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            Abstract
Bacteria have evolved sophisticated mechanisms to inhibit the growth of competitors1. One such mechanism involves type VI secretion systems, which bacteria can use to inject antibacterial toxins directly into neighbouring cells. Many of these toxins target the integrity of the cell envelope, but the full range of growth inhibitory mechanisms remains unknown2. Here we identify a type VI secretion effector, Tas1, in the opportunistic pathogen Pseudomonas aeruginosa. The crystal structure of Tas1 shows that it is similar to enzymes that synthesize (p)ppGpp, a broadly conserved signalling molecule in bacteria that modulates cell growth rate, particularly in response to nutritional stress3. However, Tas1 does not synthesize (p)ppGpp; instead, it pyrophosphorylates adenosine nucleotides to produce (p)ppApp at rates of nearly 180,000 molecules per minute. Consequently, the delivery of Tas1 into competitor cells drives rapid accumulation of (p)ppApp, depletion of ATP, and widespread dysregulation of essential metabolic pathways, thereby resulting in target cell death. Our findings reveal a previously undescribed mechanism for interbacterial antagonism and demonstrate a physiological role for the metabolite (p)ppApp in bacteria.
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                    Fig. 1: A T6SS effectorâ€“immunity pair is encoded within the H1-T6SS of P. aeruginosa strain PA14.


Fig. 2: Tas1tox adopts an RSH fold found in enzymes that synthesize (p)ppGpp but instead synthesizes (p)ppApp.


Fig. 3: Tas1 intoxication depletes cellular ADP and ATP and thereby dysregulates central metabolism.


Fig. 4: (p)ppApp interacts with PurF and inhibits de novo purine biosynthesis.



                


                
                    
                
            

            
                Data availability

              
              All data supporting the findings of this study are available within the manuscript and associated Supplementary Information. X-ray crystallographic coordinates and structure factor files are available from the PDB with the following accession numbers: Tas1toxâ€“Tis1 (6OX6) and PurFEC-ppApp (6OTT). Maximum likelihood estimates of P. aeruginosa strain relationships used for tree construction are provided in Newick format in Supplementary DatasetÂ 1. Relative concentrations of metabolites from metabolomics are reported in Supplementary DatasetÂ 2. Source gel images are available in Supplementary Fig. 1.
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Extended data figures and tables

Extended Data Fig. 1 Homologues of PA14_01140 and Tse6 are enriched in P. aeruginosa PA14- and PAO1-related strains, respectively.
a, Phylogenetic distribution of PA14_01140 (pink) and tse6 (blue) within 326 P. aeruginosa genomes based on whole-genome single-nucleotide polymorphism (SNP) maximum likelihood analysis. Circles denote individual P. aeruginosa strains. Each clade is labelled according to its representative member. The miniaturized tree depicts true branch distance between each clade. The full tree in Newick format, including bootstrap values, is provided as Supplementary DatasetÂ 1. b, Proteins containing a domain homologous to the C terminus of PA14_01140 are found in several species of Proteobacteria. Homologues were identified using the HMMER webserver and candidate T6SS effectors were selected on the basis of the presence of predicted N-terminal domains known to facilitate export by the T6SS. The UniProt accession number for each identified protein is indicated.


Extended Data Fig. 2 Characterization of the PA14_01140â€“PA14_01130â€“tsi6 gene cluster.
a, Expression of the conserved H1-T6SS effector Tse1 and the secreted H1-T6SS subunit Hcp1 are similar between P. aeruginosa PAO1 Î”retS and P. aeruginosa PA14 Î”rsmAÎ”rsmF by western blot analysis. A non-specific band that reacts with the anti-Tse1 antiserum was used as a loading control. b, Tsi6PA14 is not protective against Tse6-mediated intoxication. Viability of E.â€‰coli cells grown on solid medium harbouring inducible plasmids expressing Tse6tox, Tse6tox + Tsi6PAO1, Tse6tox + Tsi6PA14, or an empty vector control. c, Mutational inactivation of PA14_01140 does not abrogate secretion of Hcp1. Western blot analysis of Hcp1 in the cell and supernatant (sup) fractions of the indicated P. aeruginosa PA14 strains. d, Delivery of PA14_01140 into recipient cells requires the H1-T6SS exported protein VgrG1 and the Tse6-specific chaperone EagT6. Intraspecific growth competition assay between indicated PA14 donor and recipient strains. The parental strain genotype is Î”rsmAÎ”rsmF. MeanÂ Â±Â s.d. for nÂ =Â 3 biological replicates; two-tailed, unpaired t-test. e, Mutational inactivation of eagT6, vgrG1, vgrG2 and vgrG4 does not abrogate H1-T6SS function. Western blot analysis of Hcp1 in the cell and supernatant fractions of the indicated P. aeruginosa PA14 strains. aâ€“c,Â e, Data are representative of three independent experiments.


