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Sensitive proton-detected solid-state NMR spectroscopy of large proteins with selective CH 3 labelling: application to the 50S ribosome subunit

Solid-state NMR spectroscopy allows the characterization of structure, interactions and dynamics of insoluble and/or very large proteins. Sensitivity and resolution are often major challenges for obtaining atomic-resolution information, in particular for very large protein complexes. Here we show that the use of deuterated, specifically CH 3 -labelled proteins result in significant sensitivity gains compared to previously employed CHD 2 labelling, while line widths only marginally increase. We apply this labelling strategy to a 468 kDa-large dodecameric aminopeptidase, TET2, and the 1.6 MDa-large 50S ribosome subunit of Thermus thermophilus.

 The primary argument for using the CHD2 isotopomer is related to the fact that there are no intra-methyl 1 H-1 H dipolar couplings in CHD2, and that these interactions are expected to lead to strong line broadening; this assumption was supported by pioneering experiments on stochastically labelled proteins at low (20 kHz) MAS frequency, 10 but not systematically investigated. Here we show that, in experiments performed at high MAS frequency (50-60 kHz) the line widths in CHD 2 and CH3 methyl are comparable, and that CH3 labelling results in improved sensitivity compared to CHD 2. The enhanced sensitivity opens possibilities to study even very large objects, as demonstrated with the 1.6 MDa-large 50S ribosome, where sensitivity is a great challenge.

Fig. 1. Proton-detected 2D methyl 1 H- 13 C spectra of CH3 (blue) and CHD2 (red) methyls of (a) isoleucines and (b) alanines in TET2, obtained at 14.1 T (600 MHz 1 H Larmor frequency). These spectra were obtained with the CP-based pulse sequence shown in ESI Figure S1a. Traces along the positions indicated with dashed lines and numbers are shown in (c)-(e). Dashed 1D traces were obtained at the indicated positions in the spectra, but different pulse sequences, either omitting 2 H decoupling, or using MQ evolution (see Figure S1). Line-widths (full-width at half maximum) are indicated for these selected peaks. (f) shows the ratio of line widths observed for CH3 and CHD2 correlations, merged for both Ala and Ile samples. (g) Intensity ratios for cross-peaks observed in the Ile spectrum, taking into account the protein amounts in CH3/CHD2 samples. For all these spectra, resolution enhancement was applied using a 70-degrees shifted sine-bell square function (90 degrees would correspond to a cosine, i.e. no resolution enhancement), see ESI.

