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AtaT Improves the Stability of Pore-Forming Protein EspB by Acetylating Lysine 206 to Enhance Strain Virulence
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A novel type II toxin of toxin–antitoxin systems (TAs), Gcn5-related N-acetyltransferase (GNAT) family, was reported recently. GNAT toxins are mainly present in pathogenic species, but studies of their involvement in pathogenicity are rare. This study discovered that the GANT toxin AtaT in enterohemorrhagic Escherichia coli (EHEC) can significantly enhance strain pathogenicity. First, we detected the virulence of ΔataT and ΔataR in cell and animal models. In the absence of ataT, strains showed a lower adhesion number, and host cells presented weaker attaching and effacing lesions, inflammatory response, and pathological injury. Next, we screened the acetylation substrate of AtaT to understand the underlying mechanism. Results showed that E. coli pore-forming protein EspB, which acts as a translocon in type III secretion system (T3SS) in strains, can be acetylated specifically by AtaT. The acetylation of K206 in EspB increases protein stability and maintains the efficiency of effectors translocating into host cells to cause close adhesion and tissue damage.
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INTRODUCTION

Toxin–antitoxin systems (TAs) are widely present on prokaryote plasmids and chromosomes (Gerdes et al., 2005). These systems consist of two co-expression genes, encoding stable toxin and sensitive antitoxin. TAs were initially discovered as plasmid maintenance modules (Ogura and Hiraga, 1983; Gerdes et al., 1986; Bravo et al., 1987). Unstable antitoxins in plasmid-free cells cannot be supplemented, leaving the toxin free to eliminate or arrest the growth of these cells, which results in the maintenance of plasmids in the bacterial population. The advent of genome sequencing has further exposed the abundant TAs encoded on prokaryotes’ chromosomes (Van Melderen and Saavedra De Bast, 2009; Riffaud et al., 2020). Chromosome TA modules do not maintain plasmid stability. Their functions are associated with different metabolic processes and growth controls to cope with adverse environments (Yamaguchi and Inouye, 2011; Lobato-Marquez et al., 2016; Rocker and Meinhart, 2016; Harms et al., 2018; Paul et al., 2019; Walling and Butler, 2019). However, there are heated debates about the participation of chromosome TAs in environmental stress (Tsilibaris et al., 2007; Goormaghtigh et al., 2018a,b; Holden and Errington, 2018; Fraikin et al., 2020), and their role in organisms is more complicated and confusing than ever.

There are six different types of TAs according to the mechanism of toxin and antitoxin interaction, of which type II TAs research is the most in-depth. In recent years, scientists have discovered a new type II toxin that belongs to the Gcn5-related N-acetyltransferase (GNAT) (Cheverton et al., 2016; Jurenas et al., 2017; Qian et al., 2018, 2019; Wilcox et al., 2018). GNAT toxin blocks protein translation by acetylating the amino group of charged tRNAs, thus preventing tRNA from participating in peptidyl ribosomal transferase (Yeo, 2018). Reports suggest that GNAT toxins are mainly present in pathogenic species. Most GNAT toxins are distributed in the genomes of Salmonella enterica and Klebsiella pneumoniae (Xie et al., 2018); other major species carrying GNAT toxins are Escherichia coli and Mycobacterium tuberculosis (Qian et al., 2018). To date, the functions of several GNAT toxins in pathogenic species have been analyzed. KacT toxin contributes to antibiotic tolerance in K. pneumoniae (Qian et al., 2018); the expression of TacT in Salmonella typhimurium promotes the strain persistence in macrophages (Cheverton et al., 2016; Rycroft et al., 2018); and GmvT in Shigella stabilizes pathogenicity island-harboring pINV plasmid (McVicker and Tang, 2016). However, the function of GNAT toxins in other species is still largely unknown.

