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The Aggregatibacter actinomycetemcomitans cytolethal distending toxin (Cdt) is a heterotrimeric AB2 toxin capable of inducing lymphocytes, and other cell types, to undergo cell cycle arrest and apoptosis. Exposure to Cdt results in binding to the cell surface followed by internalization and translocation of the active subunit, CdtB, to intracellular compartments. These events are dependent upon toxin binding to cholesterol in the context of lipid rich membrane microdomains often referred to as lipid rafts. We now demonstrate that, in addition to binding to the plasma membrane of lymphocytes, another early and critical event initiated by Cdt is the translocation of the host cell protein, cellugyrin (synaptogyrin-2) to the same cholesterol-rich microdomains. Furthermore, we demonstrate that cellugyrin is an intracellular binding partner for CdtB as demonstrated by immunoprecipitation. Using CRISPR/cas9 gene editing we established a Jurkat cell line deficient in cellugyrin expression (JurkatCg−); these cells were capable of binding Cdt, but unable to internalize CdtB. Furthermore, JurkatCg− cells were not susceptible to Cdt-induced toxicity; these cells failed to exhibit blockade of the PI-3K signaling pathway, cell cycle arrest or cell death. We propose that cellugyrin plays a critical role in the internalization and translocation of CdtB to critical intracellular target sites. These studies provide critical new insight into the mechanism by which Cdt, and in particular, CdtB is able to induce toxicity.
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INTRODUCTION

Intracellular-acting microbial toxins face the common need to gain entry into the cytosol of host target cells. To meet this challenge, microbes have developed numerous strategies for toxin internalization as well as mechanism(s) by which they incapacitate cells (Oswald et al., 2005; Donaldson and Williams, 2009; Lebrun et al., 2009). Once inside, bacterial toxins typically hijack existing endocytic trafficking pathways to deliver their active component to appropriate subcellular targets. It is becoming increasingly clear that one bacterial toxin, the cytolethal distending toxin (Cdt), produced by the oral pathogen Aggregatibacter actinomycetemcomtans and over 30 γ- and ε- Proteobacteria, has developed a unique approach to overcoming these common challenges (Boesze-Battaglia et al., 2016; Scuron et al., 2016). The A. actinomycetemcomitans Cdt is a heterotrimeric complex consisting of three subunits designated CdtA, CdtB, and Cdt C which collectively function as an AB2 toxin (de Rycke and Oswald, 2001; Elwell et al., 2001; Lara-Tejero and Galan, 2001; Nesic et al., 2004; Shenker et al., 2004, 2005; Thelestam and Frisan, 2004; Gargi et al., 2012). The first step leading to cell intoxication requires that Cdt binds to cell surfaces; this occurs via the cell binding unit (B) consisting of subunits CdtA and CdtC reviewed in Boesze-Battaglia (2006) and Gargi et al. (2012). This complex is responsible for not only toxin binding to the cell surface but also subsequent delivery of the active subunit (A), CdtB, to intracellular compartments. The exact role for CdtA in binding to cells is not clear, but several studies have suggested that this subunit may recognize a range of targets including fucose moieties and glycosphoingolipids, among others (Nesic et al., 2004; Mise et al., 2005). It should also be noted the Cdt binding occurs in the context of cholesterol/sphingomyelin-rich membrane microdomains, commonly referred to as lipid rafts. This association is the result of the CdtC subunit's ability to recognize and bind to cholesterol via cholesterol recognition sequences known as CRAC sites (Guerra et al., 2005; Boesze-Battaglia et al., 2009, 2015; Eshraghi et al., 2010; Zhou et al., 2012; Lai et al., 2013). These observations are particularly significant as membrane cholesterol rich microdomains have been shown to serve a number of relevant functions including concentrating toxins on the cell surface and providing access to molecular pathways associated with endocytosis and signaling (Cherukuri et al., 2001; Dykstra et al., 2003).

The mechanism by which CdtB induces toxicity is controversial and has recently been reviewed (Scuron et al., 2016). Briefly, we have demonstrated that CdtB functions as a lipid phosphatase capable of degrading the signaling lipid, phosphatidylinositol-3, 4, 5-triphosphate (PIP3), thereby causing PI-3K signaling blockade and conditions that trigger cell cycle arrest and apoptosis. Other investigators propose that CdtB function as a DNase capable of causing DNA strand breaks which in turn lead to toxicity (Elwell and Dreyfus, 2000; Cortes-Bratti et al., 2001; Frisan et al., 2002; Nesic et al., 2004; Thelestam and Frisan, 2004). Nonetheless, internalization of CdtB has been shown to be essential for the induction of toxicity. CdtB internalization has been shown to involve cholesterol recognition as well as endocytic mechanisms that are dynamin dependent and which involve clathrin coated pits (Cortes-Bratti et al., 2000; Thelestam and Frisan, 2004; Boesze-Battaglia et al., 2009, 2015; Guerra et al., 2011). However, there is controversy as to how this active subunit is transported through the cell cytosol. Some studies suggest a role for the ER-associated degradation (ERAD) pathway, while others have failed to demonstrate ERAD involvement (Guerra et al., 2009; Eshraghi et al., 2014). We now report that immunoprecipitation and proteomic analysis of cell extracts derived from Jurkat cells treated with A. actinomycetemcomitans Cdt identified a novel protein, cellugyrin, that associates with CdtB complexes. Furthermore, we demonstrate that internalization of A. actinomycetemcomitans CdtB is dependent upon cellugyrin, also known as synaptogyrin 2 (Kedra et al., 1998). These findings are consistent with those of Carette et al. (2011) who suggested a link between Cdt intoxication and cellugyrin. Cellugyrin is a tetraspanin membrane protein expressed in most cells and is a non-neuronal paralog of the synaptic vesicle protein, synaptogyrin 1 (Janz and Sudhof, 1998). Moreover, it is proposed to be a component of ubiquitous intracellular transport vesicles that mediate protein transport between sorting endosomes and the endocytic recycling compartment and/or trans-Golgi network (TGN) (Kupriyanova and Kandror, 2000).

In this paper we demonstrate that in concert with Cdt binding to cholesterol and association with membrane microdomains, cellugyrin levels increase and the protein translocates from the cytoplasm to cholesterol rich membrane microdomains. We further demonstrate that cellugyrin is a critical component of an intracellular complex that binds to CdtB; this interaction is critical to CdtB internalization. Moreover, we demonstrate that cells deficient in cellugyrin are unable to internalize CdtB and they are also resistant to its intoxication.

MATERIALS AND METHODS

Reagents and Antibodies

Construction and expression of the plasmid containing the cdt genes for the holotoxin (pUCAacdtABChis) has previously been reported (Shenker et al., 2004). The histidine-tagged peptide holotoxin was isolated by nickel affinity chromatograpy as previously described (Shenker et al., 2000). Murine monoclonal antibodies to Cdt subunits were prepared as previously reported (Boesze-Battaglia et al., 2006). Rabbit polyclonal antibody against a cellugyrin peptide (Ac-CQNVETTEGYQPPPVY-OH) was raised and affinity purified (Kim and Kandror, 2012). All other antibodies were obtained from commercial sources as indicated.

LC-MS/MS Analyses and Data Processing

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was performed by the Proteomics and Metabolomics Facility at the Wistar Institute using a Q Exactive HF mass spectrometer (ThermoFisher Scientific; Waltham, MA) coupled with a Nano-ACQUITY UPLC system (Waters; Milford, MA). Samples were digested in-gel with trypsin and injected onto a UPLC Symmetry trap column (180 μm i.d. × 2 cm packed with 5 μm C18 resin; Waters). Tryptic peptides were separated by reversed phase HPLC on a BEH C18 nanocapillary analytical column (75 μm i.d. × 25 cm, 1.7 μm particle size; Waters) using a 95 min gradient formed by solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile). A 30-min blank gradient was run between sample injections to minimize carryover. Eluted peptides were analyzed by the mass spectrometer set to repetitively scan m/z from 400 to 2,000 in positive ion mode. The full MS scan was collected at 60,000 resolution followed by data-dependent MS/MS scans at 150,000 resolution on the 20 most abundant ions exceeding a minimum threshold of 20,000. Peptide match was set as preferred, exclude isotopes option and charge-state screening were enabled to reject unassigned charged ions.

Peptide sequences were identified using MaxQuant 1.5.2.8 (Cox and Mann, 2008). MS/MS spectra were searched against a custom UniProt human protein database containing cytolethal distending toxin sequences using full tryptic specificity with up to two missed cleavages, static carboxamidomethylation of Cys, and variable oxidation of Met, and protein N-terminal acetylation. Consensus identification lists were generated with false discovery rates of 1% at protein and peptide levels.

