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            Abstract
Sulphoquinovose (SQ, 6-deoxy-6-sulphoglucose) has been known for 50 years as the polar headgroup of the plant sulpholipid1,2 in the photosynthetic membranes of all higher plants, mosses, ferns, algae and most photosynthetic bacteria3. It is also found in some non-photosynthetic bacteria4, and SQ is part of the surface layer of some Archaea5. The estimated annual production of SQ4 is 10,000,000,000 tonnes (10 petagrams), thus it comprises a major portion of the organo-sulphur in nature, where SQ is degraded by bacteria6,7. However, despite evidence for at least three different degradative pathways in bacteria6,7,8, no enzymic reaction or gene in any pathway has been defined, although a sulphoglycolytic pathway has been proposed7. Here we show that Escherichia coli K-12, the most widely studied prokaryotic model organism, performs sulphoglycolysis, in addition to standard glycolysis. SQ is catabolised through four newly discovered reactions that we established using purified, heterologously expressed enzymes: SQ isomerase, 6-deoxy-6-sulphofructose (SF) kinase, 6-deoxy-6-sulphofructose-1-phosphate (SFP) aldolase, and 3-sulpholactaldehyde (SLA) reductase. The enzymes are encoded in a ten-gene cluster, which probably also encodes regulation, transport and degradation of the whole sulpholipid; the gene cluster is present in almost all (>91%) available E. coli genomes, and is widespread in Enterobacteriaceae. The pathway yields dihydroxyacetone phosphate (DHAP), which powers energy conservation and growth of E. coli, and the sulphonate product 2,3-dihydroxypropane-1-sulphonate (DHPS), which is excreted. DHPS is mineralized by other bacteria, thus closing the sulphur cycle within a bacterial community.
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                    Figure 1: Complete degradation of sulphoquinovose during growth.


Figure 2: The four core enzyme reactions of sulphoglycolysis, with transport, and the corresponding genes in a ten-gene cluster in E. coli K-12.


Figure 3: Illustration of the reactions of the four core enzymes of sulphoglycolysis in vitro.
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Extended data figures and tables

Extended Data Figure 1 Soluble proteins in glucose- or SQ-grown cells of E. coli K-12 MG1655 separated by 2D-PAGE.
All prominent protein spots on the gel from SQ-grown cells that suggested inducibly expressed proteins were excised and submitted to PFâ€“MS (see Extended Data Table 1). The PFâ€“MS identifications were replicated in an independent growth experiment and gel electrophoresis run.


Extended Data Figure 2 Differential transcriptional analysis of the genes encoding the central pathway of sulphoglycolysis in E. coli K-12.
RTâ€“PCR of the inducible transcription of genes b3879 (epimerase), b3880 (isomerase), b3883 (kinase), b3881 (aldolase) and b3882 (reductase) in cells grown with SQ in comparison to glucose-grown cells. A positive control was a constitutively expressed gene (b0720; gltA, citrate synthase), and a negative control was a PCR without reverse transcription (RNA) to confirm the absence of DNA contamination in the RNA preparations used. The results were replicated starting from an independent growth experiment.


Extended Data Figure 3 Purity of heterologously expressed enzymes using SDSâ€“PAGE.
M, marker proteins; 1, b3880 (isomerase); 2, b3883 (sugar kinase); 3, b3881 (aldolase); 4, b3882 (reductase). A representative SDS gel is shown (n = 2). Each enzyme, 20 Âµg.


Extended Data Figure 4 Separation of SQ, SF and analogues by HILICâ€“HPLC and detection by ESIâ€“TOFâ€“MS.
a, Extracted ion chromatogram of SQ in reaction buffer before (top) and after (bottom) addition of recombinant isomerase b3880 to generate SF. The exact masses determined for the [M-H]âˆ’ ions of SQ and SF are indicated (in Da); the theoretical exact masses (monoisotopic masses) for the [M-H]âˆ’ ions of both SQ and SF (each C6H11O8Sâˆ’) is 243.0180 Da. The data from a representative experiment are shown; the results were replicated (n = 3) with samples from independent enzyme reactions. b, Samples of reference substances fructose and glucose (top), and fructose-6-phosphate and glucose-6-phosphate (bottom). The reference substances illustrate the chromatographic separation by HILIC; that is, the ketoses (for example, SF) elute before the aldoses (for example, SQ).


