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Abstract: Ribonucleic acid oligonucleotides (RNAs) play piv-

otal roles in cellular function (riboswitches), chemical biology
applications (SELEX-derived aptamers), cell biology and bio-

medical applications (transcriptomics). Furthermore, a grow-
ing number of RNA forms (long non-coding RNAs, circular
RNAs) but also RNA modifications are identified, showing
the ever increasing functional diversity of RNAs. To describe

and understand this functional diversity, structural studies of
RNA are increasingly important. However, they are often
more challenging than protein structural studies as RNAs are

substantially more dynamic and their function is often linked
to their structural transitions between alternative conforma-

tions. NMR is a prime technique to characterize these struc-
tural dynamics with atomic resolution. To extend the NMR

size limitation and to characterize large RNAs and their com-

plexes above 200 nucleotides, new NMR techniques have

been developed. This Minireview reports on the develop-

ment of NMR methods that utilize detection on low-g nuclei
(heteronuclei like 13C or 15N with lower gyromagnetic ratio

than 1H) to obtain unique structural and dynamic informa-
tion for large RNA molecules in solution. Experiments in-
volve through-bond correlations of nucleobases and the
phosphodiester backbone of RNA for chemical shift assign-

ment and make information on hydrogen bonding uniquely
accessible. Previously unobservable NMR resonances of
amino groups in RNA nucleobases are now detected in ex-

periments involving conformational exchange-resistant
double-quantum 1H coherences, detected by 13C NMR spec-

troscopy. Furthermore, 13C and 15N chemical shifts provide
valuable information on conformations. All the covered as-

pects point to the advantages of low-g nuclei detection ex-

periments in RNA.

1. Introduction

Since the development of multidimensional NMR spectroscopy

and the availability of isotope-labeled RNAs, NMR spectroscopy
has contributed more than 40 % of all RNA structures in data-

bases. Considerable challenges, however, remain for the struc-
ture determination particularly of large RNAs and their com-

plexes by biomolecular NMR spectroscopy. Often, the maxi-
mum concentration, at which RNA and RNA–protein com-

plexes can be prepared for NMR studies, does not exceed

50 mm, either for solubility reasons or for availability of sample,
and thus all NMR experiments have to be optimized to maxi-

mize the signal-to-noise ratio. The multitude of current ap-
proaches to achieve maximal signal-to-noise ratio have been

recently summarized.[1]

Multidimensional NMR pulse sequences that rely on excita-

tion and detection of the most sensitive nuclei protons (where

‘proton“ refers to 1H) have for long been the experimental
gold standard in the field of biomolecular NMR spectroscopy.
Since 1957,[2] a plethora of studies have unravelled structure
and dynamics of proteins and nucleic acids. Especially for the

characterization of RNAs, NMR has led to new fundamental in-
sight including transient base-pair states modulating replica-

tion and transcription,[3] long-lived meta-stable secondary
structures controlling gene-regulation during transcription[4]

and translation,[5] and the structure of a viral packaging
signal,[6] to name only a few. The advantages of proton-detect-

ed experiments apparently stem from the high natural abun-

dance of the 1H-isotope and its highest sensitivity of all NMR-
active and stable nuclei.

However, also proton-detected experiments exhibit difficul-
ties for NMR studies of RNAs. Chemical-shift dispersion is limit-

ed for all their resonances with the exception of imino protons.
Further, the proton-density within the nucleobases of RNA is

low and many nucleobase-protons are susceptible to confor-

mational and solvent exchange. Thus, methods to circumvent
these problems are needed and we here summarize recent de-

velopments in heteronuclear-detected experiments (13C, 15N,
19F, and others). In combination with the traditional proton-de-

tected experiments, they will open new possibilities in the
structural description of RNA dynamics and function at atomic
resolution.

One of the main drawbacks of NMR spectroscopy of RNA is
the narrow chemical shift dispersion of the corresponding res-
onances due to the limited chemical diversity in building
blocks (Figure 1 A). This limited dispersion leads to severe spec-

tral overlap, which is particularly problematic in 1H-spectra
(Figure 1 B) and, therefore, puts a limit in molecular size of
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Figure 1. A RNA sugar phosphate backbone. B H1’-H6/8-region in a 2D H,H-
NOESY spectrum of a 41 nts long terminator hairpin of the 2’dG-sensing ri-
boswitch.[10]
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around 50 nts for NMR spectroscopy of RNA. However, when
site-selective labeling schemes are applied, the current limit is

extended to 150–200 nts.[7]

Furthermore, compared to heteronuclei, the proton trans-

verse relaxation rates are high and thus their line widths are
large and increase fast with molecular size again impeding the

characterization of larger RNA molecules. The nucleobases as
heteroaromatic moieties possess few protons. Thus, only a few

long-range NOE contacts can be detected. Further, experi-

ments that correlate NMR-active nuclei by J-transfer steps
often require multiple and sometimes long magnetization

transfer steps, in which sensitivity is lost due to relaxation pro-
cesses. Examples for such experiments are the 3D TROSY-re-

layed HCCH-COSY experiment for the correlation of H2C2 and
H8C8 in the adenine nucleobase[8] as well as 3D HCCNH experi-

ments for the correlation of the H6C6 (pyrimidines) or H8C8

(purines) with the imino protons in the nucleobases.[9] Both of
the experiments are crucial as they offer unique information

for the sequential resonance assignment process. However,
their long and multiple magnetization transfers are especially

challenging for larger RNAs as relaxation is enhanced due to a
larger rotational correlation time tc.

The nucleobases are not only proton poor but the imino-

and amino-protons are often involved in different exchange
processes. The imino proton is in fast exchange with the sol-

vent water if not protected from exchange, mostly through hy-
drogen bonding or, in rare cases, other steric protection from

exchange.[11] This feature enables the fast determination of
stable secondary structures, as only exchange protected imino

protons can be detected. But it also leads to loss of informa-

tion on dynamic regions of the RNA, as nucleobases in these
regions are not involved in stable hydrogen-bond networks

and the imino proton resonances are broadened beyond de-
tectability. Unfortunately, often the dynamic regions of an RNA

are involved in functional processes including ligand- or pro-
tein-binding.[5, 12]

Amino groups exhibit restricted rotation around the C@NH2

bond. The rates of rotation are similar to the chemical shift dif-
ference of the two amino protons, and the signals are thus
broadened beyond detectability in this intermediate exchange
regime.[13]

Taken together, both exchange processes of imino and
amino protons severely hamper the collection of information

on the orientation of the nucleobase, its potential interactions
at the exchanging sites and their dynamics.

All four difficulties—1) resonance overlap, 2) low 1H-density,

3) chemical exchange, and 4) relaxation—can be circumvented
in heteronuclear-detected NMR experiments. The disadvantage

due to low-g detection can be minimized thanks to new cryo-
genic probes with inner NMR coils optimized for 13C-, 19F-, or
15N-detection.[14] Thus, despite their lower fundamental signal-

to-noise ratio, heteronuclear-detection schemes have become
feasible. These heteronuclear-detected experiments benefit

from the larger chemical shift dispersion, coupled to sharper
line widths of the heteronuclei. For example, 13C nuclei in RNA

have chemical shifts from d= 65 to 170 ppm. If the chemical
shifts of the heteronuclei are detected during direct acquisi-

tion, high resolution due to long FID sampling can be achieved
without lengthening the experiments, as relaxation delays can

be shortened.
The heteroaromatic nucleobases represent a cyclized chain

of C@N fragments. This particular feature can be exploited for
the direct magnetization transfer in NMR experiments in (mul-
tiple) INEPT steps without being dependent on 1H-excitation or
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1H-detection. Information on quarternary carbon or nitrogen
atoms then becomes feasible. Additionally, in heteronuclear-

detected experiments, the introduction of deuterium-labeled
nucleotides in large RNAs exploits their favorable relaxation

properties in deuterium-decoupled spectra[15] but does not in-
troduce the disadvantage of losing the observable nucleus. In

addition, heteronuclei are not affected by solvent exchange.
Moving towards slower relaxing nuclei including 13C or espe-

cially 15N can bring potential advantages to extend molecular
size limitation as line widths increase slower with molecular
size when compared to 1H. On a technical side, further advan-
tages of heteronuclear-detection are their insensitivity to cer-
tain experimental conditions including pH value, temperature

or salt concentration and the non-necessity of water suppres-
sion.