Enterohemorrhagic E. coli (EHEC) is a pathogenic Gram-negative bacterium. It can cause severe hemorrhagic colitis and hemolytic uremic syndrome in infected human bodies. It is also highly contagious and can lead to pandemic outbreaks. Epidemiological control is a challenge because it has a low infectious dose and sophisticated pathogenic mechanisms (Cameron et al., 2018; Lang et al., 2018). AtaT, a recently discovered GNAT toxin in E. coli O157:H7, uses acetyl-coenzyme A to block translation initiation by specifically acetylating tRNAfMet (Jurenas et al., 2017). The antitoxin AtaR can prevent it from forming an active dimer to neutralize its toxicity (Yashiro et al., 2019). Jurënas and his colleagues explored the function of this TAs and concluded that the AtaRT system might be involved in anti-addiction and that AtaT is unlikely to participate in persistence (Van Melderen et al., 2018). A quick BLAST search shows that AtaRT is also widely distributed in E. coli O157:H7 Sakai, Xuzhou21, and many other pathogenic strains including E. coli O55:H7 RM12579, CB9615, E. coli APEC O78, and E. coli NA114. As a GNAT toxin mainly distributed in pathogenic species, it is unclear whether ataT is involved in strains’ pathogenic processes.

In this study, we revealed that GNAT toxin AtaT enhances the virulence of strains by maintaining the stability of pore-forming protein EspB through acetylation.



MATERIALS AND METHODS


Ethics Statement

This study was carried out according to the recommendations set out in the Guide for the Beijing Institute of Microbiology and Epidemiology Animal Care and Use Committee (2016-05-11-05). The protocol was approved by the Institutional Ethics Review Committee of Beijing Institute of Microbiology and Epidemiology, China. Mice were purchased from Vital River Laboratory Animal Technology, Beijing, China (permit number: 2016-0006). The female BALB/c mice (14–16 g) were maintained on either a regular diet (standard mice feed and 12 h for light/dark alternate). All animal work was carried out strictly under the approved guidelines, and all efforts were made to minimize suffering.



Bacterial Strains and Plasmids

All of the strains and plasmids used in this study are listed in Supplementary Table 1. Bacteria were grown with shaking at 37°C in lysogenic broth (LB) culture or Dulbecco’s modified Eagle’s medium (DMEM) media. Ampicillin (100 μg/ml), chloramphenicol (25 μg/ml), kanamycin (50 μg/ml), and apramycin (60 μg/ml) were used in this study. Wherever indicated, 0.2% L-arabinose or 0.1 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) was used as an inducer.



Construction of Mutant Strain

Mutant strains of EHEC were constructed using the λ Red recombineering gene deletion technology. The kanamycin-resistant gene kan (flanked by flippase recognition target FRT sites) flanked by homologous sequences of ataT was amplified by PCR. PCR fragments were analyzed by agarose gel electrophoresis on 1% (wt/vol) agarose gels for 30 min. PCR fragments were purified using the PCR product purified kit (Transgen Biotech). P8 strain (EHEC harboring plasmid pKD46) was grown to an optical density at 600 nm (OD600) of ∼0.6 at 30°C and washed three times with water and glycerol [10% (vol/vol)]. Two hundred nanograms of PCR fragments was electroporated into P8 (Bio-Rad MicroPulser Electroporator). Cells were then recovered in 0.7 ml of LB for 1 h, plated on LB plus agar (kanamycin), and incubated overnight at 30°C. The ΔataT strain carrying the kana-resistance gene (ΔataT:kana) was obtained. ΔataT:kana was streaked repeatedly on antibiotic plates at 42°C to cure the strains of plasmid pKD46. Then the plasmid pFLP2 was electroporated into ΔataT:kana to remove the kanamycin-resistant gene. pFLP2 was cured via culture in LB with 6% sucrose (w/v). The ΔataR strain was engineered as follows.



Cellular Infection

The day before infection, approximately 1 × 105 of HT-29 (human colon cancer cells) were seeded in DMEM (10% fetal bovine serum, #10099141C, Gibco) on six-well plates or coverslips without antibiotics. Overnight culture of strains EHEC wild-type (WT), ΔataT, and ΔataR were transferred into fresh DMEM medium at a ratio of 1:1,000. When OD600 nm = 0.6, cells were infected at multiplicity of infection (MOI) = 10 for different periods of time. Phosphate-buffered saline (PBS)-treated cells were used as a control. Next, we processed the different batches of cells in the following steps: (1) we removed supernatants and treated the cells with 0.25% trypsin (#25200072, Gibco), and the bacteria adhering to the cells were collected. Total RNA was isolated (#ER501-01, Trans, Beijing, China), and cDNA was generated (#AT341-02, Trans, Beijing, China) by reverse transcription using RNA as a template. The levels of mRNA were analyzed by quantitative real-time PCR (#AQ131-03, Trans, Beijing, China). (2) We removed supernatants, and the cells were washed three times with PBS. After being treated with 0.25% trypsin for 2 min and 0.025% Triton X-100 for 10 min, the cell suspension per well was fixed to a volume of 1 ml by PBS. The gradient-diluted cell lysates were inoculated on agar plates, and bacterial colonies were counted. (3) After re-culturing in DMEM containing antibiotics for another 6–8 h, the level of IL-8 in the supernatant was detected by ELISA (#EHC008.96, NeoBioscience, Beijing, China). (4) HT-29 cells on the coverslips were fixed and stained with antibody to E. coli O157 (#ab156617, Abcam), Alexa Fluor 488 goat anti-mouse IgG (#A-11029, Invitrogen), Alexa Fluor 647 phalloidin (#A30107, Invitrogen), and DAPI (#C0065, Solarbio, Beijing, China); and the slices were subjected to fluorescence microscopy (Zeiss LSM880).