Extended Data Figure 5 MSâ€“MS fragmentation of SQ and SF.
a, Fragment ions of the [M-H]âˆ’ ions of SQ. b, Fragment ions of the [M-H]âˆ’ ions of SF. The fragmentation pattern of both compounds, SQ and SF, is dominated by the loss of water (âˆ’18), C2H4O2 (âˆ’60), C3H6O3 (âˆ’90) and C4H8O4 (âˆ’120), and by the formation of HSO3âˆ’ (81) ions. The MSâ€“MS spectra of SQ and SF differ in their peak heights, in particular in their base peak for SQ (183) and of SF (153) corresponding to a preferred formation of C4H7O6Sâˆ’ and C3H5O5Sâˆ’, respectively; both fragments might be formed by McLafferty-like rearrangement reactions corresponding to the different positions of the keto groups in SQ and SF. Representative data are shown (n = 5; see Fig. 3).


Extended Data Figure 6 MSâ€“MS fragmentation of SFP and FBP.
a, Fragment ions of the [M-H]âˆ’ ions of SFP. b, Fragment ions of the [M-H]âˆ’ ions of the analogue fructose-1,6-bisphosphate (FBP) for comparison. Fragmentations led to loss of water (âˆ’18) and/or loss of phosphoric acid (âˆ’98), and to the formation of dihydrogen phosphate (97) and pyrophosphate (177). Representative data are shown (n = 5; see Fig. 3).


Extended Data Figure 7 MSâ€“MS fragmentation of SLA and DHPS.
a, Fragment ions of the [M-H]âˆ’ ions of SLA. b, Fragment ions of the [M-H]âˆ’ ions of DHPS. Fragmentation of SLA led to a cleavage of the carbon-sulphur bond and formation of HSO3âˆ’ (81) and [C3H3O2]âˆ’ (71) ions. The fragmentation of DHPS is characterized by an initial loss of water (âˆ’18) and concomitant fragmentation of the enol (or the methylketone) to ketene (âˆ’42) and formation of [CH3O3S]âˆ’ (95) ions; the same fragmentation pattern was observed for authentic DHPS standard (not shown). Representative data are shown (n = 5; see Fig. 3).


Extended Data Figure 8 Hypothetical degradation of the sulpholipid sulphoquinovosyl diacylglycerol in E. coli K-12.
Presumed functions of OmpL (b3875) and YihQ (b3878); apart from OmpL, the subcellular location of this pathway is unknown. R1 and R2 indicate acyl chains of different length and degree of unsaturation.


Extended Data Table 1 Identifications by peptide fingerprintingâ€“mass spectrometry of protein spots excised from 2D-PAGE gels of SQ-grown E. coli cellsFull size table
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        Editorial Summary
Sulphoglycolysis as well as glycolysis in E. coli
The monosaccharide sugar sulphoquinovose is a major component of the biological sulphur cycle, distributed widely in photosynthetic membranes and also in some non-photosynthetic bacteria and archaea. There is evidence for three different degradative pathways for sulphoquinovose in bacteria, but until now none had been fully characterized. This study shows that Escherichia coli K-12, the most widely-studied prokaryotic model organism, can perform sulphoglycolysis as well as standard glycolysis. A ten-gene cluster encodes all the enzymes needed to degrade sulphoquinovose to dihydroxyacetone phosphate. The same gene cluster is present in almost all available E. coli genomes and is widespread among the Enterobacteriaceae. The authors suggest that this newly defined pathway may represent a substantial part of the biogeochemical sulphur cycle, and may have a significant role in bacteria in the alimentary tract of all omnivores and herbivores, and in plant pathogens.
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