CRISPR/cas9 Mediated Genome Editing

CRISPR/cas9 technology was employed to generate cellugyrin knockout Jurkat cells (JurkatCg−) using commercially available reagents (Santa Cruz Biotechnology; Santa Cruz, CA). The Amaxa Nucleofector system (Lonza; Basel) was used to transfect cells with a pool of three plasmids each encoding the Cas9 nuclease and a cellugyrin-specific 20 nt guide RNA (gRNA). Cells were co-transfected with a pool of three plasmids each containing a homology-directed DNA repair (HDR) template corresponding to sites generated by the cellugyrin CRISPR/cas9 knockout plasmid. The HDR plasmids insert the puromycin resistance gene for selection of stable knockout cells. Cells were incubated 5 days after transfection followed by incubation in puromycin (5 μg/ml) for an additional 7 days. Surviving cells were cloned by limiting dilution. Clones were expanded and evaluated by Western blot analysis for the presence of cellugyrin; clones deficient in cellugyrin were cloned a second time by limiting dilution. Cells were maintained in medium containing puromycin (1 μg/ml).

Cell Culture, Cell Cycle, and Apoptosis

The T cell leukemia cell line Jurkat [E6-1; (American Type Tissue Culture Collection; Manassas, VA)] was maintained as previously described (Shenker et al., 2004). Briefly, JurkatWT cells were maintained in RPMI 1640 supplemented with 10% FCS, 2 mM glutamine, 10 mM HEPES, 100 U/ml penicillin, and 100 μg/ml streptomycin. JurkatCg− cells were maintained in the same medium with the addition of puromycin as described above. Human peripheral blood mononuclear cells lymphocytes (HPBMC) were prepared and incubated as described previously (Shenker et al., 1982). HeLa cells (CRL-1958; ATCC) were cultured in MEM supplemented with 10% fetal bovine serum and 2% antibiotic solution at 37°C in 5% CO2 (Shenker et al., 2016a).

To measure Cdt-induced cell cycle arrest, JurkatWT and JurkatCg− cells were incubated in the presence of medium or Cdt for 16 h as previously described (Shenker et al., 2000). Briefly, cells were then washed and fixed for 60 min with cold 80% ethanol. After washing, the cells were stained with 10 μg/ml propidium iodide containing 1 mg/ml RNase (Sigma Chemical Co; St. Louis, MO) for 30 min. Samples were analyzed on a Becton-Dickinson LSR II flow cytometer (BD Biosciences; San Jose, CA). Propidium iodide fluorescence was excited by an argon laser operating at 488 nm and fluorescence measured with a 630/22 nm bandpass filter using linear amplification. A minimum of 15,000 events were collected on each sample; cell cycle analysis was performed using Modfit (Verity Software House; Topsham, ME).

To measure Cdt-induced apoptosis, JurkatWT and JurkatCg cells were incubated for 48 h in the presence of medium or Cdt. DNA fragmentation was measured using the TUNEL assay [In Situ Cell Death Detection Kit; (Boehringer Mannheim)] (Shenker et al., 2001). Cells were harvested and re-suspended in freshly prepared 4% formaldehyde and permeabilized with 0.1% Triton X-100 for 2 min at 4°C. The cells were then washed with PBS and incubated in a solution containing FITC labeled nucleotide and terminal deoxynucleotidyl transferase (TdT) according to the manufacturers specifications. FITC fluorescence was assessed by flow cytometry using an argon laser at 488 nm to excite the fluorochrome; emission was measured through a 530/30 nm bandpass filter.

Isolation of Triton X-100 Resistant Membrane Rafts

Triton X-100 resistant cholesterol rich membrane microdomains were prepared from Jurkat cells using a previously published protocol (Boesze-Battaglia et al., 2006). Briefly, cell homogenates were centrifuged on a sucrose gradient at 40,000 rpm for 20 h at 4°C. Two prominent zones were recovered, designated DRM1 and DRM2; these were washed and resuspended in HEPES buffer. As previously reported, the lipid and protein composition of these zones were analyzed to verify that they were indeed rafts (Boesze-Battaglia et al., 2006).

Immunoprecipitation and Western Blot Analysis

Cells were treated as described and solubilized in 20 mM Tris-HCl buffer (pH7.5) containing 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, and protease inhibitor cocktail (ThermoFisher Scientific; Waltham, MA). Samples (30 μg) were separated on 12% SDS-PAGE and then transferred to PVDF membranes. The membrane was blocked with BLOTTO and then incubated with one of the following primary antibodies for 18 h at 4°C (Shenker et al., 1999): anti-Akt, anti-pAkt (S473), anti-GSK3β, anti-pGSK3β (S9), or anti-GAPDH (Cell Signaling Technology; Danvers, MA). Membranes were washed and incubated with goat anti-mouse immunoglobulin conjugated to horseradish peroxidase (Southern Biotech Technology; Birmingham, AL). The Western blots were developed using chemiluminescence and analyzed by digital densitometry (Li Cor Biosciences; Lincoln, NE) as previously described (Shenker et al., 2010).

For immunoprecipitation studies, control IgG or antibody to cellugyrin or CdtB was immobilized by crosslinking to protein A/G using the Pierce Crosslink IP kit (ThermoFisher Scientific). Jurkat cells, HPBMC, or HeLa cells were incubated with medium or Cdt (2 μg/ml) for 2 h at 37°C and then lysed and centrifuged at 5,000 × g for 5 min. Supernatants were loaded onto columns containing the protein A/G with crosslinked antibody (or control IgG) and incubated overnight at 4°C. The columns were washed and immunopreciptated protein eluted and analyzed by Western blot as described above. Western blots were developed using anti-cellugyrin antibody or anti-Cdt subunit mAb as described above.

Immunofluorescence Microscopy and Flow Cytometry

Jurkat cells were incubated with or without Cdt holotoxin (1 μg/ml) for 1 h at 37°C, washed twice, and re-suspended in RPMI 1640. Membrane lipid raft staining was performed by incubating the cells with 1 μg/ml cholera toxin B (CTB) conjugated to AlexaFluor 594 (Invitrogen, Carlsbad, CA) for 30 min at 4°C. The cells were washed in RPMI 1640, then incubated with mouse anti-CTB antibody (Invitrogen) at 4°C for 30 min followed by 37°C for 30 min, washed and fixed in cold methanol (−20°C) for 15 min. For cellugyrin staining, cells were blocked in 5% BSA and permeabilized with 0.2% Triton-X100 in PBS (PBST), incubated with rabbit anti-cellugyrin conjugated to Alexa Fluor 488 at 37°C for 1 h and washed in PBST. Additionally, cells were stained with Hoechst 33258 (AnaSpec Inc; Freemont, CA). Samples were mounted in Cytoseal mounting medium (Electron Microscopy Sciences, Hatfield, PA) and images captured with a Nikon A1R laser scanning confocal microscope with a PLAN APO VC 60 × water (NA 1.2) objective at 18°C. Image z-stacks were acquired at an interval of 0.3 μm (11 focal planes/image stack). Data were analyzed using Nikon Elements AR 4.30.01 software; for co-distribution analyzes, the Pearson's' coefficient was at least 0.55, and analysis included maximum intensity projection and standard LUT adjustment (Reyes-Reveles et al., 2017).

Cdt binding and internalization was detected by incubating Jurkat cells for 30 min (surface staining) or 1 h (intracellular staining) in the presence of medium or 2 μg/ml of Cdt. Surface CdtC was detected as previously described (Boesze-Battaglia et al., 2015). Briefly, cells were washed, exposed to normal mouse IgG (Zymed Labs; San Franscisco, CA) and then stained (30 min) for the CdtC subunit with anti-CdtC subunit mAb conjugated to AlexaFuor 488 (Molecular Probes; Eugene, OR). Following fixation with 2% paraformaldehyde the cells were analyzed by flow cytometry. Intracellular CdtB was detected after exposure of cells to toxin (or medium) and fixation with 2% formaldehyde for 30 min followed by permeabilization with 0.1% Triton X-100 in 0.1% sodium citrate and stained with anti-CdtB mAb conjugated to Alexafluor 488 (Molecular Probes).

Statistical Analysis

Mean ± standard error of the mean were calculated for replicate experiments. Significance was determined using a Student's t-test using SigmaPlot Software (Systat; San Jose, CA); a P-value of <0.05 was considered to be statistically significant.

RESULTS

In previous studies we have demonstrated that the ability of Cdt to intoxicate cells was dependent upon toxin association with cholesterol-rich membrane microdomains. Specifically, by employing laser confocal microscopy, we observed that all three Cdt subunits co-localized with GM1 ganglioside which is both enriched within and characteristic of membrane lipid rafts (Boesze-Battaglia et al., 2006). Western blot analysis of lipid raft fractions isolated as detergent resistant membranes (DRM) also demonstrated the presence of Cdt peptides within these cholesterol-rich regions. Proteomic analysis of an anti-CdtB immunoprecipitate obtained from toxin treated Jurkat cells identified the presence of a ubiquitously expressed protein, cellugyrin. Specifically, analysis of these samples by LC-MS/MS revealed 10 peptides consistent with detection of MS/MS spectra for SYNGR2 peptides (Table 1); chromatograms for four of these peptides are shown in Figure 1. We have now extended these observations to determine if cellugyrin interacts with CdtB in a manner that is critical to the internalization of this active subunit and for its ability to induce PI-3K signaling blockade, a requisite for toxin induced cell cycle arrest and apoptosis (Boesze-Battaglia et al., 2016; Scuron et al., 2016; Shenker et al., 2016a).


