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            Abstract
Phosphorus is required for all life and microorganisms can extract it from their environment through several metabolic pathways. When phosphate is in limited supply, some bacteria are able to use phosphonate compounds, which require specialized enzymatic machinery to break the stable carbon–phosphorus (C–P) bond. Despite its importance, the details of how this machinery catabolizes phosphonates remain unknown. Here we determine the crystal structure of the 240-kilodalton Escherichia coli C–P lyase core complex (PhnG–PhnH–PhnI–PhnJ; PhnGHIJ), and show that it is a two-fold symmetric hetero-octamer comprising an intertwined network of subunits with unexpected self-homologies. It contains two potential active sites that probably couple phosphonate compounds to ATP and subsequently hydrolyse the C–P bond. We map the binding site of PhnK on the complex using electron microscopy, and show that it binds to a conserved insertion domain of PhnJ. Our results provide a structural basis for understanding microbial phosphonate breakdown.
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                    Figure 1: Overall architecture of the C–P lyase core complex.[image: ]


Figure 2: Details of subunit structures.[image: ]


Figure 3: Subunit interactions within the C–P lyase core complex.[image: ]


Figure 4: Overview of the active sites of the C–P lyase core complex.[image: ]


Figure 5: Mapping of PhnK using electron microscopy.[image: ]
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Extended data figures and tables

Extended Data Figure 1 The conversion of a phosphonate to 5-phosphoribosyl-α-1-diphosphate (PRPP).
PhnI supported by PhnG, PhnH and PhnL catalyses the transfer of the phosphonate moiety to the 1′ position of the ribose of ATP through displacement of adenine, generating a 5-triphosphoribosyl-α-1-phosphonate. Subsequent to the removal of pyrophosphate by PhnM yielding a 5-phosphoribosyl-α-1-phosphonate, PhnJ breaks the C–P bond of the ribose-coupled phosphonate liberating the alkyl moiety and generating 5-phosphoribosyl 1,2-cyclic phosphate. Finally, the combined activities of PhnP (a phosphoribosyl cyclic phosphodiesterase) and PhnN (a ribosyl bisphosphate phosphokinase) result in the formation of PRPP via ribose 1,5-bisphosphate.


Extended Data Figure 2 Representative examples of electron density.
a, The interface between PhnJ (blue, residues 45–52 and 104–110 including a bound sulfate ion) and PhnI (green, residues 321–341) showing 2Fo − Fc electron density contoured at 2.0 r.m.s.d. b, Close-up of the aromatic side chains in the central β-sheet of PhnJ (residues 118–126, 203–207 and 211–217), with the same contouring as a.


Extended Data Figure 3 Sequences of the proteins of the C–P lyase core complex with secondary structure.
Protein sequences are shown along with secondary structure assignment based on the crystal structure and colours as in Fig. 1. a, PhnG. The first α-helix is two residues longer in one of the two copies in the complex and indicated with a dashed box. The β-barrel domain is shown in yellow and orange colours. b, PhnH. The numbering of β-strands follows the convention from ref. 19. Helix names (A–E) used in that paper are shown in parentheses. β1 and β3 are not included in the figures in this paper as they only have two hydrogen bonds each. c, PhnI. The N-terminal domain is shown with sea green and the β-barrel domain with green and light-green colours. d, PhnJ. The central insertion domain is shown in purple and the C-terminal mini domain in a darker blue colour. Figure produced using SecSeq (D. E. Brodersen, unpublished, http://www.bioxray.au.dk/~deb/secseq).


Extended Data Figure 4 Cross alignments.
a, Alignment of the amino acid sequences of E. coli PhnH and PhnJ. Identical residues are shown in red and conserved functionality in green. Secondary structure colours correspond to Fig. 1 and conserved regions are shown in dashed boxes. For PhnJ, the positions of the CID and CMD are indicated with brackets as well as with colours. b, Alignment of PhnG and PhnI (only partial sequence). Conserved regions are shown in dashed boxes. Figure produced using SecSeq (D. E. Brodersen, unpublished, http://www.bioxray.au.dk/~deb/secseq).


