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            Abstract
Sulphur is an essential element for life and is ubiquitous in living systems1,2. Yet how the sulphur atom is incorporated into many sulphur-containing secondary metabolites is poorly understood. For bond formation between carbon and sulphur in primary metabolites, the major ionic sulphur sources are the persulphide and thiocarboxylate groups on sulphur-carrier (donor) proteins3,4. Each group is post-translationally generated through the action of a specific activating enzyme. In all reported bacterial cases, the gene encoding the enzyme that catalyses the carbonâ€“sulphur bond formation reaction and that encoding the cognate sulphur-carrier protein exist in the same gene cluster5. To study the production of the 2-thiosugar moiety in BE-7585A, an antibiotic from Amycolatopsis orientalis, we identified a putative 2-thioglucose synthase, BexX, whose protein sequence and mode of action seem similar to those of ThiG, the enzyme that catalyses thiazole formation in thiamine biosynthesis6,7. However, no gene encoding a sulphur-carrier protein could be located in the BE-7585A cluster. Subsequent genome sequencing uncovered a few genes encoding sulphur-carrier proteins that are probably involved in the biosynthesis of primary metabolites but only one activating enzyme gene in the A. orientalis genome. Further experiments showed that this activating enzyme can adenylate each of these sulphur-carrier proteins and probably also catalyses the subsequent thiolation, through its rhodanese domain. A proper combination of these sulphur-delivery systems is effective for BexX-catalysed 2-thioglucose production. The ability of BexX to selectively distinguish sulphur-carrier proteins is given a structural basis using X-ray crystallography. This study is, to our knowledge, the first complete characterization of thiosugar formation in nature and also demonstrates the receptor promiscuity of the A. orientalis sulphur-delivery system. Our results also show that co-opting the sulphur-delivery machinery of primary metabolism for the biosynthesis of sulphur-containing natural products is probably a general strategy found in nature.
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                    Figure 1: Proposed mechanism for 2-thiosugar formation in BE-7585A biosynthesis.[image: ]


Figure 2: Activation of sulphur-carrier proteins and sulphur transfer to the BexX-G6P complex.[image: ]


Figure 3: Structure of BexXâ€“CysO from A. orientalis.[image: ]


Figure 4: Possible involvement of the rhodanese domain of MoeZ in thiolation of sulphur-carrier proteins.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Structures of BexX and CysO from Amycolatopsis orientalis.
a, A stereo ribbon diagram of the (Î²Î±)8-barrel fold of BexX is shown from the top view. The Î±-helices, Î²-strands and loops are marked in blue, green and yellow, respectively. The ketone-intermediate (2) formed by Lys 110 and G6P is shown as sticks and coloured in purple. b, The typical secondary structure composition of the classical (Î²Î±)8-barrel is shown as a topology model; the conserved Lys 110 is highlighted in red. c, The quaternary structure of BexX is shown as a ribbon diagram with two monomers coloured by chain. d, A ribbon diagram of CysO from the BexXâ€“CysO structure. Secondary structural elements are coloured blue for Î±-helices, green for Î²-strands and yellow for loops. e, A topology diagram of CysO. f, Data collection and refinement statistics. One crystal was used for each of the two data sets. *The values in parentheses are for the highest-resolution shell.


Extended Data Figure 2 Putative thiamine, molybdenum cofactor and cysteine biosynthetic genes found in A. orientalis and their proposed functions.
a, Organization of the putative thiamine biosynthetic gene cluster and the proposed thiamine biosynthetic pathway in A. orientalis. *The genes encoding MoeZ and ThiL (one of the genes involved in thiazole biosynthesis) are not found in the gene cluster. The gene encoding the ThiS-activating enzyme, ThiF, is also absent from the genome. â€ Two genes encoding proteins homologous to ThiD are found in the gene cluster. b, Organization of the putative molybdopterin biosynthetic gene cluster and the proposed molybdenum cofactor biosynthetic pathway in A. orientalis. *The genes encoding MoeZ and MoeA are not found in the gene cluster. The gene encoding the MoaD-activating enzyme, MoeB, is also absent from the genome. c, Organization of the putative cysteine biosynthetic gene cluster and the proposed cysteine biosynthetic pathway in A. orientalis. *The gene encoding MoeZ is not found in the gene cluster. d, Organization near the moaD homologue, moaD2, found in the A. orientalis genome. e, Organization near moeZ in the A. orientalis genome and the conserved domains of MoeZ predicted by BLAST analysis.