Mice Infection

Fifteen female BALB/c mice (pre-treated with 5 g/L of streptomycin for 3 days) per group were orally gavaged with EHEC WT, ΔataT, or ΔataR [1 × 109 colony-forming units (CFU)]. At the same time, PBS was used as a negative control. Feces from five mice were randomly taken from each group in indicated days, and the bacterial shedding was counted on Sorbitol-MacConkey agar plates until the 23rd day. On the fourth day of infection, blood was collected from five randomly selected mice in each group. We detected mice serum keratinocyte-derived cytokine (KC) concentration using a mouse KC kit (EMC104.96, NeoBioscience, China). We isolated the colon; then fixed, sliced, and stained it; and analyzed pathological lesions.



Protein Expression and Purification

Escherichia coli BL21(DE3) carrying the pETDuet-1-EspB plasmid, expressing EspB (His)6, was grown to the logarithmic phase at 37°C. IPTG was added to make the final concentration 0.1 mM and further cultured for 16 h at 19°C. Strains were centrifugated at 4°C and disrupted by ultrasonic method. After centrifugation, the sediment was resuspended in urea buffer (8 M of urea, 100 mM of Tris–HCl, pH 8.0) overnight and renatured by step-by-step dialysis. AtaT (His)6 was purified from E. coli BL21(DE3) harboring pETDuet-1-AtaRT. The complex of AtaR-AtaT (His)6 was captured by Ni-NTA resin for the first time. After dissociation of AtaR from the complex in 5 M of guanidine-HCl, AtaT (His)6 was recaptured by Ni-NTA resin and renatured. Fractions containing purified AtaT (His)6 or EspB (His)6 were selected based on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) analysis.



Acetylation Assays in vivo and in vitro

The acetylation in vivo assay steps were as follows. Vectors pETDut1-espB(his)6 and pBAD33-ataT were co-expressed in E. coli BL21 (DE3), while pETDut1-espB was expressed alone as a control. IPTG or L-arabinose were added at 1 h to induce the expression of EspB or AtaT, and the same level of EspB (samples of co-expressed strains were condensed about five times) was collected at 6 h. The modification levels of EspB were detected by acetylated antibody (α-Acetyl) (#9441, CST). Histidine antibody (anti-His) (#12698, CST) was used as a control. Other adhesion proteins [EspA(his)6, LpfA(his)6, Tccp(his)6, Intimin(his)6, and Tir(his)6] followed the same experimental procedures to detect the level of acetylation.

The in vitro acetylation reaction was performed at 37°C for 6 h by adding 10 μg of AtaT, 4 μg of EspB, and 0.2 mM of acetyl-CoA in a volume of 50 μl to produce the EspB-Ac (Ren et al., 2016), while EspB incubated alone as a control.



Degradation of EspB in vitro

Dulbecco’s modified Eagle’s medium with 1 g/L glucose was inoculated 1:100 with overnight cultures of EHEC allowed to grow in 5% CO2 at 37°C. After 16 h of growth, the supernatant was collected and filtered through a 0.22-μm-pore-size filter unit (Millipore) to concentrate 50-fold to produce the endogenous protease of EHEC (Cameron et al., 2018). Five hundred nanogram of EspB or EspB-Ac (from acetylation assays in vitro) was exposed to 150 μl of concentrated protease and incubated at 37°C for 5 h. The same volume of mixtures was collected every hour, and protein levels with histidine antibody (anti-His) detected.