Table 1. Synaptogyrin-2 (SYNGR) peptides detected by LC-MS/MS.
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FIGURE 1. Extracted ion chromatograms of four representative doubly charged SYNGR2 peptides. Jurkat cells were treated with Cdt holotoxin as described in Materials and Methods for 1 h. Cell extracts were prepared and immunoprecipitated with immobilized anti-CdtB or isotype control IgG and the samples analyzed as described. The immunoprecipitates obtained with anti-CdtB mAb show strong signals for the peptides indicated; results are consistent with detection of MS/MS spectra for SYNGR2 peptides obtained exclusively with this mAb and were not detectable in the control immunoprecipitate.



Cholesterol-rich microdomains were isolated as DRM fractions from both control (no toxin) and toxin-treated Jurkat cells after 2 h exposure to Cdt. Cells were disrupted by homogenization in ice-cold Triton X-100 and ultracentrifuged on a sucrose gradient; two distinct low buoyant density zones, designated DRM1 and DRM2, were obtained. We have previously demonstrated that these fractions contained membrane microdomains as evident by analysis for the presence of GM1 as well as cholesterol and phosphate content (Boesze-Battaglia et al., 2006). As shown in Figure 2A, Western blot analysis of these preparations demonstrate small quantities of cellugyrin in DRM1 isolated from control Jurkat cells and none in DRM2. In addition to DRM1 and DRM2 we also analyzed detergent soluble, non-lipid raft, material; the largest amount of cellugyrin was found in this fraction in control cells. The prevalence of cellugyrin in the latter soluble fraction is quite significant when accounting for the greater volume of this fraction. In contrast, Jurkat cells treated with Cdt for 2 h demonstrated a dramatic shift in the association of cellugyrin with lipid rafts as most of the cellugyrin was now found in the DRM1 and DRM2 zones. It should be noted that in earlier studies we observed that Cdt subunits A and C were primarily found in DRM1 and to a lessor extent in DRM2; detectable amounts of CdtC were observed within the soluble fraction. CdtB was found primarily in DRM1, but also in DRM2 and the soluble fraction (Boesze-Battaglia et al., 2006).


[image: image]

FIGURE 2. Translocation of cellugyrin to cholesterol rich micro domains. (A) Jurkat cells were treated with medium (−Cdt) or with 2 μg/ml Cdt for 2 h. Cells were harvested, washed, and cholesterol rich microdomains isolated as detergent resistant membranes (DRM) as described in Materials and Methods. Two DRM zones, designated DRM1 and DRM2, as well as a soluble fraction were obtained and further analyzed by Western blot for the presence of cellugyrin. Results are representative of three experiments. (B) Jurkat cells were treated with medium (−Cdt) or 1 μg/ml Cdt (+Cdt) for 1 h; cells were stained and fixed as described in Materials and Methods and analyzed by confocal microscopy. Maximum intensity projection of a 3 μm z-stack series is presented (3 cells/condition). For each image, fluorescence is shown for cellugyrin alone (green), lipid rafts using fluorescence of cholera toxin B (CTB; red) and merged images (yellow) with (blue) and without nuclear staining Results are representative of multiple fields and analysis of over 50 cells for each condition. Scale bar = 5 μm.



To further examine the translocation of cellugyrin to membrane microdomains, laser confocal microscopy was employed to assess Jurkat cells. Cells were treated with Cdt, or medium only, and then dual stained to identify cellugyrin with antibody conjugated to AlexaFluor (AF) 488 as well as GM1, a well-established marker for membrane rafts. To identify GM1, cells were stained with CTB conjugated to AF594; to visually identify microdomains, patches of GM1 were induced by treatment with anti-CTB antibody. As shown in Figure 2B, control Jurkat cells displayed low cytoplasmic immunofluorescence for cellugyrin with almost no detectable co-localization with CTB. In contrast, Jurkat cells treated with Cdt exhibited a shift in cellugyrin associated immunofluorescence as it now exhibits partial co-localization with CTB in close proximity to the plasma membrane.

It should be noted that we were unable to utilize immunofluorescence in combination with confocal microscopy to demonstrate co-localization between CdtB and cellugyrin as immunostaining for each protein requires fixation and permeabilization protocols that were not compatible with one another. Therefore, we employed immunoprecipitation to demonstrate association between cellugyrin and Cdt subunits. As shown in Figure 3A, cell extracts obtained from control and Cdt-treated Jurkat cells were immunoprecipitated with immobilized anti-cellugyrin (Cg) Ab or control IgG; the immunoprecipitate was eluted, fractionated by SDS-PAGE and then analyzed by Western blot. Cellugyrin was observed in the immunoprecipitate from extracts derived from both control (medium only) and Cdt-treated cells. Additionally, the immunoprecipitate from toxin treated cells also contained CdtB and CdtC. CdtA was not detected in these preparations suggesting that this subunit remains associated with the membrane and is not internalized. Cellugyrin as well as Cdt subunits were not present in samples processed with immobilized control IgG.
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FIGURE 3. Immunoprecipitation of cellugyrin and Cdt subunits. Jurkat cells were treated with medium or Cdt (2 μg/ml) for 2 h and then washed and homogenized as described in Materials and Methods. (A) Shows the results of extracts immunoprecipitated with either immobilized control IgG or anti-cellugyrin antibody. The bound material was eluted and analyzed by Western blot for the presence of cellugyrin (Cg), CdtB or CdtC. (B) Shows the results of cell extracts obtained from similarly treated cells as above and immunoprecipitated with immobilized control IgG or anti-CdtB mAb. The bound material was eluted and analyzed by Western blot for the presence of CdtB and Cg. (C) Shows the results of cell extracts obtained from cells treated as described above and immunopreciptated with immobilized control IgG or anti-CdtC mAb. The bound material was eluted and analyzed by Western blot for the presence of CdtC and Cg. Results are representative of three experiments.



Western blot analyses of immunoprecipitates obtained using anti-Cdt subunit mAbs were performed. Jurkat cells were treated as above with either medium only or Cdt; cell extracts were then exposed to immobilized anti-CdtB or anti-CdtC mAb. As shown in Figure 3B, immunoprecipitation with immobilized anti-CdtB mAb not only pulled down CdtB, but also cellugyrin. Likewise, immunoprecipitates obtained with anti-CdtC mAb contained both CdtC and cellugyrin (Figure 3C). Control Ig did not immunoprecipitate either the toxin subunits or cellugyrin. Since cellugyrin is a ubiquitously expressed protein, we wanted to determine if it interacted with CdtB in other cells known to be susceptible to Cdt. Cell extracts were obtained from both HPBMC and HeLa cells treated with medium or Cdt and then processed with immobilized anti-CdtB or control Ig. In both instances, the immobilized anti-CdtB mAb immunopreciptated both CdtB and cellugyrin while neither was present with control Ig (Figure 4).
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FIGURE 4. Immunoprecipitation of cellugyrin and CdtB in HPBMC and HeLa cells. HPBMC and HeLa cells were treated with medium or Cdt (2 μg/ml) for 2 h. Cell extracts were prepared as described in Materials and Methods and immunoprecipitated with immobilized control IgG or anti-CdtB mAb. The bound material was eluted and further analyzed by Western Blot for CdtB and cellugyrin. Results are representative of three experiments.



We next determined if, in addition to altering cellugyrin subcellular localization, exposure to Cdt also results in changes in its expression. Jurkat cells were treated with 25 pg/ml Cdt for varying periods of time and cell homogenates analyzed by Western blot for cellugyrin content. As shown in Figure 5, a 50% increase in cellugyrin protein levels was observed within 30 min of exposure to Cdt. Cellugyrin expression continued to increase at 60 and 120 min to 200 and 275% over that observed in control cells. It should be noted that we did not detect an increase in cellugyrin mRNA levels, but instead a slight decrease (Figure S1) suggesting that the observed increase in protein might be due to reduced degradation.


[image: image]

FIGURE 5. Effect of Cdt on cellugyrin levels in Jurkat cells. Jurkat cells were incubated in the presence of medium or 25 pg/ml Cdt for 0–120 min. Cells were harvested, homogenized and analyzed by Western blot for relative cellugyrin content. Blots were further analyzed by digital densitometry. Results of a representative blot are shown in (A) and the mean ± SEM of three experiments are shown in (B); results are expressed as a percentage of the intensity observed in control cells. *Indicates statistical significance (p < 0.05) when compared to untreated cells.



