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The bacterial cell wall is composed of the peptidoglycan (PG), a large polymer that maintains the integrity of the bacterial cell. Due to its multi-gigadalton size, heterogeniety, and dynamics, atomic-resolution studies are inherently complex.

Solid-state NMR is an important technique to gain insight into its structure, dynamics and interactions. Here, we explore the possibilities to study the PG with ultra-fast (100 kHz) magic-angle spinning NMR. We demonstrate that highly resolved spectra can be obtained, and show strategies to obtain sitespecific resonance assignments and distance information. We also explore the use of proton-proton correlation experiments, thus opening the way for NMR studies of intact cell walls without the need for isotope labeling.

CP: cross-polarization; INEPT: Insensitive Nuclei Enhanced by Polarization Transfer

Introduction

Magic-angle spinning (MAS) solid-state NMR (ssNMR) spectroscopy has the unique possibility to provide atom-specific insight into (bio-)molecular systems without the need for crystalline or solubilized samples. Over the last 15 years, ssNMR has rapidly grown, and it has enabled the determination of protein structures at atomic resolution, including crystalline proteins [START_REF] Castellani | Structure of a protein determined by solid-state magic-angle-spinning NMR spectroscopy[END_REF]; [START_REF] Bertini | High-resolution solid-state NMR structure of a 17.6 kDa protein[END_REF]; [START_REF] Huber | A proton-detected 4D solid-state NMR experiment for protein structure determination[END_REF]; Linser et al. (2011a); [START_REF] Knight | Structure and backbone dynamics of a mi-crocrystalline metalloprotein by solid-state nmr[END_REF]), amyloid fibrils (reviewed by [START_REF] Comellas | Protein structure determination by magic-angle spinning solid-state NMR, and insights into the formation, structure, and stability of amyloid fibrils[END_REF]), membrane proteins [START_REF] Park | Structure of the chemokine receptor CXCR1 in phospholipid bilayers[END_REF]; [START_REF] Shahid | Membrane-protein structure determination by solid-state nmr spectroscopy of microcrystals[END_REF]; Wang et al. (2013a)) and large assemblies [START_REF] Loquet | Atomic model of the type III secretion system needle[END_REF]; [START_REF] Morag | The NMRRosetta capsid model of M13 bacteriophage reveals a quadrupled hydrophobic packing epitope[END_REF]; [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF]). A particularly attractive property of ssNMR is its ability to work with cell membranes [START_REF] Dick-Perez | Structure and interactions of plant cell-wall polysaccharides by two-and three-dimensional magic-angle-spinning solid-state NMR[END_REF]), cell walls [START_REF] Tong | Structure and dynamics of pentaglycyl bridges in the cell walls of Staphylococcus aureus by 13C-15N REDOR NMR[END_REF]; [START_REF] Cegelski | Rotational-echo double resonance characterization of the effects of vancomycin on cell wall synthesis in Staphylococcus aureus[END_REF][START_REF] Cegelski | Plant cell-wall cross-links by redor nmr spectroscopy[END_REF]; Wang et al. (2013b); [START_REF] Romaniuk | Bacterial cell wall composition and the influence of antibiotics by cell-wall and whole-cell nmr[END_REF]) or entire cells [START_REF] Renault | Solid-state NMR spectroscopy on complex biomolecules[END_REF][START_REF] Renault | Cellular solid-state nuclear magnetic resonance spectroscopy[END_REF]). The focus of the present manuscript is the bacterial peptidoglycan, a giga-dalton large heteropolymer composed of linear glycan strands composed of two alternating carbohydrates cross-linked through short peptide stems. Unique to bacteria, peptidoglycan biosynthesis and maturation is an important target for antibiotics, and is therefore involved in a multitude of complexes formed with antibiotics, cell wall enzymes, virulence factors and immunity defense systems.

