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Many bacteria act pathogenic by the release of AB-type protein toxins that efficiently enter human or animal cells and act as enzymes in their cytosol. This leads to disturbed cell functions and the clinical symptoms characteristic for the individual toxin. Therefore, molecules that directly target and neutralize these toxins provide promising novel therapeutic options. Here, we found that the FDA-approved drug disulfiram (DSF), used for decades to treat alcohol abuse, protects cells from intoxication with diphtheria toxin (DT) from Corynebacterium diphtheria, the causative agent of diphtheria, lethal toxin (LT) from Bacillus anthracis, which contributes to anthrax, and C2 enterotoxin from Clostridium botulinum when applied in concentrations lower than those found in plasma of patients receiving standard DSF treatment for alcoholism (up to 20 µM). Moreover, this inhibitory effect is increased by copper, a known enhancer of DSF activity. LT and C2 are binary toxins, consisting of two non-linked proteins, an enzyme (A) and a separate binding/transport (B) subunit. To act cytotoxic, their proteolytically activated B subunits PA63 and C2IIa, respectively, form barrel-shaped heptamers that bind to their cellular receptors and form complexes with their respective A subunits LF and C2I. The toxin complexes are internalized via receptor-mediated endocytosis and in acidified endosomes, PA63 and C2IIa form pores in endosomal membranes, which facilitate translocation of LF and C2I into the cytosol, where they act cytotoxic. In DT, A and B subunits are located within one protein, but DT also forms pores in endosomes that facilitate translocation of the A subunit. If cell binding, membrane translocation, or substrate modification is inhibited, cells are protected from intoxication. Our results implicate that DSF neither affects cellular binding nor the catalytic activity of the investigated toxins to a relevant extend, but interferes with the toxin pore-mediated translocation of the A subunits of DT, LT and C2 toxin, as demonstrated by membrane-translocation assays and toxin pore conductivity experiments in the presence or absence of DSF. Since toxin translocation across intracellular membranes represents a central step during cellular uptake of many bacterial toxins, DSF might neutralize a broad spectrum of medically relevant toxins.
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1 INTRODUCTION
Many pathogenic bacteria produce protein exotoxins as their primary virulence factors, which intoxicate human and animal cells and are causative for severe and life-threatening diseases (Schmitt et al., 1999). The medically most relevant class of these toxins consist of functionally different domains. A binding (B) subunit mediates binding of the toxin to cellular receptors and receptor-mediated endocytosis. A translocation (T) subunit, in some toxins located within the B subunit, then facilitates the transport of the enzymatically active (A) subunit across intracellular membranes into the cytosol of target cells (Montecucco, 1998; Lord et al., 1999; Papatheodorou and Aktories, 2016). There, the A-subunit catalyzes the modification of specific substrate molecules, which disturbs cell morphology (Strauss and Hendee, 1959; Pappenheimer, 1977) or cell functions (Falnes and Sandvig, 2000) and is the reason for the characteristic clinical symptoms associated with the particular toxin (Pappenheimer, 1977; Schmitt et al., 1999; Moayeri et al., 2015). The toxin subunits can be either localized on one protein, as described for diphtheria toxin (DT), the main virulence factor of Corynebacterium diphtheriae, or on two separate proteins, as found for the binary toxins of Clostridium (C.) botulinum (C2 toxin) and Bacillus (B.) anthracis (anthrax toxins). Here, the two individual proteins are secreted by the bacteria and must assemble in solution or on the surface of their target cells to form biologically active toxin complexes which are then internalized into cells (Popoff, 2024).
C2 toxin consists of the A-subunit C2I (∼50 kDa) (Aktories et al., 1986; Barth et al., 1998a; 1998b) and the B/T-subunit C2II (∼80 or ∼100 kDa, depending on the strain) (Ohishi, 1987; Barth et al., 2000; Sterthoff et al., 2010). C2I and C2II form biologically active C2 toxin complexes in solution or on the surface of target cells, which act cytotoxic (Ohishi, 1983a; Ohishi et al., 1984; Ohishi and Miyake, 1985; Kurazono et al., 1987; Ohishi and Yanagimoto, 1992; Barth et al., 1998a; 1998b; 2000; Stiles et al., 2014). C2II contains four functionally different domains (Schleberger et al., 2006). The N-terminal domain 1 has a cleavage site for proteolytic activation (Ohishi, 1987; Barth et al., 2000), domain 2 mediates membrane insertion and pore-formation (Blöcker et al., 2003a; Knapp et al., 2016), domain 3 binds C2I (Kaiser et al., 2006; Schleberger et al., 2006; Lang et al., 2008) and the C-terminal domain 4 mediates binding to the cell receptor (Blöcker et al., 2000). C2II is activated by limited proteolysis, where host proteases remove a ∼20 kDa peptide from the N-terminal domain of C2II. The resulting biologically active C2IIa (Ohishi, 1987; Barth et al., 2000) forms barrel-shaped heptamers (Barth et al., 2000), which bind to cells via complex and hybrid carbohydrate receptors (Eckhardt et al., 2000). C2I binds to C2IIa (Barth et al., 2000; Kaiser et al., 2006) and C2I/C2IIa complexes are taken up by cells via receptor-mediated endocytosis (Barth et al., 2000; Nagahama et al., 2009; Pust et al., 2010; Takehara et al., 2017). Subsequently, C2IIa forms pores in the membranes of acidified endosomes, which serve as translocation channels for the transport of C2I from the endosomal lumen into the cytosol (Barth et al., 2000; Bachmeyer et al., 2001; Blöcker et al., 2003b; 2003a). There, C2I catalyzes the covalent transfer of ADP-ribose from NAD (nicotinamide adenine dinucleotide) onto arginine-177 of G-actin (Aktories et al., 1986; Vandekerckhove et al., 1988), which prevents further growing of actin filaments (Aktories et al., 1989; Uematsu et al., 2007) and results in depolymerization of F-actin, cell-rounding, and cell death (Heine et al., 2008). In vivo, this results in a breakdown of biological barriers (Ohishi, 1983a; 1983b; Kurazono et al., 1987).
Regarding the four domain structure and mode of action, C2II is widely comparable to PA83, the B-subunit of the binary anthrax toxin (Barth et al., 2004; Schleberger et al., 2006; Neumeyer et al., 2008). PA83 is produced and secreted by B. anthracis and delivers two different A-subunits into the cytosol of target cells that are also produced by this bacterium: Lethal factor (LF), which cleaves MAP kinase kinases and edema factor (EF), a Ca2+/calmodulin-dependent adenylyl cyclase. PA plus LF forms lethal toxin, PA plus EF forms edema toxin (Young and Collier, 2007). PA83 has a molecular weight of 83 kDa and must be proteolytically activated to yield PA63 (63 kDa), the biologically active PA species (Singh et al., 1989). Like C2IIa, PA63 assembles into heptameric, barrel-shaped oligomers (Petosa et al., 1997; Lacy et al., 2004; Jiang et al., 2015) that form pores in endosomal membranes at low pH, which serve for the translocation of LF and EF into the cytosol (Blaustein et al., 1989; Milne and Collier, 1993; Krantz et al., 2005; Jiang et al., 2015; Hardenbrook et al., 2020). However, the C-terminally located domain 4, which binds to cells differs between C2II and PA (Schleberger et al., 2006) and PA binds to other cell surface receptors than C2IIa, namely, to anthrax toxin receptor/tumor endothelial marker 8 (Bradley et al., 2001) and anthrax toxin receptor 2/capillary morphogenesis protein 2 (Scobie et al., 2003).
