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            Abstract
Gram-negative bacteria have a cell envelope that comprises an outer membrane (OM), a peptidoglycan (PG) layer and an inner membrane (IM)1. The OM and PG are load-bearing, selectively permeable structures that are stabilized by cooperative interactions between IM and OM proteins2,3. In Escherichia coli, Braun’s lipoprotein (Lpp) forms the only covalent tether between the OM and PG and is crucial for cell envelope stability4; however, most other Gram-negative bacteria lack Lpp so it has been assumed that alternative mechanisms of OM stabilization are present5. We used a glycoproteomic analysis of PG to show that β-barrel OM proteins are covalently attached to PG in several Gram-negative species, including Coxiella burnetii, Agrobacterium tumefaciens and Legionella pneumophila. In C. burnetii, we found that four different types of covalent attachments occur between OM proteins and PG, with tethering of the β-barrel OM protein BbpA becoming most abundant in the stationary phase and tethering of the lipoprotein LimB similar throughout the cell cycle. Using a genetic approach, we demonstrate that the cell cycle-dependent tethering of BbpA is partly dependent on a developmentally regulated L,D-transpeptidase (Ldt). We use our findings to propose a model of Gram-negative cell envelope stabilization that includes cell cycle control and an expanded role for Ldts in covalently attaching surface proteins to PG.
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                    Fig. 1: β-barrel OM proteins are covalently attached to PG and form a tight tether in C. burnetii.[image: ]


Fig. 2: β-barrel tethering in C. burnetii is abundant in stationary phase.[image: ]


Fig. 3: The L,D-transpeptidase ldt2 is required for covalent attachment of BbpA and BbpB to PG.[image: ]


Fig. 4: Model depicting attachments of OM proteins to PG in C. burnetii.[image: ]
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Extended data

Extended Data Fig. 1 PG modifications identified on proteobacterial OM proteins.
Proteins from A. tumefaciens, C. burnetii, and L. pneumophila are covalently attached to PG. Proteins identified in MS/MS data that contained a PG modification scoring higher than the first decoy and containing greater than 40% of the expected b- and y- ions were established as cut-off criteria. Predicted signal peptide cleavage sites of OM proteins covalently attached to PG from C. burnetii, L. pneumophila, and A. tumefaciens are shown. Amino acid numbering is based on the predicted signal peptide cleavage site. Peptide sequences that were found covalently attached to PG are bolded. Residues with a PG tripeptide modification are also highlighted in red.


Extended Data Fig. 2 Automated spectrum assignment identifies PG modifications on C. burnetii OM proteins.
Representative MS/MS spectra for C. burnetii BbpA, ala-BbpA, BbpB β-barrel proteins and the lipoprotein LimB, covalently attached to mDAP (m) residues of PG. Spectra are shown as annotated by Byonic with manual annotations corresponding to internal fragments in black. J[ + 72.0848] has been replaced by m to represent mDAP. The PG tripeptide (AEm) is highlighted in red in the HCD spectra showing covalent attachment of PG to BbpA, ala-BbpA, and BbpB. The LimB Lys21 residue with PG tripeptide modification is highlighted in red in the ETD spectra showing covalent attachment of PG to LimB.


Extended Data Fig. 3 Automated spectrum assignment identifies PG modifications on β-barrel proteins from A. tumefaciens.
Representative MS/MS spectra for A. tumefaciens β-barrel proteins covalently attached to mDAP (m) residues of PG. Residues with PG tripeptide modification are highlighted in red. Spectra are shown as annotated by Byonic using an unbiased search approach.


Extended Data Fig. 4 Automated spectrum assignment identifies PG modifications on β-barrel proteins from L. pneumophila.
Representative MS/MS spectra for L. pneumophila Major Outer Membrane Protein (MOMP) covalently attached to mDAP (m) residues of PG. Residues with PG tripeptide modification are highlighted in red. Spectra are shown as annotated by Byonic using an unbiased search approach.


