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One of the major bottlenecks for the widespread use of NMR spectroscopy in structural biology is the difficulty to automate data acquisition and analysis of complex protein spectra. Specific information on individual nuclei is typically achieved by the combination of several 3D spectra which correlate shifts of sequential or proximal 1 H, 15 N and 13 C nuclei. [1] Protein spectra with higher (>3) dimensionality may yield multiple nuclear correlations within fewer experiments, increasing resolution, simplifying resonance assignment and thus pushing forward the size limits of the proteins amenable to site-specific NMR studies. [2] The acquisition of such spectra however requires alternative approaches to sample the indirect time space, since regular sampling leads to impractical experimental durations and data matrices. Randomised non-uniform sampling (NUS) [3] is a sparse sampling technique proposed to solve the first problem. NUS aims to reconstruct a high-dimensional spectrum from data acquired at randomly chosen time points, but it requires particular expertise in processing and analysis. Yet the issue of the size of the data matrix remains. Automated projection spectroscopy (APSY), [4] is an alternative tool which allows direct inference of a high-dimensional peak list from a number of lower order projection spectra (typically 2D). APSY represents an elegant concept which allows to bypass spectral analysis and delivers an output that directly contains the positions of all resonances. As such it is in principle amenable to widespread access even by inexperienced spectroscopists.

APSY in solution NMR spectroscopy has suffered from a major drawback: the sensitivity required to implement APSY can only by provided by globular proteins with molecular sizes smaller than about 20 kDa (fast tumbling), [5] or by intrinsically disordered proteins. [4b, 6] Figure 1 illustrates the rapid loss of sensitivity with increasing molecular size for a 5D experiment in solution of a protonated and highly-deuterated molecule respectively. The deadlock is removed in proton-detected solidstate NMR at fast magic-angle spinning (MAS). Narrow proton signals, high sensitivity, and efficient coherence transfers can be obtained at high magnetic fields, independent of molecular mass, at 60 kHz MAS in deuterated proteins, reprotonated at the exchangeable sites, [7] and at 100 kHz MAS and above in fullyprotonated samples. [8] As illustrated in Figure 1, the efficiency of hyperdimensional experiments in solids outperforms the solution case above 12 and 33 kDa respectively for a protonated and highly-deuterated protein. As demonstrated below, this makes five dimensional correlations by SOlid-state APSY (SO-APSY) feasible on microcrystalline and fibrillar proteins, which in turn allows their expeditious automated backbone resonance assignments.

We have developed a 5D experiment (H)NCOCANH (Figure 2a) which transfers coherences from each amide proton to the amide proton of the previous residue. This unidirectional coherence pathway is ensured by two cross-polarization (CP) steps between 1 H and 15 N nuclei, two selective CP steps between bonded 15 N and 13 C / 13 C' nuclei, and one 13 C -13 C' scalar transfer. In contrast to previous implementations, [9] this experiment evolves the chemical shift of each of the nuclei ( 13 C , 1 H spectra. The curves show the calculated efficiency of a 5D amide proton linking experiment on a protonated molecule in solution (pink dotted curve), of the TROSY based variant on a highly deuterated molecule in solution (brown dashed curve) and of the analogous experiment in the solid state at fast MAS (cyan solid curve). Calculations assumed scalar transfers in solution, with transverse relaxation modelled using Redfield theory, and a mix of scalar and dipolar transfers in solids (see SI for details).
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13 C', 15 N) traversed along the protein backbone. The experiment generates a 5D dataset where each peak correlates the chemical shift of five consecutive backbone nuclei (Figure 2b). It can be acquired as a SO-APSY experiment by collecting a number of 2D projections, each characterized by projection angles , , and within the 4D indirect time space (Figure 2c-e).

The method was first established on a sample of uniformly 15 N-and 13 C-labelled and fully protonated microcrystalline GB1 protein (56 aa), packed in a 0.7 mm rotor and spun at 111 kHz on a 23.5 T NMR spectrometer ( 1 H frequency of 1 GHz). Under these conditions, the efficiency the 5-step transfer is ensured by long R1 and coherence lifetimes, and the sensitivity amounts to ~20% with respect to a basic experiment correlating 1 H- 15 N nuclei. The SO-APSY series was acquired using a newly developed TopSpin module for about 1.5 days at which point convergence was achieved with 24 projections (no additional 5D peaks were found by including the last projections). The first four projections, where the chemical shift of a single heteronucleus is evolved in the indirect dimension, are shown in Figure 3. Contrary to fully dimensional spectral data obtained with NUS, identifying resonances in APSY is straightforward and does not require prior knowledge. [10] The Geometrical Analysis of PROjection (GAPRO) algorithm [4a] identifies robust peaks, as long as they are supported (resolved) in at least Smin projections (here 7), and the on-the-fly analysis yielded a list with all 54 expected 5D peaks (Table S8).

