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Lecture
NMR of Nucleic acid and protein-RNA complexes

Introduction


Nucleic magnetic resonances spectroscopy (NMR) has become a major tool for the structure determination of biomolecules at atomic resolution. 15% of the deposited structures of biomolecule (see http://www.rcsb.org/pdb/) have been determined by NMR spectroscopy. This percentage reach even 43% for nucleic acid structures (panel 1). For small RNA (20-40 nucleotides long), NMR is the method of choice rather than X-ray crystallography. 

Here is described how to determine RNA structure (1st part) and protein-RNA complexes (2nd part) by NMR spectroscopy.

1-Nucleic Acid structure determination by NMR spectroscopy


Like for proteins, NMR structure determination of nucleic acid requires 3 key steps: 


-resonance assignments (identification of the chemical shift of most 1H, 13C and 15N nuclei of the molecule of interest).


-assignments of the interprotons NOEs (Nuclear Overhauser Effect) obtained in 2D and 3D NOESY spectra in order to derive interproton distance constraints.


-structure calculation using the above constraints in order to determine to fold of the RNA and the precision of the structure. 
1.1. Chemical structure of RNA and chemical shift range.

The chemical structure of the bases and the sugar-phosphate backbone that constitute an RNA chain are shown in panel 2. Typically, RNA is made by in vitro transcription using the T7 RNA polymerase and a chemically synthesized DNA template . Panel 3 shows a 1D ( 1 dimensional) 1H NMR spectrum of a 29 nucleotide RNA. This spectra is recorded in 100% D2O in order to observe only non-exchangeable protons (protons exchanging with the solvent, like Guanine H1 and Uracil H3 will be deuterated under these conditions and therefore non observable by 1H NMR). All the non-exchangeable protons of RNA resonate between 3 and 9 ppm in reference to TriMethylSilane at 0 ppm. The H2’, H3’, H4’, H5’ and H5” protons all resonate between 3 and 5 ppm, the H1’ and H5 (only in cytosine and uracil) resonate between 5 and 6 ppm and the aromatics H6 (cytosine and uracils), H8 (guanine and adenice) and H2 (only adenine) resonate between 6.5 and 9 ppm. Not shown here are Guanine H1 and Uracil H3 that resonate between 10 and 16 ppm and adenine, cytosine and guanine amino protons that resonate between 6.5 and 9 ppm. Unfortunately the 2’hydroxyl proton typical of RNA is very rarely observed because it exchanges very rapidly with the solvent. 

The carbon chemical shift helps tremendously distinguishing the different protons types of a nucleotide. A 2 dimensional 1H-13C HSQC (Heteronuclear Single Quantum Coherance) spectrum that correlates any proton to its attached carbon (the carbon atom need to be13C-labeled to be observable by NMR) is shown in Panel 4. 

1.2. Resonance assignments of an RNA molecule.

Resonance assignment of RNA is greatly facilitated if the molecule is isotopically labeled. This can nowadays be done easily using commercially available 13C-15N-labeled NTPs. Several NMR experiments have been designed to take advantage of 1-bond (1J), 2-bonds (2J) or 3-bond (3J) coupling constant in order to correlate the resonances within a nucleotide. Three of those NMR experiments are described. H5 and H6 of cytosine and uracil can be correlated in a 2D 1H-1H TOCSY NMR experiment because of the 12Hz coupling (3J) between these two protons. Using 1J 1H-13C (150 Hz) and 1J 13C-13C couplings (42Hz) in the HCCH-TOCSY experiment, all the resonances of a sugar ring can be correlated (panel 5 and 6). Also a correlation between base and sugar resonances can be obtained with the HCN experiment (panel 7 and 8), using 1J 1H-13C and 1J 13C-15N to correlate the H1’ and the H6 or H8 in each nucleotide. With these three experiments (other exist that correlate H8 and H2 in adenine, H1 and H8 in Guanine, …) most resonances within a nucleotide are correlated and therefore the ‘spin-system ‘ of each nucleotide established.