Extended Data Fig. 5 Structural topology of C. burnetii BbpA and BbpB.
Predicted periplasmic, transmembrane, and extracellular domains of BbpA and BbpB using PRED-TMBB. BbpA and BbpB are depicted with periplasmic N-terminal regions. Similar topology is predicted in β-barrel proteins from A. tumefaciens and L. pneumophila that are covalently attached to PG.


Extended Data Fig. 6 Structural modeling of C. burnetii OM proteins.
a, The protein sequences of BbpA, BbpB, and LimB are shown without N-terminal signal peptides. The disordered N-terminal domains of BbpA and BbpB were excluded from structural models but were included in subsequent molecular dynamics simulations (blue). Residues bound to PG in molecular dynamics simulations are highlighted in red. b, The mature LimB was modeled as a random coil lacking any appreciable secondary structure. The three acyl tails at the N-terminus are shown in grey as is Lys21. c, Contact map predicted from coevolution analysis of BbpA. Contacts are shown in shades of blue (darker blue = higher probability) and contacts from E. coli OmpA (PDB entry 1QJP) are shown in gray. d, Predicted contacts mapped onto the final Rosetta model of BbpA. Contacts are color coded by Cα-Cα distance: green (<5 Å), yellow (5-10 Å), red (>10 Å).


Extended Data Fig. 7 β-barrels form a tight tether between the OM and PG.
Structural model of BbpA (red) in the C. burnetii OM. Structures of the cell envelope are colored as follows: inner leaflet of OM (grey), lipid A of LPS (orange), core oligosaccharides (yellow), glycan chains of PG (blue) peptide stems of PG (green). A similar model was generated for BbpB. b, Molecular dynamics simulation of C. burnetii OM-PG protein-tethered models. The distance in angstroms between the phosphorus atoms of the inner leaflet of the OM and PG layers was measured for three runs for BbpA, ala-BbpA, BbpB, LimB, and Lpp from E. coli. The solid lines are running averages. Distances measured in angstroms for run 1, run 2, and run 3 are shown.


Extended Data Fig. 8 Predicted or annotated Ldts in Proteobacteria used in this study.
Predicted or annotated Ldts in E. coli (lpp + ), C. burnetii, L. pneumophila, A. tumefaciens, M. xanthus, N. gonorrhoeae, H. pylori, and C. jejuni. The latter seven organisms lack lpp homologs. The C. burnetii ldt genes that were successfully inactivated in this study are denoted with an asterisk. C. burnetii ldts upregulated during stationary phase are in bold. The following ldts were previously annotated as enhanced entry genes (enh); cbu0053, cbu0318, cbu1122, cbu1138, and cbu1394.


Extended Data Fig. 9 The L,D transpeptidase ldt2 is required for covalent attachment of BbpA and BbpB to PG.
XIC analysis was performed on PG that was extracted from WT and ∆ldt mutant strains and analyzed by MS/MS. XIC’s of precursor masses (m/z) corresponding to PG-bound BbpA (AEmGGPDYVPAPS, m/z = 906.909, z = 2), ala-BbpA (AEmAGGPDYVPAPS, m/z = 942.427, z = 2), and BbpB (AEmGGPDIPM, m/z = 769.843, z = 2) are shown.


Extended Data Fig. 10 Onset of replication is delayed in the ∆ldt2 deletion mutant.
Growth of wild-type (WT) C. burnetii and a ∆ldt2 mutant strain in ACCM-D was assessed using qPCR to quantitate genome equivalents (GE) during a 21-day incubation. The results are expressed as the means from n = 3 independent experiments. Error bars indicate the standard error of the mean, and asterisks indicate a statistically significant difference from WT C. burnetii. **P at 3, 6 and 9 days post-inoculation = 0.0046, 0.0027, and 0.0001, respectively. Statistical significance was calculated using a two-sided Student’s t test.
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