Degradation of EspB in vivo

The stability of EspB (His)6 and its derivative mutants was detected via in vivo degradation experiments (Sang et al., 2016). Plasmid harboring espB(his)6 or its derivatives were induced by 0.1 mM of IPTG for 60 min. Translation was blocked with 100 μg/ml of spectinomycin, and samples were collected every 10 min. The EspB levels were detected with histidine antibody (anti-His), while Dnak levels were detected as a control.



Translocation Assay

HeLa cells were infected with EHEC WT and mutants (harboring the Tir-TEM1 vector, MOI = 10). After 30 min, IPTG was added and incubated for another 4 h. Cell monolayers were washed with Hank’s balanced salt solution (HBSS) three times and covered with CCF2/AM solution (#K1023, Invitrogen) for 1 h in darkness at room temperature. The CCF2/AM solution was washed off with HBSS, and cells were observed under a confocal fluorescence microscope (Dichroic mirror, Zeiss LSM880). After being excited by 405 nm, the ratio of blue fluorescence (460 nm) to green fluorescence (530 nm) was collected.



RESULTS


AtaT Enhanced the Adhesion of Enterohemorrhagic Escherichia coli and Inflammatory Response of Host Cells

Since ataRT is mainly distributed in pathogenic intestinal bacteria, we first explored the relationship between AtaRT and pathogenicity. We used the host cells of EHEC, HT-29 cells, infected with exponential-phase EHEC for hours, and the adherent bacteria were collected while EHEC was grown without cells as a control. Isolated total RNA and real-time qPCR data were analyzed. As shown in Figure 1A, at post-infection 2–6 h, ataT and ataR were upregulated, and their expression decreased at 8 h. This was consistent with ler, which encodes Ler protein (LEE-encoded regulator) and is one of the essential regulatory molecules during EHEC adhesion (Alsharif et al., 2015).
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FIGURE 1. AtaT promotes the adhesion of enterohemorrhagic Escherichia coli and the inflammatory responses of host cells. (A) ataRT mRNA level in WT strains during infection. (B) AtaT promotes the adhesion ability of EHEC in HT-29 cells. EHEC WT, ΔataT, and ΔataR infected HT-29 cells at MOI = 10 for different periods of time. The gradient diluted cell lysates were inoculated on agar plates, and bacterial colonies were counted to calculate adhesion efficiency. (C) AtaT enhanced the secretion of IL-8 in cells. WT, ΔataT, and ΔataR strains infected HT-29 cells for hours. The level of IL-8 in the culture supernatant was detected by ELISA after cells were re-cultured in DMEM containing antibiotics for another 6–8 h, and PBS-treated cells served as controls. (D) WT, ΔataT, and ΔataR strains infected HT-29 cells for 6 h. Cells were stained with anti-O157 (green), DAPI (blue), and phalloidin (pink), while white bars represent 10 μm. Quantification of the adhesion strains results is shown at the top. The degree of A/E was quantified by the ratio of fluorescence intensity (actin staining/bacterial staining) (shown at the bottom). All of the experiments shown were repeated at least two times, and error bars represent ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with EHEC WT. DAPI, 4′,6-diamidino-2-phenylindole; WT, wild-type; ELISA, enzyme-linked immunosorbent assay; IL-8, interleukin 8; EHEC, enterohemorrhagic Escherichia coli; MOI, multiplicity of infection; DMEM, Dulbecco’s modified Eagle’s medium; PBS, phosphate-buffered saline; A/E, attaching and effacing.


Then, we assessed several pathogenicity indicators in EHEC, including Shiga toxin production ability and adhesion ability. The growth curves of the gene-deleted mutants ΔataT and ΔataR are shown in Supplementary Figure 1B. The ΔataT growth conditions were consistent with EHEC WT, while ΔataR exhibited growth inhibition because the repression of the toxin gene ataT was released (Supplementary Figure 1C). We next detected the levels of Shiga toxin produced by these strains when infecting HT-29 cells for 6 h, and no significant difference was observed (Supplementary Figure 2). However, in the adhesion test experiment, we found an interesting phenomenon. The bacterial adhesion number of ΔataT was reduced by 50% compared with WT at 6 and 8 h, and the adhesion of ΔataR was consistent with WT (Figure 1B). This means that the toxin may be involved in the adhesion of the strain. Cytokines are responsible for regulating the inflammatory response. More bacterial adhesion will lead to more severe inflammation. We therefore collected the supernatants of infected cells to detect the levels of cell inflammatory factor IL-8. As expected, WT and ΔataR groups possessed higher inflammatory response than the ΔataT-infected group at 6 and 8 h (Figure 1C). Relative fluorescence actin staining (FAS) activity (Luo and Donnenberg, 2006) under the microscope also showed that the attaching and effacing (A/E) lesions of cells in the ΔataT-infected group were significantly less than those in the WT and ΔataR groups (Figure 1D). All of the results demonstrated that type II toxins AtaT can enhance EHEC’s adhesion ability and cause several inflammatory responses.