There are numerous open questions related to the structure and dynamics of peptidoglycan, as well as its interactions with other components of the cell wall or biosynthetic and maturation enzymes. While the chemical structure of peptidoglycan is known, the three-dimensional structure of this extended network is hardly understood [START_REF] Turner | Molecular imaging of glycan chains couples cell-wall polysaccharide architecture to bacterial cell morphology[END_REF]; [START_REF] Li | Atomic force microscopy of side wall and septa peptidoglycan from bacillus subtilis reveals an architectural remodeling during growth[END_REF]; [START_REF] Pazos | Robust peptidoglycan growth by dynamic and variable multi-protein complexes[END_REF]) and even more so at atomic resolution. Antibiotics are assumed to impact the peptidoglycan saccharidic chain length and chemical cross-linking, and thereby its structure and dynamics. Both perturbations need to be character-ized in details in various organisms. In this respect MAS NMR stands out as the sole technique that provides atomic-resolution insight into structural parameters and dynamics of intact peptidoglycan isolated [START_REF] Tong | Structure and dynamics of pentaglycyl bridges in the cell walls of Staphylococcus aureus by 13C-15N REDOR NMR[END_REF]; [START_REF] Kern | Dynamics characterization of fully hydrated bacterial cell walls by solid-state NMR: evidence for cooperative binding of metal ions[END_REF]) or in interaction with antibiotics or cell wall components [START_REF] Tong | Structure and dynamics of pentaglycyl bridges in the cell walls of Staphylococcus aureus by 13C-15N REDOR NMR[END_REF]; [START_REF] Cegelski | Rotational-echo double resonance characterization of the effects of vancomycin on cell wall synthesis in Staphylococcus aureus[END_REF]; [START_REF] Kim | Structures of Staphylococcus aureus cell-wall complexes with vancomycin, eremomycin, and chloroeremomycin derivatives by 13c {19F} and 15n {19F} rotational-echo double resonance[END_REF][START_REF] Kim | Vancomycin Derivative with Damaged D -Ala-D -Ala Binding Cleft Binds to Cross-linked Peptidoglycan in the Cell Wall of Staphylococcus aureus[END_REF]; [START_REF] Kern | Dynamics characterization of fully hydrated bacterial cell walls by solid-state NMR: evidence for cooperative binding of metal ions[END_REF]).

Furthermore, it is known that this network is highly dynamic, and that it is constantly remodeled by hydrolases and polymerizing or cross-linking enzymes [START_REF] Pazos | Robust peptidoglycan growth by dynamic and variable multi-protein complexes[END_REF]).

Despite the obvious importance of peptidoglycan not only for fundamental academic research but also for biomedical applications, complexes between peptidoglycan and biosynthetic or maturation enzymes nevertheless have largely escaped so far the high-resolution characterization by most structural biophysical methods. NMR has the potential to provide structural information, insight into dynamics, and high-resolution models of peptidoglycan:enzyme complexes [START_REF] Schanda | Atomic model of a cell-wall cross-linking enzyme in complex with an intact bacterial peptidoglycan[END_REF]). The structural NMR information may come from the measurement of inter-atomic distances -ideally long-range distances -or dihedral angles; dynamic information may be obtained from dipolar-coupling or relaxation parameters; finally, interaction studies can be based on the observation of altered NMR parameters in the complex compared to the free components, or direct distance measurements between atoms on peptidoglycan and its binding partners (enzymes, antibiotics). Fundamental to all these NMR approaches is the ability to observe spectra at sufficient sensitivity and resolution. Yet, in NMR studies of complex biomolecular systems, such as peptidoglycan, the primary hurdles often are the limited detection sensitivity, signal overlap and hence limited resolution, as well as difficulties to obtain these biological samples in sufficient quantity with adequate labeling schemes.

Until recently, biomolecular ssNMR studies have been based primarily on the use of 13 C-detected experiments at MAS frequencies of < 20 kHz, using sample rotors with diameters of 3.2 -4 mm and sample quantities of > 20 mg. Obtaining such large amount of sample is often a major bottleneck, but required to achieve sufficient sensitivity in such experiments. Proton-detection has intrinsically higher sensitivity due to the larger gyromagnetic ratio of 1 H spins compared to 13 C. However the resulting larger 1 H-1 H dipolar coupling also gives rise to severe line broadening. For example, at MAS frequencies of 20 kHz, typically employed with 3.2 mm rotors, 1 H line widths in fully protonated proteins are of the order of 300-500 Hz [START_REF] Marchetti | Backbone Assignment of Fully Protonated Solid Proteins by 1 H Detection and Ultrafast Magic-Angle-Spinning NMR Spectroscopy[END_REF]), which generally excludes extraction of site-specific information and resonance assignment.

