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            Abstract
Bioactive natural products have evolved to inhibit specific cellular targets and have served as lead molecules for health and agricultural applications for the past century1,2,3. The post-genomics era has brought a renaissance in the discovery of natural products using synthetic-biology tools4,5,6. However, compared to traditional bioactivity-guided approaches, genome mining of natural products with specific and potent biological activities remains challenging4. Here we present the discovery and validation of a potent herbicide that targets a critical metabolic enzyme that is required for plant survival. Our approach is based on the co-clustering of a self-resistance gene in the natural-product biosynthesis gene cluster7,8,9, which provides insight into the potential biological activity of the encoded compound. We targeted dihydroxy-acid dehydratase in the branched-chain amino acid biosynthetic pathway in plants; the last step in this pathway is often targeted for herbicide development10. We show that the fungal sesquiterpenoid aspterric acid, which was discovered using the method described above, is a sub-micromolar inhibitor of dihydroxy-acid dehydratase that is effective as a herbicide in spray applications. The self-resistance gene astD was validated to be insensitive to aspterric acid and was deployed as a transgene in the establishment of plants that are resistant to aspterric acid. This herbicide-resistance gene combination complements the urgent ongoing efforts to overcome weed resistance11. Our discovery demonstrates the potential of using a resistance-gene-directed approach in the discovery of bioactive natural products.
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                    Fig. 1: Genome mining of a DHAD inhibitor and biosynthesis of aspterric acid.[image: ]


Fig. 2: Aspterric acid is a plant growth inhibitor.[image: ]


Fig. 3: Aspterric acid-resistance of Arabidopsis plants expressing astD transgenes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The rationale of resistance-gene-directed discovery of a natural herbicide with a new mode of action.
a, Phylogenetic tree of DHAD among bacteria, fungi and plants. The evolutionary history was inferred by using the neighbour-joining method (MEGA7). Scale-bar units represent the number of amino acid substitutions per site. b, Representatives of small molecules that inhibit DHAD in vitro, but fail to inhibit plant growth. c, Examples of co-localization of biosynthetic gene clusters (BGCs) and targets. The biosynthetic core genes are shown in blue and the self-resistance enzymes (SREs) are shown in red. The blockbuster cholesterol-lowering lovastatin drug targets HMG-CoA reductase (HMGR) in eukaryotes. In the fungus A. terreus that produces lovastatin, a second copy of HMGR encoded by ORF8 is present in the gene cluster (top). The BGC of the immunosuppressant mycophenolic acid from Penicillium sp. contains a second copy of inosine monophosphate dehydrogenase (IMPDH), which represents the SRE to this cluster (bottom).


Extended Data Fig. 2 Biochemical assays of DHAD functions.
a, Assaying DHAD activities in the conversion of the dihydroxyacid 4 into the Î±-ketoacid 5. Formation of 5 can be detected with HPLC by chemical derivatization using phenylhydrazine (PHH) to yield 6. b, LCâ€“MS traces of the biochemical assays of AthDHADÂ (plant DHAD, pDHAD). EIC of positive ion mass of [MÂ +Â H]+Â =Â 207 is shown in red.Â PanelsÂ iâ€“iv in b: i, the derivatization reaction was validated by using the authentic 5; ii, the bioactivity of AthDHAD in converting 4 into 5 was validated; iii, addition of DMSO to AthDHAD enzymatic reaction mixture has no effect; and iv, addition of 10Â Î¼M aspterric acid to the reaction mixture abolished AthDHAD activity. The experiments were repeated independently three times with similar results.


Extended Data Fig. 3 Inhibition assay of different DHADs using aspterric acid.
aâ€“c, Three DHAD enzymes were assayed, including AthDHAD (plant DHAD, pDHAD), AteDHAD (fungal housekeeping DHAD from A. terreus, fDHAD) and AstD (DHAD homologue within ast cluster). IC50 and Ki values of aspterric acid were measured on the basis of inhibition percentage at different aspterric acid concentrations. Data are meanÂ Â±Â s.d. from three biologically independent experiments. a, Plot of the inhibition percentage of 0.5 Î¼M AteDHAD as a function of aspterric acid concentration. b, Plot of the inhibition percentage of 0.5Â Î¼M AthDHAD as a function of aspterric acid concentration. c, Plot of the inhibition percentage of 0.5Â Î¼M AstD as a function of aspterric acid concentration. d, Analysis of inhibitory kinetics of aspterric acid on AthDHAD using the Lineweaverâ€“Burk method at different concentrations of aspterric acid (left). Linear fitting of the apparent Michaelis constant (KM,app) as a function of aspterric acid concentration yields the Ki of aspterric acid on AthDHAD (right).