The loss in sensitivity due to the lower gyromagnetic ratio is

fundamental and remains, however, the major disadvantage in
heteronuclear-detected NMR experiments. Further, in uniformly

isotope-labeled samples, homonuclear J(C,C) couplings de-
crease the chemical shift resolution in 13C-detected experi-

ments. In particular, the sizeable homonuclear 1JCC couplings
lead to splittings, as they are larger than the carbon line

widths. However, decoupling schemes like IP/AP[16] and S3E[17]

as well as selective homonuclear decoupling during acquisition
are available.

2. Requirements: From NMR probes to sample
preparation

Due to the reduced sensitivity of low-g-detected NMR experi-

ments, probes with cryogenically cooled detection coils and
preamplifiers, so called cryogenic probes, are needed as they

increase sensitivity about a factor of 3–4 when compared to
room temperature probes.[14] Probes that are optimized for 13C-

or 15N-detection are even better suited for recording heteronu-

clear-detected experiments. As opposed to the so-called in-
verse probes, which are used as standard probes in biomolecu-

lar NMR, they connect the channels of those heteronuclei to
the inner coil of the probe enhancing the sensitivity for 13C- or
15N-detection due to a larger filling factor. When working with
fluorinated nucleotides, a two channel probe for 19F-detection
with simultaneous 1H-decoupling is needed as JHF scalar cou-
plings tend to be large.

In biomacromolecular NMR of RNA, 13C- and/or 15N-isotope
labeled samples are indispensable.[18] The simple and fast
method of in vitro transcription using uniformly 13C- and/or
15N-labeled rNTPs yields milligram quantities of RNA and is well
established. For the characterization of larger RNAs, however,

selective labeling schemes or the incorporation of modified
nucleotides are often necessary.

Using mutants of the T7 RNA polymerase during in vitro

transcription allows incorporation of several modifications in-
cluding rNTPs modified with fluorine or amino groups at the

2’-position.[19] While this method is independent of the RNA
size, it is not specific as the modified nucleotide is incorporat-

ed uniformly in the RNA of interest. Position-selective labeling
of RNA (PLOR) overcomes this limitation and allows the auto-

mated enzymatic synthesis of position-specific isotope-labeled
RNA by transcription.[20] This method utilizes the possibility to

pause and restart the RNA polymerase by omitting one nucleo-
side 5’-triphosphate required for the transcription beyond a

desired position. Although with this method milligram quanti-
ties of RNA with a desired isotope-labeling scheme are ob-

tained,[20] the method is not commonly used because of its
complexity and the lack of the commercial availability of the
special apparatus.[21]

Solid-phase synthesis is one of the most commonly used
methods for preparation of RNAs carrying a wide range of
modifications.[22] To overcome the NMR resolution problems
position-specific isotope-labeled nucleoside phosphoramidites

like 6–13C-pyrimidine,[23] 2’-13C-methoxy nucleoside,[24] 13C5’-
sugar labeled nucleoside[25] and 15N-imino/amido nucleoside[26]

phosphoramidites are incorporated into RNA by chemical syn-

thesis. However, this method is limited to RNAs of approxi-
mately 50 nucleotides[27] for routine applications, taking the re-

quired amounts and purity into account. Alternatively, the ge-
netic alphabet expansion technology allows the incorporation

of unnatural base pairs that are compatible with the DNA poly-
merase and RNA polymerase allowing the amplification of

modified nucleic acids by PCR and in vitro transcription.[28]

However, the unnatural nucleotide is incorporated into the
DNA template by solid-phase synthesis, which has again a size

limitation. A reliable method for synthesis of site-specific modi-
fied long RNAs are ligation-based approaches using modified

RNA fragments. Methyl transferases have been used to modify
the 5’-end of RNAs post transcriptionally.[29] Also, the 3’-end

can be modified with nucleotidyl transferases that have the ca-

pability to incorporate modified nucleoside triphosphates[30] or
with T4 RNA ligase 1 that is able to incorporate nucleoside

3’,5’-bisphosphates with modifications at the sugar-, phos-
phate-, or base-site.[31] The latter allows the 3’-extension of

RNA by a single nucleotide, which in a further enzymatic step
can be dephosphorylated at the 3’-end using a commercially

available phosphatase. Such RNAs carrying a hydroxyl group

and a modified nucleotide at the 3’-end undergo ligation with
a 5’-phosphorylated RNA in presence of T4 RNA ligase 2 in an
ATP-dependent reaction. With this method, shown in Figure 2,
RNAs up to a length of 390 nts containing a single position-

specific modification have been synthesized.[32]

3. 13C-detection NMR spectroscopic experi-
ments for RNA

The first reports utilizing carbon-direct detection in protein
NMR occured directly after the introduction of cryogenic

probes.[33] Applications to RNA started in 2007 with independ-
ent reports by Fiala et al.[34] and Far8s et al.[35]

3.1. Overcoming resonance overlap

Due to limited chemical shift resolution, complete assignment
of protons in particular for ribose protons is sparse in the

BMRB database.[36] The signals of ribose carbon atoms are
much better resolved, so that carbon direct detection can con-
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tribute here towards increasing the number of assignments.
3D (H)CC-TOCSY, (H)CPC- and (H)CPC-CCH-TOCSY-experiments

(see Figure 3 A for magnetization transfer pathway) exploit
these favorable properties. The (H)CC-TOCSY-H1’C1’ experi-

ment correlates all ribose carbon atoms with the C1’ chemical
shift. By reducing the TOCSY mixing time one can further

select for the C1’-C2’ cross-peaks and therefore differentiate

between C2’ and C3’ chemical shifts (Figure 3 B). From the ob-
tained carbon chemical shifts, the ribose conformation (C2’-
endo or C3’-endo) can be determined.[37]

A sequential assignment from nucleotide to nucleotide can

then be achieved in the (H)CPC-experiment that correlates the
C4’ resonance with the 31P chemical shifts in the 5’- and 3’-site
(Figure 3 C). Additionally, the phosphorus nuclei can be corre-

lated with C1’ and C5’ nuclei by introducing a TOCSY- or COSY-
sequences.[38] Compared to analogous 1H-detected experi-

ments,[39] the 13C-detected experiments have a slightly shorter

magnetization transfer pathway. They are furthermore also ap-
plicable in partially deuterated samples and in particular C2’/
C3’ assignment is facilitated. The (H)CC-TOCSY experiment is
furthermore not only applicable to RNA but to any kind of
ribose-containing molecules as shown by Fontana et al. for car-
bohydrates.[40]

3.2. Resonance assignment of nucleobase nuclei

13C direct-detected experiments can also significantly contrib-
ute to complete resonance assignment of the nucleobases in-

cluding their quarternary carbon or tertiary nitrogen atoms.
There are two alternative approaches to assign these nuclei : a

first suite of experiments exploits 1H-excited and 13C-detected
experiments and the second suite exploits 13C-excited and -de-

tected experiments.

In the first suite, the C2 and C4 in pyrimidines and the C2
(A), C4, C5, and C6 atoms in purines are assigned (Fig-

ure 4 A, B, C). The experiments give rise to C@H correlated spec-
tra and are particularly valuable for larger RNAs as spectral

Figure 2. A three-step chemo-enzymatic procedure for the synthesis of posi-
tion-specific modified long RNAs. Transcribed RNA is extended at the 3’-end
with a modified nucleoside 3’, 5’-bisphosphate using T4 RNA ligase 1. After
3’-dephosphorylation this modified RNA is elongated by T4 RNA ligase 2 in
presence of a 5’-phosphorylated RNA.

Figure 3. A Magnetization transfer pathway for the (H)CC-TOCSY- (blue) and (H)CPC-experiments (red). The size of nJ(C,C) and nJ(C,P) with n = 1,2,3 utilized in
the transfer pathways is indicated. Carbon nuclei at which magnetization is detected are marked with red and blue circles. B 2D planes of the 3D (H)CC-
TOCSY experiment with long (black) and short (blue) TOCSY mixing times. C 2D (H)CPC-experiment for the C4’-region of the 14nts RNA with UUCG tetraloop.