High-resolution proton-detected ssNMR spectroscopy of biomolecules has become possible through technological advances, namely on the one hand with the introduction of partial deuteration schemes (increasing inter-proton distances and thus decreasing line broadening due to dipolar-dephasing), and on the other hand with the development of hardware allowing for higher MAS frequencies, and thus more efficient averaging of dipolar interactions and smaller line widths. Using deuterated proteins, 100 % back-protonation of the exchangeable amide sites, and MAS frequencies of up to 60 kHz, 1 H line widths of ca. 50-100 Hz were obtained (Zhou et al. (2007a); Lewandowski et al. (2011a);[START_REF] Fraga | Solid-State NMR H-N-(C)-H and H-N-C-C 3D/4D Correlation Experiments for Resonance Assignment of Large Proteins[END_REF]; [START_REF] Fricke | Backbone assignment of perdeuterated proteins by solid-state NMR using proton detection and ultrafast magic-angle spinning[END_REF]). Narrower line widths can be achieved by even higher deuteration levels, where the exchangeable sites are back-protonated to only 10-50% in an otherwise fully deuterated environment [START_REF] Chevelkov | Ultrahigh resolution in proton solidstate NMR spectroscopy at high levels of deuteration[END_REF]; [START_REF] Schanda | Direct Detection of 3hJNC' Hydrogen-Bond Scalar Couplings in Proteins by Solid-State NMR Spectroscopy[END_REF]; Linser et al. (2011b); [START_REF] Reif | Ultra-high resolution in MAS solid-state NMR of perdeuterated proteins: Implications for structure and dynamics[END_REF]). Deuterated samples and 40-60 kHz MAS have enabled well-resolved proton-detected ssNMR experiments for structure determination [START_REF] Huber | A proton-detected 4D solid-state NMR experiment for protein structure determination[END_REF]; [START_REF] Knight | Structure and backbone dynamics of a mi-crocrystalline metalloprotein by solid-state nmr[END_REF]; Zhou et al. (2007b); Linser et al. (2011a)) and detailed measurements of dynamics [START_REF] Chevelkov | Quantitative analysis of backbone motion in proteins using MAS solid-state NMR spectroscopy[END_REF]; [START_REF] Tollinger | Site-resolved measurement of microsecond-to-millisecond conformational-exchange pro-cesses in proteins by solid-state NMR spectroscopy[END_REF]; [START_REF] Schanda | Solid-state NMR measurements of asymmetric dipolar couplings provide insight into protein side-chain motion[END_REF]; [START_REF] Krushelnitsky | Microsecond time scale mobility in a solid protein as studied by the 15N R(1rho) sitespecific NMR relaxation rates[END_REF]; [START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF]). However, the need for extensive deuteration is often a severe bottleneck, particularly when dealing with complex samples such as entire cell walls from bacteria that are difficult to culture in H 2 O-based buffer and may be impossible to grow in D 2 O media, or for proteins that are difficult to produce with deuterium labeling. Furthermore, the use of deuterated samples naturally eliminates the possibility of observing 1 H-13 C and 1 H-15 N correlation spectra, and thereby limits significantly the information content of the spectra.

Several recent applications have shown the resolution gains of even faster, sometimes termed "ultra-fast", MAS, i.e., at spinning frequencies exceeding > 100 kHz. This technology is based on sample rotors of only 0.7 mm diameter, containing less than 1 μL, i.e., only ca. 0.5 mg of sample. Although deuteration at these spinning frequencies is still beneficial to reduce line widths [START_REF] Agarwal | De novo 3D structure determination from sub-milligram protein samples by solid-state 100 kHz MAS NMR spectroscopy[END_REF]; [START_REF] Xue | Limits of Resolution and Sensitivity of Proton Detected MAS Solid-State NMR Experiments at 111 kHz in Deuterated and Protonated Proteins[END_REF]), even fully protonated proteins yield relatively narrow 1 H line widths at > 100 kHz MAS of the order of 100-150 Hz [START_REF] Stanek | NMR Spectroscopic Assignment of Backbone and Side-Chain Protons in Fully Protonated Proteins: Microcrystals, Sedimented Assemblies, and Amyloid Fibrils[END_REF]; [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF]; [START_REF] Xue | Limits of Resolution and Sensitivity of Proton Detected MAS Solid-State NMR Experiments at 111 kHz in Deuterated and Protonated Proteins[END_REF]).

In this manuscript we show that well-resolved 1 H-detected correlation spectra of the intact peptidoglycan from bacterial cell wall of Bacillus subtilis can be obtained in a short experimental time using sub-milligram amounts at 100 kHz MAS frequencies. We present approaches for through-bond correlation experiments, required for assignment, and through-space 1 H-1 H correlation experiments, and explore the possibilities of studying peptidoglycan only with 1 H-1 H correlation experiments, thus removing the need for isotope labeling and opening new avenues to studies of cell walls of bacterial strains that are difficult to culture. In addition to the fact that the required sample amount is about an order of magnitude lower than for previously used 13 C-detected experiments, the availability of the additional 1 H frequency, alleviates problems due to overlap of 13 C frequencies and offers the possibility to follow cross-linking through amide resonances.

Materials and Methods

Sample preparation. Bacterial peptidoglycan sacculi have been prepared using methods described previously [START_REF] Severin | Naturally occurring peptidoglycan variants of Streptococcus pneumoniae[END_REF]; [START_REF] Kern | Dynamics characterization of fully hydrated bacterial cell walls by solid-state NMR: evidence for cooperative binding of metal ions[END_REF]).