Although DT (∼58 kDa) is a single chain protein toxin, its general mode of action and cellular uptake is comparable to that of the binary C2 and anthrax toxins. In particular, DT can also be subdivided into two major functional subunits. The N-terminal domain (DTA, ∼21 kDa) bears catalytic activity, while the C-terminal domain (DTB, ∼37 kDa) mediates receptor-binding and the subsequent translocation of DTA from endosomes into the cytosol of target cells (Choe et al., 1992; Papini et al., 1993; Holmes, 2000; Collier, 2001). Binding of DT to its cell surface receptor heparin-binding epidermal growth factor-like growth factor (Naglich et al., 1992; Mitamura et al., 1995) is enhanced in the presence of the co-receptor human CD9 antigen (Iwamoto et al., 1994) and initiates DT internalization into cells by receptor-mediated endocytosis (Keen et al., 1982). In the course of the uptake of DT, cellular proteases cleave the polypeptide bond between DTA and DTB (Tsuneoka et al., 1993; Chenal et al., 2002), but the subunits remain interconnected via a disulfide bond (Holmes, 2000). The low pH in endosomes then triggers a conformational change in DTB, leading to its partial insertion into the endosomal membrane and the formation of a pore (Donovan et al., 1981; Kagan et al., 1981; Blewitt et al., 1985; Papini et al., 1988; Sandvig and Olsnes, 1988) that facilitates translocation of DTA into the cytosol (Choe et al., 1992; Papini et al., 1993; Lemichez et al., 1997; Oh et al., 1999). Following translocation, the disulfide bond between DTA and DTB is reduced (Falnes and Sandvig, 2000; Murphy, 2011) and DTA is released into the cytosol, where it ADP-ribosylates the eukaryotic elongation factor 2 (Collier, 1967; Honjo et al., 1968; Collier and Cole, 1969; Van Ness et al., 1980b; 1980a) (eEF2, ∼95 kDa (Bargis-Surgey et al., 1999)). This results in an inhibition of protein biosynthesis (Collier, 1967; Honjo et al., 1968; Chenal et al., 2002), cell rounding (Strauss and Hendee, 1959) and finally cell death (Greenfield et al., 1983; Chenal et al., 2002).
Considering the increasing threat of antibiotic resistant bacteria in global health (Laxminarayan et al., 2013; Gajdács and Albericio, 2019; US Centers for Disease Control and Prevention, 2019; Uddin et al., 2021; Wickramage et al., 2021), it is of particular interest to develop novel treatment options against bacterial pathogens. One strategy is to discover therapeutic molecules directly targeting bacterial exotoxins as the symptom-causing factors in many diseases caused by pathogenic bacteria (Schmitt et al., 1999). Typically, there are three main steps in the intoxication of cells by bacterial protein toxins with intracellular targets (Papini et al., 1988) that can be targeted by therapeutic compounds: 1) cell binding, 2) intracellular membrane translocation and 3) the modulation of intracellular target molecules. Inhibiting one or multiple of these steps can prevent cells from intoxication (Bronnhuber et al., 2014; Stroke et al., 2018; Kling et al., 2023). Here, we found that the FDA-approved drug Disulfiram (DSF), which has been used for more than 60 years for the treatment of alcoholism (Wright and Moore, 1990; Suh et al., 2006; Burnette et al., 2022), protects cells from DT, C2 toxin and anthrax lethal toxin (LT). The mode of action leading to the approval of DSF for the treatment of alcohol addiction is its inhibition of aldehyde dehydrogenase. DSF administration in combination with alcohol consumption results in an accumulation of toxic acetaldehyde in the blood, accompanied by unpleasant symptoms such as nausea, vomiting and flushing (Vallari and Pietruszko, 1982; Burnette et al., 2022). However, DSF shows further activities as well. It can act as cysteine-modifying agent affecting several proteins with sulfhydryl groups (Vallari and Pietruszko, 1982; Nobel et al., 1997; Castillo-Villanueva et al., 2017; Hu et al., 2020), and is investigated for the treatment of cancer (Skrott et al., 2017; Lu et al., 2021), inflammation (Hu et al., 2020), infections, other addictions (e.g., cocaine) and neurological diseases (Lanz et al., 2023). Moreover, it is described that the presence of copper enhances the activity of DSF (Skrott et al., 2017; Hu et al., 2020). Most likely, this is due to the fact that DSF is rapidly metabolized to the active metabolite diethyldithiocarbamate (DTC), which is stabilized by complexation of copper (Skrott et al., 2017; Hu et al., 2020; Kang et al., 2023). The results presented here, however, implicate that DSF inhibits the investigated toxins by interfering with their membrane translocation, a crucial step in the intoxication process of cells that is common to a broad spectrum of bacterial protein toxins. Finally, we could also demonstrate that Cu(II) enhances the inhibitory effect of DSF towards C2 toxin and LT.
2 MATERIALS AND METHODS
2.1 Materials
Disulfiram (DSF; Merck, Darmstadt, Germany) was dissolved in Ethanol (EtOH; Carl Roth, Karlsruhe, Germany) for the use in all experiments. Copper (II) D-Gluconate (Cu (II); Merck, Darmstadt, Germany) was dissolved in H2O. Bafilomycin A1 (Santa Cruz Biotechnology, Dallas, TX, United States) was dissolved in DMSO.
2.2 Cell culture
HeLa cells (DSMZ, Braunschweig, Germany) and J774A.1 cells (DSMZ, Braunschweig, Germany) were cultured at constant humidity, 37°C, 5% CO2 and sub-cultivated every 3–4 days in a split ratio of 1:3 to 1:10 after trypsinization (HeLa cells; PAN-BIOTECH, Aidenbach, Germany) or mechanical scratching (J774A.1 cells). HeLa cells were cultivated in Minimal Essential Medium (MEM; Gibco-Life Technologies, Carlsbad, CA, United States) supplemented with 10% fetal calf serum (Gibco-Life Technologies, Carlsbad, CA, United States), 0.1 mM MEM-NEAA (Gibco-Life Technologies, Carlsbad, CA, United States), 2 mM L-Glutamin (PAN-BIOTECH, Aidenbach, GER), 1 mM sodium pyruvate (Gibco-Life Technologies, Carlsbad, CA, United States), and 1% (100 U/mL) penicillin–streptomycin (Gibco-Life Technologies, Carlsbad, CA, United States). J774A.1 cells were cultivated in Dulbecco’s Minimal Essential medium (DMEM; Gibco-Life Technologies, Carlsbad, CA, United States) supplemented with 10% fetal calf serum (Gibco-Life Technologies, Carlsbad, CA, United States), 0.1 mM MEM-NEAA (Gibco-Life Technol-ogies, Carlsbad, CA, United States), 1 mM sodium pyruvate (Gibco-Life Technologies, Carlsbad, CA, United States), and 1% (100 U/mL) penicillin–streptomycin (Gibco-Life Technologies, Carlsbad, CA, United States).