Figure 4. Magnetization transfer pathways for 1H-excited and 13C-detected
2D experiments; A Direct H-C correlations in pyrimidines from H6 to C2
(blue) and C4 (red) via 3J(H,C) couplings, B H-CC correlations in purines from
H8 to C5 and C4 (blue) or C6 (red) and C HCC-TOCSY in purines. The size of
nJ(C,C), nJ(H,C) and nJ(N,H) with n = 1,2,3 utilized in the transfer pathways is
indicated. Coupling constants, used during IPAP decoupling schemes are de-
picted in gray. Carbon nuclei at which magnetization is detected are marked
with a circle. Coupling constants have been taken from literature.[34, 41]
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overlap can be reduced through the carbon direct-detection.
In the second suite, not only quarternary carbon atoms but

also tertiary nitrogen-atoms are assigned using CN-HSQC ex-

periments (magnetization transfer Figure 5 A), provided the
J(C,N)-coupling constants are sufficiently large. For U, C, and G

nucleobases, a near-to-complete resonance assignment can be
achieved (Figure 5 B).[34] However, the sequential walk through

the C@N fragments of adenosines is hampered by the low
1J(C,N) couplings between C6N1, C2N1, C2N3, and C4N3 (Fig-

ure 5 A). The requirement of recording at least three different

experiments with matched evolution times for the CN coher-
ence transfer (29.4, 21.7, and 18.5 ms) to observe all nucleo-

base 13C and 15N atoms is the main disadvantage of this ap-
proach.[42] Nevertheless, CN-HSQCs have been successfully ap-

plied for the complete de novo assignment of a GTP-binding
aptamer with 39 nts.[43]

3.3. Determination of coupling constants

With the chemical shift assignments of 13C- and 15N-nuclei in
13C-direct-detected NMR spectroscopic experiments, also

J(C,C)- and J(C,N)-coupling constants can be measured. 1J(C,C)
scalar couplings are determined, for example, in the H6C6C5-

experiment or in H5C5C4(C5)-experiment (Figure 6 A).[34] The J-

couplings are measured precisely through the deconvolution
of the doublet splitting in the direct dimension (Figure 6 B).

The obtained scalar couplings are in the range of 1J(C5,C6) =

67 or 1J(C4,C5) = 55 Hz.[34] Due to the high resolution in the

direct dimension, the precision of the obtained values is high.
Although this can be diminished by the inherent lower sensi-

tivity of carbon detection. These experiments were applied in

RDC studies of the TAR-RNA.[44]

3.4. Detection of exchanging sites

Typically, single-stranded regions and nucleotides within dy-
namic secondary structure elements in RNA, such as long

loops or bulges, cannot be observed in 1H-detected experi-

ments, because the imino proton reporter signals are broad-
ened beyond detection by exchange with the hydrogen atoms
from the solvent water (Figure 7 C, D). In order to overcome

this blind spot in NMR of RNA, carbon-detection experiments
are utilized.

The addition of a spin filter in the CN-HSQC experiment
(magnetization transfer Figure 7 A)[34, 46] allows determination of

the status of hydrogen bonding at the imino–nitrogen atom.[42]

The experiment makes use of the dependence of the scalar
1J(N,H)-coupling on the proton exchange rate. If the proton is

in slow exchange with solvent water, the 1J(N,H)-coupling can
evolve under an unscaled coupling of &90 Hz. If the proton is,

however, in fast exchange with solvent water, the scalar cou-
pling is decoupled through scalar relaxation of the second

Figure 5. A Magnetization transfer pathway for the 13C-excited and 13C-detected 2D CN-HSQC experiment. The size of 1J(C,N) utilized in the transfers is indicat-
ed.[34] Coupling constants, used during IPAP decoupling schemes are depicted in gray. Carbon nuclei at which magnetization is detected are marked with a
circle. B Examples of 2D CN-HSQC spectra for uridine residues in a 14 nts RNA with UUCG tetraloop. The walk through the nucleobase is indicated with a gray
dashed line. The figure has been adapted from literature.[42]

Figure 6. A Magnetization transfer pathways for 1H-excited and 13C-detected
2D experiments that correlate H6 to C6 (black) or H5 to C5 to C4 (red) to
measure 1J(C,C) coupling constants. The size of 1J(C,H) and 1J(C,C) utilized in
the transfers is indicated. Coupling constants, which are determined in these
experiments, are depicted in gray.[34] Carbon nuclei at which magnetization
is detected are marked with a circle. B 2D H6C6(C5) spectra for the measure-
ment of the 1J(C5,C6) coupling constant in pyrimidines. The figure was
adapted from the literature.[34]
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kind.[47] Due to exchange, the spin state (a or b) of the imino

proton is not maintained but changes with every H2O-imino
chemical exchange process. As a consequence, 1J(N,H) is no

longer observable. The spin filter has no effect for nucleotides

with fast exchanging imino protons, whereas it inverts the 15N
coherences for imino sites of nucleobases involved in stable in-

teractions (Figure 8 A, B). As the signal intensity is thus modu-
lated by the rate of proton exchange, the underlying exchange

rates can easily be evaluated: the experiment allows quantita-
tive determination of solvent exchange rates between kex = 100

to 104 s@1. The experiment relies on carbon direct-detection.

Therefore, imino exchange rates can also be measured even
for samples dissolved in pure D2O, and kinetic isotope effects

could potentially be determined.
As opposed to imino groups, solvent exchange is negligible

in amino groups.[49] Here, a restricted rotation around the C@
NH2 bond is often in intermediate exchange regime and ren-

ders the amino proton resonances undetectable (Figure 7 E, F).
This is particularly prominent for adenosines and guanosines
as seen in the 15N-HSQC spectrum in Figure 9 A. Following an

approach developed to detect nitrogen-sites in the arginine
side chains of proteins,[50] new experiments to detect all NH2

groups in RNA have been developed.[45] In these experiments,
1H-double quantum (DQ) coherences are excited in the indirect

dimension. This magnetization is transferred to the neighbor-

ing carbon atom, where it is detected (magnetization transfer
Figure 7 B). Evolution of 1H-DQ coherences is unaffected by

chemical exchange and thus their line width is independent of
bond rotation. With the 13C-detected C(N)H-HDQC experiment

a C@H correlated spectrum is obtained, in which the 1H-double
quantum signals resonate at the mean proton chemical shift

(Figure 9 B). This experiment enables the detection of a full set
of sharp resonances for all amino groups independent of any

kind of exchange.
Technical details require recording two independent experi-

ments. During detection, the signal of the C6 in adenosines
and the C4 in cytidines are doublets due to 1J(C6,C5) values of

Figure 7. A Magnetization transfer pathways for the 13C-excited and 13C-detected 2D CN-spin filter HSQC experiment[42] and B the 13C-excited and 13C-detected
2D C(N)H-HDQC experiment.[45] The size of 1J(C,N) and 1J(N,H) utilized in the transfer pathways is indicated. Coupling constants, used during IPAP decoupling
schemes are depicted in gray. Carbon nuclei at which magnetization is detected are marked with a circle. C 15N-HSQC and D 13C-detected CN-HSQC spectra
for the imino region of the 14 nts RNA with UUCG tetraloop. 1J(C,N)-coupling constants utilized for magnetization transfer were 17 (yellow) and 27 Hz (green).
E 15N-HSQC and F 13C-detected CN-HSQC spectra for the amino region of the 14 nts RNA with UUCG tetraloop (right).The figures have been adapted from
Fertig et al.[42] and Schnieders et al.[45]

Figure 8. A 2D CN-spin filter spectrum for the uridines of the 14nts hairpin
RNA with UUCG tetraloop. B Structural context of the respective uridines
(U11 WC base pair, H-bonded imino proton; U6 sheared GU base pair, steri-
cally shielded imino proton; U7 unpaired nucleotide, fully solvent exposed
imino proton) are indicated.[48] The figure has been adapted from the litera-
ture.[42]

Chem. Eur. J. 2020, 26, 102 – 113 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim108

Minireview

http://www.chemeurj.org


55 and 1J(C4,C5) of 75 Hz. Virtual decoupling schemes coined
IPAP sequences remove these couplings that cannot else be
decoupled for example, by homodecoupling. Thus, either two

experiments are recorded with optimized values that match
the respective J-coupling or one experiment with an IPAP filter
tuned to the averaged coupling of 65 Hz is recorded. The
C(N)H-HDQC represents a 13C-detected experiment that allows
detection of NMR signals that completely evade observation in
proton-based experiments.

Using 13C-direct detection in tailored experiments allows
also observation of NOE cross peaks from amino groups. The
“amino”-NOESY experiment (Figure 9 C) correlates protons and

amino groups in NOE close proximity unobservable in conven-
tional 1H-detected NOESY experiment.[51] The newly obtained

NOE contacts often stem from H1’-to-amino-group correla-
tions.

In the refinement of RNA structure, they are of special value

as they describe sequential and cross-strand inter-residual con-
tacts. They significantly improve structure determination, in

particular for dynamic RNAs.

