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            Abstract
Immune recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors often activates proinflammatory NF-ÎºB signalling1. Recent studies indicate that the bacterial metabolite d-glycero-Î²-d-manno-heptose 1,7-bisphosphate (HBP) can activate NF-ÎºB signalling in host cytosol2,3,4, but it is unclear whether HBP is a genuine PAMP and the cognate pattern recognition receptor has not been identified. Here we combined a transposon screen in Yersinia pseudotuberculosis with biochemical analyses and identified ADP-Î²-d-manno-heptose (ADP-Hep), which mediates type III secretion system-dependent NF-ÎºB activation and cytokine expression. ADP-Hep, but not other heptose metabolites, could enter host cytosol to activate NF-ÎºB. A CRISPRâ€“Cas9 screen showed that activation of NF-ÎºB by ADP-Hep involves an ALPK1 (alpha-kinase 1)â€“TIFA (TRAF-interacting protein with forkhead-associated domain) axis. ADP-Hep directly binds the N-terminal domain of ALPK1, stimulating its kinase domain to phosphorylate and activate TIFA. The crystal structure of the N-terminal domain of ALPK1 and ADP-Hep in complex revealed the atomic mechanism of this ligandâ€“receptor recognition process. HBP was transformed by host adenylyltransferases into ADP-heptose 7-P, which could activate ALPK1 to a lesser extent than ADP-Hep. ADP-Hep (but not HBP) alone or during bacterial infection induced Alpk1-dependent inflammation in mice. Our findings identify ALPK1 and ADP-Hep as a pattern recognition receptor and an effective immunomodulator, respectively.
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                    Fig. 1: Transposon screen of Yersinia T3SS-dependent NF-ÎºB activation identifies ADP-Hep as a PAMP.[image: ]


Fig. 2: CRISPRâ€“Cas9 screens identify an ALPK1â€“TIFA axis that mediates activation of NF-ÎºB induced by ADP-Hep or Yersinia.[image: ]


Fig. 3: ADP-Hep binding to ALPK1-NTD and crystal structure of the binding complex.[image: ]


Fig. 4: Binding of ADP-Hep but not HBP activates ALPK1 in vitro.[image: ]


Fig. 5: ADP-Hep and B. cenocepacia infection induce ALPK1-dependent inflammatory responses in mice.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Analyses of the ADP-Hep biosynthesis pathway and ADP-Hep-induced NF-ÎºB activation.
a, Low calcium-induced secretion of the T3SS substrates in the hldE transposon mutant. yscC is required for T3SS assembly. b, Schematic of the classical ADP-Hep biosynthesis pathway in Gram-negative bacteria. c, ADP-Hep-dependent autotransporter heptosylation in Î”gmhB mutant. A fragment of the AIDA-I autotransporter (GSTâ€“AIDA-I50â€“600â€“Flag) and its heptosyltransferase (AAH) were expressed in Y. pseudotuberculosis Î”6 deleted of a gene in the ADP-Hep biosynthesis pathway. AIDA-I heptosylation was assessed using the ECL glycoprotein detection kit. d, NF-ÎºB activation in 293T cells electroporated with HBP or H1P (obtained by treating HBP with recombinant GmhB for the indicated times). e, Effects of ALPK1 knockout on other known NF-ÎºB pathways. NOD1, NOD2 and MYD88 were transfected into the cells. Wild-type cells and two ALPK1âˆ’/âˆ’ 293T clones (KO-1/2) were treated with ADP-LD-Hep (100 Î¼M), TNF (20 ngÂ mlâ€“1), C12-iE-DAP (10 ngÂ mlâ€“1) or MDP (10 ngÂ mlâ€“1). f, g, Effects of NOD1/2 deficiency on ADP-Hep-induced NF-ÎºB activation and TIFA foci formation. Wild-type HeLa cells and two NOD1/2 double-knockout clones (DKO-1/2) were assayed. eGFPâ€“TIFA was transfected into the cells (g). Scale bar, 20 Âµm. dâ€“f, NF-ÎºB activation was assessed by luciferase reporter assay (meanâ€‰Â±â€‰s.d. from three technical replicates); two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, *** Pâ€‰<â€‰0.001, NS, not significant). All data are representative of three independent experiments.

