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Solid-state NMR spectroscopy with magic angle spinning
(MAS NMR) is an advanced noninvasive technique to study
the structure and dynamics of biologic macromolecules. MAS
NMR experiments can be performed in frozen solution, in
membranes, and in microcrystalline or freeze-dried proteins.
These studies yield information on internuclear distances,
torsion angles, molecular orientation, and functional dynam-
ics. MAS NMR spectroscopy provides a unique opportunity
to study macromolecules in their own natural environment, in
vitro and in vivo, be it a single purified protein,[1] large
multiprotein complexes,[2, 3] molecular fibrils,[4] cell organ-
elles,[5] the entire cell or tissue,[6,7] or the whole organism.[8] In
addition, solid-state NMR spectroscopy emerges as a power-
ful tool for the time-resolved study of macromolecular folding
and catalysis.[9–11] By varying the temperature of the frozen
sample, structural and chemical transitions can be selectively
trapped or monitored in real time.[11–13]

Herein we apply solid-state NMR spectroscopy for atomic
studies on RNA using a cUUCGg tetraloop hairpin as a
model. We have recently characterized this hairpin in solution
and obtained a refined high-resolution structure (RMSD =

0.3 �).[14,15] Here, we use 13C MAS NMR spectroscopy to
extend our studies to frozen solution, compare the results with
solution NMR data, and relate the differences to the hairpin
structure. To our knowledge, this is the first high-resolution
MAS NMR study on uniformly 13C,15N-labeled RNA. Solid-
state 2H NMR spectroscopy was used to describe motion of
selected residues in TAR RNA from HIV-1 during protein
recognition.[16] NH···N hydrogen bonds in (CUG)97 RNA were
detected by 15N MAS NMR spectroscopy.[17] 1H correlation

was combined with high-resolution spectral dimensions in
NHHN, CHHC, and NHHC experiments.[18] Despite the
impressive signal intensity, low dispersion precluded assign-
ment of individual spins.

The 13C,13C radio-frequency-driven dipolar recoupling
(RFDR) MAS NMR spectrum of the RNA 14-mer is shown
in Figure 1. All cross peaks in the spectrum originate from
intraresidue correlations. Out of 168 possible short-range
direct coherence transfer cross peaks, 158 are found in the
solid-state spectrum. For cytidines, the C4C5 correlations
could not be detected. For uridines, weak C4C5 cross peaks
appeared with a mixing time of 5.74 ms. In total, 116 out of
132 carbon atoms were identified. Ambiguous resonances
originate from the C2 and C8 atoms of the bases. Nine of them
were assigned because the peaks did not overlap and the
solution shifts differed by less than 0.3 ppm (Figure 1, labeled
diagonal peaks). In addition to the cross peaks between
adjacent carbon atoms, we observed medium-range correla-
tions over a distance of approximately 2.4 � (C1’C3’, C3’C5’,
and C4C6). Cross peaks between the heteroatom-bridged
carbons (for example, C1’C4’ and C2C4) were not found,
implying a relayed coherence transfer mechanism, for exam-
ple, C1’!C2’!C3’. Of 112 relayed cross peaks, 30 were
observed and 18 assigned (Figure 1, red labels).

Figure 1 shows that 12 relays form four composite cross
peaks (Figure 1, peaks 1–4). For purines, the observed relays
derived from C4C6 transfer. Similar correlations in pyrimi-
dines were not found. The 13C chemical shift data, the solution
NMR data,[14] and calculated differences are summarized in
Table S1 in the Supporting Information. Figure 1 and
Table S1 indicate that the shifts in the solid state closely
correspond to those in solution: 89 % of the shifts differ by
less than 0.3 ppm. Only six carbon nuclei show differences
exceeding 1 ppm.