3.5. Chemical-shift-to-structure relations

Carbon-direct-detection experiments make chemical shift infor-

mation accessible, which often is unavailable using proton-de-
tection. Chemical shifts are highly sensitive to the electronic

environment of the respective nucleus and, therefore, they can
potentially be used for a chemical-shift-to-structure relation. In
proteins this is already a standard method applied for the de-
termination of secondary and even tertiary structure.[53]

Carbon-chemical shifts of the ribose atoms are used for the
determination of the ribose conformation in the RNA’s back-
bone. Based on an empirical calculation of the so-called ‘can-

onical coordinates’ the ring pucker and the conformation of
the exocyclic angle (O5’-C5’-C4’-C3’: g) can be extracted.[37]

Chemical shifts from 13C nuclei in the nucleobase do not
depend on specific torsions but are sensitive to hydrogen

bonding and stacking. With the first complete assignment of

all carbon chemical shifts in nucleobases recorded by carbon-
detection experiments, a statistical analysis of the so far depos-

ited chemical shifts in the BMRB database was undertaken in
order to assign chemical shifts to structural context.[35]

The main effects that modulate the carbon chemical shift in
the nucleobases are p-stacking and hydrogen-bonding interac-

Figure 9. Comparison of A 15N-HSQC, B C(N)H-HDQC, and C “amino”-NOESY spectra of the G-amino region of the 34 nts long GTP class II aptamer[52] RNA.
D secondary structure and unusual tertiary nucleobase interactions of the RNA. The figure has been adapted from the literature.[45] Experimental details can
be taken from Schnieders et al.[45]
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tions. Nucleotides can be classified into three different interac-
tion type categories: helical (Watson–Crick base pairing and

two site p-stacking), terminal (Watson–Crick base pairing and
one site p-stacking), and disordered. All of the average chemi-

cal shifts of the atoms of the different nucleobases were refer-
enced to the average chemical shift of the helical region and a

clear trend can be observed for several carbon atoms in differ-
ent structural elements (Figure 10 A).[35] Also for the 1H-DQ
chemical shifts of the amino groups a chemical-shift-to-struc-

ture relation was conducted.[45] Similarly, as for carbon chemi-
cal shifts, a mean value was calculated for all nucleotides in-
volved in Watson–Crick interactions. Therefore, nucleotides ex-
hibiting a difference to this mean must be involved in a differ-
ent interaction network. Analysis for five different RNAs al-
lowed a clear discrimination between canonical and

noncanonical base interactions (Figure 10 B).

4. 15N-detection NMR experiments for RNA
15N-direct-detected multidimensional NMR experiments for

RNA has only recently been introduced.[54] Here, several 15N-de-
tected HN-correlation experiments were applied to RNAs of in-

creasing molecular size. This study was motivated by the de-
velopment of 15N-detection TROSY experiments for the analysis

of proteins.[55] In the field of proteins the experiments are par-
ticularly interesting for intrinsically disordered proteins (IDPs)

as signals are usually very well dispersed in the 15N-dimension,
whereas the 1H-dimension only covers less than d&2 ppm.

Similarly as for proteins, predictions for RNA show that line
width of 15N-resonances increases much slower with molecular

size (rotational correlation time) than their proton counter-
parts. (Figure 11 A).

The 15N-detection BEST–TROSY experiment was identified as
the most sensitive 15N-detection HN-correlation experiment
(Figure 11 C, D) and was thus applied to a set of RNAs ranging

in size from 14 to 329 nts. The experimentally determined line
width at half height confirmed the theoretical predictions con-
cerning the trend in increasing molecular size and the differen-
ces in line widths for AU- and GC-Watson–Crick base pairs (Fig-
ure 11 B). However, there was no improvement in sensitivity
when compared to the 1H-detection BEST–TROSY experiment.

It might, however, be interesting to employ the 15N-detection

BEST-TROSY experiment for the characterization of even larger
RNAs due to the favorable relaxation properties.

5. Other nuclei

Besides the well-established nuclei for heteronuclear-detection

schemes (13C, 15N), several experiments have been developed
that detect magnetization of either non-native nuclei (19F) or

on rather exotic nuclei.
Although naturally occurring RNA nucleotides do not con-

tain 19F-nuclei, they can be introduced by means of chemical

or biochemical synthesis at various positions (see the discus-
sion above). It has previously been shown that fluorine modifi-

cations do not necessarily disturb the structure of the RNA,
with the exception of fluorine labels at the 2’-position.[57] In the

context of structured RNAs, the fluorine nuclei are then used
as spy nuclei that show chemical shift perturbations over their

wide chemical shift range in dependence of conformational

changes.[58] The great advantage of 19F experiments is that in
biomolecular samples no background signals arise. However,
19F labelling comes also with two major disadvantages. The
large chemical shift anisotropy (CSA) renders detection of 19F

in large RNAs difficult. Further, the incorporated nucleotides
are only 19F but not 13C labeled, so that only correlation experi-
ments with proton-nuclei can be recorded by exploiting the
heteronuclear overhauser effect. Recently, these problems have

been overcome by the introduction of nucleotides containing
a pair of 13C–19F labels in the heteroaromatic nucleobases that
allow recording of 19F–13C TROSY spectra.[59]

As a negatively charged biopolymer, interactions with cat-
ions are crucial for RNA/DNA folding and function.[60] Those in-

teractions can be characterized by NMR as relevant cations in-
cluding Na+ , Li+ , and K+ are NMR-active. NMR has extensively

been conducted for DNA for which particular relaxation meas-

urements have contributed towards understanding the nature
of the interaction for Na+ and Li+ with double-stranded

DNA.[61] In addition, G-quadruplexes, for which cation binding
is vital for formation, have been characterized using 23Na, 39 K,
87Rb, and 205Tl NMR spectroscopy.[62] The latter is used as a sub-
stitute for K+ in the interaction with G-quadruplexes in which

Figure 10. Absolute difference in the chemical shifts of A nucleobase 13C-
nuclei and B nucleobase 1H amino group nuclei in terminal and disordered
nucleotides compared to nucleotides involved in helical interactions. The
raw data was taken from Far8s et al.[35] and from Schnieders et al.[45]
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different binding sites for the G-quartets can be detected[63]

and even J(H,Tl) scalar couplings were measured.[64]

6. Conclusions and Outlook

The development of low-g-detection schemes in NMR spec-
troscopy has been an active field over the last 15 years. Now,
these possibilities are also exploited for NMR spectroscopy of
RNA. Given the increasingly recognized biological relevance of

RNA and the power of NMR spectroscopy to characterize its
functional dynamics, the application of low-g-detection
schemes now allows forwarding NMR spectroscopy to larger
RNA molecules. In order to reach this goal, development of ad-
vanced NMR methods runs hand-in-hand with improved meth-

ods in RNA sample preparation. The low-g-detection schemes
are further very compatible with solid-state NMR experiments

for RNA, as pioneered in the group of Carlomagno.[65] The ad-

vantages of these novel direct detection methods for 13C- and
15N-nuclei will become even stronger at higher magnetic fields

that are now on the horizon.[66]

Acknowledgements

Dr. Martin Hengesbach is gratefully acknowledged for help
with the frontispiece. For helpful discussions and collaboration

Dr. Christian Richter, Antje C. Wolter and Prof. Dr. Jens Wçhnert
are acknowledged. R.S. is a recipient of a stipend of the Fonds

der Chemischen Industrie. S.K. , H.S. and B.F. are supported by
the DFG in graduate school CLIC (GRK 1986). H.S. and B.F. are

supported by the DFG in the collaborative research center 902,
Work at BMRZ is supported by the state of Hesse.

Conflict of interest

The authors declare no conflict of interest.

Keywords: carbon direct detection · heteronuclear detection ·
nitrogen direct detection · NMR · RNA

[1] J.-H. Ardenkjaer-Larsen, G. S. Boebinger, A. Comment, S. Duckett, A. S.
Edison, F. Engelke, C. Griesinger, R. G. Griffin, C. Hilty, H. Maeda, G.
Parigi, T. Prisner, E. Ravera, J. van Bentum, S. Vega, A. Webb, C. Luchinat,
H. Schwalbe, L. Frydman, Angew. Chem. Int. Ed. 2015, 54, 9162 – 9185;
Angew. Chem. 2015, 127, 9292 – 9317.

[2] M. Saunders, A. Wishinia, J. G. Kirkwood, J. Am. Chem. Soc. 1957, 79,
3289 – 3290.