In order to advance our understanding of the biological significance of CdtB-cellugyrin interaction, we next determined if cellugyrin was critical for Cdt holotoxin association with cells, CdtB internalization, and/or toxicity. To achieve these goals, cellugyrin expression was eliminated by utilizing CRISPR/Cas9 gene editing of Jurkat cells. A cell line deficient in cellugyrin (JurkatCg−) was successfully prepared (Figure 6B inset). JurkatCg− cells were first assessed for their ability to bind Cdt holotoxin; toxin binding to the cell surface was carried out at 5°C and monitored by immunofluorescence using anti-CdtC mAb conjugated to AF488. Representative association of Cdt with wildtype Jurkat (JurkatWT) cells is shown in Figure 6A; JurkatWT cells consistently bound Cdt as these cells exhibited a mean channel fluorescence (MCF) of 51.1 ± 6.8 with anti-CdtC mAb (Figure 6C; open bars). Likewise, JurkatCg− cells were also capable of binding comparable amounts of toxin as these cells exhibited a MCF of 58.6 ± 4.3 (Figures 6B,C). Control cells exposed to medium alone exhibited MCF of 6.4 (JurkatWT) and 8.2 (JurkatCg−).
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FIGURE 6. Cdt binding and CdtB internalization in JurkatWT cells vs. JurkatCg− cells. JurkatWT and JurkatCg− were first compared for their ability to bind Cdt (A–C). Cells were incubated for 60 min at 5°C with Cdt (2 μg/ml), washed and stained for the presence of cell surface associated Cdt using anti-CdtC mAb conjugated to AF488. Representative flow cytometric analysis for Cdt binding to JurkatWT is shown in panel A; solid line is the result obtained with Cdt-treated cells and the shaded curve represents cells exposed to medium alone. Cdt binding to JurkatCg− cells is shown in (B). Cells were generated as described in Materials and Methods; confirmation of their inability to express cellugyrin was demonstrated by Western blot as shown in (B) inset. Results from multiple experiments are shown in (C); results are the MCF ± SEM obtained from three experiments. Internalization of CdtB in JurkatWT and JurkatCg− cells was analyzed following exposure to Cdt (2 μg/ml) for 1 h at 37°C; cells were washed, fixed, permeabilized, and stained with anti-CdtB mAb conjugated to AF488. Representative results are shown for JurkatWT in (D) and for JurkatCg− in (E); solid line represents results obtained from cells treated with Cdt and the shaded curve from cells exposed to medium only. Results from multiple experiments are shown in (F); results are the MCF ± SEM obtained from three experiments. *Indicates statistical significance (p < 0.05) when compared to control (-Cdt) cells.



The dependence on cellugyrin for CdtB internalization was next evaluated by assessing immunofluorescent staining with anti-CdtB mAb following fixation and permeabilization in both JurkatCg− and JurkatWT cells. Cells were exposed to Cdt for 1 h at 37° and then fixed, permeabilized and stained with anti-CdtB mAb conjugated to AF488. Figure 6D shows representative results of CdtB internalization in JurkatWT cells. CdtB was observed to be reproducibly internalized in JurkatWT cells as results from repetitive experiments exhibited a MCF of 18.5 ± 1.6 in toxin treated cells (Figure 6F); this compares to a MCF of 4.7 ± 0.2 in control cells. In contrast, JurkatCg− cells did not exhibit internalization of CdtB as the MCF was 6.7 ± 0.8 in toxin treated cells vs. 4.8 ± 0.5 in control cells exposed to medium only (Figures 6E,F). This is a statistically significant reduction in JurkatCg− cell associated fluorescence when compared to the MCF observed in JurkatWT. It should be noted that in previous studies we have demonstrated that the immunofluorescence due to CdtB internalization observed in JurkatWT cells was both dependent upon permeabilization and temperature; cells not permeabilized or those incubated at 5°C failed to exhibit fluorescence when stained with anti-CdtB mAb (Shenker et al., 2014).

The final series of experiments focused on the requirement for cellugyrin in Cdt-mediated toxicity; specifically, JurkatCg− cells were assessed for susceptibility to Cdt-induced PI-3K blockade, cell cycle arrest, and apoptosis. We have previously demonstrated that one of the earliest events following exposure to Cdt, and a requirement for downstream toxicity, is blockade of the PI-3K signaling pathway. In this regard, we have shown that the active Cdt subunit, CdtB, functions as a phosphatidylinositol 3, 4, 5-triphosphate (PIP3) phosphatase thereby depleting cells of the signaling lipid leading to a concomitant reduction in the phosphorylation status of downstream targets (Shenker et al., 2016a). To further confirm the failure of CdtB to be internalized in cellugyrin deficient cells, we next determined if treatment of JurkatCg− cells with Cdt also failed to result in a change in the phosphorylation status of Akt and GSK3β. JurkatWT and JurkatCg− cells were treated with 0–25 pg/ml Cdt for 2 h and the levels of Akt, pAkt, GSK3β, and pGSK3β were analyzed by Western blot. Figure 7A shows a representative Western blot and results from multiple experiments are shown in Figure 7B. JurkatWT cells exhibited reductions in Akt phosphorylation; pAkt (S473) was reduced to 71.1 ± 14.0 and 49.8 ± 20.1% of control values in the presence of 10 and 25 pg/ml Cdt, respectively. Total Akt levels were slightly elevated under these conditions: 38 and 33% above control values. In contrast, JurkatCg− exhibited a small, but not statistically significant, reduction in pAkt in the presence of Cdt to 90.7 ± 14.1% (10 pg/ml) and 71.1 ± 20.4% (25 pg/ml). GSK3β is a downstream target for Akt; reductions in the phosphorylation status of Akt leads to a decrease in its kinase activity and a concomitant reduction in the downstream phosphorylation of GSK3β. Consistent with the reduction in pAkt, JurkatWT cells exhibit a reduction in pGSK3β (S9) to 65.5 ± 13.0% and 47.8 ± 11.7% of control levels in the presence of 10 and 25 pg/ml Cdt. Total GSK3β levels were observed to increase to 43.6 and 67% above levels observed in untreated JurkatWT cells. JurkatCg− cells did not exhibit significant reductions in pGSK3β as toxin treated cells contained comparable amounts of this phosphorylated protein: 89.4 ± 16.9% (10 pg/ml Cdt) and 73.9 ± 21.0% of that observed in control cells.
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FIGURE 7. Comparison of the effects of Cdt on PI-3K signaling blockade in JurkatWT vs. JurkatCg− cells. JurkatWT and JurkatCg− cells were treated with 0–25 pg/ml Cdt for 2 h and then analyzed by Western blot for pAkt (S473), Akt, pGSK3β (S9), GSK3β, and GAPDH as a loading control. (A) Contains a representative Western blot showing the effect of Cdt on Akt and GSK3β phosphorylation. (B) Shows the results of Western blot analyses from three experiments; blots were analyzed by digital densitometry and are expressed as a percentage of the relative intensity of untreated control cells; mean ± S.E.M. for three experiments are plotted. *Indicates statistical significance (p < 0.05) when compared to untreated control cells.



JurkatCg− cells were next assessed for their susceptibility to Cdt-induced cell cycle arrest. Cells were treated with Cdt for 16 h and cell cycle distribution was determined by measuring DNA content with propidium iodide and flow cytometry. As shown in Figure 8A, JurkatWT cells (solid bars) treated with Cdt exhibited cell cycle arrest; the cells were treated with 0.05–5 pg/ml Cdt and exhibited 18.2 ± 2.6 to 46.4 ± 5.4 percent cells in the G2/M phase of the cell cycle. Control cells treated with medium alone contained 12.0 ± 0.6 percent G2 cells. In contrast JurkatCg− cells (hatched bars) did not exhibit cell cycle arrest as the percentage of G2/M cells did not increase when cells were treated with the same concentrations of Cdt. Exposure to 5 pg/ml Cdt resulted in 14.7 ± 0.5% G2/M cells; control cells incubated in medium alone contained 14.3 ± 0.3 percent G2/M cells.
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FIGURE 8. Comparative toxic effects of Cdt on JurkatWT and JurkatCg− cells. (A) Shows the effect of Cdt on cell cycle arrest; JurkatWT and JurkatCg− cells were incubated for 16 h in the presence of 0–5 pg/ml Cdt. Cells were stained with propidium iodide and cell cycle analysis performed using flow cytometry. The percentage of G2 cells is shown as a mean ± SEM for three experiments each performed in triplicate; solid bars represent JurkatWT cells and hashed bars JurkatCg− cells. (B) Shows the effect of Cdt on apoptosis; cells were treated with 0–25 pg/ml Cdt for 48 h analyzed for DNA strand breaks using the TUNEL assay. Results are expressed as the mean percentage of TUNEL positive cells ± SEM for three experiments (); solid bars represent JurkatWT cells and hashed bars JurkatCg− cells. *Indicates statistical significance (p < 0.05) when compared to untreated cells; **indicates statistical significance of p < 0.01.