2.3 Cytotoxicity and cell viability assay
For cell morphology and viability assays, cells were seeded (HeLa: 6.9 × 104 cells/mL, J774A.1: 11.5 × 104 cells/mL) in 96 well plates (100 µL/well; Corning Incorporated, Corning, NY, United States) and grown for 1 day. Cells were treated by exchanging the cultivation medium with fresh medium (100 µL/well) containing the components indicated in the individual experiments and incubated (37°C, 5% CO2) for indicated time periods. In all cytotoxicity and cell viability assays, cells treated with DSF and/or Cu(II) were pre-incubated with these compounds for 30 min at 37°C before addition of the toxins. To analyze cell morphology, pictures of the cells were acquired with a LEICA MC170 HD camera (Leica Microsystems Ltd., Heerbrugg, Switzerland) connected to a LEICA DMi1 microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany). The percentage of morphologically changed cells on the total amount of cells per picture was quantified using neuralab.de (Neuralab, Ulm, Germany) and Excel software (Microsoft Corporation, Redmond, WA, United States). Cell viability was analyzed via Cell Titer 96® Aqueous One Solution Cell Proliferation Assay (MTS Assay; Promega GmbH, Walldorf, Germany) following the manufacturer’s instructions. Cells treated with 20% (v/v) dimethyl sulfoxide (DMSO; Carl Roth, Karlsruhe, Germany) served as control for reduced viability.
2.4 Purification and labeling of proteins
Recombinant expression, purification and eventually activation of C2I, C2IIa, PA83, PA63 and His-DTA is described elsewhere (Barth et al., 1998a; 2000; Wesche et al., 1998; Melnyk et al., 2006; Eisele et al., 2022; Heber et al., 2023). Unnicked DT from C. diphtheriae was purchased from Merck (Merck, Darmstadt, Germany). LFN-DTA was kindly provided by R. John Collier (Harvard Medical School, Boston, United States). To obtain C2I405 and C2IIa488, C2IIa and C2I (both solved in PBS) were labeled according to the manufacturer’s protocol with DyLight® 488 NHS Ester and DyLight® 405 NHS Ester (Thermo Fisher Scientific, Rockford IL, USA), respectively. Excessive dye was removed using Zeba™ Spin Desalting Columns (7K MWCO, Thermo Fisher Scientific, Waltham, MA, United States). In parallel, PBS without any protein was processed identical to C2I and C2IIa to obtain a solvent control for experiments performed with C2I405 and C2IIa488.
2.5 Flow cytometric binding assay
To detach the cells from culture dishes, they were incubated in 25 mM ethylenediaminetetraacetate (EDTA) in PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.8 mM KH2PO4; pH 7.4) for 20 min (37°C) and rinsed gently. After three times washing with PBS (centrifugation at 500 rpm for 5 min, discard of supernatant) the cells were resuspended in PBS++ (PBS with 0.9 mM CaCl2 and 0.5 mM MgCl2). 2 × 105 cells in 200 µL PBS++ per condition were pre-incubated (37°C, 30 min) with or without DSF and/or Cu (II) as indicated in the individual experiments. Afterwards, the cells were chilled on ice for 5 min, and the respective toxins (C2IIa488, C2I405, DT) or an identical volume of PBS (Ctrl) were added and incubation on ice was performed for 30 min to allow binding but no internalization. Note: For the PBS added to the Ctrl in Figures 2A–D (C2IIa488/C2I405), see also Section 2.4 (Protein Purification and Labelling). The cells in Figures 2A–D (C2IIa488/C2I405) were washed with ice cold PBS++ to remove unbound C2IIa488 and C2I405 and resuspended in 200 µL PBS++. The cells in Figure 8A and B were washed with ice cold PBS++ to remove unbound DT and incubated on ice for 30 min with a mouse anti-diphtheria toxin antibody (1:200 in 200 µL PBS++; 8G2, Bio-Rad Laboratories, Hercules, CA, United States), washed again with PBS++ and incubated on ice for 30 min with an Alexa Fluor™ 488 goat anti-mouse IgG (H + L) antibody (1:500 in 200 µL PBS++; Thermo Fisher Scientific, Waltham, MA, United States), then they were washed again in PBS++ and finally resuspended in 200 µL PBS++. Fluorescence was measured using a BD FACS Celesta™ flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, United States) and BD FACSDiva™ software 8.0.1.1. Data were analyzed via Flowing Software v2.5.1. (Turku Centre of Biotechnology, Finland).
2.6 Lipid bilayer membrane assay
Lipid Bilayer Membrane Assays were conducted as indicated in the individual experiments using a Nanion Orbit mini system (Nanion Technologies GmbH, Munich, Germany). Planar lipid bilayers were formed over cavities with a diameter of 100 µm on a micro cavity array chip (MECA4, IonEra GmbH, Freiburg, Germany) as described earlier (Baaken et al., 2008) by using 10 mg/mL 1,2-diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, United States) dissolved in n-octane (Sigma-Aldrich, Steinheim, Germany). Pore formation was induced by addition of the pore-forming proteins to the cis-side of the membrane and the conduction-blocking potential of DSF was elucidated as indicated.
2.7 In-vitro enzyme activity assay
In a total volume of 25 µL per condition, 30 µg HeLa cell lysate in either ADP-ribosylation buffer (20 mM Tris-HCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 5 mM MgCl2, pH 7.5) supplemented with Complete™ protease inhibitor (1:50 diluted; Merck, Darmstadt, Germany) or LF cleavage buffer (25 mM KH2PO4, 20 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.1 mM CaCl2, 0.1 mM ZnCl2, 0.1 mM ADP, 10% glycerol (v/v)) (Vitale et al., 2000) were incubated for 30–60 min (see individual experiment) with indicated concentrations of LF, C2I and His_DTA with or without DSF (see individual experiments), and in the case of C2I and His_DTA with 250 pmol biotin-labelled NAD+. Then, the reaction was stopped by addition of Laemmli buffer (0.3 M Tris-HCl, 10% SDS, 37.5% glycerol, 0.4 mM bromophenol blue, 100 mM DTT) and heating at 95°C for 10 min. Afterwards, the samples were transferred to SDS-PAGE followed by Western Blot and the amount of modified (e.g., biotin-ADP-ribosylated or cleaved) substrate was detected via streptavidin-peroxidase conjugate or MEK-1 N-Terminus antibody, respectively.
2.8 SDS-PAGE and Western blot
Electrophoresis was performed using 12.5% acrylamide gels. Following protein separation, gels were either stained with Coomassie Brilliant Blue R250 (SERVA Electrophoresis GmbH, Heidelberg, Germany) or proteins were transferred onto nitrocellulose membranes via semi-dry Western Blotting technique. Protein transfer was validated by Ponceau S (AppliChem GmbH, Darmstadt, Germany) and membranes were blocked with 5% skim milk powder in PBS-T (PBS with 0.1% Tween20 (Merck, Darmstadt, Germany)) for 30 min at room temperature (RT). Afterwards, membranes were incubated for 1 h at RT with either streptavidin-peroxidase conjugate or the indicated primary antibodies diluted in PBS-T. Streptavidin-peroxidase conjugate (Sigma-Aldrich, St. Louis, MO, United States) was diluted 1:5000 in PBS-T and mouse MEK-1 N-Terminus antibody (nanoTools, Teningen, Germany) was diluted 1:500 in PBS-T. Loading controls (GAPDH and Hsp90) were detected by 1:2000 diluted mouse GAPDH antibody (G-9, Santa Cruz Biotechnology, Dallas, TX, United States) or 1:1000 diluted mouse Hsp90 α/β antibody (F-8, Santa Cruz Biotechnology, Dallas, TX, United States), respectively. Following three times washing with PBS-T, membranes were incubated for 1 h at RT with the respective secondary antibodies (1:2500 diluted in PBS-T) Goat anti-Mouse IgG (H + L) secondary antibody, horse-reddish peroxidase (HRP) (Thermo Fisher Scientific, Waltham, MA, United States), or mouse anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Dallas, TX, United States). Unbound antibodies were removed by three times washing with PBS-T. HRP-conjugated antibodies or streptavidin were detected with Pierce ECL Western blotting substrate (Thermo Fisher Scientific, Waltham, MA, United States) and X-ray films (AGFA Healthcare, Mortsel, Belgium).