In order to investigate the properties of the different methyl isotopomers in ssNMR, we compared four samples of the enzyme TET2 from Pyrococcus horikoshii, a dodecameric (12x39 kDa) aminopeptidase involved in the cellular protein quality control, with different methyl labelling schemes. (Details about sample preparation can be found in the ESI.) With 353 residues per monomer and a total oligomer mass of 468 kDa, TET2 is among the largest proteins studied so far by ssNMR, making it thus a considerable challenge in terms of resolution and sensitivity. In the samples we incorporated either CH3 or CHD2 methyl groups on isoleucine residues or on alanines, respectively, in an otherwise deuterated background. The different lengths and flexibility of Ala and Ile side chains generally lead to different dynamics, reflecting the range of methyl cases encountered in proteins. Figure 1a,b shows comparisons of 1 H- 13 C correlation spectra of these four samples, obtained with cross-polarization transfer steps at a MAS frequency of 57 kHz. High-resolution spectra are obtained for this very large protein assembly for both isotopomers and both residue types. The spectra are similar to solution-state spectra of TET, showing that structure and dynamics in our solid-state preparations are conserved in the solid state, and allowing us to transfer previously known assignments from solution-state NMR 11 (see Supporting Information Figure S2). In CHD2 groups, the observed line widths are of the order of 30 -45 Hz ( 1 H) and 20-30 Hz ( 13 C), respectively (Figure 1c-e). These values are in good agreement with previously reported line widths obtained in fast-MAS solid-state NMR experiments on smaller model proteins with CHD 2 labelling 9,12,13 . For the CH3 isotopomer, the line widths along the 13 C dimension are similar to the ones observed with CHD 2 groups (20-30 Hz), suggesting that the intra-methyl heteronuclear 1 H-13 C dipolar coupling is not the dominant factor for line width under the chosen conditions (heteronuclear decoupling, fast MAS). This is expected, given that fast-MAS, the high deuteration level of the surroundings, and the 3-fold reduced dipolar 1 H- 13 C coupling that results from the rapid methyl rotation, make decoupling very efficient. Remarkably, the 1 H line widths in the CH3 sample are only slightly larger than the ones in CHD 2 samples (Figure 1e,f). The fact that reducing the number of methyl proton spins from three (CH 3) to one (CHD2) has only a modest effect on line widths suggests that the intra-methyl dipolar couplings are not determining the 1 H line widths. Sample inhomogeneity, dipolar inter-actions to remote protons as well as dynamics may be important contributions to line widths, such that intra-methyl 1 H-1 H dipolar interactions do not dominate. Of note, given that the line widths observed here are similar to microcrystalline samples, 9,12 our conclusions hold also for those systems. In more heterogeneous systems (fibrils, membrane proteins) the differences in line widths between the two isotopomers are expected to be similar or smaller than here, because line widths due to sample heterogeneity is independent of the labelling scheme. Importantly, in terms of sensitivity the CH 3 labelling scheme outcompetes CHD2 labelling, on average by a factor of about 1.9 (Figure 1g). This is due to the proton spin multiplicity (expected gain of 3), reduced by the somewhat faster relaxation of CH 3 methyls (see below). The experiments shown in Figure 1a,b were recorded with 2 H decoupling during chemical-shift evolution periods, which requires a probehead able to tune to 2 H frequency. Such equipment is not standard in contemporary MAS probes. As expected, while omission of 2 H decoupling has virtually no effect on line widths and sensitivity in CH 3-labelled methyls (Figure 1c), due to the absence of 1 JCD couplings, in CHD2 groups the undecoupled 13 C line widths are dramatically increased due to the scalar coupling (~20 Hz) multiplet structure. 12 Therefore, if 2 H decoupling is impossible with the available hardware, the CH3 isotopomer is clearly favoured in terms of resolution and sensitivity. The effects of 2 H decoupling on 1 H line widths are negligible, as the 2 JHD coupling is small (~1-3 Hz). 12 We have also investigated two different types of 13 C evolution, single-quantum (SQ), and multiple-quantum (MQ) evolution. In solution-state NMR, in the case of slow overall molecular tumbling, MQ coherence life times are significantly longer than SQ life times 14 . In contrast, Figure 1d establishes that MQ lines in our ssNMR experiments are almost two-fold larger than their SQ counterparts. This can be understood by considering that due to the absence of overall tumbling, cross-correlated relaxation is small (reducing the potential benefit of MQ evolution), and dephasing due to remote protons outweighs the potential gains from crosscorrelated relaxation. We also investigated the relative sensitivity obtained with INEPT-transfer and CP-transfer. INEPTbased transfer is favoured by large-scale dynamics and extensive deuteration, because both factors increase coherence life times and thus INEPT transfer efficiency. We find indeed that for the more dynamic Ile residues INEPT outcompetes CPtransfer, while for Ala we find similar sensitivity (Figure S4). Line widths are related to the life times of spin coherences, which are determined by spin relaxation (i.e., dynamics) and dephasing that is due to incompletely averaged dipolar interactions; the latter contribution depends on the MAS frequency. To further gain insight into the properties of the different labellings, we performed systematic analyses of apparent relaxation rate constants. These measurements, shown in Figure 2, corroborate the trends shown in Figure 1: (i) 1 H R2' relaxation rates are similar in CH3 and CHD2 samples, with values of ~100 s -1 and ~80 s -1 , respectively, at high MAS frequency (55-57 kHz). The expected line widths from these numbers (R 2'/π , ~25-30 Hz) are smaller than the experimentally observed values (~35-45 Hz), showing that part of the line width originates from sample and/or magneticfield heterogeneity. (ii) 13 C R2' of ~20-40 s -1 are found at high MAS frequencies (~55 kHz). The line widths predicted from these numbers (6-12 Hz) are significantly smaller than the experimentally observed line widths in this study and crystalline ubiquitin before 12 (~18-25 Hz), showing that heterogeneity limits the resolution of 13 C lines. (iii) Omission of 2 H decoupling leads to significantly shorter 13 C T2', in CHD2 (but not CH3), in agreement with the larger line widths (Figure 1c) (iv) MQ coherences decay faster than their SQ counterpart, again in line with data shown in Figure 1d. (v) Furthermore, proton R 1 rate constants are ~15% higher in CH 3 compared to CHD2. This allows higher repetition rate of experiments, and thus slightly increased sensitivity for CH3 samples (see Figure S4). (vi) We also measured 13 C R1 and 13 C R1ρ rate constants, and find that they are not MAS-frequency dependent. This finding establishes that coherent dephasing (i.e. contribution to the decay that is not due to dynamics, and which would be MAS dependent) is negligible, allowing quantitative interpretation of methyl dynamics. While 13 C R1 has been used for this purpose before, 13 the possibility to quantitatively interpret R 1ρ enables the study of slow (ns-ms) motion. 15 Fig. 2. MAS-frequency dependence of various spin relaxation parameters in Ile-labelled (circles) and Ala-labelled (triangles) TET2, with CH3 (blue) and CHD2 (red) isotopomers. Bulk methyl relaxation rate constants were obtained from a series of 1D spectra, using pulse sequences shown in ESI Figure S1.