                          Source data
                        


Extended Data Fig. 4 Growth curve of S. cerevisiae âˆ†ILV3 expressing AstD and AteDHAD.
aâ€“d, The genome copy of DHAD encoded by ILV3 was first deleted from S. cerevisiae strain DHY Î”URA3 to give UB02. UB02 was then either chemically complemented by growth on ILV (leucine, isoleucine and valine)-containing medium or genetically by expressing of AteDHADÂ (fungal housekeeping DHAD from A. terreus, fDHAD) or AstD episomally (TY06 or TY07, respectively). The empty vector pXP318 was also transformed into UB02 to generate a control strain TY05. Cell growth (optical density) under different conditions was plotted as a function of time. Data are meanÂ Â±Â s.d. from three biologically independent experiments. a, Growth curve in ILV dropout medium with no aspterric acid. b, Growth curve in ILV dropout medium with 125Â Î¼M aspterric acid. c, Growth curve in ILV supplemented medium. d, Growth curve in ILV supplemented medium with 250Â Î¼M aspterric acid.


Extended Data Fig. 5 X-ray structure of holo-AthDHAD and homology model of AstD.
a, Superimpositions of the monomer of holo-AthDHAD (PDB: 5ZE4, 2.11Â Ã…) and RlArDHT (PDB: 5J84). The holo structure containing the 2Feâ€“2S cofactor and Mg2+ ion in the active site. The structure of holo-AthDHAD is in white; the crystal structure of RlArDHT is in cyan. b, Superimpositions of holo-AthDHAD and homology-modelled AstD. The structure of AstD was constructed by homology modelling on the basis of the structure of holo-AthDHAD. The structure of holo-AthDHAD is in white; the crystal structure of AstD is in green. c, The electron density map of cofactors in the holo structure of AthDHAD. White mesh indicates the 2FoÂ âˆ’Â Fc map at the 1.2Ïƒ level; green mesh indicates the FoÂ âˆ’Â Fc positive map at the 3.2Ïƒ level; cyan sticks represent the acetic acid molecule. d, Comparison of the active sites in the crystal structure of AthDHAD and the modelled structure of AstD. The cartoon represents superimposed binding sites of AthDHAD (white) and AstD (green). The shift of a loop in AstD, where L518 (corresponding to V496 in AthDHAD) is located, coupled with a larger L198 residue (corresponding to I177 in AthDHAD) leads to a smaller hydrophobic pocket in AstD than in AthDHAD. e, The surface of binding sites of AstD (left) and AthDHAD (right). The smaller hydrophobic channel in the modelled AstD cannot accommodate the aspterric acid molecule (yellow ball and stick model).


Extended Data Fig. 6 Sequence alignment between AthDHAD and AstD.
The sequence identity between AthDHAD and AstD is 56.8%, whereas the similarity between them is 75.0%. Residues were coloured according to their property and similarity.


Extended Data Fig. 7 Spray assay of aspterric acid on A. thaliana.
Glufosinate-resistant A. thaliana was treated with (right) or without (left) aspterric acid in the solvent, which is a commercial glufosinate-based herbicide marketed as Finale. To improve the wetting and penetration, aspterric acid was first dissolved in ethanol and then added to the solvent (0.06Â gÂ lâˆ’1 Finale (Bayer) with 20 gÂ lâˆ’1 ethanol) to make 250Â Î¼M aspterric acid spraying solution. The control plants were treated with solvent containing ethanol only. Spraying treatments began upon seed germination, and were repeated once every two days with approximately 0.4Â ml aspterric acid solution per time per pot for four weeks. The picture shown is taken after one month of treatment. The application rate of aspterric acid is approximately 1.6Â lbÂ perÂ acre, which is comparable to the commonly used herbicide glyphosate (0.75â€“1.5Â lbÂ perÂ acre). The experiments were repeated independently three times with similar results.


Extended Data Fig. 8 Specific inhibition of anther development in A. thaliana.
aâ€“f, Comparison of flower organs between the aspterric acid-treated (aâ€“c) and non-treated (dâ€“f) Arabidopsis. a, d, The aspterric acid-treated flower shows abnormal pistil elongation owing to the lack of pollination. b, e, The aspterric acid treated flower is missing one stamen. c, f, The aspterric acid treated anther is depleted of healthy and mature pollen. The experiments were performed twice with similar results.


Extended Data Fig. 9 Schematic of results from the cross experiment.
a, Wild-type A. thaliana treated with 250Â Î¼M aspterric acid was pollinated with pollen from the un-treated plant that carries the glufosinate-resistance gene. Offspring was obtained, and inherited the glufosinate resistance from the pollen donor. b, As in a, except that the pollen donor was also treated with 250Â Î¼M aspterric acid. No offspring was obtained from this cross. Similar results were obtained after treatment with 100Â Î¼M aspterric acid.


Extended Data Table 1 Data collection and refinement statistics (molecular replacement)Full size table
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