                          Source data
                        


Extended Data Fig. 2 FACS-based genome-wide CRISPRâ€“Cas9 screen identifies the ALPK1â€“TIFAâ€“TRAF6 axis that mediates ADP-Hep-induced NF-ÎºB activation.
a, Flow chart of the CRISPRâ€“Cas9 screen for genes required for activation of NF-ÎºB induced by extracellular ADP-LD-Hep but not TNF in 293T cells. b, Immunoblots of Flagâ€“ALPK1 (wild type or its K/M mutant) and Flagâ€“TIFA (wild type or its T9A mutant) expressed in knockout 293T cells. c, Requirement of T9 of TIFA for ADP-Hep-induced NF-ÎºB activation. Flag-TIFA (wild type or T9A) was transfected into two TIFAâˆ’/âˆ’ 293T clones (KO-1/2). d, Requirement of ALPK1 kinase activity for ADP-LD-Hep-induced formation of TIFA foci. eGFPâ€“TIFA was stably expressed in wild-type or ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild type or the kinase-dead K/M mutant). Scale bar, 20 Î¼m. e, Fluorescence imaging of mCherryâ€“ALPK1 and eGFPâ€“TIFA in 293T cells treated with or without ADP-LD-Hep. Scale bar, 10 Î¼m. f, Phos-tag gel assay of myosin I phosphorylation in ADP-LD-Hep-treated cells. Flagâ€“myosin I was transfected into indicated 293T cells. Immunoblots of total cell lysates separated on phos-tag gel or regular SDS gelsÂ are shown. g, Effects of ALPK1 or TIFA knockout on activation of NF-ÎºB induced by ADP-LD or DD-Hep electroporation. ALPK1âˆ’/âˆ’ and TIFAâˆ’/âˆ’ 293T cells were complemented as indicated. h, ADP-LD-Hep-induced co-immunoprecipitation of TIFA with ALPK1 and TRAF6 in transfected 293T cells. c, g, NF-ÎºB activation was assessed by luciferase reporter assay (meanâ€‰Â±â€‰s.d. from three technical replicates); two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, NS, not significant). d, e, Confocal images with Hoechst-stained nuclei. All data are representative of three independent experiments.

                          Source data
                        


Extended Data Fig. 3 The ALPK1â€“TIFA pathway mediates T3SS-dependent and -independent activation of NF-ÎºB by various bacterial pathogens.
a, b, Requirement of ALPK1 kinase activity and TIFA for Y. pseudotuberculosis-induced activation of NF-ÎºB. Wild-type or ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild type or K/M) or TIFAâˆ’/âˆ’ 293T cells expressing Flagâ€“TIFA were infected with indicated Y. pseudotuberculosis strains. NF-kB activation was assessed by luciferase reporter assay (a) or eGFP reporter expression (b). Scale bar, 50Â Î¼m (b). câ€“e, Requirement of ALPK1 kinase activity for Y. pseudotuberculosis (or S. flexneri 2457T)-induced phosphorylation of TIFA (c, d) or formation of eGFPâ€“TIFA foci (e). Flagâ€“ or eGFPâ€“TIFA was expressed in wild-type or ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild type or K/M). TIFA phosphorylation was assessed by anti-pT9-TIFA immunoblotting (c, d). Y. pseudotuberculosis Î”6 was labelled with mCherry (scale bar, 20 Î¼m) (e). f, g, NF-ÎºB luciferase reporter activation and formation of eGFPâ€“TIFA foci induced by T3SS-negative bacteria. Wild-type, ALPK1âˆ’/âˆ’ or Flagâ€“ALPK1-complemented ALPK1âˆ’/âˆ’ 293T cells were infected with DAEC 2787, ETEC H10407, B. cenocepacia J2315 or their Î”hldE mutants. Scale bar, 20 Î¼m. a, f, Luciferase data are shown as meanâ€‰Â±â€‰s.d. from three technical replicates; two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, *** Pâ€‰<â€‰0.001). b, e, g, Confocal images with Hoechst-stained nuclei. All data shown are representative of three independent experiments.