The ΔataT Attenuated Bacterial Localization and Inflammation in the Colon

As a molecule that aggravates cell infection, we wanted to know the role of AtaRT in mouse models. BALB/c female mice were randomly divided into four groups with 15 mice in each group. They were given intragastric administration of 1.0 × 109 CFU of WT, ΔataT, or ΔataR. We detected the amount of strain shedding in the feces and tested the colonization of different strains. Feces suspensions were plated on Sorbitol-MacConkey agar plates, and bacterial counts were plotted as the average CFU per gram of feces. We observed that the strain excretion in group ΔataT was markedly lower than in the other two groups from days 3 to 23 (Figure 2A). This test confirmed that AtaT maintained the strong intestinal colonization ability of the strain. We detected the KC, a functional homolog of human IL-8 (Li et al., 2017), levels in the serum on the fourth day. As depicted in Figure 2B, compared with the WT-infected group, deletion of ataT significantly decreased KC levels by approximately 50%, while ΔataR could replenish KC levels. We also took out the colon and fixed the section to evaluate the pathological lesions on this day. There were distinct pathology lesions in WT or ΔataR-infected mice, such as the intestinal cavity showing shedding epithelium, infiltration of inflammatory cells in the acinus lamina propria acinar absence atrophy, and local edema. Only mild inflammation was observed in ΔataT-infected mice (Figure 2C). At the same time, we set the scoring criteria and scored the slices. The colon injury severity scores clearly showed that colon inflammation of ΔataT-infected mice was much milder (P < 0.01), but that the colon remained severely inflamed after infection with EHEC WT or ΔataR (Figure 2D), indicating that less ΔataT colonized colon and caused slighter pathological damage.
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FIGURE 2. AtaT increases colonization of EHEC and causes severe inflammation in the colon. (A) Magnitude of fecal shedding of different strains. WT, ΔataT, and ΔataR strains infected streptomycin-treated BALB/c mice for up to 23 days. Feces suspensions were plated on Sorbitol-MacConkey agar plates, and bacterial counts are plotted as the average CFU per gram of feces. (B) AtaT increases the level of serum KC levels. ELISA detected the levels of KC on the fourth day and PBS-gavaged mice served as controls. (C) AtaT increases colon injury in infected mice. The colons of mice infected for 4 days in each group were sectioned, fixed, and stained. Inflammatory cells (triangle), exfoliated epithelium (asterisk), and acinar atrophy with local edema (arrow) were marked, and bars represent 100 μm. (D) The colon injury severity score. The degree of colonic pathological injury ranged from the slightest to the most severe, with a score of 0–10. Three to five fields of vision were selected for each slide. Error bars represent ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with EHEC WT. All of the experiments shown were repeated at least two times. WT, wild-type; ELISA, enzyme-linked immunosorbent assay; CFU, colony-forming units; KC, keratinocyte-derived cytokine; EHEC, enterohemorrhagic Escherichia coli; PBS, phosphate-buffered saline.




AtaT Promotes the Stability of EspB by Acetylation to Enhance the Translocation of Effectors Into Host Cells

