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            Abstract
The metabolism of carbohydrate polymers drives microbial diversity in the human gut microbiota. It is unclear, however, whether bacterial consortia or single organisms are required to depolymerize highly complex glycans. Here we show that the gut bacterium Bacteroides thetaiotaomicron uses the most structurally complex glycan known: the plant pectic polysaccharide rhamnogalacturonan-II, cleaving all but 1 of its 21 distinct glycosidic linkages. The deconstruction of rhamnogalacturonan-II side chains and backbone are coordinated to overcome steric constraints, and the degradation involves previously undiscovered enzyme families and catalytic activities. The degradation system informs revision of the current structural model of rhamnogalacturonan-II and highlights how individual gut bacteria orchestrate manifold enzymes to metabolize the most challenging glycan in the human diet.
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                    Figure 1: Schematic of enzymes and PULs involved in RG-II degradation.[image: ]


Figure 2: Growth of Bacteroidetes species on RG-II.[image: ]


Figure 3: B. thetaiotaomicron-mediated depolymerization of RG-II chain A.[image: ]


Figure 4: Model of RG-II disassembly by B. thetaiotaomicron.[image: ]


Figure 5: Crystal structure of N-terminal catalytic domain of BT0996 (BT0996-N) in complex with RG-II chain B.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence conservation and genomic organization of components of RG-II PUL1 across Bacteroidetes species.
a, PULs activated by RG-II. Genes encoding proteins of known or predicted functionalities are colour-coded. Arrows indicate the orientation of each gene. b, For Bacteroidetes species (in rows), xenologues of B. thetaiotaomicron (Bt) RG-II PUL1 proteins (in columns) were identified by reciprocal best-BLASTP hits. These organisms were coloured to reflect growth on RG-II; blue, growth in 24 h; orange, growth in 48 h; red, no growth; black, growth on RG-II was not evaluated. B. thetaiotaomicron proteins that contribute to RG-II degradation are grey. CE, carbohydrate esterase; GHXX, glycoside hydrolase family; PL1, polysaccharide lyase family. b, i, Xenologues are in the same column as the corresponding B. thetaiotaomicron protein, and percentage identity is in a red colour-scale to 24% identity. b, ii, Genomic organization of xenologues into gene clusters/loci. The top row shows 55 B. thetaiotaomicron proteins numbered according to relative position of the gene on the genome. The xenologues of the B. thetaiotaomicron genes are numbered as they appear in their respective cluster/locus. For each species, B. thetaiotaomicron RG-II PUL1 was split into separate clusters when the contiguous xenologues were separated by ≥30 unrelated genes. Each cluster has a distinct background colour (green, blue, pink and yellow). Proteins in B. xylanisolvens XB1A, not annotated previously as open-reading frames identified here by TBLASTN, are marked with a dagger. Split proteins in B. cellulosilyticus DSM 14838 due to incomplete genome assembly were numbered based on the B. cellulosilyticus WH2 genome (marked with an asterisk). B. thetaiotaomicron enzymes that were split into two distinct single module enzymes in other species are denoted with a ‘plus’ sign in the PUL. Supplementary Fig. 3 shows a complete depiction of the PUL organization in the selected species.


Extended Data Figure 2 The generation of RG-II derived oligosaccharides by mutants of B. thetaiotaomicron.
a, The site of action of the enzyme that was eliminated or not functional in the corresponding mutant. b, The structures of the oligosaccharides generated by each mutant. These molecules were isolated by size-exclusion chromatography and used as substrates to determine the mechanism of RG-II degradation. c, The structure of bespoke chemically synthesized oligosaccharides that were used as substrates to dissect the mechanism of RG-II depolymerization.


Extended Data Figure 3 Analysis of the disassembly of chains C and D.
Reactions were carried out using standard conditions as described. Control denotes that the glycan was not enzyme treated. a, Wild-type BT1013 and BT1020 were incubated with RG-II and the oligosaccharides generated by the B. thetaiotaomicron Δbt1020 mutant grown for 50 h, respectively, and the reactions were analysed by TLC. b, Wild-type and mutants of BT1013 were incubated with RG-II, and the products were subjected to HPAEC-PAD analysis. The BT1013 mutants ΔGH78 E496A and ΔGH33 Y1257A are mutants of the predicted catalytic residues of the GH78 rhamnosidase and GH33 sialidase catalytic modules, respectively. c, Δbt1020 oligosaccharide was incubated with wild-type BT1020, and the products were analysed by HPAEC-PAD and mass spectrometry. d, The activity of the N-terminal (residues Asp26 to Asp613) and C-terminal (residues Lys614 to Leu1107) regions of BT1020 were compared with the wild-type enzyme using HPAEC-PAD analysis. Arabinose and rhamnose were identified through HPAEC-PAD by co-migration with the appropriate standard, while the identity of DHA was consistent with the mass spectrometry data. The data displayed are examples from biological replicates n = 3.


