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            Abstract
T cells discriminate between foreign and host molecules by recognizing distinct microbial molecules, predominantly peptides and lipids1,2,3,4. Riboflavin precursors found in many bacteria and yeast also selectively activate mucosal-associated invariant T (MAIT) cells5,6, an abundant population of innate-like T cells in humans7,8,9. However, the genesis of these small organic molecules and their mode of presentation to MAIT cells by the major histocompatibility complex (MHC)-related protein MR1 (ref. 8) are not well understood. Here we show that MAIT-cell activation requires key genes encoding enzymes that form 5-amino-6-d-ribitylaminouracil (5-A-RU), an early intermediate in bacterial riboflavin synthesis. Although 5-A-RU does not bind MR1 or activate MAIT cells directly, it does form potent MAIT-activating antigens via non-enzymatic reactions with small molecules, such as glyoxal and methylglyoxal, which are derived from other metabolic pathways. The MAIT antigens formed by the reactions between 5-A-RU and glyoxal/methylglyoxal were simple adducts, 5-(2-oxoethylideneamino)-6-d-ribitylaminouracil (5-OE-RU) and 5-(2-oxopropylideneamino)-6-d-ribitylaminouracil (5-OP-RU), respectively, which bound to MR1 as shown by crystal structures of MAIT TCR ternary complexes. Although 5-OP-RU and 5-OE-RU are unstable intermediates, they became trapped by MR1 as reversible covalent Schiff base complexes. Mass spectra supported the capture by MR1 of 5-OP-RU and 5-OE-RU from bacterial cultures that activate MAIT cells, but not from non-activating bacteria, indicating that these MAIT antigens are present in a range of microbes. Thus, MR1 is able to capture, stabilize and present chemically unstable pyrimidine intermediates, which otherwise convert to lumazines, as potent antigens to MAIT cells. These pyrimidine adducts are microbial signatures for MAIT-cell immunosurveillance.
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                    Figure 1: The riboflavin pathway furnishes ligands that activate MAIT cells.[image: ]


Figure 2: Chemical formation of pyrimidines and lumazines from condensation of small metabolites with 5-A-RU.[image: ]


Figure 3: Structural basis of MR1-binding and recognition of transitory MAIT-cell antigens.[image: ]


Figure 4: MR1â€“antigen tetramers and MAIT activation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 MR1 ligand identification from different bacterial strains.
a, Detection of m/z 329.11 species in MR1 refolded with 5-A-RU and methylglyoxal (control), and supernatants from wild-type (CB013) and CB013-derivative (that is, Î”RibA, Î”RibB, Î”RibG or Î”RibH) L. lactis bacteria. Shown are counts on the y-axis versus retention time on the x-axis. b, Lack of activation of Jurkat.MAIT cells by supernatant from mutant Î”RibD/H S. typhimurium (strain SL1344) but not wild-type (WT), or Î”RibD/H plus RibD/H bacteria. Shown is MFI of CD69-APC on the y-axis. c, Detection of m/z 329.11 species in MR1 refolded with supernatants from wild-type, Î”RibD/H or Î”RibD/H plus RibD/H S. typhimurium bacteria, or control media. Shown are counts on the y-axis versus retention time on the x-axis. d, Detection of m/z 329.11 species in MR1 refolded with 5-A-RU and methylglyoxal (control), or bacterial supernatants from L. lactis (CB013) or E. faecalis bacteria, or control media. Shown are counts on the y-axis versus retention time on the x-axis. e, Detection of m/z 329.11 species in MR1 refolded with 5-A-RU and methylglyoxal (control), or supernatant from E. coli bacteria, or media. Shown are counts on the y-axis versus retention time on the x-axis. Experiments aâ€“e were performed three, three, three, two and three times, respectively.


Extended Data Figure 2 NMR characterization of 5-OP-RU.
aâ€“c, NMR characterization of 5-OP-RU (3d) in DMSO-d6 with internal solvent peak at 2.50â€‰p.p.m. and 39.52â€‰p.p.m. for 1H and 13C, respectively. a, 1H NMR (600â€‰MHz); b, 13C NMR (150â€‰MHz); c, HSQC. The compound 5-OP-RU (3d) was synthesized from the reaction of 5-A-RU and methylglyoxal in DMSO-d6, and then isolated from aqueous media by reversed-phase high-performance liquid chromatography (rpHPLC). Although it was less stable in water, it could still be identified and characterized at pHâ€‰>â€‰6.