We then explored the molecular mechanism of AtaT increasing EHEC colonization. AtaT has been identified as a member of the acetyltransferase family. We co-expressed various adhesion proteins with AtaT or without and detected the acetylation levels of these proteins. As AtaT affects bacterial growth (Supplementary Figure 3), samples of co-expression groups needed to be concentrated about fivefold to reach the same protein level as the controls. As shown in Figure 3A, the acetylation level of EspB with AtaT co-expression increased eightfold compared with expression alone. However, other adhesion proteins, such as Tir and Intimin, could not be acetylated, regardless of whether AtaT was present. These results showed that EspB is the specific substrate of AtaT; this may explain why AtaT can maintain the strain intestinal colonization. In addition, we performed degradation systems for EspB in vitro and in vivo. First, purified EspB and EspB-Ac (treated with AtaT and acetyl-CoA) were exposed to endogenous protease EspP (E. coli-secreted protein P) from EHEC (Cameron et al., 2018). It was observed the half-life of purified EspB increased 2.3-fold after being treated with AtaT in vitro (Figure 3B). Subsequently, compared with that of WT, the half-life of EspB in ΔataT was shortened to nearly 50%. The stability of EspB can be restored by replenishing ataT in the background of ΔataR in vivo (Figure 3C). The above results suggested that AtaT maintains the stability of EspB in vivo and in vitro.
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FIGURE 3. EspB promotes its stability through acetylation by AtaT to keep Tir translocate into host cells. (A) EspB is the AtaT-specific acetylation modification target in vivo. Detection of the acetylation level of adhesion proteins [EspA(his)6, EspB(his)6, LpfA(his)6, Tccp(his)6, Intimin(his)6, and Tir(his)6], which are expressed alone or co-expressed with AtaT in Escherichia coli strain BL21. Acetylation levels were detected by the anti-acetyl lysine antibody (anti-Ac) and the anti-His antibody (anti-His) was used as a control. (B) Acetylation of EspB enhances protein stability in vitro. Purified 6xHis-tagged EspB was exposed to T3SS enzyme with or without purified AtaT and Ac-CoA for hours. Protein levels were detected by anti-His antibody. (C) Stability of EspB in EHEC WT, ΔataT, and ΔataR strain. Strains harboring EspB expression plasmid was induced by IPTG for 1 h. Spectinomycin was used to terminate protein synthesis at different points, and strains were collected. The level of EspB was detected by anti-His antibody, while Dnak levels were detected as controls. The gray value calculated the half-life. (D) Acetylation of EspB enhances Tir into host cells via T3SS. HeLa cells were infected with wild-type EHEC or mutants containing Tir-TEM1 vectors. At 6 h of infection, cells were incubated with CCF2/AM1 dye. The β-lactamase activity in HeLa cells was detected by measuring the CCF2/AM substrate’s cleavage and presented as the emission ratio of blue/green fluorescence (460/530 nm). White bars indicate 50 μm, data are represented as mean ± SEM, and experiments shown were repeated at least two times. T3SS, type III secretion system; IPTG, isopropyl β-D-1-thiogalactopyranoside; EHEC, enterohemorrhagic Escherichia coli.


EspB is a translocon protein of the type III secretion system (T3SS) and forms the T3SS pore in host cells. As an adhesion protein, Tir is the first effector to be injected into host cells (Mills et al., 2013). If the stability of EspB changes, the translocation of Tir through T3SS is also affected. Therefore, we tested Tir translocation efficiency in mutants and WT strains by using the TEM-1-β-lactamase reporter. Strains harboring the Tir-TEM1 or TEM1 vector infected HeLa cells for 6 h. The relative translocation efficiency of TEM-1 was represented by the emission ratio of 460/530 nm. It was shown that when ataT was absent, the emission ratio of 460/530 nm (blue/green) was reduced to about 77% compared with the WT or ΔataR groups (Figure 3D). Therefore, we concluded that AtaT acetylates EspB to maintain its stability, further enhancing the translocation of adhesion protein Tir into host cells.



Acetylation of K206 Enhances EspB Stability and Modulates the Virulence of Enterohemorrhagic Escherichia coli

In order to determine the modification sites of AtaT acetylated EspB, two EspB protein samples were analyzed by mass spectrometry. One was 6xHis-EspB expressed from strain E. coli BL21(DE3) carrying the vector pET-EspB(his)6, and the other one was the above vector co-expressed with vector pBAD-AtaT. Of the 23 lysine residues in EspB, we identified six lysines (K47, K58, K92, K178, K192, and K206) by liquid chromatography–tandem mass spectroscopy (LC-MS/MS) analysis (Supplementary Table 2). We used I-TASTER to predict the tertiary structure of EspB. We found that all six acylated lysine residues were located at the exposed sites; K47, K58, and K92 were in the extracellular domain; and K178, K192, and K206 were in the intracellular domain (Figure 4A). Among them, K206 was the most significant acetylation site when comparing the ratio of acetylated peptides with unmodified peptides (Figure 4C and Supplementary Table 2).
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FIGURE 4. Analysis of acetylation sites modified by AtaT in EspB. (A) Acetylation sites in domain architecture (top) and predicted tertiary structure of EspB (bottom). Structure prediction was performed with I-TASSER. ECD, extracellular domain, yellow. ICD, intracellular domain, green. TMD, transmembrane domain, blue. Lysine residues detected to be acylated (K47, K58, K92, K178, K192, and K206) are highlighted in red. (B) Conservation analysis of EspB lysine residues (blue box) through sequence alignment. Star, conserved; colon, conservative change; and the result was analyzed by BioEdit. (C) MS/MS spectrum of EspB K206 acetylated (K206Ac) peptide detected from EspB co-expression with AtaT in Escherichia coli BL21(DE)3. MS, mass spectroscopy.