Extended Data Figure 3 ESIâ€“MS analyses of the MoeZ-catalysed activation of sulphur-carrier proteins and SDSâ€“PAGE separation of the purified proteins.
a, Reaction scheme of the MoeZ-catalysed activation of ThiS. bâ€“e, Deconvoluted ESIâ€“MS analyses of as-isolated ThiS (b), ThiS in the presence of MoeZ and ATP (c), ThiS in the presence of MoeZ, ATP and bisulphide (d) and ThiS in the presence of bisulphide (control) (e). The calculated molecular masses are shown as the neutral form in the upper right corner. Analysis of purified N-His6-ThiS (where N denotes amino terminal) shows two mass signals (observed (obsd), 8,646 and 8,824 Da) consistent with the calculated molecular mass of the recombinant enzyme in its native and N-gluconoylated form (where N denotes amino terminal) (calcd, 8,647 and 8,825 Da). Gluconoylation of the N-terminal His6 tag is a known post-translational modification when expressing recombinant proteins in E. coli37. Such a modification should not affect ThiS activity, because the predicted active site for ThiS is at the C terminus. Indeed, when N-His6-ThiS was incubated with N-His6-MoeZ and ATP, a mass spectrometric signal corresponding to adenylated N-His6-ThiS (9) was detected together with a few peaks that were probably derived from a reaction of the labile adenylated ThiS with buffer components (see c). fâ€“k, Deconvoluted ESIâ€“MS analyses of as-isolated MoaD (N-His6-MoaD, 105 amino acids; calcd, 11,022â€‰Da) (f), as-isolated CysO (N-His6-CysO, 109 amino acids, and its N-gluconoylated derivative; calcd, 11,688 and 11,866â€‰Da, respectively) (g), as-isolated MoaD2 (N-His6-MoaD2, 115 amino acids, and its N-gluconoylated derivative; calcd, 12,473 and 12,651â€‰Da, respectively) (h), MoaD incubated with MoeZ, ATP and NaSH (N-His6-MoaD-COSH; calcd, 11,038â€‰Da) (i), CysO incubated with MoeZ, ATP and NaSH (N-His6-CysO-COSH and its N-gluconoylated derivative; calcd, 11,704 and 11,882â€‰Da, respectively) (j) and MoaD2 incubated with MoeZ, ATP and NaSH (N-His6-MoaD-COSH and its N-gluconoylated derivative; calcd, 12,489 and 12,667â€‰Da, respectively) (k). l, SDSâ€“PAGE gel of purified sulphur-carrier proteins, MoeZ and CD4: N-His6-ThiS (85 amino acids, 8.7â€‰kDa, lane 2), N-His6-MoaD2 (115 amino acids, 12.5â€‰kDa, lane 3), N-His6-CysO (109 amino acids, 11.7â€‰kDa, lane 4), N-His6-MoeZ (421 amino acids, 45.0â€‰kDa, lane 5), N-His6-MoaD (105 amino acids, 11.0â€‰kDa, lane 7) and N-His6-CD4 (417 amino acids, 43.3â€‰kDa, lane 9). The molecular weight markers are 220, 160, 120, 100, 90, 80, 70, 60, 50, 40, 30, 25, 20, 15 and 10â€‰kDa (top to bottom, lanes 1, 6 and 8). The protein MoaD did not express well, and the partially purified protein solution contained significant amounts of endogenous proteins from the E. coli host.


Extended Data Figure 4 BexX-catalysed 2-thio-d-glucose-6-phosphate formation followed by alkaline phosphatase treatment.
a, Reaction scheme to synthesize the expected bimane derivative. b, HPLC traces of the C-His6-BexX-catalysed reactions (where C denotes carboxy terminal) using N-His6-ThiS, N-His6-CysO or N-His6-MoaD2, and the control reactions. The thiosugar product was treated with alkaline phosphatase (CIP) and then derivatized with mBBr. HPLC analysis of the synthetic standard of 2-thio-d-glucose-bimane is shown in the bottom trace (trace 7). c, High-resolution ESIâ€“MS (positive) of the isolated product peak (2-thio-d-glucose-bimane C16H22N2NaO7S+ [Mâ€‰+â€‰Na]+, calcd, 409.1040â€‰Da; obsd, 409.1038â€‰Da).