Briefly, Bacillus subtilis subsp. subtilis strain 168 cells from the American Collection (ATCC 23857) were grown in standard M9 growth medium with 13 C glucose and 15 N ammonium chloride as sole carbon and nitrogen sources, respectively, or without isotope labeling. At an OD (600 nm) of ca. 0.7, cells were harvested by centrifugation at 5,500 g for 10 min and non covalently bound cell wall components were removed by boiling in 4% w/v SDS for 30 min. The cell suspension was pelleted by ultracentrifugation at 25 • C for 45 min at 130,000 g. The pellet was washed twice with 30 mL of 1 M NaCl and repeatedly with milli-Q water until it was free of SDS. The pellet was resuspended in 2 to 4 mL of deionized water, 1/3 volume of acid-washed glass beads (diameter of 0.17 to 0.18 mm) was added, and cells were disrupted. The glass beads were then separated from the cell lysate and the filtrate was centrifuged at 1,000 g for 5 min, and the supernatant, which contains the disrupted cell wall, was centrifuged at 130,000 g for 45 min at 25 • C. The pellet was resuspended in 20 mL of 100 mM TrisHCl (pH 7.5) containing 20 mM MgSO 4 . DNase A and RNase I were added to final concentrations of 10 and 50 μg/mL, respectively, and the sample was stirred for 2 h at 37 • C. CaCl 2 (10 mM) and trypsin (100 μg/ml) were added, and the sample was stirred for 18 h at 37 • C. Then, 1% SDS (final concentration) was added, and the sample was incubated for 15 min at 80 • C to inactivate the enzymes. The cell wall was recovered by centrifugation for 45 min at 130,000 g at 25 • C, resuspended with 20 mL of 8 M LiCl, and incubated for 15 min at 37 • C. After another centrifugation, the pellet was resuspended in 10 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.0 and incubated at 37 • C for 15 min. The cell wall was washed with deionized water, acetone, and again with water before finally being resuspended in 2 to 4 mL of deionized water, yielding typically 50 mg of cell wall material for 1 L of culture. 5 mg of cell wall was then stirred with 48% hydrofluoric acid (HF) for 48 h at 4 • C.

The peptidoglycan was recovered by centrifugation at 130,000 g for 45 min at 4 • C and washed with ice-cold deionized water, 100 mM TrisHCl (pH 7.0), and then twice with water and stirred at 4 • C. This treatment resulted in intact well-hydrated peptidoglycan sacculi, which were resuspended in 50 mM HEPES buffer (pH 7.2) and filled into a Bruker 0.7 mm rotor using an ultracentrifuge spinning at 55,000 g during ca. 3 hours. To this end, the 0.7 mm rotor was inserted into a 1.3 mm rotor, which was inserted into a device for rotor-filling in an ultracentrifuge (Bruker Biospin).

NMR spectroscopy and data analysis. All experiments were performed on a Bruker Avance 2 spectrometer operating at a 1 H Larmor frequency of 950 MHz.

The MAS frequency was set to 100 kHz and stable to within 5 Hz. Sample cooling was achieved with a cooling gas flow (300 L/h) at 273 K, while bearing and drive gas was at ca. 293 K. The resulting sample temperature under these conditions was determined with an external protein sample with the same MAS and temperature setup, using the bulk water resonance frequency and an internal DSS signal. The estimated sample temperature used in this study was ca. 30-32 • C. Pulse sequences used in this study are shown in Figure 1. Typical 90 • pulse durations were 2.1 μs ( 1 H, at 9 W), 2.7 μs ( 13 C, at 30 W) and 3.8 μs ( 15 N, at 30 W). Cross-polarization (CP) 1 H-15 N transfer was achieved with a 1 ms long ramped radiofrequency (RF) field strength of 60 to 80 kHz on 1 H and 30 kHz on 15 N. 1 H-13 C CP steps involved a ramped RF field on 1 H (115 to 140 kHz amplitude) and ca. 30 kHz RF field on 13 C, for 300 μs. Low-power WALTZ-16 (Shaka et al. (1983b)) decoupling was applied with RF field amplitudes of 10 kHz ( 1 H), 15 kHz ( 13 C) and 5 kHz ( 15 N). In INEPT-based transfers, the total transfer delay was 3.3 ms ( 1 H-13 C) and 4.4 ms ( 1 H-15 N). Solvent suppression follows the philosophy of the previously proposed MISSISSIPPI scheme [START_REF] Zhou | High-performance solvent suppression for proton detected solid-state NMR[END_REF]), i.e., irradiation on 1 H while heteronuclear magnetization is stored along the z-axis, except that the irradiation scheme involved a train of back-to-back pulses with durations of 0.3 to 2 ms and 20 different phase settings.

The aim of this essentially arbitrary pulse train is to create a 'random' phase trajectory. We find that this sequence offers superior solvent suppression than the original MISSISSIPPI scheme or with TPPM-based suppression schemes.

The total duration of the solvent suppression was optimized and typically 30-60 ms. Radio-frequency driven 1 H-1 H recoupling (RFDR, [START_REF] Bennett | Heteronuclear Decoupling in Rotating Solids[END_REF] elements were applied for 1.5 ms. TOCSY-type scalar-based 13 C-13 C transfer, according to the pulse scheme of Figure 1E, was achieved with the DIPSI scheme [START_REF] Shaka | Iterative schemes for bilinear operators; application to spin decoupling[END_REF]) at a 13 C RF field strength of 25 kHz. Two experiments were recorded with either 8 DISPI2 cycles (9.2 ms) or 12 cycles (13.8 ms).