Extended Data Figure 5 The structure and function of PhnJ.
a, Two perpendicular views of the PhnH–PhnJ heterodimer as observed within the C–P lyase core complex (blue and red, left) and aligned views of the PhnH2 homodimer from the isolated crystal structure (PDB ID: 2FSU; green, right)19. b, Surface view of the C–P lyase core complex with PhnG shown in yellow, PhnI in green, and PhnJ in blue. The position of SAM as modelled from an S-adenosyl methionine activase enzyme (PDB ID: 4K37)24 has been overlaid to visualize its putative placement in the pocket between PhnG and PhnJ. c, The C–P lyase core complex shown in surface representation with PhnJ and the CMD in cartoon, coloured by B factor to show flexibility (B = 25 Å2, blue, B = 45 Å2, magenta). The zinc and sulfate ions are shown with spheres.


Extended Data Figure 6 Interaction areas within the C–P lyase core complex.
a, Dimerization interface between halves of the (PhnGHIJ)2 complex. Colours as in Fig. 1. b, Interaction areas between the individual subunits within each dimer half. c, Two perpendicular views of the C–P lyase core complex shown in surface representation with colours as in Fig. 1c. d, Left, overview of the surface conservation of the C–P lyase core complex shown as a colour gradient from teal (variable) to burgundy (conserved) as indicated. Right, conservation at the interaction interfaces between the individual subunits of the complex.


Extended Data Figure 7 In vivo complementation of E. coli ΔphnHIJKLMNOP.
E. coli strain BW16711 (ΔphnHIJKLMNOP) complemented with a plasmid-borne copy of either wild-type (Wt) phnGHIJKLMNOP or variants thereof, including PhnJ(C272A), PhnJ(H108A), PhnI(H328A), or the PhnI(H328A;H333A) double variant. Growth is monitored on minimal plates with either no phosphorus source (a), 2-aminoethyl phosphonate (2-AEPn) (b), methyl phosphonate (MPn) (c), or phosphate ion (d). The data shown are representative of three independent experiments.


Extended Data Figure 8 PhnK sequence alignment.
Alignment of the protein sequence of E. coli PhnK with homologous proteins from a wide range of microorganisms. Conserved residues are shown on a teal background, and residues mentioned in the main text and the location of the ABC cassette consensus motifs (Walker A, Q motif, ABC motif, Walker B, D loop, and H motif) are indicated.


Extended Data Figure 9 Negative stain electron microscopy of PhnGHIJK.
a, Raw micrograph representative of 100 images collected. Scale bar is 500 Å. b, Selection of 2D reference-free class averages from a total of 300 classes showing the particle in various orientations. Each class is 172 Å wide. c, Fourier-shell correlation (FSC) of the final electron microscopy density map as a function of resolution (black line) with FSC = 0.143 at 16 Å. The red line shows the correlation between the crystal structure and the electron microscopy density, which has FSC = 0.5 at 28 Å. The inset figure shows an equal area projection plot for the electron microscopy tilt pair validation data set. The circle is an approximation of a 99% confidence interval that contains the representative direction (blue plus), includes the true tilt direction (red cross), and excludes the untitled direction (origin).

                          Source data
                        


Extended Data Figure 10 Purification of the PhnGHIJ(ΔCID) and PhnGHIJ(ΔCID)K complexes.
a, Sequence alignment of the CID region of PhnJ with the corresponding part of the structural domain of PhnH, where strands 5 and 6 of the β-sheet are connected by a short Gly–Gly turn (green residues). In PhnJ(ΔCID), the CID domain spanning residues 130–171 (red residues) are replaced by a similar dipeptide turn, which should maintain the overall domain fold. b, SDS–PAGE gel showing purified C–P lyase complexes (PhnGHIJ and PhnGHIJK) both with (Wt) and without (ΔCID) the CID on PhnJ. PhnK is missing from the complex purified from the PhnGHIJ(ΔCID)K construct (red arrow). The data shown are representative of three independent purifications. c, Overview of the C–P lyase core complex structure docked in the PhnGHIJK electron microscopy density with the location of the PhnJ CID domains (purple) and PhnK (cyan cartoon) indicated.


Extended Data Table 1 Data collection, phasing and refinement statisticsFull size table
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        Editorial Summary
Bacterial breakdown of phosphonates
When phosphates are in short supply, certain bacteria are able to utilize organic phosphonate compounds thanks to specialized enzymatic machinery that breaks the stable carbon–phosphorus bond. The mechanism involved is not clear. Ditlev Brodersen and colleagues have determined the crystal structure of the 240-kilodalton C–P lyase complex from Escherichia coli. The structure contains two potential active sites that may couple organic phosphonate compounds to ATP and subsequently hydrolyse the C–P bond.
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