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Abstract 

Ribonucleic acid (RNA) is a polymer with pivotal functions in many biological processes. 
RNA structure determination is thus a vital step towards understanding its function. The 
secondary structure of RNA is stabilized by hydrogen bonds formed between nucleotide 
base pairs and it defines the positions and shapes of functional stem-loops, internal loops, 
bulges, and other functional and structural elements. In this work we present a 
methodology for studying large intact RNA molecules using homonuclear 15N solid state 
nuclear magnetic resonance (NMR) spectroscopy. We show that Proton Driven Spin 
Diffusion (PDSD) experiments with long mixing times, up to 16s, improved by the 
incorporation of 1H Radiofrequency Dipolar Recoupling (RFDR) pulses, reveal key 
hydrogen-bond contacts. In the full-length RNA isolated from MS2 phage, we observed 
strong and dominant contributions of G-C Watson-Crick base pairs, and beyond these 
common interactions, we observe a significant contribution of the G-U wobble base pairs. 
Using the improved technique facilitates characterization of hydrogen-bond types in intact 
large-scale RNA using solid-state NMR. It can be highly useful to guide secondary structure 
prediction techniques, and possibly to refine higher resolution structure determination 
methods.  

Introduction 

RNA structure has long been a subject of intensive studies, mainly in view of the discovery 
that RNA is not only a delivery vehicle (mRNA) that transfers the DNA genetic code to the 
ribosome. Non-coding RNA molecules adopt a large variety of three-dimensional structures 
serving many cellular roles (1, 2). tRNA delivers amino acids to the ribosome that also 
contains ribosomal RNAs as part of its structure. Riboswitches regulate gene expression, 
ribozymes can catalyse various reactions similarly to enzymes, and additional roles of RNA 
exist and continue to be discovered, the most recent one being of RNA-glycan conjugates 
displayed on the cell surface (3). 

Generally, most structural studies are performed on small synthetic RNA molecules. For 
example, structures solved by NMR (4, 5) and X-ray crystallography (6) reveal various 
secondary structure elements such as base-paired helices, stem-loops, bulges and more. 
Structures of protein-RNA complexes are also prevalent, and were determined using 
various techniques such as cryogenic electron microscopy (CryoEM) (7), X-ray (8) and 
solution NMR (9). Solid state NMR has also provided structures of isolated RNA molecules 
or in complex with proteins (10, 11). 
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Large RNA molecules (>100nt) are challenging for solution NMR due to high spectral 
overlap and for larger sizes, due to decreased relaxation times. Such limitations are 
partially solved by segmentally labelling the RNA to reduce the spectral congestion (12, 13). 
They are also hard to obtain by crystallography techniques, and thus advanced sequence-
based algorithms are used to predict their secondary structure. Such techniques are based 
on minimizing the free energy on the basis of the hydrogen bond patterns (14, 15). Other 
methods for assessing the structure of large RNA molecules utilize enzymatic digestion, 
radical labelling and more (16).  

The base pairs in polynucleic acids are stabilized by the hydrogen bonds. Canonical base 
pairs are formed between the nucleotides adenine (A) and uracil (U), and cytosine (C) and 
guanine (G). The canonical and most common Watson-Crick (WC) base-pairs are formed 
between the nucleus bases, and in RNA are referred to as the ‘Watson-Crick edge’ (17). This 
type of bond is illustrated in figure 1a. However, there are other possible geometries for 
hydrogen bonds to form, namely the sugar edge and the Hoogsteen edge, as illustrated in 
figure 1b. Two nucleotides can form hydrogen bonds involving each pair of the three edges. 
Together with cis and trans orientations of the glycoside bond, there can be twelve types of 
hydrogen bonds giving the RNA flexibility in tertiary structure formation. Therefore, 
detection of the interacting edge of the hydrogen bond is essential to understanding RNA 

structure. 

  

Figure 1: (a) Scheme of canonical Watson-Crick hydrogen 

bonds between nucleotides. The dashed blue lines represent the 

hydrogen bond. Red numbers represent the nitrogen BMRB 

nomenclature. Green numbers represent the average 15N 

chemical shifts in ppm of the nucleus, and standard deviation in 

brackets. R stands for ribose ring. (b) A guanine nitrogenous 

base with its three edges types.  