Having thus established CH3 labelling provides enhanced sensitivity compared to CHD 2, with similar resolution, we turned to a very challenging application, the 50S ribosome particle from Thermus thermophilus. Ribosomes are among the most complex biological machineries, composed of RNAs and proteins, with a total molecular mass of 1.6 MDa (for the 50S subunit). Unlike TET2, where the 12-fold symmetry improves sensitivity and reduces spectral complexity, ribosomes are not symmetric. Sensitivity and resolution are thus a great challenge. Earlier studies by solution-state NMR have observed only highly mobile isotope-labelled proteins attached to ribosomes 16 , or flexible nascent polypeptides exiting the ribo-some, 17,18 while less flexible proteins are invisible due to unfavourable relaxation properties. Recently, ssNMR spectra have been reported for tightly ribosome-bound proteins, which were isotope labelled and bound to unlabelled 50S and 30S subunits, respectively. 19,20 This selective labelling of a single protein overcomes the severe resonance overlap problem but requires reconstitution of ribosomes from labelled/unlabelled subunits, which is not generally possible. We investigate here the possibility to study uniformly labelled ribosome (50S subunit, 1.6 MDa), obtained from bacterial cells grown in uniformly deuter-ated, Ala-CH3-labeled media, and sedimentation into a 1.3 mm ssNMR rotor 21 . The HSQC-type 1 H- 13 C correlation spectrum obtained in a total experimental time of 14 hours is shown in Figure 3 (black). As expected, the large number of non-equivalent Ala methyl sites -337 in total -results in significant resonance overlap. Nonetheless, for the resolved cross-peaks the line widths are similar to TET2 (~25-30 Hz for 13 C and 40-50 Hz for 1 H). Signal-to-noise ratios of these cross-peaks are of the order of 3 to 8. Given the small amount of sample (1.2 nmoles) these results are encouraging, and demonstrate that methyl labelling is a route to gain residue-specific information of very large complexes. We also performed an additional experiment, using a shorter 13 C evolution time and larger number of scans to favour sensitivity and confirm that the detected cross peaks are indeed reproducible (red spectrum in Figure 3). Resonance assignment and the spectral complexity are of course challenging. Solutions may involve unlabelling of protein components that can be reconstituted, or chemically methyl-labelled amino acid with low abundance, such as methylated cysteines 22 or lysines. The data shown here -to our knowledge the first reported ssNMR spectra of uniformly methyl-labelled ribosomes -establish that in terms of sensitivity and line widths, studies of ribosomes are feasible. In conclusion, we have shown here that CH3-methyl-labelling allows for high-resolution proton-detected ssNMR at high MAS frequencies. In terms of sensitivity, CH3 labelling significantly outcompetes CHD2 labelling. We believe that CH3 methyl labelling will be very useful for further ssNMR studies of structure, dynamics and interactions, in particular for large systems, as exemplified here. 

Fig. 3 .

 3 Fig.3. Alanine methyl ssNMR spectra of Thermus thermophilus ribosome, obtained with 1.5 mg of deuterated, Ala-13 CH3 labelled material. (a) 2D spectra obtained with INEPT-transfer (black, pulse sequence FigureS1E), obtained in a total time of 14 hours. The spectrum in red was obtained in 9 hours, using CP-transfers (sequence FigureS1A) with increased number of scans at the expense of resolution (see ESI for details). (b) 1D traces of the black spectrum along the 1 H and13 C dimensions were extracted at the positions indicated with dashed lines, and the colours of the traces correspond to the colours of the arrows.
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