2.9 Membrane translocation assay
In order to mimic and examine the pH-dependent translocation of the investigated toxins across the endosomal membrane, a well-established Membrane Translocation Assay (Sandvig and Olsnes, 1980; Kreidler et al., 2017) was performed as described earlier (Heber et al., 2023). In brief, the physiological cytosolic translocation of the toxins’ enzymatic subunits across the membranes of acidified endosomes was inhibited by bafilomycin A1 (100 nM), which blocks endosomal acidification. The toxins were allowed to bind to the cells at 4°C for 30 min and unbound toxins were removed by washing. Afterwards, the cells were treated for 10 min at 37°C either with an acidic medium (pH 3.8) to induce direct translocation of the enzymatic subunits across the cell membrane, or with neural medium as control. Then, the medium was exchanged to serum-containing medium containing 100 nM bafilomycin A1 and the cells were analyzed as indicated. Where indicated, DSF in a concentration of 15 µM was present during the whole experiment.
2.10 Statistics
If not stated otherwise, all experiments were performed at least three times independently. Statistical analysis was performed with individual replicates (n) as indicated in the respective experiments. p values were defined as follows: not significant (ns) p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3 RESULTS
3.1 DSF protects HeLa cells from C2 toxin-mediated intoxication
To evaluate whether DSF inhibits C2 toxin, HeLa cells were incubated for 5 h with C2 toxin in the presence or absence of increasing DSF concentrations (0.94 µM–15 µM), that have previously been proven to show no adverse effects on HeLa cell viability (Supplementary Figures 1A, B) and lie within the range of DSF plasma concentrations in patients treated for alcoholism (up to 20 µM) (Beaudry et al., 2023). Additional cells were either treated with the highest concentration of DSF, or were left untreated as control (Ctrl). As depicted in Figures 1A,B, cells treated with C2 toxin showed typical toxin-induced rounding, which was progressively reduced in the presence of increasing DSF concentrations. This indicates a concentration-dependent inhibition of C2 toxin by DSF. Moreover, it was demonstrated previously that DSF shows enhanced activity in the presence of copper. It was therefore tested whether the inhibitory potential of DSF can be further improved when copper gluconate (Cu(II)) is co-applied, which indeed was the case (Figures 1A,B). While Cu(II) alone or in combination with DSF had no effect on HeLa cells after 5 h, their combination led to an enhanced inhibition of C2 toxin. When applied together with Cu(II), an 8-fold lower concentration of DSF (0.94 µM) showed comparable inhibitory activity towards C2 toxin as 7.5 µM DFS without Cu(II). Since at the same time Cu(II) alone had no effect at all on the intoxication of HeLa cells with C2 toxin, these results indicate an enhancement of the DSF-dependent inhibition by Cu(II) rather than an additive inhibitory effect of both components. Potential inhibitory effects of the DSF solvent EtOH in combination with or without Cu(II) were excluded (Supplementary Figures 2A, B).
[image: Figure 1]FIGURE 1 | DSF prevents HeLa cells from C2 toxin-induced morphological changes. (A) Representative pictures after 5 h incubation time under the indicated conditions. C2 toxin concentration was 60 ng/mL (≙ 1.21 nM) C2I with 120 ng/mL (≙ 2.01 nM) C2IIa. Cu(II) D-Gluconate (Cu(II)) concentration was 330 nM. Sale bar corresponds to 100 µm. (B) Quantitative evaluation of cell rounding after 5 h incubation with 0.94 µM, 1.88 µM, 3.75 µM, 7.50 µM or 15 µM DSF, 330 nM Cu(II) and C2 toxin (60 ng/mL C2I + 120 ng/mL C2IIa) in the indicated combinations, or without any compound as control (Ctrl). Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed and conditions were compared to the C2 toxin only condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ***p [image: image] 0.001, ****p [image: image] 0.0001).
3.2 DSF has no effect on the binding of C2IIa and C2I, but affects the enzyme activity of C2I and interferes with its translocation by a potential blockage of the C2IIa pore
To investigate the underlying mechanism behind the concentration-dependent inhibition of C2 toxin by DSF, potential effects of DFS on binding, enzyme activity and translocation of C2 toxin were investigated. First, possible effects of DSF on the binding of C2IIa to cells and C2I were investigated by flow cytometry-based binding experiments. To enable simultaneous analysis of C2IIa and C2I, both components were labelled with different fluorescent dyes (C2IIa with green fluorescent DyLight® 488 NHS Ester [C2IIa488] and C2I with blue fluorescent DyLight® 405 NHS Ester [C2I405]) and incubated with HeLa cells on ice (allows binding but not uptake) in the presence or absence of DSF and/or Cu(II). Moreover, PBS treated cells served as control and were used for normalization of the measured fluorescent signals. Following removal of unbound C2IIa488 and C2I405 by washing, the cells were analyzed via Flow Cytometry (Figures 2A–D). Here, fluorescence intensities of individual cells correlate with the amount of bound C2IIa488 or C2I405, respectively. As shown, neither DSF, nor Cu(II) or the combination of both had any effect on the binding capacity of C2IIa488 (Figures 2A,B) or C2I405 (Figures 2C,D). Thus, the inhibition of C2 toxin by DSF seems not to be caused by interference of DSF with the binding of C2IIa or C2I.
[image: Figure 2]FIGURE 2 | Effect of DSF and Cu(II) on the cellular binding and enzyme activity of C2 toxin. To simultaneously analyze the binding of C2IIa (800 ng/mL) and C2I (800 ng/mL) to HeLa cells in the presence or absence of 15 µM DSF and 330 nM Cu(II), flow cytometric analysis was performed with fluorescently labelled proteins. Control (Ctrl) cells were treated with PBS. The data depicted in (A–D) were generated within the same experiment by using different labels (excitation at 405 nm or 488 nm) for C2I and C2IIa and measurement of both signals at the same time. (A) Representative histogram with fluorescence intensity values for C2IIa488. (B) The median fluorescence intensity (MFI) values for C2IIa488 of all samples were measured and normalized to the Ctrl. (C) Representative histogram with fluorescence intensity values for C2I405. (D) The MFI values for C2I405 of all samples were measured and normalized to the Ctrl. Values are given as mean ± SD (n = 2) of duplicates from one representative experiment of three independent replicates. Statistical analysis was performed and conditions were compared to the C2 toxin only condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ****p [image: image] 0.0001). (E) Representative Western Blot of an in vitro enzyme activity assay. HeLa lysate was incubated (30 min, 37°C) with biotinylated NAD+ and 1 nM C2I in the presence or absence of 15 μM, 30 μM, 60 µM or 120 µM DSF. As control, lysate was incubated without C2I or DSF. ADP-ribosylated, i.e., biotinylated Actin (ActinADP-rib.) was detected using a streptavidin-peroxidase conjugate. Hsp90 was detected as control for equal protein loading.