Extended Data Figure 4 Crystal structures of BT1020 and BT3662.
a, b, The structures of BT1020 (a) and BT3662 (b). a, i, Schematic of BT1020, in which the domains from the N to C termini are coloured cyan (DHA hydrolase catalytic domain), blue (structural β-sandwich domain 1), yellow (β-l-arabinofuranosidase catalytic domain), salmon (structural β-sandwich domain 2). a, ii, iii, Key active site residues in stick format of the DHA hydrolase (ii) and β-l-arabinofuranosidase (iii) catalytic domains. In a, ii, the BT1020 residues (carbon and lettering coloured cyan) are overlayed with the GH33 Clostridium perfringens sialidase NanI (PDB code 2VK7; carbons and lettering are light grey and black, respectively). The ligand, N-acetyl-neuramic acid (yellow), is derived from the NanI structure. In a, iii, the active site amino acids (carbons in yellow) that interact with the bound l-Araf (carbons in green) are shown with polar contacts depicted by broken black lines. a, iv, v, Charged surface representations of the active site pockets of the DHA hydrolase (iv) and β-l-arabinofuranosidase (v) catalytic domains (with l-Araf bound to the β-l-arabinofuranosidase). Note the highly basic feature at the active sites consistent with the negatively charged DHA located in the active site or +1 subsite of the two catalytic domains. b, i, Schematic of BT3662, in which the five-bladed β-propeller catalytic domain and the β-sandwich domain are shown in green and red, respectively. In b, ii, key residues are shown in stick format. The carbons of the amino acids coloured salmon pink are catalytic residues, the yellow tyrosine is positioned in the +1 subsite, and the blue arginine residues are in the distal regions that interact with the d-GalA-containing backbone. b, iii, Solvent-exposed surface representation of b, ii, using the same colour format for the amino acids highlighted. The active site housing the catalytic residues is located in a pocket that abuts onto a shallow channel containing the arginines and tyrosine.


Extended Data Figure 5 Mechanism by which B. thetaiotaomicron depolymerizes chain B of RG-II.
The oligosaccharides generated by Δbt1003 and Δbt0986, RG-II and chemically synthesized molecules were used to determine which enzymes acted on chain B. a, Identified enzymes were added sequentially to chain B (isolated by mild acid treatment of RG-II). The reactions were carried out under standard conditions. The sugars released were identified and quantified by HPAEC-PAD. b, Examples of the use of mass spectrometry to monitor the enzymatic disassembly of chain B. Examples shown are from biological replicates, n = 3.


Extended Data Figure 6 Crystal structure of BT0986.
a, A schematic of the enzyme is displayed, revealing the (α/β)8-barrel catalytic domain (yellow) that is interrupted with three β-sandwich domains (blue), while the C-terminal domain (salmon) also folds into a β-sandwich. b, Active site of BT0986 bound to rhamnose. Catalytic amino acids are coloured magenta, other amino acids are blue, and the rhamnose is in yellow. c, Transition state mimic rhamnopyranose tetrazole bound in the active site of BT0986. Colouring as in c. The blue mesh surrounding the ligand represents the 2Fo − Fc electron density map (1.3 Å resolution) at 1.5σ. In b and c, the calcium ion in the active site is shown as a cyan sphere and its polar contacts with amino acids and ligands are indicated by black dashed lines. d, Chain B-derived heptasaccharide generated by the mutant bacterium Δbt0986 bound in the substrate-binding site of BT0986 shown as a surface representation. e, The interactions of the Δbt0986 heptasaccharide with BT0986. Amino acids that interact with the oligosaccharide are coloured blue and the sugars in both d and e are as depicted in Fig. 5. The blue mesh is the electron density of the oligosaccharide. f, Conformation of the arabinopyranose in chain B (green) and in the Δbt0986 heptasaccharide (cyan). The carbons are numbered.