[3] I. J. Kimsey, K. Petzold, B. Sathyamoorthy, Z. W. Stein, H. M. Al-hashimi,
Nature 2015, 519, 315 – 320.

[4] a) H. Steinert, F. Sochor, A. Wacker, J. Buck, C. Helmling, F. Hiller, S. Key-
hani, J. Noeske, S. Grimm, M. M. Rudolph, et al. , 2017, 1 – 18; b) C. Helm-
ling, A. Wacker, M. T. Wolfinger, I. L. Hofacker, M. Hengesbach, B. Fertig,
H. Schwalbe, J. Am. Chem. Soc. 2017, 139, 2647 – 2656; c) C. Helmling, D.
Klçtzner, F. Sochor, R. A. Mooney, A. Wacker, R. Landick, B. Fertig, A.
Heckel, H. Schwalbe, Nat. Commun. 2018, 9, 944.

[5] A. Reining, S. Nozinovic, K. Schlepckow, F. Buhr, B. Fertig, H. Schwalbe,
Nature 2013, 499, 355 – 359.

Figure 11. A Predicted line width at half height in dependence of the rotational correlation time for 1HN- and 15NH-TROSY components. B Experimentally deter-
mined 1H and 15N-line width at half height for RNAs of sizes between 14 and 329 nts. C 1H-detected BEST TROSY spectrum and D 15N-detected BEST TROSY ex-
periment of the 127 nts long adenine-sensing riboswitch,[56] in which the 2J(N,N) coupling across the hydrogen bond to the ligand can be resolved. The figure
has been adapted from the literature.[54]

Chem. Eur. J. 2020, 26, 102 – 113 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim111

Minireview

https://doi.org/10.1021/ja01569a083
https://doi.org/10.1021/ja01569a083
https://doi.org/10.1021/ja01569a083
https://doi.org/10.1021/ja01569a083
https://doi.org/10.1038/nature14227
https://doi.org/10.1038/nature14227
https://doi.org/10.1038/nature14227
https://doi.org/10.1021/jacs.6b10429
https://doi.org/10.1021/jacs.6b10429
https://doi.org/10.1021/jacs.6b10429
https://doi.org/10.1038/nature12378
https://doi.org/10.1038/nature12378
https://doi.org/10.1038/nature12378
http://www.chemeurj.org


[6] S. C. Keane, X. Heng, K. Lu, V. Ramakrishnan, G. Carter, S. Barton, A.
Hosic, A. Florwick, J. Santos, N. C. Bolden, et al. , Science 2015, 348, 917 –
922.

[7] L. J. Alvarado, R. M. Leblanc, A. P. Longhini, S. C. Keane, N. Jain, Z. F.
Yildiz, B. S. Tolbert, V. M. D. Souza, M. F. Summers, C. Kreutz, K. Dayie,
Chembiochem 2014, 15, 1573 – 1577.

[8] B. Simon, K. Zanier, M. Sattler, J. Biomol. NMR 2001, 20, 173 – 176.
[9] a) V. Sklen#r, T. Dieckmann, S. E. Butcher, J. Feigon, J. Biomol. NMR 1996,

7, 83 – 87; b) J. Wçhnert, R. Ramachandran, M. Gçrlach, L. R. Brown, J.
Magn. Reson. 1999, 139, 430 – 433.

[10] J. N. Kim, A. Roth, R. R. Breaker, Proc. Natl. Acad. Sci. USA 2007, 104,
16092 – 16097.

[11] a) D. R. Kearns, D. J. Patel, R. G. Shulman, Nature 1971, 229, 338 – 339;
b) A. Wacker, J. Buck, D. Mathieu, C. Richter, J. Wçhnert, H. Schwalbe,
Nucleic Acids Res. 2011, 39, 6802 – 6812.

[12] a) H. Schwalbe, J. Buck, B. Fertig, J. Noeske, J. Wçhnert, Angew. Chem.
Int. Ed. 2007, 46, 1212 – 1219; Angew. Chem. 2007, 119, 1232 – 1240;
b) A. Lingel, B. Simon, E. Izaurralde, M. Sattler, Nat. Struct. Mol. Biol.
2004, 11, 576 – 577.

[13] a) R. Michalczyk, I. M. Russu, Biophys. J. 1999, 76, 2679 – 2686; b) M.
Adrian, F. R. Winnerdy, B. Heddi, A. T. Phan, Biophys. J. 2017, 113, 775 –
784.

[14] H. Kovacs, D. Moskau, M. Spraul, Prog. Nucl. Magn. Reson. Spectrosc.
2005, 46, 131 – 155.

[15] K. Lu, Y. Miyazaki, M. F. Summers, J. Biomol. NMR 2010, 46, 113 – 125.
[16] a) A. Hammarstroem, G. Otting, J. Am. Chem. Soc. 1994, 116, 8847 –

8848; b) M. Ottiger, F. Delaglio, A. Bax, J. Magn. Reson. 1998, 131, 373 –
378.

[17] A. Meissner, J. Ø. Duus, O. W. Sørensen, J. Magn. Reson. 1997, 128, 92 –
97.

[18] B. Fertig, C. Richter, J. Wçhnert, H. Schwalbe, Chembiochem 2003, 4,
936 – 962.

[19] L. J. Alvarado, A. P. Longhini, R. M. Leblanc, B. Chen, C. Kreutz, T. K.
Dayie, Methods Enzymol. 2014, 549, 133 – 162.

[20] Y. Liu, E. Holmstrom, J. Zhang, P. Yu, J. Wang, M. A. Dyba, D. Chen, J.
Ying, S. Lockett, D. J. Nesbitt, A. R. Ferr8-D’Amar8, R. Sousa, J. R. Stagno,
Y. X. Wang, Nature 2015, 522, 368 – 372.

[21] R. P. Barnwal, F. Yang, G. Varani, Arch. Biochem. Biophys. 2017, 628, 42 –
56.

[22] S. Quant, R. W. Wechselberger, M. A. Wolter, K.-H. Wçrner, P. Schell, J. W.
Engels, C. Griesinger, H. Schwalbe, 1994, 35, 6649 – 6652.

[23] C. H. Wunderlich, M. A. Juen, R. M. Leblanc, A. P. Longhini, T. K. Dayie, C.
Kreutz, Methods Enzymol. 2015, 565, 461 – 494.

[24] K. Kloiber, R. Spitzer, M. Tollinger, R. Konrat, C. Kreutz, Nucleic Acids Res.
2011, 39, 4340 – 4351.

[25] H. Allain, S. Pitsch, P. Wenter, L. Reymond, S. D. Auweter, D. Lausanne,
C.- Zu, Nucleic Acids Res. 2006, 34, e79.

[26] S. Neuner, T. Santner, C. Kreutz, R. Micura, Chem. Eur. J. 2015, 21,
11634 – 11643.

[27] L. Jud, R. Micura, Chem. Eur. J. 2017, 23, 3406 – 3413.
[28] a) M. Ishikawa, I. Hirao, S. Yokoyama, Tetrahedron Lett. 2000, 41, 3931 –

3934; b) I. Hirao, T. Ohtsuki, T. Fujiwara, T. Mitsui, T. Yokogawa, T. Okuni,
H. Nakayama, K. Takio, T. Yabuki, T. Kigawa, K. Kodama, T. Yokogawa, K.
Nishikawa, S. Yokoyama, Nat. Biotechnol. 2002, 20, 177 – 182; c) C. Dom-
nick, F. Eggert, S. Kath-Schorr, Chem. Commun. 2015, 51, 8253 – 8256;
d) M. Kimoto, R. Kawai, T. Mitsui, S. Yokoyama, I. Hirao, Nucleic Acids Res.
2009, 37, e14; e) F. Eggert, K. Kurscheidt, E. Hoffmann, S. Kath-Schorr,
Chembiochem 2019, 20, 1642 – 1645.

[29] a) J. M. Holstein, L. Anh-user, A. Rentmeister, Angew. Chem. Int. Ed.
2016, 55, 10899 – 10903; Angew. Chem. 2016, 128, 11059 – 11063; b) F.
Muttach, F. M-sing, A. Studer, A. Rentmeister, Chem. Eur. J. 2017, 23,
5988 – 5993; c) D. Schulz, J. M. Holstein, A. Rentmeister, Angew. Chem.
Int. Ed. 2013, 52, 7874 – 7878; Angew. Chem. 2013, 125, 8028 – 8032.