                          Source data
                        


Extended Data Fig. 4 Co-expression of ALPK1-NTD and ALPK1-KD can support ADP-Hep and Y. pseudotuberculosis-induced activation of NF-ÎºB and conservation of ADP-Hep-binding residues in ALPK1-NTD.
a, c, Immunoblots of ALPK1 N- and C-terminal truncation mutants expression in indicated 293T cells. NF-ÎºB luciferase reporter activation induced by ADP-LD-Hep and Y. pseudotuberculosis Î”6 are in Fig.Â 2h. b, Mapping the minimal N- and C-terminal regions of ALPK1 sufficient for ADP-LD-Hep-induced activation of NF-ÎºB. Fluorescence images of NF-ÎºBâ€“eGFP expression are shown. Scale bar, 50 Î¼m. d, e, Assay of ALPK1-NTD and ALPK1-KD co-expression in mediating ADP-LD-Hep (d) or Y. pseudotuberculosis (e)-induced TIFA phosphorylation. Immunoblots of total cell lysates using indicated antibodiesÂ are shown. f, Multiple sequence alignment of the NTDs of ALPK1 from indicated organisms. Red residues are those involved in ADP-Hep binding, revealed by the crystal structure of human ALPK1-NTDâ€“ADP-LD-Hep complex (Fig.Â 3g). Data shown are representative of three (aâ€“c) or two (d, e) independent experiments.


Extended Data Fig. 5 Direct binding of ADP-Hep to ALPK1-NTD.
a, E. coli-purified ALPK1-(N+K) complex on a Coomassie blue-stained SDSâ€“PAGE gel. bâ€“e, HPLCâ€“MS fractionation, NF-ÎºB-inducing activity and mass spectrometry of small-molecule extracts from His6â€“ALPK1-NTD purified from wild-type E. coli BL21 (DE3). The small-molecule extracts, obtained by protein denaturing and precipitation (95â€‰Â°C for 5 min), were analysed by HPLCâ€“MS with 17 fractions obtained (b). The 17 fractions were used to treat 293T cells (c) or cells expressing Flagâ€“TIFA (d); NF-ÎºB luciferase activity (meanâ€‰Â±â€‰s.d. from three technical replicates) and anti-pT9-TIFA immunoblotting are in c and d, respectively. e, Mass spectrometry of fraction 6 identified three major ions corresponding to AMP, ADP and ADP-Hep. f, LCâ€“MS/MS of ADP-Hep in fraction 6 (b, e) or synthetic ADP-LD-Hep standard. g, MS/MS spectra of the [M+H]+ product ions of ADP-Hep in fraction 6 in comparison with those of synthetic ADP-LD-Hep. The heptose of ADP-Hep was not shown owing to neutral loss. h, BLI assay of ADP-LD-Hep or S7P binding to ALPK1-(N+K). ALPK1-(N+K) complexes purified from E. coli BL21 (DE3) Î”hldE were biotinylated in vitro. Sensorgrams of the binding to ALPK1-(N+K) by different concentrations of the indicated sugar (colour lines)Â are shown. Grey lines are from model fits. Data shown are representative of three (a, h) or two (bâ€“g) independent experiments.