Spectra were processed with Topspin 3.5 (Bruker Biospin) and analyzed with 

Results and Discussion

A schematic chemical structure of the bacterial peptidoglycan is shown in The increased resolution brought by the 1 H frequency is particularly noteworthy when it comes to follow the maturation of the peptidoglycan network through the degree of cross-linking at the DAP site (see DAP with 3-4 subscript labels in panels B and D of Figure 2 and see Table S6).

To assign the 1 H-13 C correlation spectra, we have recorded through-bond correlation spectra. Figure 1E shows the employed pulse sequence, which uses TOCSY mixing for efficient 13 C -13 C coherence transfer, and the resulting spectra are shown in Figure 2C,D and Supplementary Figure S1. Similarly to the case of proteins [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF]), the 13 C-13 C mixing scheme provides efficient transfer across multiple bonds, within experimental times of only ca.

1.5 days, despite the small amount of sample. These spectra proved particularly instrumental in the specific assignment of amidated vs non-amidated DAP [START_REF] Dajkovic | Hydrolysis of peptidoglycan is modulated by amidation of meso-diaminopimelic acid and mg2+ in bacillus subtilis[END_REF]), of crosslinked vs non-cross-linked DAP, and of L-Ala vs D-Ala (see Figure S3 for details). The 1 H-15 N correlation spectrum of intact peptidoglycan has lower intrinsic sensitivity than its 1 H-13 C counterpart, rendering triple-resonance experiments for assignments difficult. We tentatively ascribe this observation to chemical exchange of amide hydrogens with the solvent, as expected for flexible peptides at pH 7.5. We, thus, turned to solution-state spectra of peptidoglycan fragments, prepared by enzymatic digestion, to obtain site-specific assignments, which we further confirmed by homonuclear RFDR experiments (see below).

Supplementary Figure S4 shows solution-state correlation spectra and experiments enabling the assignment of the 1 H-15 N spectrum. Briefly, the assignment followed well-established solution-state NMR techniques, involving HNCACB, hCCH-TOCSY and hCcoNH experiments. Figure 2B reports the assignments on the 100 kHz MAS spectrum for those peaks that show similar cross-peak positions in solution and solid-state samples. Interestingly, while showing several similarities, the spectrum of the intact peptidoglycan sacculi differs in peak intensities and peak positions significantly from the fragments. This observation demonstrates that the structure and dynamics of intact PG differs from those of fragments, illustrating the importance of studying intact samples rather than fragments for gaining insight into the native peptidoglycan properties.

Lastly, we have explored the possibilities of obtaining dipolar (i.e., throughspace) proximities through 1 H-1 H dipolar recoupling experiments with the RFDR scheme (Figure 1C,D). Figure 3A shows a two-dimensional 1 H-1 H correlation experiment, and Figure 3B shows a two-dimensional 13 C-edited experiment which encodes 1 H-1 H contacts, based on the pulse scheme shown in Figure 1D. The latter experiment is particularly useful for the glycan sites, which have 1 H resonance frequencies close to the one of bulk water, such that the residual solvent signal in the homonuclear experiment makes extraction of these signals difficult (Figure S5B).

In these two experiments numerous contacts between protons in spatial proximity are visible. While the majority of the contacts are within the same amino acid or within the same sugar, inter-residue contacts in the amide region of the spectrum in Figure 3A between the DAP amide resonances and D-iGlu Hβ and Hγ yield unambiguous identification of the DAP residues. In the 13 Cedited spectrum in Figure 3B a series of spectrally unambiguous remarkable cross-peaks are the ones connecting the HN, H2 and N-acetyl methyl sites of the GlcNAc sugar moiety with the H α of the neighboring L-alanine residue on the MurNAc peptide stem. While currently there are no atomic structures of peptidoglycan available, the distance between these nuclei exceeds at least ca.

Å.

Conclusions

Recent ssNMR investigations on protein samples [START_REF] Andreas | Structure of fully protonated proteins by proton-detected magic-angle spinning NMR[END_REF]; Agarwal et al. ( 2014)), established that high-resolution spectra and even atomicresolution protein structures can be obtained at > 100 kHz MAS. We have shown here that intact bacterial peptidoglycan sacculi yield highly resolved 1 Hdetected correlation spectra. Despite the very small amount of sample required (0.5 mg), it is possible to obtain site-specific resonance assignments and information about spatial proximities. The sensitivity of these experiments shall also allow the study of the dynamics of intact cell walls. Indeed, high MAS frequencies suppress artifacts in dynamics measurements, and render quantitative analyses possible (Lewandowski et al. (2011b); [START_REF] Schanda | Studying dynamics by magic-angle spinning solidstate NMR spectroscopy: Principles and applications to biomolecules[END_REF]), such that the ultra-fast MAS is doubly favorable, providing high-resolution spectra and facilitating quantitative measurements.