To obtain structural information, we analyzed the
13C chemical shift data. Such analysis is a common approach
in predicting backbone torsion angles and is even used in de
novo generation and refinement of protein structures.[19,20]

Here, we examine to what extent it can be used for RNA.
Each conformation of a d-aldofuranose ring is defined by two
steric parameters:[21] P, the phase angle of pseudorotation,
and nmax, the degree of pucker. Two torsion angles, c of the
N-glycosidic bond (C1’–N3) and g of the C5’–C4’ bond define
the chemical vicinity of the ring. Ribose chemical shifts are
dependent on and, to a large extent, determined by these
parameters. However, solving the reverse problem—predict-
ing angles from chemical shifts—is not trivial.
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Our approach is based on empiric combinations of the
carbon shifts, which correlate with individual conformational
parameters. The canonical coordinates can1 and can2 are
defined in Equations (1) and (2).[22] These equations can be
used for predicting ribose conformations with different
pseudorotation phase and torsion angles P and g (Figure 2C).

can1 ¼ 0:179dC10�0:225dC20�0:0575dC50 ð1Þ

can2 ¼ �0:0605dðC20þC30 Þ�0:0556dC40�0:0524dC50 ð2Þ

In solution, the ribose moieties of U7 and C8 in the 14-mer
RNA show almost exact C2’-endo envelope conformation,
with P = 157� 18 and 159� 48, respectively. G9 has a gt-like
torsion with g = 165� 118, and G10 has the +anticlinal

torsion with g = 100� 88. Figure 2C shows distribution of
these conformers in the canonical space. The (can1, can2)
coordinates give a false prediction for the terminal nucleotide
G1, which has neither an S-like conformation (P� 128) or gt
torsion (g� 838). Liquid- and solid-state data show only
minor differences, confirming that the tetraloop structure
does not change much upon freezing. The canonical values for
G1 in the solid state shift toward the N/gg region, indicating
that the 5’-end becomes less mobile and thus “more helical”,
once RNA is trapped in ice.

To test the use of canonical coordinates and to increase
sampling, we included data from a 44-mer RNA (BMRB
entry 4120, Figure 2, gray circles). With the combined data
set, the (can1, can2) transformation gives 14 false predictions
(Figure 2C). The nonorthogonality of (can1, can2) coordi-
nates is apparent with can2� 0.3can1�15, which can also be
seen on a large, structurally diverse RNA data set.[23] To
improve separation, we derived a new set of coordinates
[Eqs. (3) and (4), see also the Supporting Information].

Figure 1. Regions of the 13C,13C RFDR MAS NMR spectrum of the
14-mer RNA. Single-bond correlation spectrum (red) is constructed
using solution NMR data.[14, 15] Relayed cross peaks are labeled in red.
The largest differences between the solid-state (ss) and solution (sol)
data are marked with arrows, resonances are labeled accordingly. The
RFDR linewidth is shown in the inset.

Figure 2. 13C chemical shifts of the ribose C atoms versus pseudorota-
tion phase angle P and torsion angle g. BMRB (biological magnetic
resonance bank) entries 4120 (gray) and 5705 (red and blue circles).
A) Relation of can1* [Eq. (3)] to the pseudoroation phase angle P.
B) Dependence of can2* [Eq. (4)] on the torsion angle g. C) Canonical
coordinates according to Equations (1) and (2). can1 values below
�6.25 ppm predict ribose conformations with 90<P<2708 (see A).
Residues with can2<�17.2 ppm tend to be gauche–trans (gt) about
the C5’–C4’ bond as shown in (B). D) Canonical coordinates according
to Equations (3) and (4). MAS NMR data are shown in blue. Solution
NMR data are shown in red. Large gray circles represent residues with
S-type sugar pucker and/or + ac, + ap configurations. Residues that
are located in the canonical space on the other side of the reaction
threshold from the structure-borne values are marked with pink circles.
N,S = north, south; k = gradient of the solid line calculated by fitting
the canonical coordinates using linear regression.
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can1* ¼�14:7dC10 þ 22:1dC20 þ 13:2dC30 þ 6:5dC40�2:9dC50�1595 ¼ PFIT

ð3Þ

can2* ¼ 9:8dC10 þ 16:5dC20�0:5dC30�1:7dC4013:5dC50�2781 ¼ gFIT ð4Þ

The coordinate can1* spans the angles from �40 to 2608 ;
the actual P values are distributed between �10 and 1708 ;
can2* covers the range of 20–2308 versus 16–1808 of the
source g data (Figure 2 D). The average angular precision of
(can1*, can2*) is � 30 and � 208, respectively, which is high
enough for the qualitative assessment of an unknown
structure. On the 58-residue data set, (can1*, can2*) coor-
dinates appear more orthogonal than (can1, can2) and give
only four false predictions, which corresponds to a 3.5-fold

improvement. The overall prediction fidelity increases from
76 to 93 %. Further increase of resolution might be achieved
by fitting to the individual torsion angles n0�n4, g and c.
Canonical analyses show that the ribose moieties of the 14-
mer RNA adopt a very similar conformation in both liquid
and frozen states. In Figure 3, the 13C chemical shift differ-
ences between these states are mapped on the hairpin
structure. Four global trends can be distinguished, suggesting
specific modulations of the structure.

