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            Abstract
Anaerobic ammonium oxidation (anammox) has a major role in the Earthâ€™s nitrogen cycle1,2 and is used in energy-efficient wastewater treatment3. This bacterial process combines nitrite and ammonium to form dinitrogen (N2) gas, and has been estimated to synthesize up to 50% of the dinitrogen gas emitted into our atmosphere from the oceans2. Strikingly, the anammox process relies on the highly unusual, extremely reactive intermediate hydrazine4, a compound also used as a rocket fuel because of its high reducing power. So far, the enzymatic mechanism by which hydrazine is synthesized is unknown. Here we report the 2.7 Ã… resolution crystal structure, as well as biophysical and spectroscopic studies, of a hydrazine synthase multiprotein complex isolated from the anammox organism Kuenenia stuttgartiensis. The structure shows an elongated dimer of heterotrimers, each of which has two unique c-type haem-containing active sites, as well as an interaction point for a redox partner. Furthermore, a system of tunnels connects these active sites. The crystal structure implies a two-step mechanism for hydrazine synthesis: a three-electron reduction of nitric oxide to hydroxylamine at the active site of the Î³-subunit and its subsequent condensation with ammonia, yielding hydrazine in the active centre of the Î±-subunit. Our results provide the first, to our knowledge, detailed structural insight into the mechanism of biological hydrazine synthesis, which is of major significance for our understanding of the conversion of nitrogenous compounds in nature.
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                    Figure 1: Crystal structure of HZS.[image: ]


Figure 2: Structure of HZS-Î² and HZS-Î³.[image: ]


Figure 3: Proposed mechanism of biological hydrazine synthesis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Small-angle X-ray Scattering (SAXS) results.
a, Semilogarithmic plot of scattered intensity I versus q, which was defined as q = (4Ï€ sin Ï‘)/Î». The curve is an average over 200 measurements. Features are observed up to q = 0.4 Ã…âˆ’1. b, Guinier plot (plot of log I versus q2) showing that the protein is not aggregated. c, Kratky plot (plot of q2I versus q) showing that the protein is folded. d, Average of 18 (out of 20) dummy-atom reconstructions (beige) overlayed on the crystal structure (black).


Extended Data Figure 2 HZS-Î± sequences.
The HZS-Î± sequences from Kuenenia stuttgartiensis (kuste2861, gi 91200564), Jettenia caeni (Planctomycete KSU-1, ksu1d0439, tr A9ZRZ5), Brocadia sinica JPN1 (brosiA2676, gi 762182098) and Scalindua brodae (scabro01598, gi 726045835, re-confirmed by Sanger sequencing) were aligned in ClustalW and secondary structure elements were manually assigned based on the structure of Kuenenia HZS-Î±. Kuste2861 shares 81% sequence identity with its Jettenia and Brocadia orthologues and 61% with Scalindua. Fully conserved peptide sequences are marked black. The predicted signal peptides are highlighted in grey. The following residues are marked (numbering according to kuste2861): Cys303 coordinating Zn2+ (blue triangle), Tyr591 coordinating haem Î±I (pink asterisk), distal His772 of haem Î±II (green circle). The c-type haem binding motifs are highlighted in red. The figure was prepared using ESPript.


Extended Data Figure 3 Sequence alignments of HZS-Î² and HZS-Î³.
The HZS-Î²Î³ fusion protein from Scalindua brodae (scabro01046, gi 726046454, re-confirmed by Sanger sequencing) was aligned using ClustalW to the fused sequences of K. stuttgartiensis HZS-Î² (kuste2859, gi 91200562) and HZS-Î³ (kuste2860, gi 91200563, lacking its predicted signal peptide) as well as to the fused sequences of Jettenia caeni (Planctomycete KSU-1) HZS-Î² (ksu1d0441, tr I3IPV5) and HZS-Î³ (ksu1d0440, tr A9ZRZ4, lacking its predicted signal peptide) and the fused sequences of Brocadia sinica JPN1 HZS-Î² (brosiA2674, gi 762182096) and HZS-Î³ (brosiA2675, gi 762182097, lacking its predicted signal peptide). Secondary structure elements were manually assigned based on the structures of K. stuttgartiensis HZS-Î² and HZS-Î³. The first residue of HZS-Î³ in the HZS Î²Î³ fusions is indicated by a pink asterisk (starting at residue number 40 of K. stuttgartiensis HZS-Î³, the numbers under the Scalindua sequence indicate the numbering in kuste2860). The Kuste2859â€“60 fusion shares 83% sequence identity with its J. caeni and B. sinica orthologues and 72% with S. brodae. Fully conserved peptide sequences are marked in black. The predicted signal peptides of the Î²-subunits are highlighted in grey. The following residues are marked (numbering according to kuste2859 and kuste2860): Glu253 in HZS-Î² (pink triangle), Cys165 covalently bound to haem Î³I, Asp168 near the haem Î³I catalytic site (blue triangle) and the distal His332 of haem Î³II (green circle). The c-type haem binding motifs are highlighted in red. The figure was prepared using ESPript. The predicted signal peptides of the Î³-subunits not included in the alignment are: kuste2860: MAREMRLGGKERMKTGVVKIGLVAALGVVGLISAGGVYAâ€•GQPâ€¦; ksu1d0440: MRNGMIKIGLVAALGIAGVVTAGEIMAâ€•GTPâ€¦ ;brosiA2675: MKSSLKIGLIAALGIAGVMTTGELMAâ€•GTP.