To determine which sites are tightly associated with protein stability, these sites were mutated to alanine (A), glutamine (Q), or arginine (R), to mimic the non-acetylated, constitutively acetylated, and cannot be acetylated or deacetylated forms, respectively (Ren et al., 2016). We constructed these mutant expression vectors of EspB with six histidine tags at its C termini and tested these proteins’ stability in EHEC. The results showed that the half-life of K206Q was approximately 1.4-fold longer than that of EspB WT, while the stability of K206R and K206A was slightly reduced (Figure 5A). Changes in acetyl levels at other sites were either independent of stability or inconsistent with the change of EspB WT modified by AtaT (Supplementary Figure 4). Modification on these sites may affect the basic functions of EspB or be redundantly modified. Importantly, K206 is located in the predicted protein–protein interaction domains of EspB (Luo and Donnenberg, 2011) and is highly conserved in bacteria (Figure 4B). Therefore, we suspect that EspB maintains its stability mainly via acetylation at the K206 site by AtaT.
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FIGURE 5. Acetylation of EspB K206 enhances protein stability and promote the virulence of strains. (A) Stabilities of EspB WT, K206Q, K206R, and K206A in EHEC. Strains harboring EspB expression plasmid were induced by IPTG for 1 h. Spectinomycin was used to terminate protein synthesis at different points and strains were collected. Levels of EspB were determined by anti-His antibody, while Dnak levels were detected as controls. The half-lives were calculated by the gray value. (B) EspB K206Q enhances EHEC adhesion ability to host cells. HT-29 cells were infected with EHEC harboring EspB wild-type or its derivatives at an MOI of 10. The gradient diluted cell lysates were inoculated on agar plates, and bacterial colonies were counted to calculate adhesion efficiency. (C) The number of bacteria attached after cells were infected for 6 h was observed under the fluorescence microscope. (D) IL-8 expression levels of host cells in different infection hours were determined by ELISA. Error bars represent SEM from ≥2 independent experiments, *P < 0.05, **P < 0.01 compared with EspB WT/EHEC. WT, wild-type; IPTG, isopropyl β-D-1-thiogalactopyranoside; ELISA, enzyme-linked immunosorbent assay; IL-8, interleukin 8; EHEC, enterohemorrhagic Escherichia coli; MOI, multiplicity of infection.


Furthermore, to examine the effect of acetylated K206 on EHEC virulence, we infected HeLa cells with EHEC harboring EspB WT or EspBK206 derivatives. As expected, K206Q or EspB WT carrying strains showed higher adhesion ability compared with K206R or K206A at 6 h of infection (Figures 5B,C), and there were also similar trends at other infection time points. The IL-8 levels also showed that host inflammatory responses in the K206R and K206A groups were less than those in the K206Q or EspB WT strains groups, which is consistent with the trend of adhesion (Figure 5D). The above results showed that EspB K206Q mimicking acetylation could significantly increase the virulence of EHEC.



DISCUSSION

Type II TA is the most deeply studied TA, and it is involved in a variety of cell physiological activities. Although the role of type II TAs in the formation of persister cells has been questioned in recent years (Goormaghtigh et al., 2018a; Pontes and Groisman, 2019; Rosendahl et al., 2020), other functions, such as growth diminution during stress, biofilm formation, and phage inhibition, are still widely recognized (Wen et al., 2014; Sauert et al., 2016; Hosseini et al., 2019; Jurënas and Van Melderen, 2020; Song and Wood, 2020). In this work, we demonstrated that the type II toxins AtaT is involved in the virulence of EHEC, including strains colonization, inducing severe pathological injury and host inflammatory response.