Hydrogen bonds can be distinguished and 
characterized by NMR and in large RNA molecules, 
by solid-state NMR. One of the key advantages of 
Solid-state NMR is the ability to study non-
crystalline systems and the property that linewidth 
do not depend on molecular weight. The method has 
been successfully used to study various types of 
biological systems including folded and unfolded 
proteins, protein-DNA complexes, protein-RNA 
complexes, intact viruses and more (18–20). Recent 
efforts into studies of RNA has recently been 
reviewed by Marchanka (21) and by Wang (22). Those 
mainly include synthetic RNA molecules with or 
without bound proteins. For example, a 23-mer RNA 
fragment of HIV RNA and a (CUG)97 RNA molecule 
were studied using 15N-15N correlations (23, 24) and 
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1H-detected 15N correlations at fast MAS (25). However, intact non-repetitive long RNA 
leads to high spectral congestion, which does not allow a resonance assignment for each 
nucleotide separately. Yet, it does hold information on the native hydrogen bonding 
patterns.  

RNA viruses are common in nature. The size of RNA can be a few thousands of bases as in 
small spherical bacteriophages (26), or as large as 30 thousand bases, as in the case of 
SARS-CoV-2 (27). RNA viruses are fast mutating and therefore pose constant risk for global 
pandemics (28), as encountered in this past year. The packing, folding, and capsid binding 
properties of RNA within the context of intact viruses is therefore important to understand 
and we constantly seek methods aimed to study intact viruses or isolated intact RNA.  

MS2 bacteriophage infects Escherichia Coli (E. Coli) bacteria bearing positive F pili. It 
contains a 3,569 nucleotide-long single stranded RNA, encapsulated in a capsid made of 89 
copies of coat protein dimers, and a maturation protein. Despite being the first RNA 
molecule to be sequenced (29), initially structural studies focused on interactions of the 
capsid protein with small RNA epitopes (30–32). Only recently the interaction of the full-
length RNA with the MS2 capsid in a wild-type viral particle was studied in detail using 
CryoEM. Initially a resolution of 8.7Å (33) was obtained revealing a network of stem loop 
regions in the RNA. Later on, the resolution was significantly improved to 3.6Å for the 
capsid and 6Å for the RNA(34). This resolution was sufficient for tracing the secondary 
structure motifs of different segments in the RNA revealing unprecedented details on its 
structure. In particular, the identity of the bases involved in base-pair interactions could be 
determined for approximately two-thirds of the sequence.   

Here we show how 15N correlations in solid-state NMR can be used to study the intact 
isolated RNA extracted from the MS2 phage. By improving 15N-15N proton-driven spin-
diffusion polarization transfer (35) with radio-frequency driven recoupling (36) applied to 
the 1H channel, which we term PDSD-RFDR, we show how hydrogen-bonds can be detected 
and characterized. From the type of nitrogen atoms involved, we can also estimate the type 
and face of those hydrogen bonds. We then compare the patterns we observe in the isolated 
RNA to that of the enclosed RNA derived from cryoEM. 

Materials and Methods 

Sample preparation.  Wild type MS2 bacteriophage was produced by infecting cultures of 
Escherichia Coli strain C3000 and purified using our lab protocols for phage preparation 
(37). The RNA was harvested from the phage using a method similar to the one described 
by Meir et. al. (38). Phage were vortexed in TRIzol (TriReagent®), resuspended in 
isopropanol, followed by cold ethanol precipitation. The total yield of RNA from one litter 
bacterial culture was on average ~24 mg. The RNA precipitate was packed into a 4mm ZrO2 
MAS rotor using a centrifuge and then used for NMR experiments. More details on MS2 
phage preparation and purifications as well as RNA isolation appear in the supporting 
information (SI).  