                          Source data
                        


Extended Data Fig. 6 HBP binding is insufficient to render ALPK1-KD competent for substrate recognition and phosphate transfer.
a, BLI assay of HBP binding to in vitro-biotinylated apo-ALPK1-(N+K). Sensorgrams of the binding in different concentrations of HBP (colour lines)Â are shown. Grey lines are from model fits. b, Excess HBP competitively inhibits activation of ALPK1 by ADP-Hep. Flagâ€“ALPK1 purified from 293T cells was incubated with purified TIFAâ€“His6 and ADP-Hep in the presence of a titrating amount of HBP. c, d, Effects of HBP binding on ALPK1 phosphorylation and recognition of a 15-residue peptide substrate derived from TIFA. The N-terminal 15-residue sequences of TIFA were fused to GST (GSTâ€“TIFA.N15). d, GST-pulldown assay of ALPK1-(N+K) binding to GSTâ€“TIFA.N15. e, Effect of HBP binding on ATP hydrolysis activity of ALPK1. Apo-ALPK1-(N+K) (wild type or K/M) was incubated with HBP or ADP-LD-Hep, and further reacted with ATP. Percentages of ATP consumption at indicated reaction conditionsÂ are shown (meanâ€‰Â±â€‰s.d. from three technical replicates). Two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001). f, Graphical representation of DSS-crosslinked residues between ALPK1-NTD and ALPK1-KD identified by chemical cross-linking coupled with mass spectrometry. Apo-ALPK1-(N+K) was left untreated, or incubated with HBP or ADP-LD-Hep. Crosslinking connections are depicted by straight lines, and the corresponding raw mass spectrometry data are in Supplementary TableÂ 3. g, Crystal structure of TRPM7 kinase domain in complex with AMPPNP (PDB code, 1IA9). TRPM7 is shown in cartoons and AMPPNP is in sticks. The loop containing K1727 and I1736 (shown in sticks, corresponding to K1140 and K1149 in human ALPK1, respectively) is in yellow. Phosphorylation of TIFA and GST-TIFA.N15 was assayed by anti-pT9-TIFA immunoblotting (b, c). Apo-ALPK1-(N+K), TIFAâ€“His6, and GSTâ€“TIFA.N15 were purified from E. coli BL21 (DE3) Î”hldE (aâ€“f). Data shown are representative of three (aâ€“e) and two (f) independent experiments.

                          Source data
                        


Extended Data Fig. 7 HBP can be transformed into ALPK1 activation-competent ADP-heptose 7-P by bacterial or host adenylyltransferase.
a, b, Requirement of ALPK1 kinase activity for cytosolic HBP-induced phosphorylation of TIFA (a) and activation of NF-ÎºB (b). HBP was electroporated into wild-type or ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild-type or K/M). c, d, Enzymatically synthesized HBP could induce ALPK1-mediated NF-ÎºB activation (c) and TIFA phosphorylation in vitro (d). S7P was reacted with recombinant GmhA or HldE or both. Following protein denaturing and precipitation, reaction supernatants were added to wild-type or ALPK1âˆ’/âˆ’ 293T cells containing an empty vector or Flagâ€“ALPK1 (c). Enzymatically synthesized HBP product (HBPenzymatic), synthetic ADP-LD-Hep or HBP was incubated with ALPK1-(N+K) in the presence of TIFAâ€“His6 (d). e, Schematic of HldE adenylyltransferase synthesis of ADP-Hep and ADP-heptose 7-P from H1P and HBP, respectively. f, g, NF-ÎºB activation by (f) and LCâ€“MS of (g) enzymatically synthesized HBP product. Indicated reaction products were added to wild-type or ALPK1âˆ’/âˆ’ 293T cells (f) or analysed by LCâ€“MS (g). h, i, NF-ÎºB (h) and in vitro ALPK1 activation (i) by ADP-heptose 7-P. HPLC-purified ADP-heptose 7-P was added to wild-type or ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild-type or K/M). i, Equal amounts of the indicated sugars were incubated with ALPK1-(N+K) in the presence of TIFAâ€“His6. j, Ultra-performance liquid chromatography with tandem mass spectrometry of the reaction product of HBP and NMNAT1. Purified ADP-heptose 7-P, synthesized by reacting HBP with HldE, was used as the standard. k, Effect of NMNAT1 overexpression on activation of NF-ÎºB by electroporation of HBP into 293T cells. The immunoblots show NMNAT1 expression. Apo-ALPK1-(N+K) was purified from E. coli BL21 (DE3) Î”hldE and phosphorylation of TIFA was assessed by anti-pT9-TIFA immunoblotting (d, i). b, c, f, h, k, NF-ÎºB activation was assessed by luciferase reporter assay (meanâ€‰Â±â€‰s.d. from three technical replicates); two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001). Data shown are representative of three (aâ€“d, h, i, k) or two (f, g, j) independent experiments.