Extended Data Figure 5 Sequence alignment of A. orientalis CysO, MoaD2 and ThiS and hydrophobic interactions for BexX complexes.
a, Sequence alignment was based on structural supersession using the programs 3D-Coffee38, MultAlin39 and ESPript40. The main differences between CysO (or MoaD2) and ThiS result from an insertion of ten residues between Î²1 and Î²2 of CysO (or MoaD2) and an insertion of 14 (or 15) residues between Î±1 and Î²3 of CysO (or MoaD2). The first insertion includes the short helix 3101, and the second includes helix Î±2. Both of these insertions are involved in the BexXâ€“CysO (or BexXâ€“MoaD2) interface. Ten interface residues (red stars and red triangles) are conserved between CysO and MoaD2; however, only four of these residues are conserved in ThiS (red triangles). Two differences between CysO and MoaD2 represent conservative substitutions; while Thr 9 and Ala 86 in CysO are replaced by Gly 11 and Ser 92 in MoaD2, the interface interaction is contributed by hydrogen bonds that are formed by the backbone atoms. bâ€“d, Hydrophobic interactions of BexXâ€“CysO (b), BexXâ€“MoaD2 (c) and BexXâ€“ThiS (d). BexX monomers are shown as grey ribbon diagrams with hydrophobic interaction regions coloured in cyan. CysO, MoaD2 and ThiS are shown as cartoons and coloured in green, blue and yellow, respectively. Hydrophobic interaction regions in sulphur-carrier proteins are coloured in red. The Î±-helices and Î²-strands in BexX and the sulphur-carrier proteins are labelled in black and red, respectively.


Extended Data Figure 6 The A. orientalis BexXâ€“CysO interface, predicted hydrogen bonds between BexX with sulphur-carrier proteins, and a comparison of the BexXâ€“CysO interface with the Bacillus subtilis ThiGâ€“ThiS interface.
a, Interacting surfaces of BexX (left) and CysO (right). The surface is colour coded by atom type (oxygen, red; nitrogen, blue; carbon, green). Non-interacting surfaces are shown in grey. b, Hydrogen bonds on the surface of BexX with CysO are shown as black dashes. c, Hydrogen bonds formed by the C-terminal tail of CysO and the surrounding residues from BexX are shown as black dashes. The Foâ€‰âˆ’â€‰Fc simulated annealing omit map of the C-terminal residues (Ala-Val-Ala-Gly-Gly) is rendered in grey and contoured at 3.0Ïƒ. Residues are shown as sticks with the carbon atoms in grey for BexX and green for CysO. CysO residues are labelled in red; BexX residues are labelled in black. d, Predicted hydrogen bonds between BexX and other sulphur-carrier proteins. The hydrogen-bonding scheme for the BexXâ€“CysO complex (9 of 12 involve the C-terminal tail) is conserved in the model of the BexXâ€“MoaD2 complex. e, The interface between BexX (blue) and CysO (pink). Secondary structural elements of CysO are labelled in black, the Î²2 and Î±2 elements in BexX are labelled in red. f, The interface between ThiG (grey) and ThiS (yellow) from B. subtilis. Secondary structural elements of ThiS are labelled in black, and the Î²2 and Î±2 elements in ThiG are labelled in red. The Î²2â€“Î±2 loop region in BexX and ThiG is highlighted in red. For CysO, 3101 and Î±2 form hydrophobic contacts with the Î²2â€“Î±2 loop and Î±2 of BexX. ThiG also uses its Î²2â€“Î±2 loop to interact with ThiS; however, ThiS uses two different loop regions to form the interface. In addition, the Î²2â€“Î±2 loop of BexX is closer to the (Î²Î±)8-barrel than in ThiG, in which the Î²2â€“Î±2 loop extends outwards and covers the top of ThiS.