We foresee that ultra-fast MAS NMR experiments will also be instrumental for determining the structures of proteins bound to peptidoglycan. A recent study has determined the binding pose of a protein bound to the cell wall at ca. 40 kHz MAS [START_REF] Schanda | Atomic model of a cell-wall cross-linking enzyme in complex with an intact bacterial peptidoglycan[END_REF]), but provided information primarily for the protein rather than for peptidoglycan. The high sensitivity and resolution with which the peptidoglycan can be observed at ultra-fast MAS may allow NMR experiments to provide a more comprehensive picture of such complexes.

The availability of 1 H-detected spectra may also provide useful information about the structure of peptidoglycan. While the 1 H-1 H distances obtained here with RFDR experiments are rather short-range, and thus not likely to provide much structural information, the ease and sensitivity of these experiments shall enable longer-range distance measurements. For example, the attachment of spin labels to specific sites on the peptidoglycan or to interacting proteins may provide rapid and quantitative distance estimates from paramagnetic relaxation enhancement, possibly contributing to refining the view of the structural organization of this important biopolymer. This exploratory study also shows that it is possible to obtain "fingerprint" homonuclear 1 H-1 H correlation spectra, i.e., to study complex biological systems without isotope labeling, which opens new fields of applications to NMR spectroscopy in which so far it has been difficult to obtain any atomic-resolution information. 
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 1 Figure 1: Pulse sequences used in this study for recording 1 H-15 N (A,B), 1 H-13 C (A,B,D,E) and 1 H-1 H (E) correlation spectra. Black rectangles and narrow open rectangles correspond to hard 90 • and 180 • pulses, respectively, and were applied at RF field strengths of 117 kHz ( 1 H), 90 kHz ( 13 C) and 65 kHz ( 15 N). Ramped cross-polarization (CP) is depicted with wide open symbols. 1 H decoupling was applied during the heteronuclear chemical-shift evolution periods with the WALTZ-16 (Shaka et al. (1983a)) scheme.

Figure 2A .

 2A Figure 2A. While the intact peptidoglycan has a total molecular weight of the order of gigadaltons, the constituting blocks are relatively limited, comprising a glycan backbone and peptide stems (in color), which may be cross-linked to the peptide stem of another glycan strand (in black). The two-dimensional spectra in red in Figure 2B-D show one-bond 1 H-15 N and 1 H-13 C correlations in intact peptidoglycan. Panel (B) reveals backbone and side-chain amide resonances from the peptide stems in addition to the N -acetyl resonances of the amino sugars. Panel (C) focuses on the 1 H-13 C region of the disaccharide motif resonances, while panel (D) shows the corresponding peptide portion of the spectrum. Additionally, a comparison of the CP-based to INEPT-based correlation spectra is shown in Supplementary Figure S1. The relative peak intensities in CP-vs INEPT-based experiments depend on the type of sub-motif studied. Resonances from the glycan strands, which correspond to more rigid portions than the peptide stems (Gansmueller et al. (2013)), are detected with more sensitivity in CP-based experiments, while peptide resonances are favored in the refocused-INEPT based experiments. Despite the very small amount of sample, these 2D 1 H-13 C correlation maps could be obtained in an experimental time of ca. 3 hours while the 1 H-15 N spectrum of Figure 2B was collected in 18 hours. The 1 H line widths are in the order of 60-100 Hz for the 1 H-15 N sites, ca. 120 Hz for the carbohydrate 1 H-13 C sites and 50-150 Hz for the peptide 1 H-13 C sites (Figure 2), which allows resolving the majority of the sites. If the ability of the additional 1 H frequency to differentiate between different sites is not striking for the carbohydrate C1-C6 moieties due to severe overlaps of 1 H resonances on the contrary to 13 C frequencies (Figure 2C), its potential in raising the degeneracy of the 2,6-diaminopimelic acid (DAP) backbone (HN or HC at α position) vs side-chain (HN or HC at position) resonances or in raising the degeneracy of N -acetylglucosamine (GlcNAc) vs N -acetylmuramic acid (MurNAc) carbohydrates N -acetyl groups is clearly illustrated in Figure

Figure 2 :