The next step in resonance assignment of RNA is to identify which ‘spin-system’ belongs to which nucleotide in the chain. NMR experiments using the Phosphorous atom (31P has a spin ½ and give an NMR signal) that links two nucleotides have been developed for this purpose. Panel 9 show the pulse schemes of the ‘HCP’ NMR experiments. Using 2J 13C-31P coupling, a correlation between each C5’ and the C3’of the preceding residue can be obtained, and therefore the link between the ‘spin systems’ established. Although very powerful, the small coupling constant involved make this NMR experiment rather insensitive for high molecular weight molecules (over 30 nucleotides). The other more common approach is to correlate the spin systems via through-space correlations using NOESY spectra. For example, in an RNA helix, NOEs between imino protons (H1 of Guanine or H3 of Uracil) of consecutive base-pairs can be observed (panel 10). Also, in A-form helix NOEs between the aromatic H8 or H6 and its own and the preceding H1’ can be observed, therefore ‘spin systems’ can be linked and the RNA chain assigned.

1.3. NOE assignments, structure calculation.

Precise structures of RNA can be obtained after assignments of the highest possible number of interprotons NOEs. The intensity of an interproton NOE is inversely proportional to the sixth power of the distance between the two protons. It is generally considered that after 6 Å, no NOEs can be observed. Thus each interproton NOE assigned indicates a short interproton distance that can be used as a constraint in structure calculation. On average between 20 to 30 interproton distances constraints can be derived per nucleotides in an RNA oligonucleotide. When a sufficient number of interproton distances and dihedral angle constraints have been collected (some dihedral angle constraints can be derived from the value of 2J and 3J coupling constants), then RNA structures can be calculated. Several structures are calculated with distance-geometry programs using the same list of constraints but each time a different starting structure (usually an unfolded chain). The precision of a structure is measured by the average pairwise rmsd value between the mean structure and the different conformers obtained (panel 11). A value below 1Å for this average pairwise rmsd to the mean structure can be reached, indicating that atomic resolution structures can be obtained with this method. 

1.4. Example of RNA structures.

Three stem-loop structures of RNA determined by NMR in our group are presented, the UUCG tetraloop, the GluR-B mRNA and the ApoB-mRNA.

2-Protein-Nucleic Acid structure determination by NMR spectroscopy

Still few protein-nucleic structures have been determined by NMR spectroscopy. At present only 70 protein-DNA complexes and 14 protein-RNA complexes structures have been deposited in the protein data bank. This is few in regards to the crucial role of protein-RNA interactions and recognition in posttranscriptional gene regulation .

2.1 General methodology for structure determination of protein-RNA complex

To illustrate how to study protein-RNA complex by NMR, example from the study of the Nucleolin-RNA and PTB-RNA complexes are used. The exchange regime is a critical aspect of the study of a protein-RNA complex by NMR. The most favorable cases are when the complex fall into the fast exchange regime or the slow exchange regime (panel 12). In the intermediate exchange regime, the broadening of the line could impair the structural study by NMR. In practice a protein-RNA complex of high affinity (Kd lower than 1 nM) or with low affinity (Kd higher than 1M) are best suited for NMR. In the case of our PTB-RNA complex where the affinity is higher than 10M, the complex is in fast exchange so resonances from of the protein moving from the free to the bound form can be followed during the titration of the RNA into the protein (panel 13). Similarly, the RNA resonances experience the same effect (panel 14). These comparisons footprint the regions of the RNA and the protein that are in contact (a chemical shift change is expected for the residues at the protein-RNA interface). The -sheets and the interdomain linker of the protein are the regions that present to largest chemical shift changes upon complexation. Methods for resonance assignments of the bound RNA and protein do not differ from the method described above for RNA or the standard method used isotopically labeled proteins. 

When the resonance assignments of both the RNA and the protein have been obtained, the structure of the complex can be determined only if intermolecular NOEs can be observed and assigned. With a complex made between a 15N-13C labeled protein and an unlabeled RNA (14N-12C) or vice-versa, double half-filter NOESY spectra (originally developed by Otting and Wüthrich, 1990, panel 15) can be run in order to selectively observe only intermolecular NOEs. When enough intermolecular NOEs are obtained, the structure of the complex can be calculated using the intramolecular and intermolecular NOE-derived distance restraints 

2.2 Example of protein-RNA complex structures

Several examples of protein-RNA complexes determined by NMR are shown in panel 16 to 18. Since atomic resolution can be obtained, RNA binding specificity can be understood as demonstrated with the example of the nucleolin-RNA complex. As shown in panel 16 to 18, protein-RNA complexes are very diverse in structure, RNA-binding protein adopt a wide variety of fold. Quite frequently, complex formation happens via mutual induced-fit, meaning that part of the protein and RNA structure change upon complexation. Panel 18 shows the two largest protein-RNA complex structure determined so far by NMR, they are of 28 kDa ( nucleolin) and 38 kDa (U1A).
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