NMR methods. All experiments were carried out on Bruker Avance III NMR spectrometer 
operating at 9.4T and equipped with a MAS 4mm probe. Two-dimensional 15N-15N 
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correlation experiment were collected using PDSD (35) experiments with mixing times up 
to 16s. Additional PDSD experiments were acquired by adding rotor-synchronized π pulses 
(as in radio-frequency driven recoupling, RFDR (36)) to the 1H channel during the mixing 
time (2s, 8s). We term this experiment PDSD-RFDR. A complete list of experimental 
parameters appears in the supporting information Table S1. All experiments were 
performed using a spinning speed of 8 kHz and a set temperature of -28°C. The chemical 
shifts of 15N were referenced using 15NH4Cl (39.3ppm (39)) 

Data Analysis. NMR data were processed using TopSpin3.5 and NMRPipe (40). Analysis 
was performed using SPARKY version 3.134 (41).  

Numerical Simulation. The NMR simulation package SIMPSON (42) was used to verify the 
physical basis for the enhancement by RFDR. A SIMPSON script was written to show that 
the application of π pulses on protons enhances the magnetization transfer between two X 
spins in a X2H3 spin system. The script, the dipolar couplings used, and the magnetization 
build-up curves appear in the supporting information.  

Results and Discussion 

Identification of 15N resonances. A typical two-dimensional 15N-15N proton-driven spin-
diffusion (PDSD) solid-state MAS NMR correlation spectrum of MS2-RNA is shown in 
figure 2a. The off-diagonal correlation signals result from the dipolar coupling between 15N 
nuclei that are proximate in space, probably not beyond ~4 Å. In order to obtain them with 
sufficient sensitivity it was necessary to significantly increase the mixing time up to 16 sec 
(exploiting the long T1 of the 15N spins) and simultaneously reduce the spinning speed to 8 
kHz (thus reducing MAS averaging of the dipolar interaction). Similar to our previous 
study on intact T7 bacteriophage dsDNA (43), also here we see clear asymmetry in the 
spectrum resulting from the excitation difference between primary, secondary, and tertiary 
amines, and between nucleobases having more or less hydrogen atoms.  

The resonances can be assigned to one of the four nucleotides (Fig. 1a) but not to a specific 
nucleotide in the sequence (totalling 3569 bases). The assignment process relied on data 
from the biological magnetic resonance bank (BMRB) for RNA and on the correlations 
observed in the spectrum as follows. Figure 2b shows blocks centred at positions 
corresponding to correlations between average RNA shifts of individual nucleotides 
(differentiated by colour). Their size is given by the standard deviation of the shifts 
according to the BMRB. The average chemical shifts (and their standard deviations) are 
explicitly given in figure 1a. Peaks from spectra similar to that in figure 2a were then 
marked on the predicted positions and assigned to the corresponding nucleotides. Many of 
the signals are easily identified. For example, primary amines are unique having shifts of 
82 ppm (Adenosine N6, or in short A6), 75 ppm (Guanosine N2, G2), and 98 ppm (Cytidine 
N4, C4). Additional unique individual shifts are C3 (195 ppm), A3 (215 ppm) and A1(220 
ppm) with the latter having a rather large standard deviation (11 ppm). Other shifts have 
to be determined from two or three options (G1, U1, C1 at ~150 ppm; U3, G3 at ~160 ppm; 
G9, A9 at ~170 ppm; A7, G7 at ~231 ppm), with uracil being the most difficult to identify 
unambiguously. Yet, correlations to resolved signals and “sidechain walks” (44) along 
proximate nitrogen nuclei in the same base are sufficient to identify the different 
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nucleotides. In the spectrum shown in Figure 2a, the different 15N signals of the G-base are 
coloured and the linkage G2-G1-G9-G3-G7 can be clearly identified. Similarly, other bases 
are assigned. The full assignment table appears in Table 1, summing up to 13 out of 15 15N 
signals. 

Table 1: 15N chemical shifts (in ppm) of MS2-RNA. Unassigned nuclei are indicated by grey 
cells. Dashes indicate non-existing atoms.  

 N1 N2 N3 N4 N6 N7 N9 

A 222.0 - 213.2 - 83.8 231.2  

C 151.4 - 196.8 99.0 - - - 

G 147.5 75.1 162.7 - - 234.4 170.3 

U  - 159.1 - - - - 

 

Figure 2: (a) A 2D 15N-15N typical PDSD spectrum of the MS2 RNA. A, C, G and U stand for the different 

nucleotides. Numbers identify the particular nitrogen in the nucleotide following BMRB nomenclature. 