The first trend includes the 0.2–0.3 ppm downfield shifts
of the C5’, C4’, and C3’ resonances in the sugar backbone
solid-state, best seen as the atoms shaded light blue at the
edge of the minor groove of the helix. The second trend
reflects the opposite 0.1–0.2 ppm upfield shifts of the C1’

Figure 3. Comparison of solution (sol)[14] and MAS NMR (ss) data: 13C chemical-shift differences. I, IV) Nucleobase and ribose groups,
respectively. Error bars show standard deviation. The linewidth in the RFDR experiment is shown in light brown. II, III) Solution minus solid-state
chemical-shift difference map for the 14-mer RNA hairpin (PDB entry 2koc).[15] The color bar shows differences in ppm. Positions of the Na+ ion
chelated to A4 and putative hydrogen bonds to external water are indicated. For illustration, oxygen and/or hydrogen atoms are shown in the
same color as the carbon atoms to which they are attached.
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resonances. The third includes upfield shifts of carbon signals
in the tetraloop region, and the fourth relates to the large
shifts of G1, A4, and G10 signals. The latter are confined to
several nucleobase atoms, while the other signals in the same
ring remain unchanged, indicating that the global structure
remains the same. The other shifts are at least ten times
smaller than the differences between the tetraloop and helix
regions (see Table S1 and Figure S3 in the Supporting
Information). Hence, the related modulations of the structure
should be minor.

Ice lattice has a high affinity to nonfreezing water in the
hydration shell of macromolecules.[24, 25] The RNA helix in
solution is stabilized by water clusters in the major groove and
by tandem water molecules in the minor groove.[26] Partial
dehydration upon freezing removes some of these mole-
cules.[27] Exclusion of water from the minor groove could
account for the upfield shifts of C1’ resonances. The packing
of the tetraloop region in the frozen solution could rigidify the
structure and thereby lead to the upfield shifts of the carbon
signals. Binding of Na+ ions caused by charge aggregation and
formation of Bjerrum ion pairs could shift the signals of the
sugar backbone downfield, similar to the case of single
nucleotides.[28]

Stacking in nucleic acids is known to shift the 13C
resonances of the nucleobases upfield,[29] while hydrogen
bonding of the adjacent heteroatoms causes the opposite,
downfield shifts.[30, 31] In the 14-mer RNA, the C2, C4, C5, and
C8 resonances of A4 are shifted upfield relative to free ATP,
while the C6 resonance is shifted downfield (see Table S2 in
the Supporting Information). Similar shifts of the C6 signals
of G1 and G10 could result from hydrogen bonding between
O6 and external (solid) water. Chelation of Na+ ions in the
frozen state by N7 and Oa (Figure 3, II and III) could account
for the shifts of the carbon signals of the A4 nucleobase.

In summary, we have used 13C MAS NMR spectroscopy to
characterize the 14-mer RNA hairpin capped by a cUUCGg
tetraloop. Chemical-shift analyses indicate that the structure
of the hairpin in ice is highly similar to that in solution. Minor
modulation of the structure can be attributed to the partial
dehydration of RNA, binding of Na+ ions, and hydrogen
bonding to water molecules at the ice interface. Our results
show that biologically relevant RNAs can undergo the water–
ice phase transition without significant structural changes and
critical loss of NMR resolution and sensitivity. The use of
uniformly instead of site-specifically labeled RNA is feasible
because correlation experiments reveal remarkably sharp
signals and sufficient chemical-shift dispersion. Our findings
pioneer freeze-trapping for studying RNA structure and
function in folding, ligand recognition, and catalysis. Our
results form the basis for the novel molecular analysis of
RNAs and their complexes, advocating solid-state NMR
spectroscopy to the broader RNA community.
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