Finally, to determine the requirement for cellugyrin in toxin-induced apoptosis, cells were treated with 1–25 pg/ml Cdt for 48 h and then analyzed for DNA strandbreaks using the TUNEL assay. Results are shown in Figure 8B and indicate that JurkatWT cells exhibited 3.5 ± 1.6, 17.0 ± 1.4, 48.0 ± 1.5, and 69.7 ± 1.8 percent apoptotic cells in the presence of 0, 1, 5, and 25 pg/ml Cdt, respectively. In contrast, JurkatCg− cells exhibited no increase in the percentage of apoptotic cells over that observed in control cells; 1.8 ± 0.4 percent apoptotic cells was detected at the highest concentration of toxin (25 pg/ml) employed while control cells exhibited 1.3 ± 0.3 percent apoptotic cells.

DISCUSSION

It is well established that pathogens subvert host cell endocytic vesicles and retrograde trafficking to be effective. Once internalized, intracellular pathogens translocate a range of effector proteins to manipulate vesicle trafficking and signaling pathways thereby facilitating toxic and cytopathic events (reviewed in Personnic et al., 2016). Likewise, secreted bacterial toxins gain access to the cytosol by first binding to cell surface moieties that trigger endocytic uptake. Once internalized, vesicle trafficking provides access to retrograde transport to the TGN and eventually to intracellular target sites (Medina-Kauwe, 2007; Ahnert-Hilger et al., 2013; Harper et al., 2013; Backert and Tegtmeyer, 2017; Orrell et al., 2017). Thus, toxin-host cell interaction is facilitated by a common structure consisting of two units: the A unit representing the active (catalytic or enyzmatic) component which must be internalized and the B unit which is responsible for cell binding.

Most Cdt holotoxins utilize this AB2 structure where CdtB represents the internalized active unit and the binding unit is comprised of both CdtA and CdtC. CdtB internalization has been shown to occur by endocytic mechanisms dependent upon dynamin and involving clathrin coated pits (Cortes-Bratti et al., 2000; Thelestam and Frisan, 2004; Guerra et al., 2011; Guidi et al., 2013; Bielaszewska et al., 2017). These findings are consistent with the observations that Cdt binding and internalization involves CdtC recognition of cholesterol in the context of membrane microdomains (Boesze-Battaglia et al., 2006, 2009, 2015, 2016; Eshraghi et al., 2010; Zhou et al., 2012; Lai et al., 2013). Indeed, cholesterol rich membrane microdomains, often referred to as lipid rafts, are known to concentrate toxins and provide access to endocytic processes and signaling platforms (Cherukuri et al., 2001; Dykstra et al., 2003). The actual mechanism whereby CdtB is transported from cholesterol rich membrane microdomains to subcellular sites is controversial (Eshraghi et al., 2014) but likely involves the ERAD pathway.

In this study we demonstrate that exposure of Jurkat cells to Cdt leads to the translocation of the host cell protein, cellugyrin, from the cytosol to the plasma membrane in association with membrane lipid rafts. It is noteworthy that we have previously demonstrated that Cdt subunits also initially accumulate in the same region (Boesze-Battaglia et al., 2006, 2009, 2016). Toxin treated cells also exhibit increased levels of cellugyrin; however, RNA levels were decreased thereby suggesting that Cdt treatment may result in decreased cellugyrin degradation. Additionally, we demonstrate that shortly after exposure to toxin, the active Cdt subunit, CdtB, binds to a complex containing cellugyrin. These observations extend beyond an isolated observation in a lymphoid cell line as similar events were detected in primary HPBMC as well as HeLa cells which are commonly used as an experimental target for Cdt.

The significance of CdtB-cellugyrin interactions is exemplified by the observations that cells deficient in cellugyrin were able to bind Cdt holotoxin, but were unable to internalize CdtB. The inability to internalize CdtB is further corroborated by the finding that JurkatCg− cells exhibited a concomitant resistance to CdtB-mediated toxicity. The toxin failed to induce a PI-3K signaling blockade, cell cycle arrest, and apoptosis (Shenker et al., 2007, 2016a,b; Scuron et al., 2016). It should be noted that this deficiency did not extend to other endocytic processes as JurkatCg− cells did not exhibit alterations in transferrin receptor recycling, a process known to involve internalization of receptors associated with membrane lipid rafts (Figure S2). We now propose that cellugyrin is a key host cell protein critical to for Cdt toxicity by facilitating the internalization and subsequent translocation and retrograde transport of CdtB to key sites enriched in the signaling lipid, PIP3 (Shenker et al., 2007, 2016a,b; Boesze-Battaglia et al., 2016; Scuron et al., 2016). It should also be noted that these results are in agreement with those of Carette et al. (2011) who utilized insertional mutagenesis on a haploid background to disrupt gene function and identify critical genes for Cdt toxicity.

Cellugyrin is a member of a family of proteins known as synaptogyrins which contain four transmembrane regions with a tyrosine-phosphorylated tail (Janz and Sudhof, 1998); three synaptogyrin isoforms exist (Kedra et al., 1998). Synaptogyrins 1 and 3 are neuronal and are the most abundant protein in synaptic vesicles. It has been proposed that these synaptogyrins are critical to vesicle biogenesis, exocytosis, and endocytotic recycling as well as neurotransmission (Kedra et al., 1998; Hubner et al., 2002). In contrast, cellugyrin (synaptogyrin 2) is found in all tissue, except brain where it has been proposed to be a component of synaptic-like microvesicles (SLMVs) (Janz and Sudhof, 1998; Kupriyanova and Kandror, 2000; Belfort and Kandror, 2003; Kioumourtzoglou et al., 2015). Like synaptogyrin 1, cellugyrin has been shown to be critical for the biogenesis of cellugyrin containing SLMVs (Belfort et al., 2005). There is no information available to date that sheds light on the physiologic function of cellugyrin containing SLMVs in lymphoid or other cell types. Although it should be noted that Kupriyanaova and Kandror have shown that in adipose cells cytoplasmic cellugyrin positive SLMVs also contain Glut4; however, they do not localize to the plasma membrane following insulin treatment (Kupriyanova and Kandror, 2000). The authors proposed that these vesicles represent early sorting vesicles that are a component of the TGN. Further support that cellugyrin may exist in cytoplasmic vesicles comes from Chapel et al. (2013) who have suggested that this cellular protein is a lysosomal transporter protein. Of particular importance to our study is a recent report by Sun et al. (2016) who were studying Bunyavirus infection in mammalian cells and demonstrated that synaptogyrin-2 (cellugyrin) interacts with viral nonstructural proteins and together were transported into inclusion bodies “reconstructed from lipid droplets” during infection. They further reported that this translocation was critical to viral replication as silencing of cellugyrin expression reduced inclusion body formation and decreased virus titers.

It is becoming clear that cellugyrin and/or cellugyrin positive SLMVs may be a critical host target protein exploited by pathogens for the purposes of intracellular trafficking and retrograde transport of essential pathogen effector proteins to critical target sites. In this context, our current observations provide important insight into the earliest events that occur following the binding of Cdt holotoxin to target cells. There is agreement that in order for the active subunit, CdtB, to induce toxicity it must first gain access to intracellular compartments. Early studies on Cdt toxicity conducted by several investigators have suggested that the nucleus was the critical cellular compartment; these studies were conducted under a paradigm proposing that the critical events in Cdt toxicity were dependent upon CdtB's ability to function as a DNase (Elwell and Dreyfus, 2000; Cortes-Bratti et al., 2001; Frisan et al., 2002; Nesic et al., 2004; Thelestam and Frisan, 2004).

More recently, we have established a new paradigm for Cdt toxicity demonstrating that at least for A. actinomycetemcomitans Cdt, CdtB is a potent PIP3 phosphatase and further that this activity leads to PI-3K signaling blockade (Shenker et al., 2007, 2010, 2014, 2015, 2016a,b; Scuron et al., 2016). Thus, we propose that following internalization, CdtB must gain access to those intracellular sites containing enriched PIP3 pools. One such site is the cytosolic leaflet of plasma membranes particularly in regions associated with cholesterol enriched lipid rafts as these typically incorporate signaling platforms. Additional sites known to contain PIP3 include membrane bound subcellular compartments and, in particular, cytosolic structures such as, intracellular transport vesicles (Cockcroft and De Matteis, 2001; Simonsen et al., 2001; Di Paolo and De Camilli, 2006; Swanson, 2014). It is also noteworthy that phosphatidylinositols are known to play a role in governing the movement of these sorting vesicles. Interestingly, Xu et al. (2006) have shown cellugyrin positive SLMVs contain phosphatidylinositol 4-kinase; the authors suggest that polyphosphorylated derivatives of phosphatidylinositol may regulate vesicular traffic and protein recruitment. Thus, it is conceivable that CdtB's lipid phosphatase activity may enable the toxin subunit to re-direct and thereby re-purpose these vesicles to meet its needs of accessing PIP3 pools.