Dashed lines mark the chemical shifts of G and intersects between lines correspond to intra-nucleotide cross-

peaks. The spectrum was acquired with a mixing time of 16s at a spinning speed of 8 kHz, and a temperature 

set to -28°C. The spectrum was processed with an exponential line broadening of 100Hz in both dimensions. 

Twenty contours at multiples of 1.4 were generated with lowest contour set to a signal to noise ratio of 5. (b) 

A theoretical plot of the most-probable position of RNA intra-nucleotide signals. Coloured squares, different 

for each nucleotide, are centred around the average value of a particular peak according to BMRB with their 

size corresponding to the standard deviation. Points mark the position of intra-nucleotide peaks observed in 

our spectra. The black ellipse represents an example of a hydrogen bond between G2 and C3 (see below).  

Identification of hydrogen bonds. Once 15N shifts have been assigned, several inter-
nucleotide contacts could be identified. Those are attributed almost exclusively to base-
pairing interactions, which are characteristic of the helical double-strand-like secondary 
structure of the RNA (in MS2, 68% of the RNA that appears in the electron density maps is 
in attributed to base-pairing arrangement). In Fig. 2b, the schematics of the RNA spectrum, 
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the position of a representative cross-peak is given by the ellipse, correlating G2 and C3 
belonging to a G-C canonical WC base-pair.  

A clear evidence for base-pairing interactions is shown in the different 15N-15N spectra 
shown in figure 3. We can identify G-C base-pairing via the contacts G1-C3 and G2-C3. We 
can also identify C4-G3, and C4-G1. Although the PDSD experiment is not sufficiently 
quantitative, the fact the G1-C3 is the strongest cross-peak suggest that these contacts are 
typical of WC pairs. All other contacts match this type of hydrogen bond. According to a 
CryoEM structure by Dai et. al. (34), analysis of RNA secondary structure elements shows 
that ~54% of the hydrogen bonds in the structure are formed between G and C. That 
coincides with the fact that most hydrogen bond correlations found in our spectra were 
between these two nucleotides. Such a base pair involves 5 proton spins available to 
mediated magnetization transfer, while other contacts have less. Additionally, all spectra 
show higher intensities for guanine 15N signals, followed by cytosine. G and C also appear 
more frequently in the MS2 RNA. Another canonical base pair is expected between A and 
U, and mainly A1/6 and U3 assuming that the WC face is the most common arrangement. 
However, we could not detect such contacts. Both diagonal signals of A6 and A1 are 
relatively weak. This is not surprising given the fact that for adenine only the proton of C2 
is available to enhance the polarization generated by the N6 amine protons. We observe 
even weaker A1-A6 and A1-A3 cross-peaks at long mixing times. Thus, the expected cross-
peaks of A1-U3 at 222.0-159.1 ppm, or A6-U3 at 83.8-159.1 are probably too weak to detect 
(uracil contributes only a single proton to the hydrogen bond). Given the fact that A-U base 
pairs are stabilized by two hydrogen-bonds (and 3 protons), while those of G-C by three 
hydrogen-bonds (and 5 protons), it is likely that the A-U pair is also more mobile and thus 
the 15N-15N dipolar interaction is too weak due to some motional averaging.   

In addition to the G-C canonical base pair, RNA structure is also based on the formation of 
G-U wobble base pairs (45). Interestingly, we observe (figure 3c) clear G1-U3 correlations 
between these two nucleotides, corresponding to the WC edge. Despite being energetically 
similar to the A-U base pair, the additional proton contributed by G, and its much preferred 
excitation efficiency provides sufficient polarization for this hydrogen-bond to be detected. 
The assignment to U3 of the peak at 159.1 ppm is based on the absence of any other 
correlations to G, where the G3 resonance at 162.3 is strongly correlated to G2 and G9. 
According to the CryoEM structure, approximately 9% of the hydrogen bonds are formed 
between G and U.  