Besides effects on C2 toxin binding, a potential impact of DSF on the enzyme component C2I was tested in an in vitro enzyme activity assay. To this end, HeLa cell lysate was incubated with or without C2I, increasing concentrations of DSF and biotin-labelled NAD+. Subsequently, the level of ADP-ribosylated and thus biotinylated Actin (ActinADP-rib.) was detected via Western Blot, whereby strong signals indicate high and weak signals indicate reduced enzyme activity, respectively. As depicted in Figure 2E, increasing concentrations of DSF led to decreasing ActinADP-rib. signals, indicating a concentration-dependent inhibition of C2I activity by DSF. It is, however, noteworthy to point out that only higher concentrations of DSF (>15 µM) than used in cell-based assays (Figures 1A,B) showed a strong inhibition of C2I and that such DSF concentrations showed adverse effects on HeLa cell viability in the absence of any toxin (Supplementary Figures 1A, B).
Finally, potential effects of DSF on the translocation of C2I through the C2IIa pore were elucidated in a membrane translocation assay (Sandvig and Olsnes, 1980; Kreidler et al., 2017; Heber et al., 2023). In this assay, the pH-driven translocation of cell-bound C2 toxin across the plasma membrane is triggered by an acidic pulse, mimicking the prevailing conditions in acidified endosomes during toxin uptake into cells. Importantly, endosomal acidification via vacuolar-type-ATPases was inhibited by bafilomycin A1 during the whole experiment, excluding intoxication of the cells via the endosomal pathway. As shown in Figures 3A,B, HeLa cells treated with C2 toxin showed typical C2 toxin-mediated rounding 5 h after the acidic pulse. This phenotype (i.e., intoxication) was completely prevented in the presence of DSF and a cell morphology similar to untreated control cells or cells treated with DSF only was maintained. This strongly suggest an interference of DSF with the translocation of C2I through the C2IIa pore. With respect to these observations, potential effects of DSF on the C2IIa translocation pore were investigated in closer detail. To this end, the C2IIa pore-mediated ion current through planar lipid bilayer membranes, which depends on the number and the single-channel conductivity of the incorporated C2IIa pores, was measured before and after the addition of DSF, its solvent ethanol (EtOH) or the established C2IIa pore blocker quinacrine (QUI) (Schmid et al., 1994; Neumeyer et al., 2008; Kreidler et al., 2017). As depicted in Figures 3C,D, formation of C2IIa pores in an insulating lipid bilayer membrane facilitated a measurable ion current. While addition of the solvent EtOH showed no inhibition of the current flow at all (Figure 3D), an addition of DSF led to an immediate block of any current flowing and resulted in zero measurable conductance, similar to the situation previous to pore formation (Figure 3C). Interestingly, this abrupt and complete blockage of conductance after the addition of DSF was similar to the picture received when the established C2IIa pore blocker QUI was added to C2IIa pores under identical conditions (Figure 3D). These results strongly indicate a C2IIa pore-blocking activity of DSF as a potential mode of inhibition of C2 toxin.
[image: Figure 3]FIGURE 3 | Effect of DSF on C2IIa-mediated translocation and conductance. (A) Assay for translocation across the plasma membrane via acidic pulse. HeLa cells were treated according to the assay protocol with C2 toxin (100 ng/mL C2I + 200 ng/mL C2IIa) and 15 µM DSF in the indicated combinations, or without any compound as control (Ctrl). Pictures were taken 5 h after the acidic pulse and representative pictures are depicted. The upper panel shows cells pulsed with medium at pH 7.4, while the lower panel shows cells pulsed with medium at pH 3.8. Scale bar corresponds to 100 µm. (B) Quantification of the assay for translocation from (A). Shown is the percentage of rounded cells 5 h after the acidic pulse. Values are given as mean ± SD (n = 2) of duplicates from one representative experiment of three independent replicates. Statistical analysis was performed compared to the respective Ctrl at pH 7.4 or pH 3.8 by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ****p [image: image] 0.0001). (C) DSF blocks C2IIa pores in lipid bilayer membrane experiments in vitro. The aqueous phase consisted of an electrolyte solution (200 mM KCl, 10 mM HEPES, pH 6.0). A lipid bilayer membrane consisting of 1,2-diphytanoyl-sn-glycero-3-phosphocholine solved in n-octane was formed, which acts isolating and results in zero level of conductance (starting point). Addition of 1000 ng/mL C2IIa to the cis-side of the membrane resulted in C2IIa pore-induced conductance (▽). Subsequent addition of 30 µM DSF (▽) immediately blocked any current from flowing, resulting in zero level of conductance. Finally, disruption (▼) of the lipid bilayer membrane via an electric pulse resulted in maximum conductance (200 pA) and confirmed the former existence of an intact, isolating lipid bilayer membrane. Temperature was constant at 25°C, and the applied voltage was 20 mV. (D) Control experiment for (C) under identical conditions but with the addition of a volume (0.3% (v/v)) of ethanol (EtOH) equal to DSF (solvent control) and 30 µM quinacrine (QUI) as an established C2IIa pore blocker.
3.3 The combination of DSF and Cu(II) protects J774A.1 cells from LT-mediated toxicity
Since the binding and transport components C2II (C2 toxin) and PA (anthrax toxin) are known to share high homology in sequence and structure (Schleberger et al., 2006; Neumeyer et al., 2008), it was assumed that the inhibitory effects of DSF shown for the C2IIa pore might be transferrable to PA. In a first step, it was therefore tested whether DSF is able to inhibit the LT-mediated intoxication of J774A.1 cells, a murine macrophage-like cell line known to react on LT intoxication by a change in morphology and reduced cell viability (Lin et al., 1996; Bhatnagar et al., 1999; Kreidler et al., 2017). An intoxication assay was performed by incubating J774A.1 cells for 5 h with LT in the presence or absence of DSF and/or Cu(II). Further cells were incubated with DSF and/or Cu(II), or without any compound as control. Noteworthy, it was shown in preliminary experiments, that J774A.1 cells are more susceptible towards DSF and show adverse effects on cell viability at lower DSF concentrations than HeLa cells (Supplementary Figures 1A–D). The concentration of DSF used in this experiment was therefore reduced to 3.75 µM, a concentration that did not show inhibition of C2 toxin on HeLa cells in the absence of Cu(II) (Figures 1A,B). Comparable to the findings for C2 toxin, 3.75 µM DSF alone did not show any inhibitory activity towards LT (Figures 4A–C). In contrast to that, the combination of 3.75 µM DSF and Cu(II) reduced the portion of morphologically changed cells and the loss in cell viability by more than half compared to cells treated with LT only (Figures 4A–C). Since neither DSF nor Cu(II) alone showed any inhibition of LT, these results strongly imply an enhanced inhibitory activity towards LT for the combination of DSF and Cu(II).