The latter observation may be critical to our findings that Cdt induces not only increased levels of cellugyrin, but also its translocation from the cytoplasm to the plasma membrane. Based on current understanding of the relationship between cellugyrin and SLMVs, these events likely lead to increased biogenesis of these vesicles and the likelihood of CdtB's hijacking them to facilitate its own translocation (Figure 9). In summary, we now propose that among the earliest critical events that occur following exposure of lymphocytes to A. actinomycetemcomtans Cdt involves the translocation of cellugyrin to cholesterol rich membrane microdomains and binding to CdtB (Figure 9). These interactions are essential as CdtB is unable to enter and translocate to intracellular sites in cells deficient in cellugyrin; these deficient cells exhibit a concomitant resistance to the toxic effects of Cdt which include PI-3K signaling pathway blockade, cell cycle arrest and apoptosis. We anticipate that future studies on CdtB-cellugyrin interactions will provide further insight into the role of cellugyrin positive SLMVs in the trafficking of CdtB to critical subcellular target sites. It is also likely that such studies will provide an understanding of the possible physiologic role(s) that cellugyrin and/or SLMVs play in cell homeostasis.


[image: image]

FIGURE 9. Schematic model showing proposed CdtB-cellugyrin interaction. Cdt holotoxin binds to cells via cholesterol in the context of membrane lipid rafts. CdtB binding and internalization is further dependent upon its ability to interact with cholesterol. As a result of exposure to Cdt, cellugyrin (shown in red) containing SLMVs translocate from cytosol to membrane lipid rafts. We propose that this translocation leads to the association of CdtB with the cellugyrin-containing SLMVs. This interaction may involve direct binding to cellugyrin either on extra- or intra-vesicular loops or indirect association via an unidentified binding partner (shown in black). We further propose that CdtB is transported via SLMVs to intracellular target sites; for example sites containing PIP3 pools where the enzymatically active CdtB subunit is released from SLMVs and is then able to degrade the signaling lipid resulting in PI-3K blockade and toxicity.



ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the University of Pennsylvania's Office of Regulatory Affairs and the Institution Review Board with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declarationof Helsinki. The protocol was approved by the University of Pennsylvania Institutional Review Board.

AUTHOR CONTRIBUTIONS

KB-B was intimately involved in the design and interpretation of all experiments and preparation of the manuscript. LW was instrumental in executing experiments and interpreting results. AD was instrumental in design, execution and interpretation of experiments relating to microscopy. KK was instrumental to experiments that relate to cellugyrin; specifically design of peptide for antibody production as well as, direction and interpretation of results and help in manuscript preparation. H-YT conducted proteomic analysis and provided insight that led to the identification of cellugyrin. BS was responsible for the overall study; he helped design experiments, interpret results particularly relating to toxin activity, role of cellugyrin and all aspects of data analysis; he significantly contributed to manuscript preparation.

FUNDING

This work was supported by the National Institutes of Health grants DE06014 and DE023071.

ACKNOWLEDGMENTS

The authors wish to acknowledge the expertise and assistance of the Flow Cytometry and Laser Confocal Microscopy Core Facilities at the University of Pennsylvania School of Dental Medicine. Additionally, we acknowledge the expertise and assistance of the Wistar Proteomics and Metabolomics Core Facility. We would also like to acknowledge Juan Reyes-Reveles for his artistic contribution.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2017.00469/full#supplementary-material

REFERENCES

 Ahnert-Hilger, G., Munster-Wandowski, A., and Holtje, M. (2013). Synaptic vesicle proteins: targets and routes for botulinum neurotoxins. Curr. Top. Microbiol. Immunol. 364, 159–177. doi: 10.1007/978-3-642-33570-9_8

 Backert, S., and Tegtmeyer, N. (2017). Type IV secretion and signal transduction of Helicobacter pylori CagA through interactions with host cell receptors. Toxins 9:E115. doi: 10.3390/toxins9040115

 Belfort, G. M., Bakirtzi, K., and Kandror, K. V. (2005). Cellugyrin induces biogenesis of synaptic-like microvesicles in PC12 cells. J. Biol. Chem. 280, 7262–7272. doi: 10.1074/jbc.M404851200

 Belfort, G. M., and Kandror, K. V. (2003). Cellugyrin and synaptogyrin facilitate targeting of synaptophysin to a ubiquitous synaptic vesicle-sized compartment in PC12 cells. J. Biol. Chem. 278, 47971–47978. doi: 10.1074/jbc.M304174200

 Bielaszewska, M., Ruter, C., Bauwens, A., Greune, L., Jarosch, K. A., Steil, D., et al. (2017). Host cell interactions of outer membrane vesicle-associated virulence factors of enterohemorrhagic Escherichia coli O157: intracellular delivery, trafficking and mechanisms of cell injury. PLoS Pathog. 13:e1006159. doi: 10.1371/journal.ppat.1006159

 Boesze-Battaglia, K. (2006). Isolation of membrane rafts and signaling complexes. Methods Mol. Biol. 332, 169–179. doi: 10.1385/1-59745-048-0:167

 Boesze-Battaglia, K., Alexander, D., Dlakic, M., and Shenker, B. J. (2016). A journey of cytolethal distending toxins through cell membranes. Front. Cell. Infect. Microbiol. 6:81. doi: 10.3389/fcimb.2016.00081

 Boesze-Battaglia, K., Besack, D., McKay, T., Zekavat, A., Otis, L., Jordan-Sciutto, K., et al. (2006). Cholesterol-rich membrane microdomains mediate cell cycle arrest induced by Actinobacillus actinomycetemcomitans cytolethal-distending toxin. Cell. Microbiol. 8, 823–836. doi: 10.1111/j.1462-5822.2005.00669.x

 Boesze-Battaglia, K., Brown, A., Walker, L., Besack, D., Zekavat, A., Wrenn, S., et al. (2009). Cytolethal distending toxin-induced cell cycle arrest of lymphocytes is dependent upon recognition and binding to cholesterol. J. Biol. Chem. 284, 10650–10658. doi: 10.1074/jbc.M809094200

 Boesze-Battaglia, K., Walker, L. P., Zekavat, A., Dlakic, M., Scuron, M. D., Nygren, P., et al. (2015). The Aggregatibacter actinomycetemcomitans cytolethal distending toxin active subunit CdtB contains a cholesterol recognition sequence required for toxin binding and subunit internalization. Infect. Immun. 83, 4042–4055. doi: 10.1128/IAI.00788-15

 Carette, J. E., Guimaraes, C. P., Wuethrich, I., Blomen, V. A., Varadarajan, M., Sun, C., et al. (2011). Global gene disruption in human cells to assign genes to phenotypes by deep sequencing. Nat. Biotechnol. 29, 542–546. doi: 10.1038/nbt.1857

 Chapel, A., Kieffer-Jaquinod, S., Sagne, C., Verdon, Q., Ivaldi, C., Mellal, M., et al. (2013). An extended proteome map of the lysosomal membrane reveals novel potential transporters. Mol. Cell. Proteomics 12, 1572–1588. doi: 10.1074/mcp.M112.021980

 Cherukuri, A., Dykstra, M., and Pierce, S. K. (2001). Floating the raft hypothesis: lipid rafts play a role in immune cell activation. Immunity 14, 657–660. doi: 10.1016/S1074-7613(01)00156-X

 Cockcroft, S., and De Matteis, M. A. (2001). Inositol lipids as spatial regulators of membrane traffic. J. Membr. Biol. 180, 187–194. doi: 10.1007/s002320010069

 Cortes-Bratti, X., Chaves-Olarte, E., Lagergard, T., and Thelestam, M. (2000). Cellular internalization of cytolethal distending toxin from Haemophilus ducreyi. Infect. Immun. 68, 6903–6911. doi: 10.1128/IAI.68.12.6903-6911.2000

 Cortes-Bratti, X., Frisan, T., and Thelestam, M. (2001). The cytolethal distending toxins induce DNA damage and cell cycle arrest. Toxicon 39, 1729–1736. doi: 10.1016/S0041-0101(01)00159-3

 Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol. 26, 1367–1372. doi: 10.1038/nbt.1511

 de Rycke, J., and Oswald, E. (2001). Cytolethal distending toxin (CDT): a bacterial weapon to control host cell proliferation? FEMS Microbiol. Lett. 203, 141–148. doi: 10.1111/j.1574-6968.2001.tb10832.x

 Di Paolo, G., and De Camilli, P. (2006). Phosphoinositides in cell regulation and membrane dynamics. Nature 443, 651–657. doi: 10.1038/nature05185

 Donaldson, D. S., and Williams, N. A. (2009). Bacterial toxins as immunomodulators. Adv. Exp. Med. Biol. 666, 1–18. doi: 10.1007/978-1-4419-1601-3_1