Three additional uncommon contacts were observed in our spectra. Correlation peaks 
between G and A (G3-A1, G3-A3, G3-A6) could only be found in the PDSD-RFDR 
experiments. This kind of hydrogen bond was reported for bacterial ribosomal RNA, where 
A7 (part of the Hoogsteen edge) forms a bond with G1 (part of the WC edge) (46) . However, 
in the case of G3-A3 correlation, both atoms are part of the sugar edge of the nucleotide. 
Another possibility is that some weak stacking interactions are detected, that correspond to 
the positioning of the N3 atoms at distances smaller then 4Å in space, or even closer if they 
belong to a curved region. Indeed, in the MS2 PDB structure a few such contacts could be 
detected. A weak (SNR of 5) A6-C4 contact is also detected (figure 3a) in the PDSD-RFDR 
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8s spectrum. The low intensity can indicate a low abundance hydrogen bond, or more likely, 
a stacking interaction.     

Figure 3: Examples of hydrogen bond 

and additional inter-nucleotide cross-

peaks from different 15N-15N spectra. 

The contour level was set such that the 

lowest signal had an SNR of 5. (a) 

PDSD-RFDR with a mixing time of 8 sec. 

(b) PDSD with a mixing time of 16 sec. 

Only the cross-peaks corresponding to 

a hydrogen bond were assigned. This 

plots shows the G-U wobble pair. (c) 

PDSD-RFDR, 2 sec.  

 

 

In all the spectra we examined 
there were no signals that we 
could correlate to non-base-
paired nucleotides. This can be 
due to lack of resolution, but 
perhaps more likely due to lower 
occurrence of non-base-paired 
nucleotides in the structure. As 
all our spectra required 
temperatures below -25C, since 
at higher temperatures even the 
spectra reported above could not 
be observed, it is possible that 
more dynamics RNA parts are 
missing.  

 

Improving polarization transfer with 1H-RFDR. The homonuclear interaction between 13C 
spins is significantly stronger than that of 15N spin pairs and therefore short mixing times 
(10-500 ms) are sufficient for magnetization transfer. Moreover, by constantly irradiating 
on the 1H spins at a field that resonates with the spinning frequency (γB1=νR), known as 
dipolar assisted rotational resonance (47), enhanced magnetization transfer is obtained. 
Yet, irradiating for seconds, as required for 15N recoupling, is in practice impossible due to 
hardware limitations and therefore using DARR for 15N correlation experiment is not 
always feasible. Moreover, RNA is a dynamics molecule with a smaller density of proton 
spins as compared to proteins, further reducing the efficiency of dipolar recoupling. 15N 
correlation spectra in biological samples are therefore mostly obtained by the PDSD 
technique with the application of long mixing times (48, 49) in the order of seconds, or using 
direct polarization transfer via the application of rotor-synchronous 15N π pulses (23). At 
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high spinning speeds, the PAR (proton assisted recoupling) technique has been proved 
useful (25, 50). PDSD is based on an indirect effect, in which the 15N-15N magnetization 
transfer is achieved due to 1H-15N dipolar recoupling (resulting from incomplete MAS 
averaging of this interaction).  

Long mixing time required for 15N correlations always carry some signal decay due to 
relaxation and as the mixing times in our studies was increased from 2 to 16 sec, the SNR 
was reduced by up to 7-fold in some cases (see Table S2 in the SI). On the other hand, new 
signals appeared. Although the homonuclear 1H-1H dipolar interaction is theoretically not 
necessary for the PDSD effect to occur (51), clearly enhanced 1H-1H interaction can increase 
the efficiency of 1H-15N heteronuclear dipolar recoupling. We therefore applied synchronous 
π pulses to the 1H channel following the RFDR scheme in order to directly recouple the 1H-
1H homonuclear dipolar interaction. As demonstrated in figure S1 in SI, this approach is 
different from the original suggestion to recouple directly heteronuclear interaction by 
applying two pulses every rotor period (51), or directly recoupling the homonuclear 15N 
dipolar interaction using synchronous π pulses(52). Four 15N-15N correlation experiments 
were conducted – two with a mixing time of 2s, and two with a mixing time of 8s, each pair 
differing only by the application of the 1H-RFDR sequence. The overlay between the spectra 
is shown in figure 4. Although the average SNR at long mixing times is generally smaller, 
for most cross-peaks, the signal to noise ratio has consistently increased (average of ~165% 
for the mixing time of 2 sec, and of ~127% for 8 sec) by the application of the π pulses. 
Moreover, not only does the PDSD-RFDR spectrum contain more correlations, these 
correlations are mostly between two hydrogen-bonded nitrogen spins thus providing 
essential additional information regarding the hydrogen bonds patterns in the RNA, 
enabling detection of the data described in previous sections. The actual SNR enhancement 
in both experiments are given in Tables S3a and S3b of the SI.  