[image: Figure 4]FIGURE 4 | DSF in combination with Cu(II) prevents J774A.1 cells from toxic effects on their morphology and cell viability caused by Lethal toxin (LT). (A) Representative pictures after 5 h incubation time under the indicated conditions. LT concentration was 2.4 nM PA83 with 2.2 nM LF. Cu(II) concentration was 330 nM. Sale bar corresponds to 100 µm. (B) Quantitative evaluation of cell rounding after 5 h incubation with 15 µM DSF, 330 nM Cu(II) and LT (2.4 nM PA83 + 2.2 nM LF) in the indicated combinations, or without any compound as control (Ctrl). Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed and all conditions were compared to the Ctrl condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ****p [image: image] 0.0001). Additional statistical analysis was performed as indicated by the black connection line using Šídák’s multiple comparison test (****p [image: image] 0.0001). (C) Relative viability (% of Ctrl) of the cells from (B) measured via MTS assay. As an additional control for reduced viability, cells were incubated with toxic concentrations (20%) of DMSO. Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed and all conditions were compared to the Ctrl condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ****p [image: image] 0.0001). Additional statistical analysis was performed as indicated by black brackets using one-way ANOVA with Šídák’s multiple comparison test (****p [image: image] 0.0001).
3.4 DSF inhibits the intoxication of HeLa cells by PA83 with LFN-DTA or His-DTA
In order to examine whether higher concentrations of DSF can inhibit the PA83-dependent intoxication of cells without Cu(II), PA83 and DSF were tested in a HeLa-based setup that allows the use of identical DSF concentrations as for C2 toxin (see Figures 1A,B). To elucidate PA83-mediated intoxication of HeLa cells, two well-established fusion toxin systems were used in which PA83 delivers LFN-DTA or His-DTA into the cytosol of HeLa cells. LFN-DTA consists of the cell-impermeable, enzymatic domain of DT (DTA) (Pappenheimer, 1977) that is fused to the non-toxic, N-terminal part of LF (LFN) serving as an adapter for the interaction and transport with PA83 (Arora and Leppla, 1994; Rabideau and Pentelute, 2016). The N-terminally His-tagged His-DTA on the other hand has been shown previously to be transported into cells via PA83, most probably by an electrostatic interaction between the positively charged His-tag and the negatively charged PA pore lumen (Blanke et al., 1996; Collier, 2009; Heber et al., 2023). The PA83-mediated uptake of LFN-DTA or His-DTA results in cell rounding and reduced cell viability, which is characteristic for DT-intoxication (Strauss and Hendee, 1959; Heber et al., 2023). As shown in Figures 5A–C, 24 h treatment of HeLa cells with PA83 and LFN-DTA or His-DTA led to typical cell rounding and a reduction in cell viability. However, the presence of 15 µM DSF could significantly reduce the amount of rounded cells and the loss in cell viability. Treatment of HeLa cells with an identical concentration (15 µM) of DSF without any toxin showed no differences to untreated control cells (Figures 5A–C). These observations strongly suggest a protective activity of DSF towards HeLa cell intoxication by PA83/LFN-DTA and PA83/His-DTA. The finding, that DSF inhibits the PA83-dependent intoxication of HeLa cells in the absence of Cu(II) in this setup indicates that the observed inhibition of LT by DSF and Cu(II) (see Figures 4A–C) is rather driven by DSF than by Cu(II). Moreover, this suggestion is further strengthened by the finding that the DSF solvent EtOH neither alone nor in combination with Cu(II) had any effect on the PA83-dependent intoxication of HeLa cells (Supplementary Figures 2C, D).
[image: Figure 5]FIGURE 5 | DSF prevents HeLa cells from toxic effects on their morphology and cell viability caused by a combination of PA83 with His-DTA or LFN-DTA. (A) Representative pictures after 24 h incubation time under the indicated conditions. Toxin concentrations were 0.3 nM PA83 with 0.28 nM LFN-DTA and 2.5 nM PA83 with 25 nM His-DTA. Sale bar corresponds to 100 µm. (B) Quantitative evaluation of cell rounding after 24 h incubation with 15 µM DSF and 0.3 nM PA83 with 0.28 nM LFN-DTA or 2.5 nM PA83 with 25 nM His-DTA in the indicated combinations, or without any compound as control (Ctrl (−)). Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed and all conditions were compared to the Ctrl (−) condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ***p [image: image] 0.001, ****p [image: image] 0.0001). Additional statistical analysis was performed as indicated by black brackets using Šídák’s multiple comparison test (**p [image: image] 0.01, ****p [image: image] 0.0001). (C) Relative viability (% of Ctrl (−)) of the cells from (B) measured via MTS assay. As an additional control for reduced viability, cells were incubated with toxic concentrations (20%) of DMSO. Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed and all conditions were compared to the Ctrl (−) condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ****p [image: image] 0.0001). Additional statistical analysis was performed as indicated by black brackets using one-way ANOVA with Šídák’s multiple comparison test (****p [image: image] 0.0001).
3.5 DSF has no effect on the enzyme activity of LF or DTA, but interferes with PA83 pore-mediated translocation and conductance
Following the observation that DSF is able to inhibit the intoxication of cells by PA83/LT, PA83/LFN-DTA or PA83/His-DTA, the mechanistic effects by which DSF was shown to inhibit C2 toxin were elucidated in closer detail for PA, LF and DTA too. First, potential effects of DSF on the enzyme activity of LF or DTA were analyzed in vitro. To this end, HeLa lysate was incubated with increasing concentrations of DSF in the presence or absence of LF or DTA. In case of DTA, biotin-labelled NAD+ was also present to allow for quantification of ADP-ribosylated (i.e., biotinylated) eEF2 (eEF2ADP-rib.). The respective levels of cleaved MEK1 (LF activity) or eEF2ADP-rib. (DTA activity) were then analyzed via Western Blot. As shown in Figures 6A,B, none of the used DSF concentrations had any effect on the enzyme activities of LF or DTA, as band intensities are identical for the conditions with toxins only or toxins together with DSF, respectively. These results suggest, that the inhibitory effect of DSF towards the intoxication of cells with combinations of PA83 and LF, LFN-DTA or His-DTA is not based on an inhibition of the respective catalytic activity of the toxins.
[image: Figure 6]FIGURE 6 | Effect of DSF on the enzyme activity of LF and DTA. (A) Representative Western Blot of an in vitro enzyme activity assay. HeLa lysate was incubated (45 min, 37°C) with 5 nM LF in the presence or absence of 15 μM, 30 μM, 60 µM or 120 µM DSF. As control, lysate was incubated without LF or DSF. Non-cleaved MEK1 was detected using an antibody against its N-Terminus, which is cleaved by LF. Hsp90 was detected as control for equal protein loading. (B) Representative Western Blot of an in vitro enzyme activity assay. HeLa lysate was incubated (30 min, 37°C) with biotinylated NAD+ and 200 nM DTA in the presence or absence of 15 μM, 30 μM, 60 µM or 120 µM DSF. As control, lysate was incubated without DTA or DSF. Biotinylated, i.e., ADP-ribosylated eukaryotic elongation factor 2 (eEF2ADP-rib.) was detected using a streptavidin-peroxidase conjugate. GAPDH was detected as control for equal protein loading.