[30] a) V. Rosemeyer, A. Laubrock, R. Seibl, Anal. Biochem. 1995, 224, 446 –
449; b) G. Martin, W. Keller, RNA 1998, 4, 226 – 230; c) M.-L. Winz, A. Sa-
manta, D. Benzinger, A. J-schke, Nucleic Acids Res. 2012, 40, e78.

[31] a) T. E. England, O. C. Uhlenbeck, Biochemistry 1978, 17, 2069 – 2076;
b) J. R. Barrio, M. C. G. del Barrio, N. J. Leonard, T. E. England, O. C. Uhlen-
beck, Biochemistry 1978, 17, 2077 – 2081.

[32] S. Keyhani, T. Goldau, A. Blemler, A. Heckel, H. Schwalbe, Angew. Chem.
Int. Ed. 2018, 57, 12017 – 12021; Angew. Chem. 2018, 130, 12193 – 12197.

[33] a) Z. Serber, C. Richter, D. Moskau, J. Bo, T. Gerfin, D. Marek, L. Baselgia,
F. Laukien, A. S. Stern, J. C. Hoch, V. Dçtsch, J. Am. Chem. Soc. 2000, 122,
3554 – 3555; b) Z. Serber, C. Richter, V. Dçtsch, Chembiochem 2001, 2,
247 – 251; c) F. Arnesano, L. Banci, I. Bertini, I. C. Felli, C. Luchinat, A. R.
Thompsett, J. Am. Chem. Soc. 2003, 125, 7200 – 7208.

[34] R. Fiala, V. Sklen#r, J. Biomol. NMR 2007, 39, 153 – 163.
[35] C. FarHs, I. Amata, T. Carlomagno, J. Am. Chem. Soc. 2007, 129, 15814 –

15823.
[36] E. L. Ulrich, H. Akutsu, J. F. Doreleijers, Y. Harano, Y. E. Ioannidis, J. Lin, M.

Livny, S. Mading, D. Maziuk, Z. Miller, E. Nakatani, C. F. Schulte, D. E.
Tolmie, R. Kent Wenger, H. Yao, J. L. Markley, Nucleic Acids Res. 2007, 36,
D402 – 408.

[37] a) M. Ebrahimi, P. Rossi, C. Rogers, G. S. Harbison, J. Magn. Reson. 2001,
150, 1 – 9; b) A. V. Cherepanov, C. Glaubitz, H. Schwalbe, Angew. Chem.
Int. Ed. 2010, 49, 4747 – 4750; Angew. Chem. 2010, 122, 4855 – 4859.

[38] C. Richter, H. Kovacs, J. Buck, A. Wacker, B. Fertig, W. Bermel, H.
Schwalbe, J. Biomol. NMR 2010, 47, 259 – 269.

[39] a) J. P. Marino, H. Schwalbe, C. Anklin, W. Bermel, D. M. Crothers, C. Grie-
singer, J. Am. Chem. Soc. 1994, 116, 6412 – 6413; b) J. P. Marino, H.
Schwalbe, C. Anklin, W. Bermel, D. M. Crothers, C. Griesinger, J. Biomol.
NMR 1995, 5, 87 – 92; c) L. E. Kay, G.-Y. Xu, A. U. Singer, D. R. Muhandir-
am, J. D. Forman-Kay, J. Magn. Reson. Ser. B 1993, 101, 333 – 337; d) S. J.
Glaser, H. Schwalbe, J. P. Marino, C. Griesinger, J. Magn. Reson. Ser. B
1996, 112, 160 – 180.

[40] C. Fontana, H. Kovacs, G. Widmalm, J. Biomol. NMR 2014, 59, 95 – 110.
[41] S. S. Wijmenga, B. N. M. van Buuren, Prog. Nucl. Magn. Reson. Spectrosc.

1998, 32, 287 – 387.
[42] B. Fertig, R. Schnieders, C. Richter, H. Zetzsche, S. Keyhani, C. Helmling,

H. Kovacs, H. Schwalbe, J. Biomol. NMR 2016, 64, 207 – 221.
[43] A. C. Wolter, A. Pianu, J. Kremser, E. Strebitzer, R. Schnieders, B. Fertig,

C. Kreutz, E. Duchardt-Ferner, J. Wçhnert, Biomol. NMR Assign. 2019, 13,
281 – 286.

[44] M. F. Bardaro Jr, G. Varani, J. Biomol. NMR 2012, 54, 69 – 80.
[45] R. Schnieders, A. C. Wolter, C. Richter, J. Wçhnert, H. Schwalbe, B. Fertig,

Angew. Chem. Int. Ed. 2019, 58, 9140 – 9144; Angew. Chem. 2019, 131,
9238 – 9242.

[46] W. Bermel, I. Bertini, I. C. Felli, M. Piccioli, R. Pierattelli, Prog. Nucl. Magn.
Reson. Spectrosc. 2006, 48, 25 – 45.

[47] R. E. London, J. Magn. Reson. 1990, 86, 410 – 415.
[48] S. Nozinovic, B. Fertig, H. R. A. Jonker, C. Richter, H. Schwalbe, Nucleic

Acids Res. 2010, 38, 683 – 694.
[49] A. Kettani, M. Gue, J. Leroy, J. Am. Chem. Soc. 1997, 119, 1108 – 1115.
[50] H. W. Mackenzie, D. F. Hansen, J. Biomol. NMR 2017, 69, 123 – 132.
[51] L. Mueller, P. Legault, A. Pardi, J. Am. Chem. Soc. 1995, 117, 11043 –

11048.
[52] a) A. C. Wolter, E. Duchardt-Ferner, A. H. Nasiri, K. Hantke, C. H. Wunder-

lich, C. Kreutz, J. Wçhnert, J. Biomol. NMR 2016, 10, 101 – 105; b) A. C.
Wolter, A. K. Weickhmann, A. H. Nasiri, K. Hantke, O. Ohlenschl-ger, C. H.
Wunderlich, C. Kreutz, E. Duchardt-Ferner, J. Wçhnert, Angew. Chem. Int.
Ed. 2017, 56, 401 – 404; Angew. Chem. 2017, 129, 412 – 415.

[53] a) Y. Shen, F. Delaglio, G. Cornilescu, A. Bax, J. Biomol. NMR 2009, 44,
213 – 223; b) C. A. Rohl, C. E. M. Strauss, K. M. S. Misura, D. Baker, Meth-
ods Enzymol. 2004, 383, 66 – 93.

[54] R. Schnieders, C. Richter, S. Warhaut, V. De Jesus, S. Keyhani, E. Duch-
ardt-Ferner, H. Keller, J. Wçhnert, L. T. Kuhn, A. L. Breeze, W. Bermel, H.
Schwalbe, B. Fertig, J. Biomol. NMR 2017, 69, 31 – 44.

[55] a) K. Takeuchi, H. Arthanari, I. Shimada, G. Wagner, J. Biomol. NMR 2015,
63, 323; b) K. Takeuchi, H. Arthanari, M. Imai, G. Wagner, J. Biomol. NMR
2016, 64, 143 – 151; c) K. Takeuchi, H. Arthanari, G. Wagner, J. Biomol.
NMR 2016, 66, 221 – 225.

[56] M. Mandal, R. R. Breaker, Nat. Struct. Mol. Biol. 2004, 11, 29 – 35.
[57] B. Reif, V. Wittmann, H. Schwalbe, C. Griesinger, K. Wçrner, K. Jahn-Hof-

mann, J. W. Engels, W. Bermel, Helv. Chim. Acta 1997, 80, 1952 – 1971.
[58] a) D. Graber, H. Moroder, R. Micura, J. Am. Chem. Soc. 2008, 130, 17230 –

17231; b) B. Puffer, C. Kreutz, U. Rieder, M.-O. Ebert, R. Konrat, R. Micura,
Nucleic Acids Res. 2009, 37, 7728 – 7740; c) F. Sochor, R. Silvers, D. Meller,
C. Richter, B. Fertig, H. Schwalbe, J. Biomol. NMR 2016, 64, 63 – 74.

[59] A. Boeszoermenyi, S. Chhabra, A. Dubey, D. L. Radeva, N. T. Burdzhiev,
C. D. Chanev, O. I. Petrov, V. M. Gelev, M. Zhang, C. Anklin, H. Kovacs, G.
Wagner, I. Kuprov, K. Takeuchi, H. Arthanari, Nat. Methods 2019, 16,
333 – 340.