Extended Data Figure 4 Details of HZS structure.
a, Covalent attachment of haem Î³I via three cysteine sulfur atoms. The simulated annealing 2mFoâˆ’DFc composite omit map is shown contoured at 1Ïƒ, overlaid on the final, refined structure. Î³Cys102 and Î³Cys105 are part of the canonical CXXCH motif (grey cartoon). In addition, there is a covalent bond between the SÎ³ atom of Î³Cys165 and the C1 porphyrin methyl group of haem Î³I. b, Overlay of HZS Î³ (grey) with N. europaea CCP (PDB entry 1IQC, light brown) and P. denitrificans MauG (PDB entry 3L4M, dark brown). The positions of haems Î³I and Î³II correspond to those of the haems in CCP and MauG (sticks), as does the position of a calcium ion (spheres). The conserved tryptophan residue proposed to be involved in redox catalysis in MauG and CCP corresponds to His144 in HZS-Î³ (sticks). c, Xenon binding shows that haem Î±I is accessible from the solvent. The Xe atom is shown as a sphere. Green mesh: mFoâˆ’DFc map calculated before inclusion of Xe in the model, (10Ïƒ). Î±Met556 has assumed a new conformation.


Extended Data Figure 5 Electrostatic surface properties of the HZS complex.
Haem moieties are shown as sticks. a, Overview of the whole HZS structure. The bis-His-coordinated haem Î³II is indicated with a black circle. Haem Î±II is obscured in this view but its position is indicated by a black arrow. b, Magnified view of the electrostatic properties of the surface surrounding haem Î³II. A prominent negatively charged patch surrounds the haem as in cytochrome c binding sites. c, Magnified view of the vacuum electrostatic properties of the surface surrounding haem Î±II. No significant differences with the rest of the protein surface are observed. Figure prepared using UCSF Chimera32.


Extended Data Figure 6 EPR spectroscopy of HZS.
a, EPR spectra of HZS as isolated (black traces) and after addition of 200 ÂµM NH2OH (blue traces) or 200 ÂµM NO plus 200 ÂµM NH4+ (red traces). The left panel shows the low magnetic field region highlighting the high-spin haem gx and gy resonances. The right panel shows the complete magnetic field scan where the intensity of the high-spin haem signals has run off-scale. Arrows indicate the positions of the various species that are listed in Extended Data Fig. 6c. The signal at 1540 Gauss is due to a small amount (<0.2% per Î±Î²Î³ unit) of adventitious iron. b, Simulation of the EPR spectra of HZS as isolated using the g values listed in Extended Data Fig. 6c . The difference between the simulation of HSp1 and the experimental spectrum defines the signal of HSp2 and its g value and suggests an amount of 0.41 per Î±Î²Î³ unit (see panel c). c, HZS haem content per Î±Î²Î³ unit determined by EPR. The total haem content determined by EPR was 0.92 Â± 0.15 of the optically determined amount. nd, not detectable; LS, low-spin; HALS, highly anisotropic low-spin; HSp, rhombic high-spin peak. d, Stereofigure of the coordination of haem Î³II by Î³His229 and Î³His332. The perpendicular orientation of the histidine imidazole rings, both oriented towards haem meso atoms, is consistent with the g-values for HALS2. e, Stereofigure of the coordination of haem Î±II by Î±His689 and Î±His772. The orientation of the histidine imidazole groups, one (Î±His772) oriented towards a haem nitrogen atom and the other (Î±His689) towards a haem meso atom is consistent with the g values for HALS1 (see Supplementary Information).


Extended Data Table 1 Data collection and refinement statisticsFull size table


Extended Data Table 2 Identification of metals in hydrazine synthaseFull size table
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Biological hydrazine synthesis
Hydrazine is an intermediate in the process of anaerobic ammonium oxidation, or anammox, which has a major role in the Earth's nitrogen cycle. These authors report a 2.7 Ã… resolution crystal structure of a hydrazine synthase multiprotein complex isolated from the anammox organism Kuenenia stuttgartiensis. The structure provides insights into the mechanism of hydrazine synthesis.
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