Besides enzyme activity, the translocation of LFN-DTA through PA63 pores was elucidated in a membrane translocation assay similar as described above (Section 3.2). In this assay, cells treated with PA63 and LFN-DTA clearly showed cell rounding (i.e., intoxication) 5 h after acidification, while cells treated with identical toxin concentrations showed no signs of intoxication when DSF was present (Figures 7A,B). For the combination of PA63/LFN-DTA with DSF, a phenotype comparable to untreated or DSF treated cells was maintained. This strongly indicates an interference of DSF with the translocation process of LFN-DTA through PA63 pores. Consequently, potential effects of DSF on the PA63 translocation pore were elucidated in a planar lipid bilayer assay as it was done before for the C2IIa pore (Section 3.2). As depicted in Figures 7C,D, the conductance facilitated by PA63 pores was analyzed when DSF, its solvent EtOH or the established PA63 pore blocker QUI (Orlik et al., 2005; Kreidler et al., 2017) were added. PA63 pore formation in an insulating lipid bilayer membrane induced a measurable ion current, that was not influenced at all by the addition of EtOH (Figures 7C,D). In contrast to that, addition of DSF immediately blocked any current flow, leading to zero level of conductance. Notably, this result is comparable to the outcome obtained when the established PA63 pore blocker QUI is added (Figures 7C,D). With respect to these results, it appears that that the inhibition of PA63-mediated cytotoxicity might derive from a PA63 pore-blocking activity of DSF.
[image: Figure 7]FIGURE 7 | Effect of DSF on PA63-mediated translocation and conductance. (A) Assay for translocation across the plasma membrane via acidic pulse. HeLa cells were treated according to the assay protocol with 24 nM PA63 + 30 nM LFN-DTA and 15 µM DSF in the indicated combinations, or without any compound as control (Ctrl). Pictures were taken 5 h after the acidic pulse and representative pictures are depicted. The upper panel shows cells pulsed with medium at pH 7.4, while the lower panel shows cells pulsed with medium at pH 3.8. Scale bar corresponds to 100 µm. (B) Quantification of the assay for translocation from (A). Shown is the percentage of rounded cells 5 h after the acidic pulse. Values are given as mean ± SD (n = 2) of duplicates from one representative experiment of three independent replicates. Statistical analysis was performed compared to the respective Ctrl (−) at pH 7.4 or pH 3.8 by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ***p [image: image] 0.001). (C) DSF blocks PA63 pores in lipid bilayer membrane experiments in vitro. The aqueous phase consisted of an electrolyte solution (150 mM KCl, 10 mM MES, pH 6.0). A lipid bilayer membrane consisting of 1,2-diphytanoyl-sn-glycero-3-phosphocholine solved in n-octane was formed, which acts isolating and results in zero level of conductance (starting point). Addition of 100 ng/mL PA63 to the cis-side of the membrane resulted in PA63 pore-induced conductance (▽). Subsequent addition of 30 µM DSF (▽) immediately blocked any current from flowing, resulting in zero level of conductance. Finally, disruption (▼) of the lipid bilayer membrane via an electric pulse resulted in maximum conductance (200 pA) and confirmed the former existence of an intact, isolating lipid bilayer membrane. Temperature was constant at 25°C, and the applied voltage was 20 mV. (D) Control experiment for (C) under identical conditions but with the addition of a volume (0.3% (v/v)) of ethanol (EtOH) equal to DSF (solvent control) and 30 µM Quinacrine (QUI) as an established PA63 pore blocker.
3.6 DSF protects HeLa cells from DT-mediated toxic effects
The results shown in this work so far imply, that DSF inhibits the intoxication of mammalian cells by the two related binary AB-type toxins C2 toxin and LT (or PA83/LFN-DTA, PA83/His-DTA). Moreover, this inhibition seems to be driven to a major extend by an interference of DSF with the membrane translocation of these toxins. Since membrane translocation is a central step in the intoxication process of many AB toxins, it was furthermore tested whether DSF also affects this step in a single-chain AB toxin. As it has already been shown that DSF does not influence the enzyme activity of DTA (see Figure 6B), DT was chosen as a model toxin for monomeric AB toxins. To elucidate potential inhibitory effects of DSF towards DT, HeLa cells were incubated for 24 h with increasing concentrations of DT in the presence or absence of DSF. Further cells were treated only with DSF or without any compound as control. As shown in Figures 8A–C, DT treatment led to a concentration-dependent increase in cell rounding and decrease in cell viability. However, both of these characteristic intoxication effects were significantly reduced in the presence of DSF. Even in the highest DT concentration used, DSF could reduce the portion of rounded cells by more than half and strongly lower the DT-mediated loss in cell viability. As it was also shown that the DSF solvent EtOH did not affect the intoxication of HeLa cells by DT (Supplementary Figures 2E, F), these results indicate that the observed inhibition of DT is driven by DSF.
[image: Figure 8]FIGURE 8 | DSF prevents HeLa cells from toxic effects on their morphology and cell viability caused by DT. (A) Representative pictures after 24 h incubation time under the indicated conditions. DSF concentration was 15 µM. Sale bar corresponds to 100 µm. (B) Quantitative evaluation of cell rounding after 24 h incubation with 15 µM DSF and 0.15 p.m., 1.5 p.m., 15 p.m., 150 p.m. or 1500 p.m. DT in the indicated combinations, or without any compound as control (Ctrl). Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed as indicated by black brackets using one-way ANOVA with Šídák’s multiple comparison test (ns p ≥ 0.05, ****p [image: image] 0.0001). (C) Relative viability (% of Ctrl) of the cells from (B) measured via MTS assay. As an additional control for reduced viability, cells were incubated with toxic concentrations (20%) of DMSO. Values are given as mean ± SD (n = 3) of triplicates from one representative experiment of three independent replicates. Statistical analysis was performed as indicated by black brackets using one-way ANOVA with Šídák’s multiple comparison test (ns p ≥ 0.05, **p [image: image] 0.01, ***p [image: image] 0.001).
3.7 DSF has no effect on DT binding to HeLa cells, but impairs its translocation
With respect to the observation that DSF inhibits the intoxication of cells by DT, the underlying mode of inhibition was investigated in more detail. Since it was already shown, that DSF does not influence the DTA activity (see Figure 6B), potential effects of DSF on cell-binding of DT were analyzed by flow cytometry. To this end, HeLa cells were incubated on ice (allows binding but not uptake) with DT in the presence or absence of DSF and/or Cu(II). Additional cells were treated with PBS and served as control for signal normalization (Figures 9A,B). After removal of unbound DT by washing, cell-bound DT was labelled with antibodies and analyzed by flow cytometry. Thereby, fluorescence intensities correlate with the amount of bound DT. As depicted in Figures 9A,B, neither DSF nor Cu(II) or their combination showed any effect on the binding of DT to HeLa cells. Hence, the inhibition of DT by DSF seems not to be based on an effect of DSF on DT binding. Finally, potential effects of DSF on the DT translocation were investigated by a translocation assay similar as described earlier (Section 3.2). While DT-treated cells showed a clear and expected rounding 5 h after acidification, this assay revealed a complete protection of the cells from DT-mediated rounding when DSF was present (Figures 9C,D). Cells treated with DT and DSF show a similar morphology as untreated cells and cells treated with DSF only. This result is comparable to the results obtained for C2 toxin (see Figures 3A,B) and PA63/LFN-DTA (see Figures 7A,B) in this assay and strongly indicates an inhibitory effect of DSF on the translocation process of DT, as it was also the case for the other investigated toxins in this study.