Chem. Eur. J. 2020, 26, 102 – 113 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim112

Minireview

https://doi.org/10.1126/science.aaa9266
https://doi.org/10.1126/science.aaa9266
https://doi.org/10.1126/science.aaa9266
https://doi.org/10.1002/cbic.201402130
https://doi.org/10.1002/cbic.201402130
https://doi.org/10.1002/cbic.201402130
https://doi.org/10.1023/A:1011214914452
https://doi.org/10.1023/A:1011214914452
https://doi.org/10.1023/A:1011214914452
https://doi.org/10.1006/jmre.1999.1797
https://doi.org/10.1006/jmre.1999.1797
https://doi.org/10.1006/jmre.1999.1797
https://doi.org/10.1006/jmre.1999.1797
https://doi.org/10.1073/pnas.0705884104
https://doi.org/10.1073/pnas.0705884104
https://doi.org/10.1073/pnas.0705884104
https://doi.org/10.1073/pnas.0705884104
https://doi.org/10.1038/229338a0
https://doi.org/10.1038/229338a0
https://doi.org/10.1038/229338a0
https://doi.org/10.1093/nar/gkr238
https://doi.org/10.1093/nar/gkr238
https://doi.org/10.1093/nar/gkr238
https://doi.org/10.1002/anie.200604163
https://doi.org/10.1002/anie.200604163
https://doi.org/10.1002/anie.200604163
https://doi.org/10.1002/anie.200604163
https://doi.org/10.1002/ange.200604163
https://doi.org/10.1002/ange.200604163
https://doi.org/10.1002/ange.200604163
https://doi.org/10.1038/nsmb777
https://doi.org/10.1038/nsmb777
https://doi.org/10.1038/nsmb777
https://doi.org/10.1038/nsmb777
https://doi.org/10.1016/S0006-3495(99)77420-5
https://doi.org/10.1016/S0006-3495(99)77420-5
https://doi.org/10.1016/S0006-3495(99)77420-5
https://doi.org/10.1016/j.bpj.2017.05.053
https://doi.org/10.1016/j.bpj.2017.05.053
https://doi.org/10.1016/j.bpj.2017.05.053
https://doi.org/10.1016/j.pnmrs.2005.03.001
https://doi.org/10.1016/j.pnmrs.2005.03.001
https://doi.org/10.1016/j.pnmrs.2005.03.001
https://doi.org/10.1016/j.pnmrs.2005.03.001
https://doi.org/10.1007/s10858-009-9375-2
https://doi.org/10.1007/s10858-009-9375-2
https://doi.org/10.1007/s10858-009-9375-2
https://doi.org/10.1021/ja00098a070
https://doi.org/10.1021/ja00098a070
https://doi.org/10.1021/ja00098a070
https://doi.org/10.1006/jmre.1998.1361
https://doi.org/10.1006/jmre.1998.1361
https://doi.org/10.1006/jmre.1998.1361
https://doi.org/10.1006/jmre.1997.1213
https://doi.org/10.1006/jmre.1997.1213
https://doi.org/10.1006/jmre.1997.1213
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1002/cbic.200300700
https://doi.org/10.1016/B978-0-12-801122-5.00007-6
https://doi.org/10.1016/B978-0-12-801122-5.00007-6
https://doi.org/10.1016/B978-0-12-801122-5.00007-6
https://doi.org/10.1038/nature14352
https://doi.org/10.1038/nature14352
https://doi.org/10.1038/nature14352
https://doi.org/10.1016/j.abb.2017.06.003
https://doi.org/10.1016/j.abb.2017.06.003
https://doi.org/10.1016/j.abb.2017.06.003
https://doi.org/10.1016/bs.mie.2015.06.013
https://doi.org/10.1016/bs.mie.2015.06.013
https://doi.org/10.1016/bs.mie.2015.06.013
https://doi.org/10.1093/nar/gkq1361
https://doi.org/10.1093/nar/gkq1361
https://doi.org/10.1093/nar/gkq1361
https://doi.org/10.1093/nar/gkq1361
https://doi.org/10.1002/chem.201501275
https://doi.org/10.1002/chem.201501275
https://doi.org/10.1002/chem.201501275
https://doi.org/10.1002/chem.201501275
https://doi.org/10.1002/chem.201605056
https://doi.org/10.1002/chem.201605056
https://doi.org/10.1002/chem.201605056
https://doi.org/10.1016/S0040-4039(00)00520-7
https://doi.org/10.1016/S0040-4039(00)00520-7
https://doi.org/10.1016/S0040-4039(00)00520-7
https://doi.org/10.1038/nbt0202-177
https://doi.org/10.1038/nbt0202-177
https://doi.org/10.1038/nbt0202-177
https://doi.org/10.1039/C5CC01765C
https://doi.org/10.1039/C5CC01765C
https://doi.org/10.1039/C5CC01765C
https://doi.org/10.1093/nar/gkn956
https://doi.org/10.1093/nar/gkn956
https://doi.org/10.1002/cbic.201800808
https://doi.org/10.1002/cbic.201800808
https://doi.org/10.1002/cbic.201800808
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/ange.201604107
https://doi.org/10.1002/ange.201604107
https://doi.org/10.1002/ange.201604107
https://doi.org/10.1002/chem.201605663
https://doi.org/10.1002/chem.201605663
https://doi.org/10.1002/chem.201605663
https://doi.org/10.1002/chem.201605663
https://doi.org/10.1002/anie.201302874
https://doi.org/10.1002/anie.201302874
https://doi.org/10.1002/anie.201302874
https://doi.org/10.1002/anie.201302874
https://doi.org/10.1002/ange.201302874
https://doi.org/10.1002/ange.201302874
https://doi.org/10.1002/ange.201302874
https://doi.org/10.1006/abio.1995.1068
https://doi.org/10.1006/abio.1995.1068
https://doi.org/10.1006/abio.1995.1068
https://doi.org/10.1093/nar/gks062
https://doi.org/10.1021/bi00604a008
https://doi.org/10.1021/bi00604a008
https://doi.org/10.1021/bi00604a008
https://doi.org/10.1021/bi00604a009
https://doi.org/10.1021/bi00604a009
https://doi.org/10.1021/bi00604a009
https://doi.org/10.1002/anie.201807125
https://doi.org/10.1002/anie.201807125
https://doi.org/10.1002/anie.201807125
https://doi.org/10.1002/anie.201807125
https://doi.org/10.1002/ange.201807125
https://doi.org/10.1002/ange.201807125
https://doi.org/10.1002/ange.201807125
https://doi.org/10.1021/ja991371m
https://doi.org/10.1021/ja991371m
https://doi.org/10.1021/ja991371m
https://doi.org/10.1021/ja991371m
https://doi.org/10.1002/1439-7633(20010401)2:4%3C247::AID-CBIC247%3E3.0.CO;2-V
https://doi.org/10.1002/1439-7633(20010401)2:4%3C247::AID-CBIC247%3E3.0.CO;2-V
https://doi.org/10.1002/1439-7633(20010401)2:4%3C247::AID-CBIC247%3E3.0.CO;2-V
https://doi.org/10.1002/1439-7633(20010401)2:4%3C247::AID-CBIC247%3E3.0.CO;2-V
https://doi.org/10.1021/ja034112c
https://doi.org/10.1021/ja034112c
https://doi.org/10.1021/ja034112c
https://doi.org/10.1007/s10858-007-9184-4
https://doi.org/10.1007/s10858-007-9184-4
https://doi.org/10.1007/s10858-007-9184-4
https://doi.org/10.1021/ja0727417
https://doi.org/10.1021/ja0727417
https://doi.org/10.1021/ja0727417
https://doi.org/10.1093/nar/gkm957
https://doi.org/10.1093/nar/gkm957
https://doi.org/10.1093/nar/gkm957
https://doi.org/10.1093/nar/gkm957
https://doi.org/10.1006/jmre.2001.2314
https://doi.org/10.1006/jmre.2001.2314
https://doi.org/10.1006/jmre.2001.2314
https://doi.org/10.1006/jmre.2001.2314
https://doi.org/10.1002/anie.200906885
https://doi.org/10.1002/anie.200906885
https://doi.org/10.1002/anie.200906885
https://doi.org/10.1002/anie.200906885
https://doi.org/10.1002/ange.200906885
https://doi.org/10.1002/ange.200906885
https://doi.org/10.1002/ange.200906885
https://doi.org/10.1007/s10858-010-9429-5
https://doi.org/10.1007/s10858-010-9429-5
https://doi.org/10.1007/s10858-010-9429-5
https://doi.org/10.1007/BF00227473
https://doi.org/10.1007/BF00227473
https://doi.org/10.1007/BF00227473
https://doi.org/10.1007/BF00227473
https://doi.org/10.1006/jmrb.1993.1053
https://doi.org/10.1006/jmrb.1993.1053
https://doi.org/10.1006/jmrb.1993.1053
https://doi.org/10.1006/jmrb.1996.0126
https://doi.org/10.1006/jmrb.1996.0126
https://doi.org/10.1006/jmrb.1996.0126
https://doi.org/10.1006/jmrb.1996.0126
https://doi.org/10.1007/s10858-014-9830-6
https://doi.org/10.1007/s10858-014-9830-6
https://doi.org/10.1007/s10858-014-9830-6
https://doi.org/10.1016/S0079-6565(97)00023-X
https://doi.org/10.1016/S0079-6565(97)00023-X
https://doi.org/10.1016/S0079-6565(97)00023-X
https://doi.org/10.1016/S0079-6565(97)00023-X
https://doi.org/10.1007/s10858-016-0021-5
https://doi.org/10.1007/s10858-016-0021-5
https://doi.org/10.1007/s10858-016-0021-5
https://doi.org/10.1007/s12104-019-09892-z
https://doi.org/10.1007/s12104-019-09892-z
https://doi.org/10.1007/s12104-019-09892-z
https://doi.org/10.1007/s12104-019-09892-z
https://doi.org/10.1007/s10858-012-9655-0
https://doi.org/10.1007/s10858-012-9655-0
https://doi.org/10.1007/s10858-012-9655-0
https://doi.org/10.1002/anie.201904057
https://doi.org/10.1002/anie.201904057
https://doi.org/10.1002/anie.201904057
https://doi.org/10.1002/ange.201904057
https://doi.org/10.1002/ange.201904057
https://doi.org/10.1002/ange.201904057
https://doi.org/10.1002/ange.201904057
https://doi.org/10.1016/j.pnmrs.2005.09.002
https://doi.org/10.1016/j.pnmrs.2005.09.002
https://doi.org/10.1016/j.pnmrs.2005.09.002
https://doi.org/10.1016/j.pnmrs.2005.09.002
https://doi.org/10.1093/nar/gkp956
https://doi.org/10.1093/nar/gkp956
https://doi.org/10.1093/nar/gkp956
https://doi.org/10.1093/nar/gkp956
https://doi.org/10.1021/ja962022k
https://doi.org/10.1021/ja962022k
https://doi.org/10.1021/ja962022k
https://doi.org/10.1007/s10858-017-0137-2
https://doi.org/10.1007/s10858-017-0137-2
https://doi.org/10.1007/s10858-017-0137-2
https://doi.org/10.1021/ja00150a001
https://doi.org/10.1021/ja00150a001
https://doi.org/10.1021/ja00150a001
https://doi.org/10.1007/s12104-015-9646-7
https://doi.org/10.1007/s12104-015-9646-7
https://doi.org/10.1007/s12104-015-9646-7
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1002/anie.201609184
https://doi.org/10.1002/ange.201609184
https://doi.org/10.1002/ange.201609184
https://doi.org/10.1002/ange.201609184
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1016/S0076-6879(04)83004-0
https://doi.org/10.1016/S0076-6879(04)83004-0
https://doi.org/10.1016/S0076-6879(04)83004-0
https://doi.org/10.1016/S0076-6879(04)83004-0
https://doi.org/10.1007/s10858-017-0132-7
https://doi.org/10.1007/s10858-017-0132-7
https://doi.org/10.1007/s10858-017-0132-7
https://doi.org/10.1007/s10858-015-9991-y
https://doi.org/10.1007/s10858-015-9991-y
https://doi.org/10.1007/s10858-016-0015-3
https://doi.org/10.1007/s10858-016-0015-3
https://doi.org/10.1007/s10858-016-0015-3
https://doi.org/10.1007/s10858-016-0015-3
https://doi.org/10.1007/s10858-016-0075-4
https://doi.org/10.1007/s10858-016-0075-4
https://doi.org/10.1007/s10858-016-0075-4
https://doi.org/10.1007/s10858-016-0075-4
https://doi.org/10.1038/nsmb710
https://doi.org/10.1038/nsmb710
https://doi.org/10.1038/nsmb710
https://doi.org/10.1002/hlca.19970800614
https://doi.org/10.1002/hlca.19970800614
https://doi.org/10.1002/hlca.19970800614
https://doi.org/10.1021/ja806716s
https://doi.org/10.1021/ja806716s
https://doi.org/10.1021/ja806716s
https://doi.org/10.1093/nar/gkp862
https://doi.org/10.1093/nar/gkp862
https://doi.org/10.1093/nar/gkp862
https://doi.org/10.1007/s10858-015-0006-9
https://doi.org/10.1007/s10858-015-0006-9
https://doi.org/10.1007/s10858-015-0006-9
https://doi.org/10.1038/s41592-019-0334-x
https://doi.org/10.1038/s41592-019-0334-x
https://doi.org/10.1038/s41592-019-0334-x
https://doi.org/10.1038/s41592-019-0334-x
http://www.chemeurj.org