                          Source data
                        


Extended Data Fig. 8 ALPK1 Q67A/Y68A mutants that can discriminate cytosolic HBP from ADP-Hep resist activation by ADP-heptose 7-P.
aâ€“c, Effects of ALPK1 Q67A, Y68A or Q67A/Y68A double mutations on activation of NF-ÎºB by HBP, ADP-Hep and ADP-heptose 7-P. ALPK1âˆ’/âˆ’ 293T cells expressing the indicated Flagâ€“ALPK1 mutants were electroporated with excess HBP or ADP-LD-Hep (a), or treated with excess ADP-heptose 7-P or ADP-LD-Hep (c). Anti-Flag immunoblots (b) show expression of the ALPK1 mutants. d, In vitro TIFA phosphorylation assay of ALPK1 Q67A/Y68A activation by HBP, ADP-heptose 7-P, or ADP-LD-Hep. Flagâ€“ALPK1 Q67A/Y68A was purified from 293T cells. e, f, In vitro TIFA phosphorylation assay of ALPK1 Q67A/Y68A activation by small-molecule extracts from HBP-electroporated cells (SEHBP). 293T cells electroporated with HBP were used to prepare the small-molecule extracts, and synthetic HBP was included as the control. Apo-ALPK1-(N+K) (e) and Flagâ€“ALPK1 (f) were purified from E. coli BL21 (DE3) Î”hldE and 293T cells, respectively. g, Effects of ALPK1 Q67A/Y68A double mutations on Y. pseudotuberculosis-induced activation of NF-ÎºB. ALPK1âˆ’/âˆ’ 293T cells expressing Flagâ€“ALPK1 (wild-type or the Q67A/Q68A mutant) were left uninfected or infected with indicated Y. pseudotuberculosis strains. a, c, g, NF-ÎºB activation was assessed by luciferase reporter assay (meanâ€‰Â±â€‰s.d. from three technical replicates); two-tailed unpaired Studentâ€™s t-test was performed (*Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001). All data are representative of at least two independent experiments.

                          Source data
                        


Extended Data Fig. 9 ADP-Hep but not HBP induces Alpk1-dependent cytokine expression in mice.
HBP or ADP-LD-Hep (2Â mgÂ kgâ€“1) or the saline control were injected into the dorsal air pouches of wild-type (aâ€“d) or Alpk1âˆ’/âˆ’ (d) mice (C57BL/6). n (biologically independent animals)â€‰=â€‰5 for each group of treatment. Cytokine profiling was determined by the multiplex immunoassay (aâ€“c) or ELISA (d). a, b, Heat maps of indicated cytokine concentrations in the air pouch (a) and the serum (b) of injected mice. c, d, Cytokine concentrations in the serum shown as meanâ€‰Â±â€‰s.e.m. (two-tailed unpaired Studentâ€™s t test, *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ns, not significant). All data are representative of two independent experiments.

                          Source data
                        


Extended Data Table 1 Data collection and refinement statistics for ALPK1-NTD structure (a) and Dali-search results of the structure (b)Full size table
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