 2 Figure 2: Proton-detected solid-state NMR spectra of intact Bacillus subtilis peptidoglycan at 100 kHz for resonance assignment with through-bond experiments. (A) Chemical structure of peptidoglycan from Bacillus subtilis. Shown are two representative disaccharide units (top) from two different glycan strands of length m (in color) and n (in black), respectively. Each MurNAc of the glycan strand is connected to a peptide stem, which length and cross-linking vary during cell wall biosynthesis and maturation. Upon cross-linking, the D-Ala in position 4 of the donor stem (in black) binds to the amino group of DAP side-chain of the acceptor peptide stem (in color). This acceptor stem can contain 0, 1 or 2 C-terminal D-Ala as specified by the brackets. DAP0, DAP1, and DAP2 stand for DAP residues of corresponding acceptor stem tri-, tetra-and penta-peptide, respectively. The DAP side-chain of the donor stem (in black) can be either free (Z = H) or cross-linked (Z = another donor peptide stem). DAP in all stem peptides can be amidated (X = NH 2 ) or not (X = OH). DAP3 -4 stand for a DAP residue of an acceptor stem cross-linked to the D-Ala of a donor stem. GlcNAc: N -acetylglucosamine (GlcNAc); MurNAc: N -acetylmuramic acid; DAP: 2,6-diaminopimelic acid; D-iGlu: D-isoglutamic acid. (B) 1 H-15 N correlation spectrum, based on INEPT transfer focusing on the amide region. (C) CP-based 1 H-13 C correlation spectrum focusing on the glycan region is shown in red. A two-dimensional hCcH TOCSY spectrum (omitting the second 13 C dimension in the pulse scheme of Figure 1E) is shown in black. (D) Amino acid aliphatic region of the 1 H-13 C correlation spectrum (red), and the 2D hCcH-TOCSY correlation map, showing through-bond correlations with dashed lines. The full peptide stem aliphatic and glycan parts of the spectra, with CP and INEPT-based transfer are shown in Figure S1. Different chemical moieties are labeled with different colors, corresponding to the color code in (A). 1D traces in Panels B-D are slices of the corresponding 2D spectra at the position of the black dotted lines with linewidth of the corresponding lines specified in Hz.

Figure 3 :

 3 Figure 3: Dipolar 1 H-1 H correlation spectra using radio-frequency driven recoupling (RFDR) of the 1 H-1 H interaction. (A) Homonuclear 2D correlation experiment and (B) 13 C-edited 1 H-1 H correlation, focusing on the glycan part. The full-width spectrum is shown in Supplementary Figure S5. Both experiments have been collected with a 1.5 ms RFDR mixing at a MAS frequency of 100 kHz. Assignments of the correlation peaks are indicated and color-coded according to the color scheme shown in Figure 2A. Note that solvent suppression is a significant challenge in this experiment. We have used a flip-back pulse to alleviate this problem (see Figure 1). Its application results in a ca. 3-4 fold reduction of the solvent signal, but the residual solvent signal remains a dominant contribution. Exchanging the buffer to D 2 O is a viable solution, but it comes at the cost of losing all exchange-labile hydrogens; as the amide proton signals contain important information, we present in this study only data from H 2 O based samples.

Figure S3 :

 S3 Figure S3: Excerpts of the INEPT-based 1 H-13 C-correlation spectrum detailing resolution and resonance assignments of the DAP (lower panel) at positions α and , and of L-Ala vs D-Ala at positions α and β (upper panel).

Figure

  Figure S4: (Preceding page) Comparison of 1 H-15 N correlation experiments recorded on soluble peptidoglycan fragments, obtained by enzymatic digestion, and on intact peptidoglycan. (A) 15 N-SOFAST-HSQC experiment collected on a few hundreds of μM of B. subtilis peptidoglycan fragments in H 2 O at pH 7.0 and 37 • C. The spectrum was recorded in 20 min on a 600 MHz Agilent spectrometer equipped with a cryoprobe. Assignment of resonances in this spectrum is obtained from the 2D spectra presented in panels B and C, complemented with a 3D BEST-HNCACB collected for 11 hours according to the pulse sequences published by Brutscher et al. in 2009 ((Lescop et al. (2010)). (B) 2D hCconH spectrum collected on the peptidoglycan soluble fragments sample in 11 hours using the pulse sequence published by Wagner et al. (Sun et al. (2005)) with 2 DIPSI3 cycles for a total of 15-ms mixing for the 13 C-13 C transfer. This spectrum correlates the amide proton of a given amino acid to the different side-chain 13 C resonances of the preceding amino acid in the peptide stem in the N-terminus direction, offering a clear discrimination between the DAP backbone α and side-chain sites and thus an identification of DAP residues involved in a cross-link. (C) Superimposition of a 2D 13 C-CT-HSQC (red and blue, data collection 2 hours) and a 2D hCcH-TOCSY (black, data collection 6 hours) collected on the peptidoglycan soluble fragments sample. In the constant-time 1 H-13 C correlation spectrum, resonances in blue and red identify CH groups linked to 1 and 2 aliphatic carbons, respectively. The 13 C-13 C transfer was allowed during 14 ms in the 13 C-edited hCcH-TOCSY experiment. The combination of these two experiments allowed for the specific assignment of each amino acid side-chain 1 H and 13 C resonances. (D) The 1 H-15 N INEPT-based correlation spectrum collected in 18 hours on intact B. subtilis peptidoglycan in HEPES buffer at pH 7.5 and 30-32 • C reveals a signature that is analogous to the pattern obtained from the soluble fragments in panel (A).This spectrum was recorded according to the sequence of Figure1Bat a MAS frequency of 100 kHz.
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 S6 Figure S6: B. subtilis peptidoglycan chemical shift resonance assignments.