Extended Data Figure 7 MoeZ-dependent protein thiocarboxylate formation in sulphur-carrier proteins using thiosulphate as the sulphur source.
aâ€“d, Deconvoluted ESIâ€“MS of MoaD2 incubated with MoeZ (the observed peaks are consistent with the calculated molecular masses of N-His6-MoaD2-COSH (12,489â€‰Da), N-His6-MoaD2-glycerol (12,547â€‰Da), and N-gluconoylated-His6-MoaD2-COSH (12,667â€‰Da)) (a), MoaD2 incubated with the MoeZ(Cys360Ala) mutant (the observed peaks are consistent with the calculated molecular masses of N-His6-MoaD2 (12,473â€‰Da) and N-His6-MoaD2-glycerol (12,547â€‰Da)) (b), CysO incubated with MoeZ (the observed peaks are consistent with the calculated molecular masses of N-His6-CysO-COSH (11,704â€‰Da), N-His6-CysO-glycerol (11,762â€‰Da) and N-gluconoylated-His6-MoaD2-COSH (11,882â€‰Da)) (c), and CysO incubated with the MoeZ(Cys360Ala) mutant (the observed peaks are consistent with the calculated molecular masses of N-His6-CysO (11,688â€‰Da), N-His6-CysO-glycerol (11,762â€‰Da), their N-gluconoylated derivatives (11,866â€‰Da, and 11,940â€‰Da, respectively) and N-His6-CysO-AMP (12,017â€‰Da)) (d). Observed masses corresponding to protein thiocarboxylate are shown in red. Two peaks corresponding to the dehydration of N-His6-MoaD2 and N-His6-CysO were probably caused by in-source collision-induced dissociation (CID) during the ESIâ€“MS analysis. e, Kinetic parameters for the thiosulphate:cyanide sulphur transferase activity of MoeZ from A. orientalis. Bovine liver rhodanese is a typical rhodanese enzyme. Compared with bovine rhodanese, human molybdopterin synthase sulphurase (human MOCS3) displayed much lower thiosulphate:cyanide sulphur transferase activity41,42. In the case of human MOCS3, l-cysteine and cysteine desulphurase are proposed as the physiological sulphur source over thiosulphate because of its lower rhodanese activity43,44. However, this may not be the case for MoeZ from A. orientalis because its rhodanese activity is comparable to bovine liver rhodanese.


Extended Data Figure 8 Relative adenylation activity of MoeZ and the MoeZ(Cys360Ala) mutant.
a, Reaction scheme for the MoeZ-catalysed adenylation activity assay. The adenylation activities of MoeZ and its Cys360Ala mutant were inferred using a colorimetric assay to monitor the production of AMP (indicated by a decrease in NADH at 340â€‰nm) when MoeZ or its Cys360Ala mutant was co-incubated with a sulphur-carrier protein (MoaD2) in the presence of ATP, NaSH, adenylate kinase (AK), pyruvate kinase (PK) and lactate dehydrogenase (LDH). b, The relative adenylation activity of MoeZ (open circles) and its Cys360Ala mutant (filled circles), as well as a no MoeZ/MoeZ(Cys360Ala) control (open squares), was measured by the coupled enzyme assay, as described in a. Little difference in the decrease in absorption at 340â€‰nm was observed between MoeZ and its Cys360Ala mutant (compared with the control with no MoeZ), suggesting that the mutation at Cys360 had little effect on the adenylation activity of MoeZ.


Extended Data Figure 9 BexX-catalysed 2-thiosugar formation using various sulphur sources.
a, b, Reaction scheme for C-His6-BexX-catalysed 2-thiosugar formation using N-His6-MoeZ, N-His6-MoaD2 and thiosulphate (a) or l-cysteine and the cysteine desulphurase (CD4) from A. orientalis (b). The reactions were carried out in the absence of reducing agent to avoid complications from the generation of bisulphide from protein persulphide (*see also below). Under these conditions, MoeZ cannot be regenerated after single turnover. The thiosugar product was derivatized with mBBr and then treated with alkaline phosphatase (CIP) to yield 2-thio-d-glucose-bimane (2SG-bimane). c, d, The 2SG-bimane product concentrations at different time points of incubation with thiosulphate (c) or l-cysteine and CD4 (d) as the sulphur source were estimated on the basis of the product peak area of each HPLC trace. The 2SG-bimane synthetic standard (10, 25, 50, 77, 100 and 200â€‰Î¼M) was used for calibration. The filled and open circles denote product formation from the incubation with N-His6-MoeZ and the N-His6-MoeZ(Cys360Ala) mutant, respectively. *The observed minor product formation with the MoeZ(Cys360Ala) mutant, l-cysteine and CD4 (see d, open circles) is probably caused by the formation of bisulphide, which could be generated on reduction of CD4-persulphide in the presence of free cysteine molecules. In fact, a small amount of bisulphide was detected under similar conditions with l-cysteine and CD4 (in the absence of other proteins and reducing agents) by the methylene blue assay within 15 min of incubation45.


Extended Data Table 1 Putative cysteine desulphurases, rhodaneses and sulphur-carrier proteins found in the A. orientalis genomeFull size table


Extended Data Table 2 BLASTP (protein BLAST) analysis of E1-like proteins in genomes of selected strains of the ActinomycetalesFull size table
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