[image: Figure 9]FIGURE 9 | Effect of DSF on the cellular binding and translocation of DT. To analyze the binding of DT (250 nM) to HeLa cells in the presence or absence of 15 µM DSF and 330 nM Cu(II), flow cytometric analysis was performed and cell-bound DT was detected via specific antibodies. Control (Ctrl) cells were treated with PBS. (A) Representative histogram of fluorescence intensity values for the DT signal. (B) The MFI values of the DT signal of all samples were measured and normalized to the Ctrl. Values are given as mean ± SD (n = 2) of duplicates from one representative experiment of three independent replicates. Statistical analysis was performed and conditions were compared to the DT only condition by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, **p [image: image] 0.01). (C) Assay for translocation across the plasma membrane via acidic pulse. HeLa cells were treated according to the assay protocol with 30 nM DT, 15 µM DSF, or without any compound as control (Ctrl). Pictures were taken 5 h after the acidic pulse and representative pictures are depicted. The upper panel shows cells pulsed with medium at pH 7.4, while the lower panel shows cells pulsed with medium at pH 3.8. Scale bar corresponds to 100 µm. (D) Quantification of the assay for translocation from (C). Shown is the percentage of rounded cells 5 h after the acidic pulse. Data were obtained within the same experiment as the data from Figures 7A,B. Values are given as mean ± SD (n = 2) of duplicates from one representative experiment of three independent replicates. Statistical analysis was performed compared to the respective Ctrl (−) at pH 7.4 or pH 3.8 by using one-way ANOVA with Dunnett’s correction for multiple comparison (ns p ≥ 0.05, ***p [image: image] 0.001).
4 DISCUSSION
Drug repurposing (drug repositioning) evaluates established, licensed pharmaceutical compounds for “off-target” effects to identify potential new therapeutic indications. This approach is in particular attractive as it is fast and comparatively cheap because the safety profile (toxicology) and the pharmacokinetic parameters for such compounds are already known. Therefore, this approach is particularly interesting for the development of therapeutic options against rare diseases where cost-intensive drug development might not be cost-effective, or for diseases where treatment options are urgently needed (Kulkarni et al., 2023). We and others exploited drug repositioning to identify pharmacological inhibitors against bacterial protein exotoxins, such as the medically highly relevant toxins from the pathogenic bacterium Clostridioides (C.) difficile (Tam et al., 2018; Zhu et al., 2019; Heber et al., 2022; Schumacher et al., 2023), DT (Sanchez et al., 2007; Schnell et al., 2016), pertussis toxin (Ernst et al., 2018), and binary bacillus and clostridial exotoxins (Sanchez et al., 2007; Slater et al., 2013; Kreidler et al., 2017; Ernst et al., 2021; Braune-Yan et al., 2023; Jia et al., 2023). Compounds that inhibit bacterial protein toxins usually either prevent the binding of the toxins to their target cell receptors, the transport of their A-subunits from endosomal vesicles into the host cell cytosol, or the enzyme activity of the A-subunits. Consequently, cells are protected from intoxication and toxin-associated diseases can be avoided. The use of different agents and especially licensed small molecular drugs that directly target protein toxins as the primary virulence factors of bacterial pathogens as an alternative or addition to existing treatment strategies is extensively investigated and the advantages and drawbacks of this approach have been excellently reviewed (Garland et al., 2017; Schein, 2020; Sakari et al., 2022).
In the present study, we found that DSF protects cells from DT, C2 toxin and anthrax lethal toxin when applied in concentrations lower than the maximal plasma concentration (20 µM) of adults receiving the typical DSF dose of 500 mg/day to treat alcoholism (Beaudry et al., 2023). This finding is supported by an earlier report that identified DSF as a potential inhibitor of LT in a small molecule screen (Slater et al., 2013). However, no inhibition of DSF towards C2 toxin and DT was tested so far and the mechanism by which DSF inhibits bacterial toxins was not investigated further. Here, a set of experiments was performed to study the molecular mechanism underlying the protective effect of DSF towards each of these toxins. DSF had no relevant effect on toxin binding to the cells and enzyme activity of the toxins, but prevented cells from intoxication, when the B-subunit-dependent, cytosolic translocation of the toxins’ A-subunits across the cell membrane was triggered by low pH. Moreover, in vitro, DSF blocked the conductance of pores formed by the purified toxin B-subunits in lipid membranes. Taken all together, our results implicate that DSF interferes with the trans-membrane-pores of the toxins, thereby preventing membrane translocation of the respective A-subunits into the cytosol of their target cells. Although the single-chain DT and the binary C2 and anthrax toxins differ in their structures, their A-subunits and their cellular substrate molecules, they share a widely common cellular uptake mechanism, which includes a central intracellular transport process of the respective A-subunits through a trans-membrane pore formed by specific subunits of the toxins across the membranes of acidified endosomal vesicles (Chenal et al., 2002; Blöcker et al., 2003a; Hardenbrook et al., 2020). The pores formed by DT, C2IIa and PA63 under acidic conditions therefore represent central drug targets. Since the process of toxin translocation represents a bottle neck during the cellular uptake of various bacterial toxins and its inhibition protects cells from the respective toxins (Bronnhuber et al., 2014; Kreidler et al., 2017), DSF might act as a pan-toxin-inhibitor applicable against a broad spectrum of bacterial protein toxins.
Following its re-discovery in the 1940s and approval by the FDA, DSF was used for more than 60 years for the treatment of chronic alcohol-abuse (Wright and Moore, 1990; Suh et al., 2006; Burnette et al., 2022). In this context, a metabolite of DSF covalently binds to and inhibits aldehyde-dehydrogenase (ALDH), which leads to accumulation of the toxic metabolite acetaldehyde after alcohol consumption, resulting in unpleasant physiological effects (Vallari and Pietruszko, 1982; Burnette et al., 2022). However, side-effects were observed that correlated with the proportions of consumed alcohol and the DSF dose (Suh et al., 2006), and because there is inter-individual variability in DSF pharmacokinetics (Lanz et al., 2023), concern raised regarding the safety profile of DSF after prolonged treatment. Therefore, DSF is no longer used in many countries for its original purpose but there is increasing evidence from drug-repurposing studies that DSF might be interesting for novel indications apart from alcohol-abuse. Potential applications of DSF besides the here presented inhibition of bacterial protein toxins are infections with viruses, parasites or bacteria (e.g., Staphylococcus aureus, Borrelia burgdorferi) (Lanz et al., 2023), inflammation (Hu et al., 2020), cancer (e.g., neuroblastoma) (Skrott et al., 2017; Beaudry et al., 2023), neurological diseases, and addictions (e.g., cocaine) (Lanz et al., 2023). Thus, despite the risk concerns which mainly are associated with alcohol metabolism (Suh et al., 2006), DSF might be an attractive option for the treatment of various diseases, in particular when specific risk factors such as alcohol consumption can be avoided during DSF treatment. Moreover, since we demonstrated that Cu(II) enhances the inhibitory activity of DSF towards C2 toxin and LT and allows reduction of the DSF concentration while keeping a high level of inhibition, the risk of dose-correlated side-effects of DSF might be further minimized by reduction of DSF doses in combination with Cu(II). This is especially interesting since several clinical trials already demonstrated safety and tolerability for combinations of DSF and Cu(II) in patients (Huang et al., 2019; Kelley et al., 2021).
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