The experiment was then acquired on two, more challenging targets, a much larger microcrystalline protein (the 32 kDa Cu(I)-Zn loaded dimeric superoxide dismutase, SOD) [START_REF] Knight | Proc. Natl. Acad. Sci[END_REF] and a fibrillar aggregate (D76N 2 microglobulin, 2mD76N). [START_REF] Marchand | [END_REF] Both samples were uniformly 15 N, 13 C and 2 H labelled with 100% backexchange of labile amide protons, and packed in a 1.3 mm rotor spun at 60 kHz MAS on a 1 GHz spectrometer.

For SOD, which contains 153 residues, but several dynamic regions and proline residues, a maximum of 115 peaks can be expected in the 5D experiment. The SO-APSY series was accomplished in 32 projections in 3 days. Despite the significant degree of peak overlap in the first (orthogonal) projections (Figure 3, middle row), the tilted projections contributed a total of 95 peaks. For 2mD76N, spectral overlap does not come from protein size (only 62 residues S20-R81 are observed in solids), but from limited dispersion of chemical shifts and increased linewidths, characteristic for fibrillar samples. The SO-APSY series was acquired with 32 projections in about 2.5 days. GAPRO identified 46 correlations, proving that consistent 5D peak coordinates can be determined even within regions of severe overlap in orthogonal 2D projections (Figure 3, bottom).

The 5D experiment has the particular advantage over conventional 3D triple-resonance spectra that a single peak encodes amide shifts from two neighboring residues. This alone allows sequential linking of amide resonances along the protein backbone by matching shared 15 N frequencies. In cases where 15 N resolution is limited or an amide proton is unobservable, assignment of sequential residues can be accomplished with the acquisition of a second 5D experiment, (H)NCACONH. It performs a similar coherence transfer along the protein backbone, but in a reverse (i.e. forward) direction (Figure 4a), with comparable efficiency (Table S1). Such experiment was indeed acquired as a SO-APSY series for the three samples and yielded an equivalent number of signals (Table S9). Peaks from both experiments overlay in the 15 N(i)-15 N(i+1) plane, and effectively connect consecutive 1 H N (i) and 1 H N (i+1) amide protons (two-way 15 N linking). [9] A pair of forward and backward 5D data sets also correlate consecutive amide (i and i+1) protons to pairs of 13 C (i)- 13 C'(i) frequencies, effectively building quartets of shifts ( 15 N(i), 13 C (i), 13 C'(i), 15 N(i+1)) that unambiguously link amide protons at every second step of the assignment protocol, as shown in Figure 4c.

Five-dimensional peak lists are inconvenient for a conventional manual analysis, and their potential for sequential assignment is optimally exploited with a powerful automated assignment algorithm. We employed the FLYA software [13] which is particularly flexible with respect to customized correlation schemes (see the SI for FLYA definitions, parameters and input data). In the case of GB1, a complete assignment of all backbone nuclei was obtained when providing two 5D peak lists from a pair of forward and backward SO-APSY experiments. The FLYA output schematic which compares the assigned peaks to a reference assignment [8a] is shown in Figure 5a.

In the case of SOD, the automated analysis by FLYA reveals 8 segments of robust ("strong") assignments (Figure S3a), with 280 chemical shifts consistent with published data. [START_REF] Knight | Proc. Natl. Acad. Sci[END_REF] Assignments were not found in regions 23-27 and 129-140, N pairs (odd steps) or quartets of 15 N(i), 13 C (i), 13 C' and 15 N(i+1) chemical shifts (even steps).

known to be dynamic, [START_REF] Knight | Proc. Natl. Acad. Sci[END_REF] and signals were sparse in the regions 50-70 and 100-110 due to the presence of five proline residues. An almost complete assignment can be recovered for these regions (Figure 5b), if the 5D peak lists are supplemented with information on residue type, as for example that contained in 3D C -N-H correlations (in total 346 correct assignments). About 4% of chemical shifts were incorrectly assigned when compared to a reference assignment obtained by conventional proton-detected 3D spectra. This reflects an inherent uncertainty that arises during automated assignment, which must be considered when inferring firm conclusions on protein site-specific dynamics or interactions. FLYA analysis of 5D peak lists obtained for 2mD76N leads to three regions of reliable assignments at the fibril core (27-31, 34-45, 59-65), while many regions with reasonably complete observed correlations are assigned only tentatively (Figure S3b). We attribute this result to the significantly smaller distribution of chemical shifts in this sample and their decreased precision (increased line widths). Similar to SOD, this issue can be addressed by providing supplementary input for the automatic analysis. Notably, an additional unassigned 3D C -N-H peak list allows to extend the assignment to most of the fibril core, including regions 46-49, 56-58, 67-71 and 73-75 (Figure 5c) giving rise to 166 correctly assigned chemical shifts and 5 misassignments (3%).

