175E (A) and the quadruple mutant GST-ETX S156EQ158E-S173E-T175E (B). The aqueous phase contained 1 M KCl, pH 6. The applied membrane potential was 50 mV; T = 20°C. (A) 1 nM GST-ETX T175E was added to the cis side of the membranes. The solid line represents a fit of the histogram with a Gaussian distribution. The maximum of the distribution is at a probability for single-channel occurrence of 0.497 ± 0.02 and the

Figure 5 .

 5 Figure 5. Activity of GST-ETX and its mutants on MDCK cells. Cytotoxic activity (A and B). Confluent MDCK cells were treated for five hours with a decreasing amount of GST-ETX and its mutants (1:1 dilutions). Starting toxin concentration was 4.3 µM. Control cells were incubated only with DMEM. Thereafter MTT-solution was added and incubated for 1 h at 37C. MTT transformation was stopped by adding 100µl of lysis buffer and measured after 18 h at 540 nm. Data were collected from three experiments and means and standard deviation were calculated. (A) Experiments where the effect of wt GST-ETX is compared to the GST-ETX mutants GST-ETX S156E, GST-ETX S156E-QS158E, GST-ETX S156E-T175E, and GST-ETX S173E-TS175E. Starting toxin concentration was 4.3 µM. (B) Experiments where the effect of wt GST-ETX is compared to the GST-ETX mutants GST-ETX S156E-Q158E-T175E, GST-ETX S156E-S173E-T175E, and GST-ETX S156E-Q158E-S173E-T175E. Starting toxin concentration was again 4.3 µM. Entry of propidium iodide (PI) (C and D). MDCK cells in DMEM medium containing 5 µg•ml -1 PI were incubated with 10 -8 M GST-ETX or its mutants for 20 to 260 min at 37°C. Entry of PI was monitored by spectrofluorometry (excitation 380 nm and emission 620 nm). The data are expressed as percentages of fluorescence compared to the control consisting of cells treated with 0.5% Triton X100. Data were collected from three experiments and means and standard deviation were calculated.

Figure 6 .

 6 Figure 6. Binding of GST-ETX, GST-ETX T175E, and GST-ETX S173E-T175E tMDCK cell membranes. MDCK cell membranes were prepared by incubating MDCK cells in hypertonic buffer (PBS containing 30% sucrose) for 15 min, sonicated (10 s) and centrifuged (14,000 rpm, 20 min),washed with PBS and centrifuged. 30 µg of MDCK cell membranes as assayed by the BioRad protein assay were incubated with 1, 0.5, and 0.2 GST-proteins for 30 min at 37°C in PBS. The preparations were centrifuged (14,000 rpm, 20 min), washed in PBS, and centrifuged. The pellets were dissolved in Laemmli buffer, electrophoresed in SDS-PAGE, transferred on nitrocellulose and blotted with rabbit anti ETX. GST-ETX and GST mutants showed bands to the size of GST-ETX monomer. In contrast to GST-ETX and GST-ETX S173E-T175E which were cytotoxic for MDCK cells, GST-ETX T175E did not show or only poorly oligomer formation.

  Introduction of two additional negative charged residues in the central part of the ETX channel lumen by double mutations (GST-ETX S156E-T175E, GST-ETX S156E-Q158E, GST-ETX S173E-T175E) yielded mutants with a slightly reduced conductance and variable change in ion selectivity. GST-ETX S156E-Q158E and to a lower extent GST-ETX S173E-T175E were cation selective, whereas GST-ETX S156E-T175E remained anion selective, but weaker than the ETX wt. GST-ETX S173E-T175E showed a slight decrease in PI entry and cytotoxicity activities, and the two other mutants were drastically impaired in their activity on cells. Introduction of charged residues on the 151-161 β-strand induced more perturbations in channel and cytotoxic activities than on the 170-181 β-strand. This indicates that the two β-strands forming the architecture of the ETX pore are not symmetrical and that residues on one β-strand facing the channel lumen have a prominent role in controlling the channel characteristics. S156 and Q158 show a more central localization in the ETX channel lumen than S173 and T175, which can modulate their functionality (Fig.2). Additional charged residues in the channel lumen by triple and quadruple mutations increased the cation selectivity and dramatically prevented the pore and cytotoxic activities on MDCK cells.

Table 1 .

 1 Primers for the generation of GST-ETX point and deletion mutants.

	
	Mutation	Primer
	
	S156E	5´-CTGTGGGAACTGAGATACAAGCAACTGCT
		5´-AGCAGTTGCTTGTATCTCAGTTCCCACAG

Table 2 .

 2 Black Lipid Bilayer Data of the channel formed by epsilon-toxin and its mutants:

	Average single-channel conductance, G, in 0.1 and 1M KCl, selectivity, and channel
	forming activity a .					
		Single-channel conductance G [pS]	Selectivity	Channel forming activity b
		0.1M KCl	1 M KCl	KCl pH6, 5-fold gradient (0.1 versus 0.5 M)	1M KCl pH6
	Epsilon mutant	G [pS]	V m /mV	P K /P Cl	
	Wild type ETX*	60	550	-19.0	0.30	+++
	Wild type GST-ETX *	60	550	-17.9	0.33	+++
	GST-ETX S156E*	40	320	+6.9	1.50	+++
	GST-ETX T175E	45 ± 5.0	510 ± 75	-15.0 ± 1.9	0.40	+++
	GST-ETX S156E-Q158E	35 ± 4.5	385 ± 40	+11.5 ± 1.8	2.0	++
	GST-ETX S156E-T175E	38 ± 4.0	350 ± 43	-1.2 ± 0.3	0.90	++
	GST-ETX S173E-T175E	18 ± 1.9	370 ± 39	+6.6 ± 0.8	1.50	+++
	GST-ETX S156E-Q158E-T175E	37 ± 3.2	360 ± 30	+4.0 ± 0.4	1.25	+++
	GST-ETX S156E-S173E-T175E	42 ± 5.3	340 ± 55	+7.3 ± 0.7	1.53	++
	GST-ETX					
	S156E-Q158E-S173E-T175	45 ± 7.2	400 ± 72	+25.4 ± 0.		
	E					

experiments and cell assays
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