 

Figure 4: A comparison between PDSD (black) and PDSD-RFDR (red) 15N-15N correlation spectra acquired 

with a similar mixing time of (a) 8 sec and (b) 2 sec. Cross-peaks that appear only in the PDSD-RFDR 
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experiment are assigned. Enhancement is also apparent in many other signals, averaging ~126% (8s) and 

~153% (2s) for the cross-peaks. The contour levels were chosen such that the lowest SNR was 5. The 

processing (100Hz broadening, similar zero-filling, similar acquisition times) was identical in all cases. 

 

The enhancing effect of the π pulses can be reproduced qualitatively also using numerical 
simulations. Using the SIMPSON software (42), we calculated the polarization transfer 
between two non-hydrogen (X) spins in a X2H3 spin system, where all spins are coupled by 
hetero- and homonuclear interactions. We followed in two cases the evolution of a 
preliminary state in which the two X spins are oppositely polarized; one with the π pulses 
(PDSD-RFDR), and another without. The numerical simulations shown in Fig. S2 show 
that indeed polarization transfer is enhanced with the π pulses verifying our experimental 
results.  

Summary and Conclusions 

The 1.1MDa full-length RNA isolated directly from the MS2 bacteriophage virus was 
studied using solid state NMR techniques. Using RFDR-enhanced proton-driven-spin-
diffusion 15N-15N correlation experiments, we could assign the 15N resonances to the four 
different nucleotides, and detect hydrogen bonds, both canonical as well as wobble base 
pairs. These hydrogen bonds stabilize the secondary structure of the viral RNA and reduce 
its overall dynamics. By recognizing the 15N shifts making up the hydrogen bonds, it is 
possible with such techniques to determine the face of the bond and the dominant pairs we 
detect have a Watson-Crick face.   

While we show how solid-state NMR can be useful to study such high-molecular-weight 
RNA, detection of genomic 15N resonances in general, and more importantly hydrogen 
bonds, poses some challenges, some of which we have addressed here. Excitation of 15N 
signals is based on polarization transfer from 1H, and is therefore less efficient for tertiary 
amines and in particular in nucleotides bearing less proton spins. Thus guanine and 
cytosine signals dominate the spectral features. Another challenge is the ability to transfer 
polarization between 15N nuclei, which relies on the interaction with protons. While the 
standard techniques (at average spinning speeds) require extension of mixing times, the 
cost is signal decay due to T1 relaxation. Moreover, this increases significantly the total 
experimental time. We show here that by recoupling the 1H-1H dipolar interaction using 
radio-frequency driven-recoupling, signal enhancement is obtained without a need for 
seconds-long continuous irradiation that challenges the hardware. Consequently, the 
experimental time can be shortened significantly. It also allows gaining information even 
when long mixing times are inapplicable due to shorter relaxation times. Moreover, using 
this technique we have been able to detect new correlations not detected even at very long 
mixing times. Some of these correlations validate our assignment. Others are attributed to 
inter-nucleotide contacts. Towards more quantitative estimation of hydrogen bond patterns, 
it will be required to generate a more uniform and efficient 15N excitation, and estimate and 
fit polarization transfer between base pairs (53). The latter is required even if such 
hydrogen bonds are detected directly via proton detection (25).   
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The improved method we described how solid-state for characterizing hydrogen bonds in 
intact RNA using solid-state NMR is applicable to RNA molecules extracted from natural 
sources and can be utilized regardless of sequence length. Although not yet quantitative, it 
can potentially guide structure prediction by serving as structure restraints. 
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