  

  1 H 13 C/ 15 N 1 H 13 C/ 15 N Comments

		Un-crosslinked		Other forms (DAP 3 -4, crosslinked with D-Ala)
	Residue and position 1 H	13 C/ 15 N 1 H	13 C/ 15 N Comments
	D-iGlu				
	HN	8.20	126.0			(multiple HN correlations)
	α	4.27	55.4		
	β	2.08/1.91 29.1		
	GlcNAc γ	2.28	32.9		
	1 amidated DAP	4.48	101.0		
	2 HN	3.71 8.23	56.0 126.8			(DAP1/2, from tetra-/penta-peptide)
	3	3.64 7.86	73.1 131.2			(DAP0, from tri-peptide)
	4 α	3.56 4.19	80.4 54.8		
	5 β	3.42 1.87/1.75 31.1 75.7		
	6 γ	3.69/3.84 60.7 1.43 21.6	1.41	22.6
	HNAc δ	8.38 1.86/1.80 31.1 123.6	1.65/1.76 31.9	(main component)
	HNAc	2.00 3.98	23.0 53.7	4.09	55.6
	MurNAc				
	1 CONH 2	4.43 7.05/7.28 108.2 103.6	7.29/7.89 109.9	(tentative assignments)
	2 HN	3.71	56.4	7.81	125.9
	3 non-amidated DAP	3.48	80.6		
	4 HN	3.31 8.23	73.7 126.8		
	5 α	3.81 4.17	76.0 54.4		
	6 β	3.68/3.82 61.1 1.87/1.75 31.1		
	HNAc γ	7.84 1.42	122.6 21.6			(very weak)
	HNAc δ	1.90 1.78	23.1 30.9		
	Lac α	4.42 3.70	78.6 55.5		
	Lac βCH 3 D-Ala from tetrapeptide stem or cross-link 1.34 18.4	
	L-Ala HN	7.91	129.8	7.91	129.8
	HN α	8.24 4.30	126.7 50.6	4.30	50.6
	α β	4.24 1.38	50.9 18.0	1.38	18.0
	β	1.36	17.5		
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Supporting Information

Preparation of B. subtilis fragments for solution-state NMR 13 C, 15 N-labeled peptidoglycan soluble fragments were obtained by digestion of the intact uniformly-labeled peptidoglycan sacculi according to previously published procedure [START_REF] Gansmueller | Windowed R-PDLF recoupling: A flexible and reliable tool to characterize molecular dynamics[END_REF]). A peptidoglycan suspension (5 mg in 2 mL) was incubated with 100 µg of Cellosyl in 20 mM sodium phosphate buffer pH 4.8 for 24 hours at 37 • C. The reaction was stopped by Cellulosyl denaturation at 100 • C for 10 min and non-digested material as well as denatured enzyme were removed by centrifugation for 10 min at 13,000 g. The supernatant was extensively dialyzed against water using a membrane with 500 Da cutoff and the soluble uniformly-labeled peptidoglycan fragments were lyophilized for storage.

A fresh NMR sample was prepared by solubilizing the peptidoglycan fragments in water containing 10% D 2 O. pH was adjusted to 7.0 using diluted NaOH solution.

Solution-state NMR spectroscopy

Solution-state NMR spectra were acquired on Agilent 600-or 800-MHz spectrometers equipped with a triple resonance cryogenic probe. Data collection included 15 N-SOFAST [START_REF] Schanda | SOFAST-HMQC experiments for recording two-dimensional deteronuclear correlation spectra of proteins within a few seconds[END_REF]), 13 C-CT-HSQC [START_REF] Grzesiek | Amino acid type determination in the sequential assignment procedure of uniformly 13 c/15 n-enriched proteins[END_REF]), 3D-BEST-HNCACB and HNCO [START_REF] Lescop | Automated spectral compression for fast multidimensional NMR and increased time resolution in real-time NMR spectroscopy[END_REF]), 2D hCcH-TOCSY ( [START_REF] Hu | 3d hcch-cosy-tocsy experiment for the assignment of ribose and amino acid side chains in 13c labeled rna and protein[END_REF]), and 2D hCconH [START_REF] Sun | Highresolution aliphatic side-chain assignments in 3d hcconh experiments with joint h-c evolution and non-uniform sampling[END_REF]) experiments.

Data were processed with NmrPipe [START_REF] Delaglio | NMRPIPE -a multidimensional spectral processing system based on Unix pipes[END_REF]) and analyzed in Ccp-Nmr [START_REF] Vranken | The CCPN data model for NMR spectroscopy: Development of a software pipeline[END_REF]). Amino acid 1 H, 13 C and 15 N-backbone resonances were assigned using a combination of 3D Best-HNCACB and 3D Best-HNCO experiments collected for a total duration of 11 and 1.5 hours, respectively. A 2D version of the HCCH-TOCSY experiment was used to identify amino acid side-