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            Abstract
Methane biogenesis in methanogens is mediated by methyl-coenzyme M reductase, an enzyme that is also responsible for the utilization of methane through anaerobic methane oxidation. The enzyme uses an ancillary factor called coenzyme F430, a nickel-containing modified tetrapyrrole that promotes catalysis through a methyl radical/Ni(ii)-thiolate intermediate. However, it is unclear how coenzyme F430 is synthesized from the common primogenitor uroporphyrinogen iii, incorporating 11 steric centres into the macrocycle, although the pathway must involve chelation, amidation, macrocyclic ring reduction, lactamization and carbocyclic ring formation. Here we identify the proteins that catalyse the biosynthesis of coenzyme F430 from sirohydrochlorin, termed CfbA–CfbE, and demonstrate their activity. The research completes our understanding of how the repertoire of tetrapyrrole-based pigments are constructed, permitting the development of recombinant systems to use these metalloprosthetic groups more widely.
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                    Figure 1: Coenzyme F430 and biosynthesis gene clusters in methanogens.[image: ]


Figure 2: EPR characterization of CfbC and CfbD.[image: ]


Figure 3: Enzymatic activity of CfbC and CfbD.[image: ]


Figure 4: Enzymatic activity of CfbB.[image: ]


Figure 5: Biosynthesis of coenzyme F430 from sirohydrochlorin.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Nickel chelatase activity of CfbA.
a, b, In vitro activity assay of CfbA. Purified CfbA was incubated with sirohydrochlorin and NiSO4 at 37 °C (a). The insertion of nickel was monitored by UV/Vis absorption spectroscopy every 15 min. When CfbA was omitted from the assay mixture (b), no nickel insertion was observed. c, In vivo activity of CfbA. Cell pellets of E. coli cells transformed with either pETcoco-2-cobA-sirC-cfbA or pETcoco-2-cobA-sirC-cfbA-nixA grown in the presence of nickel.


Extended Data Figure 2 Amidotransferase activity of CfbE.
a, In vivo activity of CfbE. E. coli cells transformed with pETcoco-2-cobA-sirC-cfbA-nixA and pET14b-cfbE and grown in the presence of nickel produce a dark violet pigment that co-purifies with CfbE during IMAC. b, c, 15N labelling of nickel-sirohydrochlorin a,c-diamide. b, Reverse-phase HPLC chromatogram of nickel-sirohydrochlorin substrate, m/z = 919 (i); unlabelled nickel-sirohydrochlorin a,c-diamide, m/z = 917 (ii); and 15N labelled nickel-sirohydrochlorin a,c-diamide, m/z = 919 (iii). c, 1H–15N HSQC of an ATP limited titration with nickel-sirohydrochlorin, CfbE and 15NH3. The a and c amide groups increase proportionally in intensity as the level of ATP increases.


Extended Data Figure 3 NMR characterization of Ni2+-sirohydrochlorin a,c-diamide.
a, b, 1H–13C HSQC (a) and 1H–15N HSQC (b) of 4 mM Ni2+-sirohydrochlorin a,c-diamide in D2O.


Extended Data Figure 4 Steady-state kinetics of the M. barkeri CfbE amidotransferase with glutamine or ATP as a variable.
a, 1 mM glutamine with ATP varied between 0.05 and 1.5 mM ATP. b, 0.5 mM ATP with glutamine varied between 0.05 and 10 mM. Fixed conditions: buffer B, 20 °C, 2.5 μM M. barkeri CfbE, 25 μM nickel-sirohydrochlorin, 5 mM MgCl2. The mean and error bars were calculated from 3 technical repeats.


Extended Data Figure 5 Characterization of the CfbC/CfbD assay reaction products by mass spectrometry after HPLC separation.
a, Mass spectrum with the isotopic pattern of the reaction product after 1.5 h of incubation measured in positive ion mode. b, Mass spectrum with the isotopic pattern of the reaction product after 22 h of incubation measured in positive ion mode.


Extended Data Figure 6 NMR characterization of seco-F430.
a, b, 1H–13C HSQC (a) and 1H–15N HSQC (b) of 4 mM seco-F430 in D2O.


Extended Data Figure 7 Characterization of the CfbB assay reaction products.
a, UV/Vis absorption spectrum of an F430 standard in 0.01% formic acid/acetonitrile. b, CfbB assay with Ni2+-hexahydrosirohydrochlorin a,c-diamide as the substrate. Mass spectrum with the isotopic pattern of the reaction product after 2 h of incubation measured in positive ion mode after HPLC separation. c, CfbB assay with seco-F430 as the substrate. Mass spectrum with the isotopic pattern of the reaction product after 22 h of incubation measured in positive ion mode after HPLC separation.


Extended Data Figure 8 NMR characterization of F430 synthesized by CfbB.
1H–13C HSQC and 1H–15N HSQC of F430 in TFE-d3.


Extended Data Figure 9 Proposed mechanism for the reaction catalysed by CfbB.
Initially, CfbB promotes the ATP-dependent phosphorylation of the propionic acid side chain on ring D of seco-F430. This activated side chain is then able to undergo cyclisation to form ring F and thereby generate coenzyme F430.


Extended Data Table 1 Plasmids and primers used in this studyFull size table
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Methanogenesis, the biosynthesis of methane by microorganisms, produces around a billion tons of methane gas per year—a significant contribution to global warming. Coenzyme F430 is a nickel-containing modified tetrapyrrole that catalyses the generation of methane, but how it forms is not fully understood. In this work, Martin Warren and co-workers identify the genes responsible for F430 biosynthesis and demonstrate the activities of each of the key enzymes involved. The authors show how the molecular framework that houses nickel is assembled to optimize methanogenesis. Clarifying the pathway to this coenzyme also completes our understanding of how other members of the modified tetrapyrrole family are constructed.
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