Although a small number of incorrect assignments were identified within this study when compared to manually assigned 3D spectra, they do not form clusters spanning more than 1 or 2 residues, and are frequently at the extremities of long tracts of assigned residues. In effect, these misassigned shifts do not affect the prediction of dihedral angles , , which is the primary structural information encoded in 1 H N , 15 N, 13 C , 13 C and C' shifts. Indeed, when using the widely applied TALOS+ algorithm, [14] the dihedral angles obtained from chemical shifts are virtually identical, with only 1 outlier ( for residue T137 of SOD) among 214 angles reliably predicted in both reference and FLYA-derived data sets for SOD and 2mD76N (Figure 5d,e). Additionally, it has been shown that reliable structural modelling can be obtained with up to 10% missing or incorrect proton chemical shifts provided that robust algorithms (such as CANDID [15] ) are employed. [16] Therefore we would expect 5D APSY of yet unassigned proteins in the solid state to offer appropriate data for subsequent modelling of structure and dynamics.

15 N i+1 ppm 13 CO i ppm 13 CA i ppm 15 N i ppm In summary, we have presented the first example of ultrahigh dimensional (>3) automated projection spectroscopy in solid-state NMR (SO-APSY) and demonstrated its power with respect to automatic resonance assignment of samples of different molecular size and aggregation state. The approach was illustrated with the design of two new 5D pulse sequences that correlate backbone nuclei with amide protons. A module to acquire 2D projections and to reconstruct 5D peak lists was designed within the widespread software TopSpin, and is now readily accessible to the NMR community. SO-APSY tolerates higher peak overlap and yields data prone to automatic analysis, thus accelerating the identification of sequential correlations. We anticipate that in a context where even faster MAS rates and longer coherence lifetimes are available, SO-APSY techniques will become a key for rapid and simple spectroscopic analysis, broadening the range of targets amenable to NMR. 

1 H i / ppm 1 H i / ppm 1 H i / ppm 1 H i / ppm D O S 1 B G β2m D76N 50 nm 100 µm Cα C N O H α H C β N (a) (b) 

Figure 1 .

 1 Figure 1. Sensitivity of hyperdimensional NMR plotted over molecular weight in solution and in the solid state with respect to 1D1 H spectra. The curves show the calculated efficiency of a 5D amide proton linking experiment on a protonated molecule in solution (pink dotted curve), of the TROSY based variant on a highly deuterated molecule in solution (brown dashed curve) and of the analogous experiment in the solid state at fast MAS (cyan solid curve). Calculations assumed scalar transfers in solution, with transverse relaxation modelled using Redfield theory, and a mix of scalar and dipolar transfers in solids (see SI for details).

Figure 2 .

 2 Figure 2. 5D (H)NCOCANH experiment and schematic for SO-APSY acquisition and analysis. a) Time diagram of RF irradiation. High-power 90° and 180° are represented by black and white rectangles, respectively, and selective pulses by bell shapes. Cross-polarization transfers are represented as open shapes on two parallel channels, and grey rectangles indicate heteronuclear decoupling. The five chemical shift evolution periods are highlighted as colored fields. Additional details can be found in the SI. b) Coherence transfer pathway. c) Time-domain sampling scheme for the SO-APSY experiment in the indirect 4D space, where each projection is characterized by three polar angles , , and . d) Frequency-domain orthogonal projections. e) Reconstruction of the peak positions in the 5D space by Geometrical Analysis of PROjection (GAPRO algorithm).

Figure 3 .

 3 Figure 3. Orthogonal SO-APSY projections from 5D (H)NCOCANH experiment of microcrystalline GB1 and SOD, and fibrils of 2mD76N. These projections exclusively evolve a single nucleus in the indirect dimension: from left to right, intraresidue (i)15 N,13 C ,13 C', and sequential (i+1)15 N with respect to the directly detected amide proton (i) shifts. Crosses indicate experimental peaks identified by GAPRO algorithm, and peak labels indicate residue assignments obtained from automated analysis (see below).

Figure 4 .

 4 Figure 4. Sequential resonance assignment from a pair of 5D backward and forward experiments. (a) Coherence transfer pathway of a forward (H)NCACONH experiment. (b) Time diagram of RF irradiation, with the same conventions of Figure 2a. (c) Schematic of resonance assignment, obtained by matching either 15 N, 1 HN pairs (odd steps) or quartets of 15 N(i), 13 C (i),13 C' and 15 N(i+1) chemical shifts (even steps).

Figure 5 .

 5 Figure 5. Graphical summary of automated assignments of microcrystalline GB1 (a), SOD (b) and fibrils of 2mD76N (c) by FLYA, superimposed to the amino acid sequence and to a sketch of secondary structure elements. Assignments in agreement or incompatible with the reference are colored in green and red, respectively. Assignments with low confidence levels in FLYA are colored in light green or in grey, depending on whether they can or cannot be confirmed by manual inspection. Additional assignments found by FLYA are shown in dark blue. Black arrows represent all correlations observed in the two 5D experiments. Dotted lines connecting grey arrows ( -strands) and cylinders (helices) denote flexible regions where resonances are missing or sparse. (d,e) Correlation of backbone dihedral angles , predicted by TALOS+ based on reference and automatically obtained 1 H N , 15 N, 13 C , 13 C and 13 C' chemical shifts for SOD (d) and 2mD76N (e).
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