Extended Data Figure 7 Crystal structure of BT1003, BT1012 and BT1002.
All amino acids are in stick format and the position of the active site in the schematics of the respect enzymes is indicated by a black box. a, Structure of the GH127 aceric acid hydrolase. a, i, Schematic of the enzyme revealing the catalytic domain (α/α)6-barrel (red) and β-sandwich domain (blue). a, ii, Overlay of the key active site residues of the aceric acid hydrolase (red) and the GH127 β-l-arabinofuranosidase HypBA1 from Bifidobacterium longum (PDB code 3WKX) (white grey). The proposed catalytic nucleophile, Cys457 in BT1003, is conserved in the two enzymes; the catalytic acid/base in HpyBA1 (Glu322), however, is a glutamine (Gln365) in the aceric acid hydrolase. The ligand (yellow) is β-l-Araf derived from the crystal structure of the β-l-arabinofuranosidase. a, iii, Structure of aceric acid (α-l-AcefA). b, Structure of the apiosidase BT1012. b, i, Schematic of the enzyme, revealing the (α/β)8-barrel catalytic domain (beige) and the C-terminal β-sandwich domain (blue). b, ii, The yellow amino acids denote the key residues in the active site (−1 subsite) that are proposed to have a direct catalytic role (Asp187 and Glu284) or substrate binding function (Gln239). The pair of arginine residues (blue) in the +1 subsite are likely to contribute to d-GalA binding through interactions with the carboxylate of the uronic acid. The aromatic residues (green) are in the −2 subsite. b, iii, Solved-exposed surface representation of the substrate-binding region of BT1012. The highlighted residues are coloured as in b, ii. c, Structure of BT1002. c, i, Schematic of the enzyme, revealing the C-terminal β-parallel helical catalytic domain (green) and the N-terminal β-sandwich domain (yellow). c, ii, Overlay of BT1002 and its closest structural homologue, a GH120 β-xylosidase (PDB code 3VSU), highlighting the position of the catalytic amino acids (green, BT1002; or light grey, β-xylosidase). The xylose in the active site of the β-xylosidase is shown to orientate the close but not identical position of the catalytic centre of the two enzymes. c, iii, Solvent-exposed surface representation of the active site pocket of BT1002, in which the catalytic residues are shown in stick format and their location on the surface depicted in red. The pocket is elongated, hinting that the 2-O-methyl-xylose appended to the l-fucose may be housed in the catalytic centre of the α-l-fucosidase.


Extended Data Figure 8 Identification of the enzymes that disassemble the backbone of RG-II.
a, BT1023 was incubated with RG-II or homogalacturonan HGA or HGB, which are 30% and 80% methyl-esterified, respectively (1% w/v), in 50 mM CAPSO buffer, pH 9.0, containing 2 mM CaCl2. RG-II substrate was either untreated or had been previously incubated with BT1013 and/or BT1020. The reactions were analysed by TLC. Control lanes denote the absence of enzyme. b, The oligosaccharide generated by the Δbt1017 mutant (Δbt1017 oligo) was incubated with BT1017 and the reaction product was analysed by mass spectrometry. c, Sequential degradation of the product generated in b by the enzymes indicated under standard conditions. The sugars released by these other enzymes (reactions 1–4) were identified and quantified by HPAEC-PAD. The structure of the oligosaccharide sugars followed the notation described in Fig. 1 and Extended Data Fig. 2. The example shown are from technical replicates n = 3.


Extended Data Figure 9 The influence of borate on the retaining apiosidase BT1012.
a, The chemical structure of apiose (top), and when the sugar is cross-linked by borate in chain A of RG-II (bottom). b, Oligosaccharide generated by the B. thetaiotaomicron mutant Δbt1010 (Δbt1010 oligo) was incubated with BT1012 under standard conditions in the presence and absence of 50 mM borate, and the products were analysed by TLC. c, The same experiment as in a except that the substrate was l-Rhap-β1,3′-d-Apif-α1,2-d-GalA-Me (Rha-Api-GalA-Me). d, Mass spectrometric analysis of the control sample and the two reactions containing BT1012 loaded onto the TLC in b. e, BT1012 was incubated under standard conditions with Rha-β1,3′-Api-α1,2-GalA-Me in the presence and absence of 2.5 M methanol. The reactions were analysed by HPAEC-PAD and mass spectrometry. The example shown are from technical replicates n = 3.


Extended Data Figure 10 Modification of the structure of RG-II.
a, Recombinant BT1001 and BT1012 were incubated with bespoke chemically synthesized oligosaccharides using standard conditions. b, The enzymatic disassembly of RG-II was used to investigate the structure of RG-II. Mass spectrometry combined with HPAEC-PAD were used to analyse the structure of the oligosaccharides generated by the mutants Δbt1010/Δbt1021 and Δbt1010/Δbt0986 before and after treatment with recombinant BT1021 using standard conditions. The enzyme reactions were analysed by HPAEC-PAD.
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