Extended Data Figure 3 Stability of 5-OP-RU.
a, Reaction between 5-A-RU (0.5â€‰mM) and methylglyoxal (3 equivalents (eq)) at pH 6.8, 37â€‰Â°C in MilliQ water. b, Stability of purified 5-OP-RU (65â€‰Î¼M) at pH 6.8 and 37â€‰Â°C. The half-life was 135â€‰min. c, Stability of purified 5-OP-RU (65â€‰Î¼M) at variable pH in aqueous TBS buffer (10â€‰mM Tris, 150â€‰mM NaCl, pH 8.0), MilliQ water (pH 6.8) or ammonium acetate buffer (20â€‰mM, pH 5.4) at 15â€‰Â°C. The half-lives were 15â€‰h at pH 8.0, 14.2â€‰h at pH 6.8, 49â€‰min at pH 5.4.


Extended Data Figure 4 Electron density for ligands, and contacts associated with MR1(K43A)â€“5-OP-RU MAIT TCR complex.
aâ€“h, Electron density of 5-OP-RU in MR1, 5-OE-RU in MR1 and 5-OP-RU in MR1(K43A). aâ€“c, Final 2Foâ€‰âˆ’â€‰Fc map, contoured at 1Ïƒ for 5-OP-RU (a) and 5-OE-RU (b) in the MAIT TCRâ€“MR1â€“antigen complex, and 5-OP-RU (c) in the MAIT TCRâ€“MR1(K43A)â€“antigen complex. dâ€“f, Simulated annealing omit maps showing unbiased Foâ€‰âˆ’â€‰Fc electron density, contoured at 3Ïƒ, for 5-OP-RU (d) and 5-OE-RU (e) in MR1, and 5-OP-RU (f) in MR1(K43A). g, h, MR1(K43A)â€“5-OP-RU MAIT TCR complex showing contacts between MR1(K43A) and 5-OP-RU (g) and contacts between MAIT TCR and 5-OP-RU (h). MR1 is shown in grey, MAIT TCR CDR3Î± in yellow and CDR3Î² in orange with ribbon representation, and 5-OP-RU is shown in cyan with stick representation. Hydrogen bonds are indicated with black dashed lines with a water molecule mediating hydrogen bonding between the CDR3Î² 5-OP-RU shown in dark blue sphere representation.


Extended Data Figure 5 Chromatographic and mass spectrometry properties of MR1 ligands.
a, Ligand eluted from MR1 complexed with the product of (i) 5-A-RU and methylglyoxal condensation reaction (top); (ii) 5-A-RU and glyoxal condensation reaction (middle); or (iii) 5-A-RU and 13C-glycolaldehyde condensation reaction (bottom). Shown are extracted ion chromatograms (left); m/z spectrum (centre); and product ions from targeted fragmentation (right). Black diamonds indicate precursor ions. This experiment was performed three times. b, Mass spectrometry characterization of 5-OP-RU (top) and 5-OE-RU and 13C-5-OE-RU (bottom).


Extended Data Figure 6 Mass spectrometry of the 315.09 species.
Extracted ion chromatograms of m/z 315.09 species in MR1 refolded with 5-A-RU and glyoxal (control), or E. coli supernatant, or media. Shown are counts on the y-axis versus retention time on the x-axis. This experiment was performed three times.


Extended Data Figure 7 NMR characterization of RL.
aâ€“c, Spectra were recorded as a solution in D2Oâ€“CD3OD (9:1) with internal solvent peak at 3.31â€‰p.p.m. and 49.0â€‰p.p.m. for 1H and 13C, respectively. a, 1H NMR (600â€‰MHz); b, 13C NMR (150â€‰MHz); c, HMBC.


Extended Data Figure 8 NMR characterization of RL-7-Me.
aâ€“c, Spectra were recorded as a solution in D2Oâ€“CD3OD (9:1) with internal solvent peak at 3.31â€‰p.p.m. and 49.0â€‰p.p.m. for 1H and 13C, respectively. a, 1H NMR (600â€‰MHz) and mechanism for deuterium exchange of CH3 at position 7. Identical exchange was also observed in pure D2O at slower rate (data not shown). b, 13C NMR (150â€‰MHz) showing characteristic heptet from 7-CD3 after complete deuterium exchange. c, HMBC.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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Bacteria, yeast and viruses produce various microbe-specific factors essential for their survival, and these can be exploited as antigens for immunosurveillance. Thus mucosal-associated invariant T (MAIT) cells, an abundant innate-like T-cell subset in humans, are specifically activated by various microbial metabolites of vitamin B presented by MR1 protein. This study shows how a high-potency MAIT-activating ligand can be constructed from otherwise transitory chemical intermediates of the microbial riboflavin pathway that is subsequently modified by the non-enzymatic addition of methylglyoxal. Formation of the adduct takes place while the precursor occupies the MR1 groove and is facilitated by the antigen-presenting molecule.
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