[60] D. E. Draper, RNA 2004, 10, 335 – 343.
[61] a) M. Haid, J. P. Jacobsen, Biophys. Chem. 1991, 41, 113 – 124; b) C. F. An-

derson, M. T. R. Jr, P. A. Hart, Biophys. Chem. 1978, 7, 301 – 316; c) M. L.
Bleam, J. C. F. Anderson, M. T. Record, Biochemistry 1983, 22, 5418 –
5425.

[62] a) A. Wong, R. Ida, G. Wu, Biochem. Biophys. Res. Commun. 2005, 337,
363 – 366; b) R. Ida, G. Wu, J. Am. Chem. Soc. 2008, 130, 3590 – 3602.

[63] S. Basu, A. A. Szewczak, M. Cocco, S. A. Strobel, J. Am. Chem. Soc. 2000,
122, 3240 – 3241.

[64] M. L. Gill, S. A. Strobel, J. P. Loria, J. Am. Chem. Soc. 2005, 127, 16723 –
16732.

[65] a) S. Jehle, M. Falb, J. P. Kirkpatrick, H. Oschkinat, B.-J. van Rossum, G. Al-
thoff, T. Carlomagno, J. Am. Chem. Soc. 2010, 132, 3842 – 3846; b) A.
Marchanka, B. Simon, G. Althoff-Ospelt, T. Carlomagno, Nat. Commun.
2015, 6, 1 – 7.

[66] H. Schwalbe, Angew. Chem. Int. Ed. 2017, 56, 10252 – 10253; Angew.
Chem. 2017, 129, 10386 – 10387.

Manuscript received: July 23, 2019

Accepted manuscript online: August 27, 2019

Version of record online: October 22, 2019

Chem. Eur. J. 2020, 26, 102 – 113 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim113

Minireview

https://doi.org/10.1261/rna.5205404
https://doi.org/10.1261/rna.5205404
https://doi.org/10.1261/rna.5205404
https://doi.org/10.1016/0301-4622(78)85007-8
https://doi.org/10.1016/0301-4622(78)85007-8
https://doi.org/10.1016/0301-4622(78)85007-8
https://doi.org/10.1021/bi00292a025
https://doi.org/10.1021/bi00292a025
https://doi.org/10.1021/bi00292a025
https://doi.org/10.1016/j.bbrc.2005.08.275
https://doi.org/10.1016/j.bbrc.2005.08.275
https://doi.org/10.1016/j.bbrc.2005.08.275
https://doi.org/10.1016/j.bbrc.2005.08.275
https://doi.org/10.1021/ja709975z
https://doi.org/10.1021/ja709975z
https://doi.org/10.1021/ja709975z
https://doi.org/10.1021/ja993614g
https://doi.org/10.1021/ja993614g
https://doi.org/10.1021/ja993614g
https://doi.org/10.1021/ja993614g
https://doi.org/10.1021/ja055358f
https://doi.org/10.1021/ja055358f
https://doi.org/10.1021/ja055358f
https://doi.org/10.1021/ja909723f
https://doi.org/10.1021/ja909723f
https://doi.org/10.1021/ja909723f
https://doi.org/10.1002/anie.201705936
https://doi.org/10.1002/anie.201705936
https://doi.org/10.1002/anie.201705936
https://doi.org/10.1002/ange.201705936
https://doi.org/10.1002/ange.201705936
https://doi.org/10.1002/ange.201705936
https://doi.org/10.1002/ange.201705936
http://www.chemeurj.org