ataRT, locus Z4833–Z4832 in EHEC O157:H7 EDL933, which the toxin AtaT of the AtaRT, is a member of the GNAT family. Blast analyses online show that AtaRT is distributed in various pathogens, such as Escherichia, Shigella, Klebsiella, and Salmonella (Supplementary Figure 1A). The strain can also present a basal growth state in the absence of cognate antitoxin (Supplementary Figure 1B), suggesting that AtaT shows “weaker” toxicity. It was inferred that AtaT may have other non-toxic functions. In this study, ataRT (especially ataT) expression was upregulated during strain infection, and AtaT promotes EHEC virulence (Figures 1, 2). Although we do not know which infection signal triggered the TAs, these data provide strong evidence that the GNAT toxin AtaT is involved in regulating strains’ pathogenicity.

Adhesion plays a vital role in host colonization of strains. EHEC contains a battery of adhesion proteins, including intimin, Tir, Tccp, T3SS translocons (EspA, EspB, and EspD), and Lpf (long polar fimbria) (McWilliams and Torres, 2014). Many virulence proteins (effectors) are translocated into host cells via T3SS (Bohn et al., 2019), and EspB is the base element built on the host cell. Notably, AtaT can specifically acetylate EspB directly and promote its stability, so the adhesion proteins, such as Tir, can be efficiently transported into host cells, facilitating close attachment of the bacteria (Figure 3). Except for TacT, which can acetylate both TacA and tRNAs synchronously in Salmonella, no known GNAT toxin has been found to acetylate proteins (VanDrisse et al., 2017). Jurenas et al. (2017) used isotope-labeled (14C) Ac CoA to monitor the acetylation reaction catalyzed by the AtaT in vitro translation reaction. The product was dissolved on SDS–PAGE gels, and no signal was detected, so they suggested that either the target was not a protein or the acetylation was unstable in this condition. In our co-expression reaction in E. coli BL21(DE)3, we revealed an apparent increase in the degree of acetylation. This is the first report that AtaT can directly modify protein besides tRNA.

EspB maintains its stability mainly via the acetylation of K206. However, we do not know how the change in the acetylation state of EspB K206 regulates its stability. Recently, Eshun-Wilson et al. (2019) reported that acetylation improved α-tubulin stability and explained the structural mechanism. They showed that deacetylated K40 in an α1-monomer is close to the M-loop, supporting lateral interaction. When K40 is acetylated, it packs ∼10 Å closer to the globular domain, reducing the potential for intermonomer interactions. Data from another study (Song et al., 2019) showed that the deacetylation-mimic in K49 and K51 had a larger surface area than the acetylation-mimic. As a large surface area is often required for potent protein interactions, acetylation might decrease the binding affinity of LC3 family proteins to its potential interacting protein. As mentioned in the results, K206 is located in the predicted protein–protein interaction domains of EspB. We propose that the acetylation of K206 may alter the conformational landscape. Less surface area blocks EspP or other interacting proteins from approaching it, thereby hindering the degradation of acetylated EspB. Notably, AtaT and EspB are both widely present in EHEC and enteropathogenic E. coli (EPEC) (data not shown). In addition, the EspB modification site K206 is very conserved in the strain distribution (Figure 4), indicating that the model of AtaT modifying EspB is probably a comprehensive regulation. If we find molecules that can intervene or reverse K206 modification by AtaT, we may be able to deal with most of the pathogenic problems of EHEC and EPEC.



CONCLUSION

In summary, our study revealed that the GANT toxin AtaT could enhance the virulence of strains and explained the mechanism (Figure 6). ataRT genes upregulate during infection, and AtaT acetylates EspB with acetyl-CoA. The modified EspB is secreted extracellularly, forms a channel complex with EspD, and then stably embedded in the host cell membrane. Then effectors such as Tir are transported into the host cell efficiently, where they cause tight attachment, host inflammatory responses, and tissue injury.


[image: image]

FIGURE 6. The schematic diagram of how EspB acetylated modification by AtaT enhances EHEC virulence. During host infection by strains, AtaT acetylates the EspBK206 site with acetyl-CoA, ensuring that EspB can be secreted extracellularly to form a stable T3SS base with EspD, enhancing early adhesion. Then Tir and other effectors transported into the host cell via T3SS efficiently cause tight attachment, host inflammatory responses, and tissue injury. T3SS, type III secretion system; EHEC, enterohemorrhagic Escherichia coli.
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