Extended Data Fig. 3 PA14_01140tox possesses remote homology to characterized (p)ppGpp synthetases.
ClustalW alignment of PA14_01140tox, the RSH domains of E. coli RelA and Streptococcus equisimilis Rel, and the small alarmone synthetases RelQ and RelP from B. subtilis and S. aureus, respectively. Dashed boxes represent regions of high sequence homology. The catalytic glutamic acid is indicated by a red triangle.


Extended Data Fig. 4 The C-terminal domain of PA14_01140 (PA14_01140tox) is toxic when expressed in E. coli.
a, PA14_01130 but not Tsi6PA14 inhibits PA14_01140tox-mediated toxicity. Viability of E.â€‰coli cells grown on solid medium harbouring inducible plasmids expressing PA14_01140tox, PA14_01140tox + PA14_01130, PA14_01140tox + Tsi6PA14, or an empty vector control. b, c, PA14_01140tox is toxic to E. coli, even when expressed at approximately three copies per cell. b, Western blot analysis of pull-downs from E. coli expressing His6â€“PA14_01140tox-VSV-G in the presence of the indicated concentrations of aTC inducer (seeÂ Methods). c, Viability of E.â€‰coli cells expressing His6â€“PA14_01140tox-VSV-G in the presence of the indicated aTC concentrations for 15Â min. d, Amino acid residues in PA14_01140tox that structurally align with known pyrophosphate donor ATP-interacting residues in RelQ are required for PA14_01140tox-mediated toxicity. Viability of E.â€‰coli cells grown on solid medium harbouring inducible plasmids expressing PA14_01140tox, each of the indicated PA14_01140tox point mutants or an empty vector control. Lysine 326 is a residue located within the PA14_01140tox active site that is not predicted to interact with the pyrophosphate donor ATP. e, Glutamate 382 is required for PA14_01140-based intoxication of susceptible recipient cells. Outcome of intraspecific growth competitions between the indicated PA14 donor strains and a Î”PA14_01130-1140 recipient. The parental PA14 strain genotype is Î”rsmAÎ”rsmF. The competitive index is normalized to starting donor/recipient ratios. MeanÂ Â±Â s.d. for nÂ =Â 3 biological replicates; two-tailed, unpaired t-test. aâ€“e, Data are representative of two independent experiments.


Extended Data Fig. 5 Interaction with PA14_01130 distorts the predicted nucleotide acceptor site of PA14_01140tox.
Structural alignment between PA14_01140toxâ€“PA14_01130 complex and the (p)ppGpp synthetase RelP bound to the non-hydrolysable ATP analogue AMPCPP and a GTP acceptor nucleotide (PDB code 6EWZ)40. Two C-terminal Î±-helices of PA14_01140tox that align with the GTP binding site of RelP are rotated approximately 30Â° as a consequence of their interaction with PA14_01130 (curved black arrow).


Extended Data Fig. 6 Tas1 pyrophosphorylates the 3â€² hydroxyl group of adenosine nucleotides.
a, 1H (top) and 31P (bottom) NMR spectra of pApp. See Supplementary Table 2 for assignments. b, Negative mode electrospray mass spectra for pApp (top), ppApp (middle) and pppApp (bottom). Assignment of major peaks is shown below the spectra. c, Anion-exchange traces of Tas1tox-catalysed reactions with dATP or GTP as pyrophosphate donors. Arrowheads indicate 3â€² pyrophosphorylation products. aâ€“c, Data are representative of two independent experiments.


Extended Data Fig. 7 Purified Tas1tox can use pppApp as a pyrophosphate donor to pyrophosphorylate AMP and form pApp.
a, Anion-exchange traces of pppApp and AMP after incubation with the indicated concentrations of Tas1tox for 30Â min at room temperature. A control lacking Tas1tox is shown for comparison. Chromatogram is representative of two independent experiments. b, Mechanism of quantitative conversion of ATP to pApp. Only heteroatoms that participate in the reaction mechanism of pApp formation are shown.


Extended Data Fig. 8 Tas1tox overexpression in E. coli leads to accumulation of (p)(p)pApp and a reduction in cellular 5â€² adenosine nucleotides.
a, Anion-exchange chromatography traces of metabolites extracted from E. coli cells overexpressing Tas1tox (left) or Tas1tox(E382A) (right) at the indicated time points. A trace generated from a mixture of standards containing an equimolar amount of AMP (1), ADP (2), ATP (3), pApp (4), ppApp (5) and pppApp (6) using the same gradient is shown for comparison. Peaks of adenosine 5â€²-nucleotidesÂ (AMP, ADP and ATP) and (p)(p)pApp are indicated by blue and orange arrowheads, respectively. Traces are representative of three independent experiments. b, Quantification of adenosine 5â€²-nucleotide and (p)(p)pApp levels in the E. coli strains from a as a function of time after induction. MeanÂ Â±Â s.d. for metabolites extracted from nÂ = 3 separate cultures. Asterisks indicate metabolites below the detection limit.