 Dykstra, M., Cherukuri, A., Sohn, H. W., Tzeng, S. J., and Pierce, S. K. (2003). Location is everything: lipid rafts and immune cell signaling. Annu. Rev. Immunol. 21, 457–481. doi: 10.1146/annurev.immunol.21.120601.141021

 Elwell, C. A., and Dreyfus, L. A. (2000). DNase I homologous residues in CdtB are critical for cytolethal distending toxin-mediated cell cycle arrest. Mol. Microbiol. 37, 952–963. doi: 10.1046/j.1365-2958.2000.02070.x

 Elwell, C., Chao, K., Patel, K., and Dreyfus, L. (2001). Escherichia coli CdtB mediates cytolethal distending toxin cell cycle arrest. Infect. Immun. 69, 3418–3422. doi: 10.1128/IAI.69.5.3418-3422.2001

 Eshraghi, A., Dixon, S. D., Tamilselvam, B., Kim, E. J., Gargi, A., Kulik, J. C., et al. (2014). Cytolethal distending toxins require components of the ER-associated degradation pathway for host cell entry. PLoS Pathog. 10:e1004295. doi: 10.1371/journal.ppat.1004295

 Eshraghi, A., Maldonado-Arocho, F. J., Gargi, A., Cardwell, M. M., Prouty, M. G., Blanke, S. R., et al. (2010). Cytolethal distending toxin family members are differentially affected by alterations in host glycans and membrane cholesterol. J. Biol. Chem. 285, 18199–18207. doi: 10.1074/jbc.M110.112912

 Frisan, T., Cortes-Bratti, X., and Thelestam, M. (2002). Cytolethal distending toxins and activation of DNA damage-dependent checkpoint responses. Int. J. Med. Microbiol. 291, 495–499. doi: 10.1078/1438-4221-00158

 Gargi, A., Reno, M., and Blanke, S. R. (2012). Bacterial toxin modulation of the eukaryotic cell cycle: are all cytolethal distending toxins created equally? Front. Cell. Infect. Microbiol. 2:124. doi: 10.3389/fcimb.2012.00124

 Guerra, L., Cortes-Bratti, X., Guidi, R., and Frisan, T. (2011). The biology of the cytolethal distending toxins. Toxins 3, 172–190. doi: 10.3390/toxins3030172

 Guerra, L., Nemec, K. N., Massey, S., Tatulian, S. A., Thelestam, M., Frisan, T., et al. (2009). A novel mode of translocation for cytolethal distending toxin. Biochim. Biophys. Acta 1793, 489–495. doi: 10.1016/j.bbamcr.2008.11.017

 Guerra, L., Teter, K., Lilley, B. N., Stenerlow, B., Holmes, R. K., Ploegh, H. L., et al. (2005). Cellular internalization of cytolethal distending toxin: a new end to a known pathway. Cell. Microbiol. 7, 921–934. doi: 10.1111/j.1462-5822.2005.00520.x

 Guidi, R., Levi, L., Rouf, S. F., Puiac, S., Rhen, M., and Frisan, T. (2013). Salmonella enterica delivers its genotoxin through outer membrane vesicles secreted from infected cells. Cell. Microbiol. 15, 2034–2050. doi: 10.1111/cmi.12172

 Harper, C. B., Popoff, M. R., McCluskey, A., Robinson, P. J., and Meunier, F. A. (2013). Targeting membrane trafficking in infection prophylaxis: dynamin inhibitors. Trends Cell Biol. 23, 90–101. doi: 10.1016/j.tcb.2012.10.007

 Hubner, K., Windoffer, R., Hutter, H., and Leube, R. E. (2002). Tetraspan vesicle membrane proteins: synthesis, subcellular localization, and functional properties. Int. Rev. Cytol. 214, 103–159. doi: 10.1016/S0074-7696(02)14004-6

 Janz, R., and Sudhof, T. C. (1998). Cellugyrin, a novel ubiquitous form of synaptogyrin that is phosphorylated by pp60c-src. J. Biol. Chem. 273, 2851–2857. doi: 10.1074/jbc.273.5.2851

 Kedra, D., Pan, H. Q., Seroussi, E., Fransson, I., Guilbaud, C., Collins, J. E., et al. (1998). Characterization of the human synaptogyrin gene family. Hum. Genet. 103, 131–141. doi: 10.1007/s004390050795

 Kim, J. Y., and Kandror, K. V. (2012). The first luminal loop confers insulin responsiveness to glucose transporter 4. Mol. Biol. Cell 23, 910–917. doi: 10.1091/mbc.E11-10-0839

 Kioumourtzoglou, D., Pryor, P. R., Gould, G. W., and Bryant, N. J. (2015). Alternative routes to the cell surface underpin insulin-regulated membrane trafficking of GLUT4. J. Cell Sci. 128, 2423–2429. doi: 10.1242/jcs.166561

 Kupriyanova, T. A., and Kandror, K. V. (2000). Cellugyrin is a marker for a distinct population of intracellular Glut4-containing vesicles. J. Biol. Chem. 275, 36263–36268. doi: 10.1074/jbc.M002797200

 Lai, C. H., Lai, C. K., Lin, Y. J., Hung, C. L., Chu, C. H., Feng, C. L., et al. (2013). Characterization of putative cholesterol recognition/interaction amino acid consensus-like motif of Campylobacter jejuni cytolethal distending toxin C. PLoS ONE 8:e66202. doi: 10.1371/journal.pone.0066202

 Lara-Tejero, M., and Galan, J. E. (2001). CdtA, CdtB, and CdtC form a tripartite complex that is required for cytolethal distending toxin activity. Infect. Immun. 69, 4358–4365. doi: 10.1128/IAI.69.7.4358-4365.2001

 Lebrun, I., Marques-Porto, R., Pereira, A. S., Pereira, A., and Perpetuo, E. A. (2009). Bacterial toxins: an overview on bacterial proteases and their action as virulence factors. Mini Rev. Med. Chem. 9, 820–828. doi: 10.2174/138955709788452603

 Medina-Kauwe, L. K. (2007). “Alternative” endocytic mechanisms exploited by pathogens: new avenues for therapeutic delivery? Adv. Drug Deliv. Rev. 59, 798–809. doi: 10.1016/j.addr.2007.06.009

 Mise, K., Akifusa, S., Watarai, S., Ansai, T., Nishihara, T., and Takehara, T. (2005). Involvement of ganglioside GM3 in G(2)/M cell cycle arrest of human monocytic cells induced by Actinobacillus actinomycetemcomitans cytolethal distending toxin. Infect. Immun. 73, 4846–4852. doi: 10.1128/IAI.73.8.4846-4852.2005

 Nesic, D., Hsu, Y., and Stebbins, C. E. (2004). Assembly and function of a bacterial genotoxin. Nature 429, 429–433. doi: 10.1038/nature02532

 Orrell, K. E., Zhang, Z., Sugiman-Marangos, S. N., and Melnyk, R. A. (2017). Clostridium difficile toxins A and B: receptors, pores, and translocation into cells. Crit. Rev. Biochem. Mol. Biol. 52, 461–473. doi: 10.1080/10409238.2017.1325831

 Oswald, E., Nougayrede, J. P., Taieb, F., and Sugai, M. (2005). Bacterial toxins that modulate host cell-cycle progression. Curr. Opin. Microbiol. 8, 83–91. doi: 10.1016/j.mib.2004.12.011

 Personnic, N., Barlocher, K., Finsel, I., and Hilbi, H. (2016). Subversion of retrograde trafficking by translocated pathogen effectors. Trends Microbiol. 24, 450–462. doi: 10.1016/j.tim.2016.02.003

 Reyes-Reveles, J., Dhingra, A., Alexander, D., Bragin, A., Philp, N. J., and Boesze-Battaglia, K. (2017). Phagocytosis-dependent ketogenesis in retinal pigment epithelium. J. Biol. Chem. 292, 8038–8047. doi: 10.1074/jbc.M116.770784

 Scuron, M. D., Boesze-Battaglia, K., Dlakic, M., and Shenker, B. J. (2016). The cytolethal distending toxin contributes to microbial virulence and disease pathogenesis by acting as a tri-perditious toxin. Front. Cell. Infect. Microbiol. 6:168. doi: 10.3389/fcimb.2016.00168

 Shenker, B. J., Besack, D., McKay, T., Pankoski, L., Zekavat, A., and Demuth, D. R. (2004). Actinobacillus actinomycetemcomitans cytolethal distending toxin (Cdt): evidence that the holotoxin is composed of three subunits: CdtA, CdtB, and CdtC. J. Immunol. 172, 410–417. doi: 10.4049/jimmunol.172.1.410

 Shenker, B. J., Besack, D., McKay, T., Pankoski, L., Zekavat, A., and Demuth, D. R. (2005). Induction of cell cycle arrest in lymphocytes by Actinobacillus actinomycetemcomitans cytolethal distending toxin requires three subunits for maximum activity. J. Immunol. 174, 2228–2234. doi: 10.4049/jimmunol.174.4.2228

 Shenker, B. J., Boesze-Battaglia, K., Scuron, M. D., Walker, L. P., Zekavat, A., and Dlakic, M. (2016a). The toxicity of the Aggregatibacter actinomycetemcomitans cytolethal distending toxin correlates with its phosphatidylinositol-3,4,5-triphosphate phosphatase activity. Cell. Microbiol. 18, 223–243. doi: 10.1111/cmi.12497

 Shenker, B. J., Boesze-Battaglia, K., Zekavat, A., Walker, L., Besack, D., and Ali, H. (2010). Inhibition of mast cell degranulation by a chimeric toxin containing a novel phosphatidylinositol-3,4,5-triphosphate phosphatase. Mol. Immunol. 48, 203–210. doi: 10.1016/j.molimm.2010.08.009

 Shenker, B. J., Dlakic, M., Walker, L. P., Besack, D., Jaffe, E., LaBelle, E., et al. (2007). A novel mode of action for a microbial-derived immunotoxin: the cytolethal distending toxin subunit B exhibits phosphatidylinositol 3,4,5-triphosphate phosphatase activity. J. Immunol. 178, 5099–5108. doi: 10.4049/jimmunol.178.8.5099

 Shenker, B. J., Hoffmaster, R. H., McKay, T. L., and Demuth, D. R. (2000). Expression of the cytolethal distending toxin (Cdt) operon in Actinobacillus actinomycetemcomitans: evidence that the CdtB protein is responsible for G2 arrest of the cell cycle in human T cells. J. Immunol. 165, 2612–2618. doi: 10.4049/jimmunol.165.5.2612

 Shenker, B. J., Hoffmaster, R. H., Zekavat, A., Yamaguchi, N., Lally, E. T., and Demuth, D. R. (2001). Induction of apoptosis in human T cells by Actinobacillus actinomycetemcomitans cytolethal distending toxin is a consequence of G2 arrest of the cell cycle. J. Immunol. 167, 435–441. doi: 10.4049/jimmunol.167.1.435

 Shenker, B. J., McArthur, W. P., and Tsai, C. C. (1982). Immune suppression induced by Actinobacillus actinomycetemcomitans. I. Effects on human peripheral blood lymphocyte responses to mitogens and antigens. J. Immunol. 128, 148–154.

 Shenker, B. J., McKay, T., Datar, S., Miller, M., Chowhan, R., and Demuth, D. (1999). Actinobacillus actinomycetemcomitans immunosuppressive protein is a member of the family of cytolethal distending toxins capable of causing a G2 arrest in human T cells. J. Immunol. 162, 4773–4780.

 Shenker, B. J., Ojcius, D. M., Walker, L. P., Zekavat, A., Scuron, M. D., and Boesze-Battaglia, K. (2015). Aggregatibacter actinomycetemcomitans cytolethal distending toxin activates the NLRP3 inflammasome in human macrophages, leading to the release of proinflammatory cytokines. Infect. Immun. 83, 1487–1496. doi: 10.1128/IAI.03132-14

 Shenker, B. J., Walker, L. P., Zekavat, A., and Boesze-Battaglia, K. (2016b). Lymphoid susceptibility to the Aggregatibacter actinomycetemcomitans cytolethal distending toxin is dependent upon baseline levels of the signaling lipid, phosphatidylinositol-3,4,5-triphosphate. Mol. Oral Microbiol. 31, 33–42. doi: 10.1111/omi.12127

 Shenker, B. J., Walker, L. P., Zekavat, A., Dlakic, M., and Boesze-Battaglia, K. (2014). Blockade of the PI-3K signalling pathway by the Aggregatibacter actinomycetemcomitans cytolethal distending toxin induces macrophages to synthesize and secrete pro-inflammatory cytokines. Cell. Microbiol. 16, 1391–1404. doi: 10.1111/cmi.12299

 Simonsen, A., Wurmser, A. E., Emr, S. D., and Stenmark, H. (2001). The role of phosphoinositides in membrane transport. Curr. Opin. Cell Biol. 13, 485–492. doi: 10.1016/S0955-0674(00)00240-4

 Sun, Q., Qi, X., Zhang, Y., Wu, X., Liang, M., Li, C., et al. (2016). Synaptogyrin-2 promotes replication of a novel tick-borne bunyavirus through interacting with viral nonstructural protein NSs. J. Biol. Chem. 291, 16138–16149. doi: 10.1074/jbc.M116.715599

 Swanson, J. A. (2014). Phosphoinositides and engulfment. Cell. Microbiol. 16, 1473–1483. doi: 10.1111/cmi.12334

 Thelestam, M., and Frisan, T. (2004). Cytolethal distending toxins. Rev. Physiol. Biochem. Pharmacol. 152, 111–133. doi: 10.1007/s10254-004-0030-8

 Xu, Z., Huang, G., and Kandror, K. V. (2006). Phosphatidylinositol 4-kinase type IIalpha is targeted specifically to cellugyrin-positive glucose transporter 4 vesicles. Mol. Endocrinol. 20, 2890–2897. doi: 10.1210/me.2006-0193

 Zhou, M., Zhang, Q., Zhao, J., and Jin, M. (2012). Haemophilus parasuis encodes two functional cytolethal distending toxins: CdtC contains an atypical cholesterol recognition/interaction region. PLoS ONE 7:e32580. doi: 10.1371/journal.pone.0032580

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Boesze-Battaglia, Walker, Dhingra, Kandror, Tang and Shenker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcimb-07-00469-g005.gif
A 0 30120240 Time (min)
m—— g
———— <—GAPDH

g
5 .
£ wo

2" . I I

Time (min)





OPS/images/fcimb-07-00469-g006.gif
Surface staining Intraceliular staining

3 3
% H
et dom " metsresi o
. T -
i H
N
H
]
A Fucescancs AF480) A00a Frascoce (489
s . “re
p —
= 4 15
2w -
- s N |

ot Gt e . Cdt





OPS/images/fcimb-07-00469-g003.gif
A cat | scdt
—

&
¥
S ot ]

- —-cos

- cac

5 o ca
* it

o8 oo
¥ &

B oo
Shoai
%‘g sg\s

= S ecue

= e






OPS/images/fcimb-07-00469-g004.gif





OPS/images/fcimb-07-00469-g009.gif
U3

D mmm"ﬁ“ﬂmuﬁnmmﬁ»%Mmm

A g
w’/a\‘w

///;n\\\\ /J'an\\\\é





OPS/images/fcimb-07-00469-g007.gif
01025 0 1025 cavwm

surkat” st






OPS/images/fcimb-07-00469-g008.gif
2

G2 cells (%)
8

» .
" i I
.

005 os
Cat (pgim)

SN

w

2

'TUNEL positive cells (%) =

Cat (pg/mL)





OPS/images/fcimb-07-00469-g001.gif
Anti-CdtB Controllge

z

g Acasroun

£

TR T

@y o Tmemn

3

H onsarosm
e g T

H J—

2

freghib, e
oy o Tme(min)
1

£ e

“Time (min)





OPS/images/fcimb-07-00469-g002.gif
-Cdt +Cdt

Hoochst Morgo






OPS/images/fcimb-07-00469-t001.jpg
Sequence

AAITFSFFSIFSWGVLASLAYQR

AGGSFDLR

AGGSFDLRR

DVLVGADSVR
DVLVGADSVRAAITFSFFSIFSWGVLASLAYOR
FLTQPQWAR
FLTQPQUVARAVCLVFALIVFSCIYGEGYSNAHESK
MESGAYGAAK

QMYCVFNR

QMYCVFNRNEDACR

*Posterior error probabilty of the identifcation.
B AT by

Mass

25813369
821.4082
9775043
1029.5455
8592.8718
1157.6557
4073.0543
983.4382
1116.4845
1861.7658

Charge

(SRS

3,4

PRSI

2PEP

2.98E-06
2.126:02
4.10E-02
5.06E-03
4.22E-09
2.19E-03
6.92E-19
6.73E-03
6.61E-05
4.12E-04

bscore

65.184
68.224
72.879
62.466
41474
99.815
59.748
48.284
101.28
87.083

Intensity (anti-Cdt8)

6.28E+06
2.08E+08
2.06E+08
3.24E+08
4.86E+06
6.30E+08
9.30E+06.
1.83E407
1.41E+08
2.11E+07

Intensity (control 1gG)

ccooococoooo





OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Internalization of the Active Subunit
of the Aggregatibacter
actinomycetemcomitans Cytolethal
Distending Toxin Is Dependent upon
Cellugyrin (Synaptogyrin 2), a Host
Cell Non-Neuronal Paralog of the
Synaptic Vesicle Protein,
Synaptogyrin 1









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