Extended Data Fig. 9 The pmf-uncoupling ionophore CCCP but not the ppGpp-hydrolase domain of SpoT reduces the toxicity of Tas1tox.
a, Tis1-depleted cells exhibited a reduction in viability over time. CFU plating of P. aeruginosa PA14 Î”retSÎ”sspB Tis1-D4 pPSV39::sspB cells at the indicated times after induction of SspB expression. b, Tas1 reduces the viability of susceptible recipient cells during interbacterial competition. CFU plating of the indicated P. aeruginosa PA14 recipient strains after co-culture with a parental donor strain at the indicated times. The parental PA14 strain genotype is Î”rsmAÎ”rsmF. c, Steady-state growth of E. coli is not substantially affected by the presence of carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Growth curves of E. coli cells harbouring the Tas1tox expression plasmid in LB medium with or without CCCP. Curves for n = 3 cultures are overlaid for each condition. d, Tas1tox toxicity is reduced in the presence of CCCP. Viability of E. coli cells following Tas1tox expression in the presence or absence of CCCP. Cells were plated either before induction or at the indicated times after induction. e, Alkaline pH does not affect the ability of CCCP to reduce Tas1tox-dependent toxicity, indicating that the toxicity of Tas1tox is likely to arise from the generation of excessive membrane electrostatic potential. Cultures were untreated or conditioned to pHÂ 8.0 using 25Â mM Tris-HCl buffer immediately before induction. f, Activity of the ppGpp-hydrolase domain of SpoT against either ppGpp or ppApp. Initial velocities were normalized to hydrolase activity in the absence of either nucleotide. MeanÂ Â±Â s.d. for enzymatic activity from nÂ =Â 4 technical replicates; two-tailed, unpaired t-test. g, Anion-exchange chromatography traces of metabolites extracted from growth competition experiments between the indicated strains conducted on solid medium for 4Â h. The parental strain is Î”rsmAÎ”rsmF. Traces are representative of three independent experiments. a, b, d, e, Plates are representative of three independent experiments.


Extended Data Fig. 10 (p)ppApp binds to and inhibits PurF in a similar manner to ppGpp.
a, Isothermal calorimetry trace (top) and fitted isotherm (bottom) for the titration of 100Â ÂµM PurFEC with 1Â mM pppApp. Data are representative of two independent experiments. b, Changes to the activity of PurFPA in the presence of indicated concentrations of ppGpp or (p)ppApp. MeanÂ Â±Â s.d. for nÂ =Â 3 separate reactions. c, 2FoÂ âˆ’ Fc difference electron density maps of ppApp (left) and ppGpp (right, PDB code 6CZF) contoured at 0.4Ïƒ are shown in blue. Nucleotides are shown as stick models of two overlapping ppAppâ€“Mg2+ (coloured by heteroatom or light blue) or ppGppâ€“Mg2+ (coloured by heteroatom or yellow) complexes, related by a twofold rotational axis. d, Comparison of ppGpp and ppApp binding configuration within PurFEC. The nucleotideâ€“Mg2+ complexes are modelled at 0.5 occupancy because they lie on a crystallographic twofold rotational axis as shown in c. Relevant hydrogen bonding interactions and their distance in angstroms between PurFEC residues and the purine rings of ppApp (left) or ppGpp (right) are shown with red dashed lines.
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Video 1
Time-lapse series of P .aeruginosa PA14 Î”retSÎ”sspB Tis1-D4 pPSV39::sspB pre-induction. Cells were spotted on an LB growth pad comprised of 1.5% agarose and 2.5Î¼g/mL propidium iodide and imaged every 10 min for a total of 6 hours (n = 1).


Video 2
Time-lapse series of P .aeruginosa PA14 Î”retSsspB Tis1-D4 pPSV39::sspB 2-hr following induction of Tis1 depletion. Cells were spotted on an LB growth pad comprised of 1.5% agarose and 2.5Î¼g/mL propidium iodide and imaged every 10 min for a total of 6 hours (n = 1).


Video 3
Time-lapse series of E. coli pSCrhaB2-CV::tas1tox pre-induction. Cells were spotted on an LB growth pad comprised of 1.5% agarose and 2.5Î¼g/mL propidium iodide and imaged every 10 min for a total of 6 hours (n = 1).


Video 4
Time-lapse series of E. coli pSCrhaB2-CV::tas1tox 1-hr following Tas1tox expression. Cells were spotted on an LB growth pad comprised of 1.5% agarose and 2.5Î¼g/mL propidium iodide and imaged every 10 min